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peak position is indicated by a diamond

(a) Schematic of stand-alone self-powered system consisting of four series-
wound DSSCs, three series-wound flexible SCs, and one LED. (b) Leakage
current curve of three series-wound SCs charged at 0.5 mA to a potential
of 2.4 V and kept at 2.4 V for 5000 s, indicating a small leakage current.
Inset is the voltage profile for three SCs in series when being charged by
four DSSCs in series
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(a) Cyclic voltammogram, (b) galvanostatic charge/discharge, (c) Nyquist
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The cyclic voltammogram of KEMET commercial super capacitor at 2
mV/s and the inset shows the XRD profile of KEMET commercial super
capacitor. The XRD profile shows that the KEMET commercial super

capacitor is composed of graphitic carbon based material

(a) Raman spectroscopy and (b) FESEM images of polypyrrole/reduced
graphene oxide (PyR) negative electrode. Inset shows the magnified PyR

materials

Magnified FESEM images of CsPbBrs;.Ix perovskite materials on ITO
conductive glass, where x=0, 0.1, 0.2, and 0.3

A three electrodes coupled photo-super capacitor. The sharing electrode of
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galvanostatic charge/discharge. (The bold column is the super capacitor
used for photo-super capacitor)

General information and specifications of KEMET commercial super
capacitor (KEMET Part Number: FTOH105ZF)

Specifications and prices comparison between FTO and ITO conductive
glass. Data were extracted from Techinstro®. TCO represents transparent
conductive oxide
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ABSTRACT
The coupling of a solar cell with a super capacitor is gaining interest owing to its superior
photo-to-electrical conversion efficiency and its in-situ energy storage ability for green and
sustainable energy development. In this work, the electrochemical performances of the
fabricated super capacitor and perovskite solar cell were individually measured for the

fabrication of a photo-super capacitor.

A Bi203/MnQO; based symmetrical and asymmetrical super capacitor were fabricated. The
symmetrical super capacitor could charge up to 1.0 V, which gave a specific capacitance of
136.4 F/g at a scan rate of 2 mV/s. The power and energy densities of the bismuth-based
symmetrical super capacitor were 51.8 W/kg and 7.1 Wh/kg, respectively and were improved
to 25.6 Wh/kg and 115.3 W/kg when a BixO3/MnO> positive electrode was integrated to a
polypyrrole/reduced graphene oxide (PyR) negative electrode. It thus proven the feasibility of
an asymmetrical super capacitor to promote the performance of a super capacitor. The
dissatisfying stability performance of the Bi2O3/MnQO,//PyR asymmetrical super capacitor (60%
capacitance retained) prompted for screening of other pseudocapacitive materials. An
asymmetrical super capacitor comprising a positive cobalt oxide/zinc oxide/reduced graphene
oxide electrode (RZCo) and a negative polypyrrole/reduced graphene oxide electrode was then
fabricated. A wide operational potential range for the RZCo//PyR asymmetrical super capacitor
resulted in a high specific capacitance of 470.8 F/g, as opposed to the Bi,O3/MnO, symmetrical
super capacitor of 136.4 F/g and 144.1 F/g for the bismuth-based asymmetrical super capacitor,
at a scan rate of 2mV/s, additionally exhibited 1.6-fold higher in energy and power densities,

which fulfilling the criteria as the energy storage device for the photo-super capacitor.
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Perovskite solar cells were fabricated from a series of cesium based halide mixtures perovskite
harvesting materials, denoted as CsPbBrixlx, where x = 0-0.3. An optimum iodide
concentration of CsPbBr29lo.1 perovskite solar cell with an efficiency of 3.9% was fabricated.
The solar cell achieved an open circuit voltage of more than 1.0 V and a fill factor of 64% by
employing Spiro-OMeTAD as a hole transporting material with enhanced stability. The
performances of the CsPbBr29lo.1 solar cell with P3HT/MoOs hole transporting material was
also investigated. The deeper HOMO and shallower LUMO level of the hole and electron
transporting materials, respectively has achieved high V. of 1.23 V, but with lower power
conversion efficiency of 2.51% due to reduction in the Jsc, implies an additional charge loss
processes at the interface of perovskite/HTM. In high humidity of more than 80 percent, the
perovskite solar cell comprising CsPbBr29lo.1 achieved an efficiency of 0.46%. The perovskite
solar cell retains 70% of its original efficiency after a week storage in dark and 33% efficiency
retained under UV and air exposure at a high relative humidity of more than 80% for 24 hours.
The integration of the perovskite solar cell and the asymmetrical super capacitor enabled
simultaneous photoconversion and charge storage within the photo-super capacitor. The
photovoltage and photocurrent measurements were successfully performed, evidencing that the
photo-super capacitor was responsive to light illumination. Referred to the photovoltage
measurement, zero voltage was presented at the first 50 s without the shine of light.
Subsequently, the photovoltage was abruptly shooted up to ~80 mV and continue increasing to
90 mV for 100 s in the presence of light, and was then decreases drastically when light was
switched off. To further proof the energy conversion and storage of the photo-super capacitor,
the photocharged integrated device was galvanostatically discharged in dark at the current of
0.1 mA. As the integrated device reaches the cut off potential of 0.07 V, the discharging
process took place in dark with the connection of only super capacitor’s electrodes, thus shows

the workability of the photo-super capacitor. To enable practical application, improvizations
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such as optimizing thickness of each active layer and encapsulation of the photo-super

capacitor are needed to prevent electrolyte loss.
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CHAPTER 1

INTRODUCTION

1.1 Background

The photo-super capacitor is a green energy device which utilizes the non-depletable solar
energy as the prime energy source for photo-to-electrical conversion, subsequently storing of
energy within the energy storage devices such as batteries, capacitors, and the super capacitors.
Considerable attention has been allocated on the progression of solar energy conversion and
electric energy storage to cope the raising energy demands in daily lives, to minimize the usage
of non-renewable energy resources, and to use the harvested solar energy during night when
an energy storage device is integrated to an energy conversion device (Xu et al., 2014). The
present existing photo-super capacitor are composed of dye-sensitized solar cell (DSSC)-
battery or DSSC-super capacitor. When a DSSC was incorporated to a lithium ion battery, the
power pack device was charged up to 3 V in 8 min and exhibited a total energy conversion and
storage efficiency of 0.82%, which is considerably low (Guo et al., 2012). To improve the
power output performance of the photo-super capacitor, a silicon based photo-super capacitor
where the energy conversion device composed of titania based DSSC, while the super capacitor
composed of silicon wafer was therefore integrated and rendered an overall efficiency of 2.1%
(Cohn et al., 2015). In 2017, a photo-super capacitor made up of DSSC and
polypyrrole/reduced graphene oxide super capacitor achieved a specific capacitance retention
of 70.9% after 50 consecutive charge discharge cycles at a current density of 5 mA/cm? (Lau
et al., 2017). Nevertheless, DSSC-based photo-super capacitor suffered from low charging
voltage owing to low open circuit voltage obtained from the DSSC, consequently led to low

energy density of photo-super capacitor. In addition, self-discharging of photo-super capacitor



could restrain the charge storage ability of the photo-super capacitor. The reason of self-
discharging is owing to the energy storage device has certain internal resistance, which in turn
consume energy. Additionally, the electrons of the solar cell part flows back to the cathode of
the energy storage part and thus recombination between electrons and holes occur. Hence,
prioritizing materials used for energy conversion and storage devices is important for energy

harvest and storage surge.

So far, the super capacitor has been overriding all kinds of energy storage devices owing to its
high power density (2-10 kW/kg), fast charging/discharging, and longer lifespan (10*-10°
cycles) properties (Vidyadharan et al., 2014; Xia et al., 2012; Xie et al., 2013). Super capacitor
is classified into two classes, namely the electric double layer capacitor (EDLC) and pseudo-
capacitor. The distinctive feature between EDLC and pseudo-capacitor solely relies on their
charging mechanisms where the EDLC electrode materials are electrochemically inactive and
dependence on its accumulation of charges at the electrode/electrolyte interface; whereas the
occurrence of faradaic reaction on pseudo-capacitor enables the storage of charges during
charging and discharging process (Chen et al., 2014; Y. Cheng ef al., 2013; Lim et al., 2013;
Lim et al., 2014; Wang et al., 2012). The EDLC materials such as carbonaceous materials are
profound in establishing a cyclic stability, whereas the pseudo-capacitive materials comprise
transition metal oxides with multi-oxidative transition states and conducting polymer are of
high capacitive spices in the energy storage family. The transition metal oxides are profound
in their oxidation and reduction reversibility over the wider potential range which is favorable

in the super capacitor application.

Relentless efforts have been done to maximize the super capacitor performances. The
limitations of a symmetrical super capacitor such as low overall power and energy density
hence prompted the switching of the symmetric configuration of the super capacitor to
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asymmetric configuration ascribed to narrower potential range applied (Wang et al., 2012). An
asymmetrical super capacitor is made up of the combination of a battery-type faradaic cathode
and a capacitor-type anode that is able to increase the potential window range, subsequently,
maximizes the operation voltage of asymmetrical super capacitor (Luan et al., 2013; Ng et al.,
2017; Tang et al., 2013) and increases the energy density of the energy storage device (Fan et
al.,2011; Lin et al., 2014). The occurrence of redox reaction with or without the non-Faradaic
reaction and EDL (electrostatic adsorption/desorption) on either of the electrodes, respectively,
clearly distinguishes the difference between an asymmetric and symmetric configuration of

super capacitor (Ng et al., 2015; Wang et al., 2013).

In an effort to increase the surface area of active materials, tailoring nanostructure electrode is
essential as it renders shorter ion insertion/desertion diffusion path to enable efficient charge
and mass transfer without compromising its double layer capacitance (Luan ef al., 2013). In
addition, the merit point of binder-less electrode is credited to its excellence in charge
transportation (Luan et al., 2013), in order to minimize the supercapacitive resistance and “dead
volumes” in electrode materials (Fan et al., 2011; Liu ef al., 2011). All in all, the key features
to attain high performance super capacitor are large surface area, controlled pore size, layer
stacking, and distribution of electrode materials (Brownson et al., 2011). These merit points
thus revealed that super capacitor is the most considerable candidate for photo-super capacitor

association upon integrated with the photovoltaic device.

Taking into consideration of the energy conversion device, owing to the high fabrication cost
of the first generation silicon solar cells, focus has therefore diverted to the second-generation
thin-film semiconductors (copper indium gallium diselenide) and third-generation DSSCs,

which have good cost effectiveness and easy fabrication methods without compromising their



high efficiency performances. The efforts to incorporate three-dimensional (3D) perovskite
light harvester materials (CH3NH3PbX3) into DSSCs produced efficiencies of 3.1% and 3.8%
for X =Brand X =1, respectively, in 2009 (Kojima et al., 2009). These undesirable efficiencies
were ascribed to the ionic crystal of organolead halide perovskite, which is highly soluble in a
polar solvent, and subsequently affected the stability in a liquid electrolyte-based sensitized
solar cell (Park, 2015a). In addition, the leakage of electrolyte was the main encumbering issue
in stabilizing the photovoltaic performances of DSSCs. Thus, in an effort to curb the energy
conversion limitation, the focus has switched to the fabrication of perovskite solar cells, where
a solid hole transporting material (HTM) is used instead of liquid electrolyte, with the goal of

achieving a higher stability relative to DSSCs.

The excellent ability of perovskite solar cells to convert solar energy to electrical energy is
unquestionable based on the evidence of the organic-inorganic methylammonium lead iodide
perovskite solar cell (CH3NH3Pbl; or MAPbI3), which has a high efficiency of 15% (Xing et
al., 2013; Xu et al., 2014). CH3NH;3Pbl; is excellent at producing optimal band gaps, high
absorption coefficients, and long-range exciton diffusion lengths (Choi et al., 2014; Xing et al.,
2013). In addition, photovoltaic (PV) cells with a power conversion efficiency (PCE) of 19%
and certified PCE of 20% were reported in 2014 (Park, 2015b; Yakunin ef al., 2015). Many
studies and investigations on the performances of perovskite solar cells are still ongoing in the
effort to surpass this PCE of 20%, as well as to establish a stable performance for a perovskite
solar cell, in an effort to eliminate costly silicon PV cells (Boix et al., 2014). The perovskite
solar cell has been expected to be the next most promising light harvesting PV device compared
to silicon-based photovoltaic cells and DSSCs, owing to its price effectiveness and high
efficiency. To the best of our knowledge, the most suitable light absorbing material band gap

for a single junction solar cell is 1.4 eV, according to the Shockley-Queisser limit curve



(Shockley and Queisser, 1961). CH3NH3Pblz has an energy band gap of ~1.55 eV, which
surpasses the optimum band gap range of 1.1-1.4 eV (Kitazawa et al., 2002; Wang et al., 2014).
Hence, solar cells with a high open circuit voltage (Vo) such as those that incorporate bromide-
based perovskite solar cells with a Vo of ~1.5 eV (Kulbak ef al., 2016; Xu et al., 2015) are
highly desirable for electrochemical reactions and a high-energy photon absorber in a system
with spectral splitting in order to widen the solar absorption ability (Edri ef al., 2013; Riihle et

al., 2009).

Despite perovskite solar cell has achieved impressive PCE of 22.1% in 2016 (Sun et al., 2017),
however, its low stability performance under operative conditions is apparently the main barrier
for commercialization purpose. The CH3NH3PbX3 perovskite material is highly sensitive to
moisture, ultraviolet light (UV), and thermal stress where irreversible degradation and
decomposition happen when the perovskite material is exposed to moisture. A thin film of
CH3NH3Pbl; thermally degrades to Pblz at >85 °C (Sutton et al., 2016). Relentless efforts such
as using cross-linking additives, compositional engineering, and encapsulation have been done
to mitigate photo-instability of perovskite solar cells. However, this approach increases the
overall solar cell’s fabrication cost and device complexity. Replacing an organic
methylammonium cation with an inorganic cesium cation is an approach to decelerate
degradation process. CsPbBr3 and CsPblz are compositionally stable up to their melting point
(>460 °C). At room temperature, CsPbBr;3 crystallizes in orthorhombic phase and it transited
to tetragonal phase at 88 °C. At 130 °C, the orange cubic perovskite phase is formed.
Conversely, an orthorhombic non-perovskite (yellow phase) CsPbl; is stable at room
temperature. When it is heated >300 °C, the orthorhombic non-perovskite CsPblz perovskite
structure consequently transited to cubic perovskite phase (black phase). However, the CsPblz

is unstable in black perovskite phase in ambient condition and rapidly reverse to non-perovskite



yellow phase. (Sutton ef al., 2016). Hence, engineering mixed-halide perovskite materials is
envisioned to be able to improve its absorption ability, stability, and subsequently the

performance of the solar cell.

Though a photovoltaic device (perovskite-sensitized solar cell) accomplishes high energy
conversion efficiency, however, its inability to store the converted energy, thus requires an
additional energy storage device such as a super capacitor for a storage system, in addition to
serve as the main power delivery output in most applications such as optoelectronic devices
(Bagheri et al., 2014). Considerable attention and efforts have been underway to improve and
achieve a strikingly high efficiency, capacitance, and storage ability of a photo-super capacitor
by studying and extensively investigating and analyzing the utility of active materials and
preparation methods. Overall, the compatibility of active materials is the primary factor
ensuring a striking performance for a photo-super capacitor due to the synergic effect of each
material, which increases the conversion efficiency of the perovskite solar cell by suppressing
electron recombination and simultaneously providing a surge of electrons for storage in the
reservoir of the super capacitor, proving the concept of the energy storage system. In this works,
the electrochemical performances of super capacitor and perovskite based solar cell were
individually being studied towards the coupling of photo-super capacitor. Voltage and current
response measurements were performed, thus proved the energy conversion and storage

concept of photo-super capacitor.

1.2 Problem Statement/Hypothesis
The depletion of fossil fuels and natural resources has urgently called for green energy
substitution. The utilization of solar cell or energy storage device solely cannot be the best

solution to minimize energy wastage or to replace the usage of non-replenishing resources as



the solar cell could not store energy by its own and the energy storage device still require the
sparking of electrical power for energy generation. Herein, the integration of an energy storage
and conversion device (photo-super capacitor) as a wholly solar generated power-back device
is envisaged to becoming the next energy saver for most optoelectronic applications by
applying the energy converting, storage, and delivery system; without any usage of non-
renewable sources. The conventional photo-super capacitor was composed of DSSC-battery or
DSSC-super capacitor. However, the limitations of present technologies aforementioned are
low efficiencies of traditional DSSC and hybrid organic solar cells, leakage of electrolyte, and
low storage capacity of the energy storage device. Thus, the super capacitor is employed as the
energy storage and power output device for the photo-super capacitor as it bridges the
performances gap between the battery and capacitor featuring with fast charging/discharging
properties. The electrode materials and super capacitor’s configuration are important features

for high performing super capacitor.

In realizing the integration of the solar generated power-pack device, firstly, a bismuth
oxide/manganese oxide (Bi2O3/MnQO») symmetrical super capacitor was fabricated and was
tested through various electrochemical measurements. The limitation of the symmetrical
Bi1203/MnO> super capacitor, which could only charge up to 1.0 V led to low energy and power
densities of 7.1 Wh/kg and 51.8 W/kg, respectively. The energy density performance is
proportional to the cell voltage of the super capacitor, which is tunable when both of the super
capacitor electrodes are composed of different active materials. Thus, to overcome the
limitation of the bismuth-based symmetrical super capacitor, a Bi,0O3/MnO; positive electrode
was integrated to a polypyrrole/reduced graphene oxide (PyR) negative electrode. The
Bi1203/MnO»//PyR asymmetrical super capacitor exhibited 3.6-fold and 2.2-fold higher in

energy and power densities, respectively when the potential window of the asymmetrical super



capacitor was extended to 1.6 V. Despite the electrochemical performances of the bismuth-
based asymmetrical super capacitor have been improved, however the cyclic stability is the
next shortcoming that needed prompt addresses. The Bi2O3/MnO,//PyR super capacitor could
only retain 60% of its original capacitance after 1000 continuous charge/discharge cycles,
implies the incompatibility of positive and negative active materials. The non-sustaining cyclic
performance of the BixO3/MnQO»//PyR super capacitor has urged for the next screening of
potential active materials that contribute for high capacitance without compromises its cyclic
stability. The incorporation of small amount of reduced graphene oxide (rGO) to the hybrid
zinc oxide (ZnO) and cobalt oxide (Co30s), in short denoted as RZCo as the positive super
capacitor electrode has significantly enhanced the stability performance (1.4-fold increment)

upon coupled to a PyR negative electrode.

For the energy conversion device, a highly performing perovskite solar cell is not solely relying
on the power conversion efficiency, but also emphasizing on the surface morphology,
interfaces of each layer, and stability of the devices. Getting a well-coated and compact film
are truly important for efficient charge extraction and delivery system. Thus far, the racing
efficiency of a perovskite solar cell is said to be achieved and is still forwarding (efficiency
leap), however, the stability performance of the perovskite solar cell is still far left behind,
especially under high humidity influence. As per discussed in most literature reports, the
organic perovskite material, for instance, methylammonium lead iodide (CH3NH;3Pbl3) is
highly vulnerable and prone to materials degradation. The solutions over the stability issue are
(1) substituting the organic based perovskite material (methylammonium-based) to an inorganic

material (cesium-based), and (i1) varies the halides composition.



Switch to the case in a tropical country with humidity >80% relative humidity (RH), the
inorganic perovskite light harvester will be the best choice for solar cell synthesis. The
degradation of methylammonium precursor was observed (color of solution turned from
colorless to dark brown) during stirring process, which shows the unsuitability of CH3;NH3Pbl3
to be used for perovskite material in an ambient condition. In my work, a series of CsPbBr3.xIx
perovskite materials in the molar ratio of 0, 0.1, 0.2, and 0.3, respectively were synthesized,
which not merely enhance the morphological perovskite surface, as well as enhancing its

stability performances.

The inaccessibility of the equipment such as the metal evaporator and glove box is one of the
encumbers during the fabrication of the solar cells. The metal evaporator is used to prepare the
counter electrode or back contact of the solar cell. Due to inaccessibility of the evaporator, a
PEDOT:PSS is spin coated as the counter electrode to replace the metal counter electrode. In
addition, due to inaccessible glove box, the solar cell fabrication process was conducted in

ambient condition, which accelerate the degradation process.

1.3 Research Scope

There are six chapters in total in this thesis, which comprises the Introduction (Chapter 1),
Literature review (Chapter 2), Materials and methods (Chapter 3), Results and discussion
(Chapter 4 and 5), and Conclusion and recommendations (Chapter 6). Generally, the physical
and material properties of the catalysts/active materials used were carried out through X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), fourier-transform infrared
spectroscopy (FTIR), field emission scanning electron microscope (FESEM), transmission

electron microscopy (TEM), and RAMAN spectroscopy.



A systematic research background (Chapter 1) is presented, which includes an introductory to
the super capacitor such as the classification and kinds of super capacitors, as well as the
advantageous and disadvantageous of the super capacitor, followed by the discussion on the
photovoltaic devices. The history and development of the photovoltaic device, especially the
third generation photovoltaic devices (DSSC and perovskite solar cell) are briefly included.
Lastly, we will look into the integration of both devices for photo-super capacitor application.
Additionally, problem statements and objectives are included in Chapter 1. Chapter 2 is about
the thorough literature reviews on the topics which cover the super capacitor, solar cell, and
photo-super capacitor; while chapter 3 is reporting on the methodologies of each device’s

fabrication, characterizations, and measurements.

The results and discussion section is presented in Chapter 4 and 5 where chapter 4 is reporting
on the performances of the super capacitors; while chapter 5 is focusing on the photovoltaic
device (perovskite solar cell) and towards the emergence of the photo-super capacitor. Firstly,
the performances of a symmetrical super capacitor were studied through various
electrochemical characterizations such as the cyclic voltammetry (CV), galvanostatic charge
discharge, electrochemical impedance spectroscopy (EIS), and cyclic stabilities. The
dissatisfactory capacitive performance of the symmetrical super capacitor thus led to the
coupling of an asymmetric configured super capacitor, which widen the cell voltage with

improved energy and power density performances for photo-super capacitor application.

Chapter 5 presents the photovoltaic performances of the CsPbBr3.xIx perovskite solar cell (x =
0, 0.1, 0.2, and 0.3) evaluated through photocurrent density-photovoltage (J-V) curves, EIS,
and stability of the perovskite solar cells. It shows that the perovskite solar cell performs the

best when x=0.1. The CsPbBr29lo.1 perovskite solar cell is still performing the best even at high
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humidity >80% RH. The champion cell was then integrated to the asymmetrical super capacitor
for photo-super capacitor application. Conclusions are drawn in Chapter 6, accompanied with
recommendations for further improvisation in achieving a highly efficient and stable photo-

super capacitor.

14 Objectives

The aim of this project is to devise and develop a photo-super capacitor by studying the
electrochemical and photovoltaic performances of super capacitor and perovskite solar cell
respectively. In line with the increasing demand of energy, the use of renewable, green and
clean energy is important for energy sustaining purpose. In this regards, the solar energy, which
is one of the most cost effective renewable resources should be fully utilized in most
applications. While the efficiency race is still progressing, the stability of the perovskite solar
cell should not be compromised though. Thus, the focus of this work is to investigate and
evaluate stability of the perovskite solar cell, especially at a high humidity influence. The next
objective of this project is to validate the improved charge extraction and power conversion
efficiency of the halide mixture solar cell upon the addition of small amount of iodide into the
bromide matrix, as well as to examine the morphology of the perovskite surface after the

inclusion of iodide.

Apart from the solar cell, the performances of the super capacitor as the primary energy storage
and output device are also being investigated. In this context, the energy storage capacity and
the rate of power output are essentially important for the photo-super capacitor application.
Prioritize the electrode materials for capacitance, energy, and power densities surge for the

super capacitor is an objective to be achieved. Attaining a highly reversible and sustainable
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super capacitor is the next objective to achieve. The super capacitor with high recyclability fits

the criteria for practical use and commercialization.
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CHAPTER 2

LITERATURE REVIEWS

2.1 Introduction

The need for an endless renewable energy supply, typically through the utilization of solar
energy in most applications and systems, has driven the expansion, versatility, and
diversification of marketed energy storage devices. The evolution of the energy storage devices
from batteries, conventional capacitors, and finally the high performing super capacitors have
attracted considerable attention. Generally, super capacitors have been categorized into two
types, which are the EDLC and faradaic super capacitor (or pseudocapacitor). The distinctive
charging mechanism differs the both devices, as manifested in Figure 2.1 and 2.2. The electric
double layer capacitance arises from the separation of ionic and electronic charges in the
electrode and electrolyte interface (Ng et al., 2015). The charging and discharging mechanism
of an EDLC super capacitor is described in Figure 2.1. The charge storage in EDLC is highly
reversible without compromising its cycling stabilities. By applying voltage to the facing
electrodes, the positive ions and negative ions respectively move and adsorb on the surface of
negative and positive electrodes, gives rise to its capacitance value. Conversely, ions detached
from the electrode during the discharging process. Whilst, reversible faradaic reactions take
place on the electrode materials for a Faradaic super capacitor (Wang et al., 2012) through

electrosorption, intercalation process, and oxidation-reduction process (Figure 2.2).
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Figure 2.1 Schematic diagram of charging/discharging mechanism of EDLC. Adapted
from http://www.murata.com/products/capacitor/edlc/techguide/principle.

Pseudocapacitor

current collector separator

Figure 2.2 Basic schematics of a pseudocapacitor comprises MnO: active materials, a
current collector, a separating membrane with Na:SOs electrolyte. Adapted from (Jost et
al.,2014)

Super capacitor or electrochemical capacitor bridges the critical performance gap between the

conventional capacitor and battery owing to its high power density performance than a battery

and higher energy density than a conventional capacitor (Nithya and Sabari, 2016; You et al.,
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2014), as illustrated in Figure 2.3. Super capacitor possesses fast charging/discharging
properties and long life cyclic performance (>100000 cycles), which is highly suitable for
power back systems, hybrid electrical vehicles, and portable electronics (Gan et al. 2015).
Additionally, it has been used in memory backups, uninterruptible power supplies, consumer
electronics, and braking systems. Nevertheless, the main shortcoming of the super capacitor is
its limited energy density (Jampani et al., 2010). Attaining high energy density performance is
a criterion for large scale commercial applications, which drives focuses towards the
engineering of the electrode materials, usage of non-aqueous electrolytes with wider
electrochemical stability, and the electrodes configuration of a super capacitor such as the

asymmetrical super capacitor (Nithya and Sabari, 2016).
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Figure 2.3 Ragone plot of various electrochemical devices. Adapted from (Hall and Bain,
2008)

The paradigm shift for energy sustainability advancement is further achieved through the idea
of integrating an energy conversion and storage device, taking the advantageous of fully
utilizing solar energy for chemical reaction initiation, while storing the energy in an energy
storage device to minimize power loss. This section reviews the potential active materials of a

super capacitor and perovskite solar cell towards the coupling of a photo-super capacitor.
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2.2 Supercapacitive Materials

2.2.1 Types of Pseudocapacitive/Active Electrode Materials

A super capacitor has conventionally been composed of carbon-based materials such as
activated carbon, single-walled carbon nanotubes (SWCNT), and multi-walled carbon
nanotubes (MWCNT) (Chen et al., 2014). Contrary, pseudocapacitive materials such as
transition metal oxides and conducting polymers are alternative ways to enhance the specific
capacitance of an energy storage system upon their addition by storing an ample capacitance
per gram as opposed to EDLC (Ng et al., 2014; Snook et al., 2011). The high specific
capacitance and energy density attainability of transition metal oxides such as RuO2, MnO»,
C0304, and NiO embedded on a current collector can promote efficient redox reactions due to
their ability to exist in various oxidation states (Cai et al., 2014). Theoretically, RuO»-based
materials could reach a specific capacitance in the range of 1300-2200 F/g (Meher et al., 2010).
RuO: seems to be one of the best options for electrode owing to its high operating stability and
has showed a specific capacitance of 1380 F/g (Fang et al., 2007). In addition, the highest
specific value reported for an experimental capacitance was 1580 F/g in an acidic electrolyte
(Meher et al., 2010). However, its 1 V potential window and high production cost for RuO,
restrict its application diversity to smaller electronic devices. This has prompted the use of
alternative approaches such as the employment of cost-effective metal oxides, conducting

polymers, or composite materials as electrode active materials (Fang ef al., 2007).

MnO; has been widely used in many energy storage systems owing to its low production cost,
environmental friendliness, and high specific capacitance (Chen et al., 2010). The availability
of MnO, for use in various polymorphs in the forms of a-, B-, y-, and 6- indeed has further
widened its application versatility as a catalyst and superior electrode material in Li/MnO and

Zn/MnQO> batteries (Cheng ef al., 2011). The proposed faradaic reaction mechanism for MnO»
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involves the process of electrolyte cations such as C" = H', Li", Na*, and K" adhering to the
MnO: surface, and subsequently producing various oxidation states (III or IV) of MnO> (Wei
etal.,2011). The occurrence of a faradaic reaction in the whole system arises from the infusion
and de-fusion of electrolyte cations within the MnO> matrix. The proposed mechanism is

manifested as shown below (Lim et al., 2014; Wei et al., 2011):

(MnOZ)surface +C'+e & (MnOOC)surface

MnO,+ C"+¢ < MnOOC
Nevertheless, due to MnO; possesses poor flexibility and electrochemical performance as a
result of its low conductivity of 10 to 10~ S/cm, it is infrequent to prepare a singly coated
pseudo-active material film electrode such as MnO as the only active material electrode (Chen
et al., 2013). Evidently, an a-MnO> nanorod super capacitor electrode was developed, which
delivered a capacitance of 166.2 F/g(Li et al., 2011). Therefore, efforts to composite potential
transition metals to MnO; or conducting materials have been underway to increase the
capacitance, while simultaneously enhancing the storage efficiency and stability of the super
capacitor, and subsequently brought forth to an efficient power output delivery system for a

photo-super capacitor upon integration with an energy conversion device.

A hybrid polypyrrole/manganese oxide (PPy/MnO2) nanocomposite film measured via three-
electrode system has achieved a high specific capacitance of 620 F/g owing to the larger surface
active area provided by the PPy, while the MnO, provided excellent rigidity, which prevented
the structure from collapsing (Sharma et al., 2008). The test fixture configuration of a two-
electrode system (with only two terminals), which closely mimics the marketed energy storage
device, is regarded as more convincing and compatible with real-life applications, as opposed
to a three-electrode configuration (Stoller and Ruoff, 2010). The super capacitors such as a

polypyrrole/manganese  dioxide/polypropylene fibrous film super capacitor and
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graphene/MnOQO»//activated carbon nanofiber asymmetrical super capacitor measured through
two-electrode system have shown the excellent electrochemical stability of a composite super
capacitor, with capacitive retention values of 94% over 1500 cycles and 97.3% after 1000
cycles, respectively (Fan et al., 2011; Jin et al., 2011). These works presented high specific
capacitances of 110 F/g and 113.5 F/g at a scan rate of 1 mV/s, respectively. Subsequently, a
Co304@MnO; nanocomposite was reported with a specific capacitance of 480 F/g (0.7 F/cm?)
at 2.67 A/g, along with a cyclic retention of 97.3% after 5000 cycles (Wang et al., 2015). In
addition, coupling MnO> and Bi»O3 exhibited specific capacitance of 312.8 F/g at current
density of 0.2 A/g and excellent stability performance where the Bi»O3@MnO> super capacitor
retained 112% of its original capacitance after 1000 long-term cyclic system. The remarkable
cycling performance could be attributed to the unique mesoporous structures of the
nanocomposite, thereby enhance the contact of electrodes and electrolyte (Ma et al., 2015).
Theoretically, Bi2O3 has a long durability cyclic performance, depending on its polymorphic
form. Bi2O3 can exist in five polymorphs, where low-temperature a—Bi,O3 (monoclinic) and
high-temperature 8—Bi»O3 (cubic) are highly stable (Latha et al., 2010). Because of its direct
band gap and photoluminescence properties, BioO3 has been widely applied in gas sensors and
solid oxide fuel cells, and has been used as a photocatalyst for water splitting and pollutant

decomposing.

Zn0O (3.37 eV) is a photo-active material with wide band gap, which can be integrated with
other potential active materials as a supercapacitive electrode because it possesses high
chemical and thermal stabilities, in addition to exhibiting an excellent electrical conductivity
(Caiet al., 2014). ZnO possesses an energy density as high as 650 A/g. Therefore, it is used as
an active material for a battery (Wang et al., 2011). In 2014, a binder-free super capacitor

composed of ZnO@Co304 core/shell heterostructures exhibited high specific capacitance of
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857.7 F/g at current density of 2 mA/cm? and the ZnO/Co304 core/shell heterostructures super
capacitor retained 63.4% of its initial capacitance, indicative of good rate capability (Cai et al.,
2014). A recent two-electrode configuration study reported in 2015 proved the workability and
suitability of using ZnO as an active electrode material for a super capacitor. A state-of-the-
art device composed of electro-deposited PPy/GO/ZnO on Ni foam as the current collectors
and PVA/KOH hydrogel as an electrolyte and a separator, as depicted in Figure 2.4 exhibits a
specific capacitance of 123.8 F/g at current density of 1 A/g, implying that the synergism and
compatibility of each active component brought forth the catalytic-activity enhancement. A
pseudo-triangular galvanostatic charge/discharge profile (blue triangular plot) for the ZnO-
based super capacitor is shown in Figure 2.5a. The discharge time taken by the ternary
nanocomposite cell is the longest, as opposed to binary and singly coated electrode materials,
which is indicative of an almost ideal capacitive behavior. Additionally, the incorporation of
ZnO prevents the n-restacking phenomenon of GO due to the strong Van der Waals attraction.
Figure 2.5b shows the decreasing trend of specific capacitance, which is due to an insufficient
response time for the intercalation and de-intercalation of electrolyte ions to the active surface.
In a nutshell, it was proven that the performances of the fabricated flexible ZnO-based state-
of-the-art device, such as its reversibility and storage capacity, were still present, regardless of
its curvature. In addition, the lighting of an LED verified the concept of the energy storage
device even though it was bent at 90°C (Chee et al., 2015).

Nickel foam

—

PPy/GO/ZnO Composite-..

Polymer hydrogel electrolyte

Figure 2.4 A two-electrode configuration of the PPy/GO/ZnO super capacitor.
Polypyrrole is denoted as PPy, graphene oxide as GO, and zinc oxide as ZnO. Adapted
from (Chee et al., 2015).
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Figure 2.5 (a) Galvanostatic charge/discharge cycles of PPy, PPy/GO, and PPy/GO/ZnO
at a current density of 1 A/g. (b) Specific capacitance of PPy, PPy/GO, and PPy/GO/ZnO
at various current densities. (¢) Prepared super capacitor connected in series lighting up
an LED circuit, and (d) super capacitor bent at 90° lighting up an LED circuit.
Polypyrrole is denoted as PPy, graphene oxide as GO, and zinc oxide as ZnO. Adapted
from (Chee et al., 2015).

In addition to the discussion on commonly used transition metals, some other works on nickel-
and cobalt-based electrode materials were explored and investigated. The utilization of nickel
oxide (NiO) as an active material for an asymmetrical super capacitor composed of MWCNT-
NiO/H2SO4/MWCNT presented a specific capacitance of 925.9 mF/cm? or 53.9 F/g (Adekunle
et al., 2011). Moreover, an 80.3% Co0304-19.7% rGO/activated carbon asymmetrical super
capacitor with a wide potential window of 1.5 V has been reported to have a specific
capacitance of 114.1 F/g. It performed under a current density of 0.375 A/g and retained 95%

of its specific capacitance over 1000 cycles (Xie et al., 2013). Table 2.1 summarizes the

potential active materials used for super capacitor applications reported in literature.
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Table 2.1 Potential active materials applied for super capacitor applications.

Active materials Electrolyte Capacitance Comments Ref.
Bi,O3/Cu 1M NaOH 22 mF/cm? at 20 mV/s Measured at room (Gujaretal.,
temperature. 2006)
(3-electrode system)
PPy/MnO, 0.5M Na,SOs 620 F/g at 50 mV/s Measured at room  (Sharma et
temperature. al., 2008)
(3-electrode system)
MnO; 0.1M Na,SOs 166.2 F/gat0.2 A/g Measured at room  (Lietal,
temperature. 2011)
(3-electrode system)
MnO,@CNF 0.5M Na,SO4 546 F/gat1 A/g Exhibited good cycling (Wangetal.,
stability  (95.3%) at 2013)
(3-electrode system) 25°C; diminishing at
75°C (82.4%) after 1000
cycles.
T-NT/Bi>O3 IM NaOH 340 mF at 3 mA/cm? 75% capacitance  (Sarma er
retained at room al., 2013)
(3-electrode system) temperature after 500
cycles.
ZnO@Co0304 2M KOH 857.7 F/lgat2 mA/cm?  63.4% capacitance  (Caietal.,
retained. 2014)
(3-electrode system)
Co304@MnO; 1M LiOH 480 F/g at 2.65 A/g Cyclic  retention of (Wangetal.,
97.3% after 5000 cycles. 2015)
(3-electrode system)
Bi03;@MnO; IM NaSO4 312.8 F/gat 0.2 A/g 112% capacitance  (Maetal.,
retained after 1000 2015)
(3-electrode system) stability cycles.
Graphene/MnO2// 1M Na;SO4 113.5 F/gat 1 mV/s Retained 973% of (Fanetal,
Activated carbon capacitance after 1000 2011)
(2- electrode system) cycles.
C0304/rGO//Activ. 6M KOH 114.1 F/gat0.375 A/lg  95% capacitance  (Xie et al.,
ated carbon retained after 1000 2013)
(2-electrode system) cycles.
PPy/GO/ZnO PVA/KOH 123.8 F/g at 1A/g Measured at room (Cheeetal,
Hydrogel temperature and able to 2015)

(2- electrode system)

light up an LED circuit.
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2.2.2 Conducting Polymers

In addition, conducting polymers render good intrinsic conductivity through the conjugated
system along the polymer backbone. Thus, the incorporation of conducting polymers such as
polypyrrole (PPy), polyaniline (PANI), and PEDOT are able to improve the performances of
the super capacitor by increasing the energy storage capability in bulk materials while
minimizing self-discharge. Considerable attention has been allocated on conducting polymers
because of their fast charging/discharging and doping/de-doping process, cost effectiveness
compared to certain expensive metal oxides, and high charge density. The conductivities of
various conducting polymers are listed in Table 2.2.

Table 2.2 Typical conductivities of various conducting polymers. Adapted from (Snook
etal.,2011).

Polymer Conductivity (S/m)
Polyaniline 0.1-5
Polypyrrole 10-50

PEDOT 300-500

Polythiophene 300-400

Table 2.2 shows that PEDOT had the best conductivity performance, in the range of 300-500
S/em. A comparison between poly(3,4-ethylenedioxythiophene), PEDOT-based and poly(3,3-
diethyl-3,4-dihydro-2H-thieno-[3,4-b][ 1,4]dioxepine), PProDOT-Ety-based super capacitor
electrode materials was made to study the superior electrochemical performances of both
photo-super capacitors. CV and EIS were employed, and the distorted voltammograms of both
active materials at a scan rate of 2 mV/s, as depicted in Figure 2.6, reflect the effect of induced
ohmic resistance during electron transfer and ionic movement within the polymer film.
Adversely, a more obvious distorted PProDOT-Et; voltammogram at a scan rate of 2 mV/s can

be ascribed to the ohmic resistance or film thickness, which gives rise to Cg (specific
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capacitance per unit electrode active area) values for PEDOT and PProDOT-Et, of
approximately 5.24 and 6.52 F/cm?, respectively, which infer that PProDOT-Et, has more
electroactive materials on the electrode. In contrast, as seen in the EIS plot, the complex plane
plots deviated from a vertical line at a higher frequency, namely the knee frequency, suggesting
the occurrence of a faster charge/discharge for the film. Obviously, the PEDOT with a knee
frequency of 0.07 Hz, which is greater than that of PProDOT-Et,, has a larger ks, and thus
induces a faster charge/discharge rate than PProDOT-Et,. Therefore, the PEDOT-based device
presented a weaker or resistance-free environment that prompted a faster charge transfer rate
(Hsu et al., 2010). Thus, the above discussion has further proven the necessity and versatility
of using pseudocapacitive materials for a super capacitor electrode in an effort to improve the

electrochemical performances of a super capacitor.

(a) 15— T T (b) 15 = — T T ™ {0 300 .

PEDOT] - PProDOT-Et, 1 PEDOT 3
o | IPERD e 2502 PProDOT-EL, ]
E 10F o 10F ¥ =806 e 10 -
P E 200
= 7 41 3 £
2 % O S 150}
[ 2 :
g ...... ] 5 N o
T 5 2 7 100} o, |
u i 1 < knee freg A
G g2 1o} =007Hz oa
E 10t . 3 50} B¢ )}
‘3 ——amve o 15} e05mVs’ ] jf“kneefmq %0.04 Hz

-ee--0.5mV 8"
' L " A 'S " s i L u 1 ' L 1 L
-15 “0]2 010 012 = 0'4 00 01 02 03 04 05 0 50 100 150 200 250 300
Potential / V vs. Ag/Ag’ Potential / V vs. Ag/Ag’ Z'/ohm

Figure 2.6 Cyclic voltammograms of (a) PEDOT and (b) PProDOT-Et: thick films
(60C/cm?) on Pt disc (0.1cm diameter) in 0.5M LiClO4+/MPN solution at the scan rate of 2
and 0.5mV/s. (¢) Complex plane impedance plots of PEDOT and PProDOT-Et: thick
films (60C/cm?) on Pt disc (0.1cm diameter) measured at 0.4V vs. Ag/Ag® in 0.5M
LiClO4/MPN solution. Inset: the corresponding linear relations between Z’’ and 1/(2nf)
for the two films. Adapted from (Hsu ez al., 2010).

2.2.3 Types of Carbon-Based Materials
Carbon-based materials such as CNT and grapheneous-based materials have been widely
employed as active materials because they have larger surface areas, high chemical stability,

and exhibit excellent mechanical, electrical, and electrochemical properties (Chen and Dai,
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2014; Wang et al., 2012). Graphene is a monolayer sp? carbon bonded in a hexagonal sheet
that renders superior mechanical and electrochemical properties (Cong et al., 2013; Ray et al.,
2011), along with high flexibility and a wide potential window (He et al., 2012). Graphene
possesses a large surface area with a theoretical serving surface area of 2630 m?/g (Brownson
and Banks, 2010; Zhu et al., 2011), which is larger than that of graphite (~ 10 m?*/g) and double
that of CNT (1315 m?¥g). Its excellent conductivity with ~ 64 mS/cm, which is about 60 times
better than SWCNT, favors the inclusion of graphene in energy storage applications as an
EDLC contribution (Brownson and Banks, 2010). In addition, activated carbon has a large
surface area, where the reported surface area reaches 3000 m?/g, as well as good electrical
properties. Though activated carbon possesses a surface area of up to 3000 m?/g, it only has a
small capacitance of <10 pF/cm?, which is comparable to the theoretical EDL capacitance (15—
25 pF/cm?). Therefore, the pore size distribution, shape, and structure, as well as the electrical
conductivity and surface functionality, are important aspects to be taken into account to
enhance the electrochemical performances. Generally, the additional pseudo-capacitance is
also dependent on the surface functionalities, where the capacitance enhancement arises from
the wettability of the carbon surface by the electrolyte ions, which increases the affinity and
preference of activated carbon in the super capacitor fabrication (Zhang and Zhao, 2009). A
combination of an asymmetrical super capacitor using activated carbon and Ni(Co)Ox as
working electrodes and a DSSC had the capacitive behavior of a pure double layer when
analyzed using CV under a potential window in an alkaline medium ranging from -1.0 to 0.2
V (vs. SCE), as illustrated in Figure 2.7. It presented a nearly rectangular CV voltammogram
in the negative potential region, indicative of the EDL capacitive behavior of activated carbon

when employed as a super capacitor (Bagheri et al., 2014).
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Figure 2.7 Cyclic voltammetric characteristics of activated carbon recorded in three-
electrode cell at 5 mV/s. Adapted from (Bagheri ez al., 2014).

The success lighting of an LED using a PPy/GO/MnOy flexible super capacitor reported in
2015 reflects the workability of hybrid electrode active materials as a capacitance contribution
that is sufficient for LED illumination (Ng et al., 2014). In a nutshell, carbon-based materials
have the properties of a longer life cycle, stability, and high power density, yet still possess a
smaller double-layer capacitance. In contrast, transition metal oxides and conducting polymers
recorded greater capacitance values per gram with rapid reversible redox kinetics but poor
cycling endurance and stability. Hence, compositing EDLC and pseudo-capacitive materials
has been proven to work best as complementary materials in surging and enhancing the

capacitive performance of electrode materials (Wang et al., 2011).

23 Evolution of Third Generation Solar Cell

The continuous supply of solar energy from the sun is estimated to be 3 x 10** J/year, which is
10 times more than the consumption rate of mankind (Gong et al., 2012). This has impelled
the development of PV devices, typically solar cells, as prime energy production devices, in
conjunction with the depletion of fossil fuels and mineral energy sources (Zhang and Cao,
2011). An arms-race evolution and development of solar cells (Figure 2.8) has arisen from the
first generation of conventional single silicon solar cells to the second generation of
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semiconductor thin film-based solar cells ascribed to the employment of a thinner film as the
working electrode compared to the first generation PV. Now, a third generation PV is emerging,
namely molecular absorber solar cells, which comprise polymer solar cells, DSSCs, quantum
dot solar cells, and the recently developed perovskite solar cells. A DSSC is a photo-
electrochemical device in which sensitizers generate electrons upon light absorption between
a dye-adhered metal oxide surface compartment and hole-conducting electrolyte (Fakharuddin
et al., 2014). The third generation of solar cells are said to be compatible with any flexible
substrates, with lower material and manufacturing costs, even though the first and second solar
cells have attained conversion efficiencies of ~15%-25%, as reported in 2010 (Fakharuddin et
al., 2014; Saga, 2010). The emerging trend of using third-generation solar cells over well-
established first- and second-generation solar cells is ascribed to properties such as the best
performance under low-light or indoor conditions, transparency, cost effectiveness, and easy
integration in buildings as solar windows (Fakharuddin et al., 2014). A DSSC was first
constructed by Oregan and Gritzel in 1991, with a photoelectric energy conversion rate of 7.1%
and incident photon-to-electrical current conversion efficiency (IPCE) of ~80% (O'regan and
Gritzel, 1991). The advantages of a DSSC over a silicon solar cell are better stability, higher
efficiency, low production cost, and easy fabrication (Bessho et al., 2010; Freitas et al., 2008;

Gong et al., 2012).

26



Best Research-Cell Efficiencies
50

Multijunction Cells (2-ferminal, monclithic)  Thin-Film Technologies

LM = latlice matched © CIGS (concentrator)
48 — MM = metamorphic ® CIGS

1M = inverted, metamorphic O CdTe

¥ Three-junction {concentrater) O Amorphous SiH (stabilized)
44 |- Y Threejunction (non-cancentrator) # Nano-, micro-, poly-Si

~junction or more (concentrator)
40 [~ O Four-junction or more (non-concentrator]
Single-Junction GaAs A Organic tandem o
A Single erystal # Inorganic cells (CZTSSe}
36~ A Concentrator © Quantum dot cells
W Thin-ilm crystal
Crystalline Si Cells
32 o Single crystal {concentrator)
B Single crystal (non-concentrator)
O pulticrystaliine
28 # Thick Sifilm

® Silicon heterostuciures (HIT)
WV Thinfilm crystal

s Boeing-
o Speciiab (54)
¥ Sharp (IMM)

Efficiency (%)

First Solar 2
Salibro

[
S
T

O E - RPbSARS A 7 =9.9%
L S A |

1 [ |
1985 1990

Figure 2.8 Progression of photovoltaic devices. Adapted from https://phys.org/news/2016-
02-solar-cell-efficiency-nrel.html.

In 2011, another improvement leap occurred for a DSSC, with an improvement in its efficiency
up to 11% or 12.3% for certain prototypes (Skunik-Nuckowska et al., 2013) relative to the 7.1%
conversion rate of the first DSSC (O'regan and Gritzel, 1991). An improved efficiency DSSC
composed of co-sensitizers of donor-n-bridge-acceptor zinc porphyrin dye (YD2-0-C8) and
donor-n-bridge-acceptor (D-n-A) with CoWtris(bipyridyl)-based redox electrolyte had an
efficiency of 12.3% due to its light absorbing ability over the whole visible range, in addition
to the presence of long alkoxy group chains, which retarded the electron recombination process
(Yella et al., 2011). The most common DSSC prototype was composed of ruthenium (Ru)-
based dye adhering to anatase (TiO2) films with iodide/triiodide (I/I3") couple liquid, semi-
liquid, or redox conducting electrolytes (Skunik-Nuckowska et al., 2013). Its high conversion
efficiency could be attributed to the large surface active area of porous titania film, which
increases the amount of dye adsorption (Xiao et al., 2010). The application of perovskite light

harvester in DSSC provided an efficiency of 3.8% (Kojima et al., 2009) owing to its high
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solubility of the ionic crystal of organolead halide perovskite in a polar solvent. Relentless
efforts to improve the PCE and stability of the perovskite solar cell were done till an astonishing
efficiency up to 20.1% (certified by NREL) was achieved. The further PCE leap for perovskite
solar cell is envisaged to be on-par against the Si solar cell in the next decades. Herein, the
compatibility of the light harvesting active materials for a high performing perovskite solar cell

is tremendously important and is included in the coming discussion.

24 Potential Light Responsive Materials for Perovskite Solar Cell

2.4.1 Working Principle of Perovskite Solar Cell

The working principle of a perovskite solar cell is its ability to mimic a DSSC. The distinctively
distinguishable feature of both a perovskite solar cell and DSSC is the use of the perovskite
material as a sensitizer such as CH3NH3Pbls or MAPDI; instead of a liquid-based Ru dye
sensitizer, in addition to the bi-functional perovskite harvester, which can function as a light
harvester and hole transporting material (Dualeh et al., 2014; Gonzalez-Pedro et al., 2014).
Upon light absorption, the segregated electrons and hole carriers are injected into the respective
electron transporting layer (ETL) and hole transporting material (HTM), typically the
mesoporous TiO> layer and Spiro-OMeTAD from the perovskite material, and subsequently
transported externally to the counter electrode to complete the circuit (Zhou et al., 2014).
Interestingly, Al>O3-based cells have a unique electron transporting system, where the electrons
will remain in the perovskite phase and are collected at the planar TiO2-coated FTO electrode,
where they are subsequently transported throughout the film thickness in the perovskite, as
depicted in Figure 2.9 (Lee et al., 2012; Snaith, 2013). Notably, the segregation of the carriers
can only occur in accordance with the suitability of the energy level. Based on the energy band
gap diagram shown in Figure 2.10, the CH3NH;3Pbl; perovskite material has conduction band

minimum (CB) and valence band maximum (VB) values of -5.43 eV and -3.93 eV, respectively,
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demonstrating the suitability of using the perovskite and hole transporting material for carrier
conduction, where VB is suitable for hole separation and CB is suitable for electron separation
(Park, 2015a). The anodic work function of an appropriate HTM could be adjusted to form a
respective selective contact, to perform as a contact material with a light absorbing layer
(Frohne et al., 2002; Yan et al., 2015). The energy band gap diagram depicted in Figure 2.10
shows that the homo level of Spiro-OMeTAD is higher than the VB of CH3NH3Pbls, whereas
the CB of TiO; is lower than the CB of CH3NH3Pblz, which enables the transportation of
electrons and hole carriers into their respective transporting levels. In brief, the generation of
free charges could be induced in two ways, as follows (Marchioro ef al., 2014; Wang et al.,
2014):

» Splitting of bound electron and hole pairs by thermal energy,

* Separation of free charges from the bound electron/hole pairs at the TiO,-

perovskite interface and perovskite-HTM interface.

The properties of each light harvesting materials, electron, and hole transporting materials will

be discussed in the next sections.

.
o 5fe

. b’{»\a’cb‘efi“é/p \
@ ""’,‘ ’ +

o

h
@ (EV) v o hv
----- V.B. =====\B
o V.B. V.B.
V.B L’) V.B. o u
TiO,  Perovskite Hole-transporter ALO, Perovskite Hole-transporter

Figure 2.9 Schematic of perovskite-coated TiO2 and Al2O3, illustrating electron and hole
transfer. Adapted from ref. (Snaith, 2013).
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Figure 2.10 Schematic diagram and energy band gap diagram of architecture perovskite
solar cell. Adapted from ref. (Juarez-Perez et al., 2014) and (Park, 2015a).

2.4.2 Electron Transporting Material (ETM)

The conventional organic-inorganic lead halide perovskite solar cell is typically composed of
compact TiO, and mesoporous TiO> or Al,Os3 as the electron transporting layers. The compact
TiO> acts as a blocking layer to suppress charge recombination at the interface by preventing
direct electrical contact between the transparent conductive oxide (TCO) and hole transporting
material (Sun et al., 2015). The common mesoporous underlying could be TiO> or ALO3. A
bulk heterojunction perovskite solar cell with n-type transparent mesoporous-TiOz and Spiro-
OMEeTAD as the p-type hole conductor thus exhibited a PCE of nearly 8%. Surprisingly,
replacing the insulating Al2Os over the titania as the mesoporous layer could further improve
the PCE of the device. This was ascribed to the insulating property of Al>O3, with a wide band
gap of about 7 to 9 eV, which could act as a scaffold upon perovskite deposition. The alumina
meso-superstructured perovskite solar cell had a higher PCE of 10.9% under simulated AM 1.5
full solar illumination compared to a titania meso-superstructured perovskite solar cell (Lee ef
al., 2012). This phenomenon was most likely due to the electronically inert alumina scaffold
for the several nanometer thick perovskite layer, where photogenerated electrons flowed to the

front electrode via the perovskite absorber, bypassing the nanoporous oxide layer, while the
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holes were collected in the HTM and subsequently transferred to the back electrode (Edri et

al., 2013).

2.4.3 Light-Harvesting Materials

Photovoltaic studies by using various types of light harvesting materials, either organic,
inorganic or mixture of both materials have been reported such as the CH;NH3Pbl;, FAPbXs,
and CsPbX3. Although these pure perovskite compounds are highly suitable for photovoltaic
applications, however, each perovskite material inherited its disadvantages. The boons and
banes of the perovskite materials are listed in Table 2.3. Taking a common example, the
CH3NH3" organic cation is responsible for structural stability of the perovskite structure, while
the metal and halide hybridized orbitals are responsible for its electronic properties (Almora et
al., 2015). The methylammonium based nanocrystals, CH3NH3Pblz (X=CI, Br, I) have
recorded photoluminescence quantum yield (PLQY) up to 70% with narrow size distributions,
and wide color spectrum, depending on the halide composition of the nanocrystals. The halides
perovskites are of high ionic conductivities ascribed to anion migration (Akkerman et al., 2015).
The ambipolar perovskite material behaves as a p-type material in depleted hole conductor-
free heterojunction solar cells and an n-type light harvesting and charge transporting materials
(Roiati et al., 2014). Despite the PCE of perovskite solar cell has achieved high efficiency of
22.1% within few years, however, its long-term stability performance of the perovskite solar
cell is still left behind (Tu et al., 2017). Engineering mixed halide perovskite materials and
replacing an organic methylammonium cation to an inorganic cesium cation, for instance,
CH3NH;3Pbl3.xClx, CH3NH3Pbl3.«Brx, and CsPblbBr are not merely improving the PCE, but
also to enhance the stability of the perovskite, to improve its carrier transport, and to tune the

band gap of the perovskite materials by adjusting the iodide/bromide ratio.
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Table 2.3 The advantages and disadvantages of perovskite materials employed in most
reported works.

Perovskite Advantages Disadvantages Ref
materials
CH3NH3Pbls * High carrier mobility * Structural phase transition at (Grétzel, 2014;
ranges from 7.5 cm?/Vs for 55 oC. .
electrons to 12.5 cm*Vs — x p o s Saliba et al,
. oisture sensitive.
66 cm®/Vs for holes. * Light induced trap-state 2016)
formation.

FAPDI; * Narrower band gap which * Lacks structural stability at (Salibaeral.,
is closer to the single- room temperature. 2016)
junction optimum. * Sensitive to solvents and

humidity.

CsPblz *  Exhibited excellent * High temperature operation (Salibaeral.,

thermal  stability = with where photoactive perovskite 2016)

suitable band gap of 1.73
eV.

phase is only stable above
300 °C.

* Crystallizes in a photo-
inactive phase at room
temperature.

Alloyed halides are tailored to produce astonishing photovoltaic performances such as a high
Voc by increasing the energy band gap of the hybridized halides, subsequently improving the
PCE of the solar cell. Generally, a higher V. is obtainable in conjunction with a lower electron
recombination rate. A high Vo value of up to 1.3 V could be achieved upon the inclusion of
Br (Kulbak et al., 2015). Figure 2.11a illustrates a comparison of the photovoltaic performances
between alloyed halide and single halide-based solar cells, where the alloyed halide solar cell
possesses better photovoltaic performance than a single halide solar cell with a high Js. of 17.9
mA/cm?, Voo of 0.97 V, and FF of 0.70. Figure 2.11b depicts the diffusion lengths of
CH3NH3PbIs.«Clx and CH3NH;3PbI; to further investigate the performance of the alloyed halide
perovskite material, where the longer diffusion length of mixed halides (CH3NH3Pbl3.xCly),
which is greater than 1 um for both electrons and holes, indicates a longer recombination
lifetime (slower recombination rate). This enhances the efficiency of the mixed halide planar

heterojunction solar cell by giving an efficiency of 12.2%, as shown in Figure 2.11, as opposed
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to lead triiodides, which only have an efficiency of 4.2% (Stranks et al., 2013). Hence, it
emphasizes the effectiveness of engineered alloyed halides in improving the performances of
a perovskite solar cell. Another study on a mixed halide perovskite solar cell based on I'/CI"
was reported in 2014, and showed the enhanced efficiency of the alloyed perovskite solar cell
relative to a non-alloyed perovskite solar cell. Figure 2.12a depicts the solar cell configuration
of the CH3NH;3PbI3.«Clx thin film (TF) on the left and CH3NH3Pblz nanostructure (NS) on the
right. Likewise, the photovoltaic performances of CH3NH3Pbl;xClx TF surpassed those of the
mono-halide-based perovskite solar cell by rendering a higher Ve, Jsc, and an approximately
1.7-fold higher efficiency, as presented in Figure 2.12b. The performance enhancement of the
solar cell upon the halide hybridization (CH3NH3Pbl3.xClx TF) could be further explained in
terms of its recombination rate, as shown in Figure 2.13. CH3NH3Pbl3.xClx TF has a greater
recombination resistance, which in turn decreases its recombination rate. Hence, CH3;NH;3Pbls.
«Clx TF had a longer electron diffusion lifetime compared to a single halide solar cell, in great
agreement with Figure 2.11b (Gonzalez-Pedro et al., 2014). In addition, the signs of V. and
Jsc were greater for CH3NH3PbIz.xClx TF compared to CH3NH3Pbl3 NS, thus evidencing the
photovoltaic enhancement upon the incorporation of mixed halides. Importantly, the final
results for both I/CI" mixed halide perovskite solar cells could not be compared because of

their different fabrication methods and methods for using precursors.
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Figure 2.11 (a) Photovoltaic performance of optimized planar heterojunction perovskite
solar cells where CH3NH3PbI3xClx (blue box) and CH3NH3Pbls (yellow box) cells were
both measured under 100 mW/cm? AM1.5 simulated sunlight. (b) Diffusion lengths (Lp)
of optimized planar heterojunction perovskite solar cells where the errors quoted
predominantly arise from perovskite film thickness variations, which are £35 nm for the
triiodide perovskite films and 40 nm for the mixed halide perovskite films. Adapted
from ref. (Stranks et al., 2013).
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Figure 2.12 Solar cell configuration and performance. (a) Scheme and (b) J-V curves of
the two different cell configurations analyzed: Thin film (TF), left, and nanostructured
(NS), right. Adapted from ref. (Gonzalez-Pedro et al., 2014).
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Figure 2.13 Transport and recombination parameters vs voltage: recombination
resistance, Rrec. Adapted from ref. (Gonzalez-Pedro et al., 2014).

In 2014, there was another attempt to fabricate a mixed halide solar cell through the
employment of CH3NH3PbI>Cl as the perovskite absorber material, and TiO and P3HT as the
electron and hole transporting materials, respectively. The photovoltaic performance of
CH3NH3PbI>Cl reached an efficiency of 10.8% (Conings et al., 2014), which was about a 3-
fold efficiency increase relative to that of the single CH3NH3Pbl; that was reported earlier,
which had an efficiency of only 4.2% (Stranks et al., 2013), when the concentration of the
precursors was increased to 60 wt%. The ultrahigh J value (21.3 mA/cm?), Voc of 0.932 V,
and 0.544 FF thus realized a high efficiency of 10.8% for a bi-halide solar cell. The augmented
magnitude absorption of the 60 wt% precursor concentration observed in the UV-Vis spectra
shown in Figure 2.14 was also ascribed to the ultra-high Js. (Conings et al., 2014). In 2013,
another leap in photovoltaic performance was presented by a vapor deposited CH3NH3Pbls.
«Clx perovskite solar cell, with Js., Ve, FF, and efficiency values of 21.5 mA/cm?, 1.07 V, 0.68,
and 15.4%, respectively (Liu et al., 2013). Comparable to CH3NH;3PbI3, this device had a stroke
PCE of 12.9%, with a slightly lower Js value of 17.1 mA/cm? measured under a light intensity
of 95.6 mW/cm?. Nevertheless, a slight modification in the CH;NH3Pbl; solar cell fabrication
by adding a pre-wetting step to reduce the methylammonium iodide concentration led to the

growth of larger crystals, which gave rise to a Jsc of 20 mA/cm?, a Voc of 0.993 V, an FF of
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0.73, and a PCE of 15% at a light intensity of 96.4 mW/cm? (Burschka et al., 2013). However,
the Jsc and Vo values of a single halide solar cell device were still considerably lower than

those of the alloyed device.
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Figure 2.14 (a) J-V curves under AM1.5 illumination of devices made with different
concentrations of perovskite precursor. Inset/EQE spectrum of the best device, with the
shaded area representing the part of the EQE most likely originating from P3HT. (b) UV-
Vis spectra of the perovskite layers used in the devices of (a), deposited on a dense layer
of TiO2. Adapted from ref. (Conings et al., 2014).

When the methylammonium cation is replaced by a cesium cation, a mesoporous
titania/CsPbBr3/Spiro-OMeTAD/Au solar cell reported a considerable efficiency of 4.77%
with high Vo of 0.96 V. Whereas by substituting the Spiro-OMeTAD HTM to PTAA, the
mesoporous titania/CsPbBr3/PTAA/Au solar cell achieved higher PCE of 5.95% with high V.
of 1.28 V. The higher V.. value of PTAA solar cell is ascribed to deeper HOMO level of PTAA
than Spiro-OMeTAD HTM (Kulbak et al., 2015). It shows that the non-encapsulated
CsPbBr3/PTAA solar cell illustrated smaller and slower decay of 13% loss in photocurrent
density after 5 hours illumination period; whereas MAPbBr3/PTAA device showed strong
decay of 55% photocurrent density loss (Kulbak et al., 2016). By engineering a mixed halide
perovskite composition, the ambient stability of the device has been significantly improved. It

is observable that a black phase CsPbl; once exposed to air, the CsPbl; film rapidly reverts to
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yellow phase, as depicted in Figure 2.15a. Contrary, the CsPbl>Br is stable under the same
conditions with PCE of 9.8%. To further investigate the stability of perovskite materials, XRD
profiles of the CsPbl.Br and MAPbI;Br before and after heating are depicted in Figure 2.15b
and c. It shows that the XRD peaks of CsPbl>Br (Figure 2.15b) before and after heating remains
the same (without presence of additional peaks), indicative of no degradation happen. Whereas,
the XRD spectra (Figure 2.15¢) of MAPbI:Br reflected the presence of a new peak (Pblz.xBrx)
near 13° after heating, indicates that MABr and MAI have been removed. In summary,
CsPbl,Br possesses both phase and compositional stability, while MAPbLBr is
compositionally unstable when heated at 85 °C in 20-25% RH (Sutton et al., 2016). The

enhanced PV performances upon alloyed halides is illustrated in Table 2.4.

0.7 4 B
] ——x=0.67: CsPbLBr ]
S 06- x_ : sPbLBr |
F ] x=1:CsPbl,
2 054
c
5 j
5 044
7]
=) 4
<
0.3 4
(a)
02 —1T 1T T T 1 1 T L
0 10 20 30 40 50 60 70 80
Time /minutes
T T T LB A — LB A S S R S B R
(b) CsPbl,Br Before (C) [ l MAPDBIBr Before
1 . | L
5 T LI L L 3 T T T~ T T T T T
e CsPbl Br After E MAPbIBr After
= @ I
E _J 5 1 A A A A
o T T ¥ T ¥ T v £ T T T T T T T T T T
E ‘ CsPbl, Ref. I ‘ MAPbI, Ref.
N T e U
T T T T T N T T 1 T T T T T T T T T T T
10 20 30 40 50 60 10 20 30 40 50 60
Position, /20, degrees Position, /20, degrees

Figure 2.15 (a) Absorbance over time of thin films of CsPbl3 and CsPbl>Br, measured at
675 and 625 nm respectively, when exposed to a slow flow of air at 50% RH. The slight
increase in the absorbance of the CsPbI:Br film is not yet fully understood. XRD spectra
before and after 270 min of heating at 85 C in 20-25% RH for (b) CsPbI:Br and (c¢)
MAPbDI2Br. The reference powder pattern for CsPbls (cubic phase) is from Trots and
Myagkota; the MAPDI3; (tetragonal phase) powder pattern is from a crushed single
crystal. X-ray absorbance due to the Kapton film is seen below 20 = 10°; the PbI2xBrx
peak position is indicated by a diamond. Adapted from ref. (Sutton et al., 2016).

37



Table 2.4 Summary of mono- and alloyed-halide perovskite solar cells.

Perovskite Energy Jse Voc FF n Hysteresis Limitations Ref
materials band (mA/cm?) V) (%) index, /advantages
gap HI
(eV)
CH3NH;PbI; 1.55 20.57 1.0 68.6 15.28 - - (P?scloe
2015)
CH3NH;PbI; «Bry 1.58 - 0.87 0.66 123 - Inclusion of (Noh et
- - - when Br resulted in 28?5)
2.28 1.13 0.74 x=0.2 widening band
gap energy.
FAPDI; 1.47 6.45 0.97 68.7 43 - Reversibility (Koh et
effect of black "Slt 2014;
oumpo
to yellow setal.,
FAPDI; non- 2013)
perovskite
materials.
FAPbI,Brs. 1.48 - - - - - Addition of I (Eperon
- led to longer gg‘fi
)
2.23 wavelength
absorption.
CH3NH;3PbIs«Cl - 17.9 0.97 0.7 12.2 - Rendered (Stranks
longer ;6‘1’[3)
diffusion
length (greater
than 1 pm) for
both electrons
and holes.
CH3NH;Pbl; (440 - 18.1 094 066 113 0.087] Larger (Kim and
nm) perovskite 2P 5‘1“;)
crystal size
CH;NH5PbL; (130 - 18.2 106 058 112 0212  AlleviatesHE o imang
; effect. Park,
nm) 2014)
CH;3NH;3PbI; (mp- - 18.4 0.93 0.67 11.5 0.059 ] The inclugion (K}i)ml?nd
Ti02) of mp-TiO> 2014)
mitigate HI
CH3NH;PbI; - 17.1 089 041 63 0.362 | effect. (Kin nd
(planar) H
CsPbl; - 8.25 0.72 0.55 3.24 0.106 HI mitigated  (Ripolles
upon insertion ;g‘fg
)
of 8 nm MoOs.
CsPbBr3; 2.34 7.34 1.25 0.63 5.82 - (Lia?g et
- al.,
2017)
CsPbIBr; 1.90 12.32 1.08 0.62 8.25 - ) _ (Liang et
Mixed halide al.,
perovskite 2017)
material
enhances PCE.
CsPbg9Sng 1IBr; 1.79 14.30 1.26 0.63 11.33 - Encapsulated ~ (Lianget
cell exhibited 23%

no degradation
after 3 months
storing at
room
temperature.
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2.4.4 Hole-Transporting Materials (HTM)

An efficient hole transport mobility is important for high performance perovskite solar cell.
The solid state HTM Spiro-OMeTAD has replaced the liquid electrolyte of DSSC, which
promotes the efficiency up to 10.9% in 2012. Worth to mention, the Spiro-OMeTAD based
perovskite solar cell has achieved an efficiency of 20% (Cao et al., 2015). In addition, the
poly(3-hexylthiophene), in short P3HT has also been used in CH3NH;3Pbl;3 perovskite solar cell
with efficiency of 4.5%. Albeit P3HT possesses lower hole mobility with conductivity of 107
S/cm with high series resistance, its viable solubility in various solvents is beneficial for facile
P3HT deposition (Cai et al., 2015). In 2013, a pyrene arylamine derivatives HTM was
developed in fabrication mesoporous TiO2/CH3NH3Pbls/HTM/Au solar cell has thus resulted
in PCE of 12.4% (Jeon et al., 2013). In the process of exploring more cost-effective, higher
carrier mobility, and energy level compatible HTM, a diketopyrrolopyrrole (DDP)-based
polymer, namely (poly[[2,5-bus(2-octyldodecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo|[3,4-
c]pyrrole-1,4-diyl]-alt-[[2,2°~(2,5-thiophene)bis-thieno[3,2-b]thiophen]-5,5’-diyl]]) or
abbreviated as P was investigated and has achieved higher PCE of 10.8%, as opposed of P3HT
(6.62%). As reported, the incorporation of P as ITO/perovskite/P/MoQO3/Ag solar cell yielded
high PCE ascribed to suitable energy level of P over perovskite material (Zhu ef al., 2016). In
the nutshell, the perfect matches of HTM’s energy level enhances hole transportation and

prompts for high PCE.

2.5  The Integrated Photo-Super Capacitor

Though a perovskite solar cell has a high energy conversion efficiency, it is unable to store the
converted energy. Therefore, it requires an additional energy storage device such as a super
capacitor for a storage system, as well as to serve as the main power delivery output in most

applications such as optoelectronic devices (Bagheri et al., 2014). Therefore, a photo-super
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capacitor, which is a device that couples a solar cell, typically a DSSC or a perovskite solar
cell, and an energy storage device such as a set of batteries, capacitor, or lately a super capacitor,
has generated considerable interest because of its superior photon-to-electricity conversion and
in-situ energy storage abilities for future energy storage development (Hsu et al., 2010). The
hybridization of an energy conversion device and super capacitor is able to provide a 43%
internal resistance reduction (Xu et al., 2014), which enhances and smoothes the power

delivery system.

2.6  Working Principle of Photo-Super Capacitor

A photo-super capacitor is an integrated energy storage device that comprises a perovskite solar
cell, which is the primary charges carrier contributor to their respective contacts upon light
absorption, and a super capacitor as the electron storage reservoir, in addition to being an
electrical energy delivery output source for various applications. The perovskite solar cell
device comprises the electron transporting materials, light harvesting materials, and hole
transporting materials. The most commonly used active electron and hole transporting
materials are TiO2 and Spiro-OMeTAD. On the other hand, a sandwich-type super capacitor is
likely made of stacked current collectors with electrolyte as a separator. Interestingly, both
devices share a common counter electrode in completing the circuit. A photo-super capacitor
is designed to utilize the excessive and renewable solar energy resource to spike the light-to-

electrical energy conversion.

Being a photo-super capacitor, the irradiated electrons are transferred from the perovskite solar
cell via the external circuit and stored in the reservoir of the super capacitor. The charging and
discharging processes for the photo-super capacitor mimic the working principles of an

individual super capacitor, where in this case, the utilization of solar energy to initiate the
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generation of photoelectrons instead of electrical energy by any power source is the only
distinctive feature differentiating the photo-super capacitor concept from an ordinary super
capacitor. Photogenerated electrons are stored in the shared counter electrode, and then, in the
absence of light, a discharging process takes place, where the highly efficient conversion of
solar energy to electrical energy further enables the production of a surge of electricity that fits
energy demanding applications. However, the recombination of electrons with the redox
species or dye molecules at the sensitizer-electrolyte interface is inevitable (Park ef al., 2003),

which reduces its light-to-electrical energy conversion efficiency.

2.7  Emerging Field of Photo-Super Capacitor

An integrated photo-super capacitor device is synchronized with a three-electrode device,
which comprises an energy conversion device’s photoanode, shared counter electrode, and
current collector of the super capacitor in conjunction with two electrolytes. In 2010, work on
a photo-super capacitor that utilized PEDOT as the conducting polymer electrode in a super
capacitor showed a lower internal resistance estimated to be 160 Q, which is half that of a
carbon-based photo-super capacitor (Murakami et al., 2005). This merit could be credited to
the PEDOT, which provided a higher surface area and higher conductivity than other
conducting polymers. The specific capacitance of the photo-super capacitor was recorded to be
0.52 F/cm?, and the plastic-based DSSC had an efficiency of 4.37% (Chen et al., 2010). Within
the same year, another conducting polymer film-based photo-super capacitor was fabricated
with the integration of a PProDOT-Et, conducting polymer thick film as an energy storage
material and an N3 dye-TiO, DSSC as an energy conversion device, which showed an energy

storage efficiency of 0.6% (Hsu et al., 2010).
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In 2013, a hydrogenated single crystal ZnO@amorphous ZnO-doped MnO: core shell
nanocable (HZM) flexible super capacitor showed a specific capacitance of 1260.9 F/g under
inductively coupled plasma atomic emission spectroscopy when the loading of MnO»> reached
0.11 mg/cm. A stand-alone self-powered system comprised of their newly fabricated all solid-
state super capacitor, DSSC, and LED is shown in Figure 2.16a. This novel, self-powered
system successfully lit up a blue LED using three series-wound super capacitors and a red LED
was lighted for more than 30 min by a super capacitor after being charged for 2 min using four
series-wound DSSCs (Yang et al., 2013). The inset of Figure 2.16b shows that the three series-

wound super capacitors attained ~2.3 V after 120 s of charging.
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Figure 2.16 (a) Schematic of stand-alone self-powered system consisting of four series-
wound DSSCs, three series-wound flexible SCs, and one LED. (b) Leakage current curve
of three series-wound SCs charged at 0.5 mA to a potential of 2.4 V and kept at 2.4 V for
5000 s, indicating a small leakage current. Inset is the voltage profile for three SCs in
series when being charged by four DSSCs in series. Adapted from ref. (Yang et al., 2013).

In 2014, a maximum overall photon-to-electrical conversion and storage efficiency value of
1.64% had been attained by an integrated photo-super capacitor based on bi-polar anodic
titanium oxide (ATO) nanotube arrays with selectively hydrogen plasma treatment on super
capacitor sub-device. This device rendered maximum energy storage efficiency of 51.06% and
superior retention stability with discharge areal capacitance (1.289 mF/cm?) of 96.5% after 100

cycles at a discharge current density of 0.1 mA/cm (Xu et al., 2014).
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Recently, an integrated DSSC-asymmetrical Ni(Co)Ox/AC super capacitor (photo-super
capacitor) reported a specific capacitance of 46 F/g for a single super capacitor device. By
studying the individual electrodes, redox peaks were observed in the voltammogram of the
Ni(Co)Ox electrode, ensuring the effective energy storage within the electrode/electrolyte
interface ascribed to the redox transition. Nevertheless, a 14 F/g capacitive reduction of the
asymmetrical super capacitor was observed upon the integration with the DSSC, giving a
capacitance of 32 F/g and an efficiency of 0.6 % (Bagheri et al., 2014). The integration of
photo-lithium ion batteries and photo-super capacitors as a single cell device has been explored
extensively. However, the low efficiencies of the solar cell (DSSC and organic hybrid solar
cell) and low capacity of the energy storage part turns down the overall integrated performance

of the power pack device.

The advantages of the mesoscopic cell structure and facile fabrication of printable perovskite
solar cell with the alluring efficiency performance hence shifted the DSSC interest to
perovskite based solar cell. In 2015, a power pack device combining a CH3NH3Pbl; perovskite
solar cell with a PPy super capacitor (as shown in Figure 2.17), connected in series reached an
overall output efficiency of 20% with an output voltage of 1.46 V when the voltage of PPy
super capacitor was set at 0.6 V (Xu ef al., 2015). In addition, a PEDOT-carbon electrode
bridge the perovskite solar cell (CH3NH3Pbl3) and super capacitor part (Figure 2.18a) was
fabricated in 2016, exhibited a maximum overall efficiency of 4.7% and energy storage
efficiency of 73.77%, thus proven the suitability of the perovskite material to be used for photo-
super capacitor application (Xu et al., 2016). Figure 2.18b illustrates the photo-charging and
discharging of the integrated photo-super capacitor device. Under light illumination, the super
capacitor was charged to 0.70 V within 7 s and approaches to the open-circuit voltage, indicates

a high storage proportion of the PEDOT-carbon electrode of the photo-super capacitor device.
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The discharging process was taken place in dark at current densities from 0.25 to 1.5 mA/cm?

(Xu et al., 2016).

Thus far, there are merely works reported on fabrication of photo-super capacitor, as shown in
Table 2.5. Nevertheless, by further optimizing the materials’ structure and effective
encapsulation of the integrated device, the effective self-powered electrochemical energy
conversion and storage systems of the photo-super capacitor is envisioned to becoming a

promising green storage system in the near future.

u/v

Figure 2.17 The power pack device comprises a perovskite based solar cell and a
polypyrrole-based super capacitor. Adapted from ref. (Xu et al., 2015).
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Figure 2.18 (a) Schematic illustration of the printable perovskite solar cell based photo-
super capacitor. (b) The voltage response of the perovskite solar cell during photo-charge
and galvanostatic discharge of super capacitor at different current densities in dark.
Adapted from ref. (Xu et al., 2016).

44



Table 2.5 A summary on the integration of a photovoltaic device and an energy storage device.

Solar cells Energy storage devices PCE Overall Cyclic Ref
Photoanode Light harvesting  Cathode Electrolyte/HTM Types Electrolyte (%) (%) retention
material
TiO, N3 dye Pt sheet 0.5 M Lil.0.05 M I,/0.5 PProDOT-Et, 0.5 M LiCIO4 in MPN - 0.6 80% after (Hsuer
nanoparticles M TBP in CH;CN symmetric super 10 cycles @b
capacitor 2010)
TiO; particles N719 Pt sheet Surlyn PEDOT-based super 0.5 M LiClO4 in MPN 4.37 - - (Chen et
capacitor al.,
2010)
cTiO»/mTiO, D35 Ag layer P3HT RuO«(OH)y symmetric ~ Nafion membrane 3.0 0.8 - (Skunik
super capacitor Nuckow
ska et
al.,
2013)
TiO; particles N719 Carbonized 50 mM I, 500 mM Lil, Carbon-coated porous = PEO:EMIBF, (1:3) 4.8 2.1 - (Cohn et
porous silicon 500 mM TBP in silicon al.,
.. 2015)
wafer acetonitrile
TiO, CH3NH;PbI; PEDOT-carbon - PEDOT-carbon 1 M LiClOy4 and 10 6.4 4.7 96.8% (Xu et
nanoparticles symmetric super mg/mL CH3NH;sl in after 50 al.,
capacitor isopropanol cycles 2016)
TiO; particles LEG4 PEDOT on Ni  Cobalt polypyridyl Ni(Co)Ox positive KOH 4.9 0.6 - (Bagher
foil complex electrode and ietal,
activated carbon 2014)
negative electrode
based asymmetric
super capacitor
TiO; nanotube N-719 (top cell) Pt sheet 0.5 M Lil, 50 mM I, Battery 1 M LiPFg in ethylene - 0.82 - (Guo er
(bottom cell) and  and N-749 and 0.5 M 4- carbonate:dimethyl ;i)l .

TiO; nanorod
(top cell)

(bottom cell)

tertbutylpyridine in 3-
methoxypropionitrile

carbonate (1:1)
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CHAPTER 3

MATERIALS AND METHODS

In this chapter, the materials, preparation and fabrication methods will be divided into four
sections, which involve the materials, fabrication of devices (symmetrical super capacitor,
asymmetrical super capacitor, perovskite solar cell, and photo-super capacitor), materials

characterizations, and electrochemical measurements.

3.1 Materials

The nickel foam was obtained from Goodfellow Cambridge Ltd. Nylon filter membrane was
purchased from Membrane Solutions, LLC, US. Potassium permanganate (KMnQOs, >99—
100.5%) was obtained from R&M Chemicals, Malaysia, while bismuth oxide (Bi2O3) with a
purity of 99.999% was purchased from Sigma-Aldrich, Malaysia. Graphite powder was
obtained from Ashbury Graphite Mills Inc., code no. 3061. Sulphuric acid (H2SO4, 95%-98%),
phosphoric acid (H3POs4, 85%), and hydrogen peroxide (H>O», 30%) were purchased from
Systerm, Malaysia. Hydrogen chloride (HCI, 37%), sodium sulphate anhydrous (Na2SOa, 70%),
and a toluene-4-sulfonic acid sodium salt (NapTS, 98%) were purchased from Merck. Pyrrole
(99%) was purchased from Across Organic, stored at 0°C, and distilled prior using. The
graphite sheet (natural graphite >99.5%) was purchased from Latech Singapore. Zinc nitrate
hexahydrate, Zn(NO3),.6H>O and cobalt (II) nitrate hexahydrate, Co(NO3)..6H>O were
purchased from Bendosen and R&M Chemicals, respectively. Nitric acid ACS reagent (> 65%)
was obtained from Sigma-Aldrich. Urea was purchased from AnalaR, BDH laboratory supplies
from England and ammonium chloride (NH4Cl) was obtained from Merck. The fluorine-doped

tin oxide (FTO) glass substrate with a size of 2.5%2.5 cm? was purchased from Nippon Sheet
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Glass Co. Ltd (10 Q/sq). Indium tin oxide (ITO) conducting glass slides (7 €/sq) were
purchased from Xin Yan Technology Limited, China. The mesoporous titanium dioxide (mp-
Ti0,) was acquired from JGC Catalysts and Chemicals Ltd (PST-18NR). The lead (IT) bromide
(PbBr, >98%) was purchased from Aldrich, whereas the lead (II) iodide (Pblz, >98%) was
purchased from TCI Tokyo Chemical Industry CO., LTD and Sigma-Aldrich. The cesium
bromide (CsBr, 99.9%) was obtained from Alfa Aesar and Sigma-Aldrich. The Spiro-
OMeTAD was purchased from Sigma-Aldrich. In order to improve its electrical properties,
some additives were added as bis (trifluoromethane) sulfonimide lithium salt (Li-TFSI)
dissolved in acetonitrile (520 mg/mL, wako) and 4-tert-butylpyridine (TBP) was purchased
from Sigma-Aldrich and TCI, respectively. P3HT was acquired from Aldrich and was
dissolved in o-dichlorobenzene (Sigma-Aldrich) in a concentration of 17 mg/mL. Titanium (IV)
tetraisopropoxide (TTIP >98%), titanium (IV) oxide (P25) powder, and pyrrole (99%) were
purchased from Acros Organics. In addition, a-terpineol and methanol were purchased from
Wako, whereas dimethlyformamide (DMF), chlorobenzene, PEDOT:PSS, and lithium

perchlorate (LiClO4) were obtained from Sigma Aldrich.

3.2 The Bi203/MnQO2 Symmetrical and Asymmetrical Super Capacitor

3.2.1 Fabrication of Bi2O3/MnO: Electrode

First, 1 mM of Bi,03; and 10 mM of KMnO4 powder were dispersed in 40 ml of deionized
water. A 2 x 3 cm? piece of nickel foam was immersed in the prepared solution and subjected
to hydrothermal treatment at 140 °C for 24 hours. The deposited nickel foam was then dried at

60 °C for 6 hours and calcined at 350 °C for 2 hours.
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3.2.2 Fabrication of Bi203/MnQO:2 Symmetrical Super Capacitor

A two-electrode-configuration symmetrical super capacitor was prepared by stacking the
Bi203/MnO:> electrodes separated by a piece of 1 M Na>SO4 soaked filter paper. The super
capacitor was fitted into a Swagelok for electrochemical measurements. For temperature tests,
the super capacitor was either cooled at 0 °C or heated at 60 °C for 1 hour prior to the
electrochemical measurements and was constantly cooled in an ice box or heated on a hot plate
throughout the test. For measurement at 30 °C, the super capacitor was left in an ambient

condition.

3.2.3 Fabrication of Bi2O3/MnQ2//PyR Asymmetrical Super Capacitor

The fabricated Bi»O3/MnQO; positive electrode was stacked with the polypyrrole/reduced
graphene oxide (PyR) negative electrode, forming a sandwiched system separated by the
membrane filter where 1 M Na;SO4 aqueous solution was employed as the redox electrolyte.
The sandwich-like asymmetrical super capacitor was fit into a Swagelok for the

electrochemical measurements.

33 The rGO/Zn0O/Co0304//PyR (RZCo//PyR) Asymmetrical Super Capacitor

3.3.1 Preparation of Graphene Oxide (GO)

GO was prepared through the simplified Hummer’s method, where the oxidation reaction was
carried out by mixing H2SO4:H3PO4 (360 ml: 40 ml), graphite flakes, and KMnO4 using a
magnetic stirrer at room temperature. The mixture was then left stirring for three days to allow
the complete oxidation of the graphite. Subsequently, the H>O» solution was added to the
mixture to stop the oxidation process, and the color of the mixture turned bright yellow. Next,

graphite oxide was washed with a 1 M HCI aqueous solution three times and with deionized
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water ten times by the centrifugation technique until the pH reached a value of approximately

4-5 and GO was formed. The concentration of GO was 6.3 mg/ml.

3.3.2 Preparation of rGO/Zn0O/Co0304 (RZCo) Positive Electrode

2 mmol Co(NO3)2.6H,0, 1 mmol Zn(NO3)2.6H>0O, 4 mmol NH4Cl, and 0.02 mg/ml GO
precursors were dissolved in 30 ml deionized water and stirred until homogenous. 8 mmol urea
was then added into the purplish homogenous solution and sonicated for 15 min, followed by
the immersion of nitric acid treated graphite sheet into autoclave for 5 hours of hydrothermal
reaction at 120°C. The deposited graphite sheet was calcined at 400°C for 2 hours after the
hydrothermal process. The same process was done for C0304/ZnO (without the inclusion of

GO) as a standard comparison, denotes as ZCo in short.

3.3.3 Preparation of PPy/rGO (PyR) Negative Electrode

PyR nanocomposite films were synthesized using a potentiostat—galvanostat at room
temperature, where a platinum electrode was used as a counter-electrode, graphite sheet as a
working electrode, and a saturated calomel electrode as a reference electrode. The films were
electrodeposited onto the graphite sheet at a constant potential of +0.8 V for 15 min where the
deposition solution contained 0.1 M of pyrrole, 1 mg/ml of GO, and 0.1 M of toluene-4-sulfonic

acid sodium salt (NapTS).

3.3.4 Fabrication of RZCo//PyR Asymmetrical Super Capacitor

The fabricated positive electrode was stacked with the negative electrode, forming a
sandwiched system separated by the membrane filter where 1 M Na>SO4 aqueous solution was
employed as the redox electrolyte. The sandwich-like asymmetrical super capacitor was fit into

a Swagelok for the electrochemical measurements.
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34 The Perovskite Solar Cell

3.4.1 Perovskite Solar Cell Fabrication

The FTO-coated glass was patterned using HCI (6 M)-etching with Zn powder and cleaned by
first, ultrasonification in a basic bath of neutral water, acetone, isopropanol, and deionized
water and second, plasma system for several minutes. A 20 nm compact titania (c-TiOz)
prepared from titanium diisopropoxide bis (acetylacetonate) was deposited through atomic

layer deposition method at 300 °C. The mesoporous-TiO2 (mp-TiO2) was spin coated onto the
c-TiO; surface at the spinning conditions of 500 rpm for 3 seconds and 6000 rpm for 30 seconds,
followed by an immediate heating at 80 °C for 10 minutes. Subsequently, the substrates were
calcined at 470 °C for 30 minutes. The synthesis of perovskite film was conducted via two-
steps sequential method. Firstly, an aliquot of 90 pL. PbBr»:Pbl>, with a molar ratio of 1:0, 1:0.1,
1:0.2, and 1:0.3, was initially spin coated onto the mp-TiO, surface at 2500 rpm for 1 minutes.

These films were heated at 75 °C for 30 minutes on a hot plate. Subsequently, the films were
dipped into CsBr solution for 10 minutes at 50 °C, and washed with 2-propanol solution for 1

minutes at 50 °C as well. The CsPbBr3«Ix films were formed after annealing at 350 °C for 10

minutes. Spiro-OMeTAD was spin coated on the surface of the perovskite film at 500 rpm for
3 seconds, subsequently 4000 rpm for 30 seconds. The films were left to dry inside a petri dish
about 15 hours in dark. For comparison, the P3HT samples were prepared through spin coating
process at 1000 rpm for 10 minutes and were stored in a petri dish in dark for 16 hours before
annealing treatment at 130 °C for 10 minutes was carried out. Finally, an 8 nm of MoO3 film
was evaporated for the P3HT-based solar cells, and 60 nm of Au was vapour deposited for all

devices.
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35 The Photo-Super Capacitor

3.5.1 Fabrication of Perovskite Solar Cell

The ITO glass was cleaned by sonication process using acetone, ethanol, and deionized water
for 20 minutes each. The compact titania layer was prepared through aerosol assisted chemical
vapour deposition (AACVD) process. The production of aerosol from 0.1 M TTIP in 50 ml
toluene solution with the aid of an air humidifier and the flow of argon gas at flow rate of 300
mL/min enable the deposition of compact titania on ITO conductive glass at 450 °C for 30
minutes. After cooled down to room temperature, the mp-TiO, was doctor bladed on the c-
TiO2 layer, subsequently sintered at 500 °C for 30 minutes. The TiO, paste was prepared
through dissolving 1.6 g P25 in 8 ml ethanol with stirring of 5 minutes. 0.01 M TTIP was then
added with continual stirring and was horn-sonicated for 30 minutes to obtain a well-disperse
paste. Subsequently, the CsPbBr3.«Ix (x = 0 - 0.3) solar cells were prepared through two-steps
sequential spin coating process. Firstly, the PbBr2:Pbl (in the ratios of 1:0, 1:0.1, 1:0.2, 1:0.3)
were spin coated on the ITO substrate at 2500 rpm (60 seconds), subsequently dried on the hot
plate at 75 °C for 30 minutes. Next, the PbBr2:Pbl, coated substrate was immersed in CsBr
solution for 10 minutes and was washed in isopropanol solution, followed by annealing process
at 350 °C for 10 minutes for perovskite crystal growth. The HTM, Spiro-OMeTAD was spin
coated on the perovskite layer at 500 rpm for 3 seconds, followed by 4000 rpm for 30 seconds.
The HTM coated substrates was left to dry in a petri dish in dark prior to be used. A thin layer
of PEDOT:PSS was drop casted on an ITO glass as the counter electrode in order to mimic the
testing procedure for photo-super capacitor. The whole fabrication process was carried out in

ambient condition with RH>80%.
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3.5.2 Fabrication of An Asymmetrical Super Capacitor

The super capacitor electrodes are composed of RZCo as the positive electrode and PyR as the
negative electrode. Both electrodes were stacked with 1 M LiClO4/acetonitrile soaked filter
paper performing as the separator. The RZCo positive electrode was prepared via hydrothermal
process at 120 °C for 5 hours; whereas the PyR negative electrode was prepared through

electrodeposition (Ng et al., 2017).

3.5.3 Fabrication of Cesium Perovskite Based Photo-Super Capacitor

The fabrication of photo-super capacitor was carried out by integrating the champion solar cell,
CsPbBr.olo.1 perovskite solar cell and the asymmetrical super capacitor without the connection
of external wires. In details, the photoanode, which composed of compact and mesoporous
titania, perovskite light harvesting material, and Spiro-OMeTAD as the HTM was coupled to
a PEDOT:PSS coated RZCo layer positive electrode and PyR negative electrode asymmetrical
super capacitor, likewise appointing 1 M LiClO4/acetonitrile as the redox electrolyte. Clearly,
the PEDOT:PSS coated RZCo electrode serves as the sharing electrode for the solar cell and
super capacitor. The champion perovskite solar cell (CsPbBr2olo.1) was sparked with minute
amount of Spiro-OMeTAD electrolyte to improve the charge diffusivity before measurement

took place.

3.6 Materials Characterizations

3.6.1 Super Capacitors

The chemical states and compositions of the products were analyzed using X-ray photoelectron
spectroscopy (XPS) by a PHI Quantera II with Spherical Capacitor Analyzer (SCA) and DZU
Shima (Kratos Analytical Ltd.), whereas the crystalline structures of the samples were analyzed

using a D8 Advance, Bruker AXS Germany (Cu, Ka one radiation) X-ray diffraction (XRD)
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technique. The surface morphologies of the samples were investigated using a Quanta 400F
FESEM equipped with an EDX feature. Fourier transform infrared (FTIR) spectroscopy was
performed using the attenuated total reflectance of a Perkin Elmer 1650, FTIR
spectrophotometer. RAMAN spectroscopy was conducted using a WITec Raman Microscope.
Transmission electron microscopy (TEM) was conducted using a Hitachi, HT-7700. The

electrical conductivity test was performed by Mitsubishi Loresta-GP (MCP-T610).

3.6.2 Perovskite Solar Cells

The glass/FTO/CsPbBr3.«Ix substrates (where x varies between 0, 0.1, 0.2, and 0.3 in molar
ratio) were characterized by several techniques. The XRD was conducted through RINT-
Ultima II1I, Rigaku in 26 range of 10 to 80 degrees using monochromatic Cu, Ka radiation. The
UV-Visible spectra was performed via JASCO V-670 spectrophotometer from 200-900 nm.
The emission spectra were obtained from JASCO FP- 6600 spectrofluorometer from 450—-600
nm. The valence band of perovskite was measured through Ultraviolet Photo-Electron
Spectroscopy (UPS) (BUNKOUKEIKI). The band gap of each perovskite material was

obtained through Equation 3.1.
E, =— Equation (3.1)

where Ej refers to the band gap and 1} is the intersected wavelength of the UV-Vis and

photoluminescence.

3.6.3 Photo-Super Capacitor

The crystalline structures of the samples were analysed by using D8 Advance, Bruker AXS
Germany (Cu, Ka one radiation) XRD technique. The surface morphologies of the samples
were investigated using a Quanta 400F FESEM equipped with an EDX feature. The RAMAN

spectroscopy was measured through the WITec Raman Microscope.
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3.7 Electrochemical Measurements

The super capacitors were fabricated by employing 1 M Na>;SO4 aqueous electrolyte soaked
membrane filter as the separator and was fitted into a Swagelok. The as-fabricated super
capacitors were subjected to cyclic voltammetry, galvanostatic charge/discharge, and
electrochemical impedance spectroscopy measurements. The applied working potential for the
cyclic voltammetry measurements was in the range of 0—1 V for a symmetrical super capacitor
and 0-1.6 V for an asymmetrical super capacitor, measured from scan rates of 100 to 2 mV/s.
The specific capacitance of the super capacitors were calculated from the charge/discharge
profile using Equation (3.2), where Cy, refers to the specific capacitance in farads per gram, I
is the current of charge/discharge, At is the discharging time, AV is the potential window, and

m is the electrode mass in grams (Jin et al., 2011):

Cn = IAt/AVm Equation (3.2)

The energy density and power density of the super capacitors were calculated using Equations

(3.3) and (3.4), respectively (Kang et al., 2012).
Ecen = 1/5CeeuV?  Equation (3.3)

Py = Ece”/ ¢ Equation (3.4)

where Ecen 1s the energy density in Wh/kg, Ceen is the specific capacitance of an electrode
obtained from cyclic voltammetry, V is the potential window obtained from discharge curve,

Pcen 1s the power density in W/kg, and t refers to the discharge time.

For the perovskite solar cell, the current density-voltage (J-V) measurement was measured by
a solar simulator (CEP- 2000SRR, Bunkoukeiki Inc) with light source intensity of AM1.5G

100 mW/cm?, which was calibrated with a reference silicon cell. All solar cells were measured
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using a mask with an active area of 0.12 cm? under 1 sun. The photovoltaic measurements were
carried out at scan rate of 0.1 V/s, 100 ms delay time and 10 mV voltage step. The measurement
of external quantum efficiency (EQE) was performed through CEP-2000SRR, Bunko Keiki
with 300 W Xe lamp. The monochromator was adjusted to 1x10'* mW/cm? and was monitored
by Si photodiode. Similar electrochemical measurements were performed for the photo-super
capacitor. The galvanostatic charge discharge was performed from the current densities of 0.1
mA/cm? to 1 mA/cm? and was calculated according to Equation (3.2). Whilst, the electron

lifetime of the perovskite solar cell was calculated according to equation (3.5):

r=1 o £ Equation (3.5)

where f'is the highest frequency obtained through Bode plot and & is a constant.
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CHAPTER 4

ELECTROCHEMICAL PERFORMANCES OF SUPER CAPACITORS FOR
PHOTO-SUPER CAPACITOR APPLICATION

Generally, a high energy and power densities super capacitor is highly desirable for various
optoelectronic applications and to fulfil the skyrocketing energy demands. Apparently, a super
capacitor which is composing of two similar electrodes, which is a symmetrical super capacitor
is unable to fulfil the crave of energies, owing to the narrower potential window, as opposed to
an asymmetrical super capacitor. The energy performance is proportional to the cell voltage of
the super capacitor. Hence, with the coupling of two different super capacitor electrode
materials, which forms an asymmetrical super capacitor, the potential window of the super
capacitor was extended, also the capacitive performances of the super capacitor were improved.
In this chapter, the performances of a symmetrical and an asymmetrical super capacitors were
investigated through a series of electrochemical performances. Additionally, temperature
studies were also included to gauge the versatility of the super capacitor electrode under the
temperatures influence. The super capacitor with high performance will therefore employed as

the energy storage device for the photo-super capacitor.

4.1  Introduction

A green energy device does not solely rely on high electrochemical performance, but must also
possess temperature durability to meet and fulfil the various application needs. A super
capacitor should be able to operate under mild to severe weather conditions in electric vehicles.
It is common for car batteries to malfunction in winter (below -1.1 °C). Hence, a device that is
weather resistant, in addition to having a high capacitive performance, is preferable, in order

to replace the conventional battery application. A super capacitor offers high power density
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and fast charging properties, which can increase the acceleration rate and decrease the charging
time (in just a few minutes) of a vehicle relative to a standard electric car battery. Only a few
temperature investigations have been reported, with most super capacitor studies focusing on
applications at room temperature. A single-wall carbon nanotube coin cell super capacitor
employing tetracthylammonium tetrafluoroborate-polypropylene carbonate as the electrolyte
was measured at 25—-100 °C in 2009. This super capacitor exhibited a high power density of
approximately 55 kW/kg at a current density of 100 A/g. The insignificant cell damage to the
super capacitor upon operation at a current density of 100 mA/g to 100 A/g at temperature of
25-100 °C showed the superiority of its electrodes (Masarapu et al., 2009). In 2013, a three-
electrode manganese oxide-electrospun carbon nanotube-embedded carbon nanofiber
electrode was reported with a high capacitance of 546 F/g at 75 °C, which showed a 120 F/g

increment compared to that at 25 °C (Wang et al., 2013).

Looking into the capacitive performances, generally, energy density performance is closely
relating to the capacity and square of its operating potential window. Composing an
asymmetrical super capacitor by utilizing different active materials as the positive and negative
electrodes is desirable to widen the potential window of the super capacitor owing to the
potential windows of the positive and negative are different (Chae and Chen, 2012). An
asymmetrical super capacitor composed of a non-polarized Faradaic electrode as the energy
source and a polarized electrode as the power source contributes in high energy density
performance, which approaches that of a battery (Tang ef al., 2013). The negative electrodes
or anodic materials of an asymmetrical super capacitor are mainly composed of carbonaceous
materials such as carbon nanotubes, graphene, activated carbons and oxides materials. Despite
the monolayer graphene possesses a large specific surface area with excellent conductivity,

mechanical, and electrical properties, graphene is inherently hydrophobic in nature, which led
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to the non-disperse of graphene in most aqueous solvents (Basu et al., 2010; Chee et al., 2015;
Dreyer et al., 2010; Lim et al., 2013; Ou et al., 2014; Zhu et al., 2011). The agglomeration of
graphene inferiors the ionic accessibility of an asymmetrical super capacitor (Wang et al., 2013)
and hence could be solved through the partially reduced graphene oxide to reduce graphene
oxide (rGO). The rGO is profound in its electrical conductivity up to 1.28 S/m at 6 wt% (Wang
et al., 2010) and the remnant oxygen groups of rGO could prevent the restacking of graphitic
sheet owing to the strong Van de Waals forces. Occasionally, compositing rGO with any
electrochemically active materials is necessary to leverage the super capacitor performances.
Conducting polymers are capable of storing more capacitance per gram, thereby contribute to
the higher energy density and faradaic capacitance (Dubal and Holze, 2013; Ng et al., 2015;
Yu et al., 2013). One of the most-sought after conducting polymers, polypyrrole (PPy), is
highly conductive, has ultrahigh-flexibility, and been reported to display a high capacitance
value (Eeu et al., 2013). A hybrid of PPy and rGO significantly improve the capacitive

performance of super capacitors (Lim ef al., 2014; Ng et al., 2015; Snook et al., 2011).

Meanwhile, the positive electrode or cathodic materials of the asymmetrical super capacitor
include oxides such as the cobalt oxides (Co304), nickel hydroxide (Ni(OH)2), manganese
dioxide (MnQO3), and ruthenium oxide (RuO»). In 2011, an a-MnO> nanorod super capacitor
electrode has reported a capacitance of 166.2 F/g (Li et al., 2011). However, the dense
morphologies and aggregation of MnO: nanosheets could impede the penetration of electrolyte
ions within the nanocomposite matrix (Unnikrishnan et al., 2016), which requires the
incorporation or doping of another pseudocapacitive material to serve as a scaffold to anchor
the MnO,, to improve the conductivity of the electrode materials, and to enhance the
capacitance performance. Evidently, a Co304@MnO> nanocomposite achieved a specific

capacitance of 480 F/g at 2.67 A/g with a cyclic retention of 97.3% after 5000 cycles (Wang et
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al., 2015). In addition, coupling MnO; and Bi20s exhibited specific capacitance of 312.8 F/g
at current density of 0.2 A/g and excellent stability performance (112% capacitance retained)

after 1000 long-term cyclic system.

In addition, Co30O4 is a pseudo-capacitive material with high electro-activity and multi-
capacitance storage ability, where Co304 nanostructures are able to store a charge via the
double layer and pseudo-capacitive reaction. Co3O4 could theoretically deliver a specific
capacitance of ~3650 F/g (Vidyadharan et al., 2014). On the other hand, zinc oxide (ZnO) has
a good carrier mobility and provides a high energy density (Chang et al., 2015; Wang et al.,
2011). A one-dimensional ZnO nanostructure possesses excellent electron transport properties
(Yu et al., 2013) which can enhance the capacitive performances. A composite of
Co30s4@graphene nanosheet prepared using a microwave-assisted method could
homogenously distribute Co304 nanoparticles (3-5 nm in size) on a graphene sheet (Wang et
al., 2013). Thereby, the inclusion of conductive graphene sheets provided an opened pathway
for rapid charge storage and delivery, which resulted in a high electronic conductivity and
capacitance performance, and an improved life for the device (Salunkhe et al., 2014; Tang and
Yamauchi, 2016). Hence, when transition metal oxides are included, which in our work refer
to the ZnO/Co304 nanostructures, they behave as intercalating agents and intercalate the rGO
to prevent the restacking of rGO sheets. This phenomenon is expected to be able to enhance
the inflow and outflow of electrolyte ions, resulted in the excellent electrochemical
performances, in addition to increasing the porosity of the graphite sheet. The inclusion of rGO
could produce better wettability and thus induce the good dispersion in water ascribed to the
presence of remaining oxygen groups, in line with the aromatic rings, which offer active sites
for the m-m interaction (Qiu et al., 2010). The synergetic effects of the ternary materials

(ZnO/Co0304/rGO) hence produce excellent electrical conductivity and better porosity.
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In this chapter, first of all, a two-electrode-configured Bi,O3/MnQO; device was fabricated as a
symmetrical super capacitor via a one-step facile hydrothermal process, employing nickel foam
as the current collector. This work focused on the performances of this super capacitor,
specifically the shelf-life of the super capacitor at various temperatures of 0 °C, 30 °C, and
60 °C. A super capacitor with a prolonged lifespan and weather sustainability are the key
performances requirements for multi-application viabilities to replace the battery in the
automotive sector. However, despite the Bi2O3/MnO, symmetrical super capacitor possessed
remarkable stability (>75%) after 1000 continuous charge/discharge cycles from 0 °C to 60 °C,
however, the dissatisfactory capacitive performances of the Bi»O3/MnO> symmetrical super

capacitor, thus urged for the fabrication of an asymmetrical super capacitor.

A Bi1203/MnQO»//PyR asymmetrical super capacitor was fabricated using the same measuring
parameters. In this case, a graphite sheet was chosen as the current collector due to its cost
effectiveness over the nickel foam. The specifications and prices of the nickel foam and
graphite sheet are included in Appendix A (Table A.1). The dissatisfactory capacitive
performances of the bismuth-based asymmetrical supercapcitor has lured the search of
alternative pseudocapacitive materials. Sequentially, we presented our work on the fabrication
of RZCo//PyR asymmetrical super capacitor on graphite sheet via one-step facile hydrothermal
and electro-deposition process. RZCo represents reduced GO/ZnO/Co304, while PyR
represents polypyrrole/reduced graphene oxide. The graphite sheet was treated with nitric acid
prior to the deposition of active materials. This effort is expected to improve the
functionalization between the functional groups of the active materials and carbon surface,
consequently responsible for the excellent electro-catalytic activity performance (Collins et al.,

2013; Wang and Hu, 2012). To date, there are merely few temperature dependent studies have
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been reported and most of the super capacitor application studies focused on the performances
at room temperature. The supercapacitive performances of the RZCo//PyR asymmetrical super
capacitor at different temperatures were investigated and were also compared against the

KEMET commercial super capacitor in this section.

4.2  Bi203/MnO:2 Symmetrical Super capacitor

4.2.1 Material Characterizations of Bi2O3/MnO: Pseudocapacitive Materials

FESEM images demonstrated that the spherical Bi,Os particles (Figure 4.1a) were enveloped
by 2D sheet-like MnO> (Figure 4.1b) after 24 hours of the hydrothermal process, as depicted
in Figure 4.1c, which is in great agreement with the TEM image. BiO3 was featureless before
undergoing the hydrothermal process (Figure A.1 in Appendix A). The elemental mapping
confirmed the existence of Bi2O3 and MnO> over the nickel foam (Figure A.2 in Appendix A).
The TEM image (Figure 4.1d) indicated the contrast between Bi,O3 and MnO; in the hybrid.
The light color in the TEM image represents the ultrathin MnO; nanosheet, while the darker
region indicates the BioOz nanosphere (white arrows). The formation of MnO> sheets and
stacked MnO; sheets is depicted in the TEM image. The HRTEM (Figure 4.1¢) image reveals
visible lattice fringes with equal interplanar distances of 0.37 and 0.27 nm, which correspond
to MnO> (Wang et al., 2010), indicating the wrapping of MnO, over the BiO3 material. In
addition, the diffraction rings displayed in the SAED pattern indicate that Bi,O3/MnO, co-exist

in the polycrystalline structure.
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Figure 4.1 FESEM images of (a) Bi2O3 after hydrothermal process, (b) MnO2, and (¢)
Bi203/MnO: nanocomposite, along with (d) TEM image, (¢) HRTEM, and (f) SAED of
Bi203/MnO:2 nanocomposite. Inset of Figure 4.1d shows the encapsulation of 2D MnO:
ultrathin sheet over Bi2O3 particles.

The XRD profile (Figure 4.2a) shows the good embedment of the highly crystalline
B1203/MnO2 composite over the entire surface of the blank Ni foam, which agrees with the
FESEM and TEM images. The good adhesion of the Bi203/MnO; over the nickel foam scaffold
was confirmed through the tremendous decrease in the intensity peak of the nickel foam upon
the introduction of active materials. The diffraction peaks detected at 43°, 52°, and 77°
correspond to the lattice planes of (111), (200), and (220), which indicate the crystallographic
planes of nickel (Cai et al., 2014; Cao et al., 2012; Hou and Gao, 2003; Ng ef al., 2015). The
major detection point for the nickel foam is ascribed to the low concentration of precursors
used. In addition, the XRD profile shows the absence of additional crystalline peaks, which is

evidence that an impurity free nanocomposite was successfully synthesized. Figure 4.2b has
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further evidence the deposition of the Bi2O3/MnOz hybrid composite on the nickel foam
substrate. The FTIR peaks were slightly blue shifted and the intensity of the peaks diminished
upon the deposition of Bi»O3 and MnO» pseudocapacitive materials. The presence of Mn-O
bending vibrations for the [MnQs] octahedron was found at the peak of ~452 cm!, suggesting
that MnO; was present within the Bi2O3/MnO, hybrid composite (Gan et al., 2015). The blue
shift in wavelength could be due to the strong bond energy between the BioO3 and MnO> in the
composite (Liang et al., 2015). The existence of BioO3/MnO:x is further reflected by the Raman
spectroscopies (Figure 4.2c). The prominent peak at 634 cm™! corresponds to the symmetric
stretching vibration of the Mn-O lattice, which is perpendicular to the MnOg octahedron double
chains of MnQ» (Gan et al., 2015; Gnana et al., 2014). In addition, the peak at 560 cm
represents the Mn-O stretching vibration in the basal plane of the MnOg sheet (Kim et al., 2016).

Meanwhile, the Bi2O3 nanostructure exists in the 0—Bi2O3 (monoclinic) phase (Salazar-Pérez
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Figure 4.2 (a) XRD profile and (b) FTIR spectrum of blank Ni foam, Bi2O3, MnO2, and
Bi203/MnO2, and (c) Raman spectroscopies of Bi2O3, MnO2, and Bi20Q3/MnO2.
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The XPS analysis was conducted to study the chemical composition and surface electronic
state of the Bi2O3/MnO: electrode. The wide scan of Bi2O3/MnO» explicitly revealed the
presence of the Bi, Mn, and O elements, as reflected in Figure 4.3a. The narrow scan of the
Bi4f spectrum showed two deconvoluted peaks (164 eV and 158 eV) of Bi4fs;, and Bidfyp,
respectively (Figure 4.3b). The peak separation of 5.3 eV thus clarified the existence of the Bi
element in an oxidation state of +3 (Sarma et al., 2013; Zuo et al., 2016). In addition, the Mn2p
spectrum shows two deconvoluted peaks at 654 eV and 642.2 eV, which correspond to the
Mn2p12 and Mn2p3. spin-orbit peaks, respectively (Figure 4.3c) (Qiu et al., 2015). It thus
shows the domination of Mn*" within the binary system (Yuan et al., 2011). Figure A.3
(Appendix A) additionally proves the formation of MnO> with a peak separation of 4.6 eV, as
expected from the Mn3s spectrum (Subramanian et al., 2005). The Mn-O-Mn and Mn-O-H
peaks are positioned at 529 eV and 532 eV, respectively, as depicted in Figure 4.3d (Yuan et
al.,2011). The deconvoluted peak at 530 eV represents the oxide group of Bi2O3. The obvious
peak at 531 eV is linked to the Ni2p3 spin-orbit, which is attributed to the nickel foam current

collector, and the peak situated at 532.9 eV represents the C=0 functional group.

4.2.2 Formation Mechanism of Bi2O3/MnQ:z Materials

The formation of 2D MnO> occurred through the decomposition of KMnQOs, as depicted in
Equation (4.1), as the Bi*"Bi couple theoretically recorded a lower redox potential (+0.308 V
vs. SHE) than the MnO4/MnO> couple (+1.679 V vs. SHE), which promotes the spontaneous
reduction process of MnO4™ to MnO». The MnOy4™ i0ns oxidized water with concurrent oxygen
evolution, which resulted in the precipitation of MnO> (Ashoka et al., 2010; Liu et al., 2011;
Miao et al., 2015; Ray et al., 2016; Wang et al., 2011; Wu et al., 2011; Xia et al., 2012):

4KMnO, + 2H,0 — 4MnO, + 4KOH + 30, Equation (4.1)
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The transformation of MnO; and BiO; into MnOOH and BiOOH, respectively, is
hypothesized to have occurred during the hydrothermal process (a) in an enclosed self-
generated pressurized autoclave system (Equations (4.2) and (4.3)). The formation of BIOOH

occurred through the destruction of Bi,O3 particles upon contact with water (Liu et al., 2011).

4Mn0, + 2H,0 - 4MnOOH + 0, Equation (4.2)
2Bi,05 + 2H,0 — 4BiOOH Equation (4.3)
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Figure 4.3 XPS analysis of (a) wide scan of Bi2O3, MnO:, and Bi2O3/MnQ2, and narrow
scan of (b) Bi4f, (c) Mn2p, and (d) O1s. The MnO:z: is postulated to be Mn*" because it has
a different binding energy of 4.6 eV, which is the closest to the theoretical value of 4.8 eV,
as determined from the Mn3s plot, as shown in Figure A.3.

A schematic diagram that represents the plausible growth mechanism for the Bi2O3/MnO»
precursors is presented in Figure 4.4. The decomposed MnO4™ nanoparticles resulted in the
formation of ultrathin MnOOH nanosheets, which enveloped the BIOOH, as evidenced through
the FESEM and TEM images. The immediately formed intermediate species MnOOH and

BiOOH were subsequently transformed into a pure oxide lattice structure, which was more

compact, and an impurity free Bi2O3/MnO: electrode upon calcination (b).
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Figure 4.4 Plausible growth of Bi203/MnO: on nickel foam substrate during
hydrothermal process. It shows that the MnO:2 nanosheet is compactly covering the Bi2O3
sphere after calcination.
4.2.3 The Charging and Discharging Mechanism of Bi2O3/MnO: Electrode
During the charging and discharging processes, two plausible reversible redox reactions of the
2D MnO; have been proposed based on its intercalation and de-intercalation process of Na®, as
shown in Equation (4.4) (Iamprasertkun et al., 2016; Lim et al., 2014):
MnO, + Na* + e~ & (MnOO~Na*) Equation (4.4)

In addition, the adsorption of cations on the electrode surface from the electrolyte is proposed
in Equation (4.5):

(Mn0y)syrface + Na*t & (MnOO~Na™*)gyrrace Equation (4.5)
The charge storage of the Bi»Os; material in the aqueous electrolyte undergoes a quasi-
conversion reaction, instead of the conventional intercalation mechanism, which indicates a
change in the valence state of bismuth (Bi3* & Bi?®) during the repeatable charge/discharge
process (Equation (4.6)).

Bi,0; + 3H,0 + 6e~ < 2Bi® + 60H" Equation (4.6)
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4.2.4 Electrochemical Performances of Pseudocapacitor Under The Influence of
Temperatures

The performances of the fabricated pseudocapacitor at various temperatures were investigated
with the goal of determining the kinetics and ion diffusion mechanism of the super capacitor,
which will govern the rate capability and specific capacitance of the super capacitor in future
commercial applications. The voltammogram areas (Figure 4.5a) are precisely parallel to the
capacitive performances of the super capacitor. The large cyclic voltammogram area of the
super capacitor measured at 60 °C compared to those at 30 °C and 0 °C corresponded to a high
specific capacitance of 150.2 F/g at a scan rate of 2 mV/s. The increase in capacitance was
caused by enhanced ion mobility at a high temperature, which promoted greater charge transfer
and storage capability. Additionally, the evaporation of electrolyte at a high temperature could
induce the physisorption of electrolyte ions and give rise to Faradaic currents, which enhanced
the capacitance performance (Masarapu et al., 2009). However, the current response deviated
slightly from the equilibrium state in the high potential region at a higher temperature, which
implied the occurrence of electrochemical polarization (Wang et al., 2013). Likewise, the
sequential increase in specific capacitance from the galvanostatic charge/discharge, as shown
in Figure 4.5b and Table 4.1, gave evidence that the application of temperature promoted
electrochemical activation, which consequently resulted in a high capacitance performance
compared to that at 0 °C. The good linear voltage-time profiles at 60 °C compared to those at
30 °C and 0 °C from the prolonged discharge time implied a good capacitive behavior and
better charge storage capability at a higher temperature. This phenomenon suggested that the

application of heat provided extra energy to trigger the chemical reaction.

The electrochemical impedance spectroscopy (EIS) measurement was conducted to investigate

the resistivity performances such as equivalent series resistance (ESR) and charge transfer
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resistance (Rc) of the electrodes from the starting frequency of 100 kHz to an ending frequency
of 0.01 Hz. The ESR values are obtainable at the first intercepting point on the x-axis, whereas
the Rt values could be obtained from the diameter of the semicircle formed (Stoller and Ruoff,
2010). ESR comprises the electrolyte and electrode resistance and R is the rate of charge
transfer at the electrode and electrolyte interface. Figure 4.5¢ shows that the super capacitor
had a slightly greater resistance performance at 0 °C than at 30 °C and 60 °C. The super
capacitor was highly resistive at 0 °C, giving an ESR of 2.76 Q and R of 5.65 Q, as a result
of the crystallization of the Na;SOy4 electrolyte under a cold influence. Meanwhile, the low ESR
of 0.42 Q and R of 0.6 Q found for the super capacitor at 60 °C could be ascribed to the
expansion of the nanocomposite matrix, which facilitated the diffusion of electrolyte ions. In
addition, the more vertical line of the 60 °C super capacitor at the lower frequency region was
indicative of the ideal capacitive behavior of the electrodes and lower diffusion resistance at a

high temperature (Wang et al., 2013).

The cyclic retentive performance of the electrode under the influence of the various
temperatures was also investigated, as depicted in Figure 4.5d. The 60 °C super capacitor could
still retain 75% of its original capacitance after extensive expansion and contraction processes,
even under prolonged heating. The degradation and deterioration of the nanocomposite matrix
upon continuous expansion and contraction processes, especially under prolonged high-
temperature measurements, stimulated the dissolution of the MnO> (Ng et al., 2017; Wang et
al.,2013). The influence of heating is hypothesized to exaggerate the mechanical and electrical
faults between the MnO> and Bi2O3 and the framework destruction, thereby leading to a
disabled charge storage process. Moreover, the morphological change and phase transition
inevitably hastened the material’s degradation. Comparably, the super capacitor measured at

30 °C showed a 5% capacitive fade, with negligible capacitance loss for the 0 °C super
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capacitor, proving the good electrochemical reversibility of the BiO3/MnQO; electrodes. In

addition, the excellent capacitance retention was ascribed to the milder resistive performance,

which facilitated the movement of the electrolyte ions into the inner pores of the nanomaterial.

Interestingly, the increase in the capacitance from 0 to 30 °C could be the result of the

defrosting of the Na;SOy4 electrolyte, which hastened the diffusivity of the electrolyte ions. In

contrast, the abrupt decrease in the capacitance from 78.8 F/g to 39.3 F/g (60 °C to 30 °C)

could be attributed to the partial degradation of the active materials upon heating. Nevertheless,

it still possessed high cyclic stability (more than 100% capacitance retention) after 1000

charging/discharging cycles. Overall, the electrochemical performances of the super capacitor

at 60 °C were better than those of the super capacitors tested at 0 and 30 °C, which is consistent

with the results of other reported works (Table 4.2).
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Figure 4.5 (a) Cyclic voltammogram, (b) galvanostatic charge/discharge, (¢) Nyquist plot,
and (d) life cycle of Bi2O3/MnQ:2 super capacitors at different temperatures.
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The milder resistance performance of the BioO3/MnO> super capacitor at 60 °C enhanced the
energy storage ability and power delivery efficiency, with energy and power densities of 10.4
Wh/kg and 75.1 W/kg, respectively (Figure 4.6a and Table 4.1). Comparatively, the super
capacitor exhibited twofold decreases in its energy (5.3 Wh/kg) and power densities (38.2 W/kg)
when it was tested at 0 °C. Figure 4.6b and 4.6¢ delineate the indistinguishable resistive
performances of the cooled super capacitor for various defrosting times. The high capacitance
retention ability implies an efficient charge diffusion, transportation, and excellent storage
capability of the super capacitor even under cold conditions. As observed, the surface scaffold
of the 0 °C Bi203/MnO; electrode (Figure 4.7a) was coarser than those at 30 °C (Figure 4.7b)
and 60 °C (Figure 4.7¢) after being exposed to retention measurement under cold conditions.
The rough surface could have resulted from the crystallization of the electrolyte and active
materials, which would impede the facilitation of electrolyte ions, and consequently lead to a
lower capacitance performance. Cracks were observed on the 60 °C coated surface and a
smoother surface (30 °C) was presented upon contact with the electrolyte during the continuous

cycling measurement.
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Figure 4.6 (a) Ragone plot of Bi2O3/MnQ:2 super capacitor at temperatures of 0, 30, and
60 °C, while (b) EIS and (c¢) life cycle of Bi2O3/MnO:2 super capacitor at various defrosting
periods (30, 60, and 120 min) after being cooled at 0 °C for 1 hour. The EIS of Bi2O3/MnO:

super capacitor was measured from starting frequency of 100 kHz to ending frequency
of 0.01 Hz.
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Figure 4.7 FESEM images of Bi2O3/MnQ:2 (a) before life cycle at 30 °C and (b)—(d) after
life cycle measurements at 0 °C, 30 °C, and 60 °C, respectively.

Table 4.1 Tabulated energy and power density, and specific capacitance of Bi2O3/MnO:
super capacitors, extracted from galvanostatic charge/discharge (CD) at 2 mA/cm?.

0°C 30°C 60°C

Specific capacitance (F/g) 239 623 78.8
Energy density (Wh/kg) 53 7.1 10.4
Power density (W/kg) 382 518 75.1
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Table 4.2 Electrochemical performances of present and reported super capacitor studies

under temperature influences or at room temperature.

Active Electrolyte = Capacitance Comments Ref.
materials
NiO//AC PVA-5M 73.4F/gat0.1 Alg Life cycle profile (Yuan et
KOH-H,0O attenuated 7% after 800 al., 2006)
(2-electrode system)
cycles at 40°C
MnO,@CNF  0.5M 546 F/g at 1A/g Exhibited good cycling (Wang et
NaSO4 stability (95.3%) at 25°C,; al.,2013)
(3-electrode system) o
diminishing at 75°C
(82.4%) after 1000 cycles.
T-NT/Bi20O3 1M NaOH 340 mF at 3 mA/cm?  75% at room temperature (Sarma et
after 500 cycles al.,2013)
(3-electrode system)
Bi,03/Cu IM NaOH 22 mF/cm? at 20 Measured at room (Gujar et
mV/s temperature al., 20006)
(3-electrode system)
Bi;03/MnO; 1M Na,SOs 62.3 F/gat2 ~ 95 % capacitance This work
mA/cm? retained at room

(2-electrode system)

temperature, opposed to
63% at 60°C upon 1000

cycles.

~16.5 F/g capacitance

increment upon heated.

All in all, the ultra-high durability, stability, and reversibility of the Bi,O3/MnO, super
capacitor, regardless of the temperature, are accredited to the inclusion of Bi»O3 within the
MnO; matrix. The cyclic retentive profile (Figure 4.8a) shows a highly stable and durable
Bi20s electrode material, which could retain 90% of its original capacitance after 1000

galvanostatic cycles, compared to the MnO» electrode material (62%). The addition of Bi,O3
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in the MnO> matrix made a major contribution to the sustainability and reversibility of the
hybrid super capacitor. Evidently, the stability and durability performances were dramatically
improved from 62% (solely MnQO) to 95% upon the insertion of Bi»O3. The Nyquist plots
(Figure 4.8b) before the cyclic tests and after 100, 500, and 1000 cyclic tests show no obvious
distinctions, which suggest a negligible or minor degradation of the electrode, demonstrating
the properties of a highly sustainable and reversible energy storage device, which is highly

suitable for automotive applications (Cheng et al., 2013).
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Figure 4.8 (a) Cyclic retention comparison between Bi203/MnQO2, MnQO2, and Bi2O3 super
capacitors. (b) Nyquist plots of Bi2O3/MnQO: super capacitor after life cycle performances
atroom temperature. Figure 4.8(a) shows an image of a light emitting diode (LED) lighted
by the Bi2O3/MnO: super capacitor. The active electrode possesses an active surface area
of 1 cm?.

Despite the symmetrical super capacitor renders high stability, which is an alluring trait that
suits various applications, however, there is a need for greater energy densities performance
for a super capacitor that is viable for large scale commercial applications. To achieve high
energy density performance, utilizing a high capacitance electrode and latter through the use
of non-aqueous electrolyte with larger electrochemical stability window is much preferable to

strike for high energy density. While, a more prominent effort in extending the potential

window of a super capacitor for high capacitance value is through the assemble of an
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asymmetrical cell; using a capacitor type electrode in conjunction with a battery type electrode

(Jampani et al., 2010).

4.3 Bi203/MnQ2//PyR Asymmetrical Super Capacitor
4.3.1 Electrochemical Measurement of Bi203/MnQO2//PyR Asymmetrical Super
Capacitor

CV (Figure 4.9) was first conducted to determine the positive and negative electrodes of the
super capacitor and to estimate the potential window of the super capacitor in a three-electrode
system with a platinum and saturated calomel electrode as the counter and reference electrodes,
respectively. Figures 4.9a and 4.9b show the CV profiles of Bi»O3/MnO> and PyR electrodes
at various potential window ranges. It shows that BioO3/MnO> electrode exhibited a quasi-
rectangular voltammogram at the positive window ranges from 0-1 V, while PyR has a

relatively rectangular voltammogram at the negative region (potential window ranges from -

0.2-0.4 V).
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Figure 4.9 Assignation of positive and negative electrodes determine through three-
electrodes cyclic voltammetry system. The CV curves of (a) Bi203/MnO: positive and (b)
PyR negative electrodes at different potential ranges. The pseudo-rectangular
Bi2O3/MnO: and PyR voltammograms are prominent at 0-1 V and -0.2-0.4 V potential
range, respectively, giving an overall potential window of 1.6 V. PyR refers to polypyrrole
and reduced graphene oxide.

Subsequently, a BixO3/MnO: positive electrode was integrated towards a PyR negative

electrode for an asymmetrical super capacitor. The potential window is the sum of the potential
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range of Bi»O3/MnQO> and PyR, which was successfully being widen to 1.6 V, which gave a
specific capacitance of 144.1 F/g, obtained at a scan rate of 2 mV/s. The asymmetrical super
capacitor exhibited 3.6-fold increment in its energy and 2.2-fold power densities performances
relative to the BixO3/MnO> symmetrical super capacitor (Figure 4.10). The improved
supercapacitive performances, in terms of its specific capacitance and energy density confirm
the suitability of the asymmetrical super capacitor to be integrated as part of the photo-super
capacitor. However, the dissatisfying stability performance of Bi2O3/MnO,//PyR asymmetrical
super capacitor implies the non-synergism of nanocomposite materials between the positive
and negative electrode, which hence urge for the discovery of new super capacitor materials.
Table 4.3 tabulated the performances of symmetrical BioO3/MnO> super capacitor and
Bi203/MnO»//PyR asymmetrical super capacitor. In the next section, an RZCo//PyR

asymmetrical super capacitor was fabricated for further electrochemical assessments.
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Figure 4.10 (a) Specific capacitance obtained through cyclic voltammogram at the scan
rate of 100 to 2 mV/s, (b) galvanostatic charge/discharge from current density of 2
mA/cm? to 20 mA/cm?, and (c) capacitive retention of Bi203/MnQO2//PyR asymmetrical
super capacitor.
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Table 4.3 Electrochemical performances of Bi2O3/MnO: symmetrical super capacitor and
Bi203/MnO2//PyR asymmetrical super capacitor. The Bi2O3/MnO: is assigned as the
positive electrode, while the PyR is the negative electrode for the asymmetric configured
super capacitor. The specific capacitance is obtained from galvanostatic charge/discharge.

Super Capacitors Potential Specific Energy Power Capacitive
Window Capacitance Density Density Retention
V) (F/g) (Wh/kg) (Wikg) (%)
Bi203/MnO» 1.0 62.3 7.1 51.8 95 after
) 1000 cycles
(Symmetrical)
Bi203/MnO,//PyR 1.6 89.4 25.6 115.3 60 after
) 1000 cycles
(Asymmetrical)

4.4 RZCo//PyR Asymmetrical Super Capacitor

In searching of high performing asymmetrical super capacitor for photo-super capacitor
application, the synergistic effect and compatibility of the active materials used for positive
and negative super capacitor are highly important. In this section, we study the performances
of an asymmetrical super capacitor composed of reduced graphene oxide (rGO), zinc oxide
(ZnO), and cobalt oxide (Co304), in short denoted as RZCo as the positive electrode; whilst
rGO and polypyrrole (abbreviated as PyR) performs as the negative electrode of the
asymmetrical super capacitor. The sandwiched system between RZCo positive electrode and
PyR negative electrode brought to RZCo//PyR asymmetrical super capacitor. The performance
of RZCo//PyR asymmetrical super capacitor was evaluated and was compared against

ZCo//PyR asymmetrical super capacitor and KEMET commercial super capacitor.

4.4.1 Material Characterizations of RZCo Cathodic Materials

Figure 4.11a shows the highly crystalline zinc oxide/cobalt oxide (ZCo) flower-like structures
on the surface of a graphite sheet that acted as the current collector for the as-assembled super
capacitor. Meanwhile, Figure 4.11b reveals similar flower-like structures adhering on both
surfaces of the translucent rGO sheets, in which the composite formed a layer on a graphite
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sheet. The size of ZCo on rGO was fourfold smaller than that of the neat ZCo because the
growth of the flower-like structures was impeded by the presence of rGO that acted as a support.
Figure 4.12 depicts the postulated formation of ZCo and RZCo. In the case of ZCo, the
precursors freely dispersed and adhered on the graphite sheet during the hydrothermal process,
which subsequently grew and formed flower-like structures. Meanwhile, for RZCo, the growth
of the ZCo structures was hindered by the overcrowded nucleation sites on the graphene oxide
(GO). As GO had a stronger affinity towards the graphite sheet compared to the metal ions due
to the hydrophobic interaction, therefore, the GO would adhere onto the surface of the graphite
sheet first, followed by the metal ions. This overcrowding phenomenon restricted the growth

of ZCo, resulting in smaller particle size of ZCo on rGO.

Figure 4.11 FESEM images of (a) ZCo positive electrode and (b) RZCo positive electrode.
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Figure 4.12 The growth of (a) ZCo and (b) RZCo on graphite sheet. The eventual particle
size of ZCo was dependent on the presence of GO. The graphite sheet acted as a current
collector for the as-assembled super capacitor.

The XRD profile (Figure 4.13a) provides evidence for the embedment of ZnO, Co304, and rGO
on the current collector (graphite sheet). The high-intensity graphite peak shown at ~26° is
ascribed to the major detection from the current collector itself due to the low concentration of
the active materials used. The absence of GO peak was at ~10° and appearance of the weak
intensity peak was at ~24°, hence manifests the graphitic carbon has been successfully reduced
to rGO (Pei et al., 2010). The non-prominent rGO peak is due to the only small amount (0.02
mg/ml) of GO used in this reaction. On the contrary, the ZnO crystalline peaks were observed
at 31.35°, 37.02°, 54.73°, and 77.51° whilst Co304 denotes peaks residing at 31.35°, 37.02°,
44.87°, 59.42°, and 65.22°. The Co304 nanoparticles were present in the cubic phase structure
with Fd-3m (227) space group. The peak of ZnO at high intensity 54.73° was assigned to hkl
indices of 110 (Rahman et al., 2013; Subhan and Ahmed, 2014). It thus conclusively evidenced
the complete transformation of active precursors into the oxides form. The FTIR spectrum
could further prove the presence of Co304 and ZnO within the ternary system, where the peaks
of Co304 and ZnO are indistinguishable in the region below 700 cm™'. The ZnO peaks split into
two (521.94 and 643.55 cm™!) upon 400°C calcination, as observed in Figure 4.13b (Sowri et
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al., 2013). Simultaneously, the fully transformed spinel phase of Co304 at 521.94 and 643.55
cm’! indicates the OB3 vibration in spinel lattice (B is Co®" in octahedral hole) at 521.94 cm™,
while the IR absorption at 643 cm™' denotes Co®" resided in tetrahedral hole. It thus evidenced
the complete formation of Co3O4 spinel phase after heat treatment (Xu et al., 2012). The
medium intensity of C-O peak (1069.19 cm™) implies the remaining oxygen groups ascribed
to the partial reduction of GO. On the contrary, the absorption band at 1616.59 cm™! indicates

C=C sp? carbon (Wang et al., 2013).
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Figure 4.13 (a) XRD profile and (b) FTIR spectrum of RZCo positive electrode. Inset
shows the magnified XRD peaks of RZCo positive electrode.

The wide scan of RZCo (Figure 4.14a) has evidenced the embedment of GO, Zn and Co
elements in the form of oxide within the matrix with binding energy in the range of ~1022 eV
to ~282 eV. Generally, Cls has the binding energy of ~284 eV and Ols at the peak of 531 eV,
whereas Co2p and Zn2p are located at the binding energy of 743 eV and 1020 eV, respectively.
The weak intensities of wide scan analysis could be due to the employment of low
concentration of precursors and active materials. The succession in depositing Zn- and Co-
based active materials on the graphite sheet were proven from the Zn2p and Co2p regions, as
depicted in Figures 4.14b and 4.14c. Two strong intensities of the Zn2p peaks, which are the

Zn2p12 and Zn2psn peaks resided at 1043.7 eV and 1020.7 eV, respectively recorded a
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difference in the binding energy of 23 eV, and proved the formation of ZnO. On the contrary,
Figure 4.14c¢ shows two strong deconvoluted Co2p1/2 and Co2ps.2 peaks located at ~795 eV and
~780 eV, respectively. Co possesses a huge spin-orbit splitting constant of 15 eV and the
deconvoluted Co2ps. peak was assigned to the oxidation state of Co®" (Baek et al., 2012).
Figure 4.14d reflects four deconvoluted peaks from the Ols region where C=0O bonding is
located at 532.6 eV, which could be either the remnant oxygen groups of rGO. The weak
intensities of GO oxygen groups were observed in the Cls region (Figure 4.14¢) thus deduced
the succession in reducing GO into rGO, which was in good agreement with the XRD profile.
In addition, the peak of 531.5 eV represented the OH groups adsorbed on the surface of metal
oxides and a weak intensity Zn-O peak resided at 530.3 eV, which implies the presence of ZnO
materials (Al-Gaashani et al., 2013). The high-intensity Cls (Figure 4.14e) peak at 284.2 eV
represented the sp? hybridized carbon (Ray et al., 2011), which was expected to be attributed
from GO. Thus, we deduced the accomplishment of forming ZnO and Co304 within the

nanocomposite upon calcination for 2 hours at 400°C.
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Figure 4.14 XPS analysis of (a) wide scan, (b) Zn2p, (c) Co2p, (d) Ols, and (e) Cls of
RZCo positive electrode.
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4.4.2 Electrical Conductivity

The electrical conductivity of the super capacitor positive electrode was investigated to study
the electrical charge flow efficiency, as depicted in Table 4.4. It shows that the ternary
nanocomposites (83.542 S/m) render better conductivity as opposed to the binary
nanocomposites (72.254 S/m), which implies an ease of charges flow within the composite
vicinity which could be ascribed to the low resistivity of 1.197x1072 Q. It hence significantly
shows the contribution of rGO in framing a highly porous, intercalated, and resistive-less
pathway, consequently eases the diffusivity of electrolyte ions, which is consistent with the

FESEM image as discussed in Figure 4.11 (Kim et al., 2014).

Table 4.4 Electrical conductivity measurements performed on (a) ZCo, and (b) RZCo
graphite sheets positive electrode.

Positive Electrode Resistivity, x1072 (Q) Electrical conductivity (S/m)
(a) ZCo 1.384 72.254
(b) RZCo 1.197 83.542

4.4.3 Electrochemical Performances of RZCo//PyR Asymmetrical Super Capacitor
Before electrochemical performances of the RZCo//PyR asymmetrical super capacitor were
conducted, three-electrode cyclic voltammetry was prior to be conducted:

(1) To determine the positive and negative electrodes of an asymmetrical super

capacitor

(11) To determine the overall potential window of the asymmetrical super capacitor
Figure 4.15a shows the PyR electrode is suitable to be assigned as the negative electrode as it
displays a pseudo-rectangular cyclic voltammogram in the negative region. At the potential
range of 0-1 V, the voltammogram of PyR is distorted, which is an indication of limited energy
storage ability. Among the pseudo-voltammograms, the best capacitance of PyR electrode

recorded at the potential from -0.2-0.4 V. Meanwhile, the RZCo electrode is suitable as the
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positive electrode. The RZCo electrode (Figure 4.15b) exhibited the highest capacitance at the
potential range of 0-1 V, as opposed to other potential ranges. Additionally, a more pseudo-
rectangular voltammogram is illustrated at 0-1 V, which implies an ideal capacitive behavior

with fast charge/discharge process.
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Figure 4.15 Cyclic voltammograms of (a) PyR and (b) RZCo electrodes at various
potentials range.

Subsequently, the electrochemical performances were measured via two-electrode system to
mimic the real application of a super capacitor. The EIS measurement was conducted to
investigate the resistivity performances such as ESR and R of the electrodes from the starting
frequency of 100 kHz to an ending frequency of 0.01 Hz as shown in Figure 4.16a. The inset
shows that the magnified semicircle (R¢t) of RZCo//PyR asymmetrical super capacitor is larger
than ZCo//PyR, denoted the values of 16.519 Q and 9.395 Q, respectively. The high resistivity
of RZCo//PyR asymmetrical super capacitor could be attributed to the diffusion of Na* between
the electrolyte and bulky electrode interface, which brought to the high series interfacial
resistance and Faradaic reaction (Meher et al., 2010). Nevertheless, the limitation of rGO could
be mitigated with the incorporation of pseudo-capacitive materials where the synergistic effect
between rGO and transition metal oxides rendered low ESR of 0.9254 Q, which is

approximately 2-fold lower than ZCo//PyR asymmetrical super capacitor (1.9331 Q). This
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phenomenon could be ascribed to the inclusion of rGO and binder-less feature, consequently,
enhances the charge transport ability thus reduces the total resistance of the wholly

asymmetrical super capacitor.

The ragone plot (Figure 4.16b) reflects the efficiencies of storing and delivering energy from
the fabricated asymmetrical super capacitor device. The inclusion of rGO and the symbiosis
effect between the positive and negative electrodes of the RZCo//PyR asymmetrical super
capacitor contributed to an energy density of 15.8 Wh/kg and power density of 3575.3 W/kg
at a scan rate of 100 mV/s. Meanwhile, the amount of energy stored increased to 41.8 Wh/kg,
with an attainable power density value of 188.33 W/kg at a scan rate of 2 mV/s, as opposed to
the energy (14.6 Wh/kg) and power density (65.9 W/kg) of ZCo//PyR. The RZCo//PyR
asymmetrical super capacitor possessed twice the energy density and eight times the power
density of the KEMET commercial super capacitor at a scan rate of 2mV/s (Figure 4.16b and
Table 4.5). In addition, the electrochemical performances of the RZCo//PyR asymmetrical
super capacitor were comparable to those of others, as depicted in Table 4.6. The higher energy
density was achievable at the lower scan rate ascribed to the highly efficient intercalation and
de-intercalation of electrolyte ions within the open pore system of the asymmetrical super
capacitor matrix (Dubal and Holze, 2013; Lu et al., 2011). The lower energy density and
inefficient energy transfer rate of ZCo//PyR could be attributed to the highly resistive
environment and undesirable pore size distribution within the matrix with the absence of rGO
on the positive electrode (Fan et al., 2011). In addition, the rigid and open structure of the
nanocomposite matrix served as an electrolyte ion diffusivity valley. This enhanced the energy
transfer rate, which is in great agreement with the low ESR value reported in Figure 4.16a.

The cyclic retention and stability were performed under a current density of 2mA/cm?, as

depicted in Figure 4.16c. The cyclic retention, which was effectively improved upon the
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incorporation of rGO, gave rise to a specific capacitive retention of 87% relative to an
asymmetrical super capacitor without rGO, which had a retentive specific capacitance of only
60%. A minor degradation occurred upon the inclusion of rGO because of the EDLC nature of
the graphitic materials, which could provide cyclic stability (Ng et al., 2015) without
compromising the highly conductive and large surface active area properties of rGO. The
pseudo-capacitive materials (Co3Os4 and ZnO), which acted as spacers in preventing the
restacking of rGO layers, were also essential contributors to the capacitive enhancement,
because of the resistive-less electrolyte ion flow, which enhanced the charge storage reactions
(Chen et al., 2014). Nevertheless, the gradual declines in the cyclic retention observed in both
plots were due to the deterioration of the active materials and polymer chain degradation after
an excessive swelling and shrinking process (Eeu et al., 2013). As a comparison, the ZCo//PyR
asymmetrical super capacitor lost its capacitive retention ability of ~7.35 F/g after 100 cycles
of charging/discharging process, which implies an unsustainable electrocatalytic activity

performance for the asymmetrical super capacitor without the inclusion of rGO.
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Figure 4.16 (a) Nyquist plot, (b) ragone plot, and (c) life retention of ZCo//PyR and
RZCo//PyR asymmetrical super capacitor. Inset shows the magnified high frequency
region and the life cycle was measured at current density of 2 mA/cm?2. The energy and
power density of as-fabricated asymmetrical super capacitors were compared against the
KEMET commercial super capacitor.

Table 4.5 Tabulated results of energy and power density of as-fabricated asymmetrical
super capacitor against KEMET commercial super capacitor at scan rate of 2mV/s.

Asymmetric super capacitor Energy density (Wh/kg) Power density (W/kg)
ZCo//PyR 14.6 65.9
RZCo//PyR 41.8 188.3
KEMET 17.7 22.1
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Table 4.6 Comparison of electrochemical performances of RZCo//PyR asymmetrical
super capacitor against the reported zinc cobalt based super capacitor in the literatures.

Active materials Potential Electrolyte Energy Power Ref
window (V) density density
(Wh/kg) (W/kg)
C0304//carbon 0-1.6 6M KOH 36 1600 (Salunkhe
etal.,
2015)
C0304-rGO//carbon 0-1.5 6M KOH 35.7 255 (Xie et al.,
2013)
NixCo1.x LDH- 0-1.2 2M KOH 23.7 284.2 (Wang et
ZTO//Activated carbon al.,2012)
Co304//Activated carbon 0-1.5 6M KOH 24.9 225 (Zhang et
al., 2013)
NiC0204@MnO,// 0-1.5 1M NaOH 35 163 Xu et al.,
Activated carbon 2014)
Co304@Ni(OH)// 0-1.7 6M KOH 41.8 335 (Tang et
Activated carbon al.,2013)
C0304@Ni(OH)2//RGO 0-1.7 6M KOH 41.9 36.1 (Tang et
al., 2013)
CoMo004/MnO; NFs// 0-1.6 2M KOH 54 800 (Wang et
Activated carbon al., 2016)
RZCo//PyR 0-1.6 1M NaySO4 41.9 188.3 This work
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4.4.4 Influence of Graphene Oxide Concentration on Supercapacitive Performances

A comparison was made between the specific capacitance values of the RZCo//PyR and
ZCo//PyR asymmetrical super capacitor under the influence of GO concentration. The
concentration of GO played a major role in rendering a greater capacitance per gram because
a higher concentration of GO could lead to the aggregation of graphitic sheets, which could

impede the penetration of electrolyte ions and thereby reduce the redox-active area (Figure

4.17).
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Figure 4.17 Plot of specific capacitance of asymmetrical super capacitor versus GO
concentrations. The specific capacitance results were extracted from cyclic voltammetric.
Inset is the tabulated results of asymmetrical super capacitor with various GO
concentrations.

The specific capacitance of ZCo//PyR asymmetrical super capacitor (Figure 4.18) was merely
51.9 F/g at the current density of 2 mA/cm? relative to 139.8 F/g capacitive performance of the
RZCo//PyR asymmetrical super capacitor. This phenomenon could be due to the slightly bulky
matrix of the asymmetrical super capacitor without rGO which impeded the facilitation of the
electrolyte ions in and out of the matrix. In addition, it was suspected that the lower specific
capacitance of ZCo//PyR asymmetrical super capacitor could be ascribed to the solely pseudo-
capacitive behavior on the positive electrode, which rapidly deteriorated the stability

performance of the asymmetrical super capacitor.
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Figure 4.18 Plot of specific capacitance of asymmetrical super capacitor with rGO and
asymmetrical super capacitor without rGO at different current densities from 2 mA/cm?
to 20 mA/cm?2. The area of each electrode is 1 cm?. The specific capacitance results were
extracted from galvanostatic charge/discharge profile.

4.4.5 Electrochemical Performances of Asymmetrical Super Capacitor Under
Temperature Influence

The performances of the asymmetrical super capacitor at different operating temperature were
studied (as shown in Figure 4.19) to investigate the ability, sustainability, and versatility of the
as-fabricated energy storage device under any condition, in either cold or hot weather, for
future practical applications. The asymmetrical super capacitor was tested under 0 °C, 30 °C
(room temperature), and 60 °C. Figure 4.19a shows that under high temperatures (30 °C and
60 °C), the asymmetrical super capacitor had a smaller ESR than under a cold condition (0 °C).
The higher ESR under cold condition could have been due to freezing or the recrystallization
of NaxSOs, which had an adverse effect on the diffusivity of the electrolyte ions. On the other
hand, the ESR value of the asymmetrical super capacitor at 60 °C was comparatively higher
than that under room temperature. The results are tabulated in Table 4.7. This phenomenon
could be attributed to the vibration of the ions and electrons when subjected to a high
temperature. Theoretically, the Na>SOj4 electrolyte might still be stable at room temperature.

However, as reported, Na>SOj4 has a transition temperature at ~ 32 °C, where its transited phase
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or morphology could hinder the facilitation of electrolyte ions, thereby exaggerate the
resistivity of the asymmetrical super capacitor at a higher temperature (Kenisarin and
Mahkamov, 2016). In contrast, the electrolyte might start to crystalline below its stable
temperature (~30 °C), which would lead to the high ESR and R values.

Table 4.7 Tabulated results for EIS and life cycle of RZCo//PyR asymmetrical super
capacitor at 0 °C, 30 °C, and 60 °C. EIS was performed from starting frequency of 100

kHz to an ending frequency of 0.01 Hz, while the life cycle was performed at current
density of 2 mA/cm?.

Temperature (°C) 0 30 60
ESR (Q) 5.6 0.9 1.1

Ret (Q) 66.2 16.5 4.8
Retention (%) 49 87 83
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Figure 4.19 (a) Nyquist plot, (b) life cycle of asymmetrical super capacitor at different
operating temperatures (0 °C, 30 °C, and 60 °C).

The life cycle profile (Figure 4.19b) explicitly reflected the best performing asymmetrical super
capacitor in terms of its specific capacitance and life retention (87%) at room temperature. The
asymmetrical super capacitor at an operating temperature of 60 °C had a comparable life
retention of 83% but a lower specific capacitance of ~50 F/g, which is about half the specific

capacitance of the asymmetrical super capacitor at 30 °C. The reversibility of the asymmetrical
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super capacitor after being heated and cooled was investigated to study the performance
stability of the energy device under the influence of temperature variations. As depicted in
Figure 4.20a, when the temperature was increased to 30 °C from 0 °C (0 °C - 30 °C), the
specific capacitance of the device increased 1.7-fold compared to that of the device tested at
0 °C. However, the device tested at 30 °C still had the best specific capacitance. Meanwhile,
when the temperature was decreased to 30 °C from 60 °C (60 °C = 30 °C), the device could
only retain 51% of its initial capacitance, which was worse than the device tested at 30 °C
(87%). The performance deterioration could have been due to the partial deformation of the
active materials. The charge storage matrix was destroyed by the freezing and heating
processes, which was ascribed to the material contraction and expansion, and this compromised
the diffusive capability of the electrolyte ions. In addition, the performances of the
asymmetrical super capacitor at different defrosting times are depicted in Figure 4.20b. The
asymmetrical super capacitor with a longer defrosting time (120 min) possessed a longer
discharging time, which implies that the 120 min defrosted asymmetrical super capacitor had
a better storage capability and could retain more charge than the 60 min defrosted asymmetrical
super capacitor. As observed from the morphology of the RZCo materials (Figure 4.21), the
severe cracking and inhomogeneity of the active surface conclusively evidenced the
performance deterioration of the asymmetrical super capacitor after the heating and cooling

processes.
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Figure 4.20 Reversibility performance of RZCo//PyR asymmetrical super capacitor (a)
at various temperatures and (b) at various defrosting time. The specific capacitance was

extracted from galvanostatic charge/discharge profile measured at 2mA/cm?2, whereas the
cyclic retention was calculated upon 1000 continuous charge/discharge measurement.

Figure 4.21 FESEM images of RZCo positive electrode under (a) cold (0 °C) and (b) hot
condition (60 °C).

4.4.6 Electrochemical Comparison Between As-Fabricated Asymmetrical Super
Capacitor and KEMET Commercial Super Capacitor

The supercapacitive properties of the as-fabricated asymmetrical super capacitor were

investigated through a series of electrochemical measurements (as shown in Figure 4.22) and

were compared to those of a commercial super capacitor to gauge the applicability,

compatibility, and potential of our fabricated asymmetrical super capacitor for future

commercialization. The general information and specifications of the commercial super

capacitor are listed in Table A.3 (Appendix A). As depicted in Figure 4.22a and 4.22b, the
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RZCo//PyR as-fabricated super capacitor exhibited a roughly two-fold higher specific
capacitance than the KEMET commercial super capacitor, which implies that our fabricated
device had a better capacitance performance. The KEMET commercial super capacitor had a
more obvious IR drop than the as-fabricated super capacitor, which led to a high ESR, as shown
in Figure 4.22¢. The ESR is closely correlated to the IR drop and discharge current density
(Baek et al., 2012). Figure 4.22¢ shows that the KEMET commercial super capacitor possesses
a high total resistance (ESR) of 34 Q without any signs of a semicircle detected. The ultra-high
ESR could have been due to the lower conductivity of the carbon materials. In comparison, the
as-fabricated asymmetrical super capacitor had a lower ESR of merely 0.92 Q and its straight
line at the low-frequency region leaned more towards the Z” axis, which implied that the device
had a better capacitive behavior (Basri and Dolah, 2013). Life retention tests were performed
(Figure 4.22d) for both energy storage devices, and the KEMET commercial super capacitor
had a better cycling life, with 97% of the capacitance being retained after 1000 continuous
charge/discharge cycles, compared to the as-fabricated asymmetrical super capacitor (87%).
The excellent reversibility of the commercial super capacitor is ascribed to the absence of the
faradaic reaction (as proven by the square voltammogram in Figure A.4) and polymeric
materials, which could cause electrode deterioration after the extensive swelling and
contraction of the electrodes during cyclic measurement, as evidenced by the performance of
the as-fabricated asymmetrical super capacitor. Despite the fact that the as-fabricated
asymmetrical super capacitor had a higher power output, its cyclic sustainability would be an
issue and limitation for industrial applications. Thus, relentless efforts to improve the as-

fabricated device are needed for industrial realization.
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Figure 4.22 Electrochemical measurements of (a) cyclic voltammetry at scan rate of 2
mV/s, (b) galvanostatic charge/discharge at current density of 2 mA/cm?, (¢) EIS, and (d)
life cycle of as-fabricated and KEMET commercial super capacitor.

4.5 Conclusion

A brief summary on the Bi2O3/MnO, symmetrical super capacitor where the temperature
investigation tests unveiled the excellent reversibility and sustainability of the Bi2O3/MnO>
symmetrical super capacitor. The symbiosis effect between the BioO3 and MnO; materials
dramatically improved the cyclic reversibility, sustainability, and stability of the Bi2O3/MnO»
super capacitor, regardless of the temperature influence. Excellent -electrochemical
performances were found for the Bi2O3/MnO: super capacitor, typically at a high temperature
(60 °C) compared to those measured at 0 and 30 °C. This showed that the super capacitor with
a longer defrosting period possessed better electrolyte ion diffusivity, which consequently
contributed to enhanced capacitive performances. The remarkable stability and reversibility

performances of the Bi2O3/MnO: super capacitor under any conditions (up to >75%) show its
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suitable for use in seasonal countries and the automotive sector. Further efforts are still

devoting for capacitive surge to meet the target for commercialization.

To realize the energy and power densities performances of the super capacitor, an asymmetrical
super capacitor composed of Bi203/MnQO; as the positive electrode and PyR as the negative
electrode was fabricated. The Bi2O3/MnQO»//PyR asymmetrical super capacitor exhibited 3.6-
fold higher in energy density (25.6 Wh/kg) and about twice the power density (115.3 W/kg)
performance relative to the BixO3/MnO> symmetrical super capacitor (7.1 Wh/kg and 51.8
W/kg for energy and power densities, respectively). Nevertheless, the dissatisfying stability
performance has disfavoured the use of such device for photo-super capacitor application.
Subsequently, an asymmetrical super capacitor composed of RZCo as the positive electrode
and PyR as the negative electrode was successfully fabricated via a facile one-step
hydrothermal and electro-deposition method. The highly crystalline flower-like RZCo
nanostructure positive electrode provided excellent electrochemical performances compared to
the ZCo electrode. The high potential window of 1.6 V and symbiosis effects of both positive
and negative electrodes contributed to an asymmetrical super capacitor with high energy (41.8
Wh/kg) and power densities (188.3 W/kg). The calculated energy and power densities of the
RZCo//PyR asymmetrical super capacitor are comparable to those recently reported in the
literature. In addition, the incorporation of 0.02 mg/ml rGO on the positive electrode
significantly enhanced the retention ability of the as-fabricated asymmetrical super capacitor,
thus rendering a cyclic retention of 87% after being subjected to 1000 charge/discharge cycles,
which was 1.4-fold more stable than the ZCo//PyR asymmetrical super capacitor (60%).
Despite the ability of the KEMET commercial super capacitor to retain 97% of its capacitance,
its power output (77.7 F/g) did not outperform our as-fabricated super capacitor. When

operated at the temperature of 30 °C, the asymmetrical super capacitor had better
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electrochemical performances than when operated at 0 °C and 60 °C. In summary, the
RZCo//PyR binder-less as-fabricated asymmetrical super capacitor device has the potential for
wide application in the super capacitor industry and is suitable to be used for photo-super

capacitor integration.
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CHAPTER 5

INTEGRATION OF CESIUM-BASED PEROVSKITE SOLAR CELL TOWARDS
THE FABRICATION OF PHOTO-SUPER CAPACITOR
The previous chapter investigated the performances of the symmetrical and asymmetrical super
capacitors and concluded that the RZCo//PyR asymmetric configured super capacitor is
suitable for photo-super capacitor integration. In this chapter, a series of mixed-halide
perovskite solar cells (CsPbBrsxlx, where x=0-0.3) will be fabricated and their J-V
performances will be examined, even at high humidity condition. The champion perovskite
solar cell will be appointed as the energy conversion device for the photo-super capacitor.
Fundamental studies for the photo-super capacitor such as the light responsiveness of the

photo-super capacitor will be studied in this chapter.

5.1 Introduction

Perovskite solar cell has attracted great attention as the prime energy conversion device, owing
to its reasonable low fabrication cost without compromising its photovoltaic performances.
Relentless efforts have been done to improve the performance of perovskite solar cell, typically
the hybrid organic-inorganic methylammonium lead halide (CH3NH3PbX3 or MAPbX3, where
X is a halide Cl, Br, I, or mixture of halides) which has accomplished power conversion

efficiencies (PCE) over 20% (Green et al., 2016; Hutter et al., 2015; Lee et al., 2012).

Particularly, series of mixed halide perovskite solar cells were envisioned to be able to adjust
the absorption spectra which may be an advantageous property for full spectrum energy
harvesting and photo-electrochemical applications. By tuning the iodide/bromide ratio of the

mixed halide perovskite solar cell such as the increment of iodide concentration led to red-

97



shifting of the absorption range and thereby, enhances the photovoltaic performance. A PCE
of 12.3% has been obtained for the MAPb(I;.«Bry); perovskite solar cell and manifested the
feasibility to obtain excellent photovoltaic performances by manipulating the ratio between
halides of I and Br" (Noh et al., 2013; Bi et al., 2015). Additionally, hybrid iodide/bromide
perovskite hole conductor free solar cell shows good stability and efficiencies of 8.54%
(Aharon et al., 2014), implies the advantageous of halides mixture. Despite the
methylammonium based perovskite material has attained high PCE performance, however,
aforementioned perovskite material possesses poor stability, which consequently lured the
replacement of organic CH3NH3" cation to an inorganic cesium (Cs") cation. Specifically,
CH3NH;3PbI; thin film thermally degrades to Pbl, at > 85 °C, while CsPbBr3 is compositionally
stable up to their melting point (>460 °C). Thermogravimetric analyses confirm that an
inorganic CsPbBr3; perovskite has higher thermal stability over the hybrid organic-inorganic
CH3NH;3PbBr3 perovskite, (Kulbak et al., 2016). Additionally, CsPbBr3 exhibits good charge
transport properties with an electron mobility of ~1000 cm?/Vs and electron lifetime of 2.5 ps
(Kulbak et al., 2015; Stoumpos et al., 2013). While, CsPbl; perovskite solar cells possesses
excellent optical and electrical properties (Ripolles et al., 2016). Despite CsPblz perovskite
solar cell fabricated under vacuum-processed has achieved high efficiency of 10.5 %,
subsequently the improved efficiency of mixed halide or mixed halide-mixed Pb/Sn perovskite
solar cells up to 11 % has been reported, however, the needs of high technology equipment
such as vacuum chamber and glove box during the fabrication process have restrained its
outdoor applications competency owing to the unsolved stability issue and high production
cost (Beal et al., 2016; Frolova et al., 2017; Niezgoda et al., 2017, Liang et al.,2017). Therefore,
engineering halide mixture for cesium perovskite absorber material (CsPbBrs3«Ix) can be a
suitable candidate to improve the optical and electrical properties, subsequently to improve cell

and stability performance.

98



Generally, striking for high V. is one of the photovoltaic parameters to achieve high overall
photoconversion efficiencies. It is considered that the factors controlling the V. are the perfect
matching of the LUMO level of the electron transport material with the conduction band of the
perovskite layer, and the HOMO level of the hole transport material with the valence band of
perovskite layer (Ryu et al., 2014). However, other studies predicted that the Vo is closely
related to the charge recombination rate and the work functions of the HTMs (Suarez ef al.,
2014; Yan et al., 2015; Yan et al., 2016). An example that confirms this theory where a
TiO2/CH3NH;3PbI; layer covered by copper iodide, Cul as the p-type semiconductor has
reduced the Vo as compared to other devices without this layer. This behavior was attributed
to high recombination processes. Other reports also confirm that the V. is solely determined
by the perovskite absorber, regardless of the TiO> surface modifications such as TiO-coating
with a thin film of MgO in order to change the conduction band (Christians et al., 2013; Gouda
et al.,2015; Yan et al., 2015; Yan et al., 2016 ; Carli et al., 2016). Therefore, in-depth study

to further improve the V. and efficiency performance is still continuing.

Though the perovskite solar cell is good in light harvesting, however, it is unable to store the
converted energy. Hence, an energy storage device such as a battery, capacitor, or a super
capacitor is required for energy storage system, additionally to perform as main power delivery
output for most applications (Ng et al., 2015), which gives rise to photo-super capacitor. The
photo-super capacitor is the combination of an energy conversion device, regardless of its types
(dye-sensitized, silicon, or perovskite solar cell, etc.) and an energy storage device (battery,
capacitor, or super capacitor) in building a green and sustainable energy harvesting power back
device. The excellence performances of a super capacitor in terms of cyclic stability and
charging-discharging at high power density (Ng ef al., 2017) compensate fluctuations in power

network supply. A high performance super capacitor is always relying on criteria such as large
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surface area, controlled pore size, stacking layer, and distribution of electrode materials is
desired to maximize the power storage ability and to minimize energy loss, as well as to ensure

a smooth power delivery system (Ng et al., 2015).

Generally, the energy conversion and storage devices were operated independently with the
connection of external wires and merely a single photo-super capacitor device has been
reported. A first CH3NH3Pbl; perovskite based solar cell-polypyrrole super capacitor
connected in series power back system was successfully presented in 2015 with an overall
conversion efficiency of 10% for a combined system (Xu et al., 2015). Nevertheless, the loss
of power and energy has further prompted the integration of photovoltaic device and super
capacitor into a single device, which targeted to reduce 43% of its internal resistance (Xu et al.,
2014). An advancement on photo-super capacitor where a singly integrated CH3NH3PbI3-
PEDOT modified printable perovskite solar cell has exhibited a maximum overall efficiency
of 4.70% with high energy storage efficiency of 73.77% (Xu et al., 2016). So far, most of the
reported photo-super capacitor works were mostly utilizing DSSC as the energy conversion
part and few reports on perovskite solar cell have been reported. Generally, the DSSC-based
photo-super capacitor exhibited low energy density because most of the liquid based DSSC
could only achieved maximum V. of 0.8 V. Ideally, the maximum charging voltage of the
super capacitor for the photo-super capacitor should be equal to the V. of the solar device. As
a result, the low charging voltage of a DSSC thus contributes to low energy density of photo-
super capacitor (Sun et al., 2017). Hence, a solar cell equipped with high V. and efficient solar

harvesting ability is highly favourable for photo-super capacitor application.

The first section (section 5.2) in this chapter studies the performances of the perovskite solar

cell with varies halide ratios at low humidity condition (<80% RH). Two important parameters
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that promote high Vo achievement for a standard solar cell, which are the tunable band gap of
the inorganic perovskite absorbers and the usage of HTM with various work functions were
studied. The CsPbBri. I perovskite films were synthesized through two-step deposition
technique by varying the amount of x ratio from 0 to 0.3 and were characterized through X-ray
diffraction (XRD), UV-Vis spectroscopy, photoluminescence, and ultraviolet photoelectron
spectroscopy (UPS). Upon the addition of optimized amount of iodide (0.1 molar ratio) into
the CsPbBr3 matrix, drastic improvement in fill factor (FF) and short-circuit current (Jsc) thus
contributed to enhanced PCE of 3.98%. The Vo of CsPbBr3.xIx perovskite solar cells using
Spiro-OMeTAD as the HTM have achieved high V. of ~1V and when P3HT/MoO3 bilayer
was used as the HTM, the V. performance has further improved up to 1.30 V for the CsPbBr3
solar cell. Finally, the stability issues were also analysed in this work, concluding that the
addition of small amount of iodide indeed improve the stability performance of the photovoltaic

devices.

The second part (section 5.3) of this thesis provides the performance evaluation of the photo-
super capacitor. A cesium based perovskite solar cell was successfully fabricated in ambient
condition (RH >80%) without any encapsulation and was first to integrate with an
asymmetrical super capacitor. To date, the cesium based perovskite solar cell is the first solar
cell to be used for photo-super capacitor application. The performances of the perovskite solar
cell and super capacitor were individually being evaluated before proceeding for integration.
This work is mainly focus on the fundamental study on the performances of a series of mixed
halide cesium based perovskite solar cell (CsPbBr3«Ix) under high humidity influence (>80%
RH) and to investigate the possibility to be adopted as photo-super capacitor device. It shows
that the CsPbBrsxIx solar cell gives the best efficiency and Vo of 0.46% and 0.67 V,

respectively when x=0.1. The stability evaluation where 70% of its original PCE was retained
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after a week storage in dark and humidity controlled desiccator (<80% RH) hence proven the
potential of the perovskite solar cell to be coupled as part of photo-super capacitor device. The
photo-super capacitor measurements were performed and the photo-super capacitor indeed
show positive results on photovoltage and photocurrent responses in the presence and absence

of light.

5.2 Performance Evaluation of Perovskite Solar Cells at Low Humidity Condition
5.2.1 Crystallographic Study

Crystallinity was investigated via XRD to study the crystal phase transition of the CsPbBr3.xIx
perovskite materials. The temperature dependent CsPbX3 perovskite material could be existed
in three polymorphic structures, either in tetragonal, orthorhombic, or in cubic structure.
Interestingly, at high annealing temperature of 350 °C, the transformation of CsPbX3 material
into cubic phase was observed from the XRD profile (Figure 5.1). The experimental peaks are
closely matches the theoretical peaks (JCPDS file #00-054-0752) (Chen et al., 2017,
Protesescu et al., 2015). The highly crystalline peaks at 15°, 20°, and 30° are indexed to (100),
(110), and (200). The XRD profile explicates an unnoticeable blue-shifted trend to lower angles
region as the concentration of iodide increases. This is owing to the substitution of larger iodide
ions over the bromide lattice, which expanded the d-spacing of the halide matrix and thus

inversely brought to lower degree detection (Beal et al., 2016).

5.2.2 Energy Level Diagram

Figure 5.2 shows the UV-visible absorption and emission spectra of the CsPbBr3. I perovskite
films with different bromide/iodide molar ratio. Both the absorption and emission spectra
display red-shifted trend towards longer wavelength as the iodide concentration of the CsPbBrs.

«Ix perovskite films increases, as illustrated in Figures 5.2a and 5.2b. The lower absorption
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coverage of a purely bromide film could be ascribed to the bromide ion, which narrows the
vibration mode and band near-IR region (Dimesso et al., 2014). Figure 5.2¢ shows the band
gap (E,) of the perovskite materials. To be specific, the band gap of each perovskite material
was calculated by obtaining the wavelength from the intersection point between UV-Vis and
photoluminescence and was then inserted into Equation (3.1). When the amount of Pbl, in
CsPbBr3; matrix increases, gradual reduction in £, was observed from 2.39 (CsPbBr3), 2.38
(CsPbBr29lo.1), 2.35 (CsPbBr23slo2), to 2.32 eV (CsPbBr2.7103), which is in great agreement
with the previous reports in the literature (Noh et al., 2013; Wang et al., 2014). In order to
complete the energy level diagram, the valence band of each CsPbBrs. I, perovskite material,
x =0, 0.1, 0.2, and 0.3, respectively, was measured through ultraviolet photoelectron
spectroscopy (UPS). The highest occupied molecular orbital (HOMO) levels have recorded the
values of -5.52, -5.35, -5.60, and -5.61 eV, corresponding to CsPbBr3.,I,, where x =0, 0.1, 0.2,

and 0.3, respectively, as manifested in Figure 5.3.
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Figure 5.1 XRD patterns of glass/CsPbBr3..I., where the amount of iodide varies as x =0,
0.1, 0.2, and 0.3 in molar ratio.
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Figure 5.2 Normalized (a) absorption and (b) photoluminescence of CsPbBr3..I., where x
is 0, 0.1, 0.2, and 0.3 molar ratio, and (c) band gap energy.
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Figure 5.3 Schematic energy level diagram of FTO/TiO2/CsPbBr3xIx/HTM/Au, where x
is 0, 0.1, 0.2 or 0.3 perovskite solar cell, employing HTM as either Spiro-OMeTAD or
P3HT/MoOs. The band gap of each perovskite is also indicated.

5.2.3 Effect of Iodide Inclusion on The Performance of Perovskite Solar Cells

The photovoltaic performances of CsPbBr3..I: (x varies between 0, 0.1, 0.2, and 0.3 in molar
ratio) perovskite solar cell, employing Spiro-OMeTAD as the HTM were measured under 1
sun (AM1.5 G 100 mW/cm?) illumination and dark conditions, as depicted in Figure 5.4a and
5.4b and the corresponding photovoltaic results were tabulated in Table 5.1. It shows that the
addition of minute amount of iodide has dramatically improved the photo-conversion
efficiency of CsPbBr3 from 2.97 % to 3.98 % for CsPbBr2.9lo.1 solar cell with high Vo of 1.13
V and FF of 0.64. Similar photovoltaic trends were also observed for CsPbBr2slo2 device.
Nevertheless, further increasing the iodide amount in CsPbBr3..]x does not improve the cell
performance. Contrary, the photo-conversion efficiency plunged to 2.73 % when 0.3 molar
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ratio of iodide was incorporated to the bromide matrix. The performance differences were
dependent on the Jic and FF; while keeping the Vo almost constant (Figure 5.4a). The
substantial reduction of FF for CsPbBr2.710.3 solar cell could be attributed to the occurrence of
minor interfacial charge recombination, which resulted from relatively higher series and lower
shunt resistances, as manifested in Table 5.1. The J-V curves under dark at -1 V reflected small
differences between devices (Figure 5.4b) implies suppressed charge recombination. The Js
and FF parameters were improved when the iodide concentration is either in 0.1 or 0.2 molar
ratio (CsPbBr2.9lo.1 or CsPbBr» glo.2) relative to CsPbBrs and CsPbBr 71o.3 perovskite solar cells.
These results imply that higher amount of iodide disturbs the charge extraction of the cell and
thus only an optimized amount of Pbl; is favourable. Figure 5.4c shows the external quantum
efficiency (EQE) spectra of CsPbBr3.l: devices and the results are consistent with the Js
performance. The EQE intensity increases from 350 nm to 500 nm upon the addition of iodide
into the pure CsPbBrs3. The current calculated from the integration of the EQE curves
demonstrated the occurrence of some recombination mechanisms that affect these devices,
consequently reduce the Js performance. Figure 5.4d shows the enlarged EQE spectrum of
CsPbBrs;..l: based perovskite devices. It can be seen that there are noticeable shifts of EQE
onset to longer wavelengths in conjunction with the iodide increment, which is in great

agreement with the absorption spectra in Figure 5.2.
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Figure 5.4 J-V measurements (a) under simulated AM 1.5G sun light of 100 mW cm
irradiance, and (b) under dark. (¢) EQE for glass/FTO/c-TiO2/mp-TiO2/CsPbBrs3-
xIx/Spiro-OMeTAD/Au solar cells, where x varies in 0, 0.1, 0.2, and 0.3 molar ratio. (d)
Enlarged EQE spectrum of CsPbbr3xIx perovskite solar cells shows the red-shifted EQE
onsets.

Table 5.1 Photovoltaic parameters of the CsPbBr3- I, solar cells (x varies between 0, 0.1,
0.2, and 0.3 in molar ratio) with Spiro-OMeTAD as the HTM. The photocurrent
calculated from the integration of the EQE curves is also added.

Perovskite Voce Jse FF PCE Jse[Cal.] Rsn R

V) (mA/cm?) (%) (mA/cm?)  (kQ/cm?) (Q/cm?)
CsPbBr3 1.16 5.25 049 297 5.85 220.3 2711
CsPbBr2.9lo.1 1.13 5.54 0.64 3.98 6.83 294.5 1674
CsPbBr2.3lo.2 1.06 5.58 0.65 3.83 6.78 673.0 1724
CsPbBr2.7lo3 1.12 5.17 047 2.73 6.44 158.5 5194

There are two factors that are able to tune the V. performance of a perovskite solar cell, which
are the band gap of the CsPbBr3.«Ix perovskite material and the employment of different work
function’s HTM, as manifested in Figure 5.5. By analyzing solar cells of different perovskite
band gap, the V. supposing should be improved for the solar cells with larger perovskite band

gap rather than narrower band gap. Figure 5.5a and 5.5b illustrated the V.. behavior of a
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perovskite solar cell with a narrower and a wider perovskite band gap, respectively. It shows
that small V,. increment was observed even when a device with larger perovskite band gap
was used; taking the hole and electron transport materials the same, which is due to the addition
of minute amount of iodide within the CsPbBr3..I; matrix, which resulted in small shift in band

gap. Consequently, the Vo changed slightly under these circumstances.
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Figure 5.5 The Voc behavior is represented in the energy level diagrams for perovskite
solar cells with narrow (a) or wide band gaps (Eg) (b) and (c) of absorber and different
HTMs, such as Spiro-OMeTAD/Au in (a) and (b) or deeper work function (Wr) as
P3HT/MoOs/Au in (¢). The conduction band (E.), valence band (Ev), Fermi level of
electrons (Ern) and holes (Erp) were indicated. The MoOs layer creates a dipole (A) at the
interface, reducing the vacuum level energy (Evac).

Despite the photovoltaic devices employed Spiro-OMeTAD as the HTM performed high Vo
close to 1.1 V, nevertheless, it was expected to achieve even higher V. values when a wider
band gap perovskite material was used. To gain further insight on V. tuning and the
performance of the photovoltaic device, the choice of hole extractor is the second factor to be
considered besides the band gap of the perovskite absorbers. When a bilayer polymer/oxide
(P3HT/Mo00Os3) was used as the HTM, the V. was drastically improved from 1.16 Vto 1.3 V,
as manifested in Figure 5.6 and Table 5.2 owing to deeper HOMO energy level of P3HT/MoO3
than Spiro-OMeTAD. The offsets of HOMO level between P3HT-perovskite in the range of
0.1-0.4 eV merit the hole extraction process. Moreover, the inclusion of MoOs interlayer

between P3HT and Au performs as exciton blocking layer, herein retards reverse charge flow
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(Wang et al., 2016). Figure 5.5¢ shows that the P3HT-based solar cells with the same
perovskite materials shifted the hole Fermi level (Erp) to lower energy level, hence enhances
the Vo considerably. In all cases, Voc enhancement was observed for the P3HT/MoOs3
perovskite solar cell devices, as compared to the Spiro-OMeTAD devices, except for
CsPbBr2.7lp 3 solar cell. This situation is similar to the large Vo increment obtained in dye-
sensitized solar cells when using redox couple with more positive redox potential (Feldt et al.,
2010). Figure 5.6¢ illustrated the EQE spectra of CsPbBr3..I: devices using P3HT/MoOs as the
HTM is well correlating to the Jsc performances. All in all, it thus confirms that the origin of

the Vo is dependent on both the band gap of the perovskites and the work function of the HTMs.
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Figure 5.6 J-V measurements (a) under simulated AM 1.5G sun light of 100 mW cm
irradiance, and (b) under dark. (¢) EQE for glass/FTO/c-TiO2/mp-TiO2/CsPbBrs3-
J/P3HT/MoQO3/Au solar cells, where x varies in 0, 0.1, 0.2, and 0.3 molar ratio.

Table 5.2 Photovoltaic parameters of the CsPbBr3-l. solar cells (x varies between 0, 0.1,
0.2, and 0.3 in molar ratio) with P3HT as the HTM. The photocurrent calculated from
the integration of the EQE curves is also added.

Perovskite  Vee (V)  J(mA/em?) FF  PCE (%) (f;i(/:ca;]z)
CsPbBrs 130 3.80 0.62 3.07 535
CsPbBraslo 1.23 3.80 0.54 2.51 5.41
CsPbBr2slo.2 1.17 3.39 0.51 2.01 5.40
CsPbBr2 7103 0.99 3.40 0.53 1.76 4.87
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5.2.4  Stability Investigation of Perovskite Solar Cells With Different HTM Contacts
Upon Encapsulation
Another important factor to be studied is the stability performance of the CsPbBr3.,I, perovskite
solar cell devices. The measurements were carried out in ambient air with a thin film of
polymethylmethacrylate, PMMA deposited on the Au surface for encapsulation purpose. Thus,
oxygen and water factors were to be omitted in this case. The performance was measured for
six days and between measurements, the devices were kept in a glove box under nitrogen
ambient and dark conditions. Aging analysis of CsPbBr3.I: solar cells are summarized in

Figure 5.7.

The CsPbBr3- and CsPbBr7lp3-based devices showed steady decay in FF and more
pronounced decay in Jsi with constant Vee.. The decrement in Jsc for CsPbBrzolo; and
CsPbBr2.slo 2 solar cells was less drastic, whilst the FF and Vo remain constant. There are
several reasons to explain the reduction of Js, as observed in all devices. The Spiro-OMeTAD
solution used as a HTM was composed of 4-fert-butylyiridine, which is an additive that may
react with the perovskite layer (Zhao & Park, 2015). In addition, the usage of bis
(trifluoromethane) sulfonimide lithium salt (Li-TFSI) as a dopant although can improve the
hole mobility and conductivity, but Li-TFSI is hygroscopic and the cell stability can be affected
by the oxidation process (Zhao & Park, 2015). Or even, some studies confirm that the
mesoporous-TiO: created additional deep traps due to oxygen desorption at the surface caused
by the UV-illumination (Leijtens et al., 2013). It is important to highlight that a small addition
of iodide into the CsPbBr3 not merely improved the photo-conversion efficiencies from 0.66 %
for CsPbBr3 to 3.53 % for CsPbBr2.glo 1 after 144 hours of evaluation, but also its stabilities.
Contrary, the addition of high amount of Pbl> such as CsPbBr27lo3 perovskite fasten the

degradation process across the absorber composition over time, consequently resulted an
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efficiency of 1.16 % after 144 hours. Other important factor to be considered for stability
enhancement is the selective HTM used in perovskite solar cells. When the Spiro-OMeTAD
was substituted by P3HT/MoOs3, the P3HT/MoOs/Au layer acted as a stabilizer in the solar
cells and the inorganic MoOj passivates the perovskite surface, thus keeping all photovoltaic
parameters constant over time. The large Vo (>1.3 V) achieved for the CsPbBr3/P3HT/MoOs-

based solar cell highlights that this material is promising for its numerous applications.

CsPbBrz/spiro-OMe TAD
CsPbBrzsly 1/spiro-OMe TAD
CsPbBrz:sl.2/spiro-OMe TAD
CsPbBrz7lp 2/spiro-OMe TAD
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Figure 5.7 Stability test of CsPbBr3xIx devices (x = 0, 0.1, 0.2, and 0.3 molar ratios).
Figures show the cell parameters of (a) Jsc, (b) FF, (¢) Voc, and (d) efficiency as a function
of time.

5.3 Towards The Integration of Photo-Super Capacitor
In this section, firstly, the performances of a series of halides mixture perovskite solar cells
and the asymmetrical super capacitor were individually being evaluated prior to integration

takes place.
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5.3.1 Materials Characterizations of Perovskite Solar Cells

Figure 5.8 illustrated the images of as-synthesized yellowish cesium based perovskite solar
cells fabricated in ambient condition. The complete cell is composed of compact and
mesoporous TiO2, CsPbBr3.xIx perovskite material, and Spiro-OMeTAD as HTM. The surface
morphologies and cross section of the perovskite solar cell are shown in Figure 5.9. The cross
section of the solar cell (Figure 5.9a) is composed of compact and mesoporous TiO: layers,
perovskite materials, and Spiro-OMeTAD as the HTM. According to Figure 5.9a, the
perovskite and mesoporous TiO> interfaces are indistinguishable; speculated that the pores of
mesoporous TiO; are fully filled with CsPbBrixIx perovskite materials. Figure 5.9(b-e)
sequentially show the top view morphological surface of the spin coated CsPbBr3, CsPbBr29lo 1,
CsPbBr2slo.2, and CsPbBr2 710.3. The presence of tiny voids (darker pits) as observed in Figure
5.9b could be due to the evaporation of organic solvent during thermal annealing process. The
non-pinholes free perovskite film prone to degradation of perovskite solar cell (Atourki et al.,
2017; Xiong et al., 2016). Interestingly, the addition of small amount of iodide subtly changes
the surface morphology of the solar cell. As the concentration of iodide increase, the
compactness of the perovskite film has been improved. Figure 5.9¢ shows pits were partially
covered by the growth of perovskite and the crystallinity of the perovskite grains was improved.
At a higher concentration of iodide (x = 0.2 and 0.3), a complete coverage and compact
perovskite surface was presented, as illustrated in Figure 5.9d and 5.9¢. The magnified FESEM
images show the coverage of voids by the perovskite grains along with the increment of iodide

concentration are included in Figure B.1 (Appendix B) for clarification purpose.
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Figure 5.8 Digital photographic image of as-fabricated CsPbBrs-xIx perovskite solar cells
where x=0, 0.1, 0.2, and 0.3.
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Figure 5.9 (a) Cross section of ITO/c-TiO2/m-TiO2/CsPbBr3xIx/HTM and (b-e) top view
surface morphology of ITO/CsPbBr3xIx perovskite solar cells in the molar ratios of (b) 0,
(c) 0.1, (d) 0.2, and (e) 0.3.

5.3.2 Photovoltaic Performances of The Fabricated Perovskite Solar Cells

The J-V and stability performances of each perovskite solar cell were carried out to investigate
the performances and rate of degradation of the solar cells in an ambient environment. The
PCE performances of CsPbBr3.xIx perovskite solar cells incorporated with PEDOT:PSS counter
electrode were investigated, in which the system would be employed for photo-super capacitor.

The J-V performance of CsPbBrs.xlx solar cell is shown in Figure 5.10a. The V. and FF of all

type of solar cells are constantly maintain at 0.6 V and 30%, respectively, consequently the
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PCE is solely depending on Js.. The champion cell of CsPbBr2.9lo.1 exhibited high Vo of 0.67
V, FF of 31%, and Js of 2.2 mA/cm? with PCE of 0.46%. The low efficiency obtained in our
work as compared to the reported works could be due to dissimilar fabrication method, non-
optimal thickness of the TiO; layers, and minor degradation of the precursors or perovskite
materials at a highly humid environment. Nevertheless, worth to be mentioned, the succession
of a low cost perovskite solar cell fabricated at high humidity condition; without any
encapsulating layer over the active materials is highly feasible for the installation or
incorporation of perovskite solar cell for multi-applications once the stability issue is solved.
Figure 5.10b illustrated the electrochemical impedance of perovskite solar cell. The radius of
the semicircle corresponds to the internal resistances of TiO2/perovskite interface, TiO> layer,
and ITO/TiO; interface (Tu et al., 2015). The CsPbBr2olo.1 device presented the smallest
semicircle, indicates the smallest internal resistance, as compared to the other molar ratios’
devices. The internal resistance of the devices increases (larger semicircle) as the iodide
concentration increases. Bode plot is presented in Figure 5.10c¢ to investigate the electron
lifetimes (gc) of the CsPbBrsxIx perovskite materials where x= 0, 0.1, 0.2, and 0.3. The
frequency peaks of Bode plot is corresponded to the charge transfer of the light harvesting
materials. It shows that the frequency peak shifted to lower frequency region upon
incorporation of small amount of iodide (x=0.1), which implies longer electron lifetime (4842
us). As in great agreement with Figure 5.10b, the addition of minute amount of iodide has
successfully prolonged its electron lifetime, thereby decelerate its recombination process,
which shows the positive effect of 1odide inclusion that improved the surface coverage of the
perovskite film. As depicted in Table 5.3, the electron lifetimes of CsPbBr.7lo3 is eightfold
shorter than CsPbBr; 9lo.1, implying that the inclusion of larger size of iodide ion indeed altered
the morphological structure of the perovskite film, which is in agreement with the FESEM

images, consequently impede the transportation of charges. In addition, it proofs that the
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addition of optimum amount of iodide has enhanced the charge transport and reduce resistivity

performance, in turns contribute in longer electron lifetimes (Chen et al., 2016).
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Figure 5.10 (a) J-V performances of CsPbBr3«Ix solar cell under 1sun illumination and
in dark, (b) Nyquist plot and (c) Bode phase diagram of CsPbBr3«Ix solar cell under 1sun
illumination measured at near open-circuit voltage. The solar cells were measured under
1sun illumination (solid lines) and in dark (dotted lines) for J-V test. The complete set of
perovskite solar cell for both measurements is composed of ITO/c-TiO2/m-TiO2/CsPbBrs3-
Ix/Spiro-OMeTAD and PEDOT:PSS as the counter electrode. The electrochemical
impedance spectroscopy was measured from a starting frequency of 1 MHz to an ending
frequency of 0.1 Hz.

Table 5.3 Electron lifetimes of the mixed halides solar cells under 1sun illumination. The
electron lifetimes are calculated based on Equation (3.5).

Solar cells Electron lifetimes under 1sun illumination (te), pus
CsPbBr3; 931+0.2
CsPbBr2.9lo.1 4842 +£ 0.5
CsPbBr2slo 931 +0.05
CsPbBr2.71o.3 619 +0.1
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Degradation and decomposition of perovskite upon exposed to UV, air and water are inevitable.
To date, the stability of the perovskite solar cell is the utmost important factor to be concerned
for further practical applications. In this work, stability performance of the perovskite solar cell
was also investigated, as manifested in Figure 5.11a-d. The insertion of optimized amount of
iodide not merely contributes in PCE performance, additionally improves the morphological
formation with pinholes free perovskite surface, and thus retards the degradation process (>64%
efficiency retained after 168 hours). The advantage of cesium based material such as CsPbBr3
solar cell could retain 81% of its original PCE upon storage of 168 hours, relative to 64%-76%
PCE retention for iodide incorporated solar cells. The stability of the perovskite films is highly
dependent on the iodide concentration where higher iodide concentration exaggerates the
degradation process. The retarded degrading phenomenon could be due to self-degradation of
the iodide-based perovskite solar cell, which is when exposed to air, light illumination, and
electric field, initial degradation of the perovskite layer induces the generation of I> product.
Concurrently, the high vapour pressure of I; at room temperature is expected to diffuse to the
non-degraded perovskite region and exacerbate the perovskite film (Wang et al., 2016).
Additionally, degradation of perovskite could be also due to UV factor. Based on the stability
profiles, the fluctuation of Jsc and PCE performances might be ascribed to the initial UV
degradation of perovskite film. The abrupt decrease of Jsc during the first 48 hours is due to the
presence of trap which prevent electron extraction. In the next few hours, the Jsc performance
bounce back due to the generation of Pbl, which then can passivate recombination sites and
improve carrier extraction. Subsequently, further degradation resulted in PCE decrement (Lee
et al., 2016). Further discussion on the beneficial effect of degradation by the formation of Pbl>

by-product will be discussed next.
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Figure 5.11 Stability performances of CsPbBrixIx perovskite solar cells where (a)
corresponds to the Vo, (b) FF, (¢) Jsc, and (d) PCE. For the stability test, the perovskite
solar cells were stored in dark in a humidity control desiccator after 1sun illumination
test for 168 hours.

The outperforming CsPbBr;9lo.1 perovskite solar cell is chosen for the photo-super capacitor
application after preliminary screening of the performance of mixed halide perovskite films.
The stability investigation of the perovskite solar cell stored in dark and humidity controlled
has been discussed in Figure 5.11. Next, an in-depth stability investigation of the CsPbBr29lo.1
perovskite solar cell under prolong exposure to UV and moisture for 24 hours (>80% RH) is
presented in Figure 5.12, which highlights the beneficial effect of addition of an optimized
amount of iodide. As a comparison to methylammonium lead halide perovskite material, the
cesium lead halide perovskite material possesses much better stability where 33% of'its original
PCE of CsPbBr29lo.1 was retained relative to the methylammonium based solar cell stored in

air, which retained less than 20% of its PCE after 24 hours (Zhou ef al., 2014). The declining
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PCE of the CsPbBr29lo.1 solar cell is mainly attributed to the plunge of Js.. Noticeably, the
fluctuation of V. is less noticeable ascribed to the V. value is only tuneable by the HOMO
and LUMO levels of the HTM and titania, which is not the main target study in this work. After
30 min of UV exposure in air, the abrupt leaping of Js leads to 1.3-fold PCE increment at the
first 30 min, might could be due to the passivation effect of Pbl, which reduces the defect states
and recombination sites at the perovskite grain boundary and the perovskite/TiO> interface.
The skyrocketed Vo and FF performance are the evident on traps passivation and reduced
recombination process, as in great agreement with Figure 5.10c (longer electron lifetime). The
PCE degradation process was retarded due to the increasing FF and V. (Lee et al., 2016).
Continuous UV degradation prompts to more Pbl; is generated and the exposure to moisture
thus gradually reduces the cell performance. The degradation phenomenon of the CsPbBr2.9lo 1
solar cell is considerably low due to low iodide composition (x = 0.1) within the bromide

scaffold.
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Figure 5.12 Stability performance of CsPbBr2.9lo.1 perovskite solar cell under exposure to

UV and moisture (>80% RH). The CsPbBr2.9lo.1 perovskite solar cell is potential to be
employed for photo-super capacitor application.
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5.3.3 Materials and Electrochemical Measurements of Asymmetrical Super Capacitor
A PEDOT:PSS-assisted RZCo positive super capacitor electrode was stacked to a PyR negative
electrode, utilizing LiClO4/acetronitrile as the electrolyte was tested before the employment for
photo-super capacitor application. RZCo represents reduced graphene oxide, zinc oxide, and
cobalt oxide, while PyR represents polypyrrole and reduced graphene oxide. The FESEM
image of RZCo shows the growth of ZCo on the graphite sheet (Figure 5.13a). The presence
of Co304, ZnO, and reduced graphene oxide active materials are shown through the RAMAN
spectroscopy (Figure 5.13b) and EDX spectrum (Figure 5.13c). Figure 5.14a depicted the
galvanostatic charge discharge of PEDOT:PSS-assisted RZCo//PyR super capacitor where the
slightly non-linear discharge curve (IR drop) indicates the presence of Faradaic reaction and
internal resistance. The prolong discharging time at current density of 0. mA/cm? has
contributed to a specific capacitance of 191.8 F/g (Ng et al., 2015). Despite the super capacitor
exhibited high capacitance, however, it possesses high charge transfer (Rc) resistive
performance, which could be attributed to the bulky electrode interface. Additonally, the
conductivity of the electrolyte (Liu et al., 2012) where mild conductive LiClOs/acetonitrile
impedes the ease penetration of electrolyte ions across the hybrid matrix. In addition, the large
Rt performance might be arises from the activation barrier (kinetic regime) between electrode
and electrolyte interface, thereby limits the diffusion of charge-complexes (Lim et al., 2014).
The super capacitor (Figure 5.14¢) shows 4% capacitance losses upon 1000 continuous charge
discharge cycles. The minor capacitance losses is due to deterioration of the active materials

and degradation of polymer chain after excessive swelling and shrinking process.
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Figure 5.13 (a) FESEM image, (b) RAMAN spectroscopy, and (¢) EDX spectrum of RZCo
active material deposited on a graphite sheet.
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Figure 5.14 (a) Galvanostatic charge discharge, (b) Nyquist plot, and (c) cyclic retention
of PEDOT:PSS-assisted RZCo//PyR super capacitor in a swagelok. RZCo is representing
reduced graphene oxide/zinc oxide/cobalt oxide, while the PyR is representing the
polypyrrole/reduced graphene oxide. The electrochemical impedance spectroscopy was
conducted from starting frequency of 100 kHz to an ending frequency of 0.01 Hz.
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5.3.4 Electrochemical Performances of Assembled Photo-Super Capacitor

The cesium based perovskite solar cell (CsPbBr2olo1) was first to be integrated to a
PEDOT:PSS-assisted RZCo//PyR asymmetrical super capacitor for a photo-super capacitor
device (Figure B.2 in Appendix B). The CsPbBr29lo.1 perovskite solar cell was stacked to a
PEDOT:PSS casted shared intermediate cathode for the energy conversion part, whilst the
positive electrode of PEDOT:PSS-assisted RZCo was coupled to a PyR negative electrode
separated by 1M LiClO4/acetronitrile soaked filter paper for the energy storage part. PEDOT
can function as an electrode material owing to its fast charge discharge kinetics, low cost, and
fast doping dedoping process, and the addition of PSS is expected to be able to improve the
conductivity of PEDOT:PSS (Cheng et al., 2016; Xu et al., 2016). Fundamental studies and
measurements such as the photovoltage and photocurrent responses were performed, as
manifested in Figure 5.15a and 5.15b where both figures featuring positive effect towards light
response. Based on Figure 5.15a, zero voltage was presented at the first 50 s without the shine
of light. Subsequently, in the presence of light, the photovoltage was abruptly shooted up to
~80 mV and continue increasing to 90 mV for 100 s, and was then decreases drastically when
light was switched off. Likewise, the rapid increment of photocurrent upon light illumination
to 0.16 mA/cm?, subsequently decreases gradually across time, indicates the projection of
photo-generated charges into the super capacitor vicinity (Bagheri et al., 2014). While during
the discharging process, the sudden decrement of current shows no current is generated in the
absence of solar illumination, which proven the charging of super capacitor is indeed comes
from light source. To further proof the energy conversion and storage of the photo-super
capacitor, the photocharged integrated device was galvanostatically discharged in dark at the
current of 0.1 mA. As the integrated device reaches the cut off potential of 0.07 V, the
discharging process took place in dark with the connection of only super capacitor’s electrodes

(Figure 5.15c¢).
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Figure 5.15 (a) Photovoltage response and (b) photocurrent response of CsPbBr2.9lo.1
perovskite solar cell in the presence of illumination and in dark condition. (c)
galvanostatic charge/discharge of integrated asymmetrical super capacitor in dark
condition.

5.3.5 Working Mechanism of Photo-Super Capacitor

In brief, the solar cell composed of glass/ITO/compact and mesoporous TiO2/CsPbBr29lo.1
perovskite/Spiro-OMeTAD HTM was stacked to an intermediate electrode. The intermediate
electrode is composed of PEDOT:PSS-assisted RZCo electrode, which is a sharing bi-
functional electrode that performs as the cathode for the solar cell and positive electrode for
the super capacitor. Whilst, the super capacitor part is prepared by stacking the positive
PEDOT:PSS-assisted RZCo electrode to a PyR negative electrode, and is separated by a IM
LiClOg4/acetonitrile soaked membrane film to prevent short-circuit. RZCo is denoted as reduced

graphene oxide, zinc oxide, and cobalt oxide, while PyR stands for polypyrrole and reduced

graphene oxide.
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To charge the photo-super capacitor, we will need to take note on the circuit connection.
Generally, both the super capacitor and perovskite solar cell share an intermediate electrode,
which is composed of PEDOT:PSS-assisted RZCo. The bi-functional PEDOT:PSS-assisted
RZCo acts as the cathode for the solar cell and positive electrode for the super capacitor. As
shown in Figure 5.16, the wire connection should be connected from ITO anode to the negative
electrode (PyR) of the super capacitor, thus create the electron alignment along the negative
electrode surface, as shown in Figure 5.17a. While the hole will flow to the cathode and to the
positive electrode of the super capacitor. It hence created the alignment of positive charge along
the positive electrode and electrolyte interface of the super capacitor (Figure 5.17a). Hence, an
electric double layer (EDL) property super capacitor is generated. Figure 5.17b shows the
magnified alignment of charges along the electrode/electrolyte interface, thus forms an electric

double layer capacitor.

]» Supercapacitor

Perovskite
solar cell

Figure 5.16 Charging mechanism of photo-super capacitor. Positive electrode/cathode
represents PEDOT:PSS-assisted RZCo, while negative electrode represents PyR. RZCo
is denoted as reduced graphene oxide, zinc oxide, and cobalt oxide, while PyR stands for
polypyrrole and reduced graphene oxide.
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Figure 5.17 (a) Discharging of photo-super capacitor and (b) magnified alignment of
charges along the electrode and electrolyte interface of electric double layer capacitor
(EDLC).

(@)

5.4 Conclusion

In summary, we reported a complete film and device characterization for CsPbBrs..«
perovskite solar cells (x varies between 0, 0.1, 0.2, and 0.3 molar ratio), where the absorbers
fall in large band gap’s category, specifically more than 2.3 eV. The inorganic perovskite solar
cell with the inclusion of small amount of iodide, CsPbBr29lo.1 as the absorber and Spiro-
OMeTAD as the HTM prepared in ambient condition achieved well-performance of 3.98 %
efficiency, as opposed to 2.97 % for pure CsPbBr; perovskite. We thus concluded that there
are two main factors to explain the origin of the V. in lead halide perovskite solar cells, which
are the large band gap of the perovskite absorber and the deep hole selective transport material
that are important for V. increment. Regarding the perovskite layer, improvement in the Vo
was observed when the band gap of the CsPbBrs.. 1. perovskite increases, regardless of the
HTM used. Additionally, the V,c was also affected by the selected HTM. When the Spiro-
OMeTAD was substituted by P3HT/MoOs3, an increment in Voe from 1.16 V to 1.3 V was
obtained due to lower work function property of P3HT/MoO3. However, Jsc was compromised
due to the charge extraction issues. Stability operation showed that the CsPbBr2olo.1 and
CsPbBr3 slp.2-based solar cells pose better stability than the pure bromide and CsPbBr» 71o.3 solar

cells when Spiro-OMeTAD was used as the HTM. Whilst, the perovskite solar cells show no
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significant decay for the P3HT/MoOs3 contact. All in all, it shows that the inclusion of optimized
amount of iodide not merely improve the stability performance of CsPbBr2lo.1 solar cell, but
also contributed for high PCE performance. The high performing CsPbBr29lo.1 perovskite solar

cell is highly feasible to be integrated for photo-super capacitor application.

For the photo-super capacitor section, the utilization of an inorganic cesium based perovskite
material and the beneficial effect of incorporating minute amount of iodide into the bromide
framework has improved the film’s compactness and has significantly improved its stability
performance of a solar cell. A PCE of 70% was successfully retained after a week storage in a
humidity controlled desiccator in dark condition for the CsPbBr2.9lo.1 perovskite solar cell. The
stability of the CsPbBr29lo.1 device under UV and moisture (> 80% RH) exposure was also
investigated. The cesium based lead halide solar cell stored in air could still retain 33% power
conversion efficiency, which is 1.6-fold higher than a methylammonium based solar cell (could
only retain 20% of its efficiency) after 24 hours. The addition of an optimized amount of iodide
has dramatically improved the electron lifetime of the CsPbBr2.9lo.1 perovskite solar cell, which
is 5-fold longer than a pure bromide perovskite material. The achievement of the inorganic
based perovskite solar cell at such high humidity condition (>80% RH) has prompted for
integration with an asymmetrical super capacitor for photo-super capacitor application. This
integrated device successively shows the photogenerated carriers are being transferred and
stored in the super capacitor matrix. The photo-super capacitor shows positive effect towards
light illumination. On the contrary, photovoltage and photocurrent abruptly descended to zero
when light was switched off. Further optimization of the perovskite and electrode materials of
the photo-super capacitor, typically targeting on the stability performance surely promoting

this novel device as the new generation green power pack device.
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CHAPTER 6

CONCLUDING REMARKS AND RECOMMENDATIONS FOR FUTURE WORKS

6.1 Conclusions

In summary, a photo-super capacitor, which is the combination of a cesium-based perovskite
solar cell and a RZCo//PyR asymmetrical super capacitor was successfully fabricated under
high relative humidity condition of >80%. In the process of integration, the super capacitor and
perovskite solar cell were individually being investigated and studied. For the super capacitor
section, the electrochemical performances of symmetrical and asymmetrical super capacitors
were studied, followed by the investigation on the performances of a perovskite solar cell

before integration process.

In chapter 4, a Bi20O3/MnO; electrode was fabricated via hydrothermal process at high
temperature of 140 °C for 24 hours. The synthesized Bi2O3/MnO; electrode was subsequently
sandwiched and separated by a Na>xSO4 soaked filter paper. The symmetrical super capacitor
exhibited a specific capacitance of 62.3 F/g (current density of 2 mA/cm?) at 30 °C with energy
and power density values of 7.1 Wh/kg and 51.8 W/kg, respectively, where the electrochemical
performances of the Bi2O3/MnO; symmetrical super capacitor are dissatisfying for practical
use. Notably, the energy density performance of a super capacitor is proportional to the cell
voltage of a super capacitor. Thus, a bismuth-based asymmetrical super capacitor was
fabricated by stacking the Bi,O3/MnO; positive electrode to a polypyrrole/reduced graphene
oxide (rGO) negative electrode. Owing to the different potential window of each electrode, the
cell voltage is thereby being widen to 1.6 V, gave rise to higher energy (25.6 Wh/kg) and power

(115.3 W/kg) densities performances. Nevertheless, the electrochemical performances of the

125



Bi203/MnO»//PyR asymmetrical super capacitor, typically its stability performances (60% of
its capacitance retained after 1000 cycles) are still considerably low and is incompetent for
commercialization. Hereafter, a RZCo//PyR asymmetrical super capacitor was fabricated
where the RZCo electrode was synthesized through hydrothermal process at lower temperature
of 120 °C for 5 hours. The formation of rGO, ZnO, and Co304 were evidenced through XRD,
XPS, etc. The flowerlike structure of RZCo contributed to high specific capacitance of 139.8
F/g, which is about 1.6-fold higher than the Bi0O3/MnO,//PyR asymmetrical super capacitor
(89.4 F/g at current density of 2 mA/cm?). The skyrocketed energy and power densities
performance of RZCo//PyR asymmetrical super capacitor is about 1.6-fold greater than the
bismuth-based asymmetrical super capacitor, and about 6-fold higher in energy density and
3.6-fold higher in power density than the BioO3/MnQO> symmetrical super capacitor. In addition,
the inclusion of optimum amount of graphene oxide into the ZCo matrix has beneficially
improved the cyclic stability of the RZCo//PyR super capacitor (87%) from 60% capacitance
retained by the Bi20O3/MnO,//PyR super capacitor. The RZCo//PyR super capacitor exhibited
better performances at 30 to 60 °C, which shows its suitability to be employed as the energy

storage device for the photo-super capacitor.

In chapter 5, a mixture of halide based cesium perovskite solar cells (CsPbBrixIx) were
synthesized via two-step sequential spin-coating process. The addition of an optimum amount
of iodide into the bromide matrix (CsPbBr29lo.1) has contributed to high power conversion
efficiency of 3.9%, higher than a pure bromide perovskite solar cell (CsPbBr3) with efficiency
of 2.9%. In this section, the absorber band gap and the work function of the electron and hole
extraction contacts were investigated. It shows that the substitution of P3HT hole extraction
contact over the Spiro-OMeTAD has improved the V. from 1.16 to 1.30 V for CsPbBr3-based

solar cell owing to deeper work function of P3HT. In addition, the inclusion of 0.1 molar ratio

126



of iodide contributed to enhanced stability of perovskite solar cell. Lastly, the CsPbBr29lo.1
perovskite solar cell was first to be coupled to the RZCo//PyR super capacitor for photo-super
capacitor application. The as-fabricated photo-super capacitor showed positive responses
towards light illumination and in the absence of light, the photocurrent and voltage dropped to
zero abruptly. This arising novel device is envisioned to becoming the next green energy salvor
in minimizing the usage of non-renewable energy resources towards sustainable energy

production.

6.2  Recommendations for Future Works

So far, this work preliminary shows the accomplishment of perovskite solar cell to be fabricated
under a high humidity condition and eventually being integrated for photo-super capacitor
application, without emphasizing on its performances. Nevertheless, relentless improvements
are essentially needed to further improvise the devices (perovskite solar cell, super capacitor,
and photo-super capacitor) so as to meet the outdoor stringent conditions. Further
improvizations of all devices are needed such as:

e Thickness of each active layer. An optimized thickness of each active layer is duly
important to ensure the compactivity without compromising the charge extraction
ability. An over-thick layer may impede the charge transfer and increase the series
resistance performance, whilst an over-thin layer may create pinholes over the film’s
surface.

e Encapsulation of the perovskite materials. The perovskite material is sensitive to
moisture and prone to degradation and decompositon when exposed to high humidified
environment. Hence, encapsulation of the perovskite absorber by using hydrophobic

hole transporting material or encapsulation of the whole perovkite solar cell device with

127



a polymeric material such as PMMA could decelerate the degradation process of the
solar cell.

Encapsulation of the super capacitor and photo-super capacitor devices (to
prevent electrolyte loss). The electrolyte within the super capacitor electrode is highly
volatile, especially at high temperature. The loss of electrolyte exaggerate the resistive
performances, thus lead to diminish performance of the super capacitor. The super
capacitor electrodes should be cased to minimize loss of electrolyte (similar to the
battery’s casing). Additionally, gel-electrolyte should be employed to replace the liquid

electrolyte.
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APPENDICES

APPENDIX A: Electrochemical Performances of Super Capacitors for Photo-Super
Capacitor Application

Figure A.1 FESEM image of Bi2Os particle before hydrothermal process

Figure A.2 Elemental maps of Ni, Mn, O, and Bi elements for Bi2O3/MnO:
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Figure A.3 XPS analysis: determination of oxidation state of MnO:2 from Mn3s plot

Table A.1 General information of a graphite sheet and a nickel foam

Substrate Company Specifications Price (RM)
Nickel GoodFellow e Thickness: 1.6 mm 2810.00/per unit
foam

e Bulk density: 0.45 g/cm?
e Pores/cm: 20

e Size: 300 x 300 mm

Graphite Latech Singapore Material: Natural graphite ~ 85.80/square meter
sheet (>99.95%)

e Thickness: 0.1 — 1 mm
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Figure A.4 The cyclic voltammogram of KEMET commercial super capacitor at 2 mV/s
and the inset shows the XRD profile of KEMET commercial super capacitor. The XRD
profile shows that the KEMET commercial super capacitor is composed of graphitic
carbon based material.
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Figure A.5 (a) Raman spectroscopy and (b) FESEM images of polypyrrole/reduced
graphene oxide (PyR) negative electrode. Inset shows the magnified PyR materials.
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Table A.2 Electrochemical performances of Bi2O3/MnQO:2 symmetrical super capacitor,
Bi203/MnO2//PyR and RZCo//PyR asymmetrical super capacitor. The Bi2O3/MnQO:2 and
RZCo are assigned as the positive electrode, while the PyR is the negative electrode for
the asymmetric configured super capacitor. The specific capacitance is obtained from
galvanostatic charge/discharge. (The bold column is the super capacitor used for photo-
super capacitor).

Super Capacitors  Potential Specific Energy Power Capacitive
Window  Capacitance Density Density Retention
V) (F/g) (Wh/kg) (Wikg) (%)
Bi203/MnQO»//PyR 1.6 89.4 25.6 115.3 60 after
) 1000 cycles
(Asymmetrical)
RZCo//PyR 1.6 139.8 41.8 188.3 87 after
1000 cycles
(Asymmetrical)
Bi203/MnO> 1.0 62.3 7.1 51.8 95 after
) 1000 cycles
(Symmetrical)

Table A.3 General information and specifications of KEMET commercial super
capacitor (KEMET Part Number: FTOH105ZF).

Specifications
Description Radial cylindrical double layer capacitor
Capacitance 0.1F
Voltage 5.5VDC
Temperature range -40/+85 °C
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APPENDIX B: Perovskite Solar Cell and Photo-Super Capacitor

Table B.1 Specifications and prices comparison between FTO and ITO conductive glass.
Data were extracted from Techinstro®. TCO represents transparent conductive oxide.

TCO substrate L x W x thickness Resistance ~ Transmittance Price (100 pack size)

ITO 25mmx25mmx 10 Q/sq >90% $283
1.1 mm

FTO 25mmx25mmx 10 Q/sq >79% $316
1.1 mm

CsPbBr3
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CsPbBraglgs & CSPbBré;Io,z

i

Figure B.1 Magnified FESEM images of CsPbBrixIx perovskite materials on ITO
conductive glass, where x=0, 0.1, 0.2, and 0.3.
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Figure B.2 A three electrodes coupled photo-super capacitor. The sharing electrode of
PEDOT:PSS-assisted RZCo electrode is acted as the counter electrode for the perovskite
solar cell and simultaneously being a positive electrode for the super capacitor.
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