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Renewable energy sources with their abundance availability and non-depletion offer 

potential for carbon-free economy, conserved and preserved environment and healthier 

quality of life. Owing to the fact that most renewable energy sources generate energy non-

continuously, there arises pertinent need to store the energy generated in sustainable and 

cost-effective ways that make stored energy readily available when needed. The storage of 

harvested renewable energy is at the core of modern scientific energy researches. The ease 

of fabrication, low cost and excellent ionic transport properties of organometallic halides 

perovskite make them suitable candidates for integrated energy harvesting and storage 

devices. This work reports the fabrication of superior performance and robust all solid-

state perovskite electrochemical supercapacitors that are suitable for on-grid and off-grid 
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energy storage, achieve self-charging power source, optimize energy efficiency and 

utilization as power source for electric and hybrid cars, integration into smart devices, 

internet of things (IoTs) and usage in critical operations. The synthesized gel electrolyte 

was characterized by Fourier-transform infrared spectroscopy (FTIR), linear sweep 

voltammetry (LSV) and electrochemical impedance spectroscopy (EIS). The perovskite 

photoactive electrode was characterized by scanning electron microscopy (SEM) and X-

ray photoelectron spectroscopy (XPS). The electrochemical and photo-electrochemical 

energy storage performance of the perovskite photo-supercapacitor were characterized by 

cyclic voltammetry (CV) and EIS. There were significant improvements in the 

capacitances, energy densities and power densities of the devices under illumination. The 

equivalent series resistances (ESRs) under illumination equally improved. All devices 

exhibited very high cyclic charge-discharge stability at up to 10,000 CV cycles.  
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 ملخص الرسالة 

 ادىرس كاىودى بوبول   :االسم الكامل

 

التصنيع وتقييم األداء لخاليا بيروفسكيت الكهروكيماوية الجديدة ذات الحالة الصلبة بالكامل ألجهزة   :عنوان الرسالة

 الطاقة حصاد الطاقة المتكاملة وتخزين 

 

 الفيزياء  التخصص:

 

 2020نوفمبر  :علميةتاريخ الدرجة ال

المتجددة بوفرة وعدم نضوبها إمكانية االقتصاد الخالي من الكربون والحفاظ على البيئة والحفاظ ر الطاقة  توفر مصاد

غير مستمر ، فهناك حاجة عليها ونوعية حياة صحية. نظًرا لحقيقة أن معظم مصادر الطاقة المتجددة تولد الطاقة بشكل  

لة من حيث التكلفة تجعل الطاقة المخزنة متاحة بسهولة عند قة المولدة بطرق مستدامة وفعاوثيقة الصلة لتخزين الطا

يعتبر تخزين والتكلفة   الحاجة.  التصنيع  الحديثة. سهولة  العلمية  الطاقة  أبحاث  المحصودة في صميم  المتجددة  الطاقة 

ة ألجهزة  يروفسكايت تجعلها مرشحة مناسباأليوني الممتازة للهاليدات العضوية المعدنية ب  المنخفضة وخصائص النقل

الفائق والمكثفات الكهروكيميائية الفائقة القوية من تجميع الطاقة والتخزين المتكاملة. يشير هذا العمل إلى تصنيع األداء 

الشبكة وخارج الشبكة ، وتحقيق مصدر طاقة ذاتي   البيروفسكايت ذات الحالة الصلبة والمناسبة لتخزين الطاقة على 

الذكية  االستفادة منها كمصدر للطاقة للكهرباء والهجين السيارات والتكامل في األجهزة  لشحن ، وتحسين كفاءة الطاقة وا

األشياء بواسط  (IoTs)وإنترنت  المركب  الهالمي  الكهربائي  المحلول  تمييز  تم  الحرجة.  العمليات  في  ة واالستخدام 

الحمراء تحت  األشعة  فورييه عبر  الخط (FTIR) مطيافية  االجتياح  ومقاييس جهد  المعاوقة    (LSV)ي،  ومطياف 

والتحليل الطيفي   (SEM)تميز القطب الكهروضوئي البيروفسكايت بمسح المجهر اإللكتروني  .(EIS)الكهروكيميائية

الفائق  الكهروكيميائية والكهروكيميائية الضوئية للمكثف  تميز أداء تخزين الطاقة    .(XPS)لإللكترون باألشعة السينية

كانت هناك تحسينات كبيرة في السعات وكثافة الطاقة    .EISو  (CV)قاييس الجهد الدوريللصور البيروفسكايت بم 
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تحت اإلضاءة بالتساوي. أظهرت    (ESRs)وكثافة الطاقة لألجهزة تحت اإلضاءة. تم تحسين مقاومة السلسلة المكافئة

  .CVدورة 00001وري للشحن حتى في التفريغ الد جميع األجهزة ثباتًا عاليًا جدًا

الطاقة المتجددة ، البيروفسكايت ، المكثفات الفائقة ، المكثفات الفائقة للصور ، االستقرار :  الكلمات الدالة
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CHAPTER 1 

INTRODUCTION 

Owing to the devastating global effects of climate change resulting from CO2 producing 

fossil energy sources among other causes, there have been enormous actions and policies 

directed at waning the world of these unsustainable and environmentally damaging energy 

sources to cleaner sustainable alternatives [1–3]. Renewable and cleaner energy sources 

such as solar, wind, biomass, tidal and geothermal energy sources with minimal 

environmental impact make the possibility of carbon-free economy and sustainable living 

attainable. Renewable energy sources also have the advantage of abundant availability and 

non-depletion. Most of the available renewable energy sources do not provide continuous 

energy generation but rather their energy generation usually depends on time, weather 

conditions and season of the year. Energy generation from renewable energy sources may 

not be easily integrated into the grid due to their intermittent nature. Hence, it is pertinent 

to have energy storage devices that store the energy from renewable energy sources at their 

peak availability and utilize the stored energy at their downtime. 

Batteries and supercapacitors are major energy storage devices that are capable of 

maintaining uninterrupted energy supply from renewable energy sources. Unlike batteries, 

supercapacitors do not suffer from limited cycle life and poor charge-discharge rates 

occasioned by electrochemical redox reactions [4]. Supercapacitors, also referred to as 

electrochemical capacitors, utilize either electrochemical double layer mechanism or 

pseudocapacitance rapid surface redox reaction at the electrode/electrolyte interface to 
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store energy [4]. Due to the rapid charge-discharge rates as compared to batteries, high 

power density and their long cycle life, supercapacitors exhibit complementarity to 

batteries or could replace them in several energy storage applications[4,5]. Supercapacitors 

as on-demand energy storage devices have found wide ranging applications including 

electric vehicles, pulse power system, digital communication instruments, integration into 

energy conversion devices (such as solar cells, piezoelectric nanogenerator and 

thermoelectric cells) and various electronic devices [4–7]. 

Supercapacitor architectures are broadly categorized into symmetric and anti-symmetric 

supercapacitors. Typical supercapacitors architecture consists of 

electrode/electrolyte/separator/electrolyte/electrode. Several electrode materials have been 

investigated for the improvement of capacitive storage potential of supercapacitors. 

Common supercapacitors electrode materials include carbon, carbon nanotubes (CNTs), 

carbon nanofibers (CNFs), activated carbon, graphene, graphene quantum dots, MnO2, 

RuO2 and IrO2 [7–12]. Polymer electrode materials such as polypyrrole and polyaniline  

have equally been reported for supercapacitors  [4,13]. Recently, a new class of perovskite 

supercapacitors were reported [5,14]. Organometallic halide materials with the structure 

ABX3 were employed as electrode for electrochemical capacitive cells. The reported 

devices utilized butanol with methyl ammonium iodide (MAI) as an electrolyte.  

Photo-chargeable energy storage devices hold the potential for resolving challenges with 

the intermittency of solar energy source. A typical photo-chargeable energy device 

combines the functionalities of energy harvesting and electrochemical energy storage 

devices. Such devices would readily be applied for remote off-grid power sources, 

integration into smart devices, internet of things (IoTs) and usage in critical operations. 
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Common solar energy harvesters that are easy to integrate into photo-chargeable devices, 

include dye-sensitized solar cells (DSSCs), quantum-dot sensitized solar cells (QDSSCs) 

and perovskite solar cells (PSCs) [15–17]. While suitable electrochemical energy storage 

devices include batteries, supercapacitors and fuel cells. However, integration of a 

standalone energy harvesting device and a separate energy storage device pose some 

challenges. Such integrated devices are usually cumbersome, costly, requiring external 

circuitry and involved laborious fabrication process.  

To overcome the above highlighted challenges, research efforts are currently geared toward 

fabrication of compact hybrid energy harvesting and storage devices, that utilize 

photoactive electrodes. The photoactive electrodes harvest the sunlight energy, which in 

turn supply photocurrent into the energy storage devices, that can be used when solar 

energy is not available. Thus, compact photo-chargeable energy storage devices are 

obtained. Photo-chargeable batteries have been reported [18–22]. They represent a type of 

self-charging batteries that harvest sunlight energy for direct recharging of batteries, have 

been reported. These batteries usually utilize photoactive anode materials that capture solar 

light, resulting in photo-intercalation of mobile ions [19,21]. Like, common batteries, they 

suffer poor power density and short charge-discharge life cycles. Photo-chargeable 

supercapacitors having good power density and long cycle life have been proposed as 

alternative to photo-chargeable batteries [19,21,23–26]. In such devices, Navarrete-

Astorga and co-workers reported the usage of photoactive TiO2 and LiFeO2 electrodes in 

fabricating a photo-chargeable capacitor[24]. However, they recorded low areal 

capacitance of 2.98 F/cm2
 and equally low energy density of 0.54 J/cm2.  
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1.1 Statement of the Problem 

Perovskite electrochemical supercapacitors (PESs) being a new class of supercapacitors, 

are posed with certain challenges, for PESs to attain highly durable, long cycle life 

perovskite supercapacitors, having high energy and power densities, with fast charge-

discharge rates the following issues must be addressed:  

i. Suitable electrolytes, since aqueous polymer gel electrolytes are not suitable for 

perovskite electrochemical supercapacitors 

ii. The role of separator needs to be understood in perovskite electrochemical 

supercapacitors 

iii. Sources of ion mobility/transport need to be study for perovskite electrochemical 

supercapacitors 

iv.  Investigate the light-induced effect of perovskite electrochemical supercapacitors 

1.2 Research Objectives 

The ease of fabrication, low cost and excellent ionic transport properties of 

organometallic halides perovskite makes it a suitable candidate for integrated energy 

harvesting and storage devices. The available researches on the use of perovskite 

materials for the fabrication of electrochemical capacitor cells suffer from the use of 

liquid electrolytes and consequently leading to low specific capacitance of the devices. 

Perovskite materials are easily decomposed by most solvents. Hence, in fabricating an 

all-solid-state perovskite supercapacitor, suitable solvent for solid-state electrolytes 

must be carefully selected and investigated. 
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The objectives of this proposal, aimed at optimizing the performance of perovskite 

electrochemical cells for energy storage and self-charging device via all-solid-state 

supercapacitors fabrication are as listed below.  

i. To synthesize organometallic halides perovskite materials. 

ii. To synthesize all-inorganic halides perovskite materials. 

iii. To investigate electrical conductivity of suitable electrolytic materials for 

perovskite electrochemical cells. 

iv. To synthesize highly robust and versatile solid-state electrolytes 

v. To investigate effects of separators on the performance of the perovskite 

electrochemical supercapacitors 

vi. To fabricate all-solid-state perovskite electrochemical cells for energy storage. 

vii. To characterize and investigate of perovskite electrochemical cell devices. 

viii. To investigate of various fabrication methods for optimization of perovskite 

electrochemical cells performance. 

ix. To investigate self-charging properties of perovskite electrochemical cells 

under illumination 

x. To investigate ionic transport mechanism of perovskite electrochemical cells 

xi. To generate suitable equivalent circuit model for Nyquist plots fitting 
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1.3 Overview of dissertation 

The works in this dissertation are arranged as follow: 

Chapter 2 contains the literature surveys of important supercapacitors, energy harvesting 

and storage devices state-of-the-art research. Chapter 3 highlights the methodology and 

characterization techniques utilized for electrolytes synthesis, electrodes fabrication and 

devices coupling. 

Chapter 4 discusses the CHLPVAKOH and CHLPVAKOHMAI electrolytes, the 

morphology of the electrodes and the electrochemical performance of the PES 

supercapacitors. Chapter 5 presents the result of bismuth-based organometallic-halide 

perovskite photo-supercapacitor utilizing novel CPH-G gel polymer gel electrolyte for 

hybrid energy harvesting and storage applications 

Long cycle-life perovskite photo-electrochemical supercapacitor utilizing polymer gel 

electrolyte for integrated energy harvesting and storage applications performance is 

reported in Chapter 6. Chapter 7 discusses perovskite-based photo-chargeable 

supercapattery utilizing lithium-ion rich gel electrolyte for unified energy harvesting and 

storage applications. 

Chapter 8 reports the performance of mixed-halides organometallic MAPbI3-xBrx 

perovskite photo-supercapacitor utilizing novel polymer gel electrolyte for hybrid energy 

harvesting and storage applications. 

Electrochemical performance of inorganic (Cu3Bi2I9) perovskite photo-assisted 

supercapacitor for single device energy harvesting and storage application is reported in 

Chapter 9. Chapter 10 meanwhile, reports the electrochemical performance of  inorganic 
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Cu3SbI6 perovskite photo-responsive electrochemical capacitor utilizing non-aqueous PVP 

polymer gel electrolyte for hybrid energy harvesting and storage applications 

Chapter 11 present the conclusions of this work and future outlook. 
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CHAPTER 2 

LITERATURE REVIEW 

Supercapacitors with the potential for diverse applications such as possible replacement 

of battery, integration with various electronics, self-powered gadgets, on-chip micro-

capacitors [27–30] and many more have received great research attention with many 

groups working to develop new electrode materials, electrolytes and architectures to 

improving the charge-discharge rate, capacity, cycle lifetime, energy density and power 

density. Some current research efforts at enhancing the supercapacitors performance 

are briefly reviewed below. 

2.1 Supercapacitors architecture 

Supercapacitors also called ultracapacitors are usually fabricated either as symmetric 

supercapacitors or asymmetric supercapacitors (Figure 2.1). Symmetric or 

antisymmetric supercapacitors can be fabricated as single layer or bilayer 

supercapacitors.  
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Figure 2.1:  Symmetric supercapacitor architecture. 

 

Liu et al., fabricated single layer symmetric and asymmetric micro-supercapacitors 

based on graphene quantum dots (GQDs) electrodes [4]. They prepared symmetric 

GQDs//GQDs electrodes micro‐supercapacitor by electro‐deposition technique with 

aqueous electrolyte and ionic liquid electrolyte. The results show that the as‐made 

GQDs//GQDs electrodes micro‐supercapacitor exhibits higher rate capability reaching 

1000 V/s.  The GQDs//GQDs electrodes micro-supercapacitors a specific surface 

capacitance of 468 F/cm2 and excellent cycle stability. GQDs//MnO2 asymmetric 

electrodes supercapacitor recorded energy density of 0.154 Wh/cm2 and specific 
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surface capacitance 1107 F/cm2 two time more that of the symmetric cell. Zhang and 

co-workers utilized MnO2 synthesized via soli-state reaction of KMnO4 and MnCl2 

combined at different ratio as symmetric supercapacitor electrodes [6]. The 

corresponding specific capacitance MnO2 symmetric electrodes having molar ratio 

KMnO4/MnCl2 of 3:2, 2:1, 1:1, 1:2 and 2:3, are 259, 220, 215, 199 and 210 F/g 

respectively, at 100 mA/g 

2.2 Solid state Supercapacitor 

Liquid electrolytes have been frequently used in the fabrication of supercapacitors with 

separator sandwiched between the electrodes. However, liquid electrolytes have the 

drawback of drying up easily. Hence, gel and polymer solid-state electrolytes have 

gained prominence as substitute for liquid electrolytes for the fabrication of solid-state 

supercapacitors.  Among commonly utilized solid-state electrolytes are DI 

water/polyvinyl alcohol (PVA)/KOH, DI water/PVA/H3PO4. Li et al. fabricated an all-

solid-state in-plane graphene-based micro-supercapacitors via inkjet printing of pure 

graphene with a drop-coated polymer PVA/H3PO4 electrolyte [11].  The device 

achieved an areal capacitance of over 0.1 mF/cm2 with a life cycle of over 1000 cycles. 

Flexible and transparent, symmetric electrodes solid-state supercapacitors were 

fabricated utilizing single walled carbon nanotube (SWCNT) as the electrodes’ 

material and gel electrolyte by Yuksel and co-workers. The device exhibited an optical 

transparency of 82% with 0.023 mg of SWCNTs, and resulting in a 22 F/g specific 

capacitance. A 41 kW/kg power density was reached and after 500 times cycling, 94% 

capacity retention was achieved [7]. 
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2.3 Electric double layer capacitor (EDLC) 

Several research groups have reported the fabrication and performance characterization 

of electric double layer capacitors (EDLCs). Carbon-based materials are often used. 

However, metal oxide materials have equally been utilized as active electrode materials 

for EDLCs. Allan et al. [31] successfully fabricated current collector layer free EDLCs 

with different activated carbon (AC) and carbon nanofibers (CNFs), in AC/CNFs 

composite frame work. The EDLCs recorded a specific capacitance value of 207 F/g at 

5 mV/s., a specific power of 1126 W/kg and a specific energy of 13 Wh/kg. 

In another report utilizing AC electrode having a large surface area 580 m2/g, 

Senthikumar et al. [32] prepared a flexible supercapacitor that recorded a specific 

capacitance of 472 F/g and an energy density of 9.5 Wh/kg, in an aqueous electrolyte 

solution of 1 M H2SO4. The device achieved a specific capacitance of 912 F/g and an 

energy density of 19 Wh/kg, in 0.08 M KI electrolyte. In 0.08 M KBr – 1.0 M 

H2SO4 and 0.08 M KI – 1.0 M Na2SO4 electrolytes, the device reached a specific 

capacitances 572 F/g and 604 F/g; and energy densities of 11 Wh/kg and 12 Wh/kg, 

respectively. The sample device is shown in Figure 2.2 
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Figure 2.2: Prepared AC electrode (a) at normal, (b and c) flexible condition and (d) 

assembled supercapacitor. 

Su et al. [33] investigated liquid-polymer gel electrolyte and other variants of electrolytes 

in the fabrication of their EDLCs. The gel polymer electrolyte (GPE) manifested a larger 

storage permittivity and minimal loss permittivity than the liquid electrolyte (LE), which 

showed that ion pair separation and the induced dipoles on the polymer chains enhance 

energy storage and lessen energy dissipation. The GPE-EDLC performed better than the 

LE-EDLC in terms of the energy and power densities. Schematic of the electrolyte 

blending is presented in Figure 2.3. 
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Figure 2.3: Conceptual schematic of the crosslinked framework of PANMA:EG.  

2.4  Perovskite capacitors 

In recent time, organic-inorganic halide perovskites with chemical formula ABX3 shown 

in Figure 2.4, have found application in capacitors. Perovskites materials have interesting 

electronic, optical and ionic properties that make them suitable for various applications 

including solar cells, photodetectors, light emitting diodes (LED) and phototransistors 

among others [2].  
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Figure 2.4: Perovskite crystals structure in the cubic phase. 

 

Zhou et al., first investigated the ionic conduction of methyl ammonium lead triiodide 

(MAPbI3) in a symmetric electrochemical capacitor (EC) [14]. The EC device exhibited 

outstanding cyclability with the retention of 82.6% capacitance after 15000 cycles. The 

study concluded that the formation of ions and their transport processes perovskites EC 

device are mainly initiated by free charge carriers and could as well be dependent on the 

interface. They recorded low overall specific capacitance of the perovskite EC devices and 

suggested possible improvement by optimizing the properties of the electrolyte. 

Sequel to Zhou et al. work, Pious et al. fabricated a lead-free zero-dimensional 

methylammonium bismuth iodide (CH3NH3)3Bi2I9 perovskite electrochemical double  

layer capacitor (EDLC) [5]. A 5.5 mF/cm2 total areal capacitance was achieved. 85% of 
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the initial total capacitance of the device was retained after undergoing more than 10000 

charge-discharge cycles. The electrochemical impedance spectroscopy (EIS) measurement 

revealed low resistance to the charge transport which is good for device performance. 

Slonopas and co-worker reported the fabrication and performance evaluation of 

CH3NH3PbI3 perovskite powder-based supercapacitor [34]. They investigated the 

dependency of the powder pellet on temperature, frequency and cell voltage difference. 

The fabricated pellet has a thickness of 1.0 mm. Their device achieved an areal capacitance 

of 432 mF/cm2 and an energy density of 34 Wh/kg. In another report, CsPbI3 synthesized 

in an ambient environment was used as electrode in a symmetric supercapacitor [35]. The 

CsPbI3 attained an areal capacitance of 7.23 mF/cm2, and retained 65.5% of its initial 

capacitance, after cyclic charge-discharge 1,000 cycles. 

2.5 Hybrid capacitor 

Hybrid capacitor combines the functionalities of supercapacitor and battery in a single 

device, thereby, achieving high energy density, high power density and long cyclic charge-

discharge stability. The coupling of hybrid capacitor involves usage of both supercapacitor-

type materials and battery-type materials, either as the electrodes or as the electrolytes. Sui 

et al. [36] reported the fabrication of lithium-ion capacitor, utilizing lithium-ion battery 

anode. Graphene-based materials were used for both the cathode and anode. The device 

manifested high working voltage of 4.2 V, peak energy density of 142 Wh/kg, highest 

power density of 12 kW/kg and long stable cyclic charge-discharge performance of ~88%, 

after 5000 cycles.  
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Lee et al.  [36] fabricated a hybrid lithium-ion capacitor with LiFePO4 intercalation 

host and a large surface area AC EDLC, in multilayer architecture. The device achieved 

a peak specific energy of ~ 90 Wh/kg and a maximum specific power of ~ 15 kW/kg 

that performed better than conventional lithium-ion capacitors. The architectural 

structure of the device is given in Figure 2.5. 

 

Figure 2.5: Graphical illustration of the scalable layer-by-layer printing of AC and LFP 

into a hybrid multi-layered positive electrode arrangement for a LIC. 

2.6 Photo-Supercapacitor 

Having a single device that combines the functionalities of energy harvesting of solar cells 

and energy storage of supercapacitors is gaining traction within the scientific research 

community. The device would help resolve the challenge of the intermittent nature of  
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sunlight, wherein sunlight energy could be harvested and utilized when sunlight is not 

available. Such device has an added advantage, in that, it can be utilized as it harvests 

energy from the sunlight using it solar cell functionality.  The device would readily find 

applications in electronic gadgets, wearable devices, safety and security gadgets and in 

remote locations for uninterrupted off-grid power source. Devices integrating active solar 

cell devices and separate layer of capacitive devices have been reported. Silicon, DSSCs 

and PSCs active solar cells have been used as charging sources for the capacitive devices 

usually comprising symmetric carbon active electrodes [16,17,23,25,37–40]. Meanwhile, 

a new concept of dual-purpose active energy harvesting and storage electrodes are being 

explored for photo-supercapacitor applications. These photo-supercapacitors employ 

photoactive electrodes having advantages such as simplified structure, low-cost and facile 

fabrication technique. In such devices, Yin et al. reported a transparent photoactive 

polymer layer supercapacitor device utilizing solid-state gel electrolyte. The device 

accomplished the combined properties self-charging under light intensity and self-storage 

of photogenerated current [26].    Navarrete-Astorga et al. reported a photo-capacitor 

utilizing TiO2 and LiFeO2 as electrodes in an asymmetric architecture with ion gel-based 

electrolyte sandwiched between the electrodes. The device attained areal capacitance and 

energy density of 2.98 F/cm2and 0.54 J/cm2, respectively[24].  

2.7 Perovskite photo-Supercapacitor 

The unique light absorbing and capacitive properties of metal-halide perovskites make 

them particularly suitable for fabrication of energy harvesting and storage dual-functional 

electrodes in photo-supercapacitor applications [5,14,47,48,34,35,41–46]. Exploiting these 

functionalities, Zhou et al. investigated the light-induced effect of perovskite capacitors, 
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wherein, they found capacitances improvement in their devices comprising of MAPbI3-

MAI/Butanol-MAPbI3 and MAPbI3-Butanol-MAPbI3 under illumination as compared to 

performance under dark operating mode [14]. Their devices suffered degradation resulting 

from butanol-based liquid electrolytes, that tend to wash off the perovskite active electrode 

film.  
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CHAPTER 3 

METHODOLOGY AND CHARACTERIZATION 

TECHNIQUES 

3.1 Materials  

Lead (II) iodide PbI2 (99.9%, Sigma Aldrich), methyl ammonium iodide (MAI 99%, Sigma 

Aldrich), poly vinyl alcohol (PVA, Fluker AG), chlorobenzene (anhydrous 99.8%, Sigma 

Aldrich), potassium hydroxide (KOH) pellets (85%, Sigma Aldrich), fluorine-doped tin 

oxide (FTO) glass (15 Ω sq-1, Solaronix), anhydrous N,N-dimethylformamide (DMF, 

98.8%, Sigma-Aldrich), 2-propanol (99.5%, Sigma Aldrich), acetone (99.5%, Gainland 

Chemical Company), ethanol (99.8%, Sigma Aldrich) and Fisherbrand™ qualitative grade 

plain filter paper circles - P8 Grade.  

3.2 Electrolytes preparation 

3.2.1 Quasi-solid state electrolyte preparation 

To prepare the quasi-solid-state electrolytes, the first electrolyte codenamed 

CHLPVAKOH was prepared as follows.  10 mL of chlorobenzene were taken from its 

stock and transferred into a vial. 1.0 g of PVA was measured using a digital balance and 

added to the chlorobenzene in the vial. The mixture of the chlorobenzene and PVA was 

vigorous stirred and heated at 90 oC until a clear transparent solution was achieved and was 

allowed to cool to room temperature. 0.8 g KOH were added to the clear solution and 

further stirred rigorously at 90 oC until the added KOH completely dissolved. The second 



20 

 

electrolyte codenamed CHLPVAKOHMAI was prepared by similar method with the 

addition of 30 mg of MAI after the full dissolution of KOH in the chlorobenzene-PVA 

solution. 

3.2.2 CPH-G polymer gel electrolyte preparation 

The non-aqueous polymer gel electrolyte was prepared in an ambient environment.  10 mL 

of chlorobenzene was transferred from its stock into a vial. 1 g of PVA were added to the 

chlorobenzene in the vial, the mixture was vigorously stirred under heating at 90 oC. The 

resulting clear solution was cooled to room temperature. 1 g H3PO4 were added to the 

chlorobenzene-PVA solution, stirred rigorously at 90 oC to obtain the polymer gel 

electrolyte, codenamed CPH-G.  

3.2.3 HPAc polymer gel electrolyte synthesis 

The novel polymer gel electrolyte was synthesized in an ambient environment.  10 mL of 

acetylacetone was taken from its stock and deposited into a vial. PVA weighing 1.0 g were 

poured into the acetylacetone containing vial. The mixture was sonicated for 30 mins, 

thereafter, vigorously stirred and heated at a temperature of 90 oC. After the mixture was 

allowed to cool to 30 oC, 1.0 g of H3PO4 were then added, stirred thoroughly at 90 oC, 

leading to the formation of polymer gel electrolyte. The electrolyte was dubbed HPAc gel 

electrolyte.  

3.2.4 Li-ion rich polymer gel electrolyte preparation 

The Li-ion rich polymer gel electrolyte was prepared in an ambient environment.  

Chlorobenzene of 10 mL were collected from the stock and transferred into a glass beaker. 

PVA of 1 g were poured into the chlorobenzene containing beaker, the blend was strongly 
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stirred under heating at 90 oC. The resultant clear solution was allowed to cool to room 

temperature, after which 0.3 g of LiTSFI salt was added, stirred vigorously at temperature 

of 90 oC. After the LiTFSI salt has been completely dissolved within the electrolyte 

precursors blend and cooled to 30 oC, 1.0 g H3PO4 were subsequently added, further stirred 

under heating at 90 oC. Thus, the Li-ion rich polymer gel electrolyte was obtained and 

codenamed Li-PCH gel electrolyte.  

3.2.5 Preparation of acetonitrile-based polymer gel electrolyte 

The acetonitrile-based polymer gel electrolyte was prepared in an ambient condition.  To 

prepare the electrolyte, 10 mL of acetonitrile were collected from the stock and transferred 

into a vial. 1.0 g of PVA were added into the acetonitrile containing vial, the mixture was 

strongly stirred under heating at 90 oC. The resultant transparent solution was allowed to 

cool to room temperature, after which 1.0 g of H3PO4 were subsequently poured into the 

solution, then stirred under heating at 90 oC. Thus, the acetonitrile-based polymer gel 

electrolyte was obtained and named PAH-G gel electrolyte.  

3.2.6 HPvA polymer gel electrolyte preparation 

The novel polymer gel electrolyte was synthesized at ambient conditions. 10 mL of 

acetonitrile was taken from its stock into a vial. 1.0 g of PVP were added to the acetonitrile 

in the vial, the mixture was strongly stirred under heating at 90 oC. The resulting clear 

solution was cooled to 30 oC. After which, 1.0 g H3PO4 were poured into the acetonitrile-

PVP solution, stirred thoroughly at 90 oC to obtain the HPvA gel electrolyte.  
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3.2.7 HAAP non-aqueous polymer gel electrolyte preparation 

The non-aqueous polymer gel electrolyte was prepared by taking 10 mL of acetylacetone 

from its stock into a beaker. 1.0 g of PVP were added to the acetylacetone in the beaker, 

the mixture was first sonicated for 10 min, then, vigorously stirred under heating at 90 oC. 

The resultant clear solution was cooled to room temperature. Thereafter, 1.0 g H3PO4 were 

added into the acetylacetone-PVP solution, stirred and heated further at 90 oC to attain the 

HAAP gel electrolyte.  

3.3 Perovskite solution preparation 

3.3.1 MAPbI3 perovskite active layers preparation 

The entire chemicals were utilized as purchased with no further treatment. The one-step 

solution processed active MAPbI3 perovskite precursor material was synthesized by 

dissolving 406 mg of PbI2 and 140 mg of CH3NH3I in 1 mL of DMF solvent. The mixture 

was stirred at 70 oC for 8 h. The as-prepared perovskite precursor solution was then filtered 

through a 0.45 μm polytetrafluoroethylene (PTFE) filter and stored in glove-box filled with 

nitrogen before use. To prepared the two-step solution processed active MAPbI3 perovskite 

precursors, PbI2 was dissolved in DMF at a concentration of 460 mg/mL and stirred for 8 

h at a temperature of 70 oC. The PbI2 solution was filtered by 0.45 μm PTFE filter. The 

second precursor for the two-step solution processed perovskite was prepared by dissolving 

10 mg of CH3NH3I in 1 mL of 2-propanol with no stirring or heating required.  

3.3.2 Bismuth-based perovskite preparation 

The methylammonium bismuth triiodide (MBI) was prepared according to Lyu et al. [49]. 

Briefly, 1.9578 g of BiI3 and 0.8131 g of MAI in 2 mL of DMF solvent. The mixture was 
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stirred at 1200 rpm and a temperature of 70 oC, overnight. The as-synthesized MBI 

perovskite solution was stored in nitrogen-filled glove-box for further use.  

3.3.3 Antimony-based perovskite preparation 

One-step synthesis procedure was used in the preparation of the methylammonium 

antimony triiodide according to the literature [50]. Briefly, 0.99 g of SbI3 and 0.41 g of 

MAI in 1.5 mL of DMF solvent. The mixture was stirred at 1200 rpm and a temperature of 

70 oC, for 8 h. The as-prepared AHP perovskite solution was kept for further use in glove-

box containing Nitrogen gas.   

3.3.4 Bismuth-based organohalide perovskite (BOHP) preparation 

Bismuth-based organohalide perovskite (BOHP) was synthesized according to [49]. In 

brief, 0.8131 g of MAI and 1.9578 g of BiI3 were added into 2 mL of DMF solvent. The 

mixture was heated at a temperature of 70 oC and stirred at 1200 rpm, in a nitrogen-filled 

glove-box overnight. The as-prepared BOHP solution was kept in the glove-box for 

subsequent use.  

3.3.5 Preparation of mixed-halides perovskite 

The bromide-iodide mixed-halides perovskite (MHP) was synthesized according to Yang 

et al.  [51]. Briefly, MAI and PbBr2 were dissolved in 1 mL of DMF solvent, in a molar 

ration of 3:1. The mixture underwent heat treatment at a temperature of 70 oC, with stirring 

at 1200 rpm, in a nitrogen-filled glove-box for 7 hours. The as-`synthesized MHP solution 

was left in the glove-box for further use.  
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3.3.6 Inorganic Cu3Bi2I9 perovskite preparation 

The Cu3Bi2I9 was prepared by adding 0.5897 g of BiI3 and 0.5713 g of CuI (3:1) in 1 mL 

of DMSO solvent. The mixture was stirred at 1200 rpm and a temperature of 90 oC, for 8 

hours. The as-synthesized Cu3Bi2I9 perovskite solution was stored in nitrogen-filled glove-

box for subsequent use.  

3.3.7 Inorganic Cu3SbI6 perovskite preparation 

The inorganic rudorffite Cu3SbI6 was prepared according to the literature [52]. Briefly, CuI 

and SbI3 in molar ratio 3:1 was dissolved in 1 mL of DMSO solvent. The solution was 

stirred at 1200 rpm and a temperature of 70 oC, overnight. The as-prepared rudorffite 

Cu3SbI6 solution was kept in nitrogen-filled glove-box for further usage.  

3.4 Devices fabrication 

3.4.1 Fabrication of one-Step solution processed perovskite electrochemical 

supercapacitors 

FTO glasses were sequentially cleaned in a sonicator with soap, deionized (DI) water, 

acetone and ethanol for 30 min per cleaning process. After the cleaning with ethanol, the 

FTO glasses were heated at 100 oC to remove residual organic solvent. 50 l of the as-

prepared one-step solution processed perovskite precursor solution were deposited on the 

precleaned FTO glass and spin-coated at 3000 rpm for 30 s. The deposited perovskite 

precursor film was allowed to dry at ambient temperature for 5 min and subsequently 

annealed at 110 oC for 25 min. The temperature of the hot plate was then allowed to cool 

to 30 oC and the perovskite active electrode was removed. A symmetric perovskite 
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electrochemical supercapacitor was then coupled with a sandwiched electrolyte between 

two perovskite active electrodes with the aid of binder clips. 

3.4.2 Fabrication of two-step solution processed perovskite electrochemical 

supercapacitors 

50 l of the as-prepared PbI3 solution were dropped on the precleaned FTO glass and spin-

coated at 3000 rpm for 30 s. The deposited PbI3 film was allowed to dry at ambient 

temperature for 5 min and subsequently annealed at 110 oC for 25 min. The temperature of 

the hot plate was then allowed to cool to 30 oC. 50 l of CH3NH3I solution were then spin-

coated on the PbI2 film and annealed at 110 oC for 25 min also before it was allowed to 

cool to 30 oC. The fabricated two-step solution processed perovskite electrodes were used 

in symmetric perovskite electrochemical supercapacitor containing electrolyte between 

them and held together by binder clips.  

3.4.3 MBI:CPH-G photo-supercapacitor fabrication 

Soapy water, deionized (DI) water, ethanol and acetone were successively used to clean 

pre-cut FTO glasses for 30 min per cleaning procedure. The cleaned FTO glasses were 

baked at 100 oC to eliminate residual organic solvents. 50 L of the as-synthesized MBI 

solution were deposited on FTO glass and spin-coated at 4000 rpm for 60 s. The deposited 

perovskite films were dried at ambient conditions for 5 min and thereafter heated at 110 oC 

for 20 min. After the cooling of the films to 30 oC, they were deployed as photo-capacitive 

electrodes in symmetric photo-supercapacitor devices with polymer CPH-G gel electrolyte 

sandwiched in-between them. The coupling of the photo-supercapacitor devices was 

achieved using binder clips. 
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3.4.4 Sb-PEC supercapacitor fabrication 

FTO glasses were cleaned sequentially for 30 mins each with soapy water, deionized (DI) 

water, acetone and ethanol. Residual organic solvents were removed from the FTO glasses 

through heating at 100 oC. 50 L of the as-prepared AHP solution were deposited on FTO 

glass and spin-coated at 4500 rpm for 30 s. The deposited AHP films were allowed to dry 

at ambient environment for 5 min and thereafter heated in a fume hood at 110 oC for 20 

min. The AHP photo-electrocapacitive electrodes were thus obtained, after the films cooled 

to 30 oC. Photo-electrochemical supercapacitors were assembled using the AHP photo-

electrocapacitive electrodes and the HPAc gel electrolyte, the devices were held together 

by binder clips. The devices were codenamed Sb-PEC supercapacitors. 

3.4.5 Photo-chargeable supercapattery fabrication 

Pre-cut FTO glasses were successively cleaned by ultra-sonication, using soapy water, 

deionized (DI) water, acetone and ethanol for 30 min each. The cleaned FTO glasses were 

heated at 100 oC to remove residual organic solvents. 50 L of the as-prepared BOHP 

solution were deposited on FTO glass and spin-coated at 4000 rpm for 30 s. The deposited 

BOHP films were dried at ambient conditions for 5 min, then heated at 110 oC for 20 min. 

After the cooling of the BOHP films to room temperature, they were employed as 

photoactive electrodes. Photo-chargeable supercapattery was coupled by sandwiching the 

Li-PCH gel electrolyte between two BOHP photoactive electrodes, in a symmetric 

configuration. The photo-chargeable supercapattery was named Bi-PSC. 
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3.4.6 MHP:PAH-G photo-supercapacitor fabrication 

FTO glass substrates were consecutively cleaned by ultra-sonication with soapy water, 

deionized (DI) water, ethanol and acetone for 30 min each. Organic residual solvents were 

eliminated from the FTO substrates via heat treatment at 100 oC. To fabricate the photo-

supercapacitor, 50 L of the as-synthesized MHP solution were dropped on FTO glass and 

spin-coated at 4000 rpm for 30 s. The deposited MHP films were left to dry at ambient 

environment, for 5 min, then baked at 110 oC for 20 min. The MHP films were allowed to 

cool to 30 oC, then, deployed as photo-capacitive electrodes. The as-synthesized PAH-G 

gel electrolyte was sandwiched between two symmetric MHP photo-capacitive electrodes, 

thus, obtaining MHP:PAH-G photo-supercapacitor. 

3.4.7 Cu-perovskite photo-assisted fabrication 

Soapy water, deionized (DI) water, ethanol and acetone were successively used to clean 

FTO glasses for 30 min per cleaning procedure. The cleaned FTO glasses were baked at 

100 oC to eliminate residual organic solvents. 50 L of the as-synthesized Cu3Bi2I9 solution 

were deposited on FTO glass and spin-coated at 4000 rpm for 30 s. The deposited 

perovskite films were dried at ambient conditions for 5 min and thereafter heated at 110 oC 

for 20 min. After the cooling of the films to 30 oC, they were deployed as photo-capacitive 

electrodes in symmetric photo-supercapacitor devices with polymer HPvA gel electrolyte 

sandwiched in-between them. The coupling of the phot-supercapacitor devices was 

achieved using binder clips. 
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3.4.8 CHP photo-responsive electrochemical capacitor fabrication 

FTO glasses that were pre-cut were cleaned successively by soapy water, deionized (DI) 

water, acetone and ethanol for a period of 30 min each. The cleaned FTO glasses were 

heat-treated at 100 oC to remove remaining organic solvents. 50 L of the as-prepared 

Cu3SbI6 solution were dropped on FTO glass and spin-coated at 4500 rpm for 30 s. The 

deposited Cu3SbI6 films were dried at ambient environment for a duration of 5 min, after 

which, they were baked at 110 oC for 20 min. The Cu3SbI6 films were then allowed to cool 

to room temperature and deployed as symmetric electrodes for the CHP photo-responsive 

EC. HAAP gel electrolyte was sandwiched been the Cu3SbI6 electrodes. 

3.5 Characterization and Measurement Techniques 

3.5.1 Morphological characterization 

The scanning electron microscope is a device used for the investigation of the structure, 

composition and defects in materials. The SEM images are obtained by scanning high 

energy electron beam on the surface of the sample. The principle of operation of SEM is 

such that signals are generated from the surface of a sample in its solid state when an 

electron beam of high energy is focused on the sample. The image obtained reveals the 

morphology, orientation and the composition of the sample.  Meanwhile, a field emission 

scanning electron microscope (FESEM) can additionally provide elemental and 

topographical information at 106 order of magnitude. The synthesized samples’ 

morphologies were studied using Lyra TESCAN FESEM. 
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3.5.2 Optical characterization 

i. The UV-Vis. Absorption spectra of the synthesized samples were recorded using the 

Jasco 670 double beam spectrophotometer available in the Laser Research Lab of Physics 

department of King Fahd University of Petroleum and Minerals. 

ii. The Fourier transform infrared (FTIR) spectra of the synthesized samples were obtained 

with the aid of a Nicolet 6700 FT-IR spectrometer (Thermo Electron Corp.) available at 

the Laser Research Lab of the Physics department of King Fahd University of Petroleum 

and Minerals. 

3.5.3 Electrochemical measurements 

The cyclic voltammetry (CV) measurement of the devices was carried out on Autolab 

PG302N equipped with NOVA 2.1 software by a two electrodes system. The operating 

potential for the CV measurement ranges between 0 V to 0.6 V. The electrochemical 

impedance spectroscopy (EIS) measurement of the devices was conducted using the same 

equipment. The operating frequencies of the EIS measurement ranges from 0.1 Hz to 100 

kHz at a voltage scan rate of 10 mV/s. The capacitance of the devices was estimated from 

the CV plot using equation (1) given as 
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where i is the current, Vo is the maximum voltage, v is the scan rate and dt is the differential 

time of the CV plot. 

The areal capacitance is given in equation (2),  
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where  is the surface area of the active electrode.  

The real and imaginary capacitance as a function of frequency is given in equation (3) 

and (4), respectively as 

2

"
'

2

Z
C

f Z
= −

         (3) 

2

'
"

2

Z
C

f Z
=

         (4) 

where C' is the real capacitance, C" is the imaginary capacitance representing the dielectric 

loss of the supercapacitor, Z' is the real part of the impedance, Z" is the imaginary part of 

the impedance, Z is the resultant complex impedance [as given in equation (5)] and f is the 

frequency [3,29].  

( )( )2 2' ( ")Z Z Z= +
         (5) 

The energy density (ED) and power density (PD) of the devices were derived from equations 

(6) and (7); [3,29,53] 
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where ESR refers to the equivalent series resistance of the device. 
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CHAPTER 4 

Fabrication of organometallic halide perovskite electrochemical 

supercapacitors utilizing quasi-solid-state electrolytes for 

energy storage devices 

4.1 ATR-FTIR spectral characterization of CHLPVAKOH and 

CHLPVAKOHMAI electrolytes 

 Chlorobenzene-PVA mixture was allowed to turn clear under vigorous stirring and heating 

at 90 oC temperature before the addition of KOH. The colorless solution soon started to 

turn brownish as the KOH dissolved in the solution and then blackish as the KOH totally 

dissolved under same vigorous stirring and heating temperature. The solution was kept for 

five days to allow steady evaporation of the excess solvent until a suitable viscous solution 

was obtained. 

FTIR spectroscopy was used to investigate the interactions among the constituent materials 

of the electrolytes. The FTIR spectra for CHLPVAKOH electrolyte, pure chlorobenzene, 

pure PVA and pure KOH are depicted in Figure 4.1(a). The peaks assignment of the FTIR 

spectra of all samples were done using John Coates interpretation of infrared spectra [54]. 

For pure chlorobenzene the frequency at 997 cm-1 is assigned to strong C=C bending mode 

while the frequencies 704 cm-1, 679 cm-1 and 604 cm-1 are assigned to C=Cl stretching 

modes. The frequencies at 3356 cm-1, 3311 cm-1, 3308 cm-1, 3265 cm-1 and 3250 cm-1 are 

assigned to strong broad -OH stretching of intermolecularly bonded alcohol for pure PVA. 

Also, the frequencies 2940 cm-1, 2923 cm-1 and 2909 cm-1 are assigned to weak broad -OH 
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intermolecularly bonded alcohol in the pure PVA.  The peaks at 1428 cm-1, 1375 cm-1 and 

1330 cm-1 are assigned to medium -OH bending mode for the PVA. Strong C=O stretching 

secondary alcohol mode is noted at frequency 1027 cm-1 for pure PVA.  The peak at 3265 

cm-1 corresponding to the strong stretching frequency of -OH of pure PVA shifted to about 

3266 cm-1 in the CHLPVAKOH complex. The frequency 2923 cm-1 due to the weak -OH 

stretching shifted to 2930 cm-1 in the complex. The -OH medium bending frequency 1428 

cm-1 of pure PVA shifted to 1403 cm-1 in the CHLPVAKOH electrolyte complex. The 

C=Cl stretching frequency 704 cm-1 of pure chlorobenzene shifted to 738 cm-1 in the 

CHLPVAKOH complex. The absorption of peaks of chlorobenzene (1579, 1474, 1443, 

1119 and 1085 cm-1) and KOH (1635, 1451, 1049, 877 and 676 cm-1) were absent in the 

CHLPVAKOH electrolyte complex. Furthermore, the CHLPVAKOH electrolyte complex 

exhibited some new peaks at 2162 cm-1, 2151 cm-1, 1984 cm-1, 1149 cm-1, 1101 cm-1 and 

822 cm-1. The changes in the existing peaks and the formation of new peaks in the 

CHLPVAKOH FTIR spectra established the complexation of the constituent electrolyte 

materials. 

 

The FTIR spectra of the CHLPVAKOHMAI electrolyte which in addition to 

CHLPVAKOH complex contains MAI are shown in Figure 4.1(b). For pure MAI the 

frequency at 3447 cm-1 is assigned to strong N-H stretching, while the frequency   3093 

cm-1 is assigned to weak =C-H stretching. The frequencies 1480 cm-1 and 1403 cm-1 are 

assigned to C-H bending of the methyl group, while the peak at 1250 cm-1 is assigned to 

medium C-N stretching. The MAI peak at 3446 cm-1 and PVA peak at 3315 cm-1 are seen 

to merge into a broader peak at 3381 cm-1 of the CHLPVAKOHMAI electrolyte complex. 
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Similarly, the MAI peak at 3087 cm-1 and PVA peak at 2918 cm-1 are supposed to have 

merged into a narrower 2923 cm-1 peak of the CHLPVAKOHMAI complex. The 

absorption peaks at 1608 cm-1 (MAI) and 1727 cm-1 (PVA) are seen to merge into peak 

1571 cm-1 of CHLPVAKOHMAI complex. The MAI characteristic peak is seen repeated 

in the CHLPVAKOHMAI electrolyte complex. The PVA frequency 1425 cm-1 is shifted 

to 1438 cm-1 in the CHLPVAKOHMAI electrolyte. MAI (1392 cm-1), PVA (1244 and 

1022 cm-1) and chlorobenzene (704, 675, 459 and 421 cm-1) frequencies are shifted to 1404 

cm-1, 1074 cm-1, 1026 cm-1, 703 cm-1, 680 cm-1, 463 cm-1 and 419 cm-1, respectively. The 

MAI peak at 912 cm-1 and PVA peak at 933 cm-1 are not found in CHLPVAKOHMAI 

electrolyte complex. A new peak at 733 cm-1 is found in CHLPVAKOHMAI complex.  

The changes in the existing peaks and the formation of new peaks in the FTIR spectra of 

the CHLPVAKOHMAI electrolyte confirmed the complexation of the constituent 

electrolyte materials. 
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Figure 4.1: ATR-FTIR spectra of a) CHLPVAKOH electrolyte and its pure constituent 

materials. b) CHLPVAKOHMAI and its pure constituent materials. c) Nyquist plot of the 

CHLPVAKOH quasi-solid-state electrolyte. d) Nyquist plot of the CHLPVAKOHMAI 

quasi-solid-state electrolyte. 

 

Figure 4.1 (c-d) shows the Nyquist plots of the as-synthesized quasi-solid-state electrolytes 

obtained from the EIS measurement using two-electrode system by sandwiching the 

respective electrolytes in between two FTO conducting glasses. The ionic conductivities 

of the as-synthesized quasi-solid-state electrolytes were calculated from the Nyquist plots 

by the equation  = (t/(Rb * A)), where σ is the ionic conductivity, t is the electrolyte 

thickness, Rb is the bulk electrolyte resistance and A is the electrolyte contact area. The 
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CHLPVAKOH and CHLPVAKOHMAI electrolytes recorded ionic conductivities of 1.3 

× 10-3 S cm-1 and 3.4 × 10-3 S cm-1, respectively. Likewise, linear sweep voltammetry 

(LSV) was conducted to investigate the electrochemical stability of the quasi-solid-state 

electrolytes at 0.1 V s-1 sweep rate. The electrolytes exhibit stable voltage windows 

between 0 V and 1.21 V (Figure 4.2).  

 

Figure 4.2: a) LSV curve of the CHLPVAKOH quasi-solid-state electrolyte. b) LSV curve 

of the CHLPVAKOHMAI quasi-solid-state electrolyte. 

4.2 Fabrication and morphological characterization of one-step processed 

perovskite active electrodes 

In the fabrication of the perovskite electrochemical supercapacitors, one-step solution 

processing technique was first used for the fabrication of the active perovskite electrodes. 

A 50 L precursor of as-prepared MAPbI3 in DMF was spin-coated on an exposed area  

of precleaned fluorine-doped tin oxide (FTO) glass at 3000 rpm for 30 s at a ramp rate of 

500 rpm. The as-spin coated electrodes were heated at 110 oC for 25 min and subsequently 

allowed to cool to room temperature afterward. Eight perovskite active electrodes were 

fabricated using the above-described procedure.  
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Figure 4.3: a) Schematic of fabrication procedure of perovskite electrochemical 

supercapacitors. b) Magnified SEM image of one-step solution processed fabricated 

perovskite active electrode. c) SEM image of one-step solution processed fabricated 

perovskite active electrode.  

 

The perovskite active electrodes were used to fabricate four different symmetric perovskite 

electrochemical supercapacitors codenamed PES01, PES02, PES03 and PES04. Figure 
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4.3(a) shows the fabrication process of the perovskite electrochemical supercapacitors. 

PES01 consists of two symmetric perovskite active electrodes with CHLPVAKOH 

electrolyte sandwiched between them with no distinct separator material. The electrolyte 

was spin-coated on each perovskite active electrodes at 3000 rpm for 45 s at a ramp rate of 

500 rpm to form the sandwiched perovskite electrochemical supercapacitor device coupled 

with the aid of binder clips. PES02 is similar to PES01; however, it utilizes 

CHLPVAKOHMAI electrolyte. The perovskite electrochemical supercapacitors PES01 

and PES02 were fabricated and coupled to investigate the potential of the as-synthesized 

electrolytes to perform the dual functions of electrolyte materials and separators. For the 

fabrication of PES03 and PES04 devices, pre-cut filter papers were soaked for 2 h in 

CHLPVAKOH and CHLPVAKOHMAI electrolytes, respectively. The electrolyte-soaked 

filter papers were carefully placed in between the symmetric perovskite active electrodes 

for PES03 and PES04 devices, respectively. The filter paper serves as separator for the 

PES03 and PES04 devices. The typical morphology of the one-step processed perovskite 

active electrodes is investigated by SEM. The morphology (Figure 4.3 b-c) shows ribbon-

like MAPbI3 of the perovskite active electrodes that are well distributed on the FTO 

substrate.  

4.3 Electrochemical characterizations of one-step processed perovskite 

electrochemical supercapacitors 

To investigate the electrochemical energy storage performance of the fabricated perovskite 

electrochemical supercapacitors, electrochemical measurements were conducted for all the 

devices. Cyclic voltammetry (CV) was conducted at different scan rates ranging from 50 

mV/s, 100 mV/s. 200 mV/s to 500 mV/s at a potential voltage running between 0 V to 0.6 
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V. All devices show rectangular CV behavior across the different scan rates with a linear 

increase in current as a function of scan rate as evident in Figure 4.4. The rectangular CV 

behavior and the linear current increase with respect to scan rate establish the ideal 

capacitive performance of the devices which also indicate high power output potential and 

very fast discharge process over the entire surface of the electrodes owing to fast electrolyte 

diffusion and fast charge transport [4,29,55–58]. The PES01 device attained a maximum 

current of 0.55 A at a scan rate of 500 mV/s, while the PES02 device reached a peak 

current of 1.2 A at the same scan rate, which is more than double that recorded by PES01. 

The higher peak current attained by PES02 as compared to PES01 is ascribed to the ionic 

transport properties of the MAI added to its electrolyte [5,14]. PES03 device utilizing 

CHLPVAKOH electrolyte with filter paper separator attained a maximum current value 

3.5 A at a scan rate of 500 mV/s. PES04 consisting of CHLPVAKOHMAI electrolyte 

and filter paper separator on the other hand recorded a peak current value of 0.94 A at a 

scan rate of 500 mV/s, which is 3.7 times less than that recorded by PES03 device. It could 

be said that the separator helped in the enhancement of the supercapacitor performance of 

PES03; however, the same could not be said of PES04 device. The relatively low current 

value of PES04 device, despite its electrolyte containing MAI, could be due to the difficulty 

of the ionic migration of the MAI in the CHLPVAKOHMAI electrolyte bulk through the 

filter paper separator [59–62], as MAI is the main ionic transport material in this electrolyte 

as earlier demonstrated in PES02 device. 
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Figure 4.4: a) Cyclic voltammetry (CV) curves at the different scan rate of PES01. b) CV 

curves at the different scan rate of PES02. c) CV curves at the different scan rate of PES03. 

d) CV curves at the different scan rate of PES04. 



40 

 

 

Figure 4.5: a) Areal capacitance as a function of scan rate obtained from CV measurement 

for device PES01. b) Areal capacitance as a function of scan rate obtained from CV 

measurement for device PES02. c) Areal capacitance as a function of scan rate obtained 

from CV measurement for device PES03. d) Areal capacitance as a function of scan rate 

obtained from CV measurement for device PES04. 

 

 Figure 4.5 shows the areal capacitance obtained at different scan rates for all the different 

devices.  The areal capacitance was calculated with device geometric area of 0.96 cm2. The 

areal capacitance of PES01 device as a function of scan rate (Figure 4.5a) shows a highest 

areal capacitance value of 4.0 F/cm2 at scan rate of 50 mV/s and 82% of this capacitance 

was retained at 500 mV/s scan rate. The PES02 device (Figure 4.5b) recorded an areal 
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capacitance of 8.3 F/cm2
 at the scan rate of 50 mV/s and the capacitance retention at 500 

mV/s scan rate is 85%. It is noted that the areal capacitance value of the PES02 device is 

also more than twice that of PES01 device, consistent with their peak currents behavior 

and confirming the enhanced capacitive energy storage performance of 

CHLPVAKOHMAI electrolyte in the absence of distinct separator. Hence, it is shown that 

both CHLPVAKOH and CHLPVAKOHMAI electrolytes could perform the dual roles of 

electrolyte material and separator, simultaneously. Figure 4.5 recorded a maximum areal 

capacitance of 22 F/cm2 at 50 mV/s scan rate for PES03 device and retaining 99% of this 

capacitance at a higher scan rate of 500 mV/s. PES04 device (Figure 4.5d) on the other 

hand achieved an areal capacitance value of 9.2 F/cm2
 at the scan rate of 50 mV/s and 

could only retain 47% of this capacitance at 500 mV/s scan rate. 
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Figure 4.6: a) EIS Nyquist plots of device PES01. b) EIS Nyquist plots of device PES02 

[inset: equivalent circuit diagram used in fitting the Nyquist curves]. c) EIS Nyquist plots 

of device PES03. d) EIS Nyquist plots of device PES04. 

 

To further examine the electrochemical performance of the various PES devices, 

electrochemical impedance spectroscopy (EIS) was performed at the AC voltage amplitude 

of 10 mV in the frequency range from 100 kHz to 0.1 Hz. The Nyquist plots of the PES 

devices are shown in Figure 4.6. At high frequency region of the imaginary and real 

impedance axes of the Nyquist plots, all devices exhibit no semicircle indicative of the very 

small charge transfer resistance supplied by PES devices utilizing the as-synthesized quasi-

solid-state electrolytes [4,63]. All the PES devices also show straight lines Nyquist plots at 

low frequency, thereby manifesting ideal electric-double-layer capacitor (EDLC) 
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properties [4,53,64]. The straight lines exhibited at both the low and high frequency regions 

of the Nyquist plots of the PES devices confirmed the absence of faradaic reaction between 

the electrolyte/electrode interface. Hence, no pseudo-capacitance behavior was observed 

in the PES devices rather they exhibited ideal EDLC properties. PES01, PES03 and PES04 

devices Nyquist plots straight lines are nearly parallel to the imaginary impedance axis at 

the low frequency region establishing the ideal capacitive charging-discharging 

mechanism of the perovskite electrodes [4]. Meanwhile, PES02 device shows a Nyquist 

plot straight line that is completely parallel to the imaginary impedance axis at both low 

and high frequency regions. The equivalent circuit diagram used in the fitting the Nyquist 

plots is shown as an inset in Figure 4.6(b). The equivalent series resistance (ESR), which 

is ascribed to the ionic conductivity between the electrolyte and the perovskite electrodes, 

is obtained from the real impedance axis intercept of the Nyquist plot  [4,5,30,65]. The 

ESR values of approximately 18 , 0.02 , 55  and 504  were obtained for PES01, 

PES02, PES03 and PES04 devices, respectively. The lower ESR values got for all the PES 

devices result from the large electrolyte-penetrable active surface area provided by the 

MAPbI3 perovskite electrodes [5]. PES02 device particularly recorded a very low ESR 

value of 0.02  owing to the enhanced ionic mobility provided by MA+ and I- in the 

CHLPVAKOHMAI electrolyte [5,14]. On the other hand, PES04 device despite utilizing 

same electrolyte (CHLPVAKOHMAI) as PES02, has a relatively high ESR value as 

compared with other devices. The ESR value for PES04 device as posited earlier is as a 

result of the difficulty in the MA+ and I- ions migration within the filter paper separator 

[61]. In the same vein, it is noticed that PES01 device (without separator) recorded a lower 
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ESR as against that recorded by PES03 device (with separator) owing to ease of ions 

migration in the absence of separator. 

 

 

Figure 4.7: a) Impedance phase angle versus frequency for device. b) Impedance phase 

angle versus frequency for device PES02. c) Impedance phase angle versus frequency for 

device PES03. d) Impedance phase angle versus frequency for device PES04. 

 

The frequency dependence of the phase angle of the PES devices is shown in Figure 4.7 to 

get additional information about the capacitive energy storage performance of the PES 

devices. For an excellent capacitive performance, the phase angle of the PES devices is 

expected to be closer to 90o [4,29,30,66].  While PES01 device phase angle in closer to 90o 
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at the low frequency region (Figure 4.7a), PES02 device phase angle reaches 90o (Figure 

4.7b). PES01 device attained a phase angle of ~ 85o at approximately 16 Hz. The phase 

angle of 90o recorded by PES02 device is consistent with the vertical line shown by its 

Nyquist plot, thus manifesting ideal capacitive performance. However, phase angles of 

PES03 (Figure 4.7c) and PES04 (Figure 4.7d) devices show deviation from 90o with 

maximum recorded phase angles of 79o and 62o, respectively. The deviation is again 

ascribed to presence of the filter paper separator in the PES03 and PES04 devices.  

 

 

Figure 4.8: a) Evolution of real and imaginary capacitances with frequency for device 

PES01. b) Evolution of real and imaginary capacitances with frequency for device PES02. 

c) Evolution of real and imaginary capacitances with frequency for device PES03. d) 

Evolution of real and imaginary capacitances with frequency for device PES04. 



46 

 

Figure 4.8 shows the plot of the real (red) and imaginary (blue) capacitances of the PES 

devices obtained from the EIS measurement as a function of frequency. The real 

capacitance C′ of PES01 device increases from 0.17 F at 10 kHz to 7.1 F at 0.10 Hz 

(Figure 4.8a), while PES02 device C′ increases from 28 F at 10 kHz to 1964 F at 0.10 

Hz (Figure 4.8b). Similarly, PES03 device C′ increases from 0.039 F at 10 kHz to 7.1 F 

at 0.10 Hz (Figure 4.8c) with PES04 device showing increment in C′ from 0.010 F to 2.4 

F as the frequency decreases from 10 kHz to 0.10 Hz (Figure 4.8d). It is observed that the 

C′ increased as the frequency decreased and became less frequency dependent for PES02 

device. The non-frequency dependent behavior exhibited by the PES02 device is attributed 

to the MAPbI3 electrode structure and interface between the perovskite electrode and the 

CHLPVAKOHMAI electrolyte [29,67,68]. The relaxation time constant (o), which 

corresponds to the inverse of the characteristic frequency (fo) at which the imaginary 

capacitance C″ manifests a peak, is the minimum time required to discharge all the energy 

in the PES devices with an efficiency of greater than 50% [4,29,69–71]. The relaxation 

time constants (o = 1/ fo) recorded for PES01, PES02, PES03 and PES04 devices are 501 

s, 251 s, 1.0 ms and 1.3 ms, respectively. 
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Figure 4.9: a) Ragone plot showing power density vs energy density of PES01, PES02, 

PES03 and PES04 devices b) Normalized capacitance versus cycle number of 1000 PES01 
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device. c) Normalized capacitance versus cycle number of 1000 PES02 device. d) 

Normalized capacitance versus cycle number of 1000 PES03 device. e) Normalized 

capacitance versus cycle number of 1000 PES04 device. 

 

To illustrate the overall performance of the PES devices, the Ragone plot is shown in Figure 

4.9(a). The maximum energy density of 0.78 nWh/cm2 and power density of 5.3 mW/cm2 

were estimated for PES01 device, while PES02 device recorded the highest energy density 

and power density of 1.7 nWh/cm2 and 5045 mW/cm2, respectively. PES03 device 

recorded the maximum energy density of 4.3 nWh/cm2 and power density of 1.8 mW/cm2, 

whereas PES04 device possessed the peak energy density of 1.8 nWh/cm2 and power 

density of 0.20 mW/cm2. It is noted that the very small ESR value recorded by PES02 

device is responsible for the very high power density attained by it [7]. Meanwhile, PES03 

device showed the highest energy density value as compared to other devices due to the 

high capacitance value it achieved. The charge-discharge cycle stability of the PES devices 

was investigated by CV at a scan rate of 100 mV/s.  Figure 4.9 (b-e) shows the normalized 

capacitances of the PES devices against cycle number. PES01 device (Figure 4.9b) retained 

93% of its initial capacitance value after 1000 charge-discharge cycles. PES02 device 

(Figure 4.9c) has a 94% capacitance retention value after 1000 cycles.  Devices PES03 and 

PES04 (Figure 4.9 d-e) were found to retain 73% and 83% of their initial capacitances after 

1000 cycles, respectively. 
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4.4 Fabrication and morphological characterization of two-Step processed perovskite 

active electrodes 

The electrochemical supercapacitor performance of two-step solution processed perovskite 

active electrodes utilizing the as-prepared quasi-solid-state electrolytes were equally 

studied. A 50 l precursor of as-prepared PbI2 in DMF was spin-coated on an exposed area 

of precleaned fluorine-doped tin oxide (FTO) glass at 3000 rpm for 45 s at a ramp rate of 

500 rpm. The as spin-coated PbI3 perovskite precursor were heated at 110 oC for 25 min 

and subsequently allowed to cool to room temperature afterward. To complete the 

perovskite active electrode, 50 l MAI in 2-propanol were spin-coated at 3000 rpm for 45 

s at a ramp rate of 500 rpm on the as-prepared PbI3 film. The yellowish PbI3 film 

immediately turned brownish on reacting with the MAI precursor solution [72–76]. The 

electrode was transferred to an hot plate and heated at 110 oC for 25 min.   The two-step 

solution processed technique was used to fabricate eight perovskite active electrodes. The 

perovskite active electrodes were then used to fabricate another four different symmetric 

perovskite electrochemical supercapacitors codenamed PES05, PES06, PES07 and PES08. 

PES05, PES06, PES07 and PES08 devices mirror those of PES01, PES02, PES03 and 

PES04 devices, respectively, with the only difference being the method employed to 

fabricate their perovskite active electrodes. The morphology (Figure 4.10 a-b) shows well 

distributed but tightly packed MAPbI3 structure as compared with the morphology of the 

one-step solution processed MAPbI3  perovskite active electrodes (Figure 4.3 b-c) [72–

74,76–81].  
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Figure 4.10: a) Magnified SEM image of two-step solution processed fabricated 

perovskite active electrode. b) SEM image of two-step solution processed fabricated 

perovskite active. c) Cyclic voltammetry (CV) curves at the different scan rate of PES05. 

d) CV curves at the different scan rate of PES06. e) CV curves at the different scan rate of 

PES07. f) CV curves at the different scan rate of PES08. 
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4.5 Electrochemical characterizations two-step processed perovskite electrochemical 

supercapacitors 

To investigate the electrochemical energy storage performance of the two-step solution 

processed fabricated PES devices, electrochemical measurements were carried out. CV 

was conducted at different scan rates ranging from 50 mV/s to 500 mV/s at a potential 

voltage running between 0 V to 0.6 V. PES05 and PES06 devices showed almost perfect 

rectangular CV behavior across the different scan rates with a linear increase in current as 

a function of scan rate as shown in Figure 4.10 (c-d). PES07 device showed a less 

rectangular CV behavior at very high scan rate of 500 mV/s (Figure 4.10e). PES08 device 

on the contrary manifested poor rectangular CV properties at all the chosen scan rates 

(Figure 4.10f). 

 

The device PES05 reached a maximum current of 1.3 A at a scan rate of 500 mV/s, while 

the device PES06 attained a peak current of 1.3 A at the same scan rate, which is equal 

that recorded by PES05. The equal highest currents attained by both PES05 and PES06 is 

a departure from that of their mirror PES01 and PES02 devices, respectively. The PES06 

device, recording a similar maximum current of 1.3 A as compared to PES05, can be 

ascribed to the poor ionic transport properties of the MAI of the CHLPVAKOHMAI 

electrolyte within two-step solution processed perovskite electrode/electrolyte interface. 

The dense morphology of the two-step solution processed perovskite electrodes does not 

allow for fast ion migration within the perovskite electrode/electrolyte interface. The 

presence of filter paper separator within the PES07 and PES08 devices further worsen the 
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performance of the current responses as function of the scan rates, with PES07 and PES08 

reaching a maximum current density of 0.70 A and 0.12 A both at scan rate of 50 mV/s, 

respectively.  

 

 

Figure 4.11: a) Areal capacitance as a function of scan rate obtained from CV 

measurement for device PES05. b) Areal capacitance as a function of scan rate obtained 

from CV measurement for device PES06 c) Areal capacitance as a function of scan rate 

obtained from CV measurement for device PES07. d) Areal capacitance as a function of 

scan rate obtained from CV measurement for device PES08. 
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Figure 4.11 shows the areal capacitance found at different scan rates for the two-step 

solution processed PES devices. The areal capacitance as a function of scan rate of PES05 

device (Figure 4.11a) demonstrates an areal capacitance value of 8.1 F/cm2 at scan rate 

of 50 mV/s and 101% of this capacitance was retained at 500 mV/s scan rate. The PES06 

device (Figure 4.11b) achieved an areal capacitance of 7.3 F/cm2
 at the scan rate of 50 

mV/s and the capacitance retention of 101% at 500 mV/s scan rate was recorded. The areal 

capacitance values of PES06 device are lower compared to those of PES05 device at 

similar scan rates. Further establishing the poor performance of CHLPVAKOHMAI 

electrolyte in two-step solution processed PES device owing to the inadequate penetration 

of the electrolyte into the perovskite electrodes. Figure 4.11c recorded a highest areal 

capacitance of 6.2 F/cm2 at 50 mV/s scan rate for device PES07 and retained 60% of this 

capacitance at a higher scan rate of 500 mV/s. Meanwhile, PES08 device (Figure 4.11d) 

retained only 27% at scan rate of 500 mV/s of the initial areal capacitance value of 

2.0 F/cm2
 at the scan rate of 50 mV/s. 
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Figure 4.12: a) EIS Nyquist plots of device PES05. b) EIS Nyquist plots of device PES06. 

c) EIS Nyquist plots of device PES07. d) EIS Nyquist plots of device PES08. 

 

The Nyquist plots of the PES devices obtained from the EIS measurements carried out at 

the AC amplitude voltage of 10 mV in the frequency range of 100 kHz to 0.1 Hz are shown 

in Figure 4.12. The devices show straight lines Nyquist plots at both high and low 

frequency regions of the imaginary and real impedance axes of the Nyquist plots. The 

straight lines Nyquist plots exhibited by PES05, PES06, PES07 and PES08 devices 

confirmed the ideal capacitive charging-discharging mechanism of the two-step solution 

processed perovskite electrodes [4]. Similar equivalent circuit diagram shown in the inset 

of Figure 4.6(b) was used to fit the Nyquist plots. The ESR values of approximately 19 , 

25 , 384  and 954  were obtained for devices PES05, PES06, PES07 and PES08, 
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respectively. The ESR values obtained for the two-step solution processed PES devices are 

higher than those got for their respective one-step solution processed mirrored PES devices.  

These result from the small electrolyte-accessible active surface area provided by the two-

step solution processed MAPbI3 perovskite electrodes. PES08 device particularly recorded 

a high ESR value of 954  owing to the diminished ionic mobility of the MA+ and I- in the 

CHLPVAKOHMAI electrolyte within the densely packed MAPbI3 perovskite electrodes 

and further worsen by the presence of the filter paper separator.  

 

 

Figure 4.13: a) Impedance phase angle versus frequency for device. b) Impedance phase 

angle versus frequency for device PES06. c) Impedance phase angle versus frequency for 

device PES07. d) Impedance phase angle versus frequency for device PES08. 
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The frequency dependence of the phase angle of the two-step solution processed PES 

devices is shown in Figure 4.13.  While PES05 and PES06 devices exhibit phase angles 

that are closer to 90o at the low frequency region, PES07 and PES08 devices phase angle 

deviate farther from 90o reaching maximum phase angles of 70o and 75o, respectively. 

These deviations are equally ascribed to presence of the filter paper separator. The 

capacitances of the PES05, PES06, PES07 and PES08 devices as function of frequencies 

are demonstrated in Figure 4.14.  The wine color plot represents the real capacitances, 

while the olive color plot depicts the imaginary capacitances of the PES devices. The real 

capacitance C′ of PES05 device increases from 0.17 F at 10 kHz to 602 F at 0.1 Hz, 

while PES06 device C′ increases from 0.21 F at 10 kHz to 4.52 F at 0.1 Hz. Likewise, 

PES07 device C′ increases from 5.9 ×10-5 F at 10 kHz to 5.5 F at 0.1 Hz with PES08 

device showing increment in C′ from 1.3×10-5 F to 1.84 F as the frequency decreases 

from 10 kHz to 0.1 Hz.  
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Figure 4.14: a) Evolution of real and imaginary capacitances with frequency for device 

PES05. b) Evolution of real and imaginary capacitances with frequency for device PES06. 

c) Evolution of real and imaginary capacitances with frequency for device PES07. d) 

Evolution of real and imaginary capacitances with frequency for device PES08. 

 

The real capacitance C′ increased as the frequency decreased. The relaxation time constants 

(o) obtained from the corresponding frequency of imaginary capacitance peak are 501 s, 

318 s, 4.0 ms and 5.0 ms for PES05, PES06, PES07 and PES08, respectively. 
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Figure 4.15: a) Ragone plot showing power density vs energy density of PES05, PES06, 

PES07 and PES08 devices b) Normalized capacitance versus cycle number of 1000 PES06 

device. c) Normalized capacitance versus cycle number of 1000 PES07 device. d) 

Normalized capacitance versus cycle number of 1000 PES07 device. e) Normalized 

capacitance versus cycle number of 1000 PES08 device. 

 

The Ragone plot of the two-step solution processed PES devices is shown in Figure 4.15a. 

The maximum energy density of 1.7 nWh/cm2 and power density of 5.2 mW/cm2 were 

estimated for PES05 device, while PES06 device recorded the highest energy density and 

power density of 1.5 nWh/cm2 and 4.0 mW/cm2, respectively. PES07 device recorded the 

maximum energy density of 1.2 nWh/cm2 and power density of 0.26 mW/cm2, whereas 

PES08 device possessed the peak energy density of 0.37 nWh/cm2 and power density of 

0.11 mW/cm2. The normalized capacitances of the two-step solution processed PES 

devices against cycle number is shown in Figure 4.15 (b-e) to examine the charge-

discharge cycle stability. PES05 device (Figure 4.15b) retained 96% of its initial 

capacitance value after 1000 charge-discharge cycles. PES06 device (Figure 4.15c) has a 

98% capacitance retention value after 1000 cycles.  Devices PES07 and PES08 (Figure 

4.15 d-e) were however found to retain 73% and 62% of their initial capacitances after 

1000 cycles, respectively. 
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CHAPTER 5 

Bismuth-based organometallic-halide perovskite photo-

supercapacitor utilizing novel polymer gel electrolyte for 

hybrid energy harvesting and storage applications 

5.1 Synthesis, fabrication and characterizations 

Figure 5.1(a) shows the schematic of the electrolyte preparation. PVA was added to 

chlorobenzene, stirred vigorously under heating at 90 oC until a clear solution was obtained. 

Hydrogen phosphoric acid was added to the solution, further stirred and heated at 90 oC. A 

brownish gel was formed and codenamed CPH-G gel electrolyte. FTIR spectroscopy in 

ATR mode was used to study the interactions among the constituent precursors of the CPH-

G gel electrolyte, Figure 5.1(b). The FTIR spectra peaks assignment was done employing 

John Coates infrared spectra interpretation [54]. For pristine chlorobenzene, the frequency 

at 736 cm-1 is assigned to strong C-Cl stretching mode, the frequency at 1476 cm-1 is alkane 

C-H bending mode while that at 1583 cm-1 is aromatic C-H bending mode. The frequency 

at 3327 cm-1 is assigned to strong broad hydroxyl group H-bonded OH stretching mode, 

for pure PVA. At 1382 cm-1, the frequency is associated with tertiary OH alcohol, while 

the frequency at 1238 cm-1 is assigned to OH in-plane bending mode. Also, the frequency 

at 1097 cm-1 is assigned to secondary alcohol C-O stretching mode.  The frequencies at 

1118 cm-1 and 2756 cm-1 are assigned to P-O stretching and P-H bending modes, 

respectively, for the pure H3PO4
. In the CPH-G spectra, the frequencies at 457 cm-1, 943 

cm-1, 1118 cm-1, and 1631 cm-1 of the H3PO4 are shifted to 468 cm-1, 987 cm-1, 1128 cm-1 
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and 1691 cm-1, respectively. The chlorobenzene strong peaks at 467 cm-1, 736 cm-1 and 

1583 cm-1 are absent in the CPH-G spectra. Meanwhile, the chlorobenzene strong peaks at 

736 cm-1 and 681 cm-1 appear as weak peaks in the CPH-G spectra at 741 cm-1 and 687 

cm-1, respectively. PVA peaks at 846 cm-1 and 1725 cm-1 are shifted to 827 cm-1 and 1708 

cm-1 in the CPH-G spectra, respectively. The frequency at 2923 cm-1 belonging to PVA 

appears as a weak peak in the CPH-G spectra, while the PVA peak at 1260 cm-1 is absent 

in the CPH-G spectra. The modification in the peaks of the constituent materials in the 

CPH-G spectra confirmed the complexation of the CPH-G gel electrolyte precursor 

materials.  
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Figure 5.1: a) Schematic for the synthesis of polymer CPH-G gel electrolyte. b) FTIR 

spectra of CPH-G gel electrolyte and its pure constituent materials. c) LSV curve of the 

CPH-G gel electrolyte. d) Nyquist plot of the CPH-G gel electrolyte. 

 

Linear sweep voltammetry (LSV) was performed on the CPH-G gel electrolyte to examine 

its electrochemical stability at sweep rate of 0.1 V s-1. The CPH-G gel electrolyte exhibits 

steady voltage windows between -1.0 V and 2.5 V (Figure 5.1c). The Nyquist plot obtained 

from the electrochemical impedance spectroscopy (EIS) measurement of the CPH-G gel 

electrolyte is shown in Figure 5.1(d). The ionic conductivity of the CPH-G gel electrolyte 

was estimated from the Nyquist plots by the mathematical relation equation  
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 = (d/(Rb * A)),                                                             (5.1) 

where σ is the ionic conductivity, d is the electrolyte thickness, A is the electrolyte contact 

area and Rb is the resistance of the bulk electrolyte. The ionic conductivity of 8.6 × 10-3 S 

cm-1 was estimated for the CPH-G gel electrolyte.  
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Figure 5.2: a) Schematic for fabrication of MBI:CPH-G photo-supercapacitor. b) SEM 

image of the MBI photo-capacitive electrode film. c) Magnified SEM image of the MBI 

photo-capacitive electrode film. 

 

The fabrication procedure for the MBI photo-capacitive electrodes and the coupling 

process of the MBI:CPH-G photo-supercapacitor is shown Figure 5.2(a). The MBI photo-

capacitive electrode film morphology was studied by the aid of SEM. Bar-like rods and 
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hexagonal micro-sheets are the morphological shapes present in the MBI photo-capacitive 

electrode film. The bar-like rods and hexagonal micro-sheets are uniformly mixed and are 

well dispersed on the FTO glass substrate as can be seen in Figure 5.2(b). The bar-like 

rods and hexagonal micro-sheets provide large surface areas for electrolyte-electrode 

interaction that yields high capacitance value. The presence of nanopores are observed on 

both the bar-like rods and hexagonal micro-sheets (Figure 5.2c). The nanopores are 

beneficial to the capacitive energy storage potential of the MBI photo-capacitive 

electrodes, in that, the nanopores provide extra sites for electrolyte penetration within the 

MBI photo-capacitive electrodes. The electrolyte-electrode interaction within the 

nanopores would lead to enhanced energy storage performance of the MBI photo-

capacitive electrodes. 

5.2 Electrochemical energy storage performance under dark operating 

condition 

Electrochemical storage performance of the MBI:CPH-G photo-supercapacitor was 

investigated under dark condition utilizing cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) measurements. The CV measurement was conducted at 

varying scan rates ranging from 0.01 V/s, 0.02 V/s, 0.05 V/s, 0.1 V/s, 0.2 V/s to 0.5 V/s at 

potential running between 0 V and 1.0 V, as shown in Figure 5.3(a). The shape of the 

obtained CV curves of the MBI:CPH-G photo-supercapacitor deviated from usual 

rectangular form of electric double layer capacitor (EDLC). The partial-rectangularity of 

the MBI:CPH-G photo-supercapacitor CV curves could be ascribed to the presence of 

hybrid diffusion and capacitive energy storage mechanism [82,83]. The electrochemical 

energy storage mechanism of the MBI:CPH-G photo-supercapacitor under dark is 
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demonstrated in Figure 5.3(b). The increment in the current as a function of increased scan 

rate without apparent degeneration in the shape of the CV curves illustrates dominant 

capacitive charge storage behavior as well as superb stability and rate-capability of the 

MBI:CPH-G photo-supercapacitor [84]. The MBI:CPH-G photo-supercapacitor attained a 

peak current of 10.27 A at a scan rate of 0.5 V/s. 

The areal capacitance and the specific capacitance were evaluated according to equation 

(2). Figure 5.3(c) shows the variation of areal capacitance as a function of scan rate. It 

demonstrates that at low scan rate, the MBI photo-capacitive electrode offers substantial 

and higher electrochemical charge storage performance. However, as the scan rate 

increases, the electrochemical energy storage performance decreases. At low scan rate, the 

CPH-G electrolyte is able to both diffuse into the MBI photo-capacitive electrode and 

interact with it surface, sufficiently. The unrestricted time available for the 

electrolyte/electrode interaction, which gives rise to more ions accommodation into the 

electrodes. Hence, leading to the higher capacitance obtained at the low scan rate. 

Conversely, the ions are unable to penetrate into the electrode at higher scan rate due to the 

insufficient time available for the electrolyte/electrode interaction. This results in the low 

capacitance value recorded at higher scan rate. The highest areal capacitance of 0.28 

mF/cm2 and highest specific capacitance of 0.35 F/g (Figure 5.5a) were achieved at scan 

rate of 0.01 V/s. The MBI:CPH-G photo-supercapacitor retains 73.1% of its initial 

capacitance at scan rate of 0.5 V/s. 

The Nyquist plot obtained from the EIS measurement of the MBI:CPH-G photo-

supercapacitor is shown in Figure 5.3(d). The real and imaginary impedance axes of the 

Nyquist plot exhibit no semicircle at high frequency. This is indicative of the minimal 
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charge transfer resistance offered by MBI:CPH-G photo-supercapacitor at the 

electrolyte/electrode interface [4,63]. At low frequency region, the Nyquist plot has a 

straight line behavior, which further suggests dominance of capacitive charge storage 

mechanism within the MBI:CPH-G photo-supercapacitor. The equivalent series resistance 

(ESR), which is attributed to the combined ionic resistance of the CPH-G gel electrolyte, 

the intrinsic resistance of the MBI photo-capacitive electrode and the interfacial resistance 

between the electrode and FTO glass current collector, is obtained at the intercept of the 

real impedance axis of the Nyquist plot [4,53,64]. The MBI:CPH-G photo-supercapacitor 

has an ESR value of 55  . The relatively low ESR value is associated with large active 

surface area of the MBI photo-capacitive electrode available to the electrolyte [5]. The 

inset in Figure 5.3(d) shows the equivalent circuit diagram utilized in the Nyquist plot 

fitting. 

To get further insight on the electrochemical energy storage mechanism of the MBI:CPH-

G photo-supercapacitor, the frequency dependence of the phase angle is studied and it is 

represented with the Bode plot shown in Figure 5.5b. A phase angle reaching 90 o typifies 

capacitive mechanism, while, a phase angle at 45 o is typical of diffusion mechanism [85]. 

When the phase angle falls between 45 o and 90 o, this indicates that both capacitive and 

diffusion mechanism are utilized in the charge storage characteristics of the device. In 

Figure 5.5b, the phase angle of 78 o was recorded, indicating that MBI:CPH-G photo-

supercapacitor stores energy using both capacitive and diffusion mechanism. However, the 

dominance of capacitive energy storage mechanism is noted, since the phase angle is near 

to 90 o. The characteristic response time (), which corresponds to the reciprocal of the 

characteristic frequency (fo) at a phase angle of 45 o is estimated as 3.16 ms using equation 



68 

 

(6). The short relaxation time constant reveals the rate-capability property of the 

MBI:CPH-G photo-supercapacitor [45,86]. 

 = 1/fo        (5.2) 

 

 

Figure 5.3: a) CV curves of MBI:CPH-G photo-supercapacitor at the different scan rate, 

under dark. b) Electrochemical energy storage mechanism of MBI:CPH-G photo-

supercapacitor, under dark. c) Areal capacitance as a function of scan rate for MBI:CPH-

G photo-supercapacitor, under dark. d) Nyquist plot of MBI:CPH-G photo-supercapacitor, 

under dark. Inset – equivalent circuit diagram. 
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The CV current can be decoupled into the capacitive and diffusion current components. 

The Power’s law, which gives the dependence of the CV current with the scan rate, can 

qualitatively determine the prominence of the capacitive and diffusion current in a CV 

curve. The Power’s law is as given in equation (7a) and its logarithm equivalence is 

expressed in equation (7b) [83–92]. 

  i = avb       (5.3a) 

   log i = b(log v) + log a      (5.3b) 

where, i is the current at specific potential,  is the scan rate, a and b are parametric 

variables. The b-value can be obtained from the slope of the plot of log i vs. log  and its 

known to have two general conditions. The b-value of 0.5 is indicative of diffusion-

controlled mechanism, while the b-value of 1.0 is of capacitive controlled charge storage 

process [92,93]. Meanwhile, a b-value between these values confirms a hybrid charge 

storage mechanism, comprising both the diffusion and capacitive charge storage process. 

Figure 5.4(a) is the plot of log i vs. log  at potentials of 0.2 V, 0.4 V, 0.6 V and 0.8 V. 

The obtained b-values are between 0.5 and 1.0 as shown in Figure 5.4(b), suggestive of 

the hybrid charge storage mechanism of the MBI:CPH-G photo-supercapacitor. At a 

potential of 0.6, the b-value of 0.84 indicates higher capacitive mechanism, while at a 

potential of 0.8, the charge storage process tends toward diffusion-controlled mechanism. 
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The diffusion and capacitive currents of the CV curve can be quantitatively dissociated 

using the Dunn’s equation. The Dunn’s equation given in equation (8a) relates the total 

current at a specific potential to the scan rate [94,95]. 

 iD (V) = c1 (v) + c2 (v
1/2)        (5.4a) 

where, c1 (v) and c2 (v1/2) represent the capacitive-controlled current and diffusion-

controlled current, respectively. The c1 and c2 are obtained from the plot of equation (8b), 

which is a rearrangement of the Dunn’s equation and they represent the slope and 

intersection of the plot, respectively. The plot of equation (8b) at potential of 0.6 V is 

displayed in Figure 5.5c, the value of the slope c1 is ~ -7.01 x 10-6 and the intercept c2 is 

derived as ~ -4.48 x 10-7. 

iD (V)/(v1/2) = c1 (v
1/2) + c2        (5.4b) 

The capacitive current contribution of 83% was recorded for the MBI:CPH-G photo-

supercapacitor at a scan rate of 0.1 V/s and it is represented by the shaded area of Figure 

5.4(c). The unshaded area, however, represents the 17% diffusion current contribution to 

the CV curve. The dominance of the capacitive charge storage mechanism observed, is 

substantiated by the b-value obtained at 0.6 V. 
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Figure 5.4: a) Logarithmic plots of the Power’s law at specific potential for MBI:CPH-G 

photo-supercapacitor, under dark. b) b-value versus potential for MBI:CPH-G photo-

supercapacitor, under dark. c) Capacitive-controlled contribution to MBI:CPH-G photo-

supercapacitor, at scan rate of 0.1 V/s, under dark. d) Capacitive and diffusion-controlled 

contribution ratios to MBI:CPH-G photo-supercapacitor, at different scan rate, under dark. 

 

Figure 5.4(d) shows the capacitive-controlled and diffusion-controlled contribution ratios 

of the total CV current with scan rate. It reveals that at all scan rates, the capacitive current 

dominates. The capacitive current contribution is found to increase with increasing scan 
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rate, while diffusion current decreases with scan rate increment. The decrease in diffusion 

current with increasing scan rate underscores the limited time available to the CPH-G gel 

electrolyte ions to diffuse into the MBI photo-capacitive electrodes [96]. Hence, the fast 

adsorption of the CPH-G gel electrolyte ions at higher scan rate is responsible for the 

increased capacitive current contribution [86,96]. 

 

Figure 5.5: a) Specific capacitance as a function of scan rate for MBI:CPH-G photo-

supercapacitor, under dark. b) Bode plot of MBI:CPH-G photo-supercapacitor, under dark. 

c)  Plot of  i/v1/2 against v1/2 at 0.6 V. 
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5.3 Electrochemical energy storage performance under light operating 

condition 

The absorbance spectrum of the MBI photo-capacitive electrode is demonstrated in Figure 

5.6(a). The electrode manifests peak absorption coefficient at 328 nm within the ultra-

violet (UV) region. The MBI photo-capacitive electrode demonstrates broad absorbance 

spectra over the visible light region. It absorbs light across the UV, visible and near-

infrared regions. Owing to the excellent light harvesting characteristics of the MBI photo-

capacitive electrode, the electrochemical energy storage performance of the MBI:CPH-G 

photo-supercapacitor was investigated, under light using 100 mW/cm2 Xenon lamp 

Newport-66902 solar simulator as the light source.  
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Figure 5.6: a) UV-Vis absorption spectra of MBI photo-capacitive electrode. b) CV curves 

of MBI:CPH-G photo-supercapacitor at the different scan rate, under light. c) 

Electrochemical energy storage mechanism of MBI:CPH-G photo-supercapacitor, under 

light. d) Areal capacitance as a function of scan rate for MBI:CPH-G photo-supercapacitor, 

under light.  

 

The CV measurement under light was similarly conducted at scan rates ranging from 0.01 

V/s to 0.5 V/s, at potential window of 0 V and 1.0 V, as illustrated in Figure 5.6(b). The 

obtained CV curves of the MBI:CPH-G photo-supercapacitor under light operating 

condition are of non-rectangular shapes and are dissimilar to those obtained under dark 
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working condition (Figure 5.3a). The non-rectangularity of the MBI:CPH-G photo-

supercapacitor CV curves is attributed to the light-induced electron-hole pairs generated 

from the MBI photo-capacitive electrode [97]. The light-induced electron-hole pairs 

production could be confirmed from the more than fourfold currents increment in the 

obtained CV curves under light operating condition as compared to the current values under 

dark working condition. The light-induced electrochemical charge storage mechanism of 

the MBI:CPH-G photo-supercapacitor is demonstrated in Figure 5.6(c). The CV current is 

observed to increase with increasing scan rate, while the CV curves maintained comparable 

shapes, suggesting that the enhanced CV current is not due to diffusion-controlled process, 

but rather, it is from the photocurrent produced by the MBI photo-capacitive electrodes. 

The maximum CV current of 46 A was reached by the MBI:CPH-G photo-supercapacitor 

at a scan rate of 0.5 V/s, under light operating condition. 

Figure 5.6(d) displays the scan rate dependence of the areal capacitance under light, while 

the mass specific capacitance as a function of scan rate is as given in Figure 5.7a. At low 

scan rate, the MBI:CPH-G photo-supercapacitor provides excellent light-enhanced areal 

capacitance. However, the light-enhanced capacitance decreases as the scan rate increases. 

The superb light-induced electrochemical charge storage performance recorded at low scan 

rate is ascribed to the availability of abundant electron-hole pairs contributing to the 

photocurrent produced by the MBI photo-capacitive electrodes. On the other hand, as the 

scan rate increases, there is tendency of onset of recombination of the electron-hole pairs, 

resulting in lower photocurrent. Thus, leading to reduced light-induced electrochemical 

charge storage performance at higher scan rate. A maximum light-enhanced areal 

capacitance of ~ 3.96 mF/cm2 and peak light-enhanced specific capacitance of ~ 4.96 F/g 
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were accomplished at scan rate of 0.01 V/s. An impressive 95% of the initial light-

enhanced capacitance of the MBI:CPH-G photo-supercapacitor is retained at highest scan 

rate of 0.5 V/s. 

EIS measurement was equally conducted under light operating condition for the MBI:CPH-

G photo-supercapacitor and the obtained Nyquist plot is shown in Figure 5.7b. The non-

linear characteristics and the absence of semi-circle at high frequency in the real and 

imaginary impedance axes, show that the behavior of the MBI:CPH-G photo-

supercapacitor under light working condition is neither capacitive nor diffusion-controlled 

dominated.  Meanwhile, the straight-line feature of the Nyquist plot at low frequency 

region, is suggestive of the prominence of capacitive-controlled contribution as compared 

to the diffusion-controlled mechanism.  The ESR value of 43  is derived for the 

MBI:CPH-G photo-supercapacitor under light operating condition. The lower ESR value 

obtained as compared to that recorded under dark working condition is attributable to the 

reduced intrinsic MBI photo-capacitive electrodes’ resistance. The reduced resistance is 

occasioned by the light-induced electron-hole pairs photocurrent offered by the MBI photo-

capacitive electrodes. The same equivalent circuit diagram in Figure 5.3(d) (inset) was 

used for the Nyquist plot fitting. 
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Figure 5.7: a) Specific capacitance as a function of scan rate for MBI:CPH-G photo-

supercapacitor, under light. b) Nyquist plot of MBI:CPH-G photo-supercapacitor, under 

light. c) Bode plot of MBI:CPH-G photo-supercapacitor, under light. 

Figure 5.7(c) presents the Bode plot of the MBI:CPH-G photo-supercapacitor under light 

operation.  The phase angle reaches a value of 48 o, deviating largely from capacitive-

controlled charge storage mechanism. Thus, further confirming that the charge storage 

mechanism of the MBI:CPH-G photo-supercapacitor is dominated by light-induced 

electron-hole pairs generation process. A characteristic response time () under light 

working condition of ~ 3.47 ms was recorded by the MBI:CPH-G photo-supercapacitor. 
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This value as compared to that calculated under dark operating condition, is consistent with 

non-capacitive energy storage mechanism dominance.  

 

Figure 5.8: a) Logarithmic plots of the Power’s law at specific potential for MBI:CPH-G 

photo-supercapacitor, under light. b) b-value versus potential for MBI:CPH-G photo-

supercapacitor, under light. c) light-induced contribution to MBI:CPH-G photo-

supercapacitor, at scan rate of 0.1 V/s, under light. d) Light-induced, capacitive and 

diffusion-controlled contribution ratios to MBI:CPH-G photo-supercapacitor, at different 

scan rate, under light. 
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The Power’s law was qualitatively used to resolve the CV current under light operating 

condition to its light-induced, capacitive and diffusion-controlled constituents. Figure 

5.8(a) portrays the logarithmic plot of the current versus scan rate at potentials of 0.2 V, 

0.4 V, 0.6 V and 0.8 V. The b-values obtained (Figure 5.8b) deviate from the standard 

values of 0.5 and 1.0 across the different potentials. All the b-values under light working 

condition are less than 0.5. This deviation is attributed to the excess excitons (electron-hole 

pairs) ejection from the MBI photo-capacitive electrodes due to the incident light. Hence, 

Dunn’s equation could not hold for the MBI:CPH-G photo-supercapacitor under light 

operating condition. 

In order to quantitatively classify the contributions from the three mechanisms of light-

induced, capacitive and diffusion-controlled, a modified Dunn’s equation given in equation 

(9) is proposed. 

imD (V) = iD (V) +  (v)       (5.5a) 

imD (V) = c1 (v) + c2 (v
1/2) +  (v)     (5.5b) 

 (v) = 
𝑛(𝑒−−ℎ+)

𝑡
       (5.5c) 

where, imD is the enhanced CV current under light, iD is the CV current under dark,  is the 

total effective excitons generated per time under constant light intensity, n is the number 

of excitons generated, e- is electron, h+ is hole, while t is time. The dependency of the 

effective light-induced current on scan rate is noted. While it is expected that the light-

induced excitons (electron-hole pairs) should only depend on the intensity of the incident 

light, the scan rate could cause easy electron-hole recombination within the MBI photo-
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capacitive electrodes. Hence, the additional current in the modified Dunn’s equation is the 

effective light-induced current. 

The light-induced current contribution of ~ 89% was estimated for the MBI:CPH-G photo-

supercapacitor, under light functioning condition, at a scan rate of 0.1 V/s. It is depicted by 

the shaded area of Figure 5.8(c). The combined capacitive and diffusion-controlled current 

contributions are represented by the unshaded area, with a cumulative ~ 11% current 

contributions. Figure 5.8(d) demonstrates the contribution ratios of the light-induced, 

capacitive and diffusion-controlled currents at potential of 0.6 V to the MBI:CPH-G photo-

supercapacitor under light operating condition, with scan rate dependency. It establishes 

the dominance of the light-induced current across the scan rates. The light-induced current 

contribution is observed to decrease with increasing scan rate. At the lowest scan rate of 

0.01 V/s, the light-induced current accounts for ~ 99% contribution of the total CV current. 

While, at the highest scan rate of 0.5 V/s, ~ 78% current contribution is due to the light-

induced current. The very high light-induced current recorded at low scan rate is 

attributable to the fast electron-hole pairs separation, subsequent migration and collection 

by the FTO current collector. At higher scan rate, there is tendency for fast recombination 

rate of the electron-hole pairs generated, thereby leading to reduced light-induced current 

contribution.  
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5.4 Comparison of electrochemical energy storage performance of 

MBI:CPH-G photo-supercapacitor under dark and light operating 

conditions and the stability Performance evaluation 

The electrochemical energy storage performance of the MBI:CPH-G photo-supercapacitor 

is compared under dark and light operating conditions. Figure 5.9(a) shows the CV curves 

at scan rate of 0.05 V/s. with and without light intensity. The two curves have divergent 

shapes, with the curve under dark condition (Blue) having partial-rectangular shape, that 

under light condition (Red) manifests non-rectangularity in its shape. Peak currents of ~ 

3.70 A and ~ 26.60 A are attained by the MBI:CPH-G photo-supercapacitor under dark 

and light working conditions, respectively.  The peak current under light is ~ 7.2 times that 

obtained under dark operating condition. The comparison of the areal capacitances 

(specific capacitances) under dark and light operating conditions is displayed in Figure 

5.9(b) (Figure 5.10a). At scan rate of 0.01 V/s, the areal (specific) capacitance values of ~ 

0.28 mF/cm2 (~ 0.35 F/g) and ~ 4.0 mF/cm2 (~ 5.0 F/g) were attained under dark and light 

functioning conditions, respectively. Also, at scan rate of 0.5 V/s, areal (specific) 

capacitance values under dark and light working conditions are ~ 0.070 mF/cm2 (~ 0.090 

F/g) and ~ 0.19 mF/cm2 (~ 0.23 F/g), respectively. In Figure 5.9(c) (Figure 5.10b), the 

energy density as a function of scan rate is plotted for both under dark and light working 

conditions of the MBI:CPH-G photo-supercapacitor. The maximum energy density of ~ 

0.040 Wh/cm2 (~ 0.05 Wh/kg) and ~ 0.55 Wh/cm2 (~ 0.70 Wh/kg) were achieved for 

under dark and light operating conditions, at the lowest scan rate of 0.01 V/s, respectively. 

An approximately 93% energy density enhancement is recorded at the lowest scan rate, 

while nearly 60% energy density improvement is noted at the highest scan rate of 0.5 V/s. 
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The Ragone plot comparing the performance of the MBI:CPH-G photo-supercapacitor and 

those reported in literatures is shown in Figure 5.9(d) (Figure 5.10c). The photo-

supercapacitor with a maximum power density of ~ 7.3 mW/cm2 (~ 37 kW/kg) outperforms 

those available in the literatures [37–39,98–100]. This is due to the excellent light-

harvesting and charge-storage properties of the MBI:CPH-G photo-supercapacitor.  

 

Figure 5.9: a) Comparison of CV curves of MBI:CPH-G photo-supercapacitor at the 

different scan rate, with and without light. b) Comparison of areal capacitance as a function 

of scan rate for MBI:CPH-G photo-supercapacitor, with and without light. c) Comparison 

of energy density as a function of scan rate for MBI:CPH-G photo-supercapacitor, with 
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and without light. d) Ragone plot comparison of MBI:CPH-G photo-supercapacitor with 

literatures. 

 

Figure 5.10: a) Comparison of specific capacitance as a function of scan rate for 

MBI:CPH-G photo-supercapacitor, with and without light. b) Comparison of specific 

energy as a function of scan rate for MBI:CPH-G photo-supercapacitor, with and without 

light. c) Ragone plot of MBI:CPH-G photo-supercapacitor. 
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The cyclic charge-discharge stability of the MBI:CPH-G photo-supercapacitor was 

investigated at a scan rate of 0.1 V/s. Five thousand (5000) CV cycles were conducted 

between 0 V and 0.6 V. Figure 5.11(a) is the normalized capacitance with cycle number 

of the MBI:CPH-G photo-supercapacitor. The photo-supercapacitor retains 95% of its 

initial capacitance. Figure 5.11(b) shows CV curves at 1st, 2500th and 5000th cycle.  

Rectangular-like CV curves are observed at operating potential of 0 V – 0.6 V, further 

confirming the capacitive energy storage mechanism of the MBI:CPH-G photo-

supercapacitor at 0.6 V. The shape of the CV curve is maintained throughout the cycling 

measurement, with no extensive disparity in the CV currents at all cycle number. The ESR 

value of 56  is derived from the Nyquist plot in Figure 5.11(c), measured after 5000 

cycles. This ESR value is just slightly above that found in Figure 5.3(d), indicative of the 

excellent cyclic stability of the MBI:CPH-G photo-supercapacitor. 
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Figure 5.11: a) Normalized capacitance versus cycle number of 5000, at scan rate of 0.1 

V/s for MBI:CPH-G photo-supercapacitor. b) CV curves of 1st, 2500th and 5000th cycles 

of MBI:CPH-G photo-supercapacitor. c) Nyquist plot of MBI:CPH-G photo-

supercapacitor, after 5000 CV cycles. 
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CHAPTER 6 

Long cycle-life perovskite photo-electrochemical 

supercapacitor utilizing polymer gel electrolyte for integrated 

energy harvesting and storage applications 

6.1 Synthesis, fabrication and characterizations 

Figure 6.1a shows the schematic of the polymer gel electrolyte synthesis. PVA was added 

to acetylacetone, sonicated, then stirred vigorously under heating temperature of 90 oC, to 

obtain clear solution. Phosphoric acid was added to the solution, stirred and heated at 90 

oC, to get the HPAc gel electrolyte. FTIR-ATR spectroscopy was used to investigate the 

interactions among the component precursors of the HPAc gel electrolyte. The spectra are 

shown in Figure 6.1b. The infrared spectra peaks were assigned using John Coates infrared 

spectra interpretation and the work of Tayyari et al. [54,101]. For pure acetylacetone, the 

frequencies at lower than 1000 cm-1 attributed to C-CH3 stretching, O-H and C-H out of 

plane bending. The acetylacetone peak at 630 cm-1 is assigned CH3 ring deformation. The 

frequency at 1001 cm-1 is CH3 rocking mode. Strong C-O stretching mode is noted at 1248 

cm-1 and a medium O-H bending mode is recorded at 1308 cm-1. The peaks at frequencies 

1363 cm-1, 1422 cm-1 and 1616 cm-1 are ascribed to CH3 symmetric deformation, CH3 

deformation and  -unsaturated ketone C=C stretching, respectively. While the peak 

recorded at 1704 cm-1 belongs to C=O stretching mode. 
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Figure 6.1: a) Schematic for the synthesis of polymer HPAc gel electrolyte. b) FTIR 

spectra of HPAc gel electrolyte and its pure constituents. c) LSV curve of the HPAc gel 

electrolyte in the potential window between 0 V and 4 V at a sweep rate of 0.1 V/s. d) 

Nyquist plot of the HPAc gel electrolyte. 

 

Considering the pristine PVA, the peak at 848 cm-1 is assigned to vinyl C-H out of plane 

bend, while the frequency at 1088 cm-1 is assigned to secondary alcohol C-O stretching 

mode. The peaks at frequencies at 1235 cm-1 and 1428 cm-1 are associated with O-H in-

plane bending mode and tertiary O-H alcohol. Strong broad hydroxyl group O-H stretching 
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mode is noted at 3329 cm-1. The H3PO4 peak at 1121 cm-1 is attributed to P-O stretching 

mode and that at 2777 cm-1 is assigned to P-H bending mode. In the HPAc spectra, the 

acetylacetone strong peaks at 510 cm-1, 777 cm-1, 1616 cm-1 and 1704 cm-1 are absent in 

the HPAc spectra. Meanwhile, the acetylacetone peaks at 630 cm-1, 1001 cm-1, 1248 cm-1, 

1363 cm-1 and 1422 cm-1 appear in the HPAc spectra at 609 cm-1, 997 cm-1, 1254 cm-1, 

1378 cm-1, and 1438 cm-1, respectively. The frequencies at 457 cm-1, 946 cm-1, 1121 cm-1, 

and 1627 cm-1 belonging to the H3PO4 are displaced to 485 cm-1, 875 cm-1, 1134 cm-1 and 

1625 cm-1, respectively. PVA peaks at 848 cm-1, 1732 cm-1, 2932 cm-1 and 3329 cm-1 are 

shifted to 890 cm-1, 1703 cm-1, 2923 cm-1 and 3400 cm-1 in the HPAc spectra, respectively. 

The alteration in the peaks of the constituents HPAc spectra established the complexation 

of the HPAc gel electrolyte precursors.  

Linear sweep voltammetry (LSV) was conducted on the HPAc gel electrolyte to survey its 

electrochemical stability at sweep rate of 0.1 V/s. The HPAc gel electrolyte shows steady 

voltage windows between 0 V and 2.75 V (Figure 6.1c). The Nyquist plot for the HPAc 

gel electrolyte is displayed in Figure 6.1(d). An ionic conductivity of 7.34 × 10-4 S cm-1 

was obtained for the HPAc gel electrolyte using equation (1)  

 = (L/(Rb * A)),                                                             (6.1) 

where σ is the ionic conductivity, L is the thickness of the electrolyte, Rb is the bulk 

resistance of the HPAc gel electrolyte and A is the electrolyte contact area.  
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Figure 6.2: a) Schematic for fabrication of Sb-PEC supercapacitor. b) UV-Vis absorption 

spectra of AHP photo-electrocapacitive electrode c) Magnified SEM image of the AHP 

photo-electrocapacitive electrode. d) SEM image of the AHP photo-electrocapacitive 

electrode.  

 

 

Figure 6.2(a) demonstrates the fabrication process of the antimony-based perovskite 

photo-electrochemical (Sb-PEC) supercapacitor. The HPAc gel electrolyte is sandwiched 

between symmetric AHP photo-electrocapacitive electrodes, while FTO glasses serve as 
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the current collectors. The absorbance spectra of the AHP photo-electrocapacitive 

electrode is shown in Figure 6.2(b). Intense absorption peaks are seen within the ultra-

violet (UV) region. Broad absorbance spectra are manifested over the visible light region 

by the AHP photo-electrocapacitive electrode. The wide range absorbance spectra of the 

AHP photo-electrocapacitive transverse the UV, visible and near-infrared regions. Due to 

the remarkable light harvesting properties manifested by the AHP photo-electrocapacitive 

electrode, its photo-electrochemical energy storage performance in Sb-PEC supercapacitor 

under light was investigated, as would be later discussed in this work. The morphology of 

the AHP photo-electrocapacitive electrode film was investigated using FESEM. Butterfly-

like shapes dominate the morphological structures of the AHP photo-electrocapacitive 

electrode with some hexagonal sheets and micro-rods, also present. Figure 6.2(c) displays 

typical butterfly-like morphological structures at 10 m, present within the AHP photo-

electrocapacitive film. The morphological structures are well dispersed on the FTO glass, 

as can be seen in Figure 6.2(d). The large surface areas provided by the butterfly-like, 

hexagonal micro-sheets and micro-rods are beneficial in offering abundant sites for the 

HPAc gel electrolyte/AHP photo-electrocapacitive electrodes interaction. Thus, giving the 

prospect of excellent energy storage performance of the Sb-PEC supercapacitor. 

6.2 Electrochemical energy storage performance of the Sb-PEC 

supercapacitor without illumination 

In order to investigated the electrochemical storage performance of the Sb-PEC 

supercapacitor, cyclic voltammetry (CV) measurement without illumination was 

conducted, at scan rates ranging from 0.01 V/s to 1.0 V/s. The CV curves at different scan 

rates are shown in Figure 6.3(a). Hybrid capacitive and diffusion-controlled energy storage 
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mechanism are noted for the Sb-PEC supercapacitor, owing to the partial rectangular 

shapes of the obtained CV curves [82,83]. The CV current of the Sb-PEC supercapacitor 

is found to increase as the scan rate increases. The linear CV current-scan rate relationship 

manifested by the Sb-PEC supercapacitor is indicative of its superior rate-capability and 

stability [84]. A maximum CV current of 9.46 A was attained at the scan rate of 1.0 V/s. 

Figure 6.3(b) shows the energy storage mechanism of the Sb-PEC supercapacitor, 

combining both diffusive and capacitive charge storage processes. 

The capacitances of the Sb-PEC supercapacitor at different scan rate were estimated from 

the CV plot.  

The areal capacitance of the Sb-PEC supercapacitor at geometric surface area of 1.2 cm2 

and its specific capacitance at a mass loading of 1.65 x 10-4 g were evaluated.  



92 

 

 

Figure 6.3: CV curves of Sb-PEC supercapacitor at the different scan rate. b) 

Electrochemical energy storage mechanism schematic of the Sb-PEC supercapacitor. c) 

Areal capacitance as a function of scan rate of Sb-PEC supercapacitor. d) Nyquist plot of 

Sb-PEC supercapacitor. Inset – equivalent circuit diagram. 

 

The plot of the variation of the areal capacitance with scan rate is illustrated in Figure 

6.3(c). Likewise, the specific capacitance as a function of scan rate is plotted as shown in 

Figure 6.5(a). At low scan rates, the Sb-PEC supercapacitor recorded large 

electrochemical charge storage behavior, represented in the areal (specific) capacitances 
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obtained. Contrarily, the areal (specific) capacitances of the Sb-PEC supercapacitor 

become lower, at higher scan rates. The higher energy storage performance manifested at 

low scan rates by the Sb-PEC supercapacitor, can be attributed to availability of sufficient 

time for the diffusive interaction of the HPAc gel electrolyte and AHP photo-

electrocapacitive electrodes. Diffusion of the HPAc gel electrolyte ions into the AHP 

photo-electrocapacitive electrodes is hampered, at higher scan rates, as not enough time 

was offered for HPAc gel electrolyte/AHP photo-electrocapacitive electrodes interaction. 

A maximum areal (specific) capacitance of 0.25 mF/cm2 (0.31 F/g) was attained at the 

lowest scan rate of 0.01 V/s. The Sb-PEC supercapacitor holds ~ 80.7% of its maximum 

capacitance, at the highest scan rate of 1.0 V/s. 

For more insight into the electrochemical energy storage performance of the Sb-PEC 

supercapacitor, electrochemical impedance spectroscopy (EIS) measurement was 

conducted to obtain its Nyquist plot characteristics. The Nyquist plot of the real and 

imaginary impedances of the Sb-PEC supercapacitor is demonstrated in Figure 6.3(d), 

with the inset showing the equivalent circuit diagram employed in fitting the Nyquist plot. 

The Nyquist plot manifests a partial semicircle that runs from high frequency to low 

frequency and slight Warburg line at low frequency. This is revealing of the substantial 

contribution of the diffusive process in the electrochemical energy storage mechanism of 

the Sb-PEC supercapacitor. The equivalent series resistance (ESR), which is the joint 

intrinsic resistance of the AHP photo-electrocapacitive electrodes, ionic resistance of the 

HPAc gel electrolyte, and the interfacial resistance between the AHP photo-

electrocapacitive electrodes and FTO glass current collectors, is obtained at the highest 

frequency [4,53,64]. A fairly low ESR value of 43  was achieved.  
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In an effort to gain further understanding on the hybrid energy storage mechanism of the 

Sb-PEC, the power’s law and Dunn’s equation were employed to uncouple the diffusive 

and capacitive current contributions to the CV curves. The Power’s law relates the CV 

currents with the scan rates as given in equation (4) [83–85,93,96]. It can be used to 

qualitatively ascertain the prominence of the diffusive and capacitive current contributions.  

  i = dvb       (6.2a) 

   log i = b(log v) + log d      (6.2b) 

where, i is the CV current at chosen voltage,  is the scan rate, b and d are parametric 

quantities. 

The b-value, which is the slope of the logarithmic plot of the current versus scan rate at 

specific voltages (Figure 6.4a), is recognized to generally have either a value of 0.5 or 1. 

The b-value of 0.5 is suggestive of a diffusive charge storage process, while  a capacitive 

controlled charge storage mechanism has a b-value of 1 [94,95]. Diffusive-capacitive 

hybrid charge storage mechanism has a b-value between 0.5 and 1. For the Sb-PEC 

supercapacitor, the b-value varies from capacitive-dominated charge storage process at 0.2 

V to diffusive-dominated charge storage mechanism at 0.8 V, as illustrated in Figure 

6.4(b). The diffusive and capacitive current contributions are quantified with the help of 

the Dunn’s equation given in equation (5) [93–95]. 

 io (V) = a1 (v) + a2 (v
1/2)        (6.3a) 

io (V)/(v1/2) = a1 (v
1/2) + a2        (6.3b) 
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where, a1 (v) and a2 (v
1/2) denote the capacitive and diffusive currents, respectively. The a1 

and a2 are slope and intersect of the plot (Figure 6.5b) obtained from equation (5b), at a 

voltage of 0.6 V. Figure 6.4(c) shows the Sb-PEC supercapacitor recorded a capacitive 

current contribution of ~ 89% (shaded area), at a scan rate of 1.0 V/s. While, ~ 11% 

diffusive current contribution was recorded at the same scan rate. 

 

 

Figure 6.4: a) Logarithmic plots of the Power’s law at specific voltages for Sb-PEC 

supercapacitor. b) b-value versus voltage for Sb-PEC supercapacitor. c) Capacitive-

controlled contribution to Sb-PEC supercapacitor, at scan rate of 0.1 V/s. d) Diffusion and 
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capacitive-controlled current contribution ratios to Sb-PEC supercapacitor, at different 

scan rate. 

 

Diffusive current was found to be more than the capacitive current, at a scan rate of 0.01 

V/s (Figure 6.4d). This further established the dominance of the diffusion-controlled 

charge storage mechanism at the lowest scan rate of 0.01 V/s. The diffusive current 

contribution decreases with increasing scan rate. Hence, the capacitive current contribution 

becomes dominant as the scan rate increases. This underscores the inadequate time 

available to the HPAc gel electrolyte ions to properly diffuse into the AHP photo-

electrocapacitive electrodes, at higher scan rates [86,96]. 

 

Figure 6.5: a) Specific capacitance as a function of scan rate for Sb-PEC supercapacitor. 

b) Plot of  i/v1/2 against v1/2, at voltage of 0.6 V. 
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6.3 Electrochemical energy storage performance of the Sb-PEC 

supercapacitor under illumination 

The simultaneous energy harvesting and storage capabilities of the Sb-PEC supercapacitor 

were investigated under illumination intensity of 100 mW/cm2 from a Xenon lamp 

(Newport-66902) solar simulator. The CV measurement under illumination was performed 

at scan rates ranging from 0.01 V/s to 1.0 V/s, between voltage window of 0 V and 1.0 V. 

The CV curves for the Sb-PEC supercapacitor are shown in Figure 6.6(a). The CV curves 

deviated from rectangular shape, which can be ascribed to photogenerated electron-hole 

pairs from the AHP photo-electrocapacitive electrodes [46]. The photogenerated electron-

hole pairs boosted the CV currents by more than six folds. The photo-electrochemical 

charge storage process of the Sb-PEC supercapacitor is demonstrated in Figure 6.6(b). The 

photo-electrocapacitive CV current is found to increase with increasing scan rate and a 

maximum current of 63 A was attained by the Sb-PEC supercapacitor, at a scan rate of 

1.0 V/s, under illumination. 
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Figure 6.6: a) CV curves of Sb-PEC supercapacitor at the different scan rate, under 

illumination. b) Photo-electrochemical energy storage mechanism of Sb-PEC 

supercapacitor, under illumination. c) Areal capacitance as a function of scan rate for Sb-

PEC supercapacitor, under illumination. d)  Nyquist plot of Sb-PEC supercapacitor, under 

illumination. 

The areal (specific) capacitance of the Sb-Pec supercapacitor, under illumination, at 

different scan rate is displayed in Figure 6.6(c) (Figure 6.7). The Sb-PEC supercapacitor 

recorded a maximum photo-electrochemical areal (specific) capacitance of ~ 3.4 mF/cm2 

(~ 4.3 F/g), at lowest scan rate of 0.01 V/s. The good photo-electrochemical charge storage 
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performance exhibited by the Sb-PEC supercapacitor, is attributable to the excellent 

electron-hole pairs generated by the AHP photo-electrocapacitive electrodes.  

 

Figure 6.7: Specific capacitance as a function of scan rate for Sb-PEC supercapacitor, 

under illumination. 

 

The Nyquist plot from the EIS measurement of the Sb-PEC supercapacitor, under 

illumination is shown in Figure 6.6(d). The Nyquist plot is noted to have far-reduced 

impedance values for both the real and imaginary axes, when compared to that obtained 

without illumination. The presence of the photogenerated electron-hole pairs, significantly 

decreases the impedance by providing sufficient charges within the Sb-PEC 

supercapacitor. A low ESR value of 29  is recorded for the Sb-PEC supercapacitor, under 
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illumination, further confirming the photo-electrochemical charge storage mechanism 

enhancement.  

 

Figure 6.8: a) Logarithmic plots of the Power’s law at specific voltages for Sb-PEC 

supercapacitor, under illumination. b) b-value versus voltage for Sb-PEC supercapacitor, 

under illumination. c) Photogenerated contribution to Sb-PEC supercapacitor, at scan rate 

of 0.1 V/s, under illumination. d) Diffusive, capacitive and photogenerated-controlled 

contribution ratios to Sb-PEC supercapacitor, at different scan rate, under illumination. 
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Again, the power’s law behavior of the Sb-PEC supercapacitor was investigated, under 

illumination. Figure 6.8(a) shows the plot of log i versus log v of the CV curves at four 

different voltages, ranging from 0.2 V to 0.8 V. The obtained b-values (Figure 6.8b) vary 

from 0.77 to 0.27, with the b-values at 0.6 V and 0.8 deviating from the general values of 

0.5 and 1.0. All b-values deviated from the values obtained for the Sb-PEC supercapacitor, 

under non-illumination operating condition. This deviation is attributed to the presence of 

the photogenerated electron-hole pairs from the AHP photo-electrocapacitive electrodes, 

under illumination operating condition. Hence, in order to quantify the photogenerated, 

capacitive-controlled and diffusion-controlled contributions to the photo-electrochemical 

capacitance, the modified Dunn’s equation previously developed and reported was utilized. 

The modified Dunn’s equation is presented in equation (6) 

im (V) = a1 (v) + a2 (v
1/2) + 

𝑛(𝑒−−ℎ+)

𝑡
     (6.4a) 

im (V) = a1 (v) + a2 (v
1/2) +  (v)     (6.4b) 

im (V) = io (V) +  (v)         (6.4c) 

 (v) = 
𝑛(𝑒−−ℎ+)

𝑡
       (6.4d) 

where, im is the photo-enhanced CV current, io is the CV current without illumination,  is 

the total effective photocurrent produced per time under constant illumination, n is the 

number of electron-hole pairs emitted, e- is electron, h+ is hole, while t is time.  
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The photogenerated current contributes ~ 75% to the photo-electrochemical CV current of 

the Sb-PEC supercapacitor, at the highest scan rate of 1.0 V/s, under illumination. It is 

portrayed by the pink shaded area of Figure 6.8(c). Whereas, the capacitive and diffusive 

currents contribute a combined ~ 25% (unshaded area) to the photo-electrochemical CV 

current. An impressive 98% photogenerated current contribution was recorded at the 

lowest scan rate of 0.01 v/s, as can be seen in Figure 6.8(d). The photogenerated current 

dominates throughout the scan rates, at a voltage of 0.6 V. The dominance of the 

photogenerated current further establishes the excellent photo-harvesting property of the 

AHP photo-electrocapacitive electrodes, deployed in the Sb-PEC supercapacitor. The 

photogenerated current is noted to decrease as the scan rate increases. This dependency of 

the photogenerated current on scan rate is occasioned by the fast electron-hole pairs 

recombination, at higher scan rate, hampering the electron-hole pairs separation, migration 

and collection by the current collectors. 

6.4 Comparison of electrochemical energy storage performance of the Sb-

PEC supercapacitor with and without illumination and the cyclic 

stability evaluation 

The Sb-PEC supercapacitor electrochemical energy storage performances with and without 

illumination are compared. The CV curves, at scan rate of 0.5 V/s, both in the absence and 

presence of illumination are shown in Figure 6.9(a). The two curves manifest dissimilar 

shapes, with the CV curve without illumination (Orange) reaching a maximum current of 

5.05 A and that under illumination (Red) attaining a peak current of 53 A, which 

represents one order of magnitude difference. The areal (specific) capacitances with and 
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without illumination are equally compared and are demonstrated in Figure 6.9(b) (Figure 

6.10a). 

The obtained energy densities with scan rates, for both the Sb-PEC supercapacitor with 

and without illumination, are compared in Figure 6.9(c) and Figure 6.10(b).  The highest 

energy densities of ~ 0.03 Wh/cm2 (~ 0.04 Wh/kg) and ~ 0.48 Wh/cm2 (~ 0.60 Wh/kg) 

were realized for the Sb-PEC supercapacitor without and under illumination, at the lowest 

scan rate of 0.01 V/s, respectively. An energy density improvement of ~ 93.7% was 

recorded, under illumination.  The power densities of the Sb-PEC supercapacitor with and 

without illumination were similarly obtained.  

By obtaining the power densities, Ragone plot is presented (Figure 6.9d), comparing the 

electrochemical energy storage performance of the Sb-PEC supercapacitor and those 

available in the literatures[37,38,98,99]. The device performed favorably with those 

reported in the literatures. 
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Figure 6.9: a) CV curves comparison of Sb-PEC supercapacitor, at the different scan rate, 

with and without illumination. b) Areal capacitances comparison as a function of scan rate 

for Sb-PEC supercapacitor, with and without illumination. c) Energy densities comparison 

as a function of scan rate for Sb-PEC supercapacitor, with and without illumination. d) 

Ragone plot comparing Sb-PEC supercapacitor with other works in the literatures. 
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Figure 6.10: a) Specific capacitances comparison as a function of scan rate for Sb-PEC 

supercapacitor, with and without illumination. b) Specific energy comparison as a function 

of scan rate for Sb-PEC supercapacitor, with and without illumination. c) Ragone plot of 

Sb-PEC supercapacitor. 

Cyclic charge-discharge stability of the Sb-PEC supercapacitor was studied at a scan rate 

of 0.1 V/s. Ten thousand (10,000) CV cycles were conducted on the Sb-PEC 

supercapacitor. The normalized capacitance versus cycle number of the Sb-PEC 

supercapacitor is presented in Figure 6.11(a). The Sb-PEC supercapacitor retains 83% of 

its original capacitance, indicating its excellent cyclic stability. The Nyquist plot of the Sb-
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PEC supercapacitor after 10,000 cycles is shown in Figure 6.11(b), with an ESR value of 

44  which is close to that earlier obtained for the Sb-PEC supercapacitor, without 

illumination, before 10,000 cycles. Further confirming the superb cyclic stability of the Sb-

PEC supercapacitor. 

 

 

Figure 6.11: a) Normalized capacitance versus 10,000 cycle number, at scan rate of 0.1 

V/s for Sb-PEC supercapacitor. b) Nyquist plot of Sb-PEC supercapacitor, after 10,000 CV 

cycles. 
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CHAPTER 7 

Perovskite-based photo-chargeable supercapattery utilizing 

lithium-ion rich gel electrolyte for unified energy harvesting and 

storage applications 

7.1 Synthesis, fabrication and characterizations 

 

Figure 7.1:  a) FTIR spectra of Li-PCH gel electrolyte and its pristine constituent materials. 

b) Expanded FTIR spectrum of the pristine LiTFSI. c) LSV curve of the Li-PCH gel 

electrolyte. d) Nyquist plot of the Li-PCH gel electrolyte. 
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Figure 7.1(a) shows the infrared (IR) spectroscopy in ATR mode of the Li-PCH gel 

electrolyte and its constituent materials. The expanded IR spectra of pure LiTFSI salt is 

shown in Figure 7.1(b). The IR spectra peaks labeling was performed, using reported 

literatures [54,102]. For pure chlorobenzene, the frequency at 736 cm-1 is assigned to strong 

C-Cl stretching mode, the frequency 1476 cm-1 is alkane C-H bending mode while 1582 

cm-1 is aromatic C-H bending modes. The frequency at 3326 cm-1 is assigned to strong 

broad hydroxyl group H-bonded OH stretching mode for pristine PVA. At 1726 cm-1, the 

frequency is associated with tertiary OH alcohol, while the frequency at 1420 cm-1 is 

attributed to Vinyl C-H in-plane bend. The frequency at 1246 cm-1 is assigned to OH in-

plane bending mode. Also, the frequency at 1097 cm-1 is assigned to secondary alcohol C-

O stretching mode and that at the frequency of 852 cm-1 is ascribed to Vinyl C-H out-of-

phase bend.  From the expanded spectrum of pristine LiTFSI, the frequency at 1061 cm-1 

is assigned to the asymmetric S–N–S stretching mode, while the frequency at 1145 cm-1 is 

the C–SO2–N bonding mode of LiTFSI. The sharp peak at 1197 cm-1 is assigned to 

asymmetric stretching mode of CF3 and νas (CF3). Another C–SO2–N bonding mode of 

TFSI− is seen at 1,328 cm-1. The peak at 2982 cm-1 is attributed to S–CF3 bonding mode. 

The frequencies at 1118 cm-1 and 2783 cm-1 are assigned to P-O stretching and P-H bending 

modes, respectively, for the pure H3PO4. In the Li-PCH gel electrolyte spectrum, the 

frequencies at 943 cm-1 and1118 cm-1 of the H3PO4 are absent to 973 cm-1 and 1132 cm-1, 

respectively. The chlorobenzene strong peaks at 737 cm-1 and 1582 cm-1 are absent in the 

Li-PCH gel electrolyte spectrum. PVA peaks at 852 cm-1 and 1246 cm-1 are absent from 

the Li-PCH gel electrolyte spectrum. The frequency at 2924 cm-1 belonging to PVA 

appears as a weak broad peak in the Li-PCH gel electrolyte spectrum. The alteration in the 
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peaks of the constituents Li-PCH gel electrolyte spectrum established the complexion of 

the Li-PCH gel electrolyte precursor materials.  

Linear sweep voltammetry (LSV) was conducted on the Li-PCH gel electrolyte to evaluate 

its electrochemical stability at sweep rate of 0.1 V s-1. The Li-PCH gel electrolyte manifests 

steady voltage windows between -1.00 V and 2.75 V (Figure 7.1c). The Nyquist plot 

obtained from the EIS measurement of the Li-PCH gel electrolyte is presented in Figure 

7.1(d). The Li-PCH gel electrolyte ionic conductivity was estimated from the Nyquist plot 

by the mathematical relation given in equation (3). 

 = (t/(A*Rb))                                                          (7.1) 

where, σ is the Li-PCH gel electrolyte ionic conductivity, t is the Li-PCH gel electrolyte 

thickness, A is the Li-PCH gel electrolyte contact area and Rb is the resistance of the bulk 

Li-PCH gel electrolyte. The Li-PCH gel electrolyte recorded ionic conductivity of 4.0 × 

10-4 S cm-1. 
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Figure 7.2: a) Schematic for fabrication of Bi-PSC photo-chargeable supercapattery. b) 

UV-Vis absorption spectra of BOHP photoactive electrode.  c) Magnified SEM image of 

the BOHP photoactive electrode. d) SEM image of the BOHP photoactive electrode. 

 

Figure 7.2(a) presents the fabrication process of the BOHP photoactive electrodes and the 

assembling procedure of the Bi-PSC photo-chargeable supercapattery. The absorbance 

spectra of the BOHP photoactive electrode is shown in Figure 7.2(b). Strong absorption 

peaks are observed within the ultra-violet (UV) region. Wide absorbance spectra are 

revealed over the visible light to near infrared (IR) regions by the BOHP photoactive 
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electrode. The broad range absorbance spectra of the BOHP photoactive electrode cut 

across the UV, visible and near-IR regions, making the BOHP photoactive electrode a good 

photo-electrochemical energy storage candidate.  

The BOHP photoactive electrode film structural morphology was investigated by SEM. 

The morphological structures present in the BOHP photoactive electrode film, as can be 

seen in Figure 7.2(c), are hexagonal sheets and rectangular rods, that are interlaced. The 

large surface areas of the hexagonal sheets and rectangular rods structures of the BOHP 

photoactive electrode films provide abundant interaction sites with the Li-PCH gel 

electrolyte. Figure 7.2(d) shows that BOHP photoactive electrode films are well dispersed 

on the FTO conducting glass. The high interconnectedness of the hexagonal sheets and 

rectangular rods ensures efficient ions migration within the BOHP photoactive electrodes. 

Thus, guaranteeing excellent charge storage of the Bi-PSC photo-chargeable 

supercapattery. 

7.2 Electrochemical energy storage performance of Bi-PSC photo-

chargeable supercapattery 

The electrochemical energy storage performance of the Bi-PSC photo-chargeable 

supercapattery was explored under non-illumination condition, by employing cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements. CV 

measurement was performed over a voltage window between 0.0 V and 1.0 V, at scan rates 

ranging from 0.01 V/s to 0.5 V/s, as displayed in Figure 7.3(a). The Bi-PSC photo-

chargeable supercapattery CV curves diverged from typical rectangular CV of electric 

double layer capacitor (EDLC). The non-rectangularity of the Bi-PSC photo-chargeable 
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supercapattery CV curves are associated with the presence of capacitive and battery-like 

intercalation charge storage mechanism [83,84,103,104]. Figure 7.3(b) demonstrates the 

electrochemical energy storage process of the Bi-PSC photo-chargeable supercapattery, 

under non-illumination operating condition. The increase in the current as a function of 

increasing scan rate with noticeable CV shapes change, reveals dominant battery-like 

intercalation charge storage characteristic of the Bi-PSC photo-chargeable supercapattery 

[103]. The Bi-PSC photo-chargeable supercapattery reached a maximum CV current of 51 

A, at a scan rate of 0.5 V/s. 

The specific capacitances, at an electrode mass loading of 1.6 x 10-4 g, were estimated in 

accordance with equation (2). The variation of the specific capacitance with scan rate is 

shown in Figure 7.3(c). The Bi-PSC photo-chargeable supercapattery provides 

considerable electrochemical charge storage performance, at low scan rates. The large 

capacitances obtained, at low scan rates, are due to the Li-PCH gel electrolyte being able 

to intercalate into the BOHP photoactive electrodes, adequately. At low scan rates, 

unlimited time is offered for the Li-PCH gel electrolyte/BOHP photoactive electrodes 

interaction, resulting in abundant ions insertion into the electrodes. Consequently, leading 

to the large capacitances recorded, at the low scan rate. Conversely, as the scan rate 

increases, the electrochemical energy storage performance declines. At high scan rates, the 

ions are hindered from intercalating into the BOHP photoactive electrodes, owing to the 

limited time available for the Li-PCH gel electrolyte/BOHP photoactive electrodes 

interaction. Thus, translating to low capacitances obtained, at high scan rates. The Bi-PSC 

photo-chargeable supercapattery attained a maximum specific capacitance of 4824 mF/g 

and a highest area capacitance of 4.0 mF/cm2 (Figure 7.4), at a scan rate of 0.5 V/s. 
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Figure 7.3: a) CV curves of Bi-PSC photo-chargeable supercapattery, at the different scan 

rate. b) Electrochemical charge storage mechanism of Bi-PSC photo-chargeable 

supercapattery. c) Specific capacitance as a function of scan rate for Bi-PSC photo-

chargeable supercapattery. d) Power’s law logarithm plot, at specific voltage for Bi-PSC 

photo-chargeable supercapattery. 
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Figure 7.4: Areal capacitance as a function of scan rate of Bi-PSC photo-chargeable 

supercapattery. 

 

Using power’s law and Dunn’s equation, the charge storage mechanism into intercalation-

controlled and capacitive-controlled processes were dissociated, so as to underscore the 

prominent charge storage characteristic of the B-PSC photo-chargeable supercapattery 

[83–92]. The Power’s law, which relates the CV current with the scan rate, is used to 

qualitatively establish the dominance of the intercalation and capacitive current 

contributions to the CV curve. Equation (4) expresses the Power’s law and its logarithmic 

equivalence. 
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  i = cvb       (7.2a) 

   log i = b(log v) + log c      (7.2b) 

where, i is the current at a given voltage,  is the scan rate, b and c are parametric variables. 

The b-value can be found from the slope of the plot of equation (4b). Figure 7.3(d) shows 

the plot of log i vs. log v, at voltages of 0.2 V, 0.4 V, 0.6 V, 0.8 V and 1.0 V. The b-values 

(Figure 7.5a) of 0.60 and 0.58 are obtained, at 0.2 V and 0.4 V, respectively. These b-

values are indicative of hybrid intercalation and capacitive charge storage mechanism 

[103,105]. Li/Li-salt presence in the Li-PCH gel electrolyte leads to battery-like behavior 

of the Bi-PSC photo-chargeable supercapattery [103]. As can be seen in the b-value plot 

(Figure 7.5a), at voltages of 0.6 V, 0.8 V and 1.0 V, the b-values deviate below 0.5, with 

b-values of 0.32, 0.14 and 0.19, respectively.   

The quantification of the intercalation and capacitive contributions to the CV curves was 

performed, at a given voltage, using Dunn’s equation expressed in equation (5). 

 io (V) = d1 (v) + d2 (v
1/2)        (7.3a) 

io (V)/(v1/2) = d1 (v
1/2) + d2        (7.3b) 

where, d1 (v) and d2 (v
1/2) are the capacitive-controlled current and intercalation-controlled 

current, respectively. The d1 and d2 are derived from the plot of equation (5b) (Figure 

7.5b), which is a reordering of the Dunn’s equation, they denote the slope and intercept of 

the plot, respectively.  

Figure 7.5(c) demonstrates the intercalation-current and capacitive-current contribution 

ratios to the total CV current, at different scan rates. It ascertains that at all scan rates, the 
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intercalation current dominates the charge storage mechanism of the Bi-PSC photo-

chargeable supercapattery. The intercalation current contribution is noted to decrease, as 

the scan rate increases, while capacitive current rises, with increasing scan rate. The 

decreasing intercalation current, with increment in scan rate, emphasizes the restricted time 

available to the Li-PCH gel electrolyte ions to intercalate into the BOHP photoactive 

electrodes[85,93]. Hence, the increasing capacitive current, at higher scan rate, is favored 

by the fast adsorption/desorption of the Li-PCH gel electrolyte ions on the BOHP 

photoactive electrodes[86,93]. 

To gain further insight into the kinetics of the electrochemical energy storage mechanism 

of the Bi-PSC photo-chargeable supercapattery, the Nyquist plot (Figure 7.5d) 

characteristic obtained from the EIS measurement was studied. The imaginary and real 

impedance axes of the Nyquist plot manifest partial semicircle, across all frequencies. The 

partial semicircle, exhibited across both low and high frequency regions, is suggestive of 

the dominance of the intercalation charge storage process, within the Bi-PSC photo-

chargeable supercapattery. The equivalent series resistance (ESR), which is ascribed to the 

total intrinsic resistance of the BOHP photoactive electrode, the ionic resistance of the Li-

PCH gel electrolyte, and the surface resistance between the BOHP photoactive electrode 

and FTO current collector, is found to be 48 . The considerably low ESR value, obtained 

for the Bi-PSC photo-chargeable supercapattery, is attributable to the large active 

intercalation interfaces of the BOHP photoactive electrode, available to the Li-PCH gel 

electrolyte [5]. The Nyquist plot was fitted with the equivalent circuit diagram, shown in 

the inset of Figure 7.5(d). 
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Figure 7.5: a) b-value versus voltage for Bi-PSC photo-chargeable supercapattery. b) Plot 

of i/v1/2 against v1/2 at 0.2 V. c) Intercalation-controlled and capacitive-controlled 

contribution ratios to Bi-PSC photo-chargeable supercapattery, at different scan rate. d) 

Nyquist plot of Bi-PSC photo-chargeable supercapattery. Inset – equivalent circuit 

diagram. 

7.3 Electrochemical energy storage performance of Bi-PSC photo-

chargeable supercapattery, under illumination 

Due to the very good light absorbing property of the BOHP photoactive electrode, 

further investigation of the electrochemical energy storage performance of the Bi-PSC 
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photo-chargeable supercapattery under illumination of 1 sun, at an irradiance power 

density 100 mW/cm2, was carried out.  

 

Figure 7.6: a) CV curves of Bi-PSC photo-chargeable supercapattery, at the different scan 

rate, under illumination. b) Photo-electrochemical charge storage mechanism of Bi-PSC 

photo-chargeable supercapattery, under illumination. c) Specific capacitance as a function 

of scan rate for Bi-PSC photo-chargeable supercapattery, under illumination. d) Power’s 

law logarithm plot, at specific voltage for Bi-PSC photo-chargeable supercapattery. 

The CV curves of the Bi-PSC photo-chargeable supercapattery, under illumination is 

shown in Figure 7.6(a).  The CV curves are equally of non-rectangular shapes and are 

different to those obtained under non-illumination condition. The dissimilarity of the Bi-
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PSC photo-chargeable supercapattery CV curves is ascribed to the photoinduced excitons 

ejected from the BOHP photoactive electrodes [97,106]. The photoinduced excitons led to 

increase in the CV currents of the Bi-PSC photo-chargeable supercapattery. The photo-

electrochemical charge storage mechanism of the BI-PSC photo-chargeable supercapattery 

is demonstrated in Figure 7.6(b). The CV current increases as the scan rate increases. The 

comparable shapes of the CV curves, under illumination, indicates that the photoinduced 

current offered by the BOHP photoactive electrodes is responsible for amplified CV 

current. The peak CV current of 75 A was achieved by the Bi-PSC photo-chargeable 

supercapattery, at a scan rate of 0.5 V/s, under illumination operating condition. The 

specific capacitance as a function of scan rate, under illumination, is displayed in Figure 

7.6(c).  



120 

 

 

Figure 7.7: Areal capacitance as a function of scan rate of Bi-PSC photo-chargeable 

supercapattery, under illumination. 

The areal capacitance versus scan rate, under illumination, is given in Figure 7.7. At low 

scan rate, the Bi-PSC photo-chargeable supercapattery offers considerable photo-enhanced 

specific capacitance. Though, the photo-enhanced capacitance decreases, as the scan rate 

increases. The excellent photo-electrochemical charge storage performance exhibited, at 

low scan rate is credited to the abundant excitons contributing to the photoinduced current.  

A maximum photo-enhanced specific (areal) capacitance of ~ 10579 mF/g (~ 8.5 mF/cm-

2) was attained, at scan rate of 0.01 V/s.  
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Figure 7.6(d) shows the logarithm of the Power’s law, for the CV current under 

illumination, to qualitatively evaluate the charge storage mechanism of the Bi-PSC photo-

chargeable supercapattery, under illumination. The b-values obtained from the plot of 

Figure 7.6(d) deviate from those recorded under non-illumination working conditions, and 

are all less than 0.5, as shown in Figure 7.8(a). The photoinduced excitons from the BOHP 

photo-active electrodes are credited with this deviation. Consequently, Dunn’s equation 

given in equation (5) could not suitably help to quantify the various contributions from the 

intercalation-controlled, capacitive-controlled and photoinduced charge storage 

mechanisms. Therefore, employed the modified Dunn’s equation earlier developed. The 

modified Dunn’s equation is given in equation (6) 

in (V) =d1 (v) + d2 (v
1/2) +  (v)     (7.4a) 

in (V) = io (V) +  (v)       (7.4b) 

where, in is the amplified CV current under illumination, io is the CV current under non-

illumination condition, and  is the total effective photoinduced current from the 

photogenerated excitons. The effective photoinduced current depends on scan rate, as faster 

scan rate results in high recombination rate of the photogenerated exciton, electron-hole 

pairs. Figure 7.8(b) reveals the contribution ratios of the intercalation-controlled, 

capacitive-controlled and photoinduced currents of the Bi-PSC photo-chargeable 

supercapattery, under illumination condition, at voltage of 0.2 V, and at different scan rate. 

It confirms the over-riding contribution of the photoinduced current across all scan rates. 

As the scan rate increases, the photoinduced current contribution decreases. A maximum 
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75% photoinduced current is contributed to the CV current, under illumination, at the 

lowest scan rate of 0.01 V/s. 

Photo-charging characteristic of the Bi-PSC photo-chargeable supercapattery was studied, 

under solar light illumination intensity of 100 mW/cm2. Charging and discharging currents 

were obtained, with charging time of 5 s and discharging time of 5 s, as shown in Figure 

7.8(c). A peak charging current of 0.25 μA and a peak discharging current of 0.06 μA. 

Similar peak charging and discharging currents were maintained by the Bi-PSC photo-

chargeable supercapattery, for ten photo-charging-discharging cycles, with 100 s 

cumulative charge-discharge time. Hence, confirming the photo-charging stability of the 

Bi-PSC photo-chargeable supercapattery. The kinetics of the photo-electrochemical energy 

storage of the Bi-PSC photo-chargeable supercapattery was studied by obtaining the 

Nyquist plot (Figure 7.8d) from the EIS measurement, conducted under illumination. The 

Nyquist plot obtained, is equally different from that earlier obtained, under non-

illumination condition. The ESR value of 33  is derived for the Bi-PSC photo-chargeable 

supercapattery, under illumination. The reduced resistance results from the photoinduced 

current offered by the BOHP photoactive electrodes.  
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Figure 7.8: a) b-value versus voltage for Bi-PSC photo-chargeable supercapattery, under 

illumination. b) Photoinduced, intercalation and capacitive-controlled contribution ratios 

to Bi-PSC photo-chargeable supercapattery, at different scan rate, under illumination. c) 

Photo-charging response of the Bi-PSC photo-chargeable supercapattery, under 

illumination. d) Nyquist plot of Bi-PSC photo-chargeable supercapattery, under 

illumination. 
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7.4  Comparison of electrochemical energy storage performance of Bi-

PSC photo-chargeable supercapattery under non-illumination and 

illumination conditions  

Figure 7.9(a) demonstrates the CV curves of the Bi-PSC photo-chargeable supercapattery, 

at scan rate of 0.2 V/s, under non-illumination and illumination conditions. Both curves 

exhibit divergent shapes. The CV curve, under non-illumination condition, attained a 

maximum current of ~ 38 A, while that, under illumination reached a peak current of ~ 

46 A. The comparison of the specific capacitances (areal capacitances), under non-

illumination and illumination operating conditions, are presented in Figure 7.9(b) (Figure 

7.10a).  

Figure 7.9(c) (Figure 7.10b) shows the plots of the specific (areal) energy density of the 

Bi-PSC photo-chargeable supercapattery, with scan rate, under non-illumination and 

illumination conditions. At a scan rate of 0.01 V/s, the peak energy density of ~ 670 

mWh/kg (0.54Wh/cm2) and ~ 1471 mWh/kg (1.2 Wh/cm2) were achieved, under non-

illumination and illumination conditions, respectively. A nearly 119% energy density 

enhancement is recorded at scan rate 0.01 V/s. 

Further compare the performance of Bi-PSC photo-chargeable supercapattery, with those 

reported in the literature, using Ragone plot shown in Figure 7.9(d) (Figure 7.11). Bi-PSC 

photo-chargeable supercapattery, with a peak power density of 48 kW/kg (9.6 mW/cm2), 

surpasses those reported in the literatures [104,107–109]. This is as a result of the excellent 

photo-harvesting and charge-storage properties of the Bi-PSC photo-chargeable 

supercapattery.  
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Figure 7.9: a) Comparison of CV curves of Bi-PSC photo-chargeable supercapattery, at 

scan rate of 0.2 V/s, with and without illumination. b) Comparison of specific capacitance 

as a function of scan rate for Bi-PSC photo-chargeable supercapattery, with and without 

illumination. c) Comparison of specific energy density, as a function of scan rate, for Bi-

PSC photo-chargeable supercapattery, with and without illumination. d) Ragone plot 

comparison of Bi-PSC photo-chargeable supercapattery with literatures. 
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Figure 7.10: a) Areal capacitances comparison as a function of scan rate for Bi-PSC photo-

chargeable supercapattery, with and without illumination. b) Areal energy comparison as 

a function of scan rate for Bi-PSC photo-chargeable supercapattery, with and without 

illumination.  
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Figure 7.11: Ragone plot of Bi-PSC photo-chargeable supercapattery. 

7.5 Stability performance evaluation 

Cyclic charge-discharge of 5000 cycles was used to investigate the operational stability of 

the Bi-PSC photo-chargeable supercapattery. The plot of the normalized capacitance 

versus cycle number is given in Figure 7.12(a). Bi-PSC photo-chargeable retains 96% of 

its original capacitance, after 5000 cycles. ESR value of 50   obtained from the Nyquist 

plot (Figure 7.12b), measured after 5000 cycles, was used to corroborate the superb 

charge-discharge stability of the Bi-PSC photo-chargeable supercapattery.  

 

Figure 7.12: a) Normalized capacitance versus cycle number for Bi-PSC photo-chargeable 

supercapattery. b) Nyquist plot of Bi-PSC photo-chargeable supercapattery, after 5,000 

cycles. 
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CHAPTER 8 

Mixed-Halides Organometallic MAPbI3-xBrx Perovskite 

Photo-Supercapacitor utilizing Novel Polymer Gel 

Electrolyte for Hybrid Energy Harvesting and Storage 

Applications 

8.1 Synthesis, fabrication and characterizations 
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Figure 8.1:  a) Synthesis procedure for the PAH-G gel electrolyte and its pristine 

constituent materials. b) FTIR spectra of the PAH-G gel electrolyte and its pure constituent 

materials. c) LSV curve of the PAH-G gel electrolyte in the voltage window between 0 V 

and 4 V. d) Nyquist plot of the PAH-G gel electrolyte. 

Figure 8.1(a) shows the synthesis procedure of the acetonitrile-based PAH-G gel 

electrolyte. The spectra of the infrared (IR) spectroscopy in ATR mode of the PAH-G gel 

electrolyte and its constituent materials are shown in Figure 8.1(b). The IR spectra peaks 

assignment was done, using reported literatures [54,110]. For pure acetonitrile, the peak at 

917 cm-1 is assigned to CH3, the peak 1476 cm-1 is CH3. Medium CH3 bend is seen at 1375 

cm-1. The peaks at 1633 cm-1 and 2253 cm-1 are assigned to C=N and strong C≡N stretching 

mode, respectively. The peak at 3326 cm-1 is attributed to strong broad hydroxyl group H-

bonded OH stretching mode for pure PVA. At 1726 cm-1, the peak is assigned to tertiary 

OH alcohol, while the peak at 1420 cm-1 is assigned to Vinyl C-H in-plane bend. The peak 

at 1246 cm-1 is attributed to OH in-plane bending mode. Also, the peak at 1097 cm-1 is 

assigned to secondary alcohol C-O stretching mode and that at 852 cm-1 is assigned to 

Vinyl C-H out-of-phase bend. The peaks at 1118 cm-1 and 2783 cm-1 are assigned to P-O 

stretching and P-H bending modes, respectively, for the pristine H3PO4. In the PAH-G gel 

electrolyte spectrum, The H3PO4 peaks at 453 cm-1 and 950 cm-1 shifted to 474 cm-1 and 

950 cm-1, respectively. While, the H3PO4 peaks at 1636 cm-1 and 2781 cm-1 are absent in 

the PAH-G gel electrolyte spectrum. The PVA peaks 1730 cm-1, 2927 cm-1 and 3317 cm-1 

shifted to 1700 cm-1, 2937 cm-1 and 3346 cm-1 in the PAH-G gel electrolyte spectrum. The 

modification in the peaks of the constituent materials of the PAH-G gel electrolyte 

confirmed the complexation of the PAH-G electrolyte constituent materials.  
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Figure 8.1(c) shows the linear sweep voltammetry (LSV) performed on the PAH-G gel 

electrolyte, to examine its electrochemical stability at sweep rate of 0.1 V/s. The PAH-G 

gel electrolyte demonstrates stable voltage window between 0 V and 3 V. The Nyquist plot 

derived from the EIS measurement of the PAH-G gel electrolyte is displayed in Figure 

8.1(d). Ionic conductivity of the PAH-G gel electrolyte was estimated by equation (5). 

 = (/(A*Rb))                                                         (8.1) 

where, σ is the PAH-G gel electrolyte ionic conductivity,  is the PAH-G gel electrolyte 

thickness, A is the PAH-G gel electrolyte contact area and Rb is the resistance of the bulk 

PAH-G gel electrolyte. The PAH-G gel electrolyte has an ionic conductivity of 3.85 × 10-

3 S cm-1. 
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Figure 8.2: a) Schematic structure of the MHP:PAH-G photo-supercapacitor. b) UV-Vis 

absorption spectrum of the MHP photo-capacitive electrode.  c) Magnified surface 

morphology image of the MHP photo-capacitive electrode. d) Surface morphology image 

of the MHP photo-capacitive electrode.  

 

The device structure of the MHP:PAH-G photo-supercapacitor is depicted in Figure 8.2(a) 

The absorption spectrum of the MHP photo-capacitive electrode is presented in Figure 
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8.2(b). Broad absorption spectrum is manifested across the visible light region, making the 

MHP photo-capacitive electrode, a good light harvesting electrode.  

The MHP photo-capacitive electrode film surface morphology was studied using SEM. 

Donut-like islands are seen on the MHP photo-capacitive electrode film (Figure 8.2c). The 

donut-like morphology offers large surface area, that is advantageous for the PAH-G gel 

electrolyte penetration and surface interaction. The donut-like islands are well spread on 

the FTO substrate as can be seen in Figure 8.2(d). 

8.2 Electrochemical energy storage performance of MHP:PAH-G photo-

supercapacitor 

MHP:PAH-G photo-supercapacitor electrochemical energy storage performance was 

evaluated by CV and EIS measurements. The CV measurement was conducted across a 

voltage window between 0 V and 1 V, at scan rates ranging from 0.01 V/s to 1.0 V/s. The 

CV curves are presented in Figure 8.3(a) and (b). At low scan rates of 0.01 V/s, 0.02 V/s, 

0.05 V/s and 0.1 V/s, the obtained CV curves exhibited diffusion redox peaks. While, at 

higher scan rates of 0.2 V/s, 0.5 V/s and 1.0 V/s, the CV curves have prominent capacitive-

like curves. Hence, the charge storage mechanism of the MHP:PAH-G photo-

supercapacitor comprises of both diffusion-controlled and capacitive-controlled processes 

(Figure 8.3c). The CV current was found to increase with increasing scan rate, indicating 

the stable rate-capability of the MHP:PAH-G photo-supercapacitor [84]. A peak CV 

current of 12 A was reached by the MHP:PAH-G photo-supercapacitor, at the highest 

scan rate of 1.0 V/s.  
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Figure 8.3(d) shows the specific capacitance variation with scan rate. At low scan rates, 

the MHP:PAH-G photo-supercapacitor offers substantial electrochemical energy storage 

performance. The sizeable capacitances recorded, at low scan rates, are due to efficient 

diffusion and surface interaction of the PAH-G gel electrolyte, within and around the MHP 

photo-capacitive electrodes. The lower capacitances obtained, at higher scan rates, are on 

the contrary, due to fast adsorption/desorption of the PAH-G gel electrolyte on the surface 

of the MHP photo-capacitive electrodes. Hence, there is minimal time available for the 

PAH-G gel electrolyte to interact with or diffuse into the MHP photo-capacitive electrodes. 

The MHP:PAH-G photo-supercapacitor reached a maximum specific capacitance of 560 

mF/g. It similarly attained a peak areal capacitance of 0.45 mF/cm2 (Figure 8.5a). 
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Figure 8.3: a) CV curves of MHP:PAH-G photo-supercapacitor, at the scan rates of 0.01 

V/s, 0,02 V/s, 0.05 V/s and 0.1 V/s. b) CV curves of MHP:PAH-G photo-supercapacitor, 

at the scan rates of 0.2 V/s, 0.5 V/s and 1.0 V/s. c) Electrochemical charge storage 

mechanism of MHP:PAH-G photo-supercapacitor. d) Specific capacitance versus scan rate 

for MHP:PAH-G photo-supercapacitor.  

 

To further appreciate the electrochemical energy mechanism of the MHP:PAH-G photo-

supercapacitor, power’s law was qualitatively utilized to uncouple the charge storage 

mechanism, while, Dunn’s equation gave a quantitative insight into the charge storage 
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process [83–92]. The power’s law relates the CV current with the scan rate, as given in 

equation (6). 

  i = kvb       (8.2a) 

   log i = b(log v) + log k      (8.2b) 

where, i is the current at a specific voltage,  is the scan rate, b and k are parametric 

quantities. The b-value is obtainable from the logarithmic plot of the power’s law and has 

common value between 0.5 and 1.0. A b-value of 0.5 is indicative of diffusion-controlled 

charge storage mechanism, while, a b-value of 1.0 is associated with capacitive-controlled 

charge storage process. Any b-value between 0.5 and 1.0, is ascribed to hybrid diffusion-

capacitive charge storage mechanism. Figure 8.4(a) shows the logarithmic plot of the 

Power’s law for voltages including 0.2 V, 0.4 V, 0.6 V and 0.8 V. The b-value plot versus 

voltage is given in Figure 8.4(b). The obtained b-values are 1.00, 0.90, 0.57 and 0.53, for 

voltages of 0.2 V, 0.4 V, 0.6 V and 0.8 V, respectively. At lower voltages, the energy 

storage mechanism of the MHP:PAH-G photo-supercapacitor, is largely capacitive. While, 

at higher voltages, diffusion energy storage process prevails. Hence, the hybrid charge 

storage mechanism of the MHP:PAH-G photo-supercapacitor is further confirmed. 

For the quantitative uncoupling of the diffusion-controlled and capacitive-controlled 

charge storage processes, Dunn’s equation given in equation (7) was utilized.   

 io (V) = s1 (v) + s2 (v
1/2)        (8.3a) 

io (V)/(v1/2) = s1 (v
1/2) + s2        (8.3b) 
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where, s1 (v) and s2 (v1/2) are the capacitive-controlled current and diffusion-controlled 

current, respectively. The slope (s1) and the intercept (s2) are obtained from the plot of 

Figure 8.5(b).  

 

Figure 8.4: a) Logarithmic plot of the Power’s law, at given voltage for MHP:PAH-G 

photo-supercapacitor. b) b-value against voltage for MHP:PAH-G photo-supercapacitor. 

c) Diffusion-controlled and capacitive-controlled contribution ratios to MHP:PAH-G 

photo-supercapacitor, at varying scan rate. d) Nyquist plot of MHP:PAH-G photo-

supercapacitor.  
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The diffusion-controlled and capacitive-controlled current contributions to the CV current, 

at 0.6 V, at different scan rates, are demonstrated in Figure 8.4(c). Diffusion-controlled 

electrochemical charge storage mechanism dominates across all scan rates. The diffusion-

controlled current contribution decreases, with increasing scan rate. 92% diffusion-

controlled current was recorded, at a scan rate of 0.01 V/s, while, at the highest scan rate 

of 1.00 V/s, 53% diffusion-controlled current was achieved. The interaction between the 

PAH-G gel electrolyte and the MHP photo-capacitive electrodes, at different scan rates, is 

responsible for behavior of the charge storage behavior of the MHP:PAH-G photo-

supercapacitor [85,93]. [86,93]. 

EIS measurement was used to understand the kinetics of the electrochemical charge storage 

mechanism of the MHP:PAH-G photo-supercapacitor. Figure 8.4(d) illustrates the 

Nyquist plot from the EIS measurement. The Nyquist plot exhibits non-linear behavior, at 

higher frequency, suggestive of the prominence of the diffusion-controlled charge storage 

process. Equivalent series resistance (ESR) value of 37  was obtained from the Nyquist 

plot. The significantly low ESR value is attributable to effective PAH-G gel electrolyte and 

MHP photo-capacitive electrodes interaction. Wherein, the MHP photo-capacitive 

electrodes have abundant sites for the PAH-G gel electrolyte penetration [5]. The 

equivalent circuit diagram used in fitting the Nyquist curve is shown in the inset of Figure 

8.4(d). 
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Figure 8.5: a) Areal capacitance with scan rate of MHP:PAH-G photo-supercapacitor. b) 

Plot of i/v1/2 versus v1/2 at 0.6 V. 

 

8.3 Photo-electrochemical energy storage performance of MHP:PAH-G 

photo-supercapacitor 

The excellent light absorption characteristic of the MHP photo-capacitive electrode 

necessitated the study of photo-electrochemical energy storage performance and photo-

response characteristic of the MHP:PAH-G photo-supercapacitor, under light intensity 

of 1 sun.  
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Figure 8.6: a) CV curves of MHP:PAH-G photo-supercapacitor, at the scan rates of 0.01 

V/s, 0,02 V/s, 0.05 V/s and 0.1 V/s; under illumination. b) CV curves of MHP:PAH-G 

photo-supercapacitor, at the scan rates of 0.2 V/s, 0.5 V/s and 1.0 V/s; under illumination. 

c) Electrochemical charge storage mechanism of MHP:PAH-G photo-supercapacitor, 

under illumination. d) Specific capacitance versus scan rate for MHP:PAH-G photo-

supercapacitor, under illumination.  

Figure 8.6(a) and (b) show the photo-electrochemical CV curves of the MHP:PAH-G 

photo-supercapacitor. The CV curves are entirely different from those obtained, under non-

illumination condition. The CV curves are expected to be largely influenced by the light-

generated electron-hole pairs emitted by the MHP photo-capacitive electrodes [97,106]. 
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The photo-electrochemical energy storage process is illustrated in Figure 8.6(c). The 

maximum photo-electrochemical CV current increased to about one order of magnitude, 

characterizing the contribution of the light-generated current. A maximum CV current of 

23 A was attained, at the highest scan rate of 1.0 V/s. Figure 8.6(d) displays the specific 

capacitance variation with scan rate, under light intensity. The MHP:PAH-G photo-

supercapacitor achieved a maximum specific capacitance of 4363 mF/g, with a 

corresponding maximum areal capacitance of 3.49 mF/cm2 (Figure 8.7). 

 

Figure 8.7: Areal capacitance with scan rate of MHP:PAH-G photo-supercapacitor, with 

illumination. 
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MHP:PAH-G photo-supercapacitor photo-charging response was investigated, under solar 

simulator of 100 mW/cm2 intensity. Charging and discharging currents were obtained, as 

a function time (Figure 8.8a). A maximum charging current of 0.29 μA was achieved. 

Similar charging and discharging current peaks were manifested by the MHP:PAH-G 

photo-supercapacitor, indicating its photo-charging stability. Figure 8.8(b) shows the 

obtained Nyquist plot from the EIS measurement, under illumination condition. The 

Nyquist plot exhibits a partial semi-circle across low and high frequency regions. The ESR 

value of 28  is recorded for the MHP:PAH-G photo-supercapacitor, under illumination 

condition. The improved ESR value further confirms the contribution of the light-generated 

electron-hole pairs provided by the MHP photo-capacitive electrodes.  

 

Figure 8.8: a) Photo-charging response of the MHP:PAH-G photo-supercapacitor, under 

illumination. b) Nyquist plot of MHP:PAH-G photo-supercapacitor, under illumination. 
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8.4 Comparison of electrochemical energy storage performance of 

MHP:PAH-G photo-supercapacitor with/without illumination  

The MHP:PAH-G photo-supercapacitor electrochemical and photo-electrochemical CV 

curves are compared, at a scan rate of 0.1 V/s, in Figure 8.9(a). The two curves have 

different shapes. Under non-illumination condition, the CV curve (dark yellow) attained a 

highest current of ~ 2.7 A. Meanwhile, under illumination condition, the CV curve (wine) 

reached a maximum current of ~ 10 A. Figure 8.9(b) (Figure 8.10a) presents the 

comparison of the electrochemical and photo-electrochemical specific capacitances (areal 

capacitances), with scan rates.  

Electrochemical and photo-electrochemical energy densities of the MHP:PAH-G photo-

supercapacitor are compared in Figure 8.9(c) (Figure 8.10b). At lowest scan rate of 0.01 

V/s, the maximum energy density of ~ 78 mWh/kg (0.06 Wh/cm2) and ~ 606 mWh/kg 

(0.48 Wh/cm2) were achieved, without and with illumination, respectively. An 

approximately 680% electrochemical energy density improvement is recorded at scan rate 

0.01 V/s. Ragone’s plot (Figure 8.9d and Figure 8.10c) was used to compare the 

electrochemical and photo-electrochemical energy storage performances of the 

MHP:PAH-G photo-supercapacitor, with and without illumination. 
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Figure 8.9: a) Comparison of CV curves of MHP:PAH-G photo-supercapacitor, at scan 

rate of 0.1 V/s, with and without illumination. b) Comparison of specific capacitance with 

scan rate for MHP:PAH-G photo-supercapacitor, with and without illumination. c) 

Comparison of energy density, as a function of scan rate, for MHP:PAH-G photo-

supercapacitor, with and without illumination. d) Ragone plot comparison of MHP:PAH-

G photo-supercapacitor, with and without illumination. 



144 

 

 

Figure 8.10: a) Areal capacitances comparison with scan rate for MHP:PAH-G photo-

supercapacitor, with and without illumination. b) Energy densities comparison with scan 

rate for MHP:PAH-G photo-supercapacitor, with and without illumination. c) Ragone plot 

of MHP:PAH-G photo-supercapacitor. 

 

8.5 Stability Performance Evaluation 

The stability performance of the MHP-PAH-G photo-supercapacitor was examined by 

cyclic charge-discharge of 10,000 cycles. The normalized capacitance versus cycle number 

plot is shown in Figure 8.11(a). MHP:PAH-G photo-supercapacitor retains 90% of its 

initial capacitance, after 10,000 cycles. ESR value of 42   was derived from the Nyquist 
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plot (Figure 8.11b), measured after 10,000 cycles. This relatively low ESR value further 

validates the excellent cyclic charge-discharge stability of the MHP:PAH-G photo-

supercapacitor.  

 

Figure 8.11: a) Normalized capacitance against cycle number for MHP:PAH-G photo-

supercapacitor. b) Nyquist plot of MHP:PAH-G photo-supercapacitor, after 10,000 cycles. 
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CHAPTER 9 

Inorganic (Cu3Bi2I9) Perovskite Photo-Assisted 

Supercapacitor for Single Device Energy Harvesting and 

Storage Application 

9.1 Synthesis, fabrication and characterizations 

The schematic for the preparation of the HPvA gel electrolyte is shown Figure 9.1(a). 

Fourier-transform infrared spectroscopy (FTIR) in attenuated total reflectance (ATR) 

mode was used to study the spectra of the HPvA gel electrolyte and its constituent 

substances. Figure 9.1(b) shows the spectra of the HPvA gel electrolyte, acetonitrile, 

polyvinylpyrrolidone (PVP) and phosphoric acid (H3PO4). The spectra peaks assignment 

was performed, utilizing available literatures [54,110,111]. For pristine acetonitrile, the 

peak at 917 cm-1 is attributed to CH3. Medium CH3 bend is noted at 1378 cm-1. The peak 

1476 cm-1 is CH3. The two peaks at 1629 cm-1 and 2253 cm-1 are associated to C=N and 

strong C≡N stretching mode, respectively. The FTIR spectrum of the pure PVP (Figure 

9.2) has stretching of C-O, at 1653 cm-1. The peak at 1422 cm-1 is assigned to C-H bending 

and the peak at 1275 cm-1 is CH2 wagging. 
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Figure 9.1: a) Schematic for the synthesis of polymer HPvA gel electrolyte. b) FTIR 

spectra of HPvA gel electrolyte and its pure constituents. c) LSV curve of the HPvA gel 

electrolyte in the potential window between -1 V and 4 V at a scan rate of 0.1 V/s. d) 

Nyquist plot of the HPvA gel electrolyte. 

 

The peaks at 1122 cm-1 and 2793 cm-1 are attributed to P-O stretching and P-H bending 

modes, respectively, for the pristine H3PO4. In the HPvA gel electrolyte spectrum, The 

H3PO4 peaks at 453 cm-1 and 945 cm-1 shifted to 473 cm-1 and 974 cm-1, respectively. 

While, the H3PO4 peaks at 1636 cm-1 shifted to 1597 cm-1. The H3PO4 peak at 2793 cm-1 

is weakly observed at 2978 cm-1 in the HPvA gel electrolyte spectrum. All the PVP peaks 
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are weakly present in the HPvA gel electrolyte. The acetonitrile peak at 750 cm-1 is shifted 

to 735 cm-1 in the HPvA gel electrolyte. The alterations in the peaks of the constituent 

substances of the HPvA gel electrolyte established the blending of the HPvA gel electrolyte 

constituents.  

 

Figure 9.2:  Expanded FTIR spectrum of the pure PVP.  

The electrochemical stability of the as-prepared HPvA gel electrolyte was examined by 

linear sweep voltammetry (LSV), at scan rate of 0.1 V/s. The HPvA gel electrolyte 

manifests steady potential window between -1.0 V and 3.0 V, as shown in Figure 9.1(c). 

The electrochemical impedance spectroscopy (EIS) study of the HPvA gel electrolyte 
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performed, the Nyquist plot in Figure 9.1(d) was obtained from the EIS measurement. The 

HPvA gel electrolyte ionic conductivity (7.6 × 10-4 S cm-1) was estimated by equation (5). 

 = (t/(Rb * S)),                                                             (9.1) 

where σ is the ionic conductivity, t is the thickness of the electrolyte, S is the contact area 

of the electrolyte and Rb is the electrolyte’s bulk resistance.  
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Figure 9.3: a) Schematic for fabrication of Cu-perovskite photo-assisted supercapacitor. 

b) Magnified SEM image of the Cu-perovskite photo-assisted electrode. c) SEM image of 

the Cu-perovskite photo-assisted electrode.  

 

Figure 9.3(a) demonstrates the fabrication procedure of the Cu-perovskite photo-assisted 

supercapacitor. SEM morphological image of the Cu-perovskite photoactive electrode film 

is displayed in Figure 9.3(b). The Cu-perovskite photoactive electrode film has leaf-like 
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morphological shapes, that are of varying sizes. The leaf-like morphology with obvious 

pores, offers large surface area for electrode-electrolyte interaction, necessary for efficient 

energy storage. The leaf-like morphological shapes of the Cu-perovskite photoactive 

electrode film are well spread on the FTO current collector, as can be seen in Figure 9.3(c). 

9.2 Electrochemical energy storage performance of Cu-perovskite photo-

assisted supercapacitor 

The CV of the Cu-perovskite photo-assisted supercapacitor was measured between 

potential of 0.0 V and 1.0 V; at scan rates ranging from 0.01 V/s, 0.02 V/s, 0.05 V/s, 0.1 

V/s, 0.2 V/s, 0.5 V/s to 1.0 V/s, as can be seen in Figure 9.4(a). The CV curves have partial 

rectangular shapes, which indicate hybrid capacitive and diffusion energy storage 

processes in the Cu-perovskite photo-assisted supercapacitor [84]. The CV current 

increases as the scan rate increases, with no apparent shape degeneration in the CV curves. 

This demonstrates the dominance of the capacitive energy storage mechanism coupled with 

high rate-capability and excellent stability of the Cu-perovskite photo-assisted 

supercapacitor [83,84]. A maximum CV current of -28 A was reached, at a scan rate of 

1.0 V/s. Figure 9.4(b) shows the electrochemical energy storage mechanism of the Cu-

perovskite photo-assisted supercapacitor. Figure 9.4(c) displays the plot of the specific 

capacitance with scan rate. At a scan rate of 0.01 V/s, peak specific capacitance of 274 

mF/g was attained, while the highest scan rate, a specific capacitance value of 158 mF/g 

was recorded. Electrolyte/electrode interaction plays significant role in the electrochemical 

charge storage performance of supercapacitors. Sufficient time is available, at low scan 

rate, for the Cu-perovskite photoactive electrodes and the HPvA gel electrolyte, leading to 

high energy storage capacity.  
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For the investigation of the kinetics of the charge storage process, EIS measurement was 

conducted and the Nyquist plot shown in Figure 9.4(d) was obtained. The impedance axes 

of the Nyquist plot manifest mini-arc at high frequency, while at low frequency, the plot 

exhibits no semicircle. Indicating the presence of diffusion and capacitive storage 

mechanisms for the Cu-perovskite photo-assisted supercapacitor. The mini-arc exhibited 

by the Nyquist plot is suggestive of the moderate charge transfer resistance offered by the 

supercapacitor. [4,63]. The equivalent series resistance (ESR), which is ascribed to the total 

ionic resistance of the HPvA gel electrolyte, the internal resistance of the Cu-perovskite 

photoactive electrode and the surface resistance between the Photoactive electrode and 

FTO current collector, is obtained  as 264  [4,53,64]  The inset in Figure 9.4(d) is the 

equivalent circuit diagram employed fitting the Nyquist plot. 
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Figure 9.4: a) CV curves of Cu-perovskite photo-assisted supercapacitor at the varying 

scan rate. b) Electrochemical energy storage mechanism of Cu-perovskite photo-assisted 

supercapacitor. c) Specific capacitance as a function of scan rate for Cu-perovskite photo-

assisted supercapacitor. d) Nyquist plot of Cu-perovskite photo-assisted supercapacitor, 

inset – equivalent circuit diagram. 

 

Using power law given in equation (6a) with its logarithm equivalence given in equation 

(6b), the CV current is qualitatively decoupled into the capacitive and diffusion-controlled 

mechanism components [83,93]. 
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  i = avb       (9.2a) 

   log i = b(log v) + log a      (9.2b) 

where, i is the current at specific potential,  is the scan rate, a and b are parametric 

variables.  

The b-value, which is the slope of the plot of equation (6b), has two generally known 

values. A b-value of 0.5 indicates diffusion-controlled charge storage process, while a b-

value of 1.0 corresponds to capacitive-controlled charge storage mechanism 

[83,94,95,104]. Any b-value between these two known values is indicative of hybrid 

diffusion-controlled and capacitive-controlled energy storage mechanism. Figure 9.5(a) 

shows the logarithm plot of equation (6b) for potentials ranging from 0.4 V, 0.6 V, 0.8 V 

and 1.0 V. The plot of the obtained b-values versus potential is shown Figure 9.6. The b-

values obtained are 1.0, 0.93, 0.83 and 0.76 for potentials of 0.4 V, 0.6 V, 0.8 V and 1.0 V, 

respectively. These values suggest the prominence of the capacitive-controlled charge 

storage mechanism across the specified potentials. 

Quantification of the respective contributions from the diffusion-controlled and capacitive-

controlled charge storage processes, at a specific potential, could be achieved by the 

Dunn’s equation given in equations (7a) and (7b) [83,94,95,104]. The Dunn’s equation is 

scan rate dependent. 

 iD (V) = c1 (v) + c2 (v
1/2)        (9.3a) 

iD (V)/(v1/2) = c1 (v
1/2) + c2        (93b) 
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where, c1 (v) and c2 (v1/2) represent the capacitive-controlled current and diffusion-

controlled current, respectively. The c1 and c2 are obtained from the plot (Figure 9.5b) of 

equation (7b), at a potential of 0.8 V, represent the slope and intersection of the plot, 

respectively. The capacitive current contribution of 90% was reached by Cu-perovskite 

photo-assisted supercapacitor, at a scan rate of 0.5 V/s, which is depicted by the shaded 

area of Figure 9.5(c). The unshaded area is the diffusion-current, with 10% contribution 

to the CV current.  

 

Figure 9.5: a) Logarithmic plots of the Power’s law at specific potential for Cu-perovskite 

photo-assisted supercapacitor. b) Plot of i/v0.5 versus v0.5 at 0.8 V. c) Capacitive-controlled 

contribution to Cu-perovskite photo-assisted supercapacitor, at scan rate of 0.5 V/s. d) 
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Diffusion and capacitive-controlled contribution ratios to Cu-perovskite photo-assisted 

supercapacitor, at varying scan rate. 

 

Figure 9.5(d) shows the diffusion-controlled and capacitive-controlled contribution 

percentages of the total CV current as a function of scan rate. The dominance of the 

capacitive-controlled contribution is observed, across all scan rates. The capacitive current 

increases as the scan rate increases, while the diffusion current decreases with increasing 

scan rate. Hence, the rapid adsorption/desorption of the HPvA gel electrolyte ions at higher 

scan rate is credited with the increasing capacitive current contribution [85,86]. 

 

Figure 9.6:  b-value versus voltage for Cu-perovskite photo-assisted supercapacitor. 
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9.3  Photo-electrochemical energy storage performance of Cu-perovskite 

photo-assisted supercapacitor 

The absorbance spectrum of the Cu-perovskite photoactive electrode is displayed in Figure 

9.7(a). The electrode exhibits sharp absorption spectrum around the ultra-violet (UV) 

region. Another sharp absorption with intensity less than that within UV region is seen 

around 400 nm. A relatively broad absorption peak is recorded around 450 nm to 550 nm. 

An absorption spectrum with sharp peak having intensity greater than those recorded 

within the visible region is seen at the near-infrared (IR) region. Hence, the Cu-perovskite 

photoactive electrode is a suitable photo-harvesting material, as it could harvest light across 

the solar spectrum. Thus, the photo-electrochemical storage performance of the Cu-

perovskite photo-assisted supercapacitor is investigated under illumination of light 

intensity of 100 mW/cm2. 
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Figure 9.7: a) UV-Vis absorption spectra of Cu-perovskite photo-assisted electrode. b) CV 

curves of Cu-perovskite photo-assisted supercapacitor, at the varying scan rate, under 

illumination. c) Photo-electrochemical energy storage mechanism of Cu-perovskite photo-

assisted supercapacitor. d) Specific capacitance as a function of scan rate for Cu-perovskite 

photo-assisted supercapacitor, under illumination.  

 

The photo-electrochemical CV measurement of the Cu-perovskite photo-assisted 

supercapacitor was measured under illumination (Figure 9.7b). The CV curves under 

illumination have similar partial regular shapes as recorded by the Cu-perovskite photo-
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assisted supercapacitor, under non-illumination condition. Hybrid capacitive and diffusion 

energy storage mechanisms are present in the Cu-perovskite photo-assisted supercapacitor, 

under illumination. The photo-electrochemical CV current is found to increase with 

increment in the scan rate. A peak photo-electrochemical CV current of -27 A was 

attained, at a scan rate of 1.0 V/s. Figure 9.7(c) shows the photo-electrochemical energy 

storage process of the Cu-perovskite photo-assisted supercapacitor, with optoionic 

generation within the Cu-perovskite photoactive electrodes. Figure 9.7(d) demonstrates 

the plot of the specific capacitance with scan rate, under illumination. At a scan rate of 0.01 

V/s, maximum specific capacitance of 621 mF/g was attained, representing 127% 

increment in the specific capacitance when compared with that obtained with no 

illumination. Hence, optoionic contribution leads to augmented energy storage 

performance of the Cu-perovskite photo-assisted supercapacitor. 
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Figure 9.8: Nyquist plot of Cu-perovskite photo-assisted supercapacitor, under 

illumination. 

 

The kinetics of the photo-electrochemical charge storage mechanism was equally studied 

by EIS measurement. Figure 9.8 shows the Nyquist plot obtained for the Cu-perovskite 

photo-assisted supercapacitor, under illumination. The real and imaginary impedance axes 

of the Nyquist plot exhibit an arc at high frequency, while at low frequency, the plot 

manifests moderate non-linear behavior. The non-linear characteristic of the Nyquist curve 

at high frequency is suggestive of the prominence of diffusion-controlled charge storage 
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mechanisms for the Cu-perovskite photo-assisted supercapacitor. The ESR value of 101 

 was recorded under illumination, representing more than two-fold improvement in the 

charge transfer process. 

 

Figure 9.9: a) Logarithmic plots of the Power’s law at specific potential for Cu-perovskite 

photo-assisted supercapacitor, under illumination. b) Plot of i/v0.5 versus v0.5 at 0.8 V, under 

illumination. c) Capacitive-controlled contribution to Cu-perovskite photo-assisted 

supercapacitor, at scan rate of 0.1 V/s, under illumination. d) Diffusion-controlled and 

capacitive-controlled contribution ratios to Cu-perovskite photo-assisted supercapacitor, at 

varying scan rate, under illumination. 
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To decouple the diffusion-controlled and capacitive-controlled contributions, utilizing the 

power’s law again. Figure 9.9(a) is the logarithm plot of equation (6b) for potentials 

ranging from 0.4 V, 0.6 V, 0.8 V and 1.0 V, under illumination. The plot of the obtained 

b-values against potential is depicted in Figure 9.10. The b-values obtained are 1.0, 0.94, 

0.69 and 0.61 for potentials of 0.4 V, 0.6 V, 0.8 V and 1.0 V, respectively, under 

illumination. The values of 0.69 and 0.61 at potentials of 0.8 V and 1.0 V, respectively, 

suggest the prominence of the diffusion-controlled charge storage mechanism, occasioned 

by the optoionic contribution to the photo-electrochemical CV current. Employing Dunn’s 

equation to quantify the diffusion-controlled and capacitive-controlled charge storage 

contributions to the photo-electrochemical CV current, at a specific potential, under 

illumination. The plot of i/v0.5 versus v0.5 (scan rate)0.5 is shown in Figure 9.9(b). The 

capacitive current contribution of the Cu-perovskite photo-assisted supercapacitor reduced 

to 67%, at a scan rate of 0.5 V/s, which is represented by the shaded area of Figure 9.9(c). 

The diffusion current contribution was found to increase to 33% (unshaded area), under 

illumination, confirming the optoionic contribution from the Cu-perovskite photoactive 

electrodes. Figure 9.9(d) demonstrates the diffusion-controlled and capacitive-controlled 

contribution ratios to the total photo-electrochemical CV current as a function of scan rate. 

The diffusion-controlled contributions are found to increase across all scan rates. The 

dominance of the diffusion-controlled contribution is noted at the scan rates of 0.01 V/s, 

0.02 V/s, 0.05 V/s and 0.1 V/s. The diffusion-controlled contribution is also found to 

decrease with increasing scan rate.  
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Figure 9.10:  b-value versus voltage for Cu-perovskite photo-assisted supercapacitor, 

under illumination. 

9.4 Comparison of Electrochemical Energy Storage Performance of Cu-

perovskite Photo-assisted Supercapacitor with and without 

Illumination  

The electrochemical and photo-electrochemical energy storage performance of the Cu-

perovskite photo-assisted supercapacitor are compared. Figure 9.11(a) shows the CV 

curves of the Cu-perovskite photo-assisted supercapacitor, at a scan rate of 0.05 V/s. with 

and without illumination. The two curves have varying shapes, with the curve with no 
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illumination (Blue) having partial-rectangular shape, that under illumination (Green) 

departed largely from rectangularity. Maximum CV current of ~ 2.0 A and highest photo-

electrochemical CV current of ~ 3.0 A were reached by the Cu-perovskite photo-assisted 

supercapacitor. Figure 9.11(b) shows the plot of the comparison of the specific capacitance 

as a function of scan rate, with and without illumination. The specific energy density 

comparison is shown in Figure 9.11(c). The Cu-perovskite photo-assisted supercapacitor 

attained maximum energy densities of ~ 86 mWh/kg and ~ 38 mWh/kg, with and without 

illumination, respectively, at a scan rate of 0.01 V/s. An almost 127% energy density 

augmentation is recorded at the scan rate of 0.01 V/s. Ragone plot of the Cu-perovskite 

photo-assisted supercapacitor, with and without illumination, is shown in Figure 9.11(d). 
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Figure 9.11: a) Comparison of CV curves of Cu-perovskite photo-assisted supercapacitor, 

at the varying scan rate, with and without illumination. b) Comparison of specific 

capacitance as a function of scan rate for Cu-perovskite photo-assisted supercapacitor, with 

and without illumination. c) Comparison of energy density as a function of scan rate for 

Cu-perovskite photo-assisted supercapacitor, with and without illumination. d) Ragone 

plot comparison of Cu-perovskite photo-assisted supercapacitor, with and without 

illumination. 
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9.5 Stability Performance Evaluation 

Figure 9.12(a) shows the normalized capacitance for the cyclic charge-discharge of the 

Cu-perovskite photo-assisted supercapacitor. The cyclic charge-discharge was conducted 

for 10,000 cycle number. The Cu-perovskite photo-assisted supercapacitor retained 93% 

of its original capacitance, after 10,000 charge-discharge cycles. The EIS measurement 

after 10,000 charge-discharge cycles was performed, and the Nyquist plot in Figure 

9.12(b) was obtained. An ESR value of 315  was derived from the Nyquist plot. The 

Nyquist plot has similar characteristic as that obtained in Figure 9.4(d) before 10,000 

charge-discharge cycles. Hence, the Cu-perovskite photo-assisted supercapacitor exhibited 

high cyclic charge-discharge stability. 

 

Figure 9.12: a) Normalized capacitance versus cycle number of 10,000 for Cu-perovskite 

photo-assisted supercapacitor. b) Nyquist plot of Cu-perovskite photo-assisted 

supercapacitor, after 10,000 CV cycles. 
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CHAPTER 10 

Inorganic Cu3SbI6 Perovskite Photo-responsive 

Electrochemical Capacitor utilizing Non-aqueous PVP 

Polymer Gel Electrolyte for Hybrid Energy Harvesting and 

Storage Applications 

10.1 Synthesis, fabrication and characterizations 

The schematic for the synthesis of the HAAP gel electrolyte is demonstrated Figure 

10.1(a). Fourier-transform infrared spectroscopy (FTIR) in attenuated total reflectance 

(ATR) mode was utilized to investigate the spectra of the HAAP gel electrolyte and its 

component, as shown in Figure 10.1(b). The spectra peaks assignment was done using 

available literatures [54,101]. For pristine acetylacetone, the peak at 630 cm-1 is attributed 

CH3 ring deformation. The frequency at 977 cm-1 is assigned to CH3 rocking mode. The 

peak at 1243 cm-1 is strong C-O stretching mode, while that 1308 cm-1 is ascribed to a 

medium O-H bending mode. CH3 symmetric deformation, CH3 deformation and  -

unsaturated ketone C=C stretching are assigned to the peaks at frequencies 1362 cm-1, 1417 

cm-1 and 1607 cm-1, respectively. C=O stretching mode is recorded at the peak 1713 cm-1. 

Figure 10.2 shows the expanded spectrum of the original PVP powder. The PVP peaks at 

1277 cm-1, 1421 cm-1 and 1653 cm-1 are assigned to CH2 wagging, C-H bending and C-O 

stretching, respectively. For the pure H3PO4 spectrum, the peaks at 1122 cm-1 and 2811 

cm-1 are assigned to P-O stretching and P-H bending modes, respectively. In the HAAP gel 
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electrolyte spectrum, the acetylacetone peaks at 632 cm-1, 1607 cm-1 and 1713 cm-1 shifted 

to 653 cm-1, 1604 cm-1 and 1729 cm-1. The PVP peak at 1277 cm-1 is shifted 1299 cm-1. 

The PVP peak at 1421 cm-1 appears weakly in the HAAP gel electrolyte, while the peak at 

1653 cm-1 is absent in the HAAP gel electrolyte spectrum. The H3PO4 peaks at 466 cm-1 

and 946 cm-1 shifted to 471 cm-1 and 977 cm-1, respectively. While, the H3PO4 peaks at 

1631 cm-1 is absent in the HAAP gel electrolyte spectrum. The H3PO4 peak at 2811 cm-1 

is faintly seen at 2799 cm-1 in the HAAP gel electrolyte spectrum. The modifications in the 

peaks of the constituent materials of the HAAP gel electrolyte established the complexation 

of the HAAP gel electrolyte constituents.  
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Figure 10.1: a) Schematic for the preparation of polymer HAAP gel electrolyte. b) FTIR 

spectra of HAAP gel electrolyte and its pristine constituents. c) LSV curve of the HAAP 

gel electrolyte in the voltage window between -1 V and 4 V at a scan rate of 0.1 V/s. d) 

Nyquist plot of the HAAP gel electrolyte. 

 

The as-synthesized HAAP gel electrolyte electrochemical stability was studied using linear 

sweep voltammetry (LSV), at a sweep rate of 0.1 V/s. The HAAP gel electrolyte exhibits 

stable potential window between -1.00 V and 2.75 V (Figure 10.1c).  
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Figure 10.2:  Expanded FTIR spectrum of the pristine PVP.  

The ionic conductivity of the HAAP gel electrolyte was investigated by the electrochemical 

impedance spectroscopy (EIS) and the Nyquist plot obtained is as shown in Figure 10.1(d). 

Equation (1) was used to estimate the ionic conductivity value from the Nyquist plot, the 

HAAP gel electrolyte has an excellent ionic conductivity value of 6.2 × 10-4 S/cm. 

 = (s/(Rb * A))                                                             (10.1) 

where σ is the ionic conductivity, s is the thickness of the gel electrolyte, Rb is the bulk 

resistance of the gel electrolyte and A is the contact area of the gel electrolyte.  
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Figure 10.3: a) Schematic for fabrication of CHP photo-responsive EC. b) UV-Vis 

absorption spectrum of Cu3SbI6 electrode c) SEM image of the Cu3SbI6 electrode. d) 

Magnified SEM image of the Cu3SbI6 electrode. 

 

The sequential fabrication steps of the CHP photo-responsive EC is illustrated in Figure 

10.3(a). The CHP photo-responsive EC was coupled by sandwiching of the HAAP gel 

electrolyte in-between the Cu3SbI6 electrodes. Figure 10.3(b) shows the absorbance 

spectrum of the Cu3SbI6 electrode. The electrode manifest intense absorption spectrum 
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within the vicinity of the ultra-violet (UV) region and a broad absorption spectrum around 

the visible light region to near infrared (IR) region. Thus, the suitability of the Cu3SbI6 

electrode has photo-responsive electrode. 

The Cu3SbI6 electrode surface morphology was studied by scanning electron microscopy 

(SEM). Figure 10.3(c) shows the SEM image of the Cu3SbI6 electrode, at 1 m 

magnification. The SEM image reveals micro-sheets morphology on the Cu3SbI6 electrode 

film. The micro-sheets are interconnected and well dispersed on the FTO glass. The 

interconnectedness of the micro-sheets is beneficial to efficient ion migration within the 

Cu3SbI6 electrodes, as well as excellent electron-hair mobility, generated under illuminated 

condition. Figure 10.3(d) displays the magnified SEM image, at 200 nm magnification. It 

further reveals the high interconnectedness of the Cu3SbI6 micro-sheets. 
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10.2 Electrochemical energy storage performance of CHP photo-

responsive electrochemical capacitor 

 

Figure 10.4: a) CV curves of CHP photo-responsive EC, at the different scan rate, under 

dark. b) Electrochemical energy storage mechanism of CHP photo-responsive EC, under 

dark. c) Illuminated CV curves of CHP photo-responsive EC, at the different scan rate. d) 

Illuminated electrochemical energy storage mechanism of CHP photo-responsive EC. 
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The electrochemical energy storage performance of the CHP photo-responsive EC was 

examined by cyclic voltammetry (CV) measurement, under dark and illuminated condition. 

The CV measurement was conducted between voltage of 0.0 V and 1.0 V. CV curves were 

obtained, at scan rates of 0.01 V/s, 0.02 V/s, 0.05 V/s, 0.1 V/s, 0.2 V/s, 0.5 V/s and 1.0 V/s. 

Figure 10.4(a) shows the CV curves for the CHP photo-responsive EC, under dark. The 

obtained CV curves manifest redox peaks, indicative of the dominance of diffusion-

controlled energy storage mechanism within the CHP photo-responsive EC. The CV 

current increases with increasing scan rate, indicating high rate-capability of the CHP 

photo-responsive EC [83,84]. A peak CV current of -0.23 mA attained, at a scan rate of 1.0 

V/s, under dark condition. Figure 10.4(b) demonstrates the electrochemical charge storage 

mechanism of the CHP photo-responsive EC, under dark. The CV measurement curves of 

the CHP photo-responsive EC, under illumination is as shown in Figure 10.4(c). The 

illuminated CV curves equally manifest the presence of redox peaks and amplified CV 

currents. The amplified CV currents confirm the existence of photogenerated electron-hole 

pairs in the CHP photo-responsive EC. The electron-hole pairs are emitted from the 

Cu3SbI6 electrodes, when placed under illumination source of 100 mW/cm2. Hence, the 

hybrid energy harvesting and energy storage functionalities of the CHP photo-responsive 

EC is established. A maximum illuminated CV current of -0.43 mA was reached. The 

simultaneous energy harvesting and energy storage mechanism of the CHP photo-

responsive EC is depicted in Figure 10.4(d).  
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Figure 10.5: CV curves comparison of CHP photo-responsive EC, under dark and 

illuminated conditions a) at scan rate of 0.01 V/s. b) at scan rate of 0.02 V/s. c) at scan rate 

of 0.05 V/s. d) at scan rate of 0.1 V/s. e) at scan rate of 0.2 V/s. f) at scan rate of 0.5 V/s. 

g) at scan rate of 1.0 V/s. 

 

Figure 10.5 compares the electrochemical energy storage performance with the 

illuminated electrochemical energy storage performance of the CHP photo-responsive EC. 

At lower scan rates, the augmentation in the CV curves, resulting from photogenerated 

electron-hole pairs, is enormous in the case of the illuminated CV curves as compared with 
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the CV curves, under dark (Figure 10.5 a-d). As the scan rate increases, the augmentation 

in the CV curves reduces (Figure 10.5 e-g), signifying an onset in recombination in the 

electron-hole pairs, leading to the loss in the photogenerated current. 

Figure 10.6(a) illustrates the plot of the areal capacitances of the CHP photo-responsive 

EC with scan rate, under dark and illuminated conditions. At a scan rate of 0.01 V/s, a peak 

areal capacitance of 72 mF/cm2 was reached by the illuminated CHP photo-responsive EC, 

while the highest areal capacitance of 13 mF/cm2 was recorded, under dark. A 462% 

capacitance enhancement was achieved under illumination. Hence, further confirming the 

augmentation of energy storage performance by the photogenerated electron-hole pairs. 

The areal capacitances of the CHP photo-responsive EC, under dark and illumined 

operating conditions, decrease with scan rates. 

For further insight into the electrochemical energy storage performance of the CHP photo-

responsive EC, the kinetics of the charge storage mechanism was investigated by EIS 

measurement. Figure 10.6(b) shows the Nyquist plots of the CHP photo-responsive EC, 

under dark and illuminated conditions. The Nyquist plots exhibit similar shapes, under dark 

and illuminated conditions, at both high and low frequency regions. The Nyquist plots 

manifest small arcs at high frequency region, large arcs at medium frequency region and a 

vertex at the lowest frequency region. The obtained shapes of the Nyquist plots are 

indicative of the prominence of the intercalation/de-intercalation redox process of the CHP 

photo-responsive EC. The small arcs at high frequency, is suggestive of the excellent 

charge transfer resistances provided by the CHP photo-responsive EC, under dark and 

illuminated conditions [4,63]. The equivalent series resistance (ESR), which is attributed 

to the overall ionic resistance of the HAAP gel electrolyte, the internal resistance of the 
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Cu3SbI6 electrode and the interfacial resistance between the Cu3SbI6 electrode and FTO 

glass, and is obtainable from the intercept of the Nyquist plot with the impedance real axis 

[4,53,64]. The ESR values of 149  and 98  were recorded by the CHP photo-responsive 

EC, under dark and illuminated conditions. The lower ESR value recorded under 

illuminated condition establishes the contribution from the photogenerated electron-hole 

pairs. The equivalent circuit diagram utilized for fitting the Nyquist plots is shown in inset 

of Figure 10.6. 

 

Figure 10.6: a) Areal capacitances of the CHP photo-responsive EC as a function of scan 

rate, under dark and illuminated conditions. b) Nyquist plot of CHP photo-responsive EC, 

under dark and illuminated conditions, inset – equivalent circuit diagram. 

 

Energy density and power density of electrochemical energy storage devices are important 

metrics in evaluating the performance of any energy storage devices. Figure 10.7(a) shows 

the comparison of the energy densities of the CHP photo-responsive EC, at different scan 

rates, under dark and illuminated conditions. The CHP photo-responsive EC reached peak 
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energy densities of ~ 2.0 Wh/cm2 and ~ 10 Wh/cm2, at a scan rate of 0.01 V/s, under 

dark and illuminated conditions. An approximate 460% energy density amplification is 

achieved at the scan rate of 0.01 V/s. The Ragone’s plot which relates the energy density 

and power density, is demonstrated in Figure 10.7(b), the CHP photo-responsive EC, 

under dark and illuminated conditions. 

 

Figure 10.7: a) Comparison of energy density as a function of scan rate for CHP photo-

responsive EC, under dark and illuminated conditions. b) Ragone plot comparison of CHP 

photo-responsive EC, under dark and illuminated conditions. 

 

The cyclic charge-discharge stability of the CHP photo-responsive EC was investigated by 

CV measurement. Figure 10.8(a) displays the cyclic charge-discharge normalized 

capacitance of the CHP photo-responsive EC. A total of 10,000 charge-discharge cycles 

were performed. The CHP photo-responsive EC retained 93.0% of its initial capacitance, 

after charge-discharge of 10,000 cycles. The EIS measurement, after the charge-discharge 

of 10,000 cycles, was conducted. The Nyquist plot obtained is shown in Figure 10.8(b). 
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An ESR value of 153.02  was found from the Nyquist plot. The ESR value after 10,000 

cyclic charge-discharge represent just 2.7% difference between the ESR value before and 

after charge-discharge cycles. Thereby, establishing the superb cyclic charge-discharge 

stability of the CHP photo-responsive EC. 

 

Figure 10.8: a) Normalized capacitance versus cycle number of 10,000 for CHP photo-

responsive EC. b) Nyquist plot of CHP photo-responsive EC, after 10,000 CV cycles. 
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CHAPTER 11 

Conclusions and Future Outlook 

11.1 Conclusions 

In summary, perovskite electrochemical supercapacitors utilizing quasi-solid-state 

electrolytes were fabricated. The electrochemical energy storage performance of two 

different quasi-solid-state electrolytes sandwiched between two symmetric perovskite 

electrodes were investigated. It was found that MAI is the main ionic transport material in 

the CHLPVAKOHMAI electrolyte. The potential of the as-synthesized electrolytes to 

perform the dual functions of electrolyte materials and separators were investigated. 

Highest areal capacitance of 22 F/cm2 was recorded, which is 3.7 times greater than areal 

capacitance recorded by similar perovskite electrochemical capacitors utilizing liquid-state 

electrolytes. A very high power density of 5.1 W/cm2 was achieved. Electrochemical 

impedance spectroscopy (EIS) was used to study the ionic transport mechanism and 

properties of the as-fabricated devices. All devices exhibited short relaxation time to with 

device recording the shortest relaxation time of 251 s, indicative of the fast discharge 

properties of the as-fabricated devices. Two methods were used to fabricate the perovskite 

active electrodes. One-step solution processed MAPbI3 perovskite electrode morphology 

revealed a loosely connected ribbon-like MAPbI3 structures that allow for adequate 

interpenetration of the electrolyte thus leading to rapid ions transport at the perovskite 

electrode/electrolyte interface. The closely packed morphological structure of the two-step 

solution processed MAPbI3 perovskite electrodes does not allow for fast ion migration 
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within the perovskite electrode/electrolyte interface. The devices show excellent 

cyclability with device retaining 98% of its initial capacitance value after 1000 cycle. 

MBI:CPH-G photo-supercapacitor utilizing symmetric MBI photo-capacitive electrodes 

and a novel CPH-G gel electrolyte was fabricated. The MBI photo-capacitive electrodes 

serve as both energy harvesting and energy storage material. The CPH-G gel electrolyte 

was particularly compatible with the MBI electrode. The electrochemical energy storage 

performance of the MBI:CPH-G photo-supercapacitor was evaluated under dark and light 

working conditions. Capacitive-controlled mechanism was found to dominate the energy 

storage mechanism under dark working condition. Under light operating condition, light-

induced energy storage mechanism surpasses both capacitive and diffusion-controlled 

mechanism, exceedingly. The MBI:CPH-G photo-supercapacitor manifests excellent 

cyclability, retaining 94% of its initial capacitance value after 5000 CV cycles. The ESR 

value of 55  obtained after 5000 charge-discharge cycles reinforces the outstanding 

stability of the photo-supercapacitor. 

A novel HPAc gel electrolyte was synthesized, it is found to be compatible with halide 

perovskite electrodes. Photo-electrocapacitive AHP electrodes were used in conjunction 

with the HPAc gel electrolyte to fabricate an antimony-based photo-electrochemical (Sb-

PEC) supercapacitor.  The Sb-PEC supercapacitor functioned as an integrated energy 

harvesting and electrochemical energy storage device. Very high photogenerated currents 

were recorded for the CV measurement under illumination, leading to excellent photo-

capacitance performance of the Sb-PEC supercapacitor. An impressive 94% energy density 

enhancement was achieved under illumination, at a scan rate of 0.01 V/s. The Sb-PEC 
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supercapacitor equally manifest a remarkable cyclic stability, wherein, it retained about 

82% of its initial capacitance after 10,000 cycles. 

Li-ion rich Li-PCH gel electrolyte was synthesized, it exhibited excellent ionic 

conductivity. BOHP photoactive electrodes having good light absorbing property were 

fabricated. The electrolyte and electrodes were used to couple a Bi-PSC photo-chargeable 

supercapattery, that is capable of simultaneously harvesting and storing energy.  The Bi-

PSC photo-chargeable supercapattery exhibited stable photo-charging characteristic, as 

well as photo-enhanced energy storage performance. The Bi-PSC photo-chargeable 

supercapattery also manifest a outstanding cyclic charge-discharge stability, by retaining 

96% of its original capacitance, after 5,000 cycles. 

An acetonitrile-based PAH-G gel electrolyte having high ionic conductivity was prepared. 

MHP photo-capacitive electrodes were fabricated using mixed-halides organometallic 

perovskite material. The photo-capacitive electrodes exhibited good light absorbing 

characteristic, particularly, within the visible light region. MHP:PAH-G photo-

supercapacitor was coupled using the photo-capacitive electrodes and the as-synthesized 

PAH-G gel electrolyte. Energy harvesting and storage performance of the MHP:PAH-G 

photo-supercapacitor were investigated by both electrochemical and photo-

electrochemical characterizations. The photo-supercapacitor possesses robust cyclic 

charge-discharge stability, retaining 90% of its initial capacitance, after 10,000 cycles. 

Cu-perovskite photo-assisted supercapacitor serving the dual functionalities of energy 

harvesting and electrochemical energy storage in a single device, was fabricated. Cu-

perovskite photo-assisted supercapacitor utilized a novel HPvA gel electrolyte. The 
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electrochemical and photo-electrochemical energy storage performance of the Cu-

perovskite photo-assisted supercapacitor were investigated. The device achieved 127% 

energy density augmentation, at a scan rate of 0.01 V/s. The Cu-perovskite photo-assisted 

supercapacitor retained 94% of its initial capacitance, after 10,000 charge-discharge cycles. 

An inorganic perovskite-based CHP photo-responsive EC, that functions as a hybrid 

energy harvesting and storage device, was fabricated. A novel HAAP polymer gel 

electrolyte was utilized in the CHP photo-responsive EC fabrication. The electrochemical 

energy storage performance of the CHP photo-responsive EC was investigated under dark 

and illuminated conditions. A capacitance enhancement of 462% was recorded for the CHP 

photo-responsive EC, under illuminated condition, at a scan rate of 0.01 V/s. Similarly, 

maximum energy density and power density of 10 Wh/cm2, and 3.2 mW/cm2 were 

attained under illumination, respectively. The CHP photo-responsive EC manifested 

superb cyclic charge-discharge stability by retaining 93% of its original capacitance, after 

10,000 cycles. 
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Table 11.1: Comparison of fabricated devices 

                                                                                                DEVICE PERFORMANCE COMPARISON 
   Non-Illumination Illumination Stability 
Device Electrode Electrolyte Specific     

Cap 

ED PD ESR Specific 

Cap 

ED PD ESR Photo 

enhancement 

 

Sb-PEC MASbI HPAc 0.25 

mF/cm2  

 

0.03 

Wh/cm
2
   

7.3 

mW/cm2 

43  3.4 

mF/cm2 

0.48 

Wh/cm
2
   

11 

mW/cm2 

29  1500 % 82% (10,000) 

Bi-PSC  MABiI Li-PCH 4824 

mF/g 

671 

mWh/kg 

32 kW/kg 48  10578 

mF/g 

1471 

mWh/kg 

48 

kW/kg 

32  119% 96% (5,000) 

CHP Cu3SbI6 HAAP 13 

mF/cm2 

1.8 

Wh/cm
2

 

2.1 

mW/cm2 

149  72 

mF/cm2 

            

 Wh/cm
2

 

3.2 

mW/cm2 

98  461% 93% (10,000) 

MBI:CPH-G MABiI CPH-G 0.28 

mF/cm2 

0.041 

Wh/cm2 

5.7 

mW/cm2 

54  4.0 

mF/cm2 

0.55 

Wh/cm2 

7.3 

mW/cm2 

43  1,275% 95% (5,000) 

             
MHP:PAH-G  
 

MAPbI3-

xBrx 

PAH-G 0.45 

mF/cm2 

0.062 

Wh/cm2 

8.4 

mW/cm2 

37  3.5 

mF/cm2 

0.48 

Wh/cm2 

11 

mW/cm2 

28  679% 90% (10,000) 

Cu-perovskite Cu3Bi2I9 HPvA 273 mF/g 38.02 

mWh/kg 

5.0  

kW/kg 

263  621 

mF/g 

86.37 

mWh/kg 

15 

kW/kg 

101  127% 94% (10,000) 
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11.2 Future outlooks 

The following could be studied in future research 

1. Fabrication and performance evaluation of flexible photo-supercapacitors. 

2. Photo-supercapacitors could be used to power electronic and smart devices 

including LEDs. 

3. More perovskite material could be studied for their photo-capacitive potentials. 

4. 2D perovskite could provide exciting photo-capacitive behaviors. 

5. More electrolyte materials could be explored for even better photo-capacitive 

performance. 
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Sandwiched – Type Photodetectors, (ACS Applied Electronics Materials, 2020. 

https://doi.org/10.1021/acsaelm.0c00116) 

 

viii. Luqman E. Oloore, Mohammed Ashraf Gondal, Idris. K. Popoola, 

AbdulJelili Popoola, CdS Quantum Dots‐Organometallic Halide Perovskites 

Bilayer Electrodes Structures for Supercapacitor Applications 

(ChemElectroChem, 2019, https://doi.org/10.1002/celc.201901969) 

 

ix. Idris K. Popoola, Mohammad. A. Gondal*, Jwaher. Al-Ghamdi, and Talal F 

Qahtan, Photofabrication of Highly Transparent Platinum Counter Electrodes 

https://doi.org/10.1016/j.electacta.2019.135536
https://doi.org/10.1021/acsaelm.0c00417
https://doi.org/10.1016/j.carbon.2020.11.097
https://doi.org/10.1016/j.electacta.2020.137082
https://doi.org/10.1016/j.apmt.2020.100649
https://doi.org/10.1016/j.orgel.2020.105730
https://doi.org/10.1021/acsaelm.0c00116
https://doi.org/10.1002/celc.201901969
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at Ambient Temperature for Bifacial Dye Sensitized Solar Cells, 2018 

(Scientific Reports   https://www.nature.com/articles/s41598-018-31040-1) . 

 

x. Idris K. Popoola, Mohammed A. Gondal, Talal F. Qahtan,    

    Recent progress in flexible perovskite solar cells: materials, 

mechanical tolerance and stability, 2017 (Renewable and Sustainable Energy 

Reviews, ElSevier Ltd   https://doi.org/10.1016/j.rser.2017.10.028). 

 

xi. Ibrahim O. Alade, Tajudeen A. Oyehan, Idris K. Popoola, Sunday O. 

Olatunji, Bagudu Aliyu, Modeling thermal conductivity enhancement of metal 

and metallic oxide nanofluids using support vector regression. (Applied 

Powder Technology (APT), Elsevier Ltd. – 

https://doi.org/10.1016/j.apt.2017.10.023) 

 

xii. Taoreed.O. Owolabi, Mohamed Faiz, Sunday O. Olatunji, Idris.K.Popoola, 

Computational intelligence method of determining the energy band gap of 

doped ZnO semiconductor. 2016 (Journal of Materials and Design Elsevier Ltd. - 

https://doi.org/10.1016/j.matdes.2016.03.116) 

 

RESEARCH INTEREST  

❖ Computational Material Physics 

❖ Study and understanding of materials properties with the aid of Machine Learning 

(ML) tools 

❖ Synthesis and characterization of nanomaterials 

❖ Fabrication and characterization of solar cells [Dye Sensitized Solar cells (DSSCs, 

Quantum-dot Sensitized Solar Cells (QDSSCs) and Perovskite Solar Cells (PSCs)] 

❖ Fabrication and characterization of Electrochemical Supercapacitors Energy 

Storage Devices and Self-charging Devices 

❖ Fabrication and characterization of solution-processed Photodetectors 

 

 

 

RESEARCH EXPERIENCE  

❖ Lecturer-B 

Halide-based perovskites application in photodetectors, supercapacitors and 

hybrid photo-electrochemical energy harvesting and storage devices.  

Physics department               

King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia.         

https://www.nature.com/articles/s41598-018-31040-1
https://doi.org/10.1016/j.rser.2017.10.028
https://doi.org/10.1016/j.apt.2017.10.023
https://doi.org/10.1016/j.matdes.2016.03.116
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September, 2017 – Till date 

 

❖ Graduate Student  

Fabrication of solar cell devices (DSSCs, QDSSCs and PSCs).  

Physics department               

King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia.        

Fabrication of solar cell devices (DSSCs, QDSSCs and PSCs).  

January, 2015 – June, 2017 

 

❖ Graduate Student  

Nanocomposite materials - Synthesis using pulsed laser ablation in liquid 

(PLAL) and characterizations.       

      Center for Excellence in Nanotechnology (CENT) 

Research Institute         King Fahd University of Petroleum and 

Minerals, Dhahran, Saudi Arabia.              

January, 2015 – June, 2017 

Fabrication, Synthesis, and Characterization Techniques Expertise  

❖ Spin-coating  

❖ Drop casting  

❖ Blade coating  

❖ Pulsed laser ablation in liquid (PLAL)  

❖ Hydrothermal synthesis  

❖ Working in glovebox  

❖ UV-Vis spectrophotometry [measurement and analysis]   

❖ I-V characterization [Measurement and analysis on Autolab potentiostat and 

NOVA software]        

❖ X-ray Diffraction (XRD) [Measurement and Analysis] 

❖ X-ray Photoelectron Spectroscopy (XPS) [Analysis]  

❖ Electrochemical Impedance Spectroscopy (EIS) [Measurement and analysis of 

Nyquist plot, Bode plot and Tafel Polarization on Autolab potentiostat equipped 

with NOVA software]                      

❖ Cyclic voltammogram (CV) [Measurement and analysis on Autolab potentiostat 

and NOVA software] 

❖ Galvanostatic Charge-Discharge [Measurement and analysis] 

SKILLS  

❖ Density Functional Theory (DFT) with Quantum Espresso (QE) 

❖ Python programming (Intermediate level) 

❖ Proficiency in Linux OS 

❖ Proficiency in computer usage  
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❖ Good and efficient research abilities   

❖ Effective Leadership and Administrative skills  

❖ Excellent oral and written communication skills 

 

WORK EXPERIENCE  

❖ Lecturer-B 

Teaching of undergraduate physics laboratory courses, proctoring of 

undergraduate exams and other assigned administrative tasks. 

Physics Department 

King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia 

September, 2017 till date 

 

❖ Graduate Assistant 

Teaching of undergraduate physics laboratory courses, teaching tutorial of 

undergraduate courses, proctoring of undergraduate exams and other assigned 

administrative tasks. 

Department of Physics/Geology/Geophysics,                    

Federal University, Ndufu-Alike, Ikwo , Nigeria.  

September, 2013 – August, 2017 

             

❖ Teaching and Research Assistant (National service) 

Teaching of undergraduate physics laboratory courses, teaching tutorial of 

undergraduate courses, proctoring of undergraduate exams and other assigned 

administrative tasks 

Department of Physics                 

University of Ilorin, P.M.B. 1515 Ilorin, Nigeria.  

July, 2012 – May, 2013           

 

❖ Intern 

Investigation of technical faults in power plant control systems, proffering 

solutions to detected faults with team members, on-site implementation of 

solutions with team members and other administrative duties.   

                         OCI Automations (Nigeria Representative of 

National Instrument - NI USA) 58, Kudirat Abiola way Oregun-Ikeja, Lagos 

June, 2010 – December, 2010  

        

SEMINAR AND POSTER PRESENTATION 
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i. Idris Popoola, Mohammed Gondal, Luqman Oloore, AbdulJelili Popoola, 

Fabrication of Organometallic Halide Perovskite Electrochemical 

Supercapacitors utilizing Quasi-Solid-State Electrolytes for Energy Storage 

Devices K.A.CARE Energy Research & Innovation Center Annual Seminar 2019 

(Poster Presentation) 

ii. I. K. Popoola, M. A. Gondal, Novel Fabrication Techniques of Third 

Generation Solar Cells, Physics Day, KFUPM, 2017 (Poster presentation)  

iii. Idris K. Popoola, Nanomaterials Applications in Energy Harvesting, Physics 

Department KFUPM 2016 (Seminar)  

iv. Idris K. Popoola, Nanomaterials Applications in Solar Cells, Center for 

Excellence in Nanotechnology (CENT) KFUPM 2016 (Seminar)  

MEMBERSHIP OF PROFESSIONAL BODIES AND ASSOCIATIONS  

Member, Nigerian Institute of Physics (NIP)  

Student Member (90837538), Institute of Electrical and Electronics Engineering (IEEE)  

CONFERENCE, SEMINAR AND WORKSHOP ATTENDED  

The 4th Saudi International Nanotechnology Conference (SINC 2016)          

25th – 27th October, 2016 

4th KFUPM-KAUST Workshop on Solid-State Lighting             

21st April, 2015 

 “The Role of Physics in the Nano World” Nigeria Institute of Physics (NIP) 36th Annual 

Conference, Uyo.                  

26th – 30th May, 2014 

Examination Ethics Workshop, Federal University, Ndufu-Alike, Ikwo         

2013 

Entrepreneurship Training Workshop, Physics Department, Federal University of 

Technology, Minna                                       

2011 

Nigercon – Abuja, Nigeria Institute of Electrical and Electronics Engineers (NIEEE)       

2010  

Institutional Productivity and Quality Assurance Workshop, Federal University of 

Technology, Minna                           

2010 
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“Energy in National Development” Nigeria Institute of Physics (NIP) Conference, Lagos       

2007 

 

LEADERSHIP AND ADMINISTRATIVE EXPERIENCE  

Graduate Students’ Coordinator              

K.A.CARE Energy Research & Innovation Center           

King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia     

March, 2019 – March, 2020 

Team Lead                   

Perovskite Research Sub-group, Laser Research Group (LRG),          

King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia      

August, 2018 – Till date 

Coordinator of 100 level students (Physics Option)                            

Department of Physics/Geology/Geophysics,         

Federal University, Ndufu-Alike, Ikwo (FUNAI), Ebonyi State, Nigeria    

August, 2014 – December, 2014  

Coordinator, Team FUNAI Taekwando          

Federal University Ndufu-Alike, Ikwo (FUNAI), Ebonyi State, Nigeria           

November, 2013 – December, 2014 

Member            

Students’ Union Caretaker Committee                     

Federal University of Technology (FUT), Minna, Nigeria              

February, 2009 – October, 2010  

Member                    

University Students’ Registration Committee 2009/2010 Session          

Federal University of Technology (FUT), Minna, Nigeria                 

January, 2010 

Member            

University Transport Committee 2008/2009 Session        

Federal University of Technology (FUT), Minna, Nigeria                    

June, 2009 

Chairman                     

Students’ Transport Scheme Committee, Students’ Union       
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Federal University of Technology (FUT), Minna, Nigeria                         

2009  

 

Chairman                     

Academic and ICT Committee,                   

Students’ Representative Assembly, Students’ Union          

Federal University of Technology (FUT), Minna, Nigeria                 

2009  

House Leader                    

Students’ Representative Assembly, Students’ Union           

Federal University of Technology (FUT), Minna, Nigeria           

2008 - 2009 

AWARD AND MEDALS  

❖ K.A.CARE Graduate Students Grant Program 2019  

❖ Dean list of Exceptional Students 2007, 2008, 2009, 2010, 2011  

❖ Hockey Fair Play award and 4th Position, West Africa University Games 3rd 

Football/Hockey Championships BUK 2010  

❖ Hockey Bronze Medalist, 22nd NUGA Games UNN 2008  

MENTORSHIP 

Designated Supervisor                   

National Olympiad for Scientific Creativity (Creativity 2021)                   

University Private Schools, Dhahran, Saudi Arabia                      

Ongoing 

Designated Supervisor                    

National Olympiad for Scientific Creativity (Creativity 2020)                  

University Private Schools, Dhahran, Saudi Arabia                   

2020 

Designated Supervisor                     

National Olympiad for Scientific Creativity (Creativity 2019)           

University Private Schools, Dhahran, Saudi Arabia           

2019 

Assistant Designated Supervisor                     

National Olympiad for Scientific Creativity and International Olympiad for Scientific 

Creativity  (Creativity 2018)                   



214 

 

Bassam International Schools, Dammam, Saudi Arabia         

2018 

 

SOCIAL WORKS 

Voluntary work (Distributing food items to the needy),            

King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia         

2017 

Voluntary work (Assisting commuters with vehicle safety),           

King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia         

2016 

MDGs Family and Community Life Reorientation (FACOR)                

National Youth Service Corps (NYSC), Ilorin, Kwara State, Nigeria         

July, 2012 – June, 2013  

Volunteer Tutor                   

Undergraduates’ courses,               

Federal University of Technology (FUT), Minna, Nigeria                 

2007 – 2012 

 

 

 


