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PREFACE 

 

Several research activities are being pursued to enhance the efficiency of dye-sensitized 

photovoltaic cells (DSCs) by designing and synthesizing new sensitizer molecules and 

electrolyte species, by adopting co-sensitization and co-adsorption or pre-adsorption 

strategies, and by utilizing different photoanode and counter electrode materials. 

However, in majority of the breakthrough works, the DSCs utilize conventional bilayer 

photoanodes constituted by an active layer (AL) containing ~20-30 nm sized TiO2 

nanoparticles and a scattering layer (SL) made up of larger sized (~200-400 nm) TiO2 

nanoparticles. Meanwhile, several novel dye and electrolyte systems were investigated 

for DSCs to realize remarkable performances. Recently, the earth abundant copper 

(Cu(II/I)) metal complexes have been successfully employed in DSCs as electrolytes for 

achieving remarkable open circuit potentials (VOC ) owing to their highly positive redox 

potential. DSCs employing Cu(II/I) electrolyte could achieve appreciable power 

conversion efficiencies (PCEs) and voltages (> 1V) not only under one sun irradiation (AM 

1.5G, 100 mW/cm2), but also under indoor/ambient light illuminations. Since voltage 

output is crucial for powering smart electronic devices involving sensors and actuators, 

the Cu(II/I) electrolyte based DSCs can be extensively utilized for indoor photovoltaic and 

internet of things (IoT) applications. So far, several organic sensitizer molecules have 

been developed to be used along with Cu(II/I) complex based electrolytes. Nevertheless, 

the compatibility of Cu(II/I) electrolyte with other photoanode materials and 

architectures are seldom explored. The present thesis work aims to design and develop 

novel photoanode architectures for DSCs using ZnO microstructures for attaining 

enhanced VOC and PCE under indoor (ambient) as well as outdoor (one sun) illumination 

conditions.   

The thesis is organized into five chapters, of which the Chapter 1 provides an 

overview on dye sensitized photovoltaic cells (DSCs). It includes the working principle 

and characterization techniques for DSCs. It also discusses the properties and uses of zinc 

oxide as photoanode material in DSCs. The advantages and disadvantages of ZnO when 

compared to conventional DSC photoanode material, viz. TiO2, are also discussed. The 

photoanode design and fabrication strategies adopted within the thesis work are also 

incorporated in this chapter. Chapter 2 is divided into two parts 2A and 2B. Chapter 2A 

includes the synthesis method and characterization of a ZnO hierarchical microstructure 
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(designated as Z0) and its application as the photoanode active layer material in DSC 

utilizing standard organic dye Y123 and two different electrolyte systems, viz. 

iodide/triiodide (I-/I3-) and copper dimethyl phenanthroline ([Cu(dmp)2]2+/+) based 

redox mediators. The coper electrolyte based DSC exhibited better power conversion 

efficiency (PCE) when compared to the iodine based one. The PCE of copper electrolyte 

based device was further improved by depositing a TiO2 post-blocking layers (BL) which 

suppress the electron recombination in ZnO photoanode based DSCs. Chapter 2B 

discusses the implementation of the Z0 microstructure as a sacrificial layer for surface 

texturing the conventional TiO2 photoanodes in DSCs. It was observed that the surface 

texturing of TiO2 layer increased its surface roughness which enhanced the light 

scattering properties and hence resulted in improved light harvesting efficiency (LHE). 

The DSCs utilizing the surface textured TiO2 photoanodes (T-Z) sensitized with Y123 dye 

along with [Cu(dmp)2]2+/+ electrolyte outperformed the standard device (std) employing 

conventional AL/SL bilayer TiO2 photoanode, both under outdoor and indoor 

illumination conditions. With reduced layer thickness, the T-Z device could address the 

mass transport limitation in Cu(II/I) electrolyte based DSCs. Chapter 3 further extends 

the application of the ZnO microstructures as templates by utilizing them to incorporate 

light scattering voids within the TiO2 scattering layer of DSCs. The resulting photoanode, 

designated as T-M, co-sensitized with two organic sensitizers, D35:XY1b (1:1), having 

complimentary absorption profiles were utilized in DSCs along with [Cu(dmp)2]2+/+ based 

electrolyte to achieve a PCE of 8.9% under one sun condition and 32.3% under 1000 lux 

CFL illumination. The improved performance of T-M under indoor illumination may be 

attributed to its better LHE owing to better light scattering and higher dye loading owing 

to thicker film. However, under one sun irradiation, T-M suffered from mass transport 

limitation, which could be resolved by optimizing the weight percentage of ZnO templates 

used for creating the voids. Using 20 wt% of ZnO template particles, we could achieve a 

PCE of 10.1% under one sun and 33.8% under 1000 lux CFL illumination. Finally, we were 

able to power a temperature sensor by connecting two of the fabricated small area 

devices (~0.24 cm2 each) in series, under 1000 lux CFL illumination. 

In chapter 4, we present a novel photoanode architecture for DSCs, which involves 

the implementation of a layer of ZnO hierarchical microstructures over the conventional 

TiO2 active layer, resulting in a TiO2/ZnO bilayer photoanode. Our design aims to enhance 

the VOC of DSCs under one sun and indoor/ambient lighting conditions by controlling the 
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conduction band (CB) position of the semiconductor layer. For this, we synthesized three 

different ZnO microstructures, namely mimosa flower-like (Z1), dandelion flower-like 

(Z2) and rose flower-like (Z3) microstructures and deposited them as an additional layer 

over the TiO2 active layer to obtain T+Z1, T+Z2 and T+Z3 DSC photoanode, respectively. 

Initially, the photoanodes were sensitized with Y123 dye and utilized in DSC along with 

[Cu(dmp)2]2+/+ electrolyte. The VOC of the T+Z1 based device was found to be about 100 

mV higher than that of reference device (consisting TiO2 active layer only). This 

improvement in VOC of bilayer DSCs was attributed to the negative shift in CB edge and 

reduced recombination kinetics. TiO2 BL was introduced over the T+Z1 electrode to 

further improve the device performance and to slow down the degradation process 

associated with ZnO. Further, by using the optimized bilayer electrode with blocking 

layer (T+Z1+BL) in combination with the MS5 sensitizer and [Cu(dmp)2]2+/+ redox 

electrolyte, we achieved a record VOC of 1.27 V under one sun illumination and 1.025 V 

under 1000 lux CFL and LED illumination. Finally, we developed a battery-free 

temperature sensor that was powered autonomously by a single TiO2/ZnO bilayer DSC 

under outdoor as well as indoor illumination. In chapter 5, we utilized the best 

performing photoanode architecture (T+Z1) and optimized the TiO2 layer thickness to 

further improve the PCE, particularly under indoor illumination. Under one sun 

condition, the DSC utilizing 6 µm thick TiO2 showcased the best performance while under 

indoor light (1000 lux CFL) the device using 9 µm thick TiO2 delivered the best PCE. 

Further, by implementing co-sensitization strategy [XY1b:MS5, (2:1)], in our best 

optimized photoanode architecture (T+Z1+BL with 9 µm thick TiO2 layer) we achieved a 

PCE of 34.5% under 1000 lux CFL and 39.5% under 6000 lux CFL illumination. The co-

sensitization strategy was adopted to enhance the power output of DSCs without 

compromising the VOC. Finally, we developed a photocapacitor by integrating an activated 

charcoal based electric double layer capacitor (EDLC) device to the DSC employing our 

best optimized photoanode architecture. Upon photocharging under AM 1.5G solar 

irradiation, the photocapacitor could attain a maximum voltage (Vm) of 1.1 V in 3 min. 

Whereas under 6000 lux CFL illumination the Vm acquired was 1.0 V after 20 min of 

photocharging. The Vm obtained was 0.98 V (after 30 min of photocharging) and 0.95 V 

(after 40 min of photocharging) respectively, under 4000 lux and 2000 lux illumination. 

Under indoor illumination conditions, there was a reduction in the voltage acquired by 

photocharging even after prolonged exposure to CFL illumination and the photocharging 
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curves tend to show saturation after the specified photocharging time. Nevertheless, we 

were successful in charging the EDLC part with the small area DSC (~0.24 cm2 active area) 

with a maximum overall photoelectric conversion and storage efficiency (OPCSE) of 4.1% 

under one sun irradiation. Under CFL illumination of 2000 lux, 4000 lux and 6000 lux, the 

PC could exhibit a remarkably high maximum OPCSE of 8.2%, 11.4% and 15.5%, 

respectively. Finally, we succeeded in powering a temperature sensor/digital clock 

device by using the PC, under outdoor as well as indoor illumination. The PC was able to 

power the device for more than 20 minutes, even after the illumination was cut-off. 

 

 

 

 

 



 

 

Chapter 1 

Introduction to dye-sensitized photovoltaic cells 

Abstract:  The concurrent energy scenario and concomitant environmental impacts have 

urged global scientific community to invest their efforts on augmenting alternate energy 

sectors, essentially the photovoltaic (PV) technology. Dye-sensitized photovoltaic cells 

(DSCs) have been identified as one among the most prominent PV technologies, owing to 

their beneficial economical as well as environmental aspects.  Moreover, DSCs impart 

exceptional performance under ambient/indoor light conditions and can be easily 

integrated to other electronic devices and storage devices, which make them a convenient 

candidate for smart electronics applications like internet of things (IoT), building-

integrated photovoltaic systems (BIPV), etc. In order to enhance the power conversion 

efficiency (PCE) of DSCs enormous researches on different device components such as 

sensitizers, semiconducting layer, blocking layer, counter electrode and electrolyte are 

being pursued worldwide. The present chapter includes an overview of DSCs, various 

strategies of photoanode engineering reported so far for enhancing DSC performance, 

mass transport limitation in copper electrolyte based DSCs and experimental methods 

utilized for DSC fabrication and characterization. It also discusses the main objectives of 

the thesis which focuses on improving the performance of copper electrolyte based DSCs 

via photoanode modifications.  

Organic dye 
molecules Chlorophyll 

molecule 
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1.1. Global energy scenario 

Technological breakthroughs, population growth, and economic expansion have all 

contributed to an unavoidable surge in energy consumption rates, which has had a 

disastrous effect on the environment and human well-being. (Figure 1.1) The international 

energy agency (IEA) suggested that the world net electricity generation is expected to rise 

beyond ten thousand tera watt-hour by the year 2050.[1] More than 70% of the global energy 

demands are currently satisfied by non-renewable resources including coal, oil, and natural 

gas, which has resulted in serious environmental degradation and associated issues like 

global warming, climate change, melting glaciers, sea-level rise, etc.[2–4] According to the 

world climate clock, we are now left with less than six years to limit the global warming to 

1.5oC when compared to the pre-industrial levels, exceeding which may lead to devastating 

consequences. Henceforth, it is an immensely critical requirement that we switch to 

renewable sources, such as geothermal, biomass, wind, solar or hydro-electric power 

sources. 

Figure 1.1. World energy consumption 1965-2020 (Source: BP Statistical Review of 

World Energy. Population data from World Bank).[5]  

The solar photovoltaics is expected to occupy more than 20% of the global electric 

energy generation sector in the coming decades, as solar energy is the cleanest, most 

abundant, and readily available source accessible to us. Moreover, the advent of 

technologies like internet of things, machine-to-machine communication, cyber physical 

systems etc. have rendered significance to indoor photovoltaics as well. Consequently, 

researchers worldwide have started working to improve the energy conversion efficiency 

of photovoltaic (PV) devices and to integrate them with other systems.[6–9] In general, PV 
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technologies can be categorized into three generations (Figure 1.2): first, there are 

traditional p-n junction solar cells based on silicon (mono- or polycrystalline); second, there 

are thin-film solar cells (based on amorphous Si, gallium arsenide, cadmium telluride, etc.); 

and third, there are emerging molecular PV technologies, such as dye-sensitized solar cells 

(DSCs), organic solar cells (OSCs), perovskite solar cells (PSCs), etc.[10–12] The high cost, 

intricate production process, and need for substantial quantities of high-purity silicon are 

some of the drawbacks of the first generation solar cells. When compared to the first 

generation solar cells, the second generation solar cells, which are based on thin film 

technology, have a number of advantages like requirement of fewer materials and 

processing steps, appreciable performance under outdoor as well as indoor illumination 

conditions, etc. However, they are having several disadvantages, including a higher rate of 

amorphous silicon degradation, a higher toxicity level for materials like cadmium, arsenic, 

etc., a lower availability of materials like tellurium, and a lower performance when 

compared to first generation. Some of the major drawbacks of the first two generations of 

solar PV cells are addressed by the third generation, which offers highly effective, less 

hazardous, and economically viable alternatives. However, they are limited by stability 

issues and lower performance under outdoor conditions. 

Figure 1.2. Different generations of photovoltaic technology. 

1.2. Internet of things and indoor photovoltaics  

The emergence of industry 4.0 has led to the promotion of automation and 

digitalization through the use of internet of things (IoT) networks (Figure 1.3) in smart  
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Figure 1.3. Various application domains of Internet of Things (IoTs). 

manufacturing technologies and related industries, as well as at homes, offices, shopping 

centres, hospitals and nearly every other sectors that we encounter in our daily lives.[13] 

Batteries power the sensors and actuators that are implicit part of these IoT systems, whose 

deployment is expected to peak in the upcoming years.[14,15] This creates a significant 

environmental risk as batteries impose large carbon footprint during their production as 

well as disposal. Overall, it is imperative that we combine our efforts to create ecologically 

friendly and self-sustaining energy harvesting technologies. This has paved the way for 

inception of integrated smart electronics that are self-powered and require no batteries, thus 

helping to decarbonize the energy industry. The necessity of sustainable energy harvesting 

for a circular economy has been emphasized by extensive research conducted in the 

alternative energy industries in recent years.[16–19] The energy conversion efficiencies 

rendered by ambient energy harvesters, such as PV cells, piezo-electric devices, thermo-

electric devices etc. need to be boosted, in order to accomplish our concurrent interest for 

building battery-free smart gadgets and IoT systems, as most of these systems are 

implemented indoors. Among the various ambient energy harvesters, the PV cells that can 

capture and recycle the omnipresent ambient light energy (which might be coming from 

diffused sunlight or from indoor/artificial light sources) into useful form, seems to be the 
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most suitable option for developing battery-free electronic systems. Hence indoor 

photovoltaics (IPV) will certainly have a significant role in the future IoT applications. 

The most widely used indoor light sources are compact fluorescent light (CFL), 

light emitting diode (LED), incandescent, and halogen bulbs. At the same illuminance, each 

of these artificial light sources has a unique irradiance power density, irradiance spectrum, 

and light wavelength distribution.[20] The same PV cell's spectral response will therefore 

differ at the same illuminance levels of various light sources. Until now, there has not been 

a standard method for gauging the indoor performance of PV devices. Environmental 

stability, large-area fabrication, mechanical flexibility, and spectral matching between the 

PV active material and the irradiance of the indoor light source are a few further difficulties 

in applying PV technology for indoor use. With an optimum band gap of 1.1-1.3 eV, the 

active materials designed for conventional PV systems are intended to absorb light in the 

300 - 2500 nm window (covering the entire solar spectrum).[21] Nonetheless, majority of 

the artificial light sources have irradiance spectra that fall in the visible region between 300 

and 800 wavelengths. Therefore, thermalization and non-absorption of light energy might 

cause energy loss while using regular PV cells indoors. According to Teran et al., PV 

materials having a theoretical band gap energy of 1.8 - 2 eV are best suited for indoor light 

harvesting applications.[21] Despite having a remarkable power conversion efficiency (PCE 

> 26%) under full sun irradiation (AM 1.5G), the low band gap energy (~ 1.1 eV) of the 

first generation solar cells prevents them from performing well when exposed to 

indoor/ambient light. Second generation PV devices using III-IV compound 

semiconducting materials with tunable, larger band gap energies could achieve a higher 

PCE indoors. However, the high cost of these materials limits their use in the large-scale 

fabrication of interior PV modules.[22] Soft materials with adjustable energy gaps are the 

foundation of third-generation photovoltaic cells, which include OSCs, PSCs, and DSCs. 

These devices offer several benefits, including increased flexibility, low weight, 

appreciable open circuit voltage, and easy spectral overlap with artificial light sources, 

making them appropriate candidates for indoor PV applications.  

As compared to the other PV technologies, DSC has superior performance in indoor 

and ambient light settings, making it the most attractive option for light harvesting 

applications within buildings (Figure 1.4).[23–25] Additionally, considering the use of 

inexpensive and environmentally safe components, ability to be fabricated on flexible 

substrates, and possibility to include visually appealing designs, DSCs can be integrated 

into wearable and portable smart devices as well as light-harvesting infrastructures like 
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Figure 1.4. Demonstration of using dye-sensitized diffuse/ambient light harvesters (DSC) 

for powering automated IoT devices.[26] 

windows, roofs, and facades. The development of indoor dye-sensitized cells (I-DSCs) for 

powering low-power electronic devices has been aided by the enhanced PV performance 

of DSCs under indoor/ambient/diffused light conditions compared to the traditional first 

and second generation PV cells. One possible explanation for the improved PCE s of DSC 

in indoor environments is the convenient overlap between the emission spectra of indoor 

light sources and the absorption profile of the sensitizers utilized in these devices. In this 

regard, creating new dyes whose absorption matches the emission spectra of artificial or 

indoor light sources and utilizing dyes with complementary absorption for co-sensitizing 

the DSC photoanode have gained significant atttraction in recent years. Other factors that 

contribute towards the better performance of I-DSCs are their higher shunt resistance and 

lower thermalization losses under low intensity indoor/ambient light illuminations.[27] 

Altogether, DSCs are among the best PV options available for indoor/ambient light 

harvesting and hence IoT applications. 

1.3. Dye-sensitized photovoltaic cells: Structure and working 

Dye-sensitized photovoltaic cells (DSCs or DSPVs) are electrochemical devices 

which imitate the natural process of photosynthesis to convert light energy to electrical 

energy. Unlike the conventional solar cells, dye molecules are used to harvest light in 

DSCs. By tuning the energy levels of dye molecules, absorption in any desirable 

wavelength range can be achieved. Hence, DSCs can achieve better power conversion 
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efficiency under indoor/ambient light conditions. DSCs were first introduced by Michael 

Grӓtzel and Brain O’Regan in 1991, wherein they could achieve a power conversion 

efficiency of ~7% under simulated sunlight and ~15% under diffused daylight condition.[28] 

Ever since then, numerous researches are being done on various components of DSCs to 

enhance the device performance under outdoor as well as indoor conditions. Till date, a 

highest efficiency of 15.2% under one sun condition (AM 1.5G simulated solar 

irradiation)[29] and 35.6% under indoor condition (1000 lux fluorescent light) has been 

realized.[30]  

1.3.1. Structure of DSCs 

The basic device components of DSCs are illustrated in Figure 1.5. A dye-adsorbed 

photoanode, a counter electrode, and a redox mediator make up the three primary parts of 

a DSC.[28,31] 

Figure 1.5. Typical components used in DSCs. 

(a) Photoanode/working electrode. Traditionally, a mesoporous layer of semiconductor 

deposited over a transparent conducting oxide (TCO) substrate and sensitized with dye 

molecules, serves as the photoanode or working electrode (WE) of DSC. TCO substrates 

for the fabrication of DSCs have been made of glass plates deposited with fluorine doped 

tin oxide (FTO) or plastic substrates, such as polyethylene terephthalate (PET), 

polyethylene naphthalate (PEN) etc., coated with indium doped tin oxide (ITO) or FTO. 

The conventional photoanode materials for DSCs are wide band gap, n-type metal oxide 
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semiconductors, such as TiO2, ZnO, Nb2O5, SnO2, and so on. Some of the ideal 

characteristics for a semiconductor layer to be utilized as photoanode in DSCs are listed 

below.[32,33] 

▪ High specific surface area for maximum dye adsorption.   

▪ Optimal conduction band edge position to achieve higher open circuit voltage 

and to facilitate efficient electron injection from dye to semiconductor layer. 

▪ Optimum thickness to guarantee maximum dye adsorption, thereby enhancing 

light absorption and better charge collection. 

▪ Appreciable connectivity between particles to facilitate faster electron 

diffusion.  

▪ Minimum amount of defects to minimize recombination. 

▪ High porosity for efficient electrolyte penetration and diffusion, to enable 

efficient dye regeneration. 

▪ Sufficient mechanical strength to avoid detachment of the semiconductor film 

from TCO.   

TiO2 is the most popular photoanode material for DSCs, owing to its desirable 

properties. In DSC, the semiconductor layer acts as a platform for adsorption of sensitizer 

or dye molecules, while the dye molecules perform the function of photon absorption and 

charge separation. Hence, the long-term stability and the light harvesting efficiency of DSC 

are substantially influenced by the electrochemical and photophysical properties of the dye.  

An ideal sensitizer for DSC should possess following properties.[34] 

▪ Broader absorption in the visible range. 

▪ Ground state and excited state energy levels appropriately matching with the 

electrolyte’s redox potential and the semiconductor’s conduction band edge, 

respectively.  

▪ Suitable anchoring groups with a strong binding coefficient, such as 

carboxylate or phosphonate for firmly binding on to the semiconductor oxide 

surface.   

▪ Long alkyl chains to retard the recombination processes 

▪ Photochemical and electrochemical stability under light exposure. 

Photovoltaic performance of DSCs can be improved by improving its light 

harvesting efficiency via photoanode modifications, such as introduction of blocking 

layers, inclusion of plasmonic nanoparticles or scattering particles, incorporation of voids 

or surface roughness, development of hybrid nanostructures and so on, or by designing new 
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sensitizers with broader absorption profile or by adopting co-sensitization strategy, wherein 

different dyes with complementary absorption are anchored on to the semiconducting layer 

for achieving panchromatic absorption. 

(b) Counter electrode. A porous layer of catalyst material coated over a TCO substrate 

makes up the counter electrode (CE). In DSC, the CE performs the function of reducing 

the oxidized electrolyte species, which in turn regenerates the oxidized dye molecules. The 

charge transfer kinetics at the CE/electrolyte interface influence the series resistance (Rs) 

and hence the fill factor of the device. A good CE material should possess the following 

charcteristics.  

▪ High catalytic activity to enhance the redox reaction at the CE. 

▪ High surface area to reduce the charge transfer resistance. 

▪ High porosity to enable better electrolyte penetration. 

▪ Good mechanical, electrochemical and chemical stability. 

▪ Minimal light absorption, particularly in case of bifacial devices. 

▪ Inexpensiveness, non-toxicity and environment friendliness. 

Platinum is the most commonly used CE material in conventional DSCs owing to 

its high conductivity, stability, and catalytic property. However, it is costly and less 

abundant, which creates a need for development of other CE materials such as 

carbonaceous materials (graphene, carbon black, carbon nanotubes, etc.), conducting 

polymers (poly (3,4-ethylene dioxythiophene) or PEDOT, polyaniline or PANI, etc.), 

transition metal compounds, heteroatom-doped materials, noble metal-free chalcogenides 

and other composite materials, in order to realize economically feasible DSCs.[35,36]  

(c) Redox mediator. Redox mediators, also known as electrolytes, is one of the vital 

components of DSC.[37] It is composed of both oxidized and reduced species, the later aid 

in the regeneration of oxidized dye molecules. Also. the concentration and diffusion 

kinetics of different electrolyte species regulate the charge transfer between WE and CE. 

The incident photon-to-current conversion efficiency and hence the short circuit current 

density of DSCs are concomitantly dependent on light harvesting, electron injection, 

charge collection, and dye regeneration efficiencies. Whereas, the dye regeneration is 

predominantly determined by the ion mobility and mass transport within the electrolyte 

system. As a result, the redox mediator plays an inevitable role in determining the short 

circuit current density of DSC. In addition to this, the open circuit voltage of the DSCs is 

influenced by the redox potential of the redox system. In short, the electrolyte plays a vital 

role in determining the power conversion efficiency of DSCs. Moreover, the long-term 
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stability of DSC also depends on the electrolyte. In order to function efficiently as a redox 

mediator in DSCs, the electrolyte system must ensure some essential properties as 

mentioned below.  

▪ High solubility in organic solvents. 

▪ High photochemical and electrochemical inertness.  

▪ Less bulkiness to enable sufficient mass transport in the electrolyte as well as 

within the mesoporous semiconductor matrix. 

▪ Positive redox potentials to ensure higher open circuit voltage with minimum 

over potential loss and sufficient driving force for regeneration. 

▪ Faster charge transfer at the CE interface to promote rapid dye regeneration.  

▪ Slower charge transfer dynamics at the semiconductor interface to suppress 

the recombination. 

▪ Minimal competitive light absorption with the sensitizer. 

▪ Less corrosive towards components such as sensitizer, semiconductor, silver 

interconnection, sealing materials, etc. to ensure long term stability.  

In addition to the redox species, some additives are added in the electrolyte system 

to achieve precise control over conduction band position and recombination rates, which 

are inevitable to achieve higher DSC performance.  The traditional usage of iodide-triiodide 

redox system as electrolytes is being replaced by metal complex redox shuttles based on 

cobalt and copper, which provided higher positive redox potentials. On the other hand, 

quasi solid-state and solid-state electrolytes are being investigated lately in order to rectify 

the issues normally associated with the liquid state electrolytes, such as leakage, solvent 

evaporation, corrosion of sealing materials and CE materials, photodegradation and 

desorption of dye molecules. 

1.3.2. Working of DSCs 

The basic working principle of DSCs involves a number of interfacial charge 

transfer processes as provided in Figure 1.6. The forward or gain mechanisms that 

determine DSC performance include photon absorption, which excite the dye molecules at 

the photoanode (1); electron injection to the conduction band (CB) of the semiconductor 

(2), which is followed by electron diffusion through the mesoporous semiconductor matrix 

to reach the TCO and the external circuit; reduction of oxidized species in the electrolyte 

by electrons at the counter electrode (3); and regeneration of oxidized dye molecules by  
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Figure 1.6. Working principle of DSCs. 

reduced species in the redox shuttle (4). The photovoltaic performance of DSCs can be 

enhanced by judiciously tuning the energy levels of various device components, such as 

dye, semiconductor and electrolyte, so as to affirm ample driving force for different 

interfacial electron transfer gain processes without major overpotential losses. On the other 

hand, the conduction band (CB) and sub-bandgap electrons undergo recombination with 

the oxidized dye molecules (5) and the oxidized species in the electrolyte (6), as well as 

the excited dye molecules decay (7). These backward or loss processes limit the DSC 

performance, the former being more detrimental. The quantum yield and photovoltaic 
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performance of these devices are determined by the dynamic competition between these 

forward and backward processes under operating conditions.[38]. For optimal performance, 

the forward processes' kinetics need to be faster than the backward processes. For example, 

to avoid spontaneous de-excitation of the sensitizer, the injection of electrons into the 

semiconducting matrix should be rapid. Likewise, the dye regeneration and charge 

diffusion within the semiconductor should occur more quickly (~ µs - ns) than the 

recombination rates, which are typically in ~ ms range. An ideal equilibrium between the 

kinetics of these charge transfer processes should be realized to achieve desired DSC 

performance; which might be accomplished by carefully designing the different device 

components.  

The photovoltaic performance of a DSC or any PV device is evaluated by estimating 

its power conversion efficiency (PCE) under constant illumination. The PCE of a PV 

device is defined as the ratio of the maximum output power density (Pmax) of the device to 

the input power density of the incident light (Pin). Whereas, the Pmax of the device depends 

on open circuit voltage (VOC), short circuit current density (JSC) and fill factor (FF). VOC is 

the maximum voltage output of the cell that can be realized by connecting infinite load 

across the device, known as open circuit condition (Figure 1.7(a)). While JSC is the 

maximum current output flowing out of the device when it is short circuited, by connecting 

zero load across it (Figure 1.7(b)). On the other hand, FF is a parameter (with ideal value 

of 1) which is determines the quality of the PV cell. It depends on the series resistance and 

shunt resistance of the device. The VOC of DSC is predominantly influenced by the energy 

difference between the semiconductor's Fermi level (EF) and the electrolyte's redox 

potential (Eredox), as stated in equation 1.1.  

𝑉𝑂𝐶 =  
𝐸𝐹 − 𝐸𝑟𝑒𝑑𝑜𝑥

𝑞
     (1.1) 

where q is the electronic charge. The VOC of DSC is further affected by the charge transfer 

kinetics at the semiconductor/electrolyte. Meanwhile, the JSC is determined by its incident 

photon-to-current conversion efficiency (IPCE), which in turn depends on the performance 

determining parameters of DSCs, such as light harvesting efficiency (LHE), electron 

injection efficiency ( 𝜂𝑖𝑛𝑗 ), charge collection efficiency ( 𝜂𝐶𝐶 ), and dye regeneration 

efficiency (𝜂𝑟𝑒𝑔) as, 

𝐼𝑃𝐶𝐸 = 𝐿𝐻𝐸  𝜂𝑖𝑛𝑗   𝜂𝐶𝐶   𝜂𝑟𝑒𝑔       (1.2) 

The combined impact of all these factors determines how well the DSC performs.[39] 
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Figure 1.7. DSC connected under (a) short circuit and (b) open circuit condition.[40] 

The LHE of the photoelectrode is one of the significant factors that influence the 

performance of DSCs. LHE is predominantly related to the amount of light absorbed by 

the active layer of the solar cell. LHE of a DSC photoanode film can be expressed as, 

𝐿𝐻𝐸 =  1 − 10−A(λ)       (1.3) 

where A(λ) is the absorbance of the dye sensitized photoanode film at wavelength λ. The 

extinction coefficient, the absorption profile and the amount of sensitizer molecules 

adsorbed on the mesoporous layer, and the optical path length of the incident light within 

the active layer are the major factors affecting the LHE of a DSC photoanode. According 

to Marcus theory, the rate of injection (𝑘𝑖𝑛𝑗) of photo-generated electrons from the dye 

molecules to the semiconductor is determined predominantly by the relative position of 

lowest unoccupied molecular orbital (LUMO) of the dye and the CB states of the 

semiconductor.[41] In addition, the nature of the anchoring group in the dye, mode of 

adsorption of dye to the semiconductor, other adsorbed species on the semiconductor 

surface and the surrounding medium, i.e. the electrolyte solution including the additives 

also influence the 𝑘𝑖𝑛𝑗.[42] Whereas the rate of de-excitation or relaxation (𝑘𝑟𝑒𝑙𝑎𝑥) of the 

excited dye molecules depends on their HOMO/LUMO levels’ nature and position, and 

also on nature of the surrounding electrolyte. Assuming the rate constants of all the 

processes in DSCs to be of pseudo first order, the injection efficiency (𝜂𝑖𝑛𝑗) of DSCs can 

be estimated as, 

𝜂𝑖𝑛𝑗 =
𝑘𝑖𝑛𝑗

𝑘𝑖𝑛𝑗+ 𝑘𝑟𝑒𝑙𝑎𝑥
=  

𝜏𝑟𝑒𝑙𝑎𝑥

𝜏𝑖𝑛𝑗+ 𝜏𝑟𝑒𝑙𝑎𝑥
 ≈ 1 − (𝜏𝑖𝑛𝑗 𝜏𝑟𝑒𝑙𝑎𝑥⁄ )  (1.4) 
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where 𝜏𝑖𝑛𝑗 is the time constant for injection, and 𝜏𝑟𝑒𝑙𝑎𝑥 is the relaxation or luminescence 

lifetime of the dye. For better DSC performance, shorter 𝜏𝑖𝑛𝑗 and longer 𝜏𝑟𝑒𝑙𝑎𝑥  is 

favourable. The  𝜏𝑟𝑒𝑙𝑎𝑥 of typical sensitizer molecules used in DSCs lie in the ns range, 

while the injection occurs in ~fs – ps timescale, giving rise to a 𝜂𝑖𝑛𝑗 of more than 90%. 

The charge collection and extraction occur effectively only when the injected 

electrons diffuse through the mesoporous semiconductor layer to reach the back contact, 

which can be described by a random walk model, and this extracted charge do the electrical 

work. The charge collection efficiency (𝜂𝐶𝐶) of DSC is contingent upon the diffusion length 

and diffusion time of electrons within the semiconductor layer. The diffusion or transport 

of electrons within the semiconductor network is driven by the charge concentration 

gradient created by photoelectron injection and hence depend on the intensity of incident 

light. The electron diffusion process is further dictated by the nanostructure, thickness and 

inter-particle connectivity in the mesoporous semiconducting layer. The grain boundaries 

and sub band gap states present within the nanoporous semiconducting film act as electron 

traps, and hinder the diffusion process. During the diffusion process, the electrons in the 

conduction band get continuously trapped and de-trapped, whereas the diffusion current is 

constituted by the conduction band electrons only.[43] This is called the multiple 

trapping/detrapping model for electron diffusion. There is a persistent probability for the 

electrons in the conduction band states and the sub-bandgap states (trap states) to 

recombine with the oxidized dye molecules or the oxidized species present in the 

electrolyte as well. Hence, a combined effect of electron diffusion and recombination 

determines the 𝜂𝐶𝐶  of DSC, as 

𝜂𝐶𝐶 =
𝑘𝑡𝑟

𝑘𝑡𝑟+ 𝑘𝑟𝑒𝑐
=  

𝜏𝑟𝑒𝑐

𝜏𝑡𝑟+ 𝜏𝑟𝑒𝑐
≈ 1 − (𝜏𝑡𝑟 𝜏𝑟𝑒𝑐⁄ )   (1.5) 

where 𝑘𝑡𝑟 and  𝑘𝑟𝑒𝑐 are the diffusion/transport rate and recombination rate, respectively, 

while 𝜏𝑡𝑟  and  𝜏𝑟𝑒𝑐 are the corresponding time constants. The transport time (𝜏𝑡𝑟), also 

known as diffusion time (𝜏𝑑), refers to the time taken by the electrons to diffuse through 

the semiconductor matrix before they get collected at the back contact. On the other hand, 

the time for which the electron remains in the semiconductor layer before recombining with 

the oxidized species in the electrolyte or with the oxidized dye, is referred to as the 

recombination time (𝜏𝑟𝑒𝑐) or lifetime (𝜏𝑛). 𝜏𝑑  is generally determined under short circuit 

condition when most of the injected electrons are collected at the back contact (Figure 

1.7(a)). Typical values of 𝜏𝑑 for a nanostructured TiO2 film lies in the ms to s range. 𝜏𝑛 is 

obtained under open circuit condition, when no charge is extracted at the back contact and 
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the only pathway for the injected electrons to decay is via recombination (Figure 1.7(b)). 

The 𝜂𝐶𝐶  of DSC, given in equation 1.5, can also be expressed as, 

𝜂𝑐𝑐 =
1

1+ 𝜏𝑑 𝜏𝑛⁄
 ≈ 1 − (𝜏𝑑 𝜏𝑛⁄ )     (1.6)     

Efficient charge collection requires faster electron diffusion and slower recombination 

kinetics (i.e. τd < τn). The diffusion length (Ln) refers to the distance covered by the electrons 

within the mesoporous semiconductor layer before recombining with the oxidized species. 

Ln can be expressed as,  

𝐿𝑛 = 𝑑√𝜏𝑛 𝜏𝑑⁄  =  √𝐷𝑛 𝜏𝑛      (1.7) 

where d is the semiconductor layer thickness, and Dn (≈ 𝑑2 𝜏𝑑⁄ ) is the coefficient of 

electron diffusion. Ln must be higher than d for effective charge collection and hence higher 

current output. 

On one hand, the dye regeneration process dynamically competes with the charge 

recombination with oxidized dye molecules to realize effective charge collection, while on 

the other hand, the regeneration efficiency (𝜂𝑟𝑒𝑔) is affected by the rate of recombination 

of electrons with the oxidized electrolyte species (𝑘𝑟𝑒𝑐) as, 

 𝜂𝑟𝑒𝑔 =
𝑘𝑟𝑒𝑔

𝑘𝑟𝑒𝑔+ 𝑘𝑟𝑒𝑐
=  

𝜏𝑟𝑒𝑐

𝜏𝑟𝑒𝑔+ 𝜏𝑟𝑒𝑐
≈ 1 − (𝜏𝑟𝑒𝑔 𝜏𝑟𝑒𝑐⁄ )   (1.8) 

where  𝑘𝑟𝑒𝑔 is the rate and  𝜏𝑟𝑒𝑔 is the time constant corresponding to the dye regeneration 

process. Again, the Marcus theory suggests that 𝑘𝑟𝑒𝑔, and subsequently 𝜏𝑟𝑒𝑔, depends on 

the position and nature of the energy states of the redox species as well as the highest 

occupied molecular orbital (HOMO) level of the dye.[44,45] It is also influenced by the 

surrounding medium, i.e. the solvent of electrolyte. The rate of regeneration further relies 

on the rate at which electrolyte species diffuse between the photoanode and counter 

electrode as well as the rate at which redox species seep into the nanoporous semiconductor 

matrix. 

1.4. Photoanode engineering strategies for enhancing the performance of DSCs  

Photoanode, made up of dye sensitized nanoporous semiconducting layer, is an 

imperative part of DSC, as various crucial processes such as photoelectron generation, 

charge separation, electron transportation, and dye regeneration occur at the photoanode 

interface. The semiconductor layer of photoanode plays a prominent role in determining 

the DSC performance. DSCs which bestowed record breaking performance under outdoor 
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(15.2% under AM 1.5G simulated solar irradiation) and indoor (35.6% under 1000 Lux 

CFL illumination) conditions, have employed photoanodes based on mesoporous titania 

(TiO2) nanoparticles network co-sensitized with various organic dye molecules.[29,30] Over 

the past few decades, several strategies have been explored to enhance the DSC 

performance by improving its LHE by engineering the nanostructured semiconducting 

layer as well as sensitizers. Some of them are detailed in this section. 

1.4.1. Development of various nanostructures 

Though nanoparticulate films made of TiO2 nanoparticles are recognized to be the 

most suitable material for DSC working electrode, many other metal oxide semiconductors 

like ZnO, SnO2, Nb2O5, WO3, CeO2, In2O3, SrTiO3, Zn2SnO4, and so on were also being 

employed as photoanode materials in DSCs.[46] Due to the existence of a large number of 

grain boundaries, nanoparticle films exhibit quite smaller electron diffusion coefficient 

than that of bulk materials, resulting in shorter electron diffusion length. This drawback of 

nanoparticle thin films could be rectified by using other nanostructures like nanorods, 

nanotubes etc. which offer longer electron diffusion lengths owing to their lesser grain 

boundaries. However, they are compromised with a decreased dye adsorption due to 

reduced specific surface area. The nanostructures of various semiconducting metal oxides 

and hybrid materials, developed for DSC photoanodes are discussed below. 

(a) TiO2 nanostructures. Owing to its favourable optical absorption, suitably positioned 

CB edge, good chemical stability, non-toxicity, low cost, and environment friendliness, 

TiO2 is the widely accepted semiconducting material for DSC application. The first ever 

successful DSC, reported by Michael Grӓtzel and Brian O’Regan, used spherical TiO2 

nanoparticles sensitized with ruthenium dyes, iodide/triiodide electrolyte and platinum 

CE.[28] Later, Hu et al. exhibited the use of polyvinylpyrrolidone (PVP, 1.5 wt%) as a pore-

forming agent in the TiO2 matrix to increase the surface area for dye adsorption, thereby 

attaining an elevated efficiency of 9.86% with N719 dye and I-/I3
- electrolyte.[47] Many 

other morphologies of TiO2 nano- and micro-structures were explored to achieve 

improvement in DSC performance. For instance, Pazoki et al. introduced mesoporous TiO2 

microbeads based electrode for improving the performance of DSC using cobalt complex 

based electrolyte.[48] Endowed with larger pore size, microbeads reduced the mass transport 

issues in cobalt electrolyte and facilitated faster electron diffusion along with enhanced dye 

adsorption and light scattering, leading to ~ 28% improvement in PCE. Hwang et al. 

utilized multi-shell hollow TiO2 nanoparticles in DSC photoanode, which enabled multiple 
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light reflection within the photoanode, in addition to high dye loading and faster electrolyte 

diffusion, leading to improved current density and hence PCE.[49] TiO2 nanoparticles based 

photoanode films have several disadvantages, viz. large electron recombination kinetics, 

low electron diffusion coefficient (~ 5x10-5 cm2/s) and shorter diffusion length, which is 

attributed to the large number of grain boundaries and defects acting as recombination 

centers.[50] 

 

Figure 1.8. Electron transfer pathways in traditional photoanodes made up of spherical 

semiconductor nanoparticles and the ones using one-dimensional nanostructures.[51]  

One dimensional (1-D) nanostructures have better connectivity and hence offer 

direct path ways for electron diffusion, which leads to larger electron diffusion lengths and 

better charge collection (Figure 1.8). Recombination rate may also be decreased due to 

reduced grain boundaries. Hence 1-D TiO2 nanostructures, such as nanorods, nanotubes, 

nanofiber, nanowire etc., ought to be used as replacement for conventional spherical 

nanoparticles in DSC photoanodes.[51] However, most of them have lesser surface area 

compared to nanoparticles, which affects the dye adsorption and hence the current density 

in DSC. This problem could be overcome by employing surface treated 1-D materials with 

increased porosity or by using hybrid photoanode architectures.[52,53] Zhang et al. utilized 

randomly oriented TiO2 nanorods having varying lengths to fabricate DSCs and concluded 

that longer nanorods with lesser grain boundaries gave rise to higher charge collection 

efficiency compared to shorter ones and resulted in a PCE of 8.87%, using Z907 dye along 

with iodine redox shuttle.[54] TiO2 nanotubes render more internal surface area for dye 

adsorption compared to the nanorods, owing to their hollow architecture.[55] TiO2 

nanowires and fibers were also explored as DSC photoelectrodes.[56,57] Ni et al. found that 

the dye loading in TiO2 nanowires could be enhanced by improving their surface roughness 
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by prolonged etching treatment using hydrochloric acid (HCl).[58] Using the rough surface 

TiO2 nanowires along with a scattering layer as photoanode in DSC, they could achieve 

9.39% PCE. Gnida et al. compared the performance of DSCs using different photoanodes 

with TiO2 nanoparticles, mixture of TiO2 nanoparticles and nanotubes, and  mixture of 

TiO2 nanoparticles and nanowires, and observed that the latter one delivered the best PCE, 

owing to better surface area and facile charge transport.[59] Chatterji et al. employed a 1:1 

wt% composite of TiO2 nanorod (hydrothermally synthesized) and nanoparticle 

(commercial) as the photoanode material in DSC to realize a PCE of 8.61%, owing to the 

improved charge carrier transport and reduced recombination.[60] In a similar approach, 

Shobana et al. constructed a bi-layered photoanode with hydrothermally prepared rutile 

TiO2 nanorod and nanoparticle, which could outperform the ones using the nanorod alone. 

The bi-layer device could deliver better current density as the nanoparticles impart better 

dye loading while the nanorods provide easy electron diffusion pathways.[61] Wu et al. 

developed a multilayered TiO2 nanowire array, made up of a bottom layer of densely 

packed TiO2 nanowire array (DTNW), intermediate layer of hierarchically branched TiO2 

nanowire arrays (HTNW) and a top layer of loosely packed TiO2 nanowire arrays (LTNW), 

via repeated hydrothermal cycles, and utilized it in DSC to obtain better performance than 

the standard TiO2 nanoparticle (P25) based DSC.[56] The DSC based on this multilayered 

assembly delivered a PCE of 9.4%. Increment in light scattering and suppressed electron 

recombination were regarded as the reason for this impressive performance. Several other 

hierarchical TiO2 structures were also widely explored as DSC photoanode materials (some 

of them are given in Figure 1.9), owing to their appreciable surface area, porosity and light 

scattering properties.[62–64] Zhao et al. demonstrated hierarchically structured 3-D ordered 

macroporous TiO2 (HS-3DOM) samples synthesized with the help of well arrayed 

polymethyl methacrylate (PMMA) microsphere templates with pore size ranging from 85-

155 nm. When used in DSC, the HS-3DOM with an optimum pore size of ~105 nm 

provided the highest energy conversion efficiency of ~ 9.4%.[65] This PCE could be further 

increased to ~ 10.3% by Xu et al. via introduction of micropores into the macroporous 3-

D inverse opal (3D-IO) TiO2 structure, which increased the specific surface area of the 

structure by ~ 47%.[66] The resultant increase in dye adsorption improved the current 

density and PCE for devices while employing a ruthenium based dye (N719) and an 

organic dye (YKP-88) along with liquid iodine electrolyte. These structures have highly 

interconnected and uniformly distributed pores that ensure faster diffusion of charges 

leading to better charge collection and hence enhanced current density. In addition to this, 
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the highly porous nature of these structures make them suitable for DSCs based on mass 

transport limited metal complex based electrolyte systems. 

Figure 1.9. SEM images of some of the widely used morphologies of TiO2 nanostructures 

used in DSC photoanodes. 

(b) ZnO nanostructures. Zinc oxide (ZnO) is considered to be the most suitable alternative 

for TiO2 to be used in DSC photoanode, considering their similar energy band structures, 

electron transfer process and injection dynamics.[67] In addition, ZnO possess similar trap 

state distribution, but higher electron mobility when compared to TiO2. Inspite of these 

favourable characteristics, ZnO based DSCs exhibit considerably lower photovoltaic 

performance than the TiO2 devices due to poor dye adsorption and faster degradation of 

dye molecules. In addition, it is reported that the faster electron transport in ZnO layer is 

compensated by its higher recombination rate, which makes it less efficient candidate for 

DSC photoanode comparative to TiO2.
[68] Also, the lower dielectric constant of ZnO makes 

the charge separation difficult, as a result of which the injected electrons recombine with 

the oxidized dye molecules before they could be regenerated by the electrolyte species.[69] 

The lower electrochemical stability of ZnO under acidic environment and the working 

conditions of DSC, affects the long-term stability of the ZnO based devices. There are two 

major degradation processes involved in ZnO based DSCs. First one occurs during the dye 

soaking. When immersed in the acidic dye solution, the ZnO degrades and releases Zn2+ 
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ions which form Zn2+/dye aggregates.[70] ZnO also undergoes chemical degradation under 

illumination in the presence of electrolyte.[71] These degradation processes result in 

injection limitations caused by dye aggregation, decrease in number of dye molecules 

available for photoelectron generation, and defects on ZnO surface, thereby affecting the 

JSC of the device. Reducing the time for dye soaking and usage of blocking layers are two 

effective strategies for suppressing such degradation. It is anticipated that ZnO 

photoanodes can render improved DSC performance by using appropriate dye-electrolyte 

combinations and interfacial treatments, while reducing the cost of fabrication. A wide 

variety of ZnO nanostructures, such as nanoparticles, nanoforest, nanoflowers etc. (few of 

them shown in Figure 1.10) prepared via facile synthesis techniques were studied for 

improving the performance of DSCs.[72–75]  

Lin et al. achieved an appreciable PCE of 6.06% using ZnO nanosheets (ZnO-NS) 

which possess better electron diffusion coefficient and higher dye loading when compared 

to ZnO nanoparticles.[76] Furthermore, they obtained a PCE of 7.07% by utilizing a bilayer 

TiO2-NP/ZnO-NS film sensitized with a metal free organic dye D149. Later on, He et al. 

observed that hydrogen related defects in ZnO lead to electron recombination and hence 

affected the JSC of ZnO based DSCs.[77] They could effectively resolve this problem by 

treating the Zn(OH)2 precursor with low temperature plasma, which reduced the hydrogen 

related defects in the synthesized ZnO NPs, hence suppressing recombination in ZnO based 

DSCs and delivering a remarkable PCE of 8.03%. The grain boundary problems of these 

0-D nanostructures could be rectified using 1-D nanostructures, like nanorods and 

nanowires, which provide direct pathways for electron conduction.[78–80] Wijeratne et al. 

studied the influence of aspect ratio of ZnO nanorods (NRs) on the electron transport 

properties in DSC photoanodes and observed that the PCE of DSC improved with the 

increase in aspect ratio of ZnO NRs upto an optimum value. This increase was attributed 

to the enhanced JSC owing to the increase in dye loading and reduced electron transport 

resistance. However, increasing the aspect ratio beyond the optimum value (~ 6.8) resulted 

in more electron recombination resulting in reduced PCE.[81] Yuliasari et al. reported that 

DSCs based on ZnO nanorods with hedgehog structure could perform better when 

compared to the vertically aligned ZnO nanorods.[78] Hedgehog shaped ZnO NRs were 

endowed with better dye loading, electrolyte penetration and faster electron transport, 

which assisted them in attaining better DSC performance. It is also observed that the larger 

electron diffusion length (~ 100 µm) of vertically aligned ZnO NWs is advantageous to  
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Figure 1.10. SEM micrographs of some of the various morphologies of ZnO 

nanostructures synthesized for DSC photoanodes. [82] 

DSCs working with organic dyes and alternative redox shuttles.[83,84] Various hierarchical 

ZnO aggregates and 3-D structures were also explored to increase JSC by improving dye 

loading and scattering effect in addition to the enhancement in diffusion length and thereby 

enhancing the device performance.[85–87] Recently, Yang et al. electrodeposited an array of 
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ZnO hierarchical nanorods on stainless steel meshes and employed them as photoanodes 

in flexible DSCs.[86] The hierarchical nanorod arrays based device exhibited better JSC and 

hence higher PCE when compared to the ones using primary nanorod arrays.  

(c) Nanostructures of other materials & hybrid nanocomposites. Besides the above-

mentioned metal oxide semiconductors, i.e. TiO2 and ZnO, many other materials have been 

investigated to be incorporated as the active layer in DSC photoanodes. Tin oxide (SnO2), 

a transparent conducting oxide with a wider energy gap (~ 3.6 eV) and higher electron 

mobility, is one such material. SnO2 with a more positive CB edge, happens to be a suitable 

choice for DSCs employing potential sensitizers, like porphyrin based dyes, having excited 

state energy lying below the CB minimum of TiO2.
[88] Nevertheless, DSCs based on SnO2 

have lower PCE than those made of TiO2 photoelectrodes, because of its low dye 

adsorption and lower VOC owing to its more positive CB position. Dimarco et al. did a 

comparison of charge kinetics in TiO2 and SnO2 based DSCs and revealed that the poor 

performance of the latter was due to the dynamic competition between the electron 

recombination with the oxidized sensitizer and the regeneration mechanism.[89] It was 

observed by Cheema et al. that surface modification of SnO2 nanoparticle films by TiCl4 

treatment effectively reduced the back electron transfer and improved the DSC 

performance.[90] Mesoporous niobium oxide (Nb2O5) is another promising alternative to 

TiO2 in DSC photoanodes, as it has wider band gap (3.2 - 4eV) and a more negatively 

placed conduction band edge which ensure higher VOC.[91] Panetta et al. synthesized peanut 

shaped Nb2O5 nanoparticles and used it along with N719 dye and iodine electrolyte to 

obtain a PCE of 3.4% under one sun.[92] This was further enhanced to 4.4% by Latini et al. 

using organic dye (C106) sensitized Nb2O5 nanostructures.[93] It was found that DSCs made 

up of single crystalline Nb3O7(OH) based photoanodes could outperform the ones 

employing Nb2O5 nanostructures, owing to their high dye loading capacity, better 

optoelectronic and electron transport properties.[94,95] Tungsten oxide (WO3), with a 

narrower band gap of 2.6 - 3.0 eV, is another semiconductor oxide which is explored for 

DSC photoanode materials.[96] Recently, Patil et al. fabricated a surfactant (sodium dodecyl 

sulfate) assisted WO3 nanostructures based photoanode for DSCs employing natural dyes 

and achieved a PCE ~3.5%.[97] Zn2SnO4 is another ternary oxide semiconductor with 

tunable band gap, which finds application in DSC photoelectrode, because of its wider 

bandgap, better electron mobility and more negative CB edge compared to TiO2.
[98,99] 

Nanostructures of other metal oxides like cerium oxide (CeO2), indium oxide (In2O3), 

strontium titanate (SrTiO3) etc. are also attempted in DSC as photoanode materials.[100–102]  
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Numerous hybrid nanocomposites have also been explored and developed for 

application as working electrode materials in DSCs. Metal oxides incorporated with 

carbonaceous materials are widely used for DSC photoanode preparation. High electrical 

conductivity and large surface area of carbon nanotubes (CNT) help in improving the 

electron transport in TiO2/CNT and ZnO/CNT nanocomposite based photoanodes.[103–106] 

Introduction of highly conducting graphene or reduced graphene oxide (rGO) into the 

semiconducting active layer also help to reduce recombination by creating direct path ways 

for electron diffusion, owing to the higher electron mobility in these materials. Hence, 

DSCs employing TiO2/graphene or ZnO/graphene nanocomposite photoanodes exhibit an 

efficiency enhancement when compared to the devices using pristine TiO2 or ZnO 

photoanodes.[107–109] A similar performance improvement is observed in DSCs utilizing 

rGO nanocomposite based hybrid photoanodes.[110–112]An increase in the amount of the 

aforementioned carbonaceous materials in the metal oxide semiconductor layers of DSC 

photoanodes contribute towards better JSC, owing to their highly conducting nature. 

However, after an optimum amount, further increase in content of these carbonaceous 

materials, like graphene, rGO etc., tend to diminish the performance, which could be 

attributed to agglomeration of these materials on the semiconductor surface, leading to 

increase in defects for recombination, lower dye adsorption and light absorption. DSCs 

employing TiO2/ZnO nanocomposites are found to have better PCE than both pristine TiO2 

and ZnO based DSCs.[113–115] Hybrid composites of TiO2 with other materials like WO3, 

Nb2O5, SnO2, etc. are also studied recently for implementing them as photoanode in 

DSCs.[116–118] In addition to this, various two dimensional nanolayers (2D NLs) of materials 

such as graphene, reduced graphene oxide, TiO2, ZnO, MXene, black phosphorus, WS2, 

MOS2, etc., are also implemented in the DSC photoanodes for improving dye adsorption, 

mesoporosity and conductivity, thereby achieving enhanced DSC performance and 

stability.[119–130] 

1.4.2. Inclusion of light scattering entities 

A typical DSC photoanode film uses nanoparticles of smaller size (~ 20-40 nm), 

which provide appreciable surface area for dye adsorption, though most of the incident 

light photons are transmitted through the film without absorption by sensitizer. By 

improving the light scattering properties of the active layer, the optical path length of 

incident light within the film can be elongated, thereby enhancing the probability of light 

absorption by the adsorbed dye molecules. This will improve the LHE of the DSC 
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photoanode, which in turn appears as an improvement in JSC of the device. Various 

strategies for improving the light scattering properties of DSC photoanodes have been 

adopted so far, which are discussed under the following sub-headings. 

(a) Scattering particles. The light absorbing layer or active layer in DSC photoanodes are 

conventionally constituted by nanoparticles of semiconducting materials. Larger particles 

of the same material, having sizes comparable to the wavelength of incident light, can 

scatter light effectively, as suggested by Mie theory.[131] Such scattering particles can be 

incorporated into the photoanode in two ways (as shown in Figure 1.11): (a) by uniformly 

embedding them within the active layer to form a mixture structure, or (b) by depositing 

them as a separate layer over the active layer to form a bi-layer or double-layer 

structure.[51,132] The effect of incorporating submicron sized TiO2 particles on the light 

scattering properties of DSC based on TiO2 nanoparticle films have been investigated 

thoroughly, and the bi-layer or multi-layer structure with larger particles as over layers was 

found to be the best choice.[133–135] TiO2 based bi-layered photoanode films developed by 

Balu et al. was able to achieve an efficiency of ~ 10%.[135] They constructed bilayer films 

with TiO2 nanoparticle as under layer and various TiO2 nanostructures, viz. nanowire, core-

shell microsphere and hierarchical nanorods, as well as commercial nanocrystalline TiO2 

(WER2-O) as scattering overlayers. The device utilizing the nanowire based scattering 

layer gave the best performance. Various hierarchical micro-nanostructures of TiO2, such 

as flower-shaped, rice grain-shaped, star-shaped, dice-shaped, hollow microsphere, and 

core-shell structures have been successfully employed as over layer for enhancing DSC 

performance by improving the light scattering.[136–139] Implementation of 1-D 

nanostructures as scattering over layer has also proved to be effective.[140,141] Inclusion of 

larger sized nanostructures within the nanoparticle film was also reported to be an efficient 

method for improving the light scattering properties of photoanodes.[142,143]  

 

Figure 1.11. Schematic diagram representing the incorporation of larger light scattering 

particles into the nanoparticulate active layer in DSC photoanode.[51]  
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Another means for achieving effective light scattering in DSC photoanode is by 

inclusion of particles with different refractive index than that of the active layer material or 

by implementing core-shell structures with different indices of refraction for the core and 

shell materials.[144] Son et al. fabricated TiO2 nanocrystalline films incorporated with 

SiO2/TiO2 core/shell nanoparticles (STCS-NPs), as provided in Figure 1.12.[145] They 

employed the hybrid film as photoanode of DSC and studied the effect of STCS-NPs size 

and refractive index on the light scattering properties. It was observed that the PCE of the 

devices got enhanced with increasing particle size, up to a maximum value of 7.9% using 

particle size of ~ 240 nm, taking advantage of the increased light scattering efficiency. 

However, further increase in particle size affected the dye loading. It was also concluded 

that the usage of low refractive index core (SiO2) and high refractive index shell (TiO2), 

induced optical confinement, thus contributed to the strong optical scattering. 

 

Figure 1.12. Schematic illustration of light scattering by (a) TiO2 nanoparticles (TiO2-NPs) 

and (b) SiO2/TiO2 core/shell nanoparticles (STCS-NPs).[145] 

(b) Scattering voids and surface roughness. The method of including scattering particles 

in the DSC photoanode for improving scattering efficiency have certain drawbacks. The 

larger particles included in the nanocrystalline film reduces the internal surface area for 

dye loading. Also, the charge transport resistance becomes higher in case of bi-layer 

films.[132] Scattering of light can also be achieved by creating vacant spaces or voids within 

the active layer. The variation in refractive indices when going from semiconducting 

material to the void region, filled with electrolyte, induces scattering effect in such 

photoanodes. Hore et al. used carboxyl stabilized polystyrene spheres to create spherical 

voids in TiO2 film.[146] These voids acted as scattering centers and increased the current 

density, resulting in an improvement in PCE by 25%. Similarly, polystyrene microspheres 

were used to induce voids in the TiO2 film of DSC photoanode in order to attain an 

improved PCE of ~ 7.44% by Peng et al. A multiscale bilayer inverse opal (IO) structure 
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was introduced by Lee et al., which utilized IO layers of smaller diameter (~ 70 nm) pores 

as under layer and that with larger diameter (~ 215 - 250 nm) pores as over layer (Figure 

1.13).[147] The pores were realized by using polystyrene colloidal crystal templates. The 

mesoscopic IO under layer endowed high surface area for dye adsorption while the 

microporous top IO layer provided better light scattering, since their photonic bandgap 

(PBG) lie in the visible wavelength range. Therefore, by utilizing this novel structure as 

photoanode in DSCs along with N719 dye, they could realize a PCE of ~ 6.5%. They 

observed that by varying the pore size in the top layer from 215 nm to 250 nm, there was 

an enhancement in JSC and hence PCE of the device. This was attributed to the improved 

matching between the wavelength corresponding to PBG and the wavelength range in 

which N719 dye possesses the least absorption. In another report, Yang et al. utilized 

carbon spheres for inclusion of scattering voids into anatase TiO2 nanoparticles based 

photoanode and studied the effect of varying pore size and concentration of carbon in the 

film.[148] It was observed that photoanode made from 500 nm and 15 wt% carbon spheres 

provided the highest PCE of 7.2%. Han et al. employed quasi-inverse opal (QIO) layers 

with imperfect periodicity of voids as scattering layers to obtain high dye loading and better 

light scattering over the wavelength range of 600 - 750 nm.[149]  

 

Figure 1.13. SEM images of (a) the multiscale bilayer inverse opal structure, (b) the IO 

over layer created using larger diameter (~ 215 - 250 nm) template particles and (c) the IO 

under layer created using smaller diameter (~ 70 nm) template particles.[147] 

Pham et al. introduced a novel strategy for creating scattering voids by including 

ZnO template particles into the TiO2 photoanode film and then selectively etching off ZnO 

by simple TiCl4 treatment (Figure 1.14(a-c)).[150] They were able to obtain a remarkable 

efficiency of 9.4% for DSC by employing the templated films with a gel type electrolyte. 

The same group further investigated the influence of ZnO template particle size on the 

device performance and concluded that 380 nm sized ZnO particles gave the best result.[151] 

Sasidharan et. al. adopted a similar strategy to induce surface roughness over TiO2 
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films.[152,153] They introduced various ZnO microstructures as sacrificial layers (Figure 

1.14(d)) over the conventional TiO2 active layer. When the ZnO over layer was etched off 

by TiCl4 treatment, imprints or grooves were formed on the TiO2 film surface, which paved 

way for enhanced film roughness (Figure 1.14(e)). This rough film resulted in better light 

scattering leading to improved DSC performance.  

 

Figure 1.14. SEM images of (a) surface of ZnO templated TiO2 film, (b) ZnO template 

nanoparticles, and (c) cross section of ZnO templated TiO2 film with voids created by 

etching off ZnO template nanoparticles, reported by Pham et al.[150] SEM images of (d) 

ZnO nanoflowers used as sacrificial overlayer and (e) surface of rough TiO2 film obtained 

by etching off ZnO overlayer using TiCl4 treatment, reported by Sasidharan et al.[152] 

(c) Plasmonic nanoparticles. Another strategy for enhancing the light harvesting 

efficiency of DSC is by decorating the photoanode films with metal nanoparticles (NPs). 

The optical properties of metals, like gold and silver, are dependent on the phenomenon of 

Surface Plasmon Resonance (SPR), which is the collective oscillation of conduction 

electrons induced by electromagnetic radiations, at the characteristic resonant frequency of 

the material.[154] In case of metal NPs, the plasmonic resonance becomes localized (LSPR), 

which induces a dipole moment in the NPs. As a result there occurs a magnification of local 

electromagnetic field in the vicinity of the metal NPs, which subsequently paves way for 

an increment in optical absorption and scattering. Hence, the presence of metal NPs in the 

photoanode of DSC may enhance its performance.[155,156] The inclusion of metal NPs into 

the DSC photoanode can also affect the CB position of the semiconductor. In many reports, 

NPs are implemented in the form of core-shell structure in which the metal NP core will 

be covered by the metal oxide shell, in order to prevent the corrosion of metal NPs by the 

electrolyte. Nbelayim et al. came up with Ag@TiO2 core-shell structure for fabricating 

DSC and studied the effect of varying concentration of Ag in the device performance.[157] 
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When the Ag concentration was increased from 0 to 0.1%, the PCE improved from 4.66% 

to 4.88%, owing to the improved charge injection and transfer induced by positive shift in 

CB of TiO2. Further increase in concentration from 0.25% to 1% again showed a hike in 

PCE to reach 5.0%, which was attributed to the electron sink effect. A similar study was 

conducted by Lim et al. wherein they observed an enhancement of optical absorption and 

electron lifetime by incorporation of Ag NPs in TiO2 photoanode.[158] Liu et al. successfully 

incorporated Au@ZnO core-shell structures into the TiO2 active layer of DSC photoanode 

and obtained an enhancement in PCE from 7.5% (for bare TiO2) to 8.91%.[159] The 

improvement in JSC was attributed to the SPR induced optical extinction (absorption or 

scattering). Certain reports demonstrate the simultaneous incorporation of both Ag and Au 

nanoparticles into the active layer.[160,161] Compact blocking layers doped with plasmonic 

nanoparticles are also employed in DSC photoanodes to improve light harvesting in 

addition to the suppression of back transfer of electrons.[162,163] 

1.4.3. Doping with ions 

Conventionally, the conduction band (CB) and valence band (VB) edges of 

semiconductors are modulated by doping them with ions for photocatalytic applications. 

This method can be adopted in DSCs to modulate the injection and recombination rates, by 

tuning the CB of the semiconducting material. The change in the conduction band position 

of the semiconductor with the introduction of dopants will be reflected in the VOC of the 

device. It will also affect the JSC due to change in driving force for electron injection and 

recombination. Numerous literatures have reported the doping of DSC photoanode 

materials with metallic as well as non-metallic ions. The metallic dopants such as ions of 

niobium (Nb), magnesium (Mg), zinc (Zn), tin (Sn), chromium (Cr), nickel (Ni), copper 

(Cu), iron (Fe), cobalt (Co), silver (Ag), vanadium (V) etc. can be used for altering the 

charge transfer processes in TiO2 photoanode based DSC.[164–167] These dopants shift the 

conduction band edge of TiO2 to a more positive position with respect to that of the 

undoped TiO2, which leads to higher JSC owing to increase in driving force for electron 

injection and decrease in driving force for recombination. In spite of this, cation doping 

may lead to a decrease in VOC as the energy difference between the Fermi level of TiO2 and 

the redox potential of electrolyte is reduced due to the downward CB shift. Also there may 

be a lowering of JSC due to minimized dye loading caused by particle agglomeration in 

such systems. Similar observations are reported for ZnO and SnO2 based photoanode films 

doped with metallic cations.[168,169] Apart from the metallic cations, doping of 
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semiconductor film of DSC working electrode with anions of non-metals like nitrogen (N), 

boron(B), carbon (C), sulfur (S) etc. are also reported in many literatures. [170–174] The DSCs 

employing anion doped electrodes generally displayed increase in VOC ascribed to the 

upward shift in CB edges and reduced recombination due to surface trap state passivation 

by the dopant ions. Though the driving force for injection was limited by this CB shift, 

improvement in JSC could be observed for DSCs using such anion doped semiconductors. 

This elevated JSC was attributed to the faster charge diffusion rate and reduced internal 

resistance induced by the dopant ions in the photoanode. 

1.4.4. Interfacial modification by depositing blocking layers 

The two major performance limiting processes of DSCs are the electron back 

transfer at the TCO/electrolyte interface and the semiconductor/dye/electrolyte. The 

photoanodes employing nanocrystalline semiconductor films offer a large number of 

surface trap states or recombination sites which adversely affect the device performance. 

An appropriate method to deal with this issue is the passivation of these trap states by using 

blocking layers. Blocking layers (BLs) are usually ultra-thin compact layers of materials 

like TiO2, ZnO, Nb2O5, Al2O3, SnO2 etc., which have semiconducting or insulating 

nature.[175,176] Pre-blocking layers (pre BL) or buffer layers coated on the TCO prevents 

electron back transfer from TCO (Figure 1.15(a)) to electrolyte, whereas post-blocking 

layer (post BL), which is a conformal barrier layer deposited over the mesoporous 

photoanode film that resists recombination of electron from semiconductor’s CB to the 

electrolyte (Figure 1.15(b)).[177–179] A mesoporous layer of core-shell nanostructures is 

obtained as a result of post BL deposition on nanoporous films. BL can be deposited via 

various deposition techniques like, chemical bath deposition, spin, atomic layer deposition 

(ALD), spray pyrolysis, electrochemical deposition, dip coating, electron beam 

evaporation etc. The interfacial electron transfer dynamics in the TiO2 based DSCs could 

be regulated by means of compact barrier layers constituted of other metal oxides like 

Nb2O5, Al2O3, ZrO2, Ga2O3, MgO, and so on.[179] The improvement in efficiency of DSCs 

employing these BLs were attributed to the increment in VOC, which in turn relates to the 

enhanced electron lifetime caused by suppressed recombination.  

With an increase in the thickness of BL, an enhancement in the recombination 

resistance occurs, that leads to an elevated DSC performance. However, increase in BL 

thickness beyond an optimum limit affects the process of injection of photoelectrons from 

the dye to the semiconductor, hence oppressing the device performance. This was verified 
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by Chandiran and co-workers, who could achieve VOC above 1 V using an organic dye 

(Y123) sensitized TiO2 photoanodes employing passivating post BL of Ga2O3 deposited 

by ALD in conjugation with Co based electrolyte.[180]  They observed that upon thickening 

of the barrier layer, there was a decrease in recombination rate leading to enhanced VOC (up 

to 1118 mV for 6 ALD cycles). However, the JSC and PCE began to diminish after an 

optimum thickness (4 ALD cycles), due to the injection limitations caused by thickened 

blocking layer. TiO2 BL is the most frequently used one in DSCs along with different 

photoanode materials such as TiO2, ZnO, SnO2, CeO2 etc. to improve the device 

performance by suppressing recombination processes.[178,181–183] TiCl4 treatment, which is 

a simple chemical bath deposition technique, is the most effective method for depositing 

TiO2 blocking layers in DSC photoanodes.[184–186] In this technique, the specimen (either 

the bare TCO substrate or the TCO coated with mesoporous semiconducting layer) is 

immersed in an aqueous solution of TiCl4, which is maintained at a temperature of 70oC - 

80oC for a specific period of time, so that the TiCl4 hydrolyses and produces TiO2 

nanoparticles that are deposited on the specimen to form BL. Till date, majority of the 

significant reports on TiO2 photoanode based DSCs elaborately use this method for 

depositing TiO2 pre and/or post BLs, for efficient performance under standard one sun as 

well as ambient light conditions. 

 

Figure 1.15. Schematic diagram of prevention of back electron transfer by (a) the pre 

blocking layer deposited over FTO substrate and (b) the post blocking layer deposited over 

the TiO2 mesoporous network to form core-shell structure [179] 

1.4.5. Interfacial engineering by co-sensitization strategy 

Dye molecules adsorbed on the semiconductor surface have a significant impact on 

the electron transfer kinetics at the semiconductor/electrolyte interfaces in DSCs.[187] By 

depositing a pinhole-free monolayer of small sensitizer molecules over the semiconductor 

surface, the recombination of photoelectrons with the electrolyte species can be effectively 
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blocked. Whereas, the steric hindrance offered by the long alkyl chains and twisted 

geometry of the bulky organic dye molecules prevent the approach of oxidized electrolyte 

species to the semiconductor surface, there by retarding the electron back transfer. In co-

sensitization method, the DSC photoanode is sensitized using two or more dye molecules 

having different sizes and complementary absorption profile, in order to achieve a 

panchromatic light absorption. Moreover, this strategy helps in achieving a highly ordered 

and dense molecular packing of dye molecules over the semiconductor surface, which helps 

in suppressing the recombination at the semiconductor/electrolyte interface, as discussed 

before.[188,189] Usually, co-sensitization is done in two ways: (a) by soaking the photoanode 

in a cocktail dye solution containing different dye molecules (having different molecular 

sizes), for a specific interval of time, or (b) by successively immersing the photoanode in 

different dye solutions for different time periods (step-wise co-sensitization). In the step-

wise co-sensitization, the mesoporous semiconductor layer coated over TCO is initially 

immersed in the solution containing bulky dye molecules (with large number of branches 

and long alkyl chains or with large dihedral angles), followed by sensitization with smaller 

dye molecules.  In both the cases, the small sized dye molecules occupy the vacant spaces 

between the bulky dye molecules anchored on to the semiconductor surface. Consequently, 

co-sensitization gives rise to a tightly packed monolayer of different sensitizer molecules 

on the semiconductor surface, which effectively hinders the oxidized electrolyte species 

from approaching the semiconductor, thereby retarding the recombination process. This 

helps in improving the VOC of DSCs. In addition to this, the co-sensitization strategy 

prevents dye aggregation possibilities and ensures light harvesting over a wider spectral 

domain, both of which contribute towards improvement in JSC. Co-sensitization of organic 

dyes in conjugation with copper complex based electrolytes opened a new realm of indoor 

DSCs (I-DSCs), which could attain larger VOC values and outstanding PCE under 

indoor/ambient light conditions. Freitag et al. realized a higher PCE of 28.9% under 1000 

lux fluorescent light illumination, by the judiciously co-sensitizing the TiO2 photoanode 

with two organic dyes (XY1 and D35) having complementary absorption profiles and 

compatible with copper complex based redox mediators (Figure 1.16).[23] Later on Cao et 

al. developed a direct contact devices (DCD) employing Y123/XY1b co-sensitized TiO2 

layer along with copper based redox mediator delivered an exceptional PCE of 13.1% 

under one sun and 31.8% under 1000 lux fluorescent light.[190] Similarly, two organic dyes, 

namely XY1 and L1, which complement each other in terms of steric hindrance and 

absorption profile, were utilized by Michaels et al. along with a copper electrolyte to obtain 
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an outstanding PCE of 34% under 1000 lux fluorescent illumination and 11.5% under one 

sun condition.[26] The size difference of the two dye molecules facilitated the formation of 

a densely packed monolayer on the TiO2 surface, which led to VOC improvement, while the 

perfect overlapping of the complementary absorption profile of the selected dyes with the 

emission spectra of the indoor light source resulted in enhanced JSC. Subsequently, a 

remarkable PCE of 34.5% for DSCs under 1000 lux fluorescent light illumination and 

13.5% under full sun irradiation was realized by Zhang et al. by co-sensitization of TiO2 

mesoporous layer with organic dyes namely XY1b and MS5, and employing copper based 

electrolyte.[191]  

 

Figure 1.16. (a) The energy level diagram, (b) structure of XY1 dye molecule, (c) structure 

of D35 dye molecule and (d) structure of the copper complex ([Cu(tmby)2]
2+/+) utilized by 

Frietag et al.[23]  

1.4.6. Interfacial modification by co-adsorption and pre-adsorption strategy 

Another widely adopted method for suppressing recombination at 

semiconductor/electrolyte interface and to prevent dye aggregation in DSCs is the 

adsorption of semiconductor surface with other molecules, known as the co-adsorbents, in 

addition to the dye molecules. The co-adsorbents used in DSC photoanodes are usually 

simple and small organic molecules having carboxylic or phosphonic groups, having very 

low optical absorption in the visible region when compared to the sensitizer 

molecules.[192,193] These molecules bind weakly on the semiconductor surface so that the 

dye molecules can easily replace them. Conventionally, the co-adsorbent molecules are 

added into the dye solution itself and get anchored onto the semiconductor surface during 

the dye soaking process. The co-adsorbent molecules occupy the vacant sites on the 
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semiconductor surface, and help in organizing and orienting the adsorbed dye molecules, 

hence spatially separating the oxidized electrolyte species from the semiconductor and 

preventing dye aggregation. [194,195] This effect can be enhanced by using the co-adsorbent 

molecules endowed with long hydrophobic alkyl chains.[196] In addition to this, the use of 

co-adsorbent molecules can bring about changes in the CB edges of the semiconductor, 

thereby influencing the VOC of DSCs. Various organic acid derivatives like those of 

deoxycholic acid, phosphonic acid, benzoic acid, acetic acid etc. can be employed in DSC 

photoanodes as co-adsorbents. [193] Chenodeoxycholic acid (CDCA) is the most widely 

used substance for co-adsorption of DSC photoanodes. 

 

Figure 1.17. (a) The molecular structures of SL9, SL10 and BPHA molecules, and (b) the 

schematic representation of dye adsorption on the surface of untreated and BPHA pre-

treated TiO2 layer, reported by Ren et al.[29]  

A similar but a novel surface treatment strategy utilizing pre-adsorbents was 

adopted by Ren et al., in 2023, to render an all-time record PCE of 15.2% under standard 

AM 1.5G solar irradiation for DSC fabricated with co-sensitized TiO2 photoanode and 

copper electrolyte.[29] In this approach, the surface of TiO2 mesoscopic layer was adsorbed 

with the hydroxamic acid derivative, namely 2-(4-butoxyphenyl)-hydroxyacetamide 

(BPHA), even before dye loading. The TiO2 photoanode, pre-adsorbed with BPHA 

molecules, were then immersed in the cocktail dye solution containing two novel organic 

dyes (SL9 and SL10, shown in Figure 1.17(a)) having complementary absorption to cover 
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the entire visible light spectrum. Apparently, upon dye soaking, the dye molecules replaced 

the BPHA molecules from the TiO2 surface, which was confirmed using FTIR analysis. It 

was observed that the BPHA pre-treated TiO2 layer was having a well ordered and denser 

molecular packing of sensitizers (Figure 1.17(b)) when compared to the untreated one. 

Subsequently the DSC employing the BPHA pre-treated films exhibited enhanced JSC and 

hence showcased better performance not only under outdoor but also under indoor 

illumination conditions (30.1% under 1479 lux illumination using a 4000K LED lamp). 

1.5. Copper complex based redox mediators for DSCs 

1.5.1. Emergence of copper complex redox shuttles 

Iodine-based redox mediators marked an era of low-cost and efficient electrolytes 

for dye-sensitized electrochemical cells since its beginning back in 1990s. The DSC arena 

was dominated by iodide/triiodide electrolytes owing to their significant stability and 

favourable charge transfer mechanism. The two-electron reaction mechanism followed by 

the iodide/triiodide redox couple consists of a sequence of rapidly occurring one-electron 

reactions that involve multiple intermediate species. Iodide/triiodide redox couples are the 

best candidates for DSC electrolyte because of their faster ion diffusion capabilities, 

asymmetric charge transfer kinetics behavior prompted by faster oxidation of I- ions 

ensuring faster dye regeneration, and relatively slower reduction of I3
- ions enabling better 

charge collection. Despite its excellent performance both indoors and outdoors, a number 

of issues prevent the widespread use of iodine electrolyte in the manufacturing and 

commercialization of large area dye-sensitized PV modules (DSMs). Triiodide ions are 

very corrosive towards silver electrodes, that are used in large area DSMs for effective 

current collection. Additionally, it corrodes the sealing materials that are commonly used 

to assemble the working and the counter electrodes. Large regeneration overpotential loss 

owing to less positive redox potential, which restricts the maximum achievable VOC, and 

competitive light absorption in the lower wavelength region, which lessens the light 

harvesting by the photoanode and affects JSC, are two other drawbacks of iodine-based 

electrolytes. Another demerit of the iodide/triiodide redox couple is its intricate, multistep 

dye regeneration mechanism, which is still poorly understood. Furthermore, the organic 

sensitizers that are being developed for improved light absorption and charge separation 

have been found to be incompatible with the iodide/triiodide electrolyte. This created a 

requirement for exploring alternative redox systems to be employed in DSCs for efficient 

dye regeneration and hole transport, without affecting other device components. Because 
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of their less corrosive nature and higher positive redox potential, one-electron outer sphere 

redox systems based on transition metal complexes like copper and cobalt based ones 

account for the most viable alternatives. Also, it is possible to tune the redox potentials of 

these metal complexes to a desired degree by altering the ligands attached. Though cobalt 

based redox shuttles have several advantages over the copper based ones, such as less 

competitive light absorption, non-corrosiveness, non-volatile nature, etc., DSCs employing 

cobalt redox shuttles suffer from higher recombination losses especially at FTO/electrolyte 

interface, and slow ion diffusion leading to mass transport limitations.[197–200] Copper 

complexes are less bulky when compared to cobalt species, as a result of which the 

diffusion of the later in the bulk electrolyte as well as within the semiconductor layer is 

slower, and hence is highly prone to mass transport issues. Moreover, copper complex 

based redox systems have more positive redox potentials, which minimize the overpotential 

loss for dye regeneration and thence contribute towards better voltage (Figure 1.18). [201] 

 

Figure 1.18. Schematic representation of energy level alignment of different components 

of an organic dye sensitized TiO2 based DSC with respect to three different redox 

mediators, viz. iodine, cobalt and copper based ones.  

Copper complex based electrolytes are more advantageous for DSC applications 

considering its smaller sized species which contribute towards higher ion diffusion rates 

along with more positive redox potential compared to cobalt complex based redox shuttles. 

Also, the commercialization of copper electrolyte based DSCs is more appropriate due to 

the abundance, low cost, and reduced toxicity of copper species. The pioneering work done 
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by Hattori et al. (in 2005) marked the beginning of copper electrolyte based DSCs. They 

synthesized a series of copper complexes and employed them as redox mediators in DSCs 

along with N719 dye sensitized photoanodes. Among them, the DSC based on the 

copper(II/I)bis(2,9-dimethy-1,10-phenanthroline) complex ([Cu(dmp)2]
2+/+), with a redox 

potential of 0.66 V vs. SHE, delivered the highest PCE of 1.4% under 100 mW/cm2 and 

2.2% under 20 mW/cm2 simulated solar irradiation.[202] Six years later, Bai et al. observed 

that copper complex based electrolytes were more compatible with organic dyes.[203] By 

utilizing [Cu(dmp)2]
2+/+complex based electrolytes in conjugation with an organic dye 

(C218) sensitized DSC photoanode, they could achieved a PCE of 7% under 100 mW/cm2 

and 8.3% under  23 mW/cm2 illumination. This was further established by Saygili et al. by 

utilizing copper bipyridyl based redox mediators, viz. Cu(II/I)(4,4′,6,6′-tetramethyl-2,2′-

bipyridine) ([Cu(tmby)2]
2+/+) (0.87 V vs. SHE) and Cu(II/I)(6,6′-dimethyl -2,2′-bipyridine) 

([Cu(dmby)2]
2+/+) (0.97 V vs. SHE) complexes, in addition to [Cu(dmp)2]

2+/+ (0.93 V vs. 

SHE), in DSCs along with an organic dye named Y123 (Figure 1.19).[204] They could 

achieve an impressive PCE of ~ 10% with VOC above 1V, under 100 mW/cm2 simulated 

sunlight, by employing these copper bipyridyl complexes as redox mediators. Although the 

energy levels in case of copper redox shuttles are closer to the HOMO of the sensitizers, 

efficient dye regeneration is still possible as a very small driving force (less than 0.1 eV) is 

required for the same, thanks to its lower reorganizational energy between the Cu(I) and 

Cu(II) complexes leading to faster charge transfer kinetics. Consequently, the copper 

electrolyte based DSCs could outclass the conventional iodine electrolyte as well as the 

cobalt electrolyte based devices, paving way for a new generation of DSCs with remarkable 

performances not only under outdoor, but also under indoor illumination conditions. 

[201,205,206] 

 

Figure 1.19. Molecular structure of (a) [Cu(dmp)2]
2+/+, (b) [Cu(dmby)2]

2+/+ and (c) 

[Cu(tmby)2]
2+/+ complexes. 
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Majority of the recent reports unveiling exceptional DSC performances with VOC above 1V 

and PCE surpassing 10% under standard AM 1.5G simulated sunlight are based on 

[Cu(tmby)2]
2+/+ copper complex based redox mediators coupled with various organic 

sensitizer molecules. In 2017, Freitag et al. made a quantum leap in the I-DSC realm by 

attaining exceptional PCE of 28.9% under indoor condition (1000 lux fluorescent light) by 

utilizing [Cu(tmby)2]
2+/+ redox shuttle along with two organic dyes (XY1 and D35).[23] The 

[Cu(tmby)2]
2+/+ redox mediator could successfully regenerate both the dyes with the driving 

forces as low as 0.1 - 0.2 eV. In a similar manner, [Cu(tmby)2]
2+/+ redox mediator was used 

in conjugation with various co-sensitized systems to obtain outstanding DSC performances 

under outdoor and indoor conditions.[26,29,190,191,207] DSCs employing [Cu(dmp)2]
2+/+ based 

electrolytes are also explored intensely, because of the favourable structural, 

electrochemical and optoelectronic properties of these copper complexes, in addition to the 

low cost and more availability of the 2,9-disubstituted-1,10-phenanthroline (dmp) 

ligand.[204,208,209] Recently, Jagadeesh et. al. could achieve a breakthrough VOC of 1.27 V 

under one sun and 1.02 V under 1000 lux CFL illumination, by fabricating DSCs using a 

TiO2/ZnO bilayer photoanode along with [Cu(dmp)2]
2+/+ complex based electrolyte.[30,210] 

Later, by employing a modified [Cu(dmp)2]
2+/+ complex synthesized using the novel 

concept of asymmetric dual species copper electrolyte, Meethal et. al. realized a record 

efficiency of 35.6% under 1000 lux CFL illumination.[30,210] 

1.5.2. Charge transfer dynamics at photoanode/electrolyte interface 

Since most of the crucial charge transfer processes in DSCs occur at the 

photoanode/electrolyte junction, it has a pivotal role in governing the photovoltaic 

performance of the device. As already discussed, the photoanode is made up of a 

semiconductor layer coated with dye molecules, and therefore the photoanode/electrolyte 

interface is constituted by the semiconductor/dye, the dye/electrolyte and the 

semiconductor/electrolyte interfaces. Since the injection process occurs at the 

semiconductor/dye interface, the injection rate (kinj) is determined by the energy level 

alignment and overlap at the semiconductor/dye interface, as suggested by the Marcus 

theory. Besides, kinj is also influenced by the surrounding medium, that is the electrolyte. 

There are several reports endorsing that in the presence of copper complex based 

electrolyte, organic dye sensitized TiO2 photoanodes experience a shift in CB edges, so as 

to increase the driving force for injection or to establish better energy level overlapping 
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between the semiconductor’s CB and the molecular orbitals of the dye, which in turn 

contribute towards enhanced 𝜂𝑖𝑛𝑗 (more than 90%).[203,209,211]  

Similarly, the energetic distribution at the dye/electrolyte interface influences the 

dye regeneration rate (kreg). Saygili et al. studied the regeneration kinetics at TiO2/Y123 

dye interface in the presence of various copper complex based electrolytes having different 

redox potentials.[204] They found that there was a decrease in regeneration lifetime with 

increase in regeneration driving force, which is determined by the redox potential (Eredox) 

of the copper complex with respect to the ground state energy of the dye. The 

[Cu(tmby)2]
2+/+ complex with the most negative redox potential rendered the fastest 

regeneration (with regeneration half lifetime of 1.8 µs). Further, it is set forth by many 

reports that in case of DSCs employing copper complex based electrolyte and organic dyes, 

an energy difference of less than 0.1 eV between the Fermi level of the redox shuttle and 

the HOMO of the dye, is sufficient to drive dye regeneration with 𝜂𝑟𝑒𝑔  ~ 100%.[23,209,212] 

The kinetics of electron transfer at the semiconductor/electrolyte interface 

determines the rate of the performance limiting charge recombination (krec) in DSCs. Thus, 

the recombination kinetics depend not only on the driving force rendered by the difference 

in EF and Eredox, but also on the degree of overlap of the CB states and sub band gap states 

of the semiconductor with the oxidized energy levels of the electrolyte. In case of copper 

electrolyte based DSCs, the dependence of the recombination rate, and hence the lifetime, 

on the driving force (EF - Eredox) was elucidated by Saygili et al. [204] The [Cu(tmby)2]
2+/+ 

complex with the more negative Eredox comparative to [Cu(dmp)2]
2+/+ and [Cu(dmby)2]

2+/+ 

complexes, apparently carried the least driving force for recombination, and hence 

exhibited better lifetime. The charge transfer kinetics at semiconductor/electrolyte interface 

is further influenced by the molecular structure and size of the sensitizer molecules 

anchored to the semiconductor surface. Several authors have reported that bulky dye 

molecules with long alkyl chains and twisted structure are capable of hindering the oxidized 

electrolyte species from coming close to the semiconductor surface.[213,214] As we have 

discussed in the previous section 1.4.5., co-sensitization, wherein a combination of bulky 

dye and small sized dye is used to sensitize the photoanode, is a successful approach for 

suppressing recombination at the semiconductor/electrolyte interface leading to better 

lifetime.[23,26,188] The use of different sized dye molecules is effective in achieving sufficient 

surface coverage to block the approach of oxidized electrolyte species to the 

semiconductor. The use of blocking layer (post BL), as mentioned in the section 1.4.4., is 
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also an efficient method for blocking the back electron transfer at the 

semiconductor/electrolyte interface.  

1.5.3. Mass transport limitations 

 In electrochemical systems, the mass transport refers to the process by which the 

electrically active particles, i.e., the species involved in the charge transfer process, are 

transferred towards the electrode, where the charge transfer take place, while the products 

formed move in the opposite direction, away from the electrode to the solution volume.[215] 

Mass transport can occur via diffusion, migration, or convection mechanism. In DSCs, the 

electrochemical charge transfer processes occur at the photoanode/electrolyte interface and 

the active particles involved are the reduced species in the electrolyte. Upon optical 

irradiation of the photoanode, the dye molecules get excited and subsequently inject the 

excited electrons into the CB of the semiconductor onto which they are anchored. The 

oxidized dye molecules are immediately regenerated by the reduced electrolyte species in 

the close vicinity of the photoanode. At the same time, the oxidized species in the 

electrolyte are reduced at the CE/electrolyte junction. This creates a concentration gradient 

within the system, as a result of which oxidized species in the electrolyte diffuse away from 

the photoanode while the reduced ones diffuse towards it, which is essential for the 

electrochemical process to continue. The mass transport or diffusion of these species in the 

bulk of the electrolyte as well as within the mesoporous semiconductor matrix is affected  

 

Figure 1.20. Schematic illustration of mass transport of oxidized and reduced electrolyte 

species in the bulk of the electrolyte and within the semiconductor matrix in DSCs.  
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by their bulkiness (Figure 1.20). The bulkier the redox species, the more limited will be 

their mass transport. Mass transport limitation in DSCs employing bulky electrolyte species 

can be easily detected using current transient curves as well as by plotting the current output 

(ISC or JSC) of the device against incident light intensity.  

The current transient curves of diffusion limited devices show a peak current which 

decays with time and then saturates. Figure 1.21(a) shows the dependance of mass 

transport of a copper electrolyte based DSC on incident light intensity.[201] At higher 

intensities (0.6 – 1 sun illuminations) mass transport issues are highly pronounced, as a 

result of which the current transient curves shows a decay in current density. At lower 

intensities, the current transients do not show any decay, indicating that mass 

transportissues are not significant. This is because, at lower light intensities the number of 

photoelectrons generated are very less, as a result of which all the charge transfer processes 

occur at a slower rate, which compensates the slow diffusion of bulky copper species in the 

electrolyte. Hence, the mass transport limited systems show sub-linear deviations in the 

stable state JSC versus intensity curves (Figure 1.21(b)). The JSC of iodide/triiodide 

electrolyte based DSC are linearly dependent on the incident intensity, while those for 

cobalt ([Co(bpy)2]
3+2/+) and copper ([Cu(dmp)2]

2+/+) based electrolyte deviate from the 

linear behaviours owing to their bulkiness. The cobalt complex being bulkier than copper 

species, shows the highest non-linearity in JSC vs intensity plot.  

 

Figure 1.21. (a) current transient curves for [Cu(dmp)2]
2+/+ based DSCs under different 

illumination conditions (from 0.1 to 1 sun), and (b) JSC versus intensity curves for DSCs 

employing different electrolytes viz. I-/I3
-, [Co(bpy)2]

3+/2+ and [Cu(dmp)2]
2+/+ based 

electrolytes.[201]  
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The structural characteristics of the dye molecules adsorbed as well as the thickness 

of semiconductor layer were also observed to affect the mass transport properties of copper 

electrolyte based DSCs by Velore et al.[216]  They utilized TiO2 films sensitized with D35 

dye alone, XY1 dye alone and co-sensitized with D35:XY1 (1:1) dye combination to 

fabricate DSCs along with [Cu(tmby)2]
2+/+ complex based electrolyte and found that even 

though the XY1 based and co-sensitized systems exhibited better IPCE owing to better 

light absorption, the D35 based device delivered the best JSC and PCE under one sun 

illumination. It was inferred that under one sun intensity, when the mass transport limitation 

is prominent, the D35 sensitized TiO2 layer provide an easier path for the diffusion of 

copper species within the photoanode when compared to the other two photoanodes. This 

was clear from the current transients at one sun condition, as shown in Figure 1.22(a).  

Further, they could diminish the mass transport limitation in D35:XY1 co-sensitized 

system by reducing the TiO2 layer thickness from 8 µm to 4 µm (Figure 1.22(b)).  

 

Figure 1.22. Current transients under one sun condition for (a) different DSCs with 

photoanodes sensitized with D35 dye, XY1 dye, and co-sensitized with 1:1 D35:XY1, and 

(b) D35:XY1 co-sensitized devices with different TiO2 layer thickness.[216] 

1.6. Statement of the problem 

Copper complex based redox shuttles are identified to be the most suitable 

electrolyte candidates for DSCs, owing to their more positive redox potential and 

compatibility to be used in conjugation with organic dye molecules. The highly positive 

redox potentials (Eredox) of copper species, ranging from 0.59 V - 0.97 V vs. NHE, not only 

minimize the over potential loss for dye regeneration, but also enlarge the energy difference 

between Eredox and EF of the semiconductor, together contributing towards higher open 

circuit voltage (VOC). The higher VOC in copper electrolyte based DSCs enable them to 

achieve exceptional performance not only under standard one sun condition but also under 
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indoor/ambient light conditions as well. However, the positive redox potentials may lead 

to higher driving force for recombination at the semiconductor/electrolyte interface, 

leading to reduction in electron lifetime and hence affecting the VOC of the DSC. Also, the 

bulky nature of copper species limits their diffusion in the electrolyte solution and within 

the mesoporous photoanode layer, which in turn affect the JSC of the device. A comparison 

of performance of DSCs employing different electrolyte systems and different photoanode 

materials are provided in Table 1.1. for further reference. 

So far, most of the studies done for improving the PCE of copper electrolyte based 

DSCs relied on developing novel organic dyes or other organic molecules for sensitizing 

standard TiO2 photoanodes (constituted by an active layer made up of 20-30 nm sized TiO2 

particles and a scattering layer containing 200-400 nm sized TiO2 particles). Other 

photoanode modification methods are yet to be explored in case of copper redox mediator 

based DSCs. Modification techniques for enhancing the light harvesting properties of 

photoanode along with improvement in mass transport of copper species within the 

photoanode ought to be an effective strategy for elevating the JSC of these DSCs.  Whereas, 

photoanode engineering strategies that can improve the electron lifetime by precisely 

regulating the recombination kinetics at the semiconductor/electrolyte interface, by 

modulating the EF level, can help in attaining the maximum achievable VOC in copper 

complex based devices. 

Table 1.1. Comparison of performance (best ones reported in the past few years) of DSCs 

employing different electrolyte systems, photoanode materials, and sensitizers.  

Electrolyte 

system 

Photoanode 

material 
Sensitizer/s 

PCE (%) under 

AM 1.5G solar 

irradiation 

PCE (%) under 

~1000 lux 

indoor light 

illumination 

Refer-

ence 

Iodide/triiodide 

electrolyte 

(I-/I3
-) 

TiO2 

nanoparticles 
N719 9.86 - [47] 

Multi-shell 

hollow TiO2 

nanoparticles 

N719 9.4 - [49] 

TiO2 nanorods Z907 8.87 - [54] 

TiO2 nanowires N719 9.4  [56] 

Macroporous 

3D inverse opal 

TiO2 

nanostructures 

YKP-88 10.3 - [66] 
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TiO2 

nanoparticles /  

TiO2 nanowires 

bilayer 

N719 9.9 - [135] 

ZnO 

nanoparticles N719 8.03 - [77] 

ZnO nanorods N719 4.7 - [81] 

ZnO nanowires SK1 5.0 - [84] 

Hierarchically 

Structured ZnO 

Nanorods 
N719 4.13 - [85] 

TiO2 

nanoparticles 

layer surface 

textured using 

ZnO templates 

N719 6.82 11.8 [152] 

TiO2 

nanoparticles 

layer surface 

textured using 

ZnO templates 

N719 7.32 15.5 [153] 

TiO2 

nanoparticles/  

2D TiO2 

nanosheet 

bilayer 

N3 7.54 - [121] 

Iodide/triiodide 

electrolyte 

(I-/I3
-) 

2D TiO2 

nanosheets 

grown on ZnO 

nanowires 

N719 7.5 - [122] 

g-C3N4 

modified TiO2 

nanosheets 
N719 7.34 - [120] 

Nb doped TiO2 

nanosheets N719 10.0 - [123] 

Black 

phosphorus 

nanosheet / 

TiO2 

nanocomposite 

N719 9.73 - [126] 

MoS2  

nanoparticles / 

graphene 

nanosheets 

N719 8.92 - [127] 

WS2 

nanoparticles /  

graphene 

nanosheets 

N719 9.6 - [129] 
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Cobalt 

bipyridine based 

electrolyte  

([Co(bpy)3]3+/2+) 

Mesoporous 

TiO2 

microbeads 
D35 6.4 - [48] 

TiO2 

nanoparticles MK-2 7.3 15.3 [200] 

TiO2 

nanoparticles YD2-o-C8 9.5 21.9 [199] 

TiO2 

nanoparticles Y123 2.7 26.9 [197] 

TiO2 

nanoparticles YD2-o-C8 11.0 32.0 [198] 

      

Copper 

tetramethyl 

bipyridine based 

electrolyte 

([Cu(tmby)2]2+/+) 

TiO2 

nanoparticles XY1 + D35 11.3 28.9 [23] 

TiO2 

nanoparticles XY1 + 5T 9.1 29.2 [188] 

TiO2 

nanoparticles 
Y123 + 

XY1b 
13.1 32.0 [190] 

TiO2 

nanoparticles XY1 + L1 11.5 34.0 [26] 

TiO2 

nanoparticles 
MS5 + 

XY1b 
13.5 34.5 [191] 

TiO2 

nanoparticles 
SL9 + 

SL10 
15.2 29.5 [217] 

      

Copper dimethyl 

phenanthroline 

based electrolyte 

([Cu(dmp)2]2+/+) 

TiO2 

nanoparticles XY1 + D35 8.0 35.6 [30] 

1.7. Objectives of the present thesis work 

Till date, literature reports on modification of photoanode architecture and 

semiconducting layer for enhancing the performance of copper electrolyte based DSCs are 

rarely encountered. It is already known that except for TiO2, ZnO is a suitable semi-

conducting material for DSC photoanode, owing to its favourable energy band structure 

and charge transfer dynamics, which are similar to those of TiO2, and higher electron 

mobility when compared to TiO2. In addition, ZnO is a cheap, abundant and viable material 

which can be easily synthesized into a wide variety of morphologies and nano- or micro-

structures, using facile methods. Also, the poor chemical stability of ZnO enables it to be 

used as templates which can be easily etched off by acidic treatments. The present thesis 

work aims to take advantage of these benefits of ZnO, by designing and developing novel 

photoanode architectures using ZnO microstructures for copper electrolyte based DSCs, in 
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order to improve their power conversion efficiencies by tackling the mass transport issues 

within the photoanode and by curtailing the charge recombination at the 

photoanode/electrolyte interface.  

The initial studies involve the synthesis and characterization of ZnO 

microstructures, which are not only utilized as the photoanode material in DSCs but also 

employed as sacrificial layers or templates for creating surface roughness or scattering 

voids in conventional TiO2 photoanodes, in order to achieve better light scattering 

properties along with improved mass transport for copper electrolyte species. We also aim 

to investigate the synergetic effect of TiO2/ZnO bilayer photoanodes on the CB position 

and interfacial charge transfer dynamics in copper electrolyte based DSCs, for achieving 

exceptionally high open circuit voltages, even under low intensity illumination. Such small 

area DSCs delivering high voltages can be effectively implemented in self-powered small 

electronics and IoT systems. We further target to extent the applicability of our small area 

DSC by integrating it to a standard electric double layer capacitor (EDLC), hence 

developing an indoor light harvesting photo-capacitor.   

1.8. Experimental and theoretical background 

1.8.1. Steps for fabricating DSCs 

The various processes involved in fabrication of DSCs (Figure 1.23) in the present 

thesis work are elaborated in this section. The basic steps include preparation of the 

electrodes (i.e. photoanode and counter electrode), their assembling, preparation of 

electrolyte solution and its filling into the assembled system. The devices were fabricated 

using our semi-automated DSC fabrication facility shown in Figure 1.24(a). 

(a) Photoanode fabrication. In general, the photoanode fabrication for a DSC includes the 

following steps: 

(i) The FTO coated glass substrate (TEC 15 or TEC 10) is cut into square piece of 

required dimension (say 1.6 cm x 1.6 cm). 

(ii) The cut FTO substrate is cleaned using an ultrasonic bath by sequentially dipping in 

soap solution, de-ionized water, isopropanol, and acetone for specific time periods (~ 

30 min).  

(iii) The cleaned substrate is subjected to step-wise annealing in a muffle furnace. The 

furnace temperature is ramped slowly to reach 150 oC, which is maintained for 10 

min, then slowly ramped to 300 oC (for 10 min), then to 350 oC (for 10 min), 450 oC 

(for 10 min) and finally to 500 oC (for 30 min), followed by slow cooling. 
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(iv) The substrate is then undergone UV/ozone treatment for 15 min. 

(v) TiO2 pre-blocking layer is deposited over the cleaned FTO substrate via TiCl4 bath 

deposition method. Herein, the substrate is immersed in 50 mM TiCl4 aqueous 

solution and heated at 75 oC for 30 minutes, followed by step-wise annealing as 

mentioned in step (iii). 

(vi) The semiconductor layer is deposited over the above substrate using doctor blade 

method or by screen printing technique. Doctor blade method is mainly used 

throughout this thesis work, as it is the simplest among the deposition techniques 

and the required layer thickness could be acquired using a single step. The thickness 

and area of the deposited layer was controlled by using a custom-made mask having 

a specific thickness and aperture area. Mesoporous TiO2 active layer is obtained by 

coating commercial 18NR-T titania (particle size ~ 20 nm) paste, while TiO2 

scattering layer is obtained by coating commercial 18NR-AO titania (particle size 

~ 350 - 400 nm) paste. Typically, a ~ 6 µm thick active layer and ~ 6 µm thick 

scattering layer is deposited. In case of ZnO based DSCs ~15 µm thick ZnO layer 

is obtained by utilizing a homemade ZnO paste (with various particle size and 

morphology). The DSC electrode with multiple semiconductor layers are subjected 

to annealing at 100 oC for 10 min after the deposition of each intermediate layers. 

This is followed by step-wise annealing up to 500 oC, as mentioned in step (iii). 

(vii) The TiO2 post-blocking layer (optional) is deposited over the mesoporous 

semiconductor layer via TiCl4 bath deposition method (given in step v) or by screen 

printing (or spin coating) of the commercial blocking layer solution. Finally, the 

electrode was annealed in a step-wise manner (step (iii)). 

(viii) Dye solution is prepared by dissolving the required amount of organic dye/dyes in 

a 1:1 mixture of acetonitrile : tert-butanol solvents. Then the annealed electrode is 

cooled down slowly to about 80 oC and soaked in the prepared dye solution and 

kept still in the dark for 16 hours, so that the dye molecules penetrate into the 

semiconductor matrix and get adsorbed on the semiconductor surface forming a 

semi-conformal monolayer. 

(b) Counter electrode preparation. The counter electrode is prepared as described below: 

(i) The FTO coated glass substrate (TEC 7 or TEC 8) is cut into square piece (of 

dimension 1.6 cm x 1.6 cm) and two holes are drilled on it to facilitate electrolyte 
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filling. The distance between the holes is such that they fall just outside the active 

area of the DSC (~0.5 cm in our case). 

 

Figure 1.23. Various standard steps involved in the fabrication of DSCs. 

(ii) The hole drilled FTO substrate is cleaned using an ultrasonic bath by sequentially 

dipping in soap solution, de-ionized water, and ethanol for a period 45 minutes, 

each. 

(iii) The cleaned substrate is subjected to step-wise annealing (step (iii)) and UV/ozone 

treatment (step (iv)). 

(iv) The conducting polymer viz. poly (3,4-ethylene dioxythiophene) (PEDOT) is 

deposited on the FTO substrate via galvanostatic electrochemical polymerization 

technique using a two electrode system (Figure 1.24(b)). In this method, micellar 

aqueous solution of the monomer, ethylene dioxythiophene (EDOT, 0.01M) and 

the surfactant, sodium dodecyl sulfate (SDS, 0.1M) is used as the supporting 

electrolyte solution, the FTO substrate (prepared in step xi) on which the polymer 

film needs to be deposited is taken as the working electrode (electrode 1) and 

another FTO substrate or a metal substrate as the reference electrode (electrode 2). 

The electrodes 1 and 2 were immersed in the above electrolyte solution and a 

current of ~13 mA is passed for about 1.5 seconds using an external source 

(Metrohm Autolab workstation) in galvanostatic mode. Consequently, a thin porous 

PEDOT film is deposited on the electrode 1, which is dried at room temperature to 

be utilized as the CE for DSC.  
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Figure 1.24. (a) The semi-automated facility used for fabrication of dye-sensitized PV cells 

/ modules (DSC / DSM), (b) Electrochemical deposition of PEDOT on the CE. 

(c) Assembling of photoanode and counter electrode. The dye-sensitized photoanode and 

the CE prepared in the above steps are conjoined either using a thermoplastic sealant (xiii) 

or by using a UV epoxy (xiv), which also act as a spacer between the two electrodes. The 

assembling is done in such a way that the holes are aligned above the active region of the 

photoanode.   

(v) For assembling the electrodes using thermoplastic material (Surlyn, 25 µm thick), 

it is cut into square piece (1.4 cm x 1.4 cm) and then a sealing gasket is formed by 

punching a hole (slightly bigger than the active area of photoanode) in the middle 

of the square piece of thermoplastic. This piece is placed above the photoanode 

such that its active area falls within the hole in the gasket. The CE is placed above 

this arrangement, with its conducting side facing downwards. The whole system 

is hot-pressed at ~ 120 oC, such that the thermoplastic melts and joins the two 

electrodes. 

(vi) In order to assemble the prepared electrodes using UV epoxy, precise narrow lines 

of the epoxy are deposited around the active area of the photoanode (using the 

semi-automated fabrication facility shown in Figure 1.24) and the CE is placed 

(a) 

(b) 
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over it with its conducting side facing downwards. The whole arrangement is then 

transferred to a UV curing chamber, where UV light is irradiated for about 5 

minutes. This hardens the UV epoxy and sticks the electrodes together.    

The former method (xiii) is used for assembling the device throughout the thesis work 

unless stated otherwise. 

(d) Electrolyte preparation and filling. The final step in DSC fabrication is the preparation 

and filling of electrolyte into the assembled device. 

(vii) The electrolyte is prepared by first dissolving 0.1M Lithium 

bis(trifluoromethane)sulfonimide (LiTFSI) into the acetonitrile solvent containing 

0.6 M 4-tert-Butylpyridine (TBP) in it, followed by the addition of the reduced 

and oxidized species of copper dimethyl phenanthroline complex, i.e., 0.2 M of 

[Cu(dmp)2]
1+ and 0.04 M of [Cu(dmp)2]

2+, respectively. The solution is mixed 

well so that all the additives are completely dissolved. 

(viii) The prepared electrolyte solution is then injected into the inter-electrode spacing 

via the holes in the CE. 

(ix) Finally, the holes in the CE are sealed using a thermoplastic piece and cover glass 

to prevent solvent evaporation and leakage.  

1.8.2. Basic characterization techniques for DSCs 

(a) Current density versus voltage (J-V) characterization. The current density against 

voltage (J-V) characteristic curve of a DSC can be used to assess its photovoltaic 

performance. Typically, the J-V curves are acquired via linear sweep voltammetry by 

varying the external load from zero (short circuit condition) to infinity (open circuit 

condition). The J-V curve and the corresponding power density versus voltage (P-V) curve 

obtained for a DSC under the standard illumination condition is shown in Figure 1.25(a). 

The J-V curve can be used to determine variables such as VOC, JSC, and Pmax, which is the 

product of the voltage (Vmax) and current density (Jmax) corresponding to the maximum 

power point (MPP). These parameters can be used to estimate the FF and PCE of the DSC 

as given in equations 1.9 and 1.10, respectively.  

  𝐹𝐹 =  
𝑉𝑚𝑎𝑥  𝐽𝑚𝑎𝑥

𝑉𝑂𝐶  𝐽𝑆𝐶
       (1.9) 

𝑃𝐶𝐸 =  
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝑉𝑂𝐶  𝐽𝑆𝐶  𝐹𝐹

𝑃𝑖𝑛
    (1.10) 
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In the present work, J-V characterizations of the fabricated devices are performed under 

one sun condition (AM 1.5G simulated solar irradiation, 100 mW/cm2) as well as under 

various indoor illumination conditions (CFL and LED light, 200 - 4000 lux) (corresponding 

irradiance spectra are shown in Figure 1.25(b,c)). J-V characterization is also done under 

dark condition, which gave information about recombination at the 

semiconductor/electrolyte and TCO/electrolyte interfaces. 

 

Figure 1.25. (a) Typical J-V curve along with P-V curve obtained for a DSC under AM 

1.5G solar irradiation, (b) irradiance spectrum of AM 1.5G solar light and (c) irradiance 

spectra indoor light sources (1000 lux CFL and 1000 lux LED) usually used for J-V 

characterization. 

(b) Incident photon-to-current conversion efficiency (IPCE) measurement. The incident 

photon-to-current efficiency (IPCE) or the external quantum efficiency (EQE) of a solar 

cell can be defined as the number photoelectrons generated per incident photon of specific 

(b) (c) 

(a) 
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wavelength (λ). It is a measure of how efficiently a given wavelength of light is converted 

to electrical current. For determining the IPCE, the fabricated DSCs are irradiated with 

monochromatic light and the output JSC is measured at different wavelengths. Then, the 

IPCE can be estimated using equation 1.11 as,  

    𝐼𝑃𝐶𝐸 =  
𝐽𝑆𝐶(𝜆)

𝑞 𝜑(𝜆)
=

ℎ𝑐

𝜆

𝐽𝑆𝐶(𝜆)

𝑞 𝑃𝑖𝑛(𝜆)
      (1.11) 

where φ is photon flux density (calibrated using a photodetector), h is the Planck’s constant, 

c is the speed of light and Pin is the incident photon power density. The IPCE spectrum  

(Figure 1.26) can be integrated to obtain the theoretical value of JSC as,   

𝐽𝑆𝐶 =  ∫(𝑞  𝐼𝑃𝐶𝐸(𝜆)  𝜑(𝜆))𝑑𝜆    (1.12)   

 

 

Figure 1.26. Typical IPCE curve for DSCs along with the integrated current density. 

1.8.3. Detailed interfacial charge transfer analysis in DSCs 

There are several steady state measurements as well as small amplitude modulation 

measurements involved in probing the interfacial electron transfer dynamics at the 

dye/semiconductor/electrolyte interfaces within DSCs. Steady state measurements or DC 

measurements, such as open circuit voltage decay, charge extraction, current transients etc. 

are carried out using large perturbations, wherein the system is maintained at an 

equilibrium. Whereas the small amplitude modulation techniques can be executed with 

small perturbations, either in pulse mode (e.g. transient photovoltage and photocurrent 

decay measurements) or AC mode (e.g. impedance measurements, intensity modulated 

photovoltage and photocurrent measurements).  
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(a) Open circuit voltage decay measurement. The open circuit voltage decay (OCVD) 

measurement is a steady state measurement using a light perturbation. In this measurement, 

the device is connected under open circuit condition and exposed to a constant light 

illumination, so that the photoelectrons are generated and injected into the semiconducting 

layer, hence populating its conduction band. In the meantime, since the DSC is in open 

circuit condition, the conduction band electrons recombine with the oxidized electrolyte 

species. A steady state open circuit voltage (VOC) is obtained when an equilibrium is 

established between the injection and recombination processes under the constant 

illumination. After some time, when the steady state is attained, the light perturbation is 

switched off and the voltage decay is recorded, while the DSC is still under open circuit 

(Figure 1.27(a)).  

Figure 1.27. Typical (a) voltage transient and (b) lifetime versus voltage curves of DSCs 

obtained from open circuit voltage decay (OCVD) measurement. 

Under open circuit condition, the voltage decay can occur only via charge recombination at 

semiconductor/electrolyte interface. Hence, the recombination time constant or electron 

lifetime, τn, can be derived from open circuit voltage transients as,[218] 

𝜏𝑛 = −
𝑘𝐵𝑇

𝑞
(

𝑑𝑉𝑂𝐶

𝑑𝑡
)

−1
          (1.13) 

where kB is the Boltzmann’s constant and T is the absolute temperature. A typical τn versus 

VOC curve is shown in Figure 1.27(b). 

(b) Charge extraction (CE) measurement. The charge extraction (CE) measurement is yet 

another optical perturbation based steady state measurement, used for estimating the  

concentration  of  excess  charge  carriers  in  the device at a steady state operating condition 

(open circuit or short circuit conditions). By observing the dependence of the charge 

extracted at open circuit on the semiconductor Fermi level, we can predict the conduction 
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band position in DSC photoanodes. For extracting charges at open circuit condition, the 

device was illuminated with a constant intensity light for about 10 seconds, so that the 

semiconductor’s conduction band is populated with photoelectrons, until a steady state is 

attained (when VOC saturates). Then, the light perturbation is switched off, while the device 

is short circuited so as to extract all the charges accumulated in the semiconducting layer. 

The charge (Qext) extracted during the process can be determined by integrating the short 

circuit current (j) flowing through the external circuit as,[219]  

𝑄𝑒𝑥𝑡 =  − ∫ 𝑗 𝑑𝑡       (1.14) 

Figure 1.28. shows the typical charge extraction curves obtained for a DSC. The charge 

extracted can be used to calculate the concentration of electrons trapped in the device as a 

function of potential. This data can be used to identify any shift in the conduction band 

edge of the device with respect to other devices. 

 

Figure 1.28. (a) Transient curves obtained from charge extraction (CE) measurement,[40] 

and (b) typical plot of extracted charge against the potential for DSCs.  

(c) Transient photovoltage decay measurement. Transient photovoltage decay (TVD) 

measurement is a small modulation transient technique, in which a small amplitude light 

pulse is used as the perturbation to probe the system maintained at steady-state open circuit 

condition. The steady state is attained by illuminating the device at open circuit with a 

constant light intensity (from LED 1), while the perturbation in the form of a small 

amplitude light pulse is induced by a secondary light source (LED 2). The photovoltage 

response following the light perturbation is recorded (Figure 1.29) and fitted using a single 

exponential decay as,[220]  

∆𝑉𝑂𝐶(𝑡) =  ∆𝑉𝑒
−𝑡

𝜏𝑛
⁄      (1.15)  
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where ΔVOC(t) is the photovoltage at time t, ΔV is the pre-exponential factor that signifies 

the amplitude of the change in photovoltage induced by the secondary light pulse, while τn 

is the time constant for the photovoltage decay which correspond to the electron 

recombination lifetime.  

 

Figure 1.29. (a) Experimental setup for transient photovoltage decay (TVD) 

measurement,[220] and (b) voltage transients obtained from the TVD measurement.[40] 

(d) Transient photocurrent decay measurement. Transient photocurrent decay (TCD) 

measurement is used to determine the electron transport time (τd), by implementing a small 

amplitude light perturbation on the system maintained at steady-state short circuit 

condition. For attaining the steady state, the device is connected in short circuit and 

illuminated with a constant light coming from the primary source (LED 1). The small 

amplitude light pulse coming from the secondary light source (LED 2) is used as the 

perturbation (Figure 1.30(a)).   

 

Figure 1.30. (a) Experimental setup for transient photocurrent decay (TCD) 

measurement,[220] and (b) current transients obtained from the TCD measurement.[40]  
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The resulting photocurrent decay curve is (Figure 1.30(b)) fitted using a first order kinetics 

as,[220]  

∆𝐽𝑆𝐶(𝑡) =  ∆𝐽𝑒
−𝑡

𝜏𝑑
⁄      (1.16)  

where ΔJSC(t) is the photocurrent at time t, ΔJ is the pre-exponential factor that indicates the 

amplitude of the photocurrent change brought about by the optical perturbation, while τd 

is the time constant for the photocurrent decay which corresponds to the time constant for 

charge collection or the electron transport time.   

(e) Current transient measurement. Current transient (CT) measurement is a large optical 

perturbation technique used for tracking the diffusion limitations in DSCs. For this, the 

device under short circuit is illuminated with a constant intensity light for about 20-30 

seconds to attain a steady state, while the current output of the device is monitored and 

plotted with respect to time. A typical current transient curve for a mass transport limited 

DSC employing bulky electrolyte species is provided in Figure 1.31.  

 

Figure 1.31. Typical current transients (CT) curve for a mass transport limited DSC. 

Initially, when the light is switched on, a spike is observed in the current transient spectra 

(Jmax) corresponding to the rapid regeneration of oxidized dye molecules by the nearby 

reduced electrolyte species. Afterwards, as the light absorption and regeneration processes 

continue, the number of reduced electrolyte species in the vicinity of the sensitizers are 

decreased, whereas the diffusion of reduced electrolyte species towards the photoanode is 

slower due to its bulkiness. This in turn slows down the regeneration of dye molecules, 

which subsequently affect the entire photovoltaic process. As a result, the current is seen 

to decrease gradually, and saturates (Jsat) after a while, when an equilibrium is established 
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between the diffusion and the regeneration processes. The regeneration efficiency of the 

DSC can be approximated by estimating the ratio of Jsat to Jmax. For DSCs without any 

diffusion limitations, the ratio of Jsat to Jmax will be equal to one (Jsat/Jmax = 1) indicating a 

100% regeneration efficiency. Whereas, this ratio will be less than one (Jsat/Jmax < 1) for 

mass transport limited systems.[221] 

(f) Electrochemical impedance spectroscopy. Electrochemical impedance spectroscopy 

(EIS) is a small amplitude modulation technique, wherein the system maintained at a steady 

state operating condition (by applying a DC bias voltage, Vdc) is probed using an AC 

electrical perturbation (δV) with amplitude as small as 0.1% of the bias voltage and 

frequency, typically varying from 100 mHz to 100 kHz. EIS is based on frequency response 

analysis and can be used to resolve the electron transfer processes and charge accumulation 

at various interfaces within the electrochemical device, and to determine the corresponding 

impedances. The total voltage input given to the system, during EIS measurement, can be 

expressed as, 

𝑉(𝜔𝑡) = 𝑉𝑑𝑐 + 𝛿𝑉 = 𝑉𝑑𝑐 + 𝛿𝑉0𝑒𝑖(𝜔𝑡)    (1.17) 

 where δV0 is the amplitude and ω is the angular frequency of the AC perturbation signal. 

The corresponding output current density is given by,   

𝐽(𝜔𝑡 + 𝜃) = 𝐽𝑑𝑐 + 𝛿𝐽 = 𝐽𝑑𝑐 + 𝛿𝐽0𝑒𝑖(𝜔𝑡+𝜃)    (1.18) 

where Jdc is the steady state output current density, while δJ is the modulation in output 

current induced by the perturbation. δJ0 is the amplitude, ω is the angular frequency and φ 

is the phase shift of the AC component of output signal. The impedance of the system is 

determined by the ratio of modulation voltage (δV) to the corresponding current response 

(δJ) as,[40]  

Z =  
𝛿𝑉

𝛿𝐽
=

𝛿𝑉0

𝛿𝐽0
𝑒−𝑖𝜃 =  Z0𝑒−𝑖𝜃 = Z′ + 𝑖 Z"  (1.19) 

where Z′ = Z0 cos 𝜃 and Z" = −Z0 sin 𝜃, respectively, gives the real and imaginary part of 

the resultant impedance of the electrochemical system, while 𝜃 = tan−1(Z" Z′⁄ ) gives the 

phase difference between the input AC voltage signal and the corresponding output current 

response. We obtain the Nyquist plot, also known as the complex impedance plot by 

plotting Z’, Z” and ω against one another in the three-dimensional space. A projection of 

the Nyquist plot in the Z’-Z” plane (which is an argand plane) gives us the polar diagram or 

phase diagram, in which each point represents a particular frequency (ω). Typically, the 

Nyquist plot for DSC (as shown in Figure 1.32) consists of three semicircles (or arcs) 

corresponding to the impedance of three major charge transfer processes. The arc at the 
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higher frequency range (> 1 kHz) corresponds to the charge transfer resistance at the 

counter electrode/electrolyte interface (RCE), the arc at the mid-frequency range (~1-100 

Hz) represents the charge transfer resistance at the nanoporous semiconductor (RSC), 

whereas the one at the low frequency region (< 1 Hz) depicts the diffusion resistance of the 

redox species in the electrolyte (Rt). Hence, by fitting the Nyquist plot using suitable 

electrical circuit models, we can determine the impedances corresponding to various 

electrochemical processes within the device.  

 

Figure 1.32. Typical Nyquist plot obtained by EIS measurement for DSC. 

A transmission line model equivalent circuit, shown in Figure 1.33(a), can be 

appropriately used to model the impedance spectra of DSCs. The circuit elements of this 

model include the total series resistance (Rs), a number of parallel RC circuits to represent 

the charge transfer resistance or recombination resistance (rct) and chemical capacitance 

(cµ) at the various semiconducting particle/electrolyte interfaces, a number of resistance 

elements to represent the charge transport or diffusion resistance (rt) at various interfaces 

or boundaries within the semiconductor matrix (assuming rct and rt are uniformly 

distributed), a parallel RC network consisting of the charge transfer resistance (RCE) and 

double layer capacitance (CCE) at the counter electrode/electrolyte interface, and another 

one indicating the charge transfer resistance (RTCO) and double layer capacitance (CTCO) at 

the TCO/electrolyte interface, and finally the Warburg impedance (Zd) corresponding to 

the diffusion of redox species in the electrolyte. Given the semiconducting layer of 

thickness d, the total charge transfer resistance (Rct), total diffusion resistance (Rt) and total 

chemical capacitance (Cµ) at the semiconductor/dye/electrolyte interfaces can be estimated 

as, 𝑅𝑐𝑡 =  𝑟𝑐𝑡/𝑑 , 𝑅𝑡 =  𝑟𝑡 × 𝑑, and 𝐶𝜇 =  𝑐𝜇 × 𝑑, respectively. Rt represents the diffusion 

of electrons in the semiconducting layer, which can be described by multiple 

trapping/detrapping mechanism, whereas the charge recombination behaviour is 

represented by Rct, which can be affected by intrinsic nature of the semiconductor and adso- 
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Figure 1.33. (a) Transmission line equivalent circuit and (b) Randle’s circuit for 

impedance fitting. (c) Typical Bode phase plot obtained from EIS measurement.   

-rbed dye, semiconductor morphology, additives in the electrolyte etc.[222,223] Meanwhile, 

Cµ represents the total impedance of the charge accumulation in the semiconductor layer 

corresponding to its density of states. Rt and Rct are extracted by fitting the semicircle 

(corresponding to RSC) at the mid-frequency region of the Nyquist diagram. Assuming rapid 

electron diffusion through the semiconductor matrix, i.e. Rd < Rct, the total resistance of the 

semiconducting layer can be expressed as, 

𝑅𝑆𝐶 =  
1

3
𝑅𝑡 + 𝑅𝑐𝑡     (1.20) 

In this case, the semicircle corresponding to RSC is constituted by a straight line similar to 

Warburg diffusion (at the high frequency end) indicating electron transport (Rd) and a 

semicircle (at the low frequency end) representing charge recombination (Rct). 

Subsequently, the values of the circuit elements acquired by fitting the impedance spectra 

can be used for determining various device parameters as, 

𝜏𝑛 = 𝑅𝑐𝑡 𝐶𝜇      (1.21) 

𝜏𝑑 = 𝑅𝑡 𝐶𝜇      (1.22) 

𝐷𝑛 =
𝑑2

𝑅𝑡 𝐶𝜇
      (1.23) 
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𝐿𝑛 = 𝐿 √𝑅𝑐𝑡 𝑅𝑡⁄      (1.24) 

Hence, the expression for 𝜂𝑐𝑐 (from equation 1.6) becomes 

𝜂𝑐𝑐 =
1

1+ 𝑅𝑡 𝑅𝑐𝑡⁄
     (1.25) 

A simplified Randle’s circuit constituting Rs, RCE, Rct, CCE and Cµ (assuming negligible Rt), 

shown in Figure 1.33(b), can also serve the purpose of fitting a DSC’s Nyquist plot. In 

addition to the Nyquist plot, we can obtain the Bode phase diagram from the EIS 

measurement, by plotting the phase shift (𝜃) against the applied frequency (f =1/(2πω)), as 

shown in Figure 1.33(c). The Bode plot reveals three peaks similar to the three semicircles 

(or arcs) in the Nyquist plot. The frequency (fmax) corresponding to the peak in the mid-

frequency (~ 1 - 100 Hz) region can be used to deduce the recombination time constant as,  

𝜏𝑛 =  1 (2𝜋𝑓𝑚𝑎𝑥)⁄      (1.26) 

(g) Intensity modulated photovoltage and photocurrent spectroscopy. The intensity 

modulated photovoltage spectroscopy (IMVS) and intensity modulated photocurrent 

spectroscopy (IMPS) are frequency domain measurement techniques based on small 

amplitude light perturbation techniques. In these measurements, the DSC (either in open 

circuit or short circuit condition) is illuminated with a constant bias light of intensity Io to 

establish a steady state and the light coming from a sinusoidally modulated lamp, with 

intensity δI (with amplitude about < 10% of the bias) and frequency typically ranging from 

0.1 Hz to 10 kHz, is used as the AC light perturbation. In case of IMVS, the modulated 

light is superimposed on the bias light illuminating the DSC under open circuit condition 

(Figure 1.34(a)), and the corresponding frequency dependent signal is recorded as, 

   𝐻𝐼𝑀𝑉𝑆 =  
𝛿𝑉

𝛿𝐼
       (1.27) 

where δV is the voltage response of the device when the light modulation (δI) is applied. 

On the other hand, the device is short circuited in case of IMPS measurement (Figure 

1.34(b)) and the corresponding frequency dependent signal is recorded as,   

𝐻𝐼𝑀𝑃𝑆 =  
𝛿𝐽

𝛿𝐼
       (1.28) 

where δJ is the change in the output current density up on introduction of the perturbation 

(δI). In both the cases, the frequency response signal (H) can be, expressed as,  

𝐻 = 𝐻′ + 𝑖 𝐻"      (1.29) 

where H’ and H” respectively, gives the real and imaginary part of the signal. The 

corresponding Bode plots are obtained by plotting H” against the applied frequency. The 
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Bode plot for IMVS (Figure 1.34(c)) depicts the peak corresponding to the charge transfer 

at the semiconductor/electrolyte interface, whereas that for IMPS (Figure 1.34(d)) shows 

a peak corresponding to the electron diffusion within the semiconducting layer. Hence, the 

respective Bode plots can be used to estimate the lifetime and transport time as, 

𝜏𝑛 =  1 (2𝜋𝑓𝐼𝑀𝑉𝑆)⁄      (1.30) 

𝜏𝑑 =  1 (2𝜋𝑓𝐼𝑀𝑃𝑆)⁄      (1.31) 

where 𝑓𝐼𝑀𝑉𝑆 and 𝑓𝐼𝑀𝑃𝑆 are the frequencies corresponding to the peak in the Bode plots for 

IMVS and IMPS measurements, respectively.  

 

Figure 1.34. Schematic representation of operating principle of (a) IMVS and (b) IMPS 

measurements.[40] Typical Bode plots obtained from (c) IMVS and (d) IMPS measurements 

of DSCs. 

1.8.4. Mott-Schottky analysis of the semiconductor/electrolyte interface 

 The semiconductor/electrolyte interface is vital for DSC operation. When a 

semiconductor comes in contact with an electrolyte system containing redox species, 

electron transfer occurs across the interface to establish an equilibrium between the two 

phases. The electrochemical potential or Fermi level of electrons in both the phases must 

be same at equilibrium. The electrochemical potential of electrons in the semiconductor is 

given by its Fermi level (EF), which depends on the energy band edges and the 
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concentration of electrons in the semiconductor. Whereas the electrochemical potential of 

electrons in the electrolyte is given by its redox Fermi energy (Eredox), which relies on the 

standard reduction potential of the redox couple and the concentration of the oxidized and 

the reduced species. The relative position of the Fermi levels of the semiconductor and the 

electrolyte determines the electron transfer at their interface.  

 

Figure 1.35. Band bending in n-type semiconductor when they are immersed in an 

electrolyte.[224] 

When an n-type semiconductor, such as ZnO or TiO2, is immersed in an electrolyte, 

with Eredox lying below the EF, the electrons flow from the semiconductor to the electrolyte 

till the equilibrium is attained. Consequently, a space charge region or depletion region is 

created at the semiconductor side of the interface, which penetrates to about 100 - 1000 Å 

into the semiconductor surface. The space charge region is associated with its own electric 

field, which result in a parabolic variation in electric potential across the region. This 

variation in electric potential appears as band bending of semiconductor at the 

semiconductor/electrolyte interface, as shown in Figure 1.35. The band bending will be 

equal to the difference between the Fermi levels of the semiconductor and the electrolyte, 

before they are in contact with each other.[224] The formation of space charge region in n-

type semiconductor, by immersing it in a redox electrolyte, has the effect of positively 

charging the semiconductor surface. The positive charges in the space charge region at the 

semiconductor surface is counter balanced by a layer of negative charges in the electrolyte, 

hence forming an electrical double layer, known as Helmholtz layer. Hence the total 

capacitance at the semiconductor/electrolyte interface is a combination of the space charge 

capacitance (CSC) on the semiconductor side, which is given by the variation of space 

charge with respect to the potential drop across the depletion region and the Helmholtz cap 

acitance (CH) at the electrolyte side of the interface as,[226] 
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1

𝐶
=

1

𝐶𝑆𝐶
+

1

𝐶𝐻
      (1.32)  

Since CH is very large, its contribution to the total capacitance (C) can be neglected. 

The equilibrium between the Fermi levels of the semiconductor and electrolyte can 

be disrupted by applying an external potential to the semiconductor. As a result, the Fermi 

levels are separated and the band bending is reduced. The applied potential at which the 

space charge region (and the band bending) completely disappears is known as the flat-

band potential (Vfb) of the semiconductor. Vfb gives the extend of band bending at the 

semiconductor/electrolyte interface and can be evaluated by using Mott-Schottky analysis. 

The Mott-Schottky equation gives the relation between the interfacial capacitance (C) and 

the applied potential (V) as,[225] 

1

𝐶2
=

2

𝜀𝜀0𝐴2𝑞𝑁𝑑
 (𝑉 − 𝑉𝑓𝑏 −

𝑘𝐵𝑇

𝑞
)   (1.33) 

where A is the geometrical area (cm2) of semiconductor which is exposed to the electrolyte, 

Nd is donor density or free carrier concentration (cm-3), q is electronic charge (1.6 × 10−19 

C), ε is relative permittivity, ε0 is permittivity of free space (8.85 × 10−12 F m−1), kB is the 

Boltzmann constant (1.381×10−23 J K−1), and T is the absolute temperature (298 K).  

 

Figure 1.36. A typical Mott-Schottky plot.[225] 

For determining the Vfb of the semiconductor at the semiconductor/electrolyte 

interface of the DSC, a device is fabricated using unsensitized semiconducting layer as 

photoanode, by keeping the other components like electrolyte and counter electrode same 

as that of the conventional DSC. The device is subjected to EIS at a range of applied 
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potentials. For each potential, the impedance spectra of the device at a particular frequency, 

say 100 Hz, is fitted using appropriate circuit to extract the capacitance (C) at the 

semiconductor/electrolyte interface. A plot of 1/C2 vs. V, known as the Mott-Schottky plot 

(MS plot) is drawn as shown in Figure 1.36. From the MS plot the Vfb of the semiconductor 

can be determined by extrapolating the linear region to intercept the V axis, while Nd of the 

semiconductor can be estimated from its slope. 
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Chapter 2A 

ZnO microstructures as photoanode materials 

in copper electrolyte based dye-sensitized 

photovoltaic cells 
 

 

Abstract: TiO2 has been extensively explored as the photoanode material for dye-

sensitized photovoltaic cells (DSCs), because of its favourable energy band structure and 

electron transfer properties. Till date, majority of the reports showcasing exceptional DSC 

performances use standard TiO2 photoanodes. Owing to its abundance, ease of synthesis 

with wide variety of morphologies available, better electron mobility compared to TiO2, as 

well as similar energy levels and charge transfer kinetics as of TiO2, ZnO is considered as 

one of the most suitable alternative materials to replace TiO2 in conventional DSC 

photoelectrodes. In the present chapter, we synthesized hierarchical microspheres made 

up of ZnO nanoflake aggregates, using a simple wet chemical synthesis method. A 

mesoporous layer of the ZnO microspheres sensitized with an organic dye (Y123) was 

utilized as the DSC photoanode along with two different electrolytes, viz. conventional 

iodine based and new generation copper complex based electrolytes. Detailed 

investigation of the various interfacial charge transfer processes in these devices were 

carried out. Further, the effect of introducing a TiO2 post blocking layer over the 

mesoporous ZnO layer, on the DSC performance under outdoor as well as indoor light 

illumination, was investigated. 

Z0 photoanode Z0+BL photoanode 
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2A.1. Introduction 

Photoanode or working electrode is a critical component in DSCs, as majority of 

the performance determining processes such as generation of photoelectrons by dye 

excitation, charge separation, electron diffusion, recombination and dye regeneration 

occurs at the photoanode. Typically, DSC photoanodes are made up of a mesoporous layer 

of semiconducting metal oxide sensitized with one or more dye molecules coated over a 

transparent conductive oxide (TCO) substrate.[1–3] The TCO substrate is often deposited 

with a pre-blocking layer of semiconducting oxide, to enhance the adhesion of the 

mesoporous layer and to prevent the electron back transfer from the TCO.[4–8] Deposition 

of a post blocking layer by surface treatment of the mesoporous photoanode layer is another 

method for suppressing the charge recombination at the photoanode and to enhance the 

adsorption of dye molecules on the semiconductor surface.[9–13] Titania (TiO2) has been 

recognized as the most suitable candidate to be used as DSC photoanode material.[14,15] Till 

date, majority of the outstanding performance reported in DSCs employ standard TiO2 

photoanode, constituted by an active layer of nano-sized TiO2 particles (20-30 nm) and an 

additional scattering over layer made up of larger sized TiO2 nanoparticles (200-400 

nm).[16–23] The highest power conversion efficiency (PCE) reported in DSC under standard 

AM 1.5G simulated solar irradiation (15.2%) and 1000 lux fluorescent light illumination 

(35.6%), were both accomplished using the standard TiO2 photoanode, co-sensitized with 

various organic dyes having complementary absorption and by using copper based redox 

electrolyte.[24,25]  

Besides TiO2, several other metal oxide semiconductors like ZnO, SnO2, Nb2O5, 

WO3, In2O3, etc. were also explored as DSC photoanode materials, to have a better 

understanding on the electron transport, charge recombination and charge collection 

mechanisms.[26] Zinc oxide (ZnO) is the most prominent candidate among them, owing to 

its similarities with TiO2, such as energy band structure, charge transfer, trap state 

distribution, etc.[27] Moreover, ZnO possess some advantages over TiO2, such as ease of 

synthesizing various morphologies, higher electron mobility, etc.[28–30] Consequently, ZnO 

has been utilized in the form of mesoporous semiconducting layer as well as blocking layer 

in DSC photoanodes. [31–35] Despite its favourable properties, the performance of ZnO 

based DSCs are considerably lower when compared to that of TiO2 based devices. The 

possible reason for this reduced PCE of ZnO based DSCs are poor dye adsorption on ZnO 

surface, faster dye degradation and desorption from the ZnO surface, lower chemical 
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stability of ZnO under electrolyte environment, and lower dielectric constant of ZnO which 

hinders the charge separation and higher recombination kinetics when compared to 

TiO2.
[36][37] The poor electrochemical stability of ZnO not only affects the photovoltaic 

(PV) performance but also the long-term stability of ZnO based DSCs. When the ZnO 

based photoanode is soaked in dye solution, which is acidic in nature, the ZnO dissociates 

into Zn2+ ions, which forms aggregates with the dye molecules and get deposited on the 

ZnO surface.[38] This inhibits the injection process even when the dye loading on the ZnO 

surface seems to increase due to dye aggregation.[28] Another stability limiting mechanism 

in ZnO based DSC is the photodegradation of ZnO in the presence of electrolyte 

solution.[39] This causes desorption of dye molecules from the ZnO surface, in addition to 

formation of surface defects on them. These degradation processes affect the short circuit 

current density (JSC) of the device, thereby reducing the overall PCE. Some of the efficient 

methods to suppress these associated bottlenecks of ZnO based DSCs include reduction of 

dye soaking time and usage of blocking layers.[28,40] By utilizing suitable dye-electrolyte 

combinations and by employing interfacial treatments to retard the unwanted back electron 

transfer processes, further enhancement in PV performance of ZnO based DSCs can be 

achieved. Consequently, a wide variety of ZnO nanostructures and microstructures 

prepared via facile hydrothermal synthesis techniques have been studied for improving the 

performance of DSCs.[41–44] He et. al. reported a remarkable PCE of 8.03% under one sun 

condition using ZnO nanoparticles based DSCs employing iodide/triiodide electrolyte.[45] 

However, there is only one report showing the compatibility of ZnO based DSC 

photoanode with copper electrolyte, to the best of our knowledge.[46] In the present chapter, 

we synthesized ZnO microstructures using a simple wet chemical method and utilized them 

as photoanode material in DSCs along with different electrolyte systems, viz. conventional 

iodide/triiodide (I-/I3
-) electrolyte and bis(2,9-dimethyl-1,10-phenanthroline 

copper(II/I)bis(trifluoromethanesulfonyl)imide ([Cu(dmp)2]
2+/+) electrolyte. The effect of 

TiO2 post blocking layer on the performance of copper electrolyte based ZnO DSCs were 

also investigated in detail which was an effective method to improve both the performance 

and stability of ZnO based DSCs.  

2A.2. Experimental procedures 

2A.2.1. Material synthesis and characterization  

The ZnO hierarchical microstructure was synthesized using a simple wet chemical method 

(Figure 2A.1) described elsewhere.[47] This method involves the synthesis of zinc 
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carbonate hydroxide or hydrozincite (HZC) using zinc nitrate hexahydrate (ZN, Merck) as 

the precursor and urea (Merck) as the precipitant. In a typical synthesis, a 0.02 M aqueous 

solution of zinc nitrate hexahydrate was added drop by drop to a beaker containing 1.0 M 

aqueous solution of urea under continuous stirring at 500 rpm. The reaction mixture in the 

beaker was then continuously stirred at 1000 rpm for one hour at room temperature. The 

beaker was then transferred to a furnace and heated at 90 ºC for 24 hours. After 24 hours 

of heating, the beaker was cooled down to room temperature and the white precipitate 

(HZC formed during the reaction) which was settled at the bottom and walls of the beaker 

were filtered and transferred to a centrifuge tube. The precipitates were then centrifuged 

and washed with DI water and ethanol, and dried at 60 ºC for 12 hours in a vacuum oven. 

The as-synthesized sample (HZC) was utilized for DSC photoanode fabrication, during 

which it is annealed at 500 ºC to obtain the ZnO microstructures.  

 

Figure 2A.1. Schematic illustration of the wet chemical synthesis of ZnO microstructure. 

The crystallinity and phase of the as-synthesized (HZC) as well as the annealed 

(ZnO) samples were characterized using the X-ray diffraction patterns recorded by a 

Malvern PANalytical B.V. X-ray diffractometer in the 2θ range 20o to 80o with a slow scan 

mode. The specific surface area of as-synthesized and the annealed samples were estimated 

from the Brunauer-Emmett-Teller (BET) model, using the standard N2 adsorption-

desorption technique (using Tristar II, Micrometrics surface area analyser) after degassing 

at 200 ºC for 2h. The morphological features and particle size of the annealed sample was 

analysed using the micrographs obtained from Scanning Electron Microscope (SEM), 

Zeiss EVO 18 cryo-SEM Special Ed, at an acceleration voltage of 15.0 kV. The crystallite 

size and orientation of the annealed samples were also studied using High-Resolution 

Transmission Electron Micrograph (HR-TEM) and the corresponding selected area 
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electron diffraction (SAED) patterns acquired using JEOL JEM F 200 EELS STEM and 

EDS. ImageJ software was used for analyzing the micrographs acquired using the SEM 

and TEM. The Infrared (IR) spectroscopy studies of the annealed sample coated on a glass 

substrate was done using PerkinElmer UATR Two instrument over the range 500-2000 cm-

1. The diffuse reflectance spectra (DRS) of annealed sample coated on a glass substrate was 

acquired using Shimadzu UV−vis spectrophotometer (UV-2700i).   

2A.2.2. Photoanode preparation and characterization 

Photoanodes for DSCs were prepared by following the steps described in section 

1.8.1 of Chapter 1. The TEC 10 FTO glass substrate (Merck) was cut into small square 

pieces of dimension 1.6 cm x 1.6 cm and cleaned systematically using soap solution (for 

30 minutes), de-ionized water (for 30 minutes), isopropanol (for 15 minutes) and acetone 

(for 15 minutes) in an ultrasonic bath, followed by stepwise annealing up to 500 ºC. The 

cleaned substrates were undergone UV/ozone treatment (for 15 minutes) and TiCl4 

treatment as detailed in section 1.8.1, using a 50 mM aqueous solution of TiCl4, followed 

by stepwise annealing up to 500 ºC. For preparing the paste for depositing the active layer, 

a 1:6 (wt%) mixture of ethyl cellulose (Sigma Aldrich) and α-terpineol (Sigma Aldrich) 

was heated at 100 ºC for 10 minutes, till the ethyl cellulose completely dissolves and blends 

with the terpineol. The above mixture was then added to the as-synthesized HZC powder  

 

Figure 2A.2. Schematic representation of the preparation of ZnO photoanodes, namely Z0 

and Z0+BL.  
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sample (30 wt%) and grounded well in a mortar for 10-20 minutes to obtain a uniform 

paste. The paste was coated over the pre-treated FTO substrate via blade coating, followed 

by systematic programmed annealing up to 500 ºC, which results in ZnO based photoanode 

(Figure 2A.2). To fabricate the ZnO based photoanodes with blocking layer, the 

commercial TiO2 blocking layer solution (Dyesol) was applied over the ZnO layer via 

screen printing, followed by the annealing process. 

The crystallographic studies of unsensitized ZnO photoanodes were done by 

observing the XRD patterns acquired by a Malvern PANalytical B.V. X-ray diffractometer, 

in the 2θ range 20º to 70º. The surface morphology, thickness and elemental composition 

of ZnO photoanodes (with and without blocking layer) were analyzed using SEM and 

Energy dispersive X-ray (EDX) (Zeiss EVO 18 cryo-SEM Special Ed, Carl Zeiss, 

Germany). The unsensitized ZnO based photoanodes, with and without blocking layer, 

were further characterized using X-ray Photoelectron Spectroscopy (XPS, SPECS Surface 

Nano Analysis GmbH, Germany). XPS spectra was recorded using SpecsLab2 software, 

with a monochromatic Al source, Al-Kα (at 1486.7 eV and 350 W), with a beam diameter 

of 1 mm. The obtained XPS peaks corresponding to the energy states of various elements 

were fitted using the MultiPak spectrum software. The photoluminescence of the ZnO layer 

with and without TiO2 blocking layer were obtained using a SPEX Fluorolog 

spectrofluorometer coupled with a calibrated integrating sphere. The dye loading studies 

of the ZnO photoanodes were performed as described below. A 0.01 mM stock solution of 

the Y123 dye was prepared in a 1:1 mixture of acetonitrile and tert-butanol. The stock 

solution of dye was divided into two equal portions, say D1 and D2. The ZnO photoanode 

was immersed in D2 and kept in dark for about 16 hrs, after which the solution D2 was 

retrieved. The photoanode was washed with 1 mL of acetonitrile to desorb the weakly 

bonded dye molecules, which was also added to D2. The same amount of acetonitrile (1 

mL) was added to D1 also. Then, the solution state absorption spectra of D1 and D2 were 

acquired using the UV-Visible spectrophotometer (Shimadzu model 2100). The maximum 

absorbance for D1 and D2 were recorded as abs1 and abs2, respectively. The amount of dye 

adsorbed per unit area, D (mol/cm2) of the ZnO active layer was calculated as, 

         D  =  ((abs1-abs2)V)/εsl      (2A.1) 

where V is the volume of the solution, ε is the molar extinction coefficient of the dye, s is 

the geometrical active area of ZnO photoanode, and l is the path length of the incident light 

in the solution, which is equal to the width of the quartz cuvette used. 
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2A.2.3. DSC fabrication and characterization  

DSCs were fabricated as detailed in section 1.8.1 of Chapter 1. The prepared 

photoanodes (as described in section 2A.2.2) were dye-sensitized by soaking them in 

0.1mM solution of Y123 dye (using 1:1 mixture of acetonitrile and tert-butanol as solvent) 

for 16 hours. The counter electrode was (CE) was prepared by electro-polymerization of 

ethylene dioxythiophene (EDOT, Merck), along with the surfactant sodium dodecyl 

sulphate (SDS, Sigma Aldrich), on cleaned FTO plates (TEC7, GreatcellSolar, Australia) 

to obtain a conducting polymer viz. poly(3,4-ethylenedioxythiophene) (PEDOT). Prior to 

PEDOT deposition, the TEC7 FTO substrates (cut into 1.6 cm x 1.6 cm sizes) were drilled 

with two holes and were undergone ultrasonic cleaning using soap solution, de-ionized 

water and ethanol (45 minutes each), followed by step-wise programmed annealing up to 

500 ºC. Subsequently, the photoanode and the CE were joined together using a 25 µm thick 

thermoplastic spacer (Surlyn, GreatcellSolar, Australia) by hot pressing at 120 ºC and the 

inter-electrode spacing was filled with the electrolyte solution through the holes in the CE, 

which were then sealed to prevent solvent evaporation and leakage. In the case of copper 

electrolyte based DSCs, the electrolyte was prepared by dissolving bis(2,9-dimethyl-1,10-

phenanthroline copper(I) bis(trifluoromethanesulfonyl) imide (0.2 M of [Cu(dmp)2]
1+) and 

bis(2,9-dimethyl-1,10-phenanthroline copper(II) bis(trifluoromethanesulfonyl)imide 

chloride (0.04 M of [Cu(dmp)2]
2+) (both purchased from Dyenamo A.B., Sweden), in 

acetonitrile solvent (Merck) along with  0.1 M bis(trifluoro methane)sulfonimide lithium 

salt (LiTFSI) and 0.6 M 4-tert-butylpyridine (TBP) (Merck). Whereas, in the case of iodine 

electrolyte based devices, the commercial high performing electrolyte (HPE, 

GreatcellSolar, Australia) was utilized. 

The fabricated DSCs were undergone various characterizations under ambient 

conditions (25 ºC and 50% humidity). The basic current density vs. voltage (J-V) 

characteristics were obtained using a Keithley source meter or by using a Dyenamo AE05 

potentiostat. The J-V curves under one sun condition as well as under various indoor light 

illuminations were acquired. The standard one sun condition (100 mWcm−2, AM 1.5G) was 

simulated using a class AAA solar simulator (Oriel Sol3A, Model PVIV-94043A, 

Newport), whose light intensity was calibrated using a certified reference silicon solar cell 

coupled with a power meter. J-V characterizations under indoor light conditions were 

carried out inside a custom-made indoor light measurement setup using a compact 

fluorescent lamp, CFL (Osram, 14W/2700K) and light emitting diode, LED (Osram, 
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4W/6500K) as light sources. The irradiance intensity of these indoor light sources was 

calibrated using a highly sensitive photodetector coupled with a UV-Vis-NIR spectrometer 

(Ocean optics, DH-2000-BAL). A 250 W Xenon lamp coupled with a monochromator was 

used to carry out the incident photon-to-current conversion efficiency (IPCE) measurement 

of the DSCs. The advanced characterizations such as Open Circuit Voltage Decay 

(OCVD), Charge Extraction (CE), Electrochemical Impedance Spectroscopy (EIS), 

Intensity Modulated Photovoltage Spectroscopy (IMVS) and Intensity Modulated 

Photocurrent Spectroscopy (IMPS) were performed using the electrochemical workstation 

(Autolab-PGSTAT 302 N, Metrohm) attached to the electrical and light perturbation units. 

The OCVD and CE measurements were done using the Autolab work station coupled with 

LED driver and a white LED as the source of illumination. EIS was carried out under dark, 

by providing a bias voltage in the range 0.74 V- 0.84 V, using the PGSTAT 302N coupled 

with the frequency response analyzer (FRA). The electric perturbation of amplitude ~10 

mV and frequency ranging from 100mHz to 100kHz was superimposed on the bias 

potential, and the corresponding current response was recorded. In a similar fashion, IMVS 

and IMPS was performed using the PGSTAT 302N in FRA mode, along with the LED 

driver and the white LED source. A light perturbation of small amplitude (< 10% of the 

steady state illumination) and frequency ranging from 0.1 Hz to 10 kHz was applied and 

the corresponding response was recorded. 

2A.3. Results and discussions 

2A.3.1. Effect of redox mediator on the performance of ZnO based DSCs 

(a) Synthesis and characterization of ZnO hierarchical microstructures. The synthesis of 

hierarchical microstructures of zinc hydrozincite (HZC) was carried out by the reaction 

between zinc nitrate hexahydrate (ZN) and urea.[48] A schematic diagram illustrating the 

various synthesis stages are shown in Figure 2A.1. When ZN is dissolved in water, it 

liberates Zn2+ ions (equation 2A.2),  

Zn(NO3)2.6H2O + H2O  →  Zn2+ + 2NO3− + 7H2O   (2A.2) 

When urea is dissolved in water and heated above 60oC, it undergoes hydrolysis and 

generates carbonate (CO3
2-) and hydroxyl (OH-) ions (equation 2A.4).   

CON2H4 + 3H2O  →  CO2 (g) + 2NH3.H2O     (2A.3) 

2NH3H2O + CO2  →  2NH4+ + CO32− + OH−     (2A.4) 
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When the aqueous solution of ZN is added to that of urea and heated at 90oC, the Zn2+, 

CO3
2- and OH- ions present in the reaction mixture react to form HZC (equation 2A.5),  

5Zn2+ + 2CO32− + 6OH−   →  Zn5(CO3)2(OH)6     (2A.5) 

This reaction is favoured by the basic pH of the reaction mixture owing to the presence of 

OH- ions. Subsequent heating of the as-synthesized sample above 300 ºC (500 ºC in our 

case), results in decomposition of HZC (equation 2A.6), 

Zn5(CO3)2(OH)6  →  5ZnO + 3H2O + 2CO2      (2A.6) 

Hence, pure ZnO microstructures are obtained. 

 

Figure 2A.3. XRD patterns of the synthesized sample (a) before annealing, and (b) after 

annealing at 500 oC.  

The crystalline structure of the as-synthesized sample and the annealed sample were 

studied using the XRD. The XRD patterns of the respective samples are shown in Figure 

2A.3. It is seen that before annealing, the XRD peaks correspond to that of monoclinic 

phase of HZC, Zn5(CO3)2(OH)6 (ICDD No. 072-1100), with a layered structure having 

large interlayer spacing, as indicated by the diffraction maximum at the 2θ angle of 13o.[49]  
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On the other hand, the XRD peaks of the annealed sample was completely transformed to 

that of pure ZnO with wurtzite phase and hexagonal crystal structure (ICDD No. 01-080-

0075). The diffraction peaks observed at 31.8o, 34.5o, 36.3o, 47.6o, 56.7o, 62.9o, 66.5o, 

68.1o, 69.2o, 72.7o, and 77.1o correspond to the characteristic planes of ZnO wurtzite 

structure, viz. [100], [002], [101], [102], [110], [103], [200], [112], [201], [004], and [202] 

respectively. By taking the diffraction peak corresponding to a particular plane [hkl], we 

can calculate the crystallite size (Dhkl) of the sample, using the Debye–Scherrer equation 

as,[50,51]  

𝐷ℎ𝑘𝑙 =  
𝐾𝜆

𝛽ℎ𝑘𝑙 𝑐𝑜𝑠𝜃
     (2A.7)  

where K is a unitless constant (with typical value 0.9), λ is the wavelength of X-ray used 

(1.5418 Å), βhkl is the full width at half maximum of the diffraction peak corresponding to 

the [hkl] plane, and θ is half of the corresponding diffraction angle (known as the Bragg 

angle). We estimated the average crystallite size (Davg) of the annealed ZnO sample by 

considering the three most intense peaks [101], [002], and [100]. The corresponding 

crystallite sizes were found to be 26.8 nm (D101), 37.8 nm (D002) and 24.9 nm (D100), 

respectively, resulting in a Davg of 29.8 nm.  

 

Figure 2A.4. IR spectra of the (a) as-synthesized sample (hydrozincite), (b) sample 

annealed at 500 ºC (ZnO), and (c) Y123 dye-sensitized ZnO sample. 
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Further, IR spectroscopic analysis was used to confirm the formation of HZC 

(Zn5(CO3)2(OH)6) and ZnO. Figure 2A.4(a) shows the IR spectrum of the as-synthesized 

sample, with absorption peaks at 464 cm-1, 708 cm-1, 832 cm-1, 948 cm-1, 1045 cm-1, 1388 

cm-1, and 1500 cm-1 correspond to the characteristic vibrations in pure HZC.[52] The broad 

absorption band centered at around 3308 cm-1 represents the stretching vibration of the 

disassociated hydroxyl in HZC. Adsorbed water molecules also contribute to this band. 

The band at 1388 cm-1 can be assigned to lattice vibrations (asymmetric stretching) of 

carbonate ion (CO3
2-), while the peaks at 1500 cm-1 and 1045 cm-1 represent the C-O bond, 

whereas the bands at 832 cm-1 and 708 cm-1 correspond to asymmetric and phase bending 

vibrations of O-C-O, respectively.[52–54] On the other hand, the IR spectrum of the annealed 

sample (Figure 2A.4(b)) shows an absorption band centred at 558 cm-1 range, 

corresponding to Zn-O stretching vibrations, while a weak band at 904 cm-1 corresponding 

to Zn-OH stretching.[51,55] The bands corresponding to carbonate and hydroxyl groups are 

seen to be suppressed after the annealing, due to decomposition of HZC and associated loss 

of CO2 and H2O from the sample. This confirms the formation of ZnO after annealing. The 

IR spectrum of the annealed ZnO sample adsorbed with the organic dye Y123 is provided 

in Figure 2A.4(c). The IR bands at 826 cm-1 (C-S stretching), 1180 cm-1 (C-H bending), 

1289-1322 cm-1 (C-N stretching, C-N-C bending, phenyl ring twisting and C-H bending), 

1383-1409 cm-1 (C-C stretching in benzene ring), 1491-1595 cm-1 (vibration modes of 

phenyl ring and alkyls), 1603 cm-1 (C-C stretching in thiophene ring), and 2857-2955 cm-1 

(C-H stretching vibrations) could be attributed to the organic dye, Y123.[56–58] Meanwhile, 

the peak corresponding to the Zn-O bond is slightly shifted to 563 cm-1 which might be due 

to the chemisorption of dye molecules on the ZnO surface. 

  

Figure 2A.5. The N2 adsorption-desorption isotherms obtained for (a) the as-synthesized 

sample (before annealing), and (b) sample annealed at 500 oC. 
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The specific surface area of the sample before and after annealing was determined 

using the standard N2 adsorption-desorption technique by applying the BET model. The 

obtained adsorption-desorption isotherms, given in Figure 2A.5, are type IV isotherms 

corresponding to the capillary condensation in the mesopores of the samples, which affirm 

the mesoporous nature of the samples before and after annealing. Moreover, the BET 

surface area for the as-synthesized sample (14.9 m2/g) was observed to be less when 

compared to that of the annealed one (25.8 m2/g). When the HZC sample is annealed above 

300 oC, it decomposes and releases carbon dioxide and water (equation 2A.6), as a result 

of which there is an increase in porosity and hence specific surface area of the annealed 

ZnO sample, which will be designated as Z0 hereafter.  

 

Figure 2A.6. SEM images of ZnO samples annealed at 500 ºC showing hierarchical 

microsphere morphology, under (a) lower magnification, and (b) higher magnification. 

 

Figure 2A.7. The HRTEM images of ZnO (Z0) sample (annealed at 500 oC) (a) under low 

magnification, (b) under higher magnification and (c) corresponding SAED patterns.  

The morphology of the Z0 sample was analysed using SEM micrographs shown in 

Figure 2A.6. The SEM images revealed a hierarchical microsphere morphology for the Z0 

sample with an average particle size of ~ 9.7 µm, which was formed by the aggregation of 

~ 1.8 µm sized ZnO nanoflakes. The crystallography of Z0 was further examined using 
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TEM analysis. The high-resolution TEM images and the corresponding SAED patterns are 

displayed in Figure 2A.7. It is clearly seen from Figure 2A.7(a) that the ZnO nanoflakes 

are made up of numerous nanoparticles with average crystallite size of 30.5 nm, which is 

close to that obtained from XRD analysis. At higher magnifications (Figure 2A.7(b)), it is 

observed that the crystallographic axes of various nanocrystallites are oriented in random 

directions. This suggests that the nanoflakes growth occurs by a heterogenous nucleation 

and coalescence mechanism, while the hierarchical microstructure is obtained by the 

diffusion-limited cluster-cluster aggregation of the nanoflakes.[59] The SAED patterns in 

Figure 2A.7(c) confirm the crystallinity of the annealed samples. 

 

Figure 2A.8. The peaks corresponding to core level (a) Zn 2p, and (b) O 1s states in the 

XPS spectrum of ZnO sample (annealed at 500 oC).  

Further, the formation of ZnO was confirmed by studying the surface composition 

using XPS analysis of the annealed sample coated over the FTO substrate. XPS spectrum 

of the annealed sample (Z0) was recorded and the binding energies (B.E.) were calibrated 

by using the peak corresponding to C 1s state (with B. E. of 284.6 eV) as the reference. It 

was seen that the peak corresponding to the core level Zn 2p state was split into two (Figure 

2A.8(a)), Zn 2p3/2 and Zn 2p1/2, with binding energies 1021.58 eV and 1044.71 eV, 

respectively, owing to spin-orbit coupling.[60] A ~ 23.1 eV difference between the B.E.s of 

these peaks indicate the presence of Zn atoms in the Zn2+ valence state.[61] On the other 

hand, the broad peak corresponding to the core level O 1s state could be deconvoluted into 

three sub-peaks centred at 529.99 eV, 530.57 eV and 531.71 eV (Figure 2A.8(b)).[62] The 

O 1s peak at the low B. E. (529.99 eV) correspond to the lattice oxygen (or the Zn-O bond) 

in the wurtzite structure of hexagonal ZnO (OL). Whereas, the peaks at middle B. E. (530.57 

eV) and high B.E. (531.71 eV) region represent the O2- ions in oxygen deficient regions, 
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such as oxygen vacancies (OV) and interstitial oxygen atoms which are weakly attached to 

the ZnO surface, such as a weakly bound -CO3, chemisorbed water molecule or oxygen 

molecule, dissociated hydroxyl species etc. (Oi or OC), respectively.[63,64]  

The UV-visible diffuse reflectance spectra (Figure 2A.9(a)) was used for 

estimating the bandgap of Z0 sample. By modifying Tauc’s relation using Kubelka-Munk 

function (F(R)), we obtain[65,66]    

(𝐹(𝑅)ℎ𝜈)1 𝛾⁄ = 𝐴(ℎ𝜈 − 𝐸𝑔)     (2A.8)   

where h is the Planck’s constant, 𝜈 is the frequency of incident radiation, A is a constant, 

Eg is the bandgap of the material and 𝛾 is the factor that indicates the nature of electron 

transition in the material. For materials with direct transition band gaps such as ZnO, 𝛾 is 

equal to ½ and for direct ones it is equal to 2. Here, the Kubelka-Munk function (F(Rd)) 

can be calculated from the diffuse reflectance (RD) as,[67] 

   𝐹(𝑅) =  
𝐾

𝑆
=  

(1−𝑅𝐷)2

2𝑅𝐷
     (2A.9)  

where K and S are the absorption and scattering coefficients of the material, respectively. 

The Kubelka-Munk function vs. energy (ℎ𝜈) plot for Z0 is shown in Figure 2A.9(b) The 

point of intersection of the linear portion of the absorption edge of the curve with the energy 

axis, gave us the Eg of our Z0 sample as 3.29 eV, which is close to the previously reported 

value for ZnO.[68–70] 

 

Figure 2A.9. (a) UV-visible diffuse reflectance spectra and (b) modified Tauc’s plot (using 

Kubelka-Munk function) of Z0 sample coated on glass substrate after annealing at 500 oC. 

(b) Characterization of ZnO based DSCs using different redox mediators. The energy 

level diagram and molecular structures of the components used in various ZnO (Z0) based 
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DSCs are shown in Figure 2A.10(a). The photovoltaic (PV) performance of the DSCs 

utilizing Z0 based photoanodes sensitized with Y123 dye in conjugation with two different 

redox mediators, viz. iodide/triiodide (I-/I3
-) and [Cu(dmp)2]

2+/+ were evaluated under one 

sun irradiation. The corresponding J-V characteristics and PV parameters are provided in 

Figure 2A.10(b) and Table 2A.1 respectively. The best performing I-/I3
- electrolyte based 

device (Z0/I) delivered a VOC of 0.63 V, JSC of 3.52 mA/cm2, FF of 45% and PCE of 1.01%, 

whereas the device fabricated using copper based redox electrolyte (Z0/Cu) exhibited 0.86 

V VOC, 4.14 mA/cm2 JSC, 57% FF, contributing to 2.02% PCE. The Z0/Cu DSC possessed 

better VOC, JSC as well as FF, accounting to a PCE double as that of Z0/I device. 

 

Figure 2A.10. (a) Energy level diagram and molecular structures of various device 

components, (b) J-V characteristics and (c) IPCE spectra of DSCs employing Y123 dye-

sensitized ZnO (Z0) photoanode along with iodine (I-/I3
-) and copper [Cu(dmp)2]

2+/+ 

electrolytes.  
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Table 2A.1. Photovoltaic parameters of the DSCs employing Y123 sensitized ZnO 

photoanode using I-/I3
- and [Cu(dmp)2]

2+/+ electrolytes.  

aObtained from J-V characterization of 3 devices (minimum) under one sun condition. The parameters corresponding to 

the champion cell are provided, along with the average value ± standard deviation in the parantheses. 
bObtained by integration of IPCE spectra. 

  

The improved JSC for Z0/Cu device could be ascribed to its better IPCE profile as 

shown in Figure 2A.10(c). While, the IPCE relies on the light harvesting, injection, charge 

collection and regeneration efficiencies (equation 1.2). The difference in IPCE between the 

devices Z0/I and Z0/Cu may be caused by the variation in any of these parameters due to 

the influence of the different electrolyte systems used in them. The theoretical JSC obtained 

by integrating the IPCE spectra (Figure 2A.10(c)) for Z0/I and Z0/Cu devices (listed in 

Table 2A.1) match with the JSC measured under one sun condition. A 13.4% decrease in 

obtained JSC when compared to the theoretical JSC is observed for Z0/Cu device, which can 

be attributed to the mass transport limitation of the bulky copper species in the electrolyte 

system. The mass transport issues in Z0/Cu device relative to Z0/I device can be clearly 

observed from the current transient plots (Figure 2A.11(a)). In spite of this drawback, the 

copper electrolyte based device delivered the highest JSC . 

The variation of VOC with incident light intensity (ϕ) was recorded for Z0/I and 

Z0/Cu devices as shown in Figure 2A.11(b). The slope of the VOC vs. ϕ curve was used for 

finding the ideality factor (n) of the devices as, 

𝑛 =  
𝑞

2.3𝑘𝐵𝑇
 (

d 𝑉𝑂𝐶

d 𝑙𝑜𝑔𝜙
)    (2A.10) 

where q is the electronic charge, kB is the Boltzmann’s constant, and T is the absolute 

temperature. A slope of ~ 59.8 mV will yield ideal n value of 1, corresponding to linear 

recombination kinetics. The n values obtained for Z0/I and Z0/Cu devices are given in 

Table 2A.1. It is observed that ideality factor for Z0/Cu device (2.31) is more deviating 

from the ideal value, when compared to Z0/I device (1.19), indicating that the charge 

Device 
Code 

VOC 
a  

(V) 

JSC
  a   

(mA/cm
2
) 

FF  a 
PCE a 
(%)  

Integrated 
JSC  b 

(mA/cm
2
) 

n 

Z0/I 
0.63  

(0.63 ± 
0.01) 

3.52 
 (3.46 ± 

0.14) 

0.45 
 (0.45 ± 

0.01) 

1.01  
(0.98 ± 
0.04) 

3.53 1.19 

Z0/Cu 
0.86  

(0.84 ± 
0.01) 

4.14 
 (4.01 ± 

0.14) 

0.57 
 (0.59 ± 

0.02) 

2.02  
(1.99 ± 
0.03) 

4.78 2.31 
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transfer mechanism in copper electrolyte based DSCs is more deviating from the first order 

kinetics. This provides indication that DSCs employing copper electrolytes are more prone 

to trap state mediated recombination, even in case of ZnO based photoanodes.[71] 

Nonetheless, the VOC of copper electrolyte based device is higher compared to its iodine 

counterpart. Since the VOC of DSC mainly depends on the energy gap between redox 

potential of electrolyte (Eredox) and Fermi level of the semiconductor (EF), the improved 

VOC in Z0/Cu device could readily be attributed to the more positive Eredox of the copper 

redox species when compared to the iodide/triiodide electrolyte (as shown in Figure 

2A.10(a)). The more positive Eredox leads to reduced overpotential loss for dye regeneration, 

which as well contributes to higher VOC of Z0/Cu devices. 

  

Figure 2A.11. (a) VOC vs. ϕ plot, and (b) Current transient curves acquired for DSCs 

employing Y123 dye-sensitized ZnO (Z0) photoanode along with I-/I3
- and [Cu(dmp)2]

2+/+ 

electrolytes. 

The variation in IPCE and hence JSC between the Z0/I and Z0/Cu devices may be 

attributed to the shift in ZnO conduction band (CB) edge induced by different surrounding 

environment, i.e. electrolyte systems. The influence of the surrounding electrolyte on the 

CB of the Z0 photoanode material was studied by analyzing the charge extracted vs. VOC 

plots (Figure 2A.12(a)). The iodine electrolyte tends to shift the CB of ZnO to a more 

negative position when compared to the copper based electrolyte. This negatively shifted 

CB of the Z0/I device might have affected the driving force for injection, hence suppressing 

its JSC. IMVS and IMPS studies were utilized to investigate the effect of the two electrolytes 

on the charge collection in ZnO based DSCs. The lifetime (τn) and transport time (τd) of 

electrons in the Z0 photoanode, obtained from the respective measurements, were plotted 

against the LED current, which is directly related to the intensity of the LED illumination 
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(Figure 2A.12(b)). It was observed that the Z0/I device possess better τn when compared 

to Z0/Cu device. This is in agreement with our previous observation that copper electrolyte 

based device has more chances of trap state mediated recombination, which will obviously 

affect the electron lifetime in the Z0 photoanode. Meanwhile, the electron transport in 

Z0/Cu devices seemed to be faster than that in Z0/I device (Figure 2A.12(b)). It is well 

known that the electron transport within the mesoporous semiconductor layer occurs via a 

diffusion mechanism involving the CB states and shallow trap-states (surface states).[72] 

The injection of photoelectrons into the semiconductor layer shifts its Fermi level and  

  

Figure 2A.12. (a) Charge extracted vs. VOC plots obtained from CE measurement; (b) 

electron lifetime (τn) and transport time (τd), (c) electron diffusion coefficient (Dn) and (d) 

charge collection efficiency (ηCC), as a function of LED current obtained from IMVS and 

IMPS measurements, for DSCs employing Y123 dye-sensitized ZnO photoanodes using I-

/I3
- and [Cu(dmp)2]

2+/+ electrolytes. 

creates a potential gradient within the nanoparticles, which serves as the driving force for 

electron diffusion.[73,74] In other words, when more electrons are injected into a 

nanoparticle, the existing electron in the particle will be forced out, leading to electron 

migration. In our case, the Z0/Cu device with better injection rates can create higher 

electron concentration gradients when compared to the Z0/I device. Consequently, Z0/Cu 

0.0 1.5 3.0 4.5 6.0
0.4

0.6

0.8

1

1.2

 Z0/I

 Z0/Cu

V
O

C
 (V

)

QOC (mC)

5 10 50 100 500 1000
0.1

1

10

100

1000

 Z0/I

 Z0/Cu

 d
 (

m
s)

 

 n
 (

m
s)

LED current (mA)

0.1

1

10

100

1000

5 10 50 100 500 1000
40

50

60

70

80

90

100

 Z0/I

 Z0/Cu

LED current (mA)


C

C
 (

%
)

5 10 50 100 500 1000
10

2

10
3

10
4

10
5

10
6

 Z0/I

 Z0/Cu

D
n
 (

m
m

2
/

s)

LED current (mA)

(c) (d) 

(b) (a) 



  ZnO microstructures as photoanode materials in copper electrolyte  

based dye-sensitized photovoltaic cells 

 

     91 

 

device possess higher driving force for charge diffusion which lead to better diffusion 

coefficient (Dn) and charge collection efficiency (𝜂𝐶𝐶) (Figure 2A.12(c,d)).  Altogether, 

copper electrolyte is observed to be more suitable for ZnO based DSCs, owing to the 

favourable redox potential, better injection and faster charge collection properties endowed 

by them.    

 

2A.3.2. Effect of TiO2 post blocking layer on the performance of ZnO based DSCs.  

(a) Characterization of ZnO based photoanodes with and without TiO2 blocking layer.  

Figure 2A.13. SEM images of (a) surface and (b) cross-section of Z0 photoanode; and (c) 

surface and (d) cross-section of Z0+BL photoanode. 

The photoanode without blocking layer (BL), labelled as Z0, was prepared by coating the 

paste of HZC on the FTO substrate followed by a programmed annealing up to 500 oC. 

During the annealing, the HZC decomposes and forms pure ZnO. While in case of the 

photoanode with BL, designated as Z0+BL, the BL solution is deposited over the HZC 

layer before the annealing process. During the annealing process, the HZC transforms to 

ZnO microstructures, while an ultra-thin compact layer of TiO2 gets coated over the 

microparticles. The SEM micrographs showing the surface and cross-sectional profile of 

the unsensitized Z0 photoanodes with and without TiO2 BL are presented in Figure 2A.13. 

The surface morphology and thickness of the Z0 films were seen to be unaffected by the 

deposition of the BL. However, the surface of the Z0+BL film appears smoother when 
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compared to that of the bare Z0 film (Figure 2A.13(a,c)). Both the films exhibited similar 

thickness of ~18.5 µm, as could be observed from the cross-sectional SEM image (Figure 

2A.13(b,d)). The EDX spectra and elemental mapping of the surface of the films, shown 

in Figure 2A.14, confirm the presence of TiO2 (0.3 wt%) in the Z0+BL photoanode. The 

DRS (Figure 2A.15(a)) of the unsensitized Z0+BL photoanode was used to obtain the 

corresponding Kubelka-Munk function (equation 2A.9). Subsequently, the band gap 

energy of the Z0+BL was determined to be 3.27 eV, from the (𝐹(𝑅)ℎ𝜈)2  vs.ℎ𝜈  plot 

(Figure 2A.15(b)). A slight decrease in Eg for Z0+BL layer was observed when compared 

to the Z0 photoanode, which is indicative of a possible shift in CB, owing to the 

modification of surface states upon BL deposition.  

Figure 2A.14. EDX spectra of (a) Z0 and (b) Z0+BL photoanode; Elemental mapping of 

(c) Z0 and (d) Z0+BL photoanode.  

The PL spectra acquired for the unsensitized Z0 and Z0+BL photoanodes were 

compared, as shown in Figure 2A.16. The PL was recorded at an excitation wavelength of 

330 nm and two emission peaks were observed in the visible range, one centered at ~ 464 

nm and another one at ~ 535 nm. The high temperature annealing of Z0 photoanode might 

lead to the dissociation of Zn-O bonds, thereby inducing several surface defects such as 
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oxygen vacancies, Zn vacancies etc.[75] The weak and broad peak at the lower wavelength 

range correspond to the emissions originating from deep level oxygen vacancies or 

interstitial Zn2+ ions, while the strong and sharp green emission band at green wavelength 

range emerges from the singly ionized surface level oxygen vacancies localized in the 

depletion region, which act as recombination centers.[76,77] The green emission is further 

influenced  

   

Figure 2A.15. (a) UV-visible diffuse reflectance spectra and (b) modified Tauc’s plot 

(using Kubelka-Munk function) of Z0+BL sample coated on glass substrate. 

 

Figure 2A.16. PL spectra of Z0 and Z0+BL photoanode 

by the chemisorbed oxygen at the ZnO surface, which causes upward band bending and 

creates a surface depletion layer, which further facilitates ionization of oxygen 

vacancies.[78] These surface level oxygen vacancies in Z0 photoanodes act as surface trap 

states that contribute towards electron back transfer, thereby affecting the DSC 

performance. On comparing the PL emissions of Z0 and Z0+BL samples, it is observed 
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that the deposition of TiO2 BL over the ZnO layer suppresses both the peaks. The reduction 

of the green emission peak indicates that the BL effectively passivate the ZnO layer against 

surface chemisorption, hence retarding the charge recombination.[13,79,80] In addition, there 

is a chance that the O2
- ions, created by the dissociation of the TiO2 in the BL solution at 

high temperature (above 400 oC), to diffuse within the ZnO layer and substitute the oxygen 

vacancies.[81] This results in the quenching of the lower wavelength peak. Consequently, 

the BL can effectively passivate the surface trap states in ZnO layer and retard the electron 

back transfer process in ZnO based DSCs. 

 

Figure 2A.17. The peak corresponding to (a) O 1s, and (b) Ti 2p states in the XPS spectrum 

of Z0+BL photoanode. 

Table 2A.2. Peak area and atomic percentage of different components of the O 1s peak in 

the XPS spectra.  

The defects formed by the high temperature annealing of Z0 film might enhance the 

hydrophilicity and wettability of the ZnO surface, by chemisorption of dissociative water 

species or other environmental oxide species.[75] This could be observed from the 

deconvoluted core level O 1s peak of the XPS spectra of Z0 photoanode (Figure 2A.8(b)). 

On comparing the fitted O 1s core level peaks for Z0+BL film with that of Z0 film, it was 

observed that in case of Z0+BL photoanode, there is a lowering of the components 

corresponding to surface chemisorbed oxygen, OC (532.37 eV) and oxygen vacancies, OV 

(531.23 eV) respect to that of the lattice oxygen, OL (530.29 eV) (Figure 2A.17(a)). To 
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study the effect of BL deposition on the number of lattice oxygen, interstitial oxygen (from 

the chemisorbed species) and oxygen vacancies on the surface of Z0 film, the atomic 

percentage of each component was estimated from the corresponding peak area (Table 

2A.2). After deposition of BL, the atomic weight percent of oxygen vacancies and 

chemisorbed oxygen species on the Z0 film surface seemed to decrease drastically, from 

32.7% to 21.7% and 35% to 15.6%, respectively. Whereas the percentage of lattice oxygen 

was almost double for Z0+BL film. This further substantiate the notion that the surface 

passivation of ZnO based photoanode is effectively accomplished using TiO2 BL. 

Furthermore, the presence of TiO2 in the Z0+BL could be confirmed using the XPS peaks 

at ~ 458.74 eV and ~ 464.44 eV, respectively, corresponding to the Ti 2p doublets, Ti 2p3/2 

and Ti 2p1/2, with a peak separation of 5.7 eV.[82] 

(b) PV performance of ZnO based DSCs with and without TiO2 blocking layer. The PV 

performance of DSCs utilizing Z0 and Z0+BL photoanodes, along with Y123 dye and 

[Cu(dmp)2]
2+/+ redox mediator, were analyzed under various light conditions. Under one 

sun condition, the VOC, JSC, FF and PCE of the champion device employing Z0+BL 

photoanode are respectively, 0.82 V, 8.85 mA/cm2, 0.53 and 3.74%. The corresponding J-

V characteristics and parameters are given in Figure 2A.18(a) and Table 2A.3, 

respectively. The Z0+BL devices exhibited better JSC, which led to improved PCE for these 

devices when compared to Z0 based DSCs. The improved JSC for Z0+BL devices can be 

directly corelated to its better IPCE, as seen from Figure 2A.18(c). 

Table 2A.3. Photovoltaic parameters of the DSCs employing Y123 sensitized ZnO 

photoanodes without (Z0) and with TiO2 blocking layer (Z0+BL), along with 

[Cu(dmp)2]
2+/+ electrolyte, under standard one sun irradiation (AM 1.5G, 100 mW/cm2).  

a Obtained from J-V characterization of 3 devices (minimum) under one sun condition. The parameters 

corresponding to the champion cell are provided, along with the average value ± standard deviation in the 

parantheses.  
b Obtained by integration of IPCE spectra. 

Device 
Code 

VOC a  
(V) 

JSC
  a   

(mA/cm
2
) 

FF  a 
PCE  a 
(%)  

Integrated 
JSC  b 

(mA/cm
2
) 

Dye loading 
(x10-8 mol/ 

cm2) 

Z0 
0.84 

(0.84 ± 
0.01) 

4.15  
(4.01 ± 
0.14) 

0.57 
(0.56 ± 
0.02) 

2.01 
(1.99 ± 
0.03) 

4.84 2.1 

Z0+BL 
0.82 

(0.82 ± 
0.01) 

8.85  
(8.61 ± 
0.22) 

0.53 
(0.54 ± 
0.02) 

3.74 
(3.67 ± 
0.08) 

8.73 1.8 
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Figure 2A.18. (a) J-V characteristics under one sun illumination (AM 1.5G, 100 mW/cm2), 

(b) J-V characteristics under dark condition, (c) IPCE spectra, and (d) stability plot for 

DSCs employing Y123 sensitized ZnO photoanodes without (Z0) and with TiO2 blocking 

layer (Z0+BL), along with [Cu(dmp)2]
2+/+ electrolyte.  

The integrated JSC obtained from the IPCE spectra are matching with the JSC obtained by 

J-V plots acquired under one sun condition (Table 2A.3). The J-V characteristics of the Z0 

and Z0+BL devices under dark condition is shown in Figure 2A.18(b). It is seen that the 

device without BL has higher dark current than the one with BL, indicating that the back 

electron transfer is suppressed in case of the Z0+BL device, owing to the passivation of 

trap states by the deposition of BL. This can contribute to the improved JSC of the Z0+BL 

device under illuminated condition. Apparently, the BL deposition has, to some extent, also 

aided in preventing the degradation of ZnO during dye soaking and light exposure in the 

presence of electrolyte. Also, the BL helped in reducing formation of Zn2+/dye aggregates, 

as a result of which the Z0+BL based device could endure enhanced JSC under illumination, 

despite the reduction in dye loading (which indicates reduced dye aggregation) (Table 

2A.3).[40] In addition to this, the degradation of the ZnO photoanode under prolonged 
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exposure to the electrolyte environment and light irradiation was also slowed down in the 

case of Z0+BL device. This could be observed from the stability curves (Figure 2A.18(d)). 

The performance of Z0 device started decreasing after 100 hours, while that of Z0+BL 

started decreasing only after about 500 hours. There was an increase in PCE of the Z0+BL 

device for the first 450 hours after electrolyte filling. This could be attributed to the deeper 

infiltration of the electrolyte into the mesoporous ZnO layer, facilitating more dye 

regeneration. After ~ 450 hours of electrolyte exposure, even the Z0+BL devices also 

started to show a trend suggesting lower performance owing to the penetration of 

electrolyte to the inner regions of ZnO mesopores which are unprotected by the BL, which 

results in decreased PCE.   

  

Figure 2A.19. J-V characteristics of DSCs employing Y123 sensitized ZnO photoanodes 

without (Z0) and with TiO2 blocking layer (Z0+BL), along with [Cu(dmp)2]
2+/+ electrolyte, 

(a) under 1000 lux LED illumination and (b) under 1000 lux CFL illumination. 

The J-V characterization of the Z0 and Z0+BL devices were done under indoor light 

conditions, as well. The corresponding characteristic curves are shown in Figure 2A.19 

and PV parameters are provided in Table 2A.4. Under 1000 lux LED illumination, with an 

incident intensity of 0.312 mW/cm2, the champion Z0 device delivered a VOC, JSC, FF and 

PCE of 0.61 V, 31 µA/cm2, 77% and 4.67%, respectively, while the Z0+BL device gave 

0.60 V, 63.6 µA/cm2, 76% and 9.13%, respectively. Similarly, under 1000 lux CFL (0.306 

mW/cm2) illumination, the Z0+BL device exhibited better PCE of 10.82%, with 0.60 V 

VOC, 73.6 µA/cm2 JSC, and 76% FF for the best performing device, while the Z0 device 

under the same illumination delivered a lower PCE of 5.47%, with 0.61 V VOC, 35.6 

µA/cm2 JSC, and 77% FF. The Z0+BL device exhibited an improvement in PCE of 95.5% 

and 97.8%, respectively, under LED and CFL light, when compared to Z0. In both the 
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indoor illumination conditions, the better performance of Z0+BL based DSC was 

predominantly attributed to its higher JSC relative to the Z0 device, while the VOC remained 

almost same for both devices. 

Table 2A.4. Tabulated photovoltaic parameters of DSCs employing Y123 sensitized ZnO 

photoanodes without (Z0) and with TiO2 blocking layer (Z0+BL), along with 

[Cu(dmp)2]
2+/+ electrolyte, under 1000 lux LED and 1000 lux CFL illumination. 

aObtained by integration of irradiance spectra of the corresponding indoor light source.  
bObtained from J-V characterization of 3 devices under different indoor illumination. The parameters 

corresponding to the champion cell are provided, along with the average value ± standard deviation in the 

parantheses.  

(c) Detailed interfacial charge transfer analysis. The suppressed electron recombination 

in Z0+BL based DSCs are reflected in their electron lifetime (τn) values. Hence, the τn vs. 

VOC plot (Figure 2A.20(a)) obtained from OCVD measurements, using equation 1.13, 

shows that Z0+BL devices have better lifetime when compared to the Z0 device. A similar 

observation was made from EIS measurement as well. A representative Nyquist plot for 

Z0 and Z0+BL devices, at an applied bias voltage (Vapplied) of 0.8V is shown in Figure 

2A.20(b). The impedance plot for both devices exhibit three arcs in the high (HF), mid 

(MF) and low frequency (LF), each corresponding to charge transfer at CE/electrolyte 

interface, charge transfer at ZnO/dye/electrolyte interface and diffusion of electrolyte 

species, respectively. The MF arc for the Z0+BL device is seen to be wider when compared 

to that of Z0, indicating that the deposition of BL has endowed a higher resistance for 

charge recombination at the ZnO/electrolyte interface, owing to the surface passivation. 

This is again reflected in the τn vs.Vapplied plot (Figure 2A.20(d), where τn is obtained from 

Indoor light 
source and 
intensity a 

Device 
Code 

VOC b 
(V) 

JSC
 b 

(µA/cm
2
) 

FF b 
PCE b   
(%) 

% 
Improvement 

in PCE 

1000 lux 
LED 

(0.312 

mW/cm
2
) 

Z0  
0.61  

(0.60 ± 
0.01) 

31.0  
(31.7 ±  

1.2) 

0.77  
(0.76 ± 
0.01) 

4.67  
(4.55 ± 
0.10) 

95.5 

Z0+BL 

0.60  
(0.6 ± 
0.01) 

63.6  
(62.3 ±  

1.9) 

0.76  
(0.75 ± 
0.01) 

9.13  
(8.98 ± 
0.15) 

1000 lux  
CFL 

(0.306 

mW/cm
2
) 

 

Z0  
0.61  

(0.61 ± 
0.01) 

35.6  
(34.6 ±  

1.3) 

0.77  
(0.76 ± 
0.01) 

5.47  
(5.29 ± 
0.17) 

97.8 

Z0+BL 

0.60 
(0.61 ± 
0.01) 

73.6  
(71.0 ±  

2.8) 

0.76  
(0.77 ± 
0.01) 

10.82  
(10.70 ± 

0.14) 
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the frequency corresponding to the peak in the Bode phase plot (Figure 2A.20(c), using 

equation 1.26.  

Even though the back electron transfer is reduced in case of the Z0+BL device, a 

slight decrease in VOC is observed for the device using Z0+BL photoanode, under both the 

indoor as well as the outdoor illumination conditions. The reason for this reduction in VOC 

was investigated using charge extraction measurements. From the extracted charge vs. VOC 

plot (Figure 2A.21(a)), it is evident that the device using BL suffers a positive shift in ZnO 

CB edge, which justifies the lowered Eg of Z0+BL photoanode (Figure 2A.15(b)). This 

positively shifted CB of Z0+BL photoanode reduces the maximum attainable VOC for the  

Figure 2A.20. (a) Lifetime (τn) vs. voltage plot obtained from OCVD measurement, (b) 

representative Nyquist plot (at 0.8 V), (c) corresponding Bode phase plot and (d) τn vs. 

voltage plot, obtained from EIS measurement for DSCs employing Y123 sensitized Z0 

and Z0+BL photoanodes along with [Cu(dmp)2]
2+/+ electrolyte. 

DSCs employing them. However, this downward shift in CB of ZnO upon BL deposition 

is advantageous for enhancing the JSC of the DSCs using Z0+BL photoanodes, in terms of 

increased driving force for injection and electron transport within the Z0 layer. Moreover, 

since the charge transport within the ZnO layer takes place via multiple trapping-detrapping 
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mechanism, the passivation of surface trap states by the BL enables faster diffusion of 

electrons.[83] This is observed from the τd vs.LED current plot (Figure 2A.21(b)) obtained 

using IMPS measurement. The better lifetime of electrons in Z0+BL device is again 

confirmed using the τn vs.LED current plot (Figure 2A.21(b)) obtained from IMVS 

measurement. The combined effect of faster electron diffusion and reduced charge 

recombination resulted in a longer diffusion length (Ln) for electrons in the Z0+BL 

photoanode (Figure 2A.21(c)), leading to better charge collection efficiency for the DSCs 

utilizing them (Figure 2A.21(d)). This might have further contributed towards the 

enhancement in IPCE and thereby improved JSC in Z0+BL based DSCs.  

 

Figure 2A.21. (a) Charge extraction plot; (b) electron lifetime (τn) and transport time (τd), 

(c) electron diffusion length (Ln) and (d) charge collection efficiency (𝜂𝐶𝐶), as a function 

of LED current obtained from IMVS and IMPS measurements, for DSCs employing Y123 

sensitized Z0 and Z0+BL photoanodes along with [Cu(dmp)2]
2+/+ electrolyte. 

2A.4. Conclusions 

ZnO based photoanode sensitized with the organic Y123 dye was utilized in DSC, and its 

compatibility with conventional iodine (I-/I3
-) and copper complex ([Cu(dmp)2]

2+/+) based 

electrolytes were evaluated in detail. It was observed that the ZnO based DSC using 

[Cu(dmp)2]
2+/+ electrolyte could deliver better performance compared to I-/I3

- electrolyte. 

0.0 1.5 3.0 4.5 6.0 7.5 9.0
0.4

0.6

0.8

1

1.2

 Z0 

 Z0+BL 

V
O

C
 (V

)

QOC (mC)

5 7.5 10 25 50 75100 250 500
0.1

1

10

100

1000

 Z0 

 Z0+BL 

 d
 (

m
s)

 

 n
 (

m
s)

LED current (mA)

0.1

1

10

100

1000

5 10 50 100 500
0

10

20

30

40

 Z0 

 Z0+BL 

L
n
 (

m
m

)

LED current (mA)
5 10 50 100 500

60

70

80

90

100

 Z0 

 Z0+BL 

LED current (mA)


C

C
 (

%
)

(a) (b) 

(c) (d) 



  ZnO microstructures as photoanode materials in copper electrolyte  

based dye-sensitized photovoltaic cells 

 

     101 

 

The more positive redox potential of [Cu(dmp)2]
2+/+ redox mediator rendered the 

corresponding device with enhanced VOC. Further the ZnO based device using copper 

electrolyte was able to deliver improved JSC, owing to its better electron injection and 

diffusion rates. Hence, the Z0/Cu device delivered better PCE relative to Z0/I device. 

However, the performance of copper electrolyte based device was observed to be limited 

by trap-state mediated recombination. This could be rectified to some extent by the 

introduction of an ultrathin layer of TiO2 blocking layer (BL) over the ZnO mesoporous 

layer. The BL could effectively passivate the surface trap-states, which are essentially the 

oxygen vacancies, which not only act as the recombination centres but also limit the 

diffusion of electrons within the ZnO matrix. This was substantiated by the PL and XPS 

spectra of the ZnO photoanode before and after deposition of the BL. It was observed that 

after BL deposition, the recombination was suppressed (i.e. τn improved), while the electron 

diffusion length (Ln) was improved in the corresponding DSC, leading to enhanced 

performance. The best ZnO based device with BL (Z0+BL) could deliver a PCE of 3.74% 

under one sun illumination and 10.82% under 1000 lux CFL illumination.   
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Addressing mass transport issue in copper 

electrolyte based dye-sensitized photovoltaic 

cells using surface textured photoanodes  

 

 

Abstract:   Owing to their better scattering properties, surface textured TiO2 films were 

previously reported to be successfully implemented as photoanodes in iodine electrolyte 

based dye-sensitized photovoltaic cells (DSCs), leading to enhanced charge collection and 

short circuit current density (JSC), thereby achieving better performance both under 

outdoor as well as indoor illumination conditions. In the present chapter, we adopted a 

similar strategy to fabricate surface textured TiO2 photoanodes by using ZnO micro-

particles as a template layer. The resultant photoanode when employed in DSC, in 

conjugation with a copper complex based redox shuttle, which is mass transport limited, 

could deliver better photovoltaic performance comparative to the standard TiO2 

photoanode based DSC. The better performance of DSCs utilizing surface textured 

photoanode is predominantly related to the improvement in JSC owing to reduced mass 

transport limitation and faster charge collection. Additionally, the presence of trace 

amounts of ZnO within the surface textured TiO2 layer not only hindered charge 

recombination but also induced a negative shift in the TiO2 conduction band leading to 

improved open circuit potential (VOC). 

 

T-Z photoanode T+Z photoanode 

TiCl4
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2B.1. Introduction 

Numerous photoanode engineering strategies are being adopted extensively for 

improving the performance of dye-sensitized photovoltaic cells (DSCs). This includes 

photoanode modifications to enhance light harvesting properties by improving surface area 

for dye loading using hierarchical nanostructures.[1–6] Another strategy for amplifying the 

light harvesting involves improving light scattering properties of DSC photoanode with the 

inclusion of scattering particles, plasmonic nanoparticles, voids, surface roughness etc.[7–

13] The energy bands of the semiconductor material used as photoanode could be tuned and 

the surface traps, like oxygen vacancies could be compensated by doping various ions, 

thereby improving the interfacial charge transfer properties within DSCs.[14–20] 

Nanocomposites of various semiconductors, or those of semiconductors with carbonaceous 

materials, like graphene, reduced graphene oxide, carbon nanotubes etc., were also 

employed as DSC photoanode for faster electron transport and reduced charge 

recombination.[21–30] Another method of photoanode engineering for improving DSC 

performance was done by deposition of blocking layers to suppress back transfer of 

electrons.[31–37] Currently, co-sensitization strategy and surface treatments using organic 

molecules are being adopted to achieve better dye coverage on the semiconductor surface, 

thereby improving both light harvesting as well as suppressing the recombination process, 

leading to better device performance.[38–41]  

Majority of the works based on photoanode modifications in DSCs were carried out 

using conventional iodine electrolyte. Presently, metal complex based redox shuttles, like 

copper (Cu(II/I)) and cobalt (Co(III/II)) redox mediators, are gaining more importance in 

the form of electrolytes for DSCs, owing to their advantages like abundance, less corrosive 

nature, more positive redox potential, reduced over potential loss for dye regeneration, 

compatibility with organic sensitizers etc., compared to the conventional iodine based 

electrolyte system. Among these alternative redox shuttles, copper complex based 

mediators are more prominent for DSCs considering its environment friendly nature, 

reduced cost, lower toxicity, faster diffusion, positive redox potentials, and lower 

recombination kinetics compared to the cobalt systems which were used before.[42,43]  

Because of the lower reorganization energy and faster electron transfer kinetics in case of 

the Cu(II/I) electrolytes, only very small driving force (even < 0.1 eV) is sufficient for 

effective dye regeneration. Hence, even though the Cu(II/I) electrolyte has a positive redox 

potential close to the HOMO level of most of the sensitizers, the regeneration efficiency is 
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close to 100%.[38,44] The more positive redox potential enables Cu(II/I) electrolyte based 

DSCs to achieve better photovoltage when compared to conventional iodine electrolyte and 

Co(III/II) electrolyte based DSCs. Also the less bulky nature of copper species being four 

coordinate species in comparison to cobalt species which is six coordinate, enables Cu(II/I) 

electrolyte to achieve better current density when compared to Co(III/II) electrolyte based 

devices, accounting for the lower mass transport issues associated with the former.[45] 

Consequently, the copper electrolyte based DSCs could outclass the other redox shuttles, 

paving way for a new generation of DSCs with remarkable performances not only under 

outdoor, but also under indoor illumination conditions.[45–47] Majority of the recent reports 

on DSCs realizing remarkable PV performances with open circuit voltage (VOC) above 1V 

and PCE surpassing 10% under simulated one sun irradiation (AM 1.5G, 100 mW/cm2), 

use Cu(II/I) redox mediators along with organic sensitizers.[39,47–49] Nonetheless, the 

Cu(II/I) redox electrolyte still suffer from mass transport issues, which limits them from 

attaining the maximum possible short circuit current densities (JSC) and power conversion 

efficiencies (PCE).[50] 

Previously, we have successfully demonstrated a novel surface texturing technique 

to improve light harvesting efficiency of TiO2 photoanodes using ZnO sacrificial layers, in 

order to elevate the PCE of iodine electrolyte base DSCs.[12,51] In this chapter, we adopted 

the similar surface engineering strategy for developing DSC photoanodes in order to attain 

appreciable light scattering effects without increasing the TiO2 layer thickness. The surface 

texturing was carried out using ZnO microparticles as templates. The surface roughness, 

diffuse reflectance and light harvesting properties of the surface textured TiO2 film (T-Z) 

was compared to that of unmodified TiO2 film (T). The surface textured film was employed 

as photoanode in DSC along with copper electrolyte and the interfacial charge transfer 

within the film was analyzed by advanced characterization techniques like impedance 

spectroscopy, transient photocurrent/voltage decay measurements and so on. The influence 

of the surface textured TiO2 layer on the mass transport of electrolyte species in DSC, at 

various light intensities was also investigated in detail. 

2B.2. Experimental procedures 

2B.2.1. Surface texturing of TiO2 photoanodes using ZnO microstructure as templates 

ZnO hierarchical microspheres were synthesized as described in Chapter 2A 

(section 2A.2.1) to be utilized as templates for creating roughness on the surface of TiO2 

nanoporous layer. Briefly, 0.02 M aqueous solution of zinc nitrate hexahydrate (Merck)  
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Figure 2B.1. Schematic illustration of the fabrication of surface textured TiO2 (T-Z) 

photoanode. 

was added dropwise into 1.0 M aqueous solution of urea (Merck) under constant stirring. 

The reaction mixture was stirred at 1000 rpm for one hour at room temperature, and then 

heated at 90 ºC for 24 hours. The white precipitate of hydroxide zinc carbonate or 

hydrozincite (HZC) obtained after the reaction was then washed with DI water and ethanol 

and vacuum dried at 60 ºC for 12 hours. The as-synthesized HZC sample was converted to 

paste by adding a mixture of ethyl cellulose and terpineol heated at 100 ºC and grinding in 

a mortar (as described in section 2A.2.2). The FTO substrates (TEC 10, Merck) cut into 

required dimensions, 1.6 cm x 1.6 cm, were cleaned using detergent solution, distilled 

water, acetone and isopropanol, in an ultrasonic bath. TiO2 pre-blocking layers were 

deposited by a 50 mM TiCl4 treatment at 70 ºC for 30 minutes. The substrates were then 

annealed at 500 ºC for 30 min by following a step-wise heating programme. The active 

layer (AL) was deposited on the FTO plate using the commercial TiO2 paste (18-NRT, 

GreatcellSolar, Australia). The photoanode using unmodified or bare TiO2 active layer 

(without surface texturing) is designated as T, hereafter. The standard TiO2 photoanode 

(designated as Std) is constructed by depositing a scattering layer (SL) of commercial 

18NR-AO paste (GreatcellSolar, Australia), consisting of larger TiO2 particles over the 

TiO2 AL. Hence, the Std photoanode is an AL/SL bilayer photoanode constituted by an AL 

containing ~ 20 nm TiO2 particles and an SL made up of ~ 400 nm TiO2 particles. For 

fabricating the surface textured TiO2 photoanodes, initially a TiO2/ZnO bilayer photoanode 

(labelled as T+Z) is prepared by coating the HZC paste over the TiO2 active layer (Figure 

2B.1). All the above-mentioned depositions were done using blade coating method. After 

Doctor blade 
coating

500oC

TiCl4 treatment

T

T + Z T - Z 

500oC
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depositing these semiconductor layers, the substrate is subjected to programmed annealing 

up to 500 ºC for 30 min. The next step in the photoanode fabrication process is the TiCl4 

treatment, wherein the FTO plates coated with the semiconductor oxides are immersed in 

a 40 mM aqueous solution of TiCl4 and heated at 70 ºC for 30 minutes. In case of the T and 

Std photoanodes, the TiCl4 post treatment deposits a compact TiO2 blocking layer over the 

mesoporous semiconducting layer. However, carrying out TiCl4 post treatment on the 

TiO2/ZnO bilayer photoanode (T+Z), etches off the ZnO particles in the over layer, in 

addition to blocking layer deposition. This leaves behind a surface textured TiO2 

photoanode, which is named as T-Z hereafter. Finally, after the deposition of all the 

semiconducting layers, the photoanodes were annealed in a step wise manner up to 500 ºC.   

2B.2.2. Characterization of the TiO2 photoanodes 

The surface morphology, thickness and ZnO content in different photoanodes were 

analyzed using scanning electron microscope (SEM) images and energy dispersive X-ray 

(EDX) spectra acquired by Zeiss EVO 18 cryo-SEM Special Ed (Carl Zeiss, Germany). 

The elemental compositions of different photoanodes were confirmed using X-ray 

Photoelectron Spectroscopy (XPS, SPECS Surface Nano Analysis GmbH, Germany), 

using a monochromatic source, Al-Kα (1486.7 eV and 350 W), with a beam diameter of 1 

mm. The XPS spectrum was recorded using SpecsLab2 software and MultiPak spectrum 

software was used to fit the obtained XPS peaks. The thickness and surface roughness of 

different photoanode samples were measured using a Bruker Dektak XT profilometer. The 

surface roughness of different films were compared using atomic force microscopy (AFM) 

as well. The AFM images were acquired using an AFM-Bruker Multitop Nanoscope V 

instrument operating under tapping mode. The surface roughness of the TiO2 layers were 

calculated from the corresponding AFM images, using Nanoscope Analysis 1.5 software. 

The scattering properties of the photoanode films were studied from their diffuse 

reflectance spectra (DRS) acquired using UV-visible spectrophotometer (Shimadzu, UV-

2700i) with an integrating sphere. The light absorbance of the various photoanodes after 

dye sensitization were also determined using Shimadzu UV-visible spectrophotometer 

(UV-2700i). The amount of dye adsorbed per unit area of the various photoanode layers 

were determined as described in section 2A.2.2, using the equation 2A.1. For this, the 

absorbance of the dye solution (0.01 mM) before and after photoanode immersion was 

obtained using the UV-visible spectrometer (Shimadzu model 2100). 
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2B.2.3. DSC fabrication and characterization 

The different TiO2 photoanodes prepared in the previous section 2B.2.1 were used 

for fabricating DSCs as described below. The photoanodes were immersed in a dye solution 

containing 0.1 mM Y123 dye and kept in darkness for 16 hours, to obtain the dye-sensitized 

photoanodes. The counter electrodes were prepared by coating poly(3,4-

ethylenedioxythiophene) (PEDOT) on cleaned FTO substrates (TEC7, GreatcellSolar, 

Australia) with pre-drilled holes, by electro-polymerization of ethylene dioxythiophene 

(EDOT, Merck), along with the surfactant sodium dodecyl sulphate (SDS, Sigma Aldrich). 

The photoanodes and corresponding counter electrodes were assembled using a 25 μm 

thick thermoplastic spacer (Surlyn, GreatcellSolar), using hot pressing (at 120 ºC) method. 

The inter-electrode gap was filled with the copper electrolyte, made up of 0.2 M bis(2,9-di 

methyl-1,10-phenanthroline copper(I)bis(trifluoromethanesulfonyl)imide ([Cu(dmp)2]
1+, 

Dyenamo A.B, Sweden) and 0.04 M bis(2,9-dimethyl-1,10-phenanthroline 

copper(II)bis(trifluoro methanesulfonyl)imide chloride ([Cu(dmp)2]
2+, Dyenamo A.B, 

Sweden), 0.1 M Bis(trifluoro methane)sulfonimide lithium salt (LiTFSI, Merck) and 0.6 

M 4-tert-butylpyridine (TBP, Merck),  in acetonitrile solvent (Merck). Finally, the holes in 

the counter electrode were sealed using a thermoplastic sealant and glass slide to avoid 

electrolyte leakage and solvent evaporation.  

The photovoltaic performance of the fabricated DSCs were evaluated using 

photocurrent-voltage (J-V) measurements and incident photon-to-current conversion 

efficiency (IPCE) measurements. J-V characterization under one sun condition (100 

mW/cm2, AM 1.5G) was done using class AAA solar simulator (Oriel 3A, Model PVIV- 

94043A, Newport) coupled with a source meter (Keithley 2440). The intensity of the 

simulated light was calibrated using a certified reference silicon solar cell (Newport) 

coupled with a power meter (Newport). The IPCE measurements were carried out using a 

250 W Xenon lamp as light source along with a monochromator set-up (Newport). The 

performance of the device under indoor light conditions was studied by carrying out the J-

V measurement using the AE05 potentiostat (Dyenamo AB, Sweden) in a custom-made set 

up with a daylight compact fluorescent lamp, CFL (Osram, 14W/6500K) as light source. 

The irradiance intensity of these indoor light sources were calibrated using a highly 

sensitive photodetector coupled with a UV-vis-NIR spectrometer (Ocean optics, DH-2000-

BAL). The interfacial charge transfer studies of the devices were carried out using 

advanced characterization techniques such as open circuit voltage decay (OCVD), charge 
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extraction (CE), transient photovoltage decay (TVD) and photocurrent decay (TCD), 

intensity modulated photovoltage spectroscopy (IMVS), intensity modulated photocurrent 

spectroscopy (IMPS), and electrochemical impedance spectroscopy (EIS) measurements. 

OCVD measurements were done using the electrochemical workstation (Autolab-PGSTAT 

302N, Metrohm) with a white LED as illumination source. EIS, IMVS and IMPS were 

performed using the Autolab-PGSTAT 302N coupled with a Frequency Response 

Analyzer (FRA32M). The CE, TVD and TCD measurements were carried out using 

Toolbox setup (Dyenamo AB, Sweden). Mott-Schottky (MS) plots were obtained from the 

impedance spectra (acquired using a Biologic electrochemical workstation (VMP3), in the 

frequency range 100 Hz to 100 KHz) of the devices fabricated with unsensitized 

photoanodes, along with PEDOT counter electrode and [Cu(dmp)2]
2+/+ electrolyte.  

2B.3. Results and discussions 

2B.3.1. Characterization of surface textured TiO2 photoanode 

(a) Effect of surface texturing on light harvesting efficiency of TiO2 photoanode. The 

light harvesting efficiency (LHE) is a property of the dye-sensitized photoanode film,  

 

Figure 2B.2. SEM images of surface morphology of (a,b) unmodified TiO2 photoanode 

(T), (c,d) TiO2/ZnO bilayer (T+Z), and (e,f) surface textured TiO2 photoanode (T-Z). 
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 which describes how efficiently the photoanode absorbs the incident light. It is determined  

by various factors like thickness of the semiconducting layer, amount of dye adsorbed on 

the semiconductor, absorption coefficient, absorption profile of the adsorbed dye 

molecules, and path length of light within the active layer which can be increased by 

inclusion of scattering entities like scattering particles, voids, surface roughness, etc. The 

present work involves surface engineering of TiO2 photoanodes for improving their 

scattering property, thereby enhancing the LHE. The schematic diagram for the preparation 

of surface textured photoanodes (T-Z) is provided in Figure 2B.1. The SEM micrographs 

showing the surface morphology of different semiconductor layers, T, T+Z and T-Z, coated 

over the FTO substrates are given in Figure 2B.2. Figure 2B.2(a,b) shows the smooth 

surface of the bare TiO2 film, T, while the surface of the T+Z film (Figure 2B.2(c,d)) 

reveals the ZnO microsphere aggregates over the TiO2 layer. The SEM image of the T-Z 

film, given in Figure 2B.2(e,f), displays TiO2 film surface with grooves/imprints created 

by etching off ZnO microspheres from the T+Z film. This makes the TiO2 surface of the T-

Z film rougher when compared to the T film. The improvement in roughness of the TiO2 

films after surface treatment was validated using the profilometer and AFM techniques. 

The root means square roughness (Rq) of the unmodified (T) and surface textured (T-Z) 

 

Figure 2B.3. AFM images of surface of (a,b) unmodified TiO2 (T) photoanode and (c,d) 

surface textured TiO2 (T-Z) photoanode.  
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TiO2 films estimated using profilometer, with a scan length of 1600 µm, is listed in Table 

2B.1. The three dimensional surface profiles of the T and T-Z films acquired using AFM is 

provided in Figure 2B.3. The Rq of the films were determined from the AFM profiles, for 

different scan areas (viz. 2 µm x 2 µm and 20 µm x 20 µm), and the corresponding values 

are listed in Table 2B.1. It is observed that there was a considerable improvement in Rq of 

the films after surface texturing. 

 

Figure 2B.4. (a) Diffuse reflectance (RD), and (b) Light harvesting efficiency (LHE) of 

unmodified (T) and surface textured (T-Z) TiO2 photoanodes as a function of wavelength. 

Table 2B.1. The roughness (Rq), diffuse reflectance (RD), dye loading and light harvesting 

efficiency (LHE) of unmodified (T) and surface textured (T-Z) TiO2 photoanode films. 

a Obtained from profilometer measurement over a scan length of 1600 µm. 
b Obtained from AFM analysis over a scan area of 20 µm x 20 µm (and a scan area of 2 µm x 2 µm in 

parathesis). 

The improved surface roughness of T-Z films was advantageous for attaining better 

light scattering properties for these surface modified films. This could be observed from 

the DRS of the un-sensitized films given in Figure 2B.4(a). When compared to the bare 

TiO2 layer, the surface textured TiO2 layer displayed more than 2.5 times improvement in 

diffuse reflectance (RD), at a wavelength of 475 nm, corresponding to the maximum 

absorption wavelength (λmax) of the standard Y123 organic dye. The dye loading of the 
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Y123 sensitized T and T-Z layers were found to be almost similar, as given in Table 2B.1, 

since they have similar layer thickness. The absorbance of the Y123 sensitized films was 

obtained and utilized for determining their LHE in the visible range, using the equation 1.3 

(Chapter 1), which was then plotted against the wavelength as given in Figure 2B.4(b). 

The LHE of the surface textured TiO2 photoanode was found to be better when compared 

to the unmodified one, though both of them exhibited similar dye loading using the same 

dye. Hence, the improvement in LHE of TiO2 photoanodes after surface texturing could be 

attributed to its improved light scattering owing to higher surface roughness.  

(b) Presence of ZnO in surface textured TiO2 photoanodes. During the TiCl4 post-

treatment, the bilayer photoanode (T+Z) is immersed in the Til4 solution and heated at 70 

ºC. During this process, the ZnO over layer undergoes degradation and gets etched off from 

the TiO2 surface leaving imprints or grooves which lead to enhanced TiO2 surface  

 

Figure 2B.5. (a) Energy dispersive X-ray (EDX) spectra; X-ray photoelectron 

spectroscopy (XPS) peak corresponding to (b) Zn 2p energy levels of T-Z photoanode, (c) 

Ti 2p energy levels of T photoanode, and (d) Ti 2p energy levels of T-Z photoanode.  
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roughness. Moreover, the TiCl4 treatment deposits a compact TiO2 blocking layer over the 

mesoporous TiO2 layer, which passivates the surface trap states in the nanoporous 

network.[31] In addition to these, another possible mechanism that can happen during the 

TiCl4 post treatment of T+Z photoanode is that the Zn2+ ions generated by the degradation 

of ZnO may intercalate into the mesoporous matrix of the TiO2 photoanode and get 

deposited as ZnO during the post annealing process (500 ºC), along with the TiO2 post-

blocking layer. The presence of ZnO in the surface textured T-Z films, obtained as a result 

of TiCl4 treatment of T+Z films, was verified using EDX and XPS measurements. The EDX 

spectra (Figure 2B.5(a)) of T-Z photoanode shows the presence of small amounts of Zn 

(0.2 wt%), in addition to elemental Ti and O. XPS spectra given in Figure 2B.5(b), also 

shows two less intense, but specific peaks at binding energies (B.E.) 1021.78 eV and 

1044.88 eV, corresponding to Zn 2p3/2 and Zn 2p1/2 states, with a separation of ~23.1 eV, 

which indicate the presence of ZnO in the T-Z films, even after the etching process.[52,53] 

The XPS peaks corresponding to the Ti 2p core levels for the T and T-Z films are given in 

Figure 2B.5(c,d), which are in agreement with the previous reports for TiO2.
[54] The Ti 

2P3/2 peaks for T and T-Z photoanodes are respectively present at the B.E. 458.55 eV and 

458.68 eV. The 0.13 eV shift in the Ti 2P3/2 peak of the T-Z film, towards the higher B.E. 

could be attributed to the presence of ZnO.[55] 

2B.3.2. Effect of surface textured TiO2 photoanodes on the DSC performance  

(a) Basic photovoltaic and mass transport studies. The photovoltaic (PV) performance of 

copper electrolyte ([Cu(dmp)2]
2+/+) based DSCs fabricated using Y123 sensitized surface 

textured TiO2 photoanode (T-Z photoanode depicted in Figure 2B.6(a)) was analyzed 

under standard simulated one sun irradiation (AM 1.5G, 100 mW/cm2). The J-V parameters 

of T-Z devices were compared to that of DSCs prepared using standard TiO2 photoanode 

(Std photoanode depicted in Figure 2B.6(b)), constituting the AL/SL bilayer structure, 

sensitized with Y123 dye along with [Cu(dmp)2]
2+/+ electrolyte. The corresponding J-V 

curves are shown in Figure 2B.6(c). The PV parameters of the champion devices along 

with the average and error taken for three devices of similar architecture, are listed in Table 

2B.2. The best T-Z based device delivered a PCE of 8.04%, with a VOC, JSC, and fill factor 

(FF) of 1.04 V, 12.27 mA/cm2, and 63%, respectively. On the other hand, the best Std 

device could only deliver a PCE of 6.81%, with a VOC of 0.97 V, JSC of 11.70 mA/cm2, and 

FF of 60%. The lower performance of the Std device when compared to the T-Z device can 

be directly corelated to its lower VOC and JSC.  
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Figure 2B.6. The schematic representation of structure of (a) standard bilayer TiO2 

photoanode (Std) and (b) surface textured TiO2 photoanode (T-Z); (c) J-V characteristic 

curves of DSCs utilizing Y123 sensitized Std and T-Z photoanodes, along with 

[Cu(dmp)2]
2+/+ redox mediator, under one sun condition and under dark. 

Table 2B.2. Photovoltaic parameters of the DSCs employing standard bilayer (Std) and 

surface textured (T-Z) TiO2 photoanodes using Y123 dye and [Cu(dmp)2]
2+/+ electrolyte.  

aObtained from J-V characterization of 3 devices under one sun condition. The parameters corresponding to 

the champion cell are provided, along with the average value ± standard deviation in the parentheses.  
bObtained by integration of IPCE spectra. 

The J-V curves obtained under dark condition reveals that the Std device exhibits higher 

dark current when compared to T-Z device, which indicates lower shunt resistance offered 

by the Std device. This might be due to the higher layer thickness of the Std photoanode 

giving rise to more recombination sites, which is reflected in the lower VOC of Std device. 

To attain further insight into the difference in PV parameters, the dye loading, RD and LHE 

of the T-Z photoanodes were compared to those of Std photoanode. It was found that the 

Std photoanode with higher layer thickness (~ 10.4 µm), as observed from the cross-

sectional SEM images (Figure 2B.7(a,b)), could adsorb more amount of dye molecules 
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(3.2 x 10-8 mol/cm2)  compared to the T-Z film (2.5 x 10-8 mol/cm2). Also, owing to the 

presence of overlayer with larger sized scattering particles, the Std photoanode possessed 

better RD (~ 43.7% at 475 nm) as well (Figure 2B.7(c)). Taking into account of its better 

dye loading and light scattering properties, the Std photoanode could achieve better LHE 

in the visible region (~ 81.3% at 475 nm), compared to the T-Z photoanode (Figure 

2B.7(d)). The LHE of Y123 sensitized Std photoanode was found to be ~23% higher than 

that of T-Z, at the wavelength of 475nm (where Y123 dye has its maximum absorbance). 

Yet, the JSC of Std device under one sun irradiation is observed to be lower than that of T-

Z device. This could be attributed to the higher mass transport limitation in Std device 

while used with copper metal complex redox mediators, as a result of the higher layer 

thickness of the Std TiO2 photoanode, which consists of a scattering layer in addition to the 

active layer. Whereas, in case of T-Z photoanode, only one layer of surface textured TiO2 

is present, as a result of which the mass transport issues are significantly reduced. 

 

 

Figure 2B.7. Cross-sectional SEM images of (a) standard (Std) and (b) surface textured 

(T-Z) TiO2 photoanodes. The plot of (c) diffuse reflectance (RD), and (d) light harvesting 

efficiency (LHE) of Std and T-Z photoanodes as a function of wavelength.  
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Figure 2B.8. (a) IPCE spectra and (b) JSC versus light intensity plot, and (c,d) current 

transient (CT) plots of DSCs employing Y123 sensitized standard (Std) and surface 

textured (T-Z) TiO2 photoanodes, along with [Cu(dmp)2]
2+/+ redox mediator. 

The mass transport issue in Std device can be further verified using IPCE spectra 

(Figure 2B.8(a)). The theoretical values of JSC for the DSCs, obtained by integration of the 

corresponding IPCE spectra, are tabulated in Table 2B.2. It is found that the theoretical JSC 

for the T-Z device was matching with the JSC obtained under one sun condition, however, 

the theoretical JSC of Std device is lower than that obtained under one sun condition. This 

mismatch between the JSC acquired from J-V measurement and that obtained by integrating 

IPCE spectra can be attributed to the mass transport limitations exhibited by the copper 

electrolyte based DSCs using thicker Std photoanode.[50] Since the IPCE measurements are 

done under lower intensity monochromatic light illumination, the mass transport problem 

in the Std device becomes insignificant, whereas it overpowers at one sun irradiation 

causing a discrepancy in the obtained JSC. The mass transport limitation in Std device is 

also obvious from the JSC vs. light intensity (𝜙) plots (Figure 2B.8(b)). The JSC vs. 𝜙 plots 

are fitted using the equation, 

𝐽𝑆𝐶 = 𝑎𝜙𝑏     (2B.1) 
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where a and b are constants. In ideal systems free from mass transport limitations, the value 

of b is unity, signifying a linear relationship between JSC and 𝜙. However, in our case, since 

the copper redox electrolyte based DSCs are mass transport limited, the value of b deviates 

from unity, for both the devices. The b value for Std photoanode based DSC deviates more 

from ideal value of unity, compared to the T-Z device (inset, Figure 2B.8(b)). The mass 

transport in Std and T-Z devices can also be compared using the current transient (CT) 

curves (Figure 2B.8(c,d)). Clearly, the rate of reduction in current density is lesser in case 

of T-Z device, symbolizing lower mass transport limitation. All these observations confirm 

that the surface textured TiO2 photoanode (T-Z) is more suitable to be employed in DSCs 

using diffusion limited new generation metal complex electrolytes. Moreover, the PCE of 

the T-Z device observed to be stable even after a shelf-life of ~ 600 hrs (Figure 2B.9(a)).   

 

Figure 2B.9. (a) Stability curve under one sun condition, and (b) The J-V characteristic 

curves under different indoor light (CFL) illuminations, for DSCs employing Y123 

sensitized standard bilayer (Std) photoanode and surface textured (T-Z) TiO2 photoanode, 

along with [Cu(dmp)2]
2+/+ electrolyte. 

The PV performance of the Std and T-Z devices were evaluated under indoor light 

conditions as well (Figure 2B.9(b) and Table 2B.3). Under 1000 lux CFL illumination, the 

best Std device exhibited a VOC of 0.80 V, JSC of 90.1 µA/cm2, FF of 79%, PCE of 18.6% 

and a maximum output power density (Pmax) of 57.1 µW/cm2, whereas the best T-Z device 

delivered a VOC of 0.82 V, JSC of 105.7 µA/cm2, FF of 79%, PCE of 22.3% and Pmax of 68.2 

µW/cm2. Under 500 lux CFL illumination, the champion cell among the Std devices 

delivered a PCE of 15.6% and Pmax of 23.8 µW/cm2, with a VOC, JSC, and FF of 0.76 V, 

44.0 µA/cm2, and 71%, respectively, whereas the champion T-Z device gave a PCE of 

18.7% and Pmax of 28.4 µW/cm2, with a VOC, JSC, and FF of 0.77 V, 49.1 µA/cm2, and 75%, 
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respectively. Similarly, under 200 lux CFL illumination, the best performing T-Z device 

exhibited a better PCE of 16.5% and Pmax of 9.7 µW/cm2, with a VOC of 0.73 V, JSC of 21.3 

µA/cm2, and FF of 62%, when compared to the Std device giving the best PCE of 15.4% 

and Pmax of 8.9 µW/cm2, with a VOC, JSC, and FF of 0.72 V, 20.2 µA/cm2, and 62%, 

respectively.  

Table 2B.3. Photovoltaic parameters of the DSCs employing Y123 sensitized standard 

bilayer (Std) and surface textured (T-Z) TiO2 photoanodes, along with [Cu(dmp)2]
2+/+ 

electrolyte, under CFL illumination. 

aObtained by integration of irradiance spectra of the CFL under different illumination intensities. 
bObtained from J-V characterization of 3 devices under CFL illumination. The parameters corresponding to 

the champion cell are provided, along with the average value ± standard deviation in the parentheses.  

It is well known that, for DSCs, the mass transport limitations are not significant under low 

intensity light conditions. In our case, this is evident from the CT under 0.1 sun for Std 

device (Figure 2B.8(d)). As previously reported, thicker photoanodes have shown 

enhanced efficiency under indoor lighting conditions.[50] Thus, we anticipated the Std 

device, having higher layer thickness along with superior dye loading and LHE to deliver 

higher PCE under indoor illumination. Surprisingly, the T-Z device consistently 
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0.82 
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(0.79 ± 
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(66.6 ±  

1.8) 

500 
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(0.75 ± 
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0.71 
(0.69 ± 
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(14.3 ± 

1.5) 
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2.2) 
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(0.77 ± 
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49.1 
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(9.3 ±  
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outperformed the Std device across all the indoor lighting scenarios used in the present 

study. This superior performance of T-Z devices is primarily attributed to the enhanced 

voltage and current density, possibly arising from the presence of smaller proportions of 

ZnO within the T-Z films which may have influenced recombination kinetics at the 

TiO2/electrolyte interface, which was investigated in detail using comprehensive charge 

transfer measurements. 

(b) Detailed interfacial electron transfer studies. The presence of ZnO in the surface 

textured TiO2 (T-Z) photoanode was detected using EDX and XPS measurements (Figure 

2B.5). Detailed investigation of interfacial electron transfer dynamics was carried out to 

understand the effect of ZnO present in the T-Z photoanodes on photovoltaic performance 

of the corresponding DSCs. For this, DSCs were fabricated using the Std, T and T-Z 

photoanodes sensitized with Y123 dye along with [Cu(dmp)2]
2+/+ electrolyte. Here, a 

comparison between the T and T-Z based devices are included to study the effect of the 

TiO2 layer (having similar thickness) before and after surface texturing, respectively, on 

the charge transfer kinetics. EIS measurements were performed on these devices (labelled 

as Std, T and T-Z) under darkness, and the corresponding Nyquist plots and Bode phase 

plots obtained at various bias potentials (Vapplied) are shown in Figure 2B.10. The 

impedance plot for all the three devices consisted of three arcs, representing the impedance 

corresponding to three crucial processes within the DSCs. The width of the arc at the higher 

frequency region gives the resistance to charge transfer at the CE/electrolyte interface 

(RCE), while that of the mid-frequency arc represents a combination of transport resistance 

within the TiO2 layer (Rtr) and the charge transfer resistance (Rct) at the TiO2/dye/electrolyte 

interface. The arc at low frequency range corresponds to resistance to diffusion of 

electrolyte species (Rd). Assuming faster electron diffusion within the TiO2 layer (Rtr << 

Rct), the width of the mid-frequency arc in Nyquist plot can be used to determine the Rct of 

different devices at various applied bias potentials, as shown in Figure 2B.11(a). It is 

observed that, the T-Z photoanode based DSC is having better Rct when compared to the 

device employing T photoanode, which is having similar thickness and porosity. The higher 

Rct in T-Z device could be ascribed to the presence of ZnO, which might have become a 

part of the post blocking layer, deposited during the TiCl4 treatment.[56] The Std device is 

having even lower Rct when compared to T device, which could be attributed to the higher 

layer thickness of the Std photoanode film. Resultantly, the lifetime (τn) of electrons in 

these devices decrease in the order T-Z > T > Std, as can be seen from the τn vs. Vapplied plot 
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(Figure 2B.11(b)) obtained from the peak frequencies of the Bode plot, using the equation 

1.27 (Chapter 1). 

 

Figure 2B.10. (a,c,e) The Nyquist plots, and (b,d,f) the corresponding Bode phase plots of 

the devices utilizing standard (Std) bilayer, unmodified (T) and surface textured (T-Z) TiO2 

photoanodes, acquired using EIS measurement under dark condition, at various applied 

bias potentials (Vapplied).  
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Figure 2B.11. (a) The charge transfer resistance (Rct), and (b) the electron lifetime (τn), 

obtained using EIS analysis, plotted against the applied bias (Vapplied), for devices utilizing 

standard bilayer (Std), unmodified TiO2 layer (T) and surface textured TiO2 layer (T-Z) 

based photoanodes. 

 

Figure 2B.12. (a) The charge extraction (CE) plot, and (b) Mott-Schottky (MS) plots 

obtained for devices using standard bilayer (Std), unmodified TiO2 layer (T) and surface 

textured TiO2 layer (T-Z) based photoanodes.  
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interface, which might be attributed to the presence of ZnO within the T-Z layer.[56] The 
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device as well as the T device, which again could be attributed to the presence of ZnO in 

the T-Z layer.[56,57] This could be further confirmed using MS analysis. The flat band 

potential (Vfb) attained by extrapolating the MS plot to intersect the voltage axis, is seen to 

be more negative for T-Z when compared to the Std and T devices (Figure 2B.12(b)). 

 

Figure 2B.13. The lifetime (τn) versus open circuited voltage (VOC) plots obtained using 

(a) open circuit voltage decay (OVCD), and (b) transient photovoltage decay (TVD) 

measurements, (c) electron lifetime (τn) and diffusion time (τd), obtained from intensity 

modulated photovoltage and photocurrent spectroscopies (IMVS and IMPS), respectively, 

plotted against LED current, and (d) τd acquired using transient photocurrent decay (TCD) 

measurement, plotted against short circuit current density (JSC). 

Hence the presence of ZnO in the T-Z film helps in attaining better VOC (outdoors 

as well as indoors) for the T-Z device, by inducing a negative shift in TiO2 CB, in addition 

to the higher resistance to recombination. The improved lifetime for T-Z device with 

respect to the Std device, owing to the reduced recombination can be clearly seen from the 

plots obtained using OCVD, TVD and IMVS measurements as well (Figure 2B.13(a-c)). 
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reason for better JSC exhibited by the T-Z device, in spite of its lower LHE when compared 

to Std device, can be understood by exploring the kinetics of other interfacial charge 

transfer processes within the devices. The plots of electron transport time or diffusion time 

(τd), obtained from IMPS and TCD measurements (Figure 2B.13(c,d)) illustrate that the 

diffusion of electrons through the T-Z photoanode is faster when compared to that of Std 

electrode. This may be attributed to the lower thickness of the T-Z layer, which reduces the 

path length for electron diffusion. Additionally, the presence of ZnO in the T-Z film might 

have helped in improving the mobility of electrons within the TiO2 layer, as can be observed 

from the diffusion coefficient (Dn) plots obtained using IMPS and TCD measurements 

(Figure 2B.14(a,b)). Besides, the ZnO deposition within the T-Z layer might also have 

contributed towards the passivation of surface trap states, which as well can lead to 

smoother pathways for electron diffusion.[31,58] All these factors pave the way for faster 

diffusion of electrons within the T-Z films. The faster electron diffusion along with enhan- 

 

Figure 2B.14. The plot of diffusion coefficient (Dn) of electrons obtained from (a) transient 

photocurrent decay (TCD) measurement, and (b) intensity modulated photocurrent 

spectroscopy (IMPS). (c) Charge collection efficiency (𝜂𝐶𝐶) of DSCs utilizing standard 

bilayer (Std) and surface textured TiO2 (T-Z) photoanodes. 

5 50 50010 100 1000

2.5

5
7.5

25

50
75

250

1

10

100

LED current (mA)

 Std

 T-Z

D
n

 (
x

1
0

-5
 c

m
2

/
s)

5 50 50010 100 1000
40

50

60

70

80

90

100

 Std

 T-Z

LED current (mA)

h
C

C
 (

%
)

1 2 3 4 5 6
5

10

15

20

25

30

JSC (mA/cm2)

 Std

 T-Z

D
n

 (
x

1
0

-5
 c

m
2

/
s)

    

        



 
Chapter 2B  
 

   126 

 

-ced lifetime endows the T-Z devices with better charge collection efficiency (𝜂𝐶𝐶), 

comparative to the Std device (Figure 2B.14(c)). Thus, better charge collection, improved 

lifetime and higher regeneration kinetics, owing to lower mass transport limitation, helped 

T-Z device to achieve enhanced JSC under one sun condition despite its lower LHE 

compared to Std device. Under indoor illumination, though the mass transport is similar in 

both the devices, the faster charge offered by the T-Z photoanodes enabled the 

corresponding device to attain better JSC than the Std photoanode based DSC. In summary, 

the surface textured TiO2 photoanode is a viable alternative to the standard AL/SL bilayer 

TiO2 photoanodes, particularly in DSCs employing diffusion limited electrolyte systems. 

Additionally, the reduction in number of semiconductor layers, in case of T-Z photoanodes, 

enables reduction in cost and improves the transparency collection of the photoanode, 

which in turn make suitable for building-integrated photovoltaics (BIPV) applications 

when utilized along with iodine or cobalt based electrolytes.  

2B.4. Conclusions 

Surface textured TiO2 (T-Z) photoanodes were fabricated using ZnO hierarchical 

microspheres as template particles. After surface modification using ZnO particles, there 

was ~ 23% improvement in the light harvesting efficiency of the TiO2 films. The Y123 

sensitized T-Z film was successfully employed as photoanode in DSC along with copper 

complex ([Cu(dmp)2]
2+/+) based electrolyte, to achieve a PCE of 8.04% under one sun 

irradiation and 22.3% under standard 1000 lux CFL illumination. It was observed that, 

when compared to the DSC employing standard TiO2 photoanode (Std) having a bilayer 

structure constituted by an active layer and a scattering layer, the device using T-Z 

photoanode with lower layer thickness and appreciable scattering property could achieve 

better JSC. Under one sun condition, the enhanced JSC for the T-Z device could be attributed 

to reduced mass transport issues owing to lower layer thickness, while under lower 

intensities and indoor conditions the faster electron transport and lower recombination 

facilitated more effective charge collection in T-Z device, leading to its higher JSC. The 

faster electron transport in T-Z device was in turn ascribed to the presence of small amount 

of ZnO within the mesoporous TiO2 layer of the T-Z electrodes. This further contributed 

towards better VOC for T-Z device under both outdoor as well as indoor light, owing to a 

negative shift in TiO2 CB and improved lifetime. Altogether, the ZnO templated surface 

textured TiO2 films could act as an effective photoanode for copper electrolyte based DSCs, 

by effectively controlling mass transport issues under higher illumination intensities, and 



Addressing mass transport issue in copper electrolyte based dye-sensitized  

photovoltaic cells using surface textured photoanodes  

 

   127 
 

by providing a smoother pathway for electron diffusion under higher as well as lower light 

intensities. This photoanode architecture opens up an opportunity for developing cost-

effective, semi-transparent dye-sensitized PV modules that can be implemented for 

building-integrated photovoltaic (BIPV) as well as indoor photovoltaic (IPV) applications. 
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Chapter 3   

 

ZnO templated scattering layers for enhanced 

performance in copper electrolyte based dye-

sensitized photovoltaic cells 

 

 

Abstract: In this chapter, we fabricated a bilayer photoanode comprising of conventional 

TiO2 active layer and an innovative TiO2 scattering layer having voids created by utilizing 

ZnO hierarchical microstructures as template particles. These electrodes were then co-

sensitized with organic dyes (D35 and XY1b) having complementary absorption, and 

utilized in dye-sensitized photovoltaic cells (DSCs) along with a copper complex based 

electrolyte, bis (2,9 dimethyl-1,10-phenanthroline copper (I/II) bis (trifluoro 

methanesulfonyl) imide ([Cu(dmp)2]
2+/+). The DSCs based on the new photoanode 

architecture outperformed the devices using surface textured TiO2 photoanodes (presented 

in chapter 2B) under indoor/ambient illuminations. Nevertheless, when subjected to AM 

1.5G solar irradiation, DSCs employing the novel bilayer photoanode along with 

[Cu(dmp)2]
2+/+ encountered challenges related to mass transport, primarily attributed to 

the increased thickness of the semiconductor layer. The performance of bilayer photoanode 

based DSCs could further be enhanced by optimizing the weight percentage of ZnO 

templates used in the scattering layer. Utilizing 20 wt% of ZnO template particles resulted 

in a notable enhancement of DSC performance to achieve 10.1% under AM 1.5G sunlight 

and 33.8% under 1000 lux CFL illumination. 
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3.1. Introduction 

Though iodine based electrolytes marked the beginning of well performing dye-

sensitized photovoltaic cells (DSCs) in 1991, its widespread usage was limited by several 

disadvantages like corrosive nature, competitive light absorption, intricate dye regeneration 

mechanism and higher regeneration overpotential loss.[1–4] This created a need for 

exploring alternative options like the one-electron outer sphere redox systems based on 

transition metal complexes (such as cobalt and copper complexes), with more positive 

redox potentials that significantly reduce the dye regeneration overpotential loss.[5–10] In 

recent years, copper complex (Cu(II/I)) based electrolytes have garnered more significance 

in DSCs owing to their abundance, cost-effectiveness, reduced toxicity, favorable redox 

potential, accelerated ion diffusion rates, and compatibility with organic sensitizers.[11,12] 

Moreover, the redox potential of the copper complexes can be finely controlled through 

ligand substitutions, facilitating the optimization of open circuit voltage (VOC). For 

instance, Saygili et al. synthesized three copper bipyridyl based redox shuttles using three 

different ligands, viz. tetramethyl bipyridine (tmby), dimethyl phenanthroline (dmp) and 

dimethyl bipyridine (dmby) and achieved redox potentials of 0.87 V, 0.93 V and 0.97 V, 

respectively, with respect to SHE.[13] Due to the lower reorganization energy and rapid 

charge transfer rate in copper complexes, only a minimal driving force of less than 0.1-0.2 

eV is sufficient for efficient dye regeneration using these redox systems. Hence, the more 

positive redox potentials of copper species renders higher voltage without compromising 

the regeneration efficiency.[14,15] Multiple studies indicate that under simulated sunlight, 

small area DSCs using copper complex redox mediators can achieve VOC above 1V and 

power conversion efficiencies (PCE) exceeding 10%.[13,16,17] Additionally, they also 

deliver state-of-the-art performance under ambient/indoor illumination compared to the 

rest of available PV technologies.[18–20] Copper complex based electrolytes, particularly 

Cu(II/I)(4,4′,6,6′-tetramethyl-2,2′-bipyridine) ([Cu(tmby)2]
2+/+), used in conjugation with 

organic sensitizers paved the way for the paradigm shift of DSCs into indoor photovoltaic 

applications.[19,21–24] Recently, Ren et. al. realized DSCs with PCE of 15.2% under one sun 

and Zhang et al. achieved an efficiency of 34.5% under 1000 lux fluorescent light (CFL) 

using the [Cu(tmby)2]
2+/+ redox mediator.[23,24] Using a TiO2/ZnO bilayer photoanode and 

an electrolyte based on the copper(II/I) bis (2,9-dimethy-1,10-phenanthroline) 

([Cu(dmp)2]
2+/+) complex, Jagadeesh et al. recently developed DSCs that exhibited an 

outstanding VOC of 1.27 V under one sun and 1.02 V under 1000 lux CFL illumination.[25] 
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Subsequently, a record efficiency of 35.6% under 1000 lux CFL illumination was realized 

by utilizing a modified [Cu(dmp)2]
2+/+ complex synthesized using the novel concept of 

asymmetric dual species copper electrolyte.[26]  

Given the relatively lower mass transport issues observed in copper complexes 

comparative to cobalt complex based electrolytes, coupled with their more positive redox 

potential, DSCs utilizing Cu(II/I) electrolytes exhibit enhanced current and voltage. This, 

in turn, results in improved PCEs for Cu(II/I) electrolyte based DSCs when compared to 

cobalt and iodine electrolyte based ones.[27] Despite its advantages, the dye regeneration 

and diffusion process in copper electrolyte based DSC is constrained by slow mass 

transport of bulky redox species, impacting the maximum achievable output current 

density. It has been identified that the thickness and structure of the semiconductor layer, 

along with the nature of dye molecules, can significantly influence the mass transport of 

redox species within the photoanode matrix [28,29]. Majority of the breakthrough research 

contributions in Cu(II/I) electrolyte based DSCs focused on designing novel copper 

complexes with appropriate redox potentials and developing new sensitizers with better 

extinction coefficient and broader absorption window. Effective strategies like co-

sensitization and semiconductor surface treatment with organic molecules were also 

explored to ensure the formation of a closely packed monolayer made up of well-ordered 

dye molecules, to facilitate panchromatic light absorption and to minimize recombination 

at the semiconductor/electrolyte interface.[18,20,30] Almost all of these literature reports use 

standard TiO2 photoanodes constituted by an active layer (20-30 nm TiO2 nanoparticles) 

and a scattering layer (200-400 nm TiO2 nanoparticles). Till date, no new photoanode 

architectures were employed in copper electrolyte based DSCs, to the best of our 

knowledge. Since the photoanode architecture determines its porosity and thickness, it 

plays a pivotal role in controlling the diffusion of redox species within the device. So, it is 

desirable to explore novel photoanode architectures with modified semiconductor materials 

compatible with copper complex based electrolytes to minimize the reduction in current 

resulting from mass transport issues. So far, many studies on enhancing the performance 

of iodine electrolyte based DSCs by photoanode modifications have been done. The 

possibility of enhancing light scattering by introducing voids within the TiO2 photoanodes 

are being presented in many previous literature reports.[31–36] Pham et. al. demonstrated the 

capability of such a photoanode architecture in compensating the mass transport issues of 

bulky cobalt based electrolytes.[37] Previously, we have demonstrated a novel surface 
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texturing method using ZnO sacrificial layers to increase the light harvesting efficiency 

(LHE) of TiO2 photoanodes which improves the PCE of iodine electrolyte based 

DSCs.[38,39] The same technique was adopted in the Chapter 2B to address mass transport 

limitation in copper electrolyte based DSC, in addition to the enhancement in LHE. In the 

present chapter, we introduce a novel bilayer photoanode architecture to be used in copper 

electrolyte based DSCs. These bilayer photoanodes employed conventional TiO2 as active 

layer and a scattering layer made up of TiO2 layer with voids, created by using hierarchical 

ZnO microstructures as templates. This novel photoanode was co-sensitized using two 

organic sensitizers (D35 and XY1b) having complementary absorption and utilized in DSC 

along with [Cu(dmp)2]
2+/+ electrolyte to realize a PCE of 8.9% under one sun and 32.3% 

under 1000 lux CFL illumination. By finely adjusting the light harvesting capability of the 

bilayer photoanode through optimization of the weight percentage (wt%) of ZnO template 

particles in the scattering layer, the photovoltaic performance was further elevated to 10.1% 

under one sun and 33.8% under 1000 lux CFL illumination.  

3.2. Experimental procedures 

3.2.1. Preparation and characterization of ZnO templated TiO2 photoanodes  

The template particles used in this study were the ZnO hierarchical microspheres, 

which were synthesized as detailed in Chapter 2A (section 2A.2.1). Briefly, a reaction 

mixture containing 0.02 M aqueous solution of zinc nitrate hexahydrate (Merck) and 1.0 

M aqueous solution of urea (Merck) was stirred at 1000 rpm in a beaker for one hour at 

room temperature. The beaker was then heated at 90 oC for 24 hours and the obtained white 

precipitate was then washed with DI water and ethanol, and vacuum dried at 60 oC for 12 

hours. The as-synthesized sample (hydroxide zinc carbonate or hydrozincite, HZC) was 

converted to a paste by adding ethyl cellulose and terpineol (mixed and heated at 100 oC) 

and ground in a mortar. In addition, commercial TiO2 paste (18-NRT) was mixed with 

different weight percentage of the as-synthesized HZC powder (10 wt%, 20 wt% and 40 

wt%) and ground well in a mortar to obtain uniformly mixed pastes, designated as M10, 

M20 and M40, respectively. The FTO substrates (TEC 10, Merck) were cut into small 

pieces of dimensions, 1.6 cm x 1.6 cm, and were cleaned in an ultrasonic bath, using 

detergent solution, distilled water, acetone and isopropanol. TiO2 pre-blocking layers were 

deposited by dipping the substrates in a 50 mM TiCl4 solution at 70 oC for 30 minutes. The 

substrates were then annealed at 500 oC for 30 min. The surface textured TiO2 photoanodes 

were prepared as described in section 2B.2.1 of Chapter 2B. The fabrication steps for the 
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Figure 3.1. Schematic illustration of the fabrication of surface textured TiO2 (T-Z) 

photoanode and bilayer TiO2 photoanode with ZnO templated scattering layer with voids 

(T-M). 

same are depicted in Figure 3.1 and briefly described below. The commercial TiO2 paste 

(18-NRT, GreatcellSolar, Australia) was coated on the FTO substrate via blade coating 

technique, to form the active layer (AL). The HZC paste was then deposited over the AL 

by blade coating. This result in a TiO2/ZnO bilayer photoanode, which is designated as 

T+Z. In order to obtain the surface textured TiO2 photoanode (labelled as T-Z), TiCl4 post-

treatment was carried out on the bilayer photoanode, wherein the T+Z photoanodes were 

immersed in 40 mM TiCl4 solution and heated at 70 oC for 30 minutes. TiO2 photoanodes 

with ZnO templated scattering layers (designated as T-M10, T-M20 and T-M40) were 

prepared in a similar manner (as illustrated in Figure 3.1). Firstly, a bilayer photoanode 

film was fabricated by coating the M10 paste, which is a mixture of 18-NRT paste and 10 

wt% of the as-synthesized HZC powder over the TiO2 AL. This photoanode is designated 

as T+M10 or simply T+M. This bilayer electrode was then post-treated with 40 mM TiCl4 

solution (at 70 oC for 30 min) to obtain the T-M or T-M10 photoanode. Similarly for 
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fabricating T-M20 and T-M40 photoanodes, the mixture pastes M20 and M40, respectively 

containing 20 wt% and 40 wt% of HZC sample, is coated over the AL (to obtain T+M20 

and T+M40 films), followed by post TiCl4 treatment. In all the above cases, the TiCl4 post-

treatment leads to dissolution of ZnO template particles from the respective films, leaving 

imprints on the surface or voids within the TiO2 layer. The final photoanodes were slowly 

annealed to 500 oC (for 30 min).   

The scanning electron microscopy (SEM) images and energy dispersive X-ray 

(EDX) spectra generated by using Zeiss EVO 18 cryo-SEM Special Ed (Carl Zeiss, 

Germany) instrument, were used to analyze the surface morphology, thickness, and ZnO 

content in various photoanodes. A Bruker Dektak XT profilometer was used to measure 

the thickness and surface roughness of various photoanode samples. Atomic force 

microscopy (AFM) was also used to compare the surface roughness of various films. An 

AFM-Bruker Multitop Nanoscope V device in tapping mode was used to capture the AFM 

images, which were then utilized to estimate the surface roughness of the various TiO2 

photoanode layers with the aid of Nanoscope Analysis 1.5 software. Using an integrating 

sphere alongside a UV-visible spectrophotometer (Shimadzu, UV-2700i), the diffuse 

reflectance spectra (DRS) of the photoanode films were obtained in order to study their 

scattering properties. After dye sensitization, the light absorbance of the different 

photoanodes were measured using UV-vis spectrophotometer. The amount of dye adsorbed 

per unit area of the different photoanode layers were calculated using equation 2A.1, as 

discussed in section 2A.2.2 (Chapter 2A). Shimadzu model 2100 UV-visible spectrometer 

was used to determine the absorbance of the dye solution (0.01mM) both prior to and 

following photoanode immersion.  

3.2.2. DSC fabrication and characterization 

The various TiO2 photoanodes prepared in the preceding section 3.2.1 were utilized 

to fabricate DSCs. To fabricate dye-sensitized photoanodes, the prepared films were 

submerged in a cocktail dye solution containing D35:XY1b (1:1) mixture and left in the 

dark for 16 hours. Poly(3,4-ethylenedioxythiophene) (PEDOT) coated counter electrodes, 

were prepared by electro-polymerization of ethylenedioxythiophene (EDOT, Merck) along 

with sodium dodecyl sulphate (SDS, Sigma Aldrich) on cleaned FTO substrates (TEC7, 

GreatcellSolar, Australia) with pre-drilled holes. Using a 25 μm thick thermoplastic 

(Surlyn, GreatcellSolar, Australia) as spacer, the photoanodes and counter electrodes were 

assembled by hot pressing (at 120 oC) and the space between the electrodes was filled with 
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copper complex based redox mediator through the holes in the counter electrode, which 

were then sealed to prevent electrolyte leakage and solvent evaporation.  The copper 

complex based electrolyte solution was prepared by dissolving 0.2 M of bis (2,9 dimethyl-

1,10-phenanthroline copper(I) bis(trifluoromethanesulfonyl) imide ([Cu(dmp)2]
1+, 

Dyenamo A.B., Swededn) and 0.04 M of bis(2,9-dimethyl-1,10-phenanthroline copper(II) 

bis(trifluoromethane sulfonyl)imidechloride ([Cu(dmp)2]
2+, Dyenamo A.B., Sweden), 0.1 

M of bis(trifluoromethane) sulfonimide lithium salt (LiTFSI, Merck) and 0.6 M of 4-tert-

butylpyridine (TBP, Merck),  in acetonitrile solvent (Merck).  

The photovoltaic performance of the fabricated DSCs was assessed using 

photocurrent-voltage (J-V) measurements. The J-V characterization under simulated solar 

irradiation (100 mW/cm2, AM 1.5G) was done using class AAA solar simulator (Oriel 3A, 

Model PVIV- 94043A, Newport, USA) integrated with a source meter (Keithley 2440). 

The incident photon-to-current conversion efficiency (IPCE) measurements were carried 

out using a 250 W Xenon lamp as light source along with a monochromator set-up 

(Newport, USA). The AE05 potentiostat (Dyenamo A.B., Sweden) was used for measuring 

J-V characteristics under indoor light conditions with a custom-made set up equipped with 

compact fluorescent lamp, CFL (Osram, 14W/2700K) and light emitting diode, LED 

(Osram, 4W/6500K) as light sources (light intensity calibrated using a UV-vis-NIR 

spectrometer, Ocean optics, DH-2000-BAL). The interfacial charge transfer kinetics was 

investigated using several advanced characterization techniques. Large perturbation 

techniques such as charge extraction (CE), transient photovoltage decay (TVD) and 

transient photocurrent decay (TCD) were carried out using the Toolbox setup (Dyenamo 

A.B., Sweden). Further, small amplitude AC perturbation techniques such as 

electrochemical impedance spectroscopy (EIS), intensity modulated photovoltage 

spectroscopy (IMVS) and intensity modulated photocurrent spectroscopy (IMPS) were 

performed using the electrochemical workstation (Autolab-PGSTAT 302N, Metrohm) 

coupled with a Frequency Response Analyzer (FRA32M). The current transients (CT) data 

under different illumination intensities were obtained using Autolab-PGSTAT 302N to 

investigate the mass transport limitations in DSCs employing various photoanodes and to 

study its influence in the dye regeneration rates. 
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3.3. Results and discussions 

3.3.1. ZnO templated TiO2 photoanodes for DSCs 

(a) Characteristics of ZnO templated photoanodes. The light harvesting efficiency (LHE) 

stands as one among the most prominent characteristic property required for an efficient 

dye-sensitized photoanode film. LHE depends on several parameters including the 

thickness of the semiconducting layer (d), amount of dye adsorbed, light absorption 

coefficient, absorption profile of the dye molecules and the path length of light within the 

active layer. The introduction of surface roughness and scattering voids in TiO2 photoanode 

films can be used as effective strategies to elongate the path length of light within the 

photoanode. The present work involves the T-Z photoanodes with surface roughness as  

 

Figure 3.2. SEM images of surface morphology of (a) T+Z bilayer photoanode (b) T-Z 

surface textured photoanode, (c) T+M bilayer photoanode, and (d) T-M bilayer photoanode 

with templated scattering layer; cross section of (e) T-Z and (f) T-M photoanodes. 
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well as T-M photoanodes having voids within the TiO2 layer. The Figure 3.2(a-d) show 

the SEM micrographs of surface morphology of the T+Z, T-Z, T+M and T-M photoanode 

films, while Figure 3.2(e,f) show the cross sectional SEM images of T-Z and T-M films. 

It is observed that in case of T-Z film, the surface of TiO2 layer contains numerous 

grooves/imprints (Figure 3.2(b,e)), which was formed as a result of etching off the ZnO 

overlayer from T+Z film (Figure 3.2(a)). On the other hand, the T-M film not only 

exhibited surface grooves but also voids within the TiO2 layer (Figure 3.2(d,f)) created by 

etching off the ZnO microstructure template particles which were present within the TiO2 

scattering overlayer of T+M film (Figure 3.2(c)). The T-M layer with higher thickness (d 

~ 9 µm) holds more dye molecules (9.9×10-8 mol/cm2) compared to T-Z layer with d ~ 6 

µm (8.9×10-8 mol/cm2), as provided in Figure 3.2(e.f) and Table 3.1. The EDX spectra of 

the surface of the various photoanode films, T+Z, T-Z, T+M, and T-M, are shown in Figure 

3.3. The surface of T+Z photoanode consisted of Zn as the major component (Figure 

3.3(a)), while that of T-Z (which is obtained by TiCl4 treatment of T+Z) has only minimal 

amount of Zn atoms (Figure 3.3(b)), which indicates that the ZnO layer is etched off from 

 

Figure 3.3. EDX spectra of the surface of (a) T+Z, (b) T-Z, (c) T+M, and (d) T-M 

photoanodes. 
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Figure 3.4. Elemental mapping on the surface of (a) T+Z, (b) T-Z, (c) T+M, and (d) T-M 

photoanodes.  

the surface of TiO2 layer. A similar observation was seen for the T+M and T-M 

photoanodes as well. EDX spectra of the T+M photoanode surface showed the presence of 

about 20 wt% of Zn atoms (Figure 3.3(c)), which was reduced to 0.7 wt% in the case of 

T-M photoanode films (Figure 3.3(d)) obtained after TiCl4 treatment.  It was also observed 

that the presence of Zn atoms in T-M photoanodes with voids (Figure 3.3(b)) were slightly 

higher than that of the T-Z film having surface roughness (Figure 3.3(d)). This could be 

attributed to the fact that in case of T+M photoanode from which T-M was fabricated, the 

ZnO is deposited within the TiO2 layer, which might have caused more Zn atoms to be 

trapped within the T-M layer compared to the T-Z layer. Figure 3.4 shows the elemental 

mapping of the surfaces of T+Z, T-Z, T+M and T-M photoanode films. The surface 

mapping of T+Z film (Figure 3.4(a)) shows Zn as the prominent elemental composition, 

whereas, from the elemental mapping shown in Figure 3.4(b), it is observed that only trace 
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amounts of Zn atoms existed in the T-Z film surface, after TiCl4 treatment of T+Z film. 

The elemental mapping of T+M and T-M films also revealed similar behaviour (Figure 

3.4(c,d)). The T+M film showed the presence of Zn atoms, which was considerably 

reduced in case of T-M film.   

  

 

Figure 3.5. AFM images of the surface of (a) T-Z and (b) T-M photoanode films. (c) 

Diffuse reflectance (RD) of unsensitized photoanode films and (d) light harvesting 

efficiency (LHE) of the photoanode films sensitized with D35:XY1b (1:1) dye.   

The scattering properties of the photoanode layers are significantly influenced by both the 

roughness of the film and the presence of scattering centers like voids or scattering 

particles. Surface roughness of the T-Z and T-M films were determined using AFM as well 

as profiler analysis. The AFM images acquired for T-Z and T-M photoanodes, with a scan 

area of 5µm x 5µm, are provided in Figure 3.5(a,b) and the corresponding root means 

square roughness (Rq) is listed in Table 3.1. It is observed that T-M film was about 1.6 

times more rough when compared to the T-Z film. Similar observations were obtained from 

profilometer measurements (with scan length of 1600 µm) as well (Table 3.1). 

Consequently, the T-M photoanode displayed better diffuse reflectance (RD) compared to 

T-Z photoanode (Figure 3.5(c) and table 3.1), which indicate better light scattering by the 

T-M film. Enhanced light scattering within the photoanode film contribute towards longer 
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path length for light within the photoanode, leading to better light absorption. Owing to the 

better dye loading and light scattering capabilities of the T-M film, the corresponding dye-

sensitized photoanode exhibited improved LHE compared to that of T-Z electrode (Figure 

3.5(d) and table 3.1).   

Table 3.1. The photoanode layer thickness (d), dye loading (DL), roughness (Rq), diffuse 

reflectance (RD), and light harvesting efficiency (LHE) of surface textured TiO2 photoanode 

film (T-Z) and bilayer TiO2 photoanode film with templated scattering layer (T-M). 

a Obtained from profilometer measurement over a scan length of 1600 µm. 
b Obtained from AFM analysis over a scan area of 5 µm x 5 µm. 

(b) Photovoltaic performance and mass transport studies. The J-V characteristics of DSCs 

fabricated using T-Z and T-M photoanodes, co-sensitized with D35:XY1b (1:1) dyes in 

conjugation with [Cu(dmp)2]
2+/+ redox mediators, were acquired under outdoor 

illumination (Figure 3.6(a)) and the corresponding parameters are listed in Table 3.2. 

Under standard outdoor illumination (AM 1.5G) having incident intensity of 100 mW/cm2, 

the champion T-Z device could showcase a power conversion efficiency (PCE) of 9.45% 

(with a VOC of 1.01 V, JSC of 13.95 mA/cm2, and fill factor (FF) of 67%), whereas the best 

T-M device exhibited a lower PCE of 8.95% (with a VOC of 1.00 V, JSC of 12.98 mA/cm2, 

 

Figure 3.6. (a) J-V characteristic curves obtained under one sun (AM 1.5G) illumination, 

and (b) corresponding IPCE spectra for DSCs employing T-Z and T-M photoanodes co-

sensitized with D35:XY1b (1:1) dyes and along with [Cu(dmp)2]
2+/+ electrolyte.  
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Table 3.2. PV parameters of DSCs employing T-Z and T-M photoanodes co-sensitized 

with D35:XY1b (1:1) dyes along with [Cu(dmp)2]
2+/+ electrolyte, under one sun irradiation. 

aObtained from J-V characterization of 3 devices under one sun condition (AM 1.5G). The parameters 

corresponding to the champion cell are provided, along with the average value ± standard deviation in the 

parantheses.  
bTheoretical JSC obtained by integration of IPCE spectra. 
cmaximum JSC (Jmax), saturated JSC (Jsat) and reduction in JSC (ΔJ) obtained from current transient curves at 

100 mW/cm2. 

and FF of 69%). It is observed that even though the T-M photoanode exhibited better LHE 

compared to T-Z, the fabricated DSCs utilizing the former could not attain better 

photovoltaic performance under one sun illumination, due to its lower JSC. However, the 

IPCE of T-M device (Figure 3.6(b)) is observed to be better than that of T-Z, which is 

reflected in the theoretical JSC values (Jintegrated) obtained by integrating the IPCE curves of 

these devices (Table 3.2). For both the T-Z and T-M devices, the JSC obtained under one 

sun condition (with light intensity of 100 mW/cm2), is reduced when compared to the 

Jintegrated obtained from IPCE, which is done at a much lower illumination intensity. This 

shows that both the devices are mass transport limited. However, the extend of this 

reduction in current density is significantly higher for the T-M device suggesting higher 

mass transport of redox species offered by the thicker photoanode layer, despite its higher 

LHE and IPCE.[28] This is also evident from the current transient (CT) results obtained as 

shown in Figure 3.7(a,b). Under higher intensities of 50-100 mW/cm2, the current output 

of T-M device shows a significant decay before it saturates, while that of T-Z device shows 

minimal decay. At an incident light intensity of 100 mW/cm2, the T-M device reached to a 

maximum JSC (Jmax) of 17.0 mA/cm2, which saturated to a JSC of 13.0 mA/cm2 (Jsat) after 

30 seconds. This suggests that if the device was free from diffusion limitations and mass 

transport, a current of 17.0 mA/cm2 could have been achieved. On the other hand, T-Z 

exhibited a lower Jmax of 14.9 mA/cm2
 but a higher Jsat of 14.0 mA/cm2, when compared to 

T-M device, under 100 mW/cm2 light intensity. A 23.5% reduction in JSC (ΔJ) for T-M 

Device 
Code 

VOC a 
(V) 

JSC  a 
(mA/cm2) 

FF  a 
PCE a 
(%) 

Jintegrated  b 
(mA/cm2) 

Jmax c 
(mA/cm2) 

Jsat c 
(mA/cm2) 

ΔJ  c 
(%) 

T-Z 
1.01  

(1.01± 
0.01) 

13.95  
(13.56 ± 

0.34) 

0.67  
(0.67± 
0.01) 

9.45  
(9.31± 
0.16) 

14.68 14.9 14.0 6.0 

T-M 
1.00 

(0.99± 
0.01) 

12.98  
(12.65 ± 

0.46) 

0.69  
(0.68± 
0.01) 

8.95  
(8.69± 
0.30) 

15.64 17.0 13.0 23.5 
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device compared to a ΔJ of 6.0% for T-Z device clearly indicate higher mass transport 

limitation in T-M, owing to its thicker photoanode layer. However, at lower intensities, 

both T-M and T-Z devices show negligible decay in output current density, indicating that 

mass transport limitations are not significant at lower light intensities. This is also visible 

from the JSC vs. light intensity (ϕ) curves (Figure 3.7(c)), which shows a linear relationship 

at lower intensities and deviates from linearity at higher intensities. The extend of deviation 

of JSC vs. ϕ curves from linearity for T-Z and T-M devices can be evaluated by fitting the 

corresponding curves using the equation, JSC = aϕb, where a and b are constant values. The 

value of b is more deviating from unity for T-M device (0.78) than for T-Z device (0.93), 

which indicates more non-linearity for T-M device, which in turn confirms its higher mass 

transport. 

 

Figure 3.7. Current transient curves of (a) T-Z, and (b) T-M devices; Plots of (c) JSC, (d) 

VOC and PCE as a function of incident light intensity (ϕ), for T-Z and T-M devices. The T-

Z and T-M devices employed D35:XY1b (1:1) dyes along with [Cu(dmp)2]
2+/+ electrolytes. 

The variation of VOC and PCE of the devices with incident light intensity is 

presented in Figure 3.7(d). It is seen that the VOC of T-M device is lower than that of T-Z 

device at all light intensities. Meanwhile, the PCE of T-M device is lower than T-Z only at 

higher intensities. This can be attributed to the variation in JSC with intensity under the 
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influence of mass transport and diffusion limitation. At lower intensities, when mass 

transport becomes insignificant, the JSC is determined by the other factors like LHE, 

electron collection efficiency etc. Hence the T-M device with better LHE possess better JSC 

under such low intensity conditions leading to better PCE. Resultantly, the efficiency trend 

is reversed under indoor light illuminations having lower light intensities (Figure 3.8 and 

Table 3.3). Under 1000 lux LED, the T-Z device gave a PCE of 21.8% (with a VOC of 0.85 

V, JSC of 108.9 µA/cm2, and FF of 74%), while the T-M device exhibited an improved 

PCE of 28.0% (with a VOC of 0.83 V, JSC of 130.1 µA/cm2, and FF of 78%). Similarly, 

under 1000 lux CFL, while the PCE of T-Z device was only 25.3% (with a VOC of 0.86 V, 

JSC of 123.3 µA/cm2, and FF of 73%), the T-M device showcased a higher PCE of 32.3% 

(with a VOC of 0.84 V, JSC of 136.5 µA/cm2, and FF of 79%). The improved performance 

of T-M DSCs under indoor conditions in spite of their reduced VOC could be predominantly 

attributed to their improved JSC owing to better LHE.      

Table 3.3. Photovoltaic parameters of the DSCs employing T-Z and T-M photoanodes co-

sensitized with D35:XY1b (1:1) dyes along with [Cu(dmp)2]
2+/+ electrolyte, under standard 

indoor LED and CFL illuminations. 

aObtained by integration of irradiance spectra of the LED and CFL light. 
bObtained from J-V characterization of 3 devices under different indoor illuminations. The parameters 

corresponding to the champion cell are provided, along with the average value ± standard deviation in the 

parantheses.  

Indoor 
light 

source  

Pin  a 
(µW/cm2) 

Device 
code 

V
OC

  b
 

 (V) 

J
SC

 
b
 

(µA/cm
2
) 

FF  
b 

 
PCE

  b
 

(%) 

P
max

 b
 

(µW/cm
2
) 

1000 
lux 
LED  

306 

T-Z 
0.85  

(0.84 ± 
0.01) 

108.9  
(103.1 ±  

5.1) 

0.74  
(0.75 ± 
0.01) 

21.8  
(21.4 ± 

0.6) 

68  
(65 ± 3) 

T-M 
0.83  

(0.84 ± 
0.01) 

130.1  
(128.4 ±  

1.9) 

0.78  
(0.76 ± 
0.02) 

28.0  
(27.1 ± 

0.9) 

85  
(82 ± 3) 

1000 
lux 
CFL 

283 

T-Z 
0.86  

(0.85 ± 
0.01) 

123.3  
(115.7 ±  

6.6) 

0.73  
(0.75 ± 
0.02) 

25.3  
(24.7 ± 

0.6) 

72  
(70 ± 2) 

T-M 
0.84  

(0.84 ± 
0.01) 

136.5  
(134.3 ±  

3.4) 

0.79  
(0.78 ± 
0.01) 

32.3  
(31.3 ± 

1.3) 

91  
(88 ± 3) 
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 Figure 3.8. The J-V characteristics of DSCs employing T-Z and T-M photoanodes co-

sensitized with D35:XY1b (1:1) dyes, along with [Cu(dmp)2]
2+/+ electrolyte, under (a) 1000 

lux LED (0.306 mW/cm2), and (b) 1000 lux CFL (0.283 mW/cm2) illumination. 

(c) Advanced characterizations for interfacial charge transfer studies. Interfacial charge 

transfer dynamics at various interfaces within DSCs were analyzed using advanced 

characterization tools and techniques. The small amount of ZnO that got deposited in the 

T-Z and T-M photoanode films, during TiCl4 treatment, might influence the charge transfer 

characteristics within the device. It is presumed that during the TiCl4 post treatment process  

of T+Z and T+M electrodes, the ZnO template particles in the photoanode films got 

dissolved into the TiCl4 solution, intercalated in the TiO2 films of the photoanodes, and got 

deposited within the TiO2 layer along with the ultrathin TiO2 post blocking layer. The 

presence of ZnO in T-M photoanode films was found to be slightly higher, as the ZnO 

template particles are deposited within the TiO2 film of T+M photoanode, and hence can  

  

Figure 3.9. (a) The Mott-Schottky (MS) plots, and (b) J-V characteristics under dark, 

obtained for devices using T-Z and T-M photoanodes. 
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get trapped within the film even after TiCl4 treatment. On the contrary, the ZnO template 

particles are deposited as an over layer in T+Z films and can be easily etched off during 

TiCl4 treatment, hence the presence of ZnO in the T-Z films is slightly lower. The presence 

of ZnO contributed towards a slight negative shift in conduction band (CB) of TiO2 in the 

T-M film as compared to the T-Z photoanode based devices. This is again validated using 

the Mott-Schottky (MS) plot shown in Figure 3.9(a). By extrapolating the linear portion 

of the MS plot corresponding to T-Z and T-M photoanodes to intersect the voltage axis, 

we obtained the respective flat band potentials (Vfb) to be -0.68 V and -0.76 V relative to 

the copper electrolyte’s redox potential, respectively. The more negatively shifted Vfb for 

T-M comparative to T-Z photoanodes correlates with a higher amount of ZnO particles 

deposited within the T-M film.  

 

Figure 3.10. (a) Nyquist plots obtained from EIS measurement at applied bias of 1.0 V,  

(b) equivalent circuit used for fitting the Nyquist plots, (c) charge transfer resistance (Rct) 

obtained by fitting the Nyquist plot, and (d) electron lifetime plotted against the potential, 

obtained for T-Z and T-M devices.  
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The EIS spectra obtained at an applied bias voltage of 1.0 V is shown in Figure 

3.10(a). Both the devices, T-Z and T-M, exhibited a characteristic impedance spectrum 

with three semicircles corresponding to the charge transfer at various interfaces in the 

fabricated devices using the respective photoanodes. It is clearly seen that the semicircle 

corresponding to T-Z device is appreciably larger compared to the T-M device. This 

indicates reduced charge transfer resistance at the semiconductor/electrolyte interface for 

T-M device. This is further quantified by fitting the EIS spectra using the equivalent circuit 

model as shown in the Figure 3.10(b). The equivalent circuit consists of the series 

resistance (Rseries), charge transfer resistance (RCE) and capacitance (CCE) at the counter 

electrode/electrolyte interface, charge transfer resistance (Rct) and capacitance (Cµ) at the 

semiconductor/electrolyte interface, a Warburg’s diffusion resistance corresponding to the 

diffusion of ions in the bulk of the electrolyte (Zd) and resistance to the diffusion of 

electrolyte species within the semiconductor matrix of the working electrode (RWE). The 

Rct obtained by fitting the impedance spectra were plotted against the applied potential as 

shown in Figure 3.10(c). As observed from the Nyquist plot, the Rct for T-M was found to 

be lower compared to the T-Z device. Contrary to our observation in the previous chapter, 

where the presence of ZnO in TiO2 film enhanced its Rct, we observed a lower Rct value for 

T-M device despite its higher ZnO content compared to T-Z. This could be attributed to 

the higher thickness of the T-M photoanode film.[40,41] Owing to this lower resistance to 

interfacial charge transfer, the lifetime of electrons in the T-M film based DSC was 

comparatively less than that seen in T-Z device (Figure 3.10(d)). This is again confirmed  

 

Figure 3.11. (a) Lifetime (τn) acquired from TVD measurement, and (b) Diffusion 

coefficient (Dn), acquired using TCD measurement, for T-Z and T-M devices. 
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using TVD measurements as well (Figure 3.11(a)). This indicates more recombination in 

thicker T-M photoanode based DSCs, which is also visible from the higher dark current 

observed for T-M based device (Figure 3.9(b)). Limited by higher recombination, the T-

M based device failed to attain higher VOC compared to T-Z device, even though the T-M 

photoanode is having the advantage of more negatively positioned TiO2 CB. However, the 

presence of more ZnO content in T-M layer had a positive impact on the diffusion of 

electrons within the TiO2 layer, as could be seen from the diffusion coefficient (Dn) plot 

obtained from TCD measurement (Figure 3.11(b)). Higher Dn contributed to improved JSC 

for T-M device under low intensity light conditions. However, under high intensity 

illuminations, the mass transport limitation has overruled this improvement in electron 

mobility. 

3.3.2. Optimizing the weight percentage of ZnO templates for enhanced DSC 

performance 

T-M photoanodes were fabricated with different weight percentage (wt%) of ZnO template 

particles (10%, 20% and 40%) in the scattering layer, and the respective photoanodes were 

designated as T-M10, T-M20 and T-M40. The impact of the variation in number of voids 

in the scattering layer on LHE and PCE of the corresponding DSCs was investigated in 

detail and is described in the following sections. 

(a) Effect of ZnO content on the LHE of templated photoanodes. The SEM images 

revealing the surface and cross-section of T-M10, T-M20 and T-M40 photoanode films are 

provided in Figure 3.12. It is observed that with the increase in wt% of ZnO template 

particles, there is a considerable increase in the number of grooves, cracks and voids 

formed in the TiO2 layer (Figure 3.12(a-c)). This resulted in an increase in surface 

roughness (Rq) of the films with increase in the template content, while the thickness of all 

the photoanode films were found to be similar (Figure 3.12(d-f) and Table 3.4). However, 

the dye loading (DL) of the photoanode films decreased in the order T-M10 > T-M20 > T-

M40. With the increase in wt% of template particles, the number of TiO2 particles in the 

scattering layer got reduced, which in turn affected the number of dye molecules adsorbed 

on the respective photoanodes (Table 3.4).  The diffuse reflectance (RD) spectra for 

unsensitized T-Z and T-M photoanode films were provided in Figure 3.13(a). It is 

observed that the RD of the films increased in the order T-M10 < T-M20 < T-M40.  
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Figure 3.12. SEM images revealing the surface morphology of (a) T-M10, (b) T-M20, and 

(c) T-M40 photoanodes, and cross-section of (d) T-M10, (e) T-M20, and (f) T-M40 

photoanodes. 

Table 3.4. Photoanode layer thickness (d), dye loading (DL), root means square surface 

roughness (Rq), diffuse reflectance (RD), and light harvesting efficiency (LHE) of T-Z and 

T-M photoanodes. 

Photo-

anode 

wt% of ZnO 

in scattering 

layer 

d a          

(µm) 

DL                          

(x10
-8

mol/cm
2
) 

R
q
 b         

(nm) 

R
D

 at 

530 nm 
(%) 

LHE at 

530 nm 

(%) 

T-M10 10 10.5 10.0 331 26.3 70.8 

T-M20 20 11.6 9.8 415 35.1 74.3 

T-M40 40 11.4 9.5 538 49.0 64.3 

a Obtained from cross-sectional SEM. 
b Obtained from profilometer measurement over a scan length of 1600 µm. 

As expected, the T-M40 film with the highest Rq value (538 nm) exhibited the highest RD 

of 49.0% at a wavelength of 530 nm (which is the maximum absorption wavelength (λmax) 

for the XY1b dye), followed by T-M20 (35.1%) and then T-M10 (26.3%) as listed in Table 

3.4. A combined effect of the dye loading and scattering property of the photoanode films 

determine their LHE. The T-M10 photoanode with the highest dye loading possessed the 

least RD, whereas the T-M40 photoanode with the highest RD could hold only lower amount 

of dye molecules. Thus, the T-M20 films with optimum dye loading and scattering effects 

exhibited the highest LHE among the three templated photoanodes (Figure 3.13(b)).  
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Figure 3.13.(a) Diffuse reflectance (RD) of unsensitized T-M10, T-M20 and T-M40 

photoanode films, and (b) light harvesting efficiency (LHE) of the T-M10, T-M20 and T-

M40 photoanode films sensitized with D35:XY1b (1:1) co-sensitized dyes.   

(b) Photovoltaic performance evaluation under various light conditions and interfacial 

charge dynamics studies. The J-V characteristics of the Cu(II/I) electrolyte 

([Cu(dmp)2]
2+/+) based DSCs fabricated using T-M10, T-M20 and T-M40 photoanodes co-

sensitized with D35:XY1b dyes, under AM 1.5G irradiation (100 mW/cm2), 1000 lux CFL 

illumination and under dark condition are shown in Figure 3.14. Under standard AM 1.5G 

simulated sunlight (Figure 3.14(a)), the champion device (T-M20), with 20 wt% ZnO 

templates, delivered the highest PCE of 10.12%, with VOC of 1.0 V, JSC of 15.16 mA/cm2,  

Table 3.5. PV parameters of DSCs employing T-M10, T-M20 and T-M40 photoanodes co-

sensitized with D35:XY1b (1:1) dyes, along with [Cu(dmp)2]
2+/+ electrolytes, under one 

sun (AM 1.5G) irradiation. 

aObtained from J-V characterization of 3 devices. The parameters corresponding to the champion cell are 

provided, along with the average value ± standard deviation in the parentheses.  
bTheoretical JSC obtained by the integration of IPCE spectra. 
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Jintegrated  b 
(mA/cm2) 

T-M10 
0.99  

(0.99 ± 0.01) 
12.86  

(12.70 ± 0.28) 
0.68  

(0.67 ± 0.01) 
8.65  

(8.48 ± 0.17) 
15.72 

T-M20 
1.00  

(1.00 ± 0.01) 
15.16  

(14.99 ± 0.19) 
0.67  

(0.66 ± 0.01) 
10.12  

(9.99 ± 0.13) 
16.15 

T-M40 
1.01  

(1.01 ± 0.01) 
12.09  

(11.58 ± 0.44) 
0.65  

(0.65 ± 0.01) 
7.92  

(7.61 ± 0.37) 
14.58 

(a) (b) 
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Figure 3.14. (a) J-V characteristics under AM 1.5G simulated sunlight (100 mW/cm2) and 

(b) corresponding IPCE spectra for DSCs employing T-M10, T-M20 and T-M40 

photoanodes co-sensitized with D35:XY1b (1:1) dyes, along with [Cu(dmp)2]
2+/+ 

electrolyte; plots of (c) JSC, (d) VOC and PCE of the DSCs as a function of incident light 

intensity (ϕ). 

and FF of 67%. Corresponding IPCE spectra are given in Figure 3.14(b) and the JSC values 

obtained by integrating IPCE curves are provided in Table 3.5. It is observed that the 

theoretical value of JSC obtained for all the devices are higher when compared to the JSC 

obtained under one sun irradiation. This could be attributed to the mass transport limitation 

present in these devices, as commonly observed in DSCs fabricated using the bulky Cu(II/I) 

metal complex redox electrolytes. The mass transport issues in T-M10, T-M20 and T-M40 

devices were examined using their JSC vs. ϕ plots (Figure 3.14(c)). From the value of the 

constant b for T-M10, T-M20 and T-M40 devices, it is observed that as the wt% of ZnO 

templates is increased, the mass transport issues are diminished. This might be attributed 

to the increase in the number of voids within the scattering layer paving the way for easy 

diffusion of bulky Cu(II/I) electrolyte species. An improvement in PCE was observed for 

all the devices with decrease in illumination intensity (Figure 3.14(d)), which might be 

attributed to the reduced mass transport problems under lower light intensities, which is 
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clear from the current transient (CT) curves shown in Figure 3.15(a-c). The best T-M20 

device exhibited the highest PCE of 12.26% under simulated sunlight with lower intensity 

of 25 mW/cm2 with a VOC of 0.97 V, JSC of 4.11 mA/cm2, and FF of 77%. 

 

Figure 3.15. Current transient curves for (a) T-M10, (b) T-M20, (c) T-M40 devices 

employing D35: XY1b (1:1) dyes along with [Cu(dmp)2]
2+/+ electrolyte, and (d) Jsat/Jmax 

ratio of these devices plotted against the incident intensity (ϕ).  

The regeneration efficiency (ηreg) in DSC is mainly determined by the energy level 

distribution of the dye and the electrolyte system. Moreover, in case of DSCs using bulky 

electrolyte systems, the ηreg can be influenced by the mass transport properties of the 

electrolyte species, and hence can be can be correlated to the Jsat/Jmax ratio, obtained from 

the corresponding CT curves.[42] In our case, all the devices (T-M10, T-M20, and T-M40) 

employ the same set of dyes and electrolyte. Hence the difference in mass transport 

properties of the devices can lead to a variation in their ηreg. For an ideal system with no 

mass transport limitation, the Jsat/Jmax ratio ought to be unity (ideal value), which leads to 

a ηreg of 100%. Whereas for systems with mass transport limitation, like the copper 

electrolyte based DSCs, the Jsat/Jmax ratio deviates from ideal value (<1) and hence the ηreg  
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Figure 3.16. J-V characteristics under (a) 1000 lux CFL illumination, and (b) dark 

condition; (c) lifetime (τn) and diffusion time (τd), acquired respectively using IMVS and 

IMPS measurements, and (d) the charge collection efficiency (ηCC) of T-M10, T-M20 and 

T-M40 based DSCs, as a function of incident light intensity. 

is less than 100%. The Jsat/Jmax ratio for T-M10, T-M20 and T-M40 devices were estimated 

at different illumination intensities (shown in Figure 3.15(d)). The deviation of Jsat/Jmax 

ratio from unity was highest for T-M10 and the least for T-M40 device. Because, T-M40 

photoanodes were endowed with more number of vacant spaces or voids through which 

the electrolyte species could smoothly diffuse, as discussed before. As a result, the ηreg of 

the devices can be expected to be increasing in the order T-M10 < T-M20 < T-M40. It is 

observed that, even though T-M20 device was limited by mass transport issues, it could 

attain better JSC and PCE when compared to the T-M40 device with the least mass transport 

limitation. This might be explained by the superior LHE of the T-M20 photoanode film, 

which could compensate for the decrease in JSC induced by mass transport limitation. The 

T-M20 device could outperform even the T-Z device, not only under one sun but also under 

indoor light illumination (Figure 3.16(a) and Table 3.6). Under 1000 lux CFL 

illumination, the T-M20 device exhibited the highest PCE of 33.8% among all the devices 
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with a VOC of 0.85 V, JSC of 141.1 µA/cm2, and FF of 80%, and Pmax of 91 µW/cm2. In all 

the illumination conditions, there was a slight increase in VOC when changing the ZnO 

template content from 10 to 40%. This could be attributed to the reduction in electron 

recombination at the TiO2/electrolyte interface, because the number of TiO2 particles 

decreased with the increase in weight percentage of the ZnO template particles. This is 

evident from the J-V curve obtained under dark (Figure 3.16(b)), in which the T-M10 

device exhibits the highest  dark current while the T-M40 gives the lowest. 

Table 3.6. PV parameters for DSCs fabricated with T-M10, T-M20 and T-M40 co-

sensitized with D35: XY1b (1:1) dyes along with [Cu(dmp)2]
2+/+ electrolyte, under standard 

1000 lux CFL illumination. 

aObtained from J-V characterization of 3 devices. The parameters corresponding to the champion cell are 

provided, along with the average value ± standard deviation in the parentheses.  

The time constants, i.e., electron lifetime (τn) and diffusion time (τd), acquired 

respectively using IMVS and IMPS measurements, were plotted against the incident 

intensity as shown in Figure 3.16(c). The device using T-M40 photoanode with the lowest 

number of TiO2/electrolyte interface available for recombination exhibited the highest τn, 

followed by T-M20 and then T-M10. However, the lowest τd value was given by the T-

M20 device indicating faster electron diffusion in the corresponding photoanode. This 

could be attributed to the higher electron concentration gradients created in the T-M20 

photoanode layer because of its better LHE as compared to other photoanodes. The faster 

diffusion of electrons along with appreciable lifetime led to better charge collection 

efficiency (ηCC) in T-M20 devices (Figure 3.16(d)), which further contributed to better JSC, 

not only under one sun but also under indoor illumination conditions. A single T-M20 

device with an active area of ~0.24 cm2 when irradiated with the standard simulated 

sunlight (100 mW/cm2) could power a temperature sensor (ACETEQ DC-2) as shown in 

Figure 3.17(a). However, under 1000 lux CFL illumination, two such devices needed to 

Device 
Code 

VOC  a 
 (V) 

J
SC 

a        

(µA/cm2) 
FF a 

PCE a   
(%) 

P
max 

a  

(µW/cm2) 

T-M10 
0.84  

(0.84 ± 0.01) 
137.5 

(136.4 ± 1.3) 
0.80  

(0.77 ± 0.03) 
32.3  

(31.1 ± 1.2) 
91  

(88 ± 3) 

T-M20 
0.85  

(0.85 ± 0.01) 
141.1 

(137.6 ± 4.3) 
0.80  

(0.80 ± 0.01) 
33.8  

(32.8 ± 0.9) 
95  

(92 ± 3) 

T-M40 
0.86  

(0.86 ± 0.01) 
120.5  

(117.6 ± 2.6) 
0.80  

(0.80 ± 0.01) 
29.5  

(28.6 ± 1.0) 
83  

(81 ± 2) 
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be connected in series to achieve the threshold voltage (> 1.0 V) required for powering the 

same temperature sensor (Figure 3.17(b)). Figure 3.17(c) shows the stability of the best 

performing T-M20 device under 1000 lux CFL illumination. This unwraps the prospect of 

application of small area DSCs employing copper electrolytes using innovative photoanode 

architectures for powering smart electronics and IoT devices in the forthcoming years.  

 

 

Figure 3.17. Powering a temperature sensor (ACETEQ DC-2) (a) using a single small area 

DSC, T-M20, illuminated under AM 1.5G simulated sunlight, and (b) using two T-M20 

DSCs connected in series and illuminated under 1000 lux CFL; (c) Stability curve for T-

M20 device under 1000 lux CFL illumination.   

3.4. Conclusions 

ZnO hierarchical microstructures were employed as templates to create TiO2 

photoanodes with novel architectures, namely surface textured photoanode (T-Z) and 

photoanode with templated scattering layers with voids (T-M), for copper electrolyte based 

DSCs. These photoanodes were co-sensitized using two organic dyes, D35 and XY1b, 
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having complementary absorption, and employed in DSCs along with [Cu(dmp)2]
2+/+ 

electrolyte. The T-M photoanode based DSCs were found to be diffusion limited under 

higher intensity illuminations. Nonetheless, the T-M devices outperformed the T-Z devices 

under low intensity and indoor/artificial light illuminations, owing to the higher light 

harvesting efficiency and faster charge transport in T-M electrodes. The performance of T-

M photoanode based DSCs under outdoor as well as indoor conditions were further refined 

by optimizing the weight percentage (wt%) of the ZnO template particles used for creating 

the voids/scattering centers in the scattering layer. The T-M photoanode prepared using 20 

wt% of ZnO template content, designated as T-M20, could attain an optimum light 

harvesting efficiency of ~ 74% (at 530 nm) and the corresponding DSC could deliver a 

higher charge collection efficiency (~ 98%) compared to other devices. The T-M20 based 

DSCs could realize a PCE of 10.1% under solar irradiation of intensity 100 mW/cm2 (AM 

1.5G) and 12.3% under a lower intensity of 25 mW/cm2. The same devices delivered a 

PCE of 33.8% under standard 1000 lux CFL illumination. The potential of using these 

innovative indoor light harvesting DSCs with modified photoanodes were successfully 

demonstrated by powering a temperature sensor by serially interconnecting two T-M20 

devices (with active area of ~ 0.24 cm2 each) illuminated under 1000 lux CFL. Moreover, 

a single T-M20 device could power the sensor under high intensity one sun condition. 

Integration of such small area DSCs with electronic devices such as sensors and actuators 

can realize the development of self-powered IoT systems for future applications.  
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Chapter 4   

Synergetic effect of TiO2/ZnO bilayer photoanodes 

realizing exceptionally high VOC in DSCs under 

outdoor and indoor illuminations 

 

Abstract: Energy harvesting and managing circuits in smart internet of thing (IoT) devices 

demand higher open circuit potentials (VOC). However, recombination losses often reduce 

the VOC in DSCs, particularly when lit indoors. We introduce a novel TiO2/ZnO bilayer 

architecture that can achieve higher VOC by controlling the position of the conduction band 

(CB) and minimizing the recombination losses. We were able to obtain a record VOC of 1.27 

V from a single junction device under 100 mW/cm2 solar irradiation and 1.295 V under 

higher intensity LED light (200 mW/cm2) by utilizing this novel bilayer electrodes in 

conjunction with MS5 dye and [Cu(dmp)2]
2+/+ redox mediator. Additionally, under 1000 

lux light-emitting diode (LED) and 1000 lux compact fluorescent light (CFL) illumination, 

these bilayer devices showed an impressive VOC of 1.025 V. This work emphasizes the 

possibility of altering semiconductor and device architecture to achieve higher VOC in 

DSCs opening possibilities to integrate these devices with smart IoT gadgets making them 

autonomous and sustainable. 
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4.1. Introduction  

In the smart world of connected technologies fueled by fourth industrial revolution 

(industry 4.0), the use of automation and digitization through the integration of the Internet 

of Things (IoT), Artificial Intelligence (AI), cloud computing, and Machine Learning (ML) 

into our daily activities continues to rise in popularity.1,2 In order to achieve continuous 

communication between these diverse devices and guarantee their effective utilization in 

this intelligent connected ecosystem, a significant quantity of battery-operated electronic 

sensors and actuator nodes are needed. The frequent replacement of batteries in billions of 

these communication devices adds to the burden of the carbon economy and sustainability, 

which may eventually pose a threat to the environment. This makes battery-free energy-

harvesting Internet of Things imperative.3–5 These low-power electronic devices, which are 

mostly used indoors, can become self-sufficient by using state-of-the-art indoor/ambient 

light harvesting dye-sensitized photovoltaic cells (DSCs) to augment their energy needs.6–

10 Furthermore, the application possibilities and market penetration of DSCs are further 

enhanced by the use of environmentally friendly materials, less energy-intensive 

manufacturing process, ability to fabricate these devices on flexible substrates like metal 

and plastic, and compliance for recycling and reusing.11–15 In the Internet of Things (IoT) 

ecosystem, electronic communication devices only require lower current (µA to mA range) 

but, a higher threshold voltage (>1V) to operate continuously.16–18 This necessitates 

development of DSCs that can deliver higher voltage, preferably above 1V, , under ambient 

or indoor lighting, from single small area DSC. This will ultimately lower the requirement 

for interconnection of multiple DSCs to achieve the desired voltage, which reduces the 

carbon footprint and ownership costs of the device. Using alternate redox shuttles based on 

cobalt and copper metal complexes turned out to be an effective and successful strategy 

among the many used.8–10,19–24 Since cobalt complexes are bulky and have limited mass 

transport, they have problems with recombination and regeneration, which lowers the 

values for short circuit current density (JSC) and open circuit voltage (VOC) of DSCs 

employing these complexes as electrolyte.25 Zhang et al. recently achieved a VOC of 1.24 

V under one sun (100 mW/cm2) and 0.98 V under 1000 lux fluorescent light (CFL) 

illumination by using copper redox mediators ([Cu(tmby)2]
 2+/+) in combination with a 

custom-designed organic dye (MS5).26 In the present chapter, we are introducing an 

innovative material engineering approach to further improve the VOC of DSCs under both 
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outdoor and indoor illumination and to further extend it by demonstrating its potential 

application powering a temperature sensor.  

Since the semiconductor layer regulates the charge transport and recombination at 

the dye/electrolyte interfaces, it plays a crucial role in determining the VOC in DSCs. Titania 

(TiO2) nanoporous films are widely used in DSCs because of their favourable band gap, 

conduction band (CB) edge, high surface area, low defect count, chemical stability, 

affordability, and ease of availability.12,27 Zinc oxide (ZnO), with comparable band edges 

to TiO2 and superior electron mobility, is considered as a promising candidate for the 

development of efficient DSCs.27–29 The application of 3D structures and hierarchical ZnO 

aggregates in DSCs helped in improving dye loading and scattering, which ultimately 

contributed to the enhancement in JSC.30–32 In order to prevent recombination at the 

semiconductor/dye/electrolyte and FTO/electrolyte interfaces, compact ZnO blocking/ 

buffer layers were also used.33,34 However, poor dye adsorption, rapid dye degradation, and 

increased recombination lower performance in ZnO-based DSCs resulting from delayed 

charge separation at the ZnO/dye/electrolyte interface.35–37 Here we present a 

complementary photoanode engineering approach that takes advantage of both materials, 

i.e. TiO2 and ZnO, to deliver higher VOC by precisely controlling the CB position and 

minimizing recombination losses at the semiconductor/electrolyte junction. For this, ZnO 

microstructures are utilized as overlayers above TiO2 nanoporous layer. With this new 

architecture, a higher VOC of 1.13 V was achieved using standard Y123 organic sensitizer 

in conjunction with [Cu(dmp)2]
2+/+ electrolyte, as opposed to 1.02 V for the control device 

with TiO2 layer alone. The effect was more noticeable under indoor lighting (CFL and 

LED). With this novel TiO2/ZnO bilayer stacked photoanode architecture, we were able to 

achieve a VOC of 1.0 V at 1000 lux illumination. Further, the introduction of an ultrathin 

TiO2 blocking layer (BL) over the TiO2/ZnO bilayer could potentially address stability 

issues resulting from ZnO degradation in the presence of electrolytes.38 We accomplished 

a record VOC of 1.27 V under full sun (100 mW/cm2) irradiation, 1.295 V under higher 

intensity LED light (200 mW/cm2), and 1.025 V under 1000 lux CFL as well as LED 

illuminations by sensitizing the new TiO2/ZnO bilayer photoanodes with MS5 dye instead 

of Y123. As of date, this is the highest recorded VOC under standard indoor lighting 

conditions of 1000 lux using a single junction DSC. Finally, we have demonstrated the 

development of a battery-free, self-powered temperature sensor by integrating it with a 

single bilayer DSC (0.24 cm2 active area). This illustrates how these high VOC DSCs can 
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be used in real-world situations to reduce the need for batteries and hence minimize carbon 

emissions. 

4.2. Experimental procedure 

4.2.1. Synthesis and characterization of ZnO hierarchical structures  

A simple process using zinc nitrate hexahydrate (Merck) as the precursor and urea 

(Merck) as the precipitant was used for the synthesis of ZnO hierarchical structures, as 

detailed in chapter 2A (section 2A.2.1), by varying the concentration of urea in the reaction 

mixture. During the standard synthesis procedure, a concentrated aqueous urea solution 

was stirred continuously and vigorously while an aqueous solution of zinc nitrate 

hexahydrate was added dropwise into it. Zn2+ ions are produced when zinc nitrate 

hexahydrate (Zn(NO3)2⋅6H2O) dissolves in water [equation (2A.2)]. Simultaneously, urea 

(CON2H4) hydrolyses and breaks down in water at temperatures higher than 60°C, 

releasing hydroxyl (OH-) and carbonate (CO3
2-) ions [equations (2A.3) and (2A.4)]. Zn2+ 

ions react with CO3
2- and OH- ions in the reaction mixture to form hydroxide zinc carbonate 

(HZC, Zn5CO3(OH)6.H2O) when the OH- ions raise the pH of the reaction mixture to 

provide a favourable reaction condition [equation (2A.5)]. Pure ZnO is obtained from HZC 

when it is annealed above 300°C, after losing H2O and CO2 [equation (2A.6)]. Three 

reaction mixtures were made with three different concentrations of urea (0.03 M, 0.08 M, 

and 0.8 M) and the same concentration of zinc nitrate hexahydrate (0.02 M) in order to 

synthesize three distinct samples, labelled as Z1, Z2 and Z3. After an hour of agitation at 

1000 rpm, the reaction mixtures were placed in the furnace and maintained at 90°C for 24 

hours. After being cleaned with ethanol and DI water, the white precipitates (HZC) 

obtained were vacuum dried for 8 hours at 60°C. The as-synthesized samples were used 

for fabricating DSC photoanodes, during which the samples get converted to ZnO by 

annealing at 500°C.   

Using a Zeiss EVO 18 cryo-SEM Special Ed scanning electron microscope (at an 

acceleration voltage of 15.0 kV), the morphology of the as-synthesised samples were 

examined. The specific surface area of the samples were determined using the Brunauer-

Emmett-Teller (BET) model based on data acquired from the standard N2 adsorption 

technique using a surface area analyser (Tristar II, Micrometrics). A high-resolution 

transmission electron microscope (JEOL JEM F 200 EELS STEM, EDS) was used to 

further analyze the morphological characteristics, crystallite size, and crystallographic 

orientation of the samples annealed at 500oC. ImageJ software was used to analyze the 
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images obtained using SEM and TEM, and to estimate the of the particle size and crystallite 

size from the corresponding micrographs. Using the X-ray diffraction patterns captured by 

an X-ray diffractometer (Malvern PANalytical B.V.) in the 2θ range of 20o to 80o (in slow 

scan mode), the crystallinity and phase of the annealed samples were verified. X'pert 

Highscore software was used to analyze the XRD patterns and determine the crystal size 

and phase of the samples.  

4.2.2. Photoanode preparation and characterization  

The as-synthesized HZC samples (Z1, Z2, and Z3) were ground into a paste in a 

mortar both before and after adding a heated mixture (100oC) of 60 wt% α-terpineol 

(Merck) and 10 wt% ethyl cellulose (Merck). Glass substrates coated with fluorine doped 

tin oxide, FTO (TEC 10, Merck) was used as the conducting substrate to prepare 

photoanodes for DSCs. The FTO substrates were cut to small pieces measuring 1.6 cm x 

1.6 cm, which were then thoroughly cleaned in an ultrasonic bath for 30 minutes using a 

soap solution, 30 minutes using de-ionized water, 15 minutes using isopropanol, and 15 

minutes using acetone. Finally, they were annealed for 30 minutes at 500 oC. After the 

cleaned FTO glasses were treated with UV/ozone for 15 minutes, the electrodes were 

submerged in a 50 mM aqueous solution of TiCl4 at 75°C for 30 minutes to deposit TiO2 

pre-blocking layer. The FTO substrates deposited with pre-blocking layer were then 

subjected to a step-by-step annealing process, which involved slow heating and 

maintenance of the temperature at 150°C for 10 minutes, 300°C for 10 minutes, 350°C for 

10 minutes, 450°C for 10 minutes, and finally 500°C for 30 minutes, before slow cooling. 

The standard TiO2 photoanode (T) was created by depositing a commercial titania paste 

(18NR-T, GreatcellSolar, Australia) over an active area of 0.24 cm2 on the FTO substrate. 

The TiO2/ZnO bilayer photoanodes (T+Z) were fabricated by coating an additional layer 

of HZC paste over the TiO2 active layer after drying the active layer at 100 oC for 10 

minutes. Finally, the electrodes were put to a step-by-step annealing procedure up to 500 

oC for 30 minutes. Figure 4.1(a) shows the fabrication scheme for the bilayer TiO2/ZnO 

devices. For electrodes that used blocking layers (BL), screen printing was used to deposit 

a commercial TiO2 BL solution (GreatcellSolar, Australia) over the TiO2/ZnO stacked 

photoanodes before annealing at 500 oC. 

The morphological and crystallographic features of unsensitized photoanode films 

were examined using FESEM and XRD analysis. FESEM images were acquired using 

Zeiss Gemini 500 and were analyzed using ImageJ software to determine the surface 
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morphology and film thickness. The XRD patterns of the films were captured in the 2θ 

range of 20o to 70o using a Malvern PANalytical B.V. X-ray diffractometer. Using a 

Biologic electrochemical workstation (VMP3), Mott Schottky analysis was performed on 

the dummy cells made with unsensitized photoanodes. The dye loading studies of the 

photoanode films were carried out as described in chapter 2A (section 2A.2.2). Briefly, the 

unsensitized photoanodes were immersed in a 0.01 mM dye solution for 16 hrs. The 

maximum absorbance of the dye solution before (abs1) and after (abs2) the immersion of 

photoanodes were obtained using the UV-Visible spectrometer (Shimadzu model 2100) 

and the amount of dye adsorbed per unit area (mol/cm2) of the photoanode film was 

determined using equation (2A.1). 

4.2.3 Fabrication and characterization of DSCs 

DSCs were fabricated as described in the previous chapters. The photoanodes that 

were prepared as per the previous section 4.2.2. were subjected to a 16 hour immersion in 

a 0.1 mM dye solution that was prepared using a 1:1 mixture of acetonitrile and tert-

butanol. As counter electrodes for our devices, we used the conducting polymer poly (3,4-

ethylene dioxythiophene) (PEDOT) electro-polymerized using the electrochemical work 

station (Autolab, Metrohm) on cleaned 1.6 cm x 1.6 cm FTO substrates (TEC7, 

GreatcellSolar, Australia). The FTO glass plates were drilled with holes, ultrasonically 

cleaned for 45 minutes with soap solution, 45 minutes with de-ionized water, and 45 

minutes with ethanol, then annealed at 500 oC for 30 minutes followed by UV/ozone 

treatment for 15 minutes, prior to the PEDOT deposition. The dye-sensitized photoanode 

and the counter electrode were then joined together by hot pressing at 120°C by utilizing a 

25 µm thermoplastic spacer (Surlyn, GreatcellSolar Australia). The copper dimethyl 

phenanthroline complex electrolyte, bis(2,9-dimethyl-1,10-phenanthroline copper (II/I) 

bis(trifluoromethanesulfonyl)imide (Dyenamo A.B, Sweden) (0.2 M [Cu(dmp)2]
1+ and 

0.04 M [Cu(dmp)2]
2+) were dissolved in acetonitrile solvent along with 0.1 M 

bis(trifluoromethane)sulfonimide lithium salt, LiTFSI (Merck) and 0.6 M 4-tert-

butylpyridine, TBP (Merck) as additives to prepare the electrolyte. Ultimately, the 

electrolyte solution was introduced in the inter-electrode spacing in the assembled device 

through the counter electrode's holes, which were sealed to avoid solvent evaporation and 

leakage. Figure 4.1(b) shows the chemical structures of the copper redox mediator and 

organic sensitizers used for fabricating the DSCs in the present work.  
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Figure 4.1. (a) Fabrication scheme and device architecture of DSCs employing bilayer 

TiO2/ZnO photoanodes. (b) Chemical structure of the organic sensitizers (Y123 and MS5) 

and the redox mediator ([Cu(dmp)2]
2+/+) used for the fabrication of DSCs. 

The fabricated DSCs were subjected to photovoltaic characterization under standard one 

sun condition (AM 1.5G, 100 mWcm−2) using a class AAA solar simulator (Model PVIV-

94043A, Newport) and a source meter (Keithley) with a scan rate of 100 mV/s. The devices 

were undergone a stability test while being kept in an ambient environment with a 

temperature of 27°C and 80% humidity. Using a Dyenamo AE 05 potentiostat and a custom 

made indoor light measurement setup, J-V characterization under indoor light conditions 

was performed. The light sources used were a warm white compact fluorescent lamp (CFL; 

Osram, 14W/2700K) and a daylight emitting diode (LED; Osram, 4W/6500K). The CFL 

and LED irradiance spectra and incident power density were measured using a highly 

sensitive photodetector in conjunction with a UV-Vis-NIR spectrometer (Ocean optics, 

DH-2000-BAL). This measurement was cross-checked using a certified irradiance 

measuring unit from Dyenamo AB (DN-AE06). J-V measurements were conducted under 

one sun using a black mask with a circular aperture of 0.11 cm2, and indoor measurements 

were conducted with a larger aperture of 0.34 cm2. A 250 W Xenon lamp connected to a 

monochromator was used to measure incident photon-to-current conversion efficiency 

(IPCE). The electrochemical workstation (Autolab, Metrohm) was used to measure 

intensity modulated photovoltage spectroscopy (IMVS), open circuit voltage decay 

(a) (b) 
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(OCVD), and electrochemical impedance spectroscopy (EIS). EIS was performed in the 

absence of light, with a bias voltage between 0.8 V and 1.1 V and a frequency ranging from 

0.1 Hz to 100 kHz. The ZView software was utilized to fit the impedance plots acquired 

from EIS and derive several parameters, including chemical capacitance (Cµ) and charge 

transfer resistance (Rct). The same workstation, an LED driver, and a white LED were used 

for IMVS measurements, with a frequency range of 1 Hz to 10 kHz applied. A white LED 

was used to illuminate the cells during open circuit conditions in order to perform OCVD 

measurements. Measurements of transient photovoltaic and photocurrent decay (TVD and 

TPD) were performed with the Dyenamo toolbox. An LED source was used for the 

measurements, and the modulation amplitude was consistently kept below 10% of the 

steady-state value. 

4.3. Results and Discussion 

4.3.1. Characterization of materials and photoanodes 

Various morphologies of hierarchical microstructures were synthesized by varying 

the concentration of urea in the reaction mixture. The growth of hierarchical 

microstructures with three distinct morphologies - mimosa flower-like (Z1), dandelion 

flower-like (Z2), and rose flower-like (Z3) - was controlled using three different urea 

concentrations, 0.03 M, 0.08 M, and 0.8 M. Figure 4.2(a-f) shows the SEM images of Z1, 

Z2, and Z3, whereas Table 4.1 provides details on particle size, crystallite size, and BET 

surface area. The HRTEM images of annealed Z1, Z2, and Z3 samples (Figure 4.2(g-l)) 

indicate that these microstructures were formed by the aggregation of oval-shaped 

nanoparticles with average sizes of 32.9 nm, 33.9 nm, and 33.9 nm, respectively. 

Additionally, the randomly oriented nanocrystallites with varying crystallographic 

alignments (Figure 4.2(h,j,l)) imply a heterogeneous nucleation and coalescence 

mechanism for particle growth, which is followed by a diffusion-limited cluster-cluster 

aggregation to form hierarchical structures.40 The nano-sized crystallites undergo 

coalescence to produce nanofibers at a lower concentration of urea (0.03 M) in the reaction 

mixture. These nanofibers then aggregate to form the hierarchical structure resembling a 

mimosa flower. As the concentration of urea increases to 0.08 M, the nanoparticles coalesce 

in a manner that results in a decrease in the length of the nanofiber and an increase in its 

width. This creates 2D nanoribbons, which group together to form microstructures 

resembling dandelion flowers. The length of the nanoribbon is further reduced while its  
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Figure 4.2. SEM micrographs of as-synthesized samples of (a,b) Z1, (c,d) Z2, and (e,f) 

Z3; TEM images of annealed samples (500 oC) of (g,h) Z1, (i,j) Z2, and (k,l) Z3; (m) XRD 

patterns of Z1, Z2 and Z3 samples annealed at 500 oC. 

width increases with a tenfold increase in urea concentration (0.8 M), creating 2D 

nanoflakes that come together to form rose flower-like microstructures. The annealed 

samples of Z1, Z2, and Z3 are confirmed to be crystalline by the selected area electron 

diffraction (SAED) patterns displayed in the inset of Figure 4.2(g,i,k). The XRD patterns 

of ZnO samples obtained after 500 oC annealing (Figure 4.2(m)) demonstrate that all of 

the samples are crystalline, displaying a hexagonal crystal structure in the wurtzite phase 

(JCPDS No. 01-080-0074). By considering the [100], [002], and [101] directions, the 

average crystallite sizes of Z1, Z2, and Z3 microflowers were found to be 34.7 nm, 35.5 

nm, and 31.8 nm, respectively. 
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Table 4.1. Particle size, crystallite size and surface area obtained for the ZnO samples (Z1, 

Z2 and Z3). 

 

Figure 4.3. SEM images showing the surface of the photoanodes (a) T, (b) T+Z1, (c) T+Z2, 

and (d) T+Z3; SEM images showing the cross-section of the photoanodes (e) T, (f) T+Z1, 

(g) T+Z2, and (h) T+Z3; (i) XRD spectra of T, T+Z1, T+Z2 and T+Z3 photoanodes. 

Figure 4.3(a) shows the SEM images of the top and cross-sectional views of the T, T+Z1, 

T+Z2, and T+Z3 electrodes. The cross-sectional SEM was used to estimate the 

approximate thickness of each layer, which is presented in Table 4.2. The ZnO over layers 

were observed to be slightly distorted following the blade coating (Figure 4.3(a)), resulting 

in an average thickness of approximately 15 µm, while the thickness of the TiO2 layer was 

ZnO 
sample 

Average 
particle size 

from SEM (μm) 

Average 
crystallite size 
from XRD (nm) 

Average crystallite 
size from HRTEM 

(nm) 

BET surface 
area  

(m2/g) 

Z1 11.5 ± 1.0 34.7 ± 3.3 33.9 ± 6.9  81.7 

Z2 10.1 ± 1.3 35.5 ± 4.9 33.9 ± 1.5 58.3 

Z3 9.6 ± 2.5 31.8 ± 4.5 33.0 ± 2.2 35.3 
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approximately 6 µm. Peaks corresponding to anatase TiO2 and wurtzite ZnO (JCPDS Nos. 

21–1272 and 01-075–1526) can be seen in the XRD pattern of the TiO2/ZnO bilayer stacks 

(Figure 4.3(a)). Table 4.2 lists the dye loading for each of the three photoanodes (T, T+Z1, 

T+Z2, and T+Z3). When compared to the T electrode, the bilayer photoanodes have slightly 

superior dye loading that could be explained by their higher film thickness. Using TiO2 and 

TiO2/ZnO bilayer electrodes, DSCs were fabricated using Y123, a standard organic dye, 

and copper redox mediator [Cu(dmp)2]
2+/+. 

4.3.2. Photovoltaic and advanced characterization of DSCs  

The current density versus voltage (J-V) curves for the TiO2/ZnO bilayer devices (T+Z1, 

T+Z2, and T+Z3) and the standard device (T), measured under AM 1.5G simulated solar 

irradiation (100 mW/cm2) is shown in Figure 4.4(a). Table 4.2 summarizes the 

corresponding photovoltaic parameters. A VOC of 1.02 V was shown by the control device 

with a single layer of TiO2 (T). The VOC increased to 1.13 V, 1.11 V, and 1.09 V for T+Z1, 

T+Z2, and T+Z3 devices, respectively, with the addition of a ZnO layer on top of TiO2.   

Table 4.2. Photovoltaic parameters of TiO2 (T) and TiO2/ZnO bilayer (T+Z1, T+Z2 and 

T+Z3) DSCs employing Y123 sensitizer and [Cu(dmp)2]
2+/+ redox electrolyte under AM 

1.5G one sun (100 mW/cm2) irradiation along with average semiconductor layer thickness 

(d), dye loading (DL), and theoretical JSC (Jintegrated) values acquired by integrating the 

IPCE spectra. 

aAverage semiconductor layer thickness obtained from cross-sectional SEM analysis. 
bJ-V parameters of champion cells with averages taken over five sets of samples ± mean deviation in 

parentheses. 
cJSC obtained by integrating the IPCE spectra. 

Device 
Code 

d a 
(µm) 

DL 
(x 10-7 

mol/cm2) 

VOC 
b 

  (V) 
JSC

 b
 

(mA/cm2) 
FF 

 b
 

PCE 
 b 

(%) 
Jintegrated

  

 c
 

(mA/cm2) 

T 6.3 0.94 
1.02  

(1.03 ± 
0.01) 

12.24 
(12.01 ± 

0.35) 

0.64  
(0.64 ± 
0.01) 

8.00 
(7.92 ± 
0.09) 

11.60 

T+Z1 20.3 1.48 
1.13  

(1.13 ± 
0.01) 

9.88  
(9.74 ± 
0.20) 

0.68  
(0.68 ± 
0.01) 

7.61 
(7.48 ± 
0.16) 

9.90 

T+Z2 21.5 1.43 
1.11  

(1.11 ± 
0.01) 

8.91  
(9.04 ± 
0.18) 

0.67  
(0.65 ± 
0.02) 

6.67 
(6.60 ± 
0.08) 

9.60 

T+Z3 20.3 1.36 
1.09  

(1.09 ± 
0.01) 

8.63  
(8.58 ± 
0.12) 

0.63  
(0.62 ± 
0.01) 

5.96 
(5.85 ± 
0.13) 

8.60 
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Figure 4.4. (a) The J-V characteristics under AM 1.5G (100 mW/cm2) irradiation, (b) IPCE 

spectra (the dotted line represents integrated photocurrent density calculated from the IPCE 

and the standard solar emission spectrum), (c) Mott-Schottky (MS) plots, and (d) charge 

extraction (CE) plots of the DSCs fabricated using T, T+Z1, T+Z2 and T+Z3 photoanodes 

employing Y123 sensitizer and [Cu(dmp)2]
2+/+ redox electrolyte. 

T+Z1 outperformed the other two bilayer devices in terms of photovoltaic performance, 

achieving 7.61%, with superior VOC (1.13 V), JSC (9.88 mA/cm2), and FF (0.68). The IPCE 

spectra of the devices showed comparable trends in JSC (Figure 4.4(b)), with values for 

integrated JSC obtained from IPCE and JSC from J-V measurements (Table 4.2) matching 

within allowed error limits. By extending the linear region of the Mott-Schottky (MS) plots, 

as shown in Figure 4.4(c) to intersect the voltage axis, the flat band potentials (Vfb) of the 

semiconductor used in various devices were determined.41–44 In comparison to the standard 

T device, it is observed that the obtained Vfb values for T+Z1, T+Z2, and T+Z3 are shifted 

towards more negative potentials (Table 4.2). This shift indicates that the CB is shifted 

towards more negative potentials in the bilayer devices, specifically with the addition of a 

ZnO layer on top of the TiO2. It is well known that ZnO has a CB edge that is positioned 

more negatively than TiO2. Besides, based on cyclic voltametric studies, S.-S. Kim et al. 
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have reported that ZnO addition to TiO2 results in a negative shift in CB edge of TiO2.
45 It 

could be assumed that the apparent charging of the ZnO layer as a result of the band 

alignment at the TiO2/ZnO interface contribute to this upward shift in CB.46,47 Charge 

extraction (CE) plots (Figure 4.4(d)), which shows an approximate 50-100 mV negative 

shift upon the introduction of ZnO layers, were used to further verify the negative shift in 

the CB for the TiO2/ZnO bilayer devices. This CB shift in the negative direction could 

potentially lead to increased VOC in TiO2/ZnO bilayer devices.  

To further explore the recombination losses and the charge carrier concentration in 

bilayer devices, the EIS measurements were performed. Figure 4.5(a) shows the Nyquist 

plots of T, T+Z1, T+Z2 and T+Z3 devices fabricated using Y123 sensitizer and 

[Cu(dmp)2]
2+/+ electrolyte obtained from EIS measurement under dark condition (at a bias 

of 1.0 V). The modified Randle’s circuit used for fitting them is given in the inset of Figure  

 

Figure 4.5. (a) Nyquist plots obtained from EIS measurement under dark condition (at a 

bias of 1.0 V) along with the modified Randle’s circuit used for fitting them (in inset); (b) 

Chemical capacitance (Cµ) and (c) charge transfer resistance (Rct), determined by fitting 

Nyquist plots, plotted against VOC; (d) J-V curves obtained under dark condition, for T, 

T+Z1, T+Z2 and T+Z3 devices fabricated using Y123 sensitizer and [Cu(dmp)2]
2+/+ redox 

electrolyte. 
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Table 4.3. Parameters obtained by fitting the corresponding Nyquist plots for T, T+Z1, 

T+Z2 and T+Z3 devices obtained from EIS carried out at a bias of 1.0 V employing Y123 

sensitizer and [Cu(dmp)2]
2+/+ redox electrolyte. 

 

4.5(a), in which Rseries, Rct and RCE symbolize the series resistance, charge transfer 

resistance at TiO2/dye/electrolyte interface and counter electrode interface respectively, 

whereas Cµ and CCE respectively specify the chemical capacitance and capacitance due to 

charge accumulation at the counter electrode/electrolyte interface. The Warburg diffusion 

element (Zd-bulk) corresponds to resistance (Rd-bulk) for the diffusion of redox species in the 

bulk of the electrolyte, while Rd-WE corresponds to the diffusion of charged species within 

the mesoporous semiconductor layer.48 Table 4.3 lists the corresponding fitted parameters 

obtained at a bias of 1.0 V. A negative shift in the CB position for bilayer devices is also 

seen in the chemical capacitance (Cµ), calculated from the EIS analysis, plotted as a 

function of VOC, as seen in Figure 4.5(b). This shift was previously noted from the MS and 

CE analysis. Cµ and VOC have an exponential relationship, as shown by the equation,46,49  

                   𝐶𝜇 =  𝐶𝑜 𝑒𝑥𝑝 (
𝛼𝑞𝑉𝑂𝐶

𝑘𝐵𝑇
)                  (4.1) 

where T is the absolute temperature, q is the electronic charge, kB is the Boltzmann's 

constant, α is the trap states distribution parameter in the semiconductor layer, and Co is a 

parameter that is explicitly dependent on α, the CB edge (ECB), the trap state density (nt) in 

the semiconductor, and the electrolyte's redox potential (Eredox). The slope of the log Cµ vs. 

VOC plot (Figure 4.5(b)) was used to estimate the α values for the various devices, and the 

results indicated a negligible difference between the standard and bilayer devices. Thus, 

the change in Cµ can be directly connected to the shift in CB edges according to the 

relationship, 

                𝐶𝑜 =  
𝑞2𝑛𝑡𝛼

𝑘𝐵𝑇
 𝑒𝑥𝑝 (−

𝛼(𝐸𝐶𝐵−𝐸𝑟𝑒𝑑𝑜𝑥)

𝑘𝐵𝑇
)    (4.2) 

The lower Cµ values for the bilayer devices (Figure 4.5(b) and Table 4.3) provide 

additional empirical evidence supporting the negative shift in CB.  

Parameters T T+Z1 T+Z2 T+Z3 

Rct  29.92 Ω 84.47 Ω 119.3 Ω 91.57 Ω 

Cµ 55 µF 19.3 µF 9.69 µF 15.3 µF 

Rd-WE 286.9 Ω 649.7 Ω 1597 Ω 1032 Ω 

Rd-bulk 22.21 Ω 21.56 Ω 22.43 Ω 17.15 Ω 
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Figure 4.6. Alignment of energy levels of the semiconductor layer and electrolyte in (a) T 

and (b) T+Z devices. A negative shift in the conduction band edge (ECB) of TiO2/ZnO 

electrodes results in reduced overlapping between the oxidized energy states of the 

electrolyte with the CB states (shaded in green) and the gap states (shaded in blue). 

The negative shift in CB for the bilayer devices concurrently minimizes the overlap 

between the oxidized states of the redox mediator and the CB states and sub-bandgap states 

of the semiconductor, which inhibits electron transfer from the semiconducting layer to the 

electrolyte (Figure 4.6).50,51 This can be seen in the reduced dark current (Figure 4.5(d)) 

and increased recombination resistance, Rct (Figure 4.5(c), Table 4.3) for the TiO2/ZnO 

bilayer devices. The formation of an energy barrier at the TiO2/ZnO interface, caused by 

the higher CB energy of ZnO, can also be ascribed to the increased Rct in the bilayer 

devices.52 Collectively, these results demonstrate that, in comparison to the conventional 

TiO2 device, the TiO2/ZnO bilayer devices exhibit a greater capacity to inhibit charge 

recombination at the semiconductor/electrolyte interface. By conducting transient 

photovoltage decay (TVD) measurements, the charge carrier recombination losses were 

investigated further, and Figure 4.7(a) displays the variation of the corresponding lifetime 

(τn) as a function of VOC. The bilayer devices showed longer lifetimes than the TiO2 alone 

device, which again suggests effective recombination suppression. Interestingly, we also 

noticed the same trend in lifetimes of these devices when we measured their intensity 

modulated photovoltaic spectroscopy (IMVS) (Figure 4.7(b)). In addition,  intensity-

dependent VOC measurements were used to investigate the role of trap states in the 

recombination (Figure 4.7(c)). The equation, which estimates the ideality factor (n) of the 

(a) (b) 
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devices, is derived from the slope of the semi-logarithmic plot of VOC versus illumination 

intensity (ϕ) as given in the equation,25,53  

                     
𝑑 𝑉𝑂𝐶

𝑑 𝑙𝑜𝑔𝜙
=

2.3 𝑛 𝑘𝐵 𝑇

𝑞
      (4.3) 

 

Figure 4.7. Lifetime as a function of VOC obtained from (a) transient photovoltage decay 

(TVD) and (b) Intensity modulated photovoltage spectroscopy (IMVS) measurements; (c) 

VOC as a function of intensity; (d) Electron diffusion coefficient (Dn) as a function of JSC 

obtained from transient photocurrent decay (TCD) measurement, for T, T+Z1, T+Z2 and 

T+Z3 devices fabricated using Y123 sensitizer and [Cu(dmp)2]
2+/+ redox electrolyte. 

Non-linear recombination kinetics resulting from the trap state-mediated recombination 

cause n to deviate from the ideal value of unity. It is evident from the obtained values of n 

that the bilayer devices exhibit less trap state-assisted recombination. In particular, the 

T+Z1 device has a n value that is closer to unity. This confirms the previously discussed 

concept that the negatively shifted CB in bilayer devices reduces the electron transfer from 

the sub bandgap states - basically the trap states - to the electrolyte. Therefore, it is possible 
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to attribute the observed rise in VOC for the TiO2/ZnO bilayer devices primarily to the 

combined effects of CB shift and suppressed recombination.  

 

Figure 4.8. (a) Current transients (CT) and (b) JSC vs. ϕ curves obtained for T, T+Z1, T+Z2 

and T+Z3 devices fabricated using Y123 sensitizer and [Cu(dmp)2]
2+/+ redox electrolyte. 

Furthermore, ZnO can function as a superior electron transport layer in DSC owing 

to its notable electron mobility. As a result, in comparison to the T device, the T+Z devices 

with ZnO over layers have superior diffusion coefficients (Dn) (Figure 4.7(d)). The 

resistance to redox species diffusion in the bulk of the electrolyte (Rd-bulk) is similar for all 

of the devices, but since the TiO2/ZnO devices have thicker layers, the resistance to redox 

species diffusion within the mesoporous layer (Rd-WE) is more than three times higher for 

them (Table 4.3). It has been reported that the electrolyte systems based on copper 

complexes have limited mass transport. Nonetheless, at 100 mW/cm2 illumination, the 

current transient (CT) curves for T and T+Z devices are similar (Figure 4.8(a)), and the JSC 

versus ϕ plots (Figure 4.8(b)) for the T+Z devices are linear, suggesting that mass transport 

has little effect in these systems even with the thicker layers. This might be explained by 

the ZnO over layer's considerable porosity. In spite of the better Dn and negligible mass 

transport limitation, the JSC of T+Z devices is smaller than that of T devices, which could 

be attributed to the lower injection driving force induced by the upward-shifted CB edges 

in bilayer devices. Moreover, the injection difficulties seen in TiO2/ZnO bilayer devices 

may also be related to the presence of Zn2+/dye aggregates within the ZnO layer as a result 

of ZnO degradation in acidic environments.54,58,59 The above-mentioned extensive study, 

which includes various interfacial charge transfer studies in standard and bilayer devices, 

clearly correlates with the disparities in photovoltaic parameters between the two device 

configurations. 
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4.3.3. Effect of ZnO layer thickness and TiO2 blocking layers on the performance of 

bilayer DSCs  

Figure 4.9. SEM images showing the cross-section of the T+Z1 photoanodes with ZnO 

layer thickness of (a) 5µm, (b) 15µm, and (c) 25µm; (d) J-V characteristic curves of the 

corresponding devices under AM 1.5G (100 mW/cm2) irradiation and (e) Comparison of 

photovoltaic parameters (JSC, VOC, FF and PCE) of T+Z1 devices with different ZnO layer 

thickness (5µm, 15µm and 25µm). 

The bilayer T+Z1 showcased the best performance among all the bilayer devices, 

with a ZnO (Z1) layer over TiO2 that was about 15 µm thick. To further explore the impact 

of ZnO layer thickness on device performance, T+Z1 devices were fabricated by varying 

the ZnO thickness, with an average Z1 layer thickness of 5 µm, 15 µm, and 25 µm (Figure 

4.9(a-c)).Figure 4.9(d) displays the obtained J-V curves of the T+Z1 devices with different 

ZnO layer thickness, under AM 1.5G 100 mW/cm2 illumination, and Table 4.4 summarizes 

the corresponding photovoltaic parameters. The photovoltaic parameters were not 
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significantly affected by changes in the thickness of the ZnO layer (Figure 4.9(e)); 

however, a thickness of 15 µm was found to be optimal, providing the highest PCE. 

Table 4.4. Photovoltaic parameters of DSCs employing T+Z1 photoanodes with different 

ZnO layer thicknesses (5 µm, 15 µm and 25 µm), sensitized with Y123 dye, and 

[Cu(dmp)2]
2+/+ redox electrolyte under AM 1.5G (100 mW/cm2) irradiation. 

 a J-V parameters of champion cells with averages taken over five sets of samples ± mean deviation in 

parentheses.  

 

Figure 4.10. (a) Charge extraction (CE) plot, (b) lifetime plot (τn) obtained by TVD 

measurement, (c) electron diffusion coefficient (Dn) obtained from TCD meaurement, and 

(d) charge collection efficiency (ηCC) plot obtained from IMVS and IMPS measurements, 

for devices fabricated with T+Z1 photoanodes having different ZnO layer thicknesses (5 

µm, 15 µm and 25 µm). 
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Better performance of T+Z1 device with a 15 µm thick Z1 layer was attributed to its 

optimal VOC and JSC when compared to the other devices. The better VOC of 15 µm thick Z1 

layer based T+Z1 DSCs could be ascribed to its more negatively shifted CB edge (Figure 

4.10(a)) despite the lower τn (Figure 4.10(b)). Whereas, the better JSC of this device is 

explained by its higher Dn (Figure 4.10(c)) leading to higher ηCC (Figure 4.10(d)). 

It is already reported that compact blocking layers (BLs) are essential for 

eliminating leakage/recombination in DSCs using bulky alternate metal complex redox 

mediators,.55,56 The ZnO overlayers are harmed by the traditional method of depositing 

TiO2 BLs via TiCl4 treatment. Consequently, using a commercial BL solution as detailed 

in the experimental section, an ultrathin TiO2 BL was introduced over the bilayer 

architecture. The J-V curves and IPCE spectra of the DSCs using Y123 sensitized bilayer 

photoanodes without and with BL (T+Z1 and T+Z1+BL, respectively) along with 

[Cu(dmp)2]
2+/+ redox electrolyte are shown in Figure 4.11(a,b). The T+Z1+BL device 

delivered 8.16% PCE, 1.12 V VOC, 10.29 mA/cm2 JSC, and 0.70 FF under AM 1.5G 100 

mW/cm2 illumination (Figure 4.11(a), Table 4.5). When comparing the T+Z1+BL device 

to T+Z1, slightly better JSC and FF were achieved along with a slight decrease in VOC. As 

shown by the dark J-V plot in Figure 4.11(c), the addition of BL effectively reduced 

electron leakage at the FTO/electrolyte interface, improving FF. However, a positive shift 

in CB following the introduction of BLs was observed from the CE plot (Figure 4.11(d)), 

which in turn led to a decrease in VOC. This downward shift in CB increases the overlap of 

CB states with the oxidized states in the redox system, which leads to more recombination 

as observed from TVD, OCVD and IMVS measurements (Figure 4.12(a-c)). Multiple 

trapping-detrapping events are known to slow down charge carrier diffusion in 

semiconducting films.57 Figure 4.12(d) shows that the BL effectively enhanced the Dn, 

which could be attributed to the faster electron diffusion owing to the passivation surface 

traps in the TiO2/ZnO bilayer devices. The faster diffusion of electrons in T+Z1+BL device 

result in better charge collection efficiencies (ηCC) for this device (Figure 4.12(e)), which 

in turn leads to its improved JSC and hence higher PCE. This is reflected in the IPCE plot 

(Figure 4.11(b)) and corresponding integrated JSC (Jintegrated) values (Table 4.5). 
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Figure 4.11. (a) J-V curves measured under AM 1.5G sunlight (100 mW/cm2), (b) 

corresponding IPCE spectra, (c) J-V curves measured under darkness, and (d) charge 

extraction (CE) plots obtained for DSCs employing TiO2/ZnO bilayer photoanodes (T+Z1 

and T+Z1+BL) sensitized with Y123 dye along with [Cu(dmp)2]
2+/+ redox shuttle. 

Table 4.5. Comparison of photovoltaic parameters of DSCs employing TiO2/ZnO bilayer 

photoanodes (T+Z1 and T+Z1+BL) sensitized with Y123 sensitizer along with 

[Cu(dmp)2]
2+/+ electrolyte measured under AM 1.5G solar (100 mW/cm2) irradiation. 

 a J-V parameters of champion cells with averages taken over five sets of samples ± mean deviation in 

parentheses. 
b JSC obtained by integrating the IPCE spectra. 
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Figure 4.12. The lifetime plot (τn) obtained by (a) TVD, (b) OCVD, and (c) IMVS 

measurements; (d) Electron diffusion coefficient (Dn) obtained from TCD measurement; 

(e) charge collection efficiency (ηCC) as a function of LED current (which is proportional 

to the intensity of the incident light used in TVD and TCD studies); (f) Stability curves 

obtained under AM 1.5G simulated sunlight, for T+Z1 and T+Z1+BL devices employing 

Y123 sensitizer along with [Cu(dmp)2]
2+/+ redox electrolyte. 

Wider bandgap and higher electron mobility are two benefits of ZnO, as was 

highlighted in the introduction section. However, the presence of defects and trap states, 

combined with its lower electrochemical stability under solar cell operating conditions,  
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lead to increased recombination and decrease in the long-term stability of ZnO based 

devices. The decrease in ZnO based DSC performance results from two main degradation 

mechanisms. First, Zn2+ ions from the ZnO surface dissolve in the acidic dye solution when 

ZnO electrodes are submerged in it for dye adsorption. This creates Zn2+/dye aggregates 

that accumulate in the pores of the ZnO matrix. This lowers the JSC of the device by 

restricting electron injection.58 Secondly, in the presence of electrolyte, ZnO degrades 

chemically when exposed to light, releasing Zn2+ and O2- ions into the electrolyte along 

with desorbed dye molecules.59 As a result, there are fewer dye molecules adsorbed, defects 

form on the ZnO surface, and the dye aggregates, which lowers the JSC and PCE of the 

device. By covering the ZnO film with the TiO2 BL, we were able to effectively address 

the initial degradation process in our investigation. The JSC improvement of the T+Z1+BL 

device over the T+Z1 device, even with a lower dye loading (1.2×10-7 mol/cm2) of the 

T+Z1+BL film (which suggests less dye aggregation), is indicative of this. Furthermore, as 

shown by the stability curves (Figure 4.12(f)), the addition of the BL decreased the rate of 

the second degradation process as well. The T+Z1+BL device kept about 98% of the 

original VOC even after 1000 hours, whereas the bare T+Z1 device saw a decline in both 

the VOC and PCE after 200 hours. But after 400 hours, the T+Z1+BL device’s PCE started 

to drop. To determine the changes that occurred in the bilayer photoanode films throughout 

the stability test, SEM and XRD analyses were performed. 

Figure 4.13(a-f) displays the SEM images of the T+Z1 and T+Z1+BL electrodes 

after over 1000 hours of electrolyte exposure. These images shows that there are more 

cracks in these electrode surface than there were on the freshly prepared electrode. 

Furthermore, both films showed a smoother surface than the fresh T+Z1 films after 

prolonged contact with the electrolyte. The reason for this is the selective dissolution of 

ZnO from the film surface.60 Figure 4.13(g) displays the XRD patterns of the T+Z1 and 

T+Z1+BL electrodes that were adsorbed with Y123 dye after soaking in electrolyte for 

1000 hours. Although some peak intensities, like [100], [101], and [110], were lower in the 

corroded ZnO films than in the fresh T+Z1 films, the films were still crystalline. 

Nevertheless, the XRD spectra of the degraded films showed no change in peak positions 

or the emergence of new peaks. Therefore, prolonged exposure to the electrolyte does not 

alter the crystallinity of the ZnO films; instead, it modifies the film surface as a result of 

ZnO degradation in both the bilayer electrodes with and without the BL.61 In conclusion, 

the prolonged exposure of bilayer films to the electrolyte system and frequent illumination 
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probably caused ZnO and dye to dissolve into the electrolyte, which may have decreased 

the JSC and, consequently, the PCE of the T+Z1+BL devices after 400 hours (as shown in 

Figure 4.12(f)). 

 

Figure 4.13. SEM images of (a,b) freshly prepared T+Z1 film (without dye adsorption and 

electrolyte exposure), (c,d) Y123 dye adsorbed T+Z1 films after 1000 h of electrolyte 

exposure, (e,f) Y123 dye adsorbed T+Z1+BL films after 1000 h of electrolyte exposure; 

(g) XRD patterns of Y123 dye adsorbed T+Z1 and T+Z1+BL films after 1000 h of 

electrolyte exposure. 

 

( ) 
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Table 4.6. Indoor photovoltaic parameters of TiO2/ZnO bilayer DSCs (T, T+Z1 and 

T+Z1+BL) employing Y123 dye and [Cu(dmp)2]
2+/+ redox electrolyte measured under 

different intensities (1000 lux and 500 lux) of CFL and LED illumination. 

a Power density of incident light obtained by integrating the spectral irradiance of the various light sources. 
b J-V parameters of champion cells with averages taken over five sets of samples ± mean deviation in 

parentheses. 
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Figure 4.14. The spectral irradiance and integrated power as function of wavelength for 

(a) 1000 lux CFL light, (b) 500 lux CFL light, (c) 1000 lux LED light, and (d) 500 lux 

LED light; J-V characteristic curves of T, T+Z1 and T+Z1+BL DSCs employing Y123 

sensitizer along with [Cu(dmp)2]
2+/+ redox electrolyte measured under different (e) CFL, 

and (f) LED illuminations.  

DSCs have been demonstrated to be one of the most effective indoor/ambient light 

harvesting photovoltaic systems available. The potential of the newly developed bilayer 

devices was evaluated in warm white CFL and daylight LED lighting. The spectral 

irradiance and integrated power under 1000 lux and 500 lux CFL and LED illuminations 

are displayed in Figure 4.14(a-d). In most IoT smart device applications, the circuits for 

energy harvesting and management require larger open circuit potentials. We were able to 

achieve improvements in VOC under both CFL and LED illuminations by utilizing the 
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TiO2/ZnO bilayer architecture in conjunction with Y123 dye and [Cu(dmp)2]
2+/+ (Figure 

4.14(e,f), Table 4.6). The T+Z1 device had a VOC of 1.0 V under 1000 lux CFL illumination 

(with a JSC of 78.7 µA/cm2, FF of 0.75, PCE of 20.9%, and a maximum power output 

(Pmax) of 59.3 µW/cm2). In contrast, the standard T device had only a VOC of 0.82 V (with 

a JSC of 103.9 µA/cm2, FF of 0.70, PCE of 21.2%, and Pmax of 60.1 µW/cm2). The current 

density was further raised by carefully using BLs, without sacrificing the FF. Consequently, 

T+Z1+BL devices produced a 20.7% improvement in VOC (0.99 V) and nearly comparable 

PCE (21.3%) and Pmax (60.3 µW/cm2) to the control T device. Under lower CFL 

illumination intensity also similar trends were observed. Under 500 lux illuminances, the 

VOC of T was 0.79 V, which improved to 0.96 V for T+Z1+BL device, in addition to the 

rise in PCE (17.5%) and Pmax (25.2 mW/cm2). The T+Z1 device produced a VOC of 1.0 V 

under 1000 lux LED illumination (with a JSC of 77.1 µA/cm2, FF of 0.76, PCE of 18.8% 

and Pmax of 58.9 µW/cm2), when compared to the standard T device, which produced a VOC 

of 0.83 V (with a JSC of 106.7 µA/cm2, FF of 0.70, PCE of 19.9% and Pmax of 62.2 µW/cm2). 

Using T+Z1+BL, the current density was further improved in order to achieve a Pmax (61.6 

µW/cm2) similar to that of T device, but with 19.3% increased VOC (0.99 V). Under lower 

intensity LED illumination of 500 lux, a similar photovoltaic performance was observed 

for the devices. The T device exhibited a VOC of 0.76 V which got elevated to 0.98 V for 

T+Z1 device. Meanwhile, T+Z1+BL device could further improve the JSC, leading to 

improved Pmax (14.9 mW/cm2) and PCE (23.3%), without compromising much on the VOC.  

4.3.4. Achieving record VOC by using TiO2/ZnO bilayer photoanodes  

Finally, under AM 1.5G solar illumination, we were able to realize a record VOC of 

1.27 V (previous best: 1.24 V) with a JSC of 6.75 mA/cm2, FF of 0.73, and PCE of 6.23% 

by sensitizing our best-optimized bilayer architecture (T+Z1+BL) with MS5 dye (Figure 

4.15(a), Table 4.7). 26 The observed JSC is within allowable error limits from the theoretical 

JSC, 7.30 mA/cm2, obtained by integrating the corresponding IPCE spectrum (Figure 

4.15(b)). The use of MS5 instead of the traditional Y123 dye resulted in a couple orders of 

magnitude improvement in lifetime (Figure 4.15(c)) and a negative shift in CB (Figure 

4.15(d)). This was because the long alkyl chains in the MS5 sensitizer retarded 

recombination. A VOC of 1.295 V could also be attained by the MS5 sensitized T+Z1+BL 

bilayer device when exposed to 200 mW/cm2 of higher intensity LED illumination (Figure 

4.15(e)). Under indoor lighting, the performance of T+Z1+BL devices that used MS5 dye  
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Figure 4.15. (a) J-V curves measured under AM 1.5G sunlight, and (b) corresponding 

IPCE spectra obtained for T+Z1+BL device employing MS5 sensitizer and [Cu(dmp)2]
2+/+ 

redox shuttle, and comparison of (e) charge extraction (CE) plots, and (f) lifetime plots 

(obtained from TVD) of this DSC with the corresponding device employing Y123 

sensitizer. J-V curves measured under (c) high intensity LED light (200 mW/cm2), and (d) 

indoor illuminations (1000 lux CFL and 1000 lux LED) obtained for the MS5 based 

T+Z1+BL device.  

4.15(e)). Under indoor lighting, the performance of T+Z1+BL devices that used MS5 dye 

and [Cu(dmp)2]2+/+ electrolyte were assessed. When illuminated by 1000 lux LED and 

CFL, these DSCs realized a record VOC of 1.025 V (Figure 4.15(f), Table 4.8). However, 
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the PCE of the MS5 sensitized device was lower when compared to the devices using Y123 

dye, which could be attributed to the loss in JSC owing to the narrower absorption window 

of MS5 dye.The VOC of MS5 dye-sensitized T+Z1+BL device reported in this work, i.e. 

1.27 V under full sun, 1.295 V under higher intensity (200 mW/cm2) LED light, and 1.025 

V under 1000 lux CFL and LED illuminations, are the highest reported open circuit 

potentials in DSC so far. Finally, we could demonstrate the importance of this work by 

powering a temperature sensor (ACETEQ DC-2) using a single DSC (of active area ~ 0.24 

cm2) employing the TiO2/ZnO bilayer photoanodes sensitized with MS5 dye and 

[Cu(dmp)2]2+/+ electrolyte, under outdoor as well as indoor lighting conditions (Figure 

4.16). The present design methodology has proven effective in creating indoor DSCs with 

more compact footprints, which lowers costs and increases open circuit potentials, 

improving integration opportunities and enabling self-powered IoT device realization. 

Table 4.7. Photovoltaic parameters of T+Z1+BL based DSCs employing MS5 dye and 

[Cu(dmp)2]
2+/+ redox electrolyte measured under AM 1.5G solar irradiation. 

 a J-V parameters of champion cells with averages taken over five sets of samples ± mean deviation in 

parentheses. 
b JSC obtained by integrating the IPCE spectra. 

 Table 4.8. Photovoltaic parameters of T+Z1+BL based DSCs employing MS5 dye and 

[Cu(dmp)2]
2+/+ redox electrolyte measured under various indoor illumination conditions. 

 aJ-V parameters of champion cells with averages taken over five sets of samples ± mean deviation in 

parentheses. 

Illumination 
condition VOC 

a
(V)

 JSC 
a 

(mA/cm2) 
FF 

 a
 

PCE 
 a  

     
(%)

 

Jintegrated b 
(mA/cm2) 

AM 1.5G 
sunlight   

1.27 

(1.26 ±0.01) 

6.75 

(6.70 ±0.05) 

0.73 

(0.72 ±0.01) 

6.23 

(6.08 ±0.15) 
7.30 

Illumination 
condition 

VOC 
 a  

(V) 
JSC 

 a
 

(µA/cm2) 
FF 

 a
 

PCE 
 a 

(%) 

P
max

 a
 

(µW/cm2) 

1000 lux CFL 

(0.283 
mW/cm2) 

1.025 
(1.020 ± 0.005) 

37.1  
(35.9 ± 1.5) 

0.82  
(0.81 ± 0.01) 

11.1 
(10.8 ± 0.4) 

31.33 
(30.9 ± 0.4) 

1000 lux LED 

(0.313 
mW/cm2) 

1.025 
(1.016 ± 0.008) 

38.2  
(38.5 ± 2.5) 

0.82  
(0.81 ± 0.01) 

10.3 
(10.1 ± 0.3) 

32.28 
(32.1 ± 0.3) 
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Figure 4.16. A temperature sensor (ACETEQ DC-2) powered using a single TiO2/ZnO 

bilayer DSC (active area 0.24 cm2) fabricated using MS5 dye and [Cu(dmp)2]
2+/+ redox 

electrolyte under (a) AM1.5 G simulated sunlight (100 mW/cm2) and (b) an indoor LED 

reading lamp (935 lux LED light). 

4.4. Conclusions  

To sum up, we introduced a new photoanode architecture for dye-sensitized 

photovoltaic cells (DSCs) that consists of a layer of ZnO hierarchical microstructures over 

the traditional TiO2 active layer to realize TiO2/ZnO bilayer photoanodes. Our photoanode 

design seeks to improve the open circuit voltage (VOC) of DSCs in both indoor and outdoor 

lighting scenarios. We succeeded in achieving an impressive VOC of 1.27 V under AM 1.5G 

one sun illumination and 1.295 V under a higher intensity LED light of 200 mW/cm2 using 

this optimized bilayer electrode with a blocking layer (T+Z1+BL) in combination with the 

MS5 sensitizer and [Cu(dmp)2]
2+/+ redox electrolyte. These are the highest VOC reported to 

date from a single junction DSC. Comprehensive investigations into interfacial charge 

transfer have demonstrated that the bilayer structure results in an improved lifetime and a 

negatively shifted CB, both of which greatly contribute to the enhanced VOC. Additionally, 

by utilizing an MS5 sensitizer and a [Cu(dmp)2]
2+/+ redox electrolyte with the TiO2/ZnO 

bilayer photoanode (T+Z1+BL), which lowers recombination losses, we were able to 

achieve a VOC of 1.025 V under 1000 lux CFL and LED illumination. These encouraging 

findings motivated us to develop a battery-free temperature sensor powered using a DSC 

with ~ 0.24 cm2 active area under indoor lighting. Ultimately, when combined with the 

(a) (b) 
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right blend of dyes and electrolytes, this work offers useful material and device engineering 

strategies that can be used to realize higher VOC in DSCs. In order to efficiently operate 

cutting-edge self-powered electronic applications, achieving higher VOC is imperative. 

Most of the energy harvesting and management circuits in these smart devices have lower 

current requirements (in µA) but require higher voltage. This indicates that VOC must be 

taken into account while designing DSCs for indoor photovoltaic applications, in addition 

to current and efficiency. Additionally, by minimizing the device's size without sacrificing 

voltage, innovative and creative ways to incorporate indoor DSCs in lieu of batteries to 

promote sustainability and carbon neutrality can be realized.  
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 Chapter 5 
 

Dye-sensitized TiO2/ZnO bilayer photoanode 

based photocapacitors for outdoor/indoor light 

harvesting and storage applications 

Abstract:  Dye-sensitized photovoltaic cells (DSCs) demonstrate significant light harvesting 

capabilities under both outdoor (AM 1.5G simulated sunlight) and indoor (LED or CFL light) 

illuminations, offering higher open-circuit potential (VOC) and short circuit current density (JSC). In 

the present chapter, we achieved enhanced DSC performance of 8.3% under AM 1.5G irradiation 

and 39.5% under 6000 lux illumination, by employing a TiO2/ZnO bilayer photoanode architecture 

co-sensitized with organic dyes (XY1b and MS5) along with [Cu(dmp)2]
2+/+ redox mediator. As 

discussed in the previous chapter, conventional use of DSCs to power sensor/clock has revealed a 

notable limitation; the clock reset each time the light is turned off. To overcome this challenge, we 

propose integrating the light harvester (DSC) with an energy storage device, specifically an electric 

double-layer capacitor (EDLC) utilizing activated carbon. This integration resulted in a novel 

photocapacitor (PC) exhibiting an impressive overall photoelectric conversion and storage 

efficiency (OPCSE) of 4.1% under one sun conditions and 15.5% under 6000 lux CFL illumination. 
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5.1. Introduction 

Dye-sensitized photovoltaic cells (DSCs) are enormously pursued to be applied as 

an alternative to conventional batteries, in a wide variety of outdoor as well as indoor 

applications, owing to their environmental friendliness, ease of recycling and appreciably 

long lifetimes. The outdoor applications include building integrated photovoltaics (BIPV) 

or transportation integrated photovoltaics (TIPV) in which DSCs are integrated to the 

windows, roofs etc. of various infrastructures or vehicles.[1–4] Meanwhile, DSCs proved to 

be the best candidates for indoor photovoltaic (IPV) applications for powering smart 

electronic devices, such as smart watches, earphones and for powering the sensors and 

actuators associated with emerging technologies like Internet of Things (IoTs) and 

machine-to-machine communication systems. [4–9] In the previous chapter (Chapter 4), we 

developed a novel TiO2/ZnO bilayer photoanode based small area DSC that could deliver 

appreciable voltage output, enough for powering a temperature sensor/digital clock 

(ACETEQ DC-2) under 1000 lux CFL illumination. It is anticipated that the performance 

of this bilayer DSC can be further improved by optimizing the thickness of the TiO2 layer. 

Several studies shows that the short circuit current density (JSC) and open circuit voltage 

(VOC) of DSCs depend on the semiconductor layer thickness.[10,11] Generally, VOC of DSCs 

experiences decrease with the increase in layer thickness, due to the enhanced surface area 

available for recombination. Meanwhile, JSC is seen to increase with increase in layer 

thickness, taking advantage of the higher dye loading. However, after an optimum 

thickness, JSC also starts decreasing with further increase in thickness, which might be due 

to the dominance of the recombination process over the photoelectron generation. In case 

of DSCs devices utilizing metal complex based redox shuttles, like copper or cobalt based 

electrolytes, JSC is further influenced by the mass transport limitation, particularly under 

higher intensity illuminations.[12,13] Higher the layer thickness, more will be the resistance 

to the diffusion of the bulky electrolyte species, hence affecting the JSC. However, under 

low intensity or indoor light illuminations, the JSC of the DSC utilizing bulky redox species 

are not limited by the layer thickness, which may be attributed to the less influence of mass 

transport issues under low intensity light conditions.   

Energy storage is a primary concern that is directly associated with photovoltaic 

(PV) technologies. The intrinsic variations in solar light caused by weather, day cycles, and 

location necessitate the integration of PV devices with storage systems for continuous 

operation. Additionally, the potential of third generation PV technologies to generate 
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electricity from diffuse light and indoor/artificial illuminations, makes the integration of 

energy harvesting and storage technologies even more alluring.[4,14] The external 

integration of PV device with rechargeable storage device may reduce the overall 

performance of the system, due to the nonunitary efficiency of each component causing 

energy mismatch between them.[15,16] Moreover, such systems exhibit higher device 

footprint and ohmic losses due to the external connection and power management 

electronic components. In this regard, many studies on the monolithic integration of PV 

cells with storage units are being carried out, in which the two devices use one or more 

shared electrodes resulting in 2-terminal or 3-terminal systems.[17–21] Supercapacitors 

(SCs), particularly electrochemical double-layer capacitors (EDLCs) are a promising 

option for storage, as they can withstand larger number of charge/discharge cycles without 

significantly altering the capacitance nominal value.[22–24] In addition, when compared to 

the rechargeable batteries, EDLCs are less susceptible to the output voltage of the 

photovoltaic devices being used.[25,26] An EDLC is an electrochemical storage device, 

typically made up of two parallel electrodes coated with high surface area active materials 

sandwiched with a non-conductive porous separator impregnated with an electrolyte. The 

capacitance of EDLC arises due to the adsorption of both anions and cations at the 

electrode/electrolyte interface and hence is determined by the specific surface area and 

pore-size distribution of the electrode materials.[27–29]
 Carbon-based porous materials with 

high specific surface area and good conductivity, like graphene, xerogels, carbon nanotubes 

(CNTs), activated carbon, etc., typically exhibit EDLC type behavior.[30,31] The integration 

of SCs or EDLCs with PV devices to produce photo-chargeable supercapacitors or 

photocapacitors (PCs) have been reported previously.[32–36] The PCs are built based on the 

fundamental idea of a self-charging capacitor that has the ability to generate electrical 

energy from light and store it simultaneously, making them suitable for a large number of 

futuristic smart applications.[37–41] The use of PCs eliminates the need for two physically 

distinct devices for photoelectric conversion and energy storage, which lowers the cost, 

weight, and space requirements, while improving the overall efficiency of the system.[42]   

The third generation PV technologies, including DSC, perovskite solar cells (PSC), 

organic solar cell (OSC), quantum dot sensitized solar cell (QDSC), etc., are observed to 

be the most suitable candidates for developing PCs, as they can be fabricated in a wide 

variety of architectures and range of substrates.[35,36,43–45] Also, the application of such PCs 

utilizing third generation PV cells and EDLCs can be extended to smart electronics 
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(portable and wearable ones) and IoT devices, as they can be fabricated on any type of 

conducting substrates (rigid as well as flexible ones).  The simple design, facile fabrication 

steps, abundant and non-toxic materials used, tunable optical properties, etc., make DSC a 

prominent choice for developing PCs.[37,44,46] Earlier in 2004, Miyasaka et. al. explored a 

2-terminal PC device directly combining an activated carbon (AC) based EDLC with N719 

based DSC.[45] However, they could attain a maximum achievable potential (Vm) of only 

0.4 V under simulated one sun irradiation with an incident intensity of 100 mW/cm2. One 

year later, the same group developed a 3-terminal stacked architecture for PCs by 

introducing an intermediate platinum electrode between the AC based EDLC and the N719 

based DSC, thereby attaining a Vm of 0.8V under one sun condition.[47] Later on in 2010, 

this stacked 3-terminal PC architecture was utilized by Hsu et. al., to achieve a Vm of 0.75 

V under 100 mW/cm2 irradiation with a discharge energy density of 22 µWh/cm2.[48] The 

SC was a poly(3,3-diethyl-3,4-dihydro-2H-thieno-[3,4-b][1,4]dioxepine) (PProDOT) 

polymer based one with symmetric structure and the DSC utilized N3 sensitized 

photoanodes along with iodide/triiodide (I-/I3
-) electrolyte. An overall photoelectric 

conversion and storage efficiency (OPCSE) of 5.12% with a Vm of 0.72 V was reported by 

Yang et. al. by utilizing an all solid-state PC device employing N719-based DSC with a 

gel electrolyte and muti-walled carbon nanotube (MWCNT) array based EDLC.[49] Later 

on, Vm of 0.89 V and maximum OPCSE of 0.8% under one sun was realized by integrating 

a D35 dye based solid-state DSC and ruthenium oxide based SC, with silver electrode as 

the intermediate electrode.[50] In a similar design, Xu et. al. stacked DSC and SC, both 

made up of one-dimensional anodic titanium oxide (ATO) nanotube arrays to form a 3-

terminal PC with Ti foil as the intermediate electrode, to achieve a Vm and OPCSE of 0.61 

V and 1.64%, respectively.[51] They could further realize a Vm of 2.5 V by interconnecting 

four such PC devices in series. Scalia et. al. could attain a Vm of 2.45 V under one sun from 

a single PC device, by integrating a single AC based EDLC using an ionic liquid as 

electrolyte integrated to a W-type dye-sensitized PV module (DSM) using Z907 dye and 

iodine based electrolyte.[52] However, they utilized a 4-terminal stacked architecture, 

wherein the PV section and storage section were fabricated separately on different FTO 

substrates and then connected externally, thereby attaining a maximum OPCSE of 1.83%. 

In all the aforementioned reports of 3-terminal monolithic PCs, a stacked 

architecture was adopted, in which the active material of the SC and the CE material of the 

DSC part was coated on the two sides of an intermediate electrode, which served as a 
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common terminal for both photoconversion and storage part of the device. However, a new 

design for 3-terminal PCs was opted by Speranza et. al., wherein the active electrode 

materials of both the SC and DSC part were deposited on the same side of a conducting 

substrate, but on different portions.[53] Let us call it the parallel architecture for 3-terminal 

PC fabrication. They integrated a W-type large area DSM (composed of N719 dye and 

iodide/triiodide electrolyte) with AC based EDLC. They reported a maximum OPCSE of 

1.6% under one sun illumination and 9.7% under indoor illumination with a maximum 

storage potential of ~ 3 V. In the present chapter, we explored the possibility of integrating 

activated carbon electrode based EDLC with copper electrolyte based DSCs (with active 

area ~ 0.24 cm2) made up of TiO2/ZnO bilayer photoanodes, in a parallel architecture to 

obtain Vm above 1V under simulated solar light and above 0.9 V under indoor light 

irradiation. The resulting PC could achieve a maximum OPCSE of 4.1%, with Vm of ~ 1.1 

V, under one sun irradiation. It could also exhibit a remarkably high maximum OPCSE of 

8.2% (with Vm ~ 0.95 V), 11.4% (with Vm ~ 0.98 V) and 15.5% (with Vm ~ 1.01 V), under 

CFL illumination of 2000 lux, 4000 lux and 6000 lux, respectively. 

5.2. Experimental procedure 

5.2.1. Dye sensitized photovoltaic cell fabrication and characterization  

The photoanode for DSCs or DSCs in this work consisted of a TiO2/ZnO bilayer 

(designated as T+Z1), made up of a TiO2 layer (18NR-T, GreatcellSolar, Australia with ~ 

20 nm particle size and an over layer of ZnO microparticles (Z1) with ~ 10 µm particle size 

(synthesized as described in Chapter 4). The photoanodes were fabricated on the FTO 

substrate (TEC 10, Merck) cut into small pieces (1.6 cm x 1.6 cm) and cleaned in an 

ultrasonic bath using soap solution (for 30 minutes), de-ionized water (for 30 minutes), 

isopropanol (for 15 minutes), and acetone (for 15 minutes), followed by annealing at 500 

°C for 30 minutes. Pre-blocking layers were deposited on the cleaned FTO plates by 

submerging them in a 50 mM aqueous solution of TiCl4 at 75 °C for 30 minutes. The 

substrates were then subjected to a step-by-step annealing process, which involved slow 

heating and maintenance of the temperature at 150°C for 10 minutes, 300°C for 10 minutes, 

350°C for 10 minutes, 450°C for 10 minutes, and finally 500 °C for 30 minutes. The active 

layer (area 0.24 cm2) of commercial TiO2 paste (18NR-T) and the Z1 over layer was 

deposited on the substrate via blade coating method, with intermediate heating at 100oC for 

10 minutes. Finally, the electrodes were subjected to the previously described step-wise 

programme annealing procedure. Screen printing was used to deposit a commercial TiO2 
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BL solution (GreatcellSolar, Australia) over the TiO2/ZnO stacked photoanodes for 

electrodes that used post blocking layers (BL), before the programmed annealing. The next 

step involved immersing the photoanodes for 16 hours in dye solution prepared using a 1:1 

acetonitrile to tert-butanol mixture as solvent. We utilized cleaned 1.6 cm x 1.6 cm FTO 

substrates (TEC7, GreatcellSolar, Australia) electrochemically polymerized with the 

conducting polymer poly (3,4-ethylene dioxythiophene) (PEDOT) as the counter 

electrodes for our devices. After that, a 25 µm thermoplastic spacer (Surlyn, GreatcellSolar, 

Australia) was used to hot press (at 120°C) the dye-sensitized photoanode and counter 

electrode together. To prepare the electrolyte, the copper dimethyl phenanthroline species, 

bis (2,9-dimethyl-1,10-phenanthroline copper(I/II) bis(trifluoromethanesulfonyl)imide 

(Dyenamo A.B, Sweden) (0.2 M [Cu(dmp)2]
1+ and 0.04 M [Cu(dmp)2]

2+) were added to 

the solution of 0.1 M bis(trifluoromethane)sulfonimide lithium salt, LiTFSI (Merck), and 

0.6 M 4-tert-butylpyridine, TBP (Merck). All of these substances were dissolved in 

acetonitrile solvent. Finally, holes in counter electrode were used to introduce the 

electrolyte solution into the inter-electrode spacing in the assembled device. The holes were 

sealed to prevent solvent evaporation and leakage. The initial optimization of the TiO2 layer 

thickness in bilayer photoanode based devices were performed using T+Z1 bilayers 

without BL and sensitized with Y123 dye (using 0.1 mM dye solution). The final devices 

with optimum performance was acquired using T+Z1 bilayers with BL and co-sensitized 

with XY1b:MS5 (2:1) cocktail dye. 

A class AAA solar simulator (Model PVIV-94043A, Newport) and a source meter 

(Keithley) were used to characterize the photovoltaic performance of the fabricated DSCs 

under AM 1.5G sunlight (100 mW/cm2). After being stored in an ambient environment 

with a temperature of 27°C and 80% humidity, the devices underwent a stability test. The 

current density versus voltage (J-V) and output power density versus voltage (P-V) 

characterizations of the DSCs were carried out in the indoor light environment using a 

Dyenamo AE 05 potentiostat and a specially designed indoor light measurement setup. A 

warm white compact fluorescent lamp (CFL; Osram, 14W/2700K) was used as the source 

of light. Using a UV-Vis-NIR spectrometer (Ocean optics, DH-2000-BAL) and a highly 

sensitive photodetector, the CFL irradiance spectra and incident power density was 

measured. J-V measurements were performed under outdoor condition with a black mask 

having a circular aperture of 0.11 cm2, and indoors with a larger aperture of 0.34 cm2. The 

incident photon-to-current conversion efficiency (IPCE) was measured using a 250 W 
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Xenon lamp that was connected to a monochromator. Advanced characterizations of the 

DSCs were done by electrochemical impedance spectroscopy (EIS) using the 

electrochemical workstation (Autolab, Metrohm). EIS was carried out at a frequency of 0.1 

Hz to 100 kHz and a bias voltage between 0.95 V and 1.14 V in the absence of light. The 

ZView software was employed to fit the impedance plots obtained from EIS and determine 

various parameters such as charge transfer resistance (Rct) and chemical capacitance (Cµ) 

corresponding to the interfacial charge transfer within the electrochemical device. The 

mass transport limitation in the DSCs were studied using current transient (CT) 

measurements at various illumination intensities. This was done using the Autolab 

workstation (Metrohm) coupled with an LED driver and a white LED as the light source. 

The transient photovoltaic and photocurrent decay (TVD and TPD) measurements of the 

DSCs were carried out using the toolbox set-up (Dyenamo A. B., Sweden), with an LED 

as light source. 

5.2.2. Photocapacitor fabrication and characterization  

The photocapacitor (PC) was fabricated in a three-terminal mode, in which the DSC 

part and EDLC part share a common FTO substrate (E1) for supporting the respective 

working electrodes. Whereas, the second working electrode (E2) of the EDLC and the 

counter electrode (E3) of the DSC were fabricated on two separate FTO plates. The E1 

electrode was deposited with the dye-sensitized photoanode (or working electrode) layer 

of the DSC and the active material for the EDLC. The photoanode of DSC was made up of 

a TiO2/ZnO bilayer architecture co-sensitized with two organic dyes (XY1b and MS5 in 

2:1 proportion), as described in the previous section 5.2.1. While, the active material of 

EDLC was made up of a mixture of activated carbon and polyvinylidene fluoride (PVDF). 

For fabricating the working electrodes (or active electrodes) of the EDLC, the mixture of 

activated carbon and PVDF (9:1) was dispersed in ethanol and sonicated for 1-2 hours. The 

resulting dispersion was drop-casted on the FTO substrates (E1 and E2) over an area of 1 

cm2, followed by drying at room temperature for 15 minutes. Then the substrates were 

undergone an overnight heating at 120oC. The two working electrodes of the EDLC were 

fused together using a UV epoxy. The active layers in the working electrodes were 

infiltrated with an organic electrolyte containing 1M lithium perchlorate (LiOCl4) in 

propylene carbonate, before joining the electrodes. Also, a porous separator (Celgard 2500) 

was placed between them. The DSC part was completed by combining the photoanode in 

E1 with a PEDOT coated counter electrode (E3) using the UV epoxy and filling the inter-
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electrode gap with [Cu(dmp)2]
2+/+ electrolyte (prepared in the previous section 5.2.1). The 

steps involved in the fabrication of the PC is depicted in Figure 5.1. 

 

Figure 5.1. The steps involved in the fabrication of the photocapacitor (PC). 

Initially, the performance of the EDLC part alone was tested using EIS, cyclic 

voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements, using a 

potentiostat (BioLogic VMP3). The CV was performed at different scan rates ranging from 

10 to 200 mV/s. For the GCD studies, the EDLC was charged up to a voltage of 1.1 V at a 

constant current and then allowed to discharge (up to 0 V) at the same rate. This was carried 

out at different constant currents ranging from 0.1 - 1.0 mA. The CV and GCD curves were 

used to determine the specific capacitance (Cs) of the EDLC. The integrated PC device was 

characterized by performing a photocharge/constant-current discharge test both under 

simulated AM1.5 G sunlight (simulated by a AAA solar simulator, Model PVIV-94043A, 

Newport) and under different CFL (Osram, 14W/2700K) illuminations. The measurements 

were carried using the electrochemical workstation (Autolab, Metrohm). During the photo-

charging step, the PC was connected in the charging mode by connecting the E2 and E3 

electrodes (Figure 5.2), such that the DSC and EDLC are connected in parallel, and 

exposed to the light source, and the voltage across the EDLC was measured until the Vm is 

reached. Immediately after photocharging, the PC is connected in discharging mode, by 

disconnecting the E2 and E3 terminals (Figure 5.2).  The discharge profile of the EDLC 
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was then recorded at a constant current value, while measuring its voltage. From the 

measurement, the OPCSE was calculated. 

 

Figure 5.2. Photocapacitor (PC) connected in (a) charging mode, and (b) discharging 

mode. 

5.3. Results and Discussion 

5.3.1. Optimizing the TiO2 layer thickness for dye sensitized light harvesters 

In the initial studies, the TiO2 layer thickness in the TiO2/ZnO bilayer photoanodes of T+Z1 

devices using Y123 dye and copper redox mediator ([Cu(dmp)2]
2+/+) were optimized. The 

TiO2 layer thickness in the T+Z1 electrodes were varied from 3 to 12 µm and the 

performance of the corresponding DSCs under various indoor light conditions were 

observed.  Figure 5.3(a) shows the current density versus voltage (J-V) characteristics for 

the T+Z1 devices with various TiO2 layer thicknesses, measured under AM 1.5G simulated 

sunlight (100 mW/cm2). The corresponding photovoltaic parameters are summarized in 

Table 5.1. It is observed that the dye loading in the photoanode films increased with the 

increase in TiO2 layer thickness. This was obviously due to the higher number of TiO2 

particles available for dye adsorption in thicker films. However, the JSC of the devices first 

increased with the increase in TiO2 layer thickness, up to the optimum thickness of 6 µm. 

Then it started decreasing with further increase in layer thickness. This trend in variation 

of JSC with TiO2 thickness was not matching with the theoretical JSC (Jintegrated) acquired by 

integrating the IPCE spectra (Figure 5.3(b)). Jintegrated was observed to be proportional to 

the dye loading values. This discrepancy in JSC values observed under one sun condition 
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and those calculated from IPCE spectra, could be attributed to the mass transport limitation 

associated with copper species based electrolyte system.[12] The increase in mass transport 

issues with increase in layer thickness might have resulted in lowering of JSC in the 

respective DSCs. Consequently, the device with an optimum TiO2 film thickness of 6 µm 

exhibited the highest PCE of 7.50% with a VOC of 1.14 V, JSC of 9.67 mA/cm2, and fill 

factor (FF) of 0.68.  

 

Figure 5.3. (a) J-V characteristics under one sun condition, and (b) IPCE spectra obtained 

for TiO2/ZnO (T+Z1) bilayer device employing Y123 dye and [Cu(dmp)2]
2+/+ electrolyte, 

with different TiO2 layer thickness. 

Table 5.1. Photovoltaic parameters of DSCs employing TiO2/ZnO bilayer (T+Z1) 

photoanodes with different TiO2 layer thicknesses (d), sensitized with Y123 dye in 

conjugation with [Cu(dmp)2]
1+/2+ redox electrolyte, under AM 1.5G solar irradiation, along 

with dye loading (DL), and theoretical JSC (Jintegrated) values. 

a Average TiO2 layer thickness obtained from profilometer measurement. 
b J-V parameters of champion cells with averages taken over three sets of samples ± mean deviation (in 

parentheses). 
c Theoretical JSC obtained by integrating the IPCE spectra.  
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Figure 5.4. (a) JSC vs. intensity plot; (b) current transient (CT) curves obtained at an 

incident light intensity of 100 mW/cm2; (c) VOC, and (d) JSC as a function of TiO2 layer 

thickness, under various light intensities; (e) J-V characteristic curves obtained under dark 

condition; and (h) PCE as a function of TiO2 layer thickness, under various light intensities 

for TiO2/ZnO (T+Z1) bilayer devices employing Y123 dye and [Cu(dmp)2]
2+/+ electrolyte. 

The influence of TiO2 layer thickness on the mass transport of electrolyte species in 

the bilayer DSCs could be further verified using JSC versus intensity plots and current 

transient curves. The JSC versus intensity plot deviates more from linearity as the TiO2 layer 

thickness increases (as shown in Figure 5.4(a)), indicating the dominance of diffusion 

limitation at higher thickness. This is further affirmed by the current transient curves 
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obtained at an incident intensity of 100 mW/cm2 (Figure 5.4(b)), from which the reduction 

in output current of the devices due to mass transport limitation is seen to be increasing 

with the increase in TiO2 layer thickness. However, the mass transport problem was 

observed to be minimized at lower light intensities. This was reflected in the JSC of the 

DSCs under lower intensities (Figure 5.4(c)). At 50 mW/cm2 light intensity, the optimum 

JSC was obtained for the TiO2 thickness of 9 µm with better dye loading, owing to the 

decreased mass transport problem. While at 10 mW/cm2, the JSC was almost similar for all 

the devices despite the variation in dye loading. The variation in VOC for T+Z1 devices with 

change in TiO2 layer thickness is given in Figure 5.4(d). At all intensities, the VOC of the 

devices seem to decrease with increase in layer thickness. This might be attributed to the 

observation that with the increased layer thickness there was an increase in leakage current 

(observed from J-V under darkness, (Figure 5.4(e)), pertaining to the increase in 

TiO2/electrolyte interface available for electron back transfer processes. Ultimately, the 

T+Z1 device with 6 µm thick TiO2 layer exhibited the highest PCE under higher intensity 

(100 mW/cm2), while that with with 9 µm thick TiO2 layer showcased the maximum PCE 

under low intensity (10 mW/cm2) (Figure 5.4(f)). 

The interfacial charge transfer kinetics in T+Z1 devices with various TiO2 layer 

thicknesses were investigated using EIS, TVD and TCD analysis. The representative 

Nyquist diagram obtained using EIS measurement at an applied bias of 1.0 V is shown in 

Figure 5.5(a) and the equivalent circuit used for fitting them is provided in Figure 5.5(b). 

The resistance element Rseries represents the series resistance of the device. Rct and Cµ
 

respectively specify the charge transfer resistance and chemical capacitance due to charge 

accumulation at the TiO2/dye/electrolyte interface. Whereas, RCE and CCE denote the 

chemical capacitance and capacitance due to charge accumulation at the counter 

electrode/electrolyte interface. Zd-bulk corresponds to the Warburg diffusion of the redox 

species in the bulk of the electrolyte, while Rd-WE correspond to that within the mesoporous 

semiconductor matrix of the working electrode. The Rct obtained by fitting the Nyquist plot 

was plotted against the VOC, as shown in Figure 5.5(c). As inferred before, with increase 

in layer thickness, there was a decrease in Rct, resulting in higher electron recombination 

kinetics at the TiO2/electrolyte interface. Moreover, the Cµ versus VOC plot obtained from 

EIS analysis displays a positive shift in conduction band (CB) of the semiconductor layer 

with increase in TiO2 layer thickness (Figure 5.5(d)). This positive shift in CB with higher  
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Figure 5.5. (a) Representative Nyquist plots obtained from EIS measurement under dark, 

at a bias potential of 1.0 V and corresponding fitted curves (red dotted line), and (b) 

Modified Randle’s circuit used for them; (c) Charge transfer resistance (Rct), and (d) 

chemical capacitance (Cµ) obtained by fitting the Nyquist plots as a function of VOC; (e) 

Charge extraction (CE) plot, and (f) Diffusion length (Ln) obtained from TVD and TCD 

measurements obtained using Toolbox setup.  

TiO2 thickness was confirmed using the charge extraction (CE) plots as well (Figure 

5.5(e)). This downward shift, as described in the previous chapter (Chapter 4), causes an 

increased overlap between CB states or sub- bandgap states of the semiconductor with the 

oxidized states of the redox mediator, leading to more electron recombination rates. The 

electron diffusion time (𝜏𝑑) and lifetime (𝜏𝑛), obtained from TCD and TVD measurements, 
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respectively, were used to estimate thediffusion length (Ln) of electrons within the 

semiconducting layer of the DSCs, using the equation, 

 𝐿𝑛 =  𝑑 × √(𝜏𝑛 𝜏𝑑⁄ )     (5.1) 

where d is the layer thickness of the bilayer photoanode. The obtained Ln was plotted 

against the LED current (which is proportional to the light intensity emanating from the 

LED source used for TVD and TCD measurements) as shown in Figure 5.5(f). It is 

observed that at all incident intensities, the T+Z1 device with 9 µm thick TiO2 layer 

exhibited the highest Ln of ~ 25 µm, followed by the device with 12 µm thick TiO2 layer 

(~ 20 µm), with 6 µm thick TiO2 layer (~ 15 µm) and finally the one with 3 µm thick TiO2 

layer (~ 10 µm). Ln seemed to increase with increase in TiO2 thickness from 3 µm to 9 µm, 

and afterwards it decreased for the device with 12 µm thick TiO2 layer. The initial increase 

in Ln with increase in TiO2 thickness might be ascribed to the greater number of 

photogenerated electrons created in the thicker semiconducting layer. However, further 

increase in thickness paved way for increasing the rate of the competing electron 

recombination process, which might have resulted in lowering the Ln for the device with 

thicker TiO2 layer. The higher Ln for T+Z device with 9 µm thick TiO2 layer might also 

have helped it in achieving better JSC and hence better PCE under low intensity illumination 

conditions. The J-V characteristic curves for the T+Z1 devices with various TiO2 layer 

thicknesses (3 to 12 µm) sensitized with Y123 dye and using [Cu(dmp)2]
2+/+ based 

electrolyte, measured under 1000 lux CFL illumination are shown in Figure 5.6 and the 

corresponding parameters are given in Table 5.2. As expected, the device with 9 µm thick  

 

Figure 5.6. J-V characteristics under of TiO2/ZnO (T+Z1) bilayer device employing Y123 

dye and [Cu(dmp)2]
2+/+ electrolyte, with different TiO2 layer thickness under 1000 lux CFL 

illumination. 
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Table 5.2. Photovoltaic parameters of DSCs employing TiO2/ZnO bilayer (T+Z1) 

photoanodes having different TiO2 layer thicknesses (d), sensitized using Y123 dye along 

with [Cu(dmp)2]
2+/+ redox electrolyte, under 1000 lux CFL illumination. 

 aAverage TiO2 layer thickness obtained from profilometer measurement. 
bJ-V parameters of champion cells with averages taken over three sets of samples ± mean deviation (in 

parentheses). 

TiO2 layer delivered the highest PCE of 27.9%, with a VOC of 1.0 V, JSC of 102.4 µA/cm2, 

FF of 0.77, and maximum output power density (Pmax) of 78.8 µW/cm2 under 1000 lux 

CFL illumination.  

Further, the performance of the device with 9 µm thick TiO2 layer under various 

illumination conditions was evaluated by co-sensitizing the bilayer device using MS5: 

XY1b (1:2) dye combination. Under simulated AM 1.5G (100 mW/cm2) irradiation, the 

co-sensitized device using[Cu(dmp)2]
2+/+ based electrolyte could achieve a PCE of 8.3%, 

with a VOC of 1.13 V, JSC of 10.8 mA/cm2, and FF of 0.68 (Figure 5.7(a) and Table 5.3). 

The corresponding IPCE spectrum is provided in Figure 5.7(b) and the Jintegrated obtained 

from it is 10.9 mA/cm2.  Under 1000 lux CFL irradiation, the co-sensitized device delivered 

a PCE of 34.5%, with a VOC of 1.00 V, JSC of 114.8 µA/cm2, FF of 0.85, and Pmax of 97.6 

µW/cm2 (Figure 5.7(c) and Table 5.4). Hence, the co-sensitization strategy could 

effectively improve the JSC of the T+Z1 bilayer DSC without compromising its VOC, both 

under outdoor as well as indoor lighting conditions. The performance of the device under 

higher CFL intensities, such as 2000 lux, 4000 lux and 6000 lux, were also studied. With 

increase in CFL intensity, the VOC as well as JSC of the device got enhanced, resulting in an 

enhanced PCE. Hence, under 6000 lux CFL illumination, the co-sensitized device delivered 

a maximum PCE of 39.5%, (with 1.07 V VOC, 762.5 µA/cm2 JSC, 0.82 FF, and 669.0 

µW/cm2 Pmax), while under 4000 lux it exhibited 38.8% PCE (with 1.05 V VOC, 510.1 

µA/cm2 JSC, 0.82 FF, and 439.2 µW/cm2 Pmax)
 and under 2000 lux, it gave 37.3% PCE 

TiO2 layer 
thickness a 

(µm) 

VOC 
b 

         (V) 

JSC 
b
 

(µW/cm2) 
FF 

b
 

PCE 
b 

(%) 

Pmax
 

b
 

(µW/cm2) 

3 
0.98  

(0.97 ± 0.01) 
68.2  

(64.1 ± 5.3) 
0.70  

(0.69 ± 0.02) 
16.5  

(15.1 ± 1.8) 
46.8  

(42.7 ± 5.1) 

6 
0.99  

(0.98 ± 0.01) 
87.7  

(86.5 ± 1.1) 
0.70  

(0.68 ± 0.02) 
21.5  

(20.5 ± 1.0) 
60.8  

(57.9 ± 2.5) 

9 
1.00  

(0.99 ± 0.01) 
102.4 

(98.0 ± 3.9) 
0.77  

(0.76 ± 0.01) 
27.9  

(26.1 ± 1.8) 
78.8  

(74.0 ± 4.3) 

12 
0.98  

(0.97 ± 0.01) 
97.2  

(95.1 ± 1.8) 
0.72  

(0.71 ± 0.01) 
24.2  

(23.1 ± 1.0) 
68.6  

(65.4 ± 2.8) 
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(with 1.02 V VOC, 246.7 µA/cm2 JSC, 0.84 FF, and 211.4 µW/cm2 Pmax)
 (Figure 5.7(c) and 

Table 5.4). 

 

Figure 5.7. (a) J-V characteristics under one sun condition and (b) corresponding IPCE 

spectrum; (c) J-V characteristics under various CFL illumination intensities, and (d) 

stability curve under 4000 lux CFL irradiation, obtained for T+Z1 bilayer device employing 

XY1b:MS5 dye and [Cu(dmp)2]
2+/+ electrolyte, with 9 µm thick TiO2 layer. 

Table 5.3. Photovoltaic parameters of DSCs employing T+Z1 bilayer photoanodes with 9 

µm thick TiO2 layer, co-sensitized with XY1b:MS5 dye system in conjugation with 

[Cu(dmp)2]
2+/+ redox electrolyte, under AM 1.5G solar irradiation. 

a Intensity of the incident light from the solar simulator. 
bJ-V parameters of champion cells with averages taken over three sets of samples ± mean deviation (in 

parentheses). 
c Theoretical JSC obtained by integrating the IPCE spectra.  
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The stability of the co-sensitized device was tested under 4000 lux CFL irradiation and the 

corresponding stability curve is shown in Figure 5.7(d). Even after 1000 hours, the device 

could retain a PCE of 36.5%, which is ~ 94% of the maximum PCE obtained under 4000 

lux CFL. The co-sensitized bilayer T+Z1 device could power a temperature sensor/digital 

clock under outdoor as well as indoor lighting (even under lower intensity of 500 lux CFL), 

as shown in Figure 5.8, giving rise to a battery-free self-powered electronic device. 

However, a major drawback of this system was that, whenever the light was turned off the 

digital clock also stopped working and when the light was on, the clock reset to 12:00 

disrupting the proper working of the clock. A feasible solution for such a situation is to 

incorporate a storage device to the system. In this work, we integrated the DSC device with 

an activated carbon based EDLC device for realizing efficient photocapacitor (PC) for 

outdoor as well as indoor light energy harvesting and storing application.    

Table 5.4. Photovoltaic parameters of DSCs employing TiO2/ZnO bilayer (T+Z1) 

photoanodes with 9 µm thick TiO2 layer, co-sensitized with XY1b:MS5 dye system in 

conjugation with [Cu(dmp)2]
2+/+ redox electrolyte, under different CFL illumination 

intensities. 

a Intensity of the incident CFL light. 

bJ-V parameters of champion cells with averages taken over three sets of samples ± mean deviation (in 

parentheses). 

Illuminance 
Pin a 

(µW/cm2) 
VOC 

b 

      (V) 
JSC 

b
 

(µW/cm2) 
FF 

b
 

PCE 
b 

(%) 
Pmax

 

b
 

(µW/cm2) 

1000 lux 283 
1.00 

(0.99 ± 
0.01) 

114.8 
(117.6 ± 

2.6) 

0.85 
(0.81 ± 
0.04) 

34.5 
(33.3 ± 

1.6) 

97.6 
(94.3 ±  

4.6) 

 2000 lux 566 
1.02 

(1.02 ± 
0.01) 

246.7 
(244.8 ± 

1.7) 

0.84 
(0.81 ± 
0.03) 

37.3 
(36.1 ± 

1.2) 

211.4 
(204.1 ± 

6.9) 

4000 lux 1132 
1.05 

(1.05 ± 
0.01) 

510.1 
(517.9 ± 

8.9) 

0.82 
(0.80 ± 
0.02) 

38.8 
(38.2 ± 

1.0) 

439.2 
(433.1 ± 

9.2) 

6000 lux 1698 
1.07 

(1.07 ± 
0.01) 

762.5 
(772.3 ± 

9.5) 

0.82 
(0.80 ± 
0.01) 

39.5 
(39.0 ± 

0.5) 

669.0 
(661.7 ± 

7.9) 
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Figure 5.8. Powering a temperature sensor/digital clock (ACETEQ DC-2) using a small 

area DSC (T+Z1) employing XY1b:MS5 dye and [Cu(dmp)2]
2+/+ electrolyte, under (a) 

outdoor condition (AM 1.5G irradiation), and indoor conditions (b) 499 lux CFL, and (c) 

995 lux CFL illumination. 

5.3.2. Characterization of the EDLC  

The electrochemical behaviour of the storage part of the integrated PC device was 

evaluated using EIS, CV, and GCD measurements. The Nyquist plot of the EDLC obtained 

from EIS is shown in Figure 5.9(a). A large solution resistance of ~ 47 Ω and a semicircle 

corresponding to the FTO/carbon interface was observed for the EDLC. The higher series 

resistance could be attributed to the large sheet resistance of the FTO coated current  

(a) 

(c) 

(b) 
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Figure 5.9. (a) Impedance plot obtained from EIS, (b) CV plots obtained at different scan 

rates, (c) GCD curves obtained at different current densities, and (d) specific capacitance 

(Cs, estimated from CV and GCD plots) of EDLC device employing activated carbon based 

working electrodes and an organic electrolyte. 

collector and the bulk resistance of the organic electrolyte.[52] The CV curves obtained at 

different scan rates (10 - 200 mV/s) in a fixed operating voltage of 1.1 V are shown in 

Figure 5.9(b). The CV curves were deformed from the ideal rectangular shape expected 

for ideal EDLCs owing to the high series resistance. The deformation increased with 

increase in the scan rate (s). Similarly, the GCD curves also showed a deviation from the 

ideal triangular behaviour. The GCD curves were obtained up to a maximum voltage of 1.1 

V at various applied constant current densities (i) ranging from 0.1 - 1.0 mA/cm2, as shown 

in Figure 5.9(c). A maximum voltage of 1.1 V for EDLC was chosen corresponding to the 

maximum achievable voltage, i.e. VOC, of the DSC (1.13 V) under AM 1.5G solar light. 

The specific capacitance (Cs) of the EDLC section was estimated from the CV curves using 

the equation,  

                                      𝐶𝑠 =
∫ 𝐼 𝑑𝑉

𝑠×∆𝑉×𝐴
      (5.2) 
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where ∫ 𝐼 𝑑𝑉 is the area enclosed by the CV curve, s is the scan rate in V/s, ΔV is the voltage 

window in V and A is the active area of the working electrode (1 cm2). The obtained Cs 

from CV data are plotted against the scan rate as shown in Figure 5.9(d). At the scan rate 

of 10 mV/s the EDLC exhibited Cs of 85 mF/cm2, while it reduced to 22 mF/cm2 at the 

higher scan rate of 200 mV/s. The Cs was also estimated using the GCD curves using the 

equation,  

                                          𝐶𝑠 =
2×𝑖

𝐴×(𝑑𝑉 𝑑𝑡⁄ )
     (5.3) 

where i is the galvanostatic discharge current (in mA) and dV/dt is the slope of the linear 

region of the discharge curve (in V/s). From the GCD measurement at a discharge current 

density of 0.1 mA/cm2, the Cs of EDLC was estimated to be 110 mF/cm2, while at 1 

mA/cm2 it was 51 mF/cm2.  

5.3.3. Photocapacitor characterization and application 

The light harvesting and storage capacity of the integrated PC device was assessed 

using photocharge/discharge measurements under various lighting conditions, such as 

outdoor and indoor light irradiations. The photocharge/discharge profile of the PC is 

obtained by plotting the photocharged voltage (VPC) across the PC against the photo-

charging time (tPC). The maximum achievable VPC of the PC and the corresponding tPC 

under a particular irradiation condition may be denoted as Vm and tm, respectively. Under 

simulated AM 1.5G sunlight, the PC was charged up to a Vm of 1.1 V in ~ 3 minutes (tm), 

as shown in Figure 5.10(a). The observed variation in the slope of the photocharging curve 

suggest that the DSC charged the EDLC with a non-constant current determined by the J-

V response of the DSC. At VPC closer to the VOC of the DSC, the photocharging current (iPC) 

might be too small, which result in a plateau in the photocharging curve. The 

photocharge/discharge profiles of the PC under various CFL illumination intensities (2000 

lux, 4000 lux, and 6000 lux) are shown in Figure 5.10(b). Under 6000 lux CFL 

illumination, the PC could only charge up to a Vm of 1.01 V in ~ 18 minutes, after which 

the photocharging curve formed a plateau. Similarly, under 4000 lux CFL, it took ~ 28 

minutes for the PC to achieve a Vm of 0.98 V, after which it got saturated. Under 2000 lux 

CFL, the VPC could reach only up to a maximum of 0.95 V in ~ 40 minutes. The Vm of the 

PC was seen to be decreasing with decrease in intensity of the incident radiation, since the 

VOC of the DSC is reduced at lower light intensities. Also, the photocharging time, tm, 

required for achieving the corresponding Vm were observed to be higher at lower light 
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intensities. This could in turn be attributed to the lower current output (ISC) of DSC under 

low intensity conditions. Also, during the photocharging process of the PC, the iPC is 

 

Figure 5.10. Photocharge/discharge curves of the integrated PC device under (a) AM 1.5G 

simulated sunlight (100 mW/cm2), and (b) different CFL illumination intensities (2000 lux, 

4000 lux and 6000 lux); OPCSE of the PC device as a function of photocharged voltage 

(VPC) obtained under (c) AM 1.5G simulated sunlight, and (d) CFL illumination; OPCSE 

as a function of photocharging time (tPC) obtained under (e) AM 1.5G simulated sunlight, 

and (f) CFL illumination. 
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observed to be reducing with the increase in VPC. At higher VPC, the iPC becomes as low as 

the self-discharging current of the EDLC, so that the Vm of PC get saturated at a value lower 

than the VOC of the DSC and a plateau is formed in the photocharging profiles. Under all 

illumination conditions, the discharge curves of the EDLC section were recorded at a 

current rate of 0.02 mA/cm2, and it was observed that the PC took about 30 min to discharge 

completely. 

The overall performance of the integrated PC was quantified by estimating the 

OPCSE of the device from the photo-charging curve using equation, 

                      𝑂𝑃𝐶𝑆𝐸 =
1 2⁄ ×C×(𝑉−𝑉𝑖)2

𝑃𝑖𝑛×t×S
     (5.4) 

where Pin is the power density of incident radiation (mW/cm2), t is the photocharging time 

(in s), S is the DSC active area (0.24 cm2), V is the voltage across the EDLC at time t, Vi is 

the initial voltage across the EDLC. The OPCSE of integrated PC device can further be 

expressed as, 

                                 𝑂𝑃𝐶𝑆𝐸 =  𝑃𝐶𝐸 × 𝑆𝐸     (5.5) 

where PCE is the power conversion efficiency of the DSC part and SE is the storage 

efficiency of the EDLC part. The OPCSE of the PC illuminated by various lighting 

conditions were plotted against the photocharging time (tpc) and the photocharged voltage 

of the device, as shown in Figure 5.10(c-f). Under AM 1.5G irradiation, the OPCSE of the 

PC was observed to initially increase with the photocharge voltage and then it started 

decreasing after an optimum voltage. The maximum OPCSE of 4.09% was achieved at an 

optimum photocharge voltage (VOPCSE) of 0.74 V, which is ~ 67% of the corresponding Vm. 

Correspondingly, this maximum OPCSE was achieved at an optimum tpc of 0.2 min 

(tOPCSE). The OPCSE of the PC device was further enhanced under indoor (CFL) 

illuminations. In this case, the OPCSE first increased with the VPC, up to an optimum VOPCSE 

listed in Table 5.5, and then started decreasing. The highest maximum OPCSE of 15.5% 

was achieved by the PC under 6000 lux CFL illumination, at a VOPCSE of 0.93 V, which is 

~ 92% of the corresponding Vm, with tOPCSE of 7.7 min. Whereas, under CFL irradiation of 

4000 lux, the maximum OPCSE of 11.4% was realized at 0.92 V (tOPCSE = 17.5 min) and 

under 2000 lux, it was 8.2% at 0.90 V (tOPCSE = 30.4 min). From the OPSCE versus tPC 

curves, it was observed that under high intensity outdoor illumination, the OPSCE rises to 

maximum within a few seconds, while under indoor condition the maximum OPCSE is 

reached after few minutes. The PC device exhibited better OPCSE and higher VOPCSE at 
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lower intensity light conditions when compared to the standard one sun condition. 

According to equation (5.5), the better OPCSE could be attributed to the better PCE of the 

DSC part under indoor conditions. However, the lower iPC offered by the DSC under low 

intensity condition result in reduction of Vm of the device and elongates the time (tm) 

required for achieving the same. Meanwhile, the higher VOPCSE at indoor light conditions 

could be ascribed to the better charging of the EDLC part at such low iPC.  

 Table 5.5. Various parameters of the PC during the photocharging under various 

illuminations:  The maximum photovoltage attained (Vm) and the photo-charging time (tm) 

required to attain the same, the maximum OPCSE attained along with the voltage (VOPCSE) 

and photo-charging time (tOPCSE) at which the maximum OPCSE is acquired. 

 Finally, we applied this PC device to rectify the drawback described in the previous 

section 5.3.1. We connected the same temperature sensor/digital clock to the new PC device 

and observed its operation under AM 1.5G solar irradiation and 4000 lux CFL illumination, 

as shown in Figure 5.11. Under AM 1.5G condition, the digital clock was switched on after 

few seconds of charging the PC. After a few minutes (~ 3 min), the light was switched off 

and the PC was connected in discharging mode by removing the connection between the 

DSC and the EDLC part. It was observed that the clock continued to work for ~ 30 min, 

even after the light was turned off. A similar behaviour was observed under 4000 lux CFL 

illumination as well. However, the PC required to be charged for ~ 30 min, so that it could 

achieve the Vm, before it was connected to the temperature sensor/digital clock. The clock 

was switched on immediately when the photocharged PC was connected to it. After about 

5 minutes, the CFL was switched off and the active area of the DSC was covered with a 

black mask to rule out the possibility of illumination from the stray light. The clock 

continued to work for ~ 25 min, even after the light was cut-off. The time for which the PC 

could power the device was longer in case of outdoor irradiation condition. This was 

Illumination condition V
m

 

(V) 

t
m

 

(min) 

Maximum 
OPCSE 

(%) 

V
OPCSE

 

(V) 

t
OPCSE

 

(min) 

AM 1.5G sunlight 1.10 3 4.1 0.74 0.2 

6000 lux CFL 1.01 18 15.5 0.93 7.7 

4000 lux CFL 0.98 28 11.4 0.92 17.5 

2000 lux CFL 0.95 40 8.2 0.90 30.4 
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because the Vm achieved under simulated sunlight was ~ 12% higher than the one at 4000 

lux CFL illumination. 

 

Figure 5.11. Powering the temperature sensor/digital clock (ACETEQ DC-2) using the PC 

device under (a) AM 1.5G simulated sunlight (100 mW/cm2), and (b) 4000 lux CFL 

illumination. 

 5.4. Conclusions  

In the present chapter, TiO2 layer thickness in TiO2/ZnO bilayer photoanode (T+Z1) 

based dye-sensitized photovoltaic cell (DSC) using copper electrolyte ([Cu(dmp)2]
2+/+), 

was optimized to obtain the best performance with optimum open circuit voltage (VOC), 

both under one sun (AM 1.5G, 100 mW/cm2) and indoor (CFL illumination) conditions. 

Co-sensitization strategy was implemented to further enhance the power conversion 

efficiency (PCE) of T+Z1 based DSC device, by improving its short circuit current (JSC) 

without compromising its VOC. The best optimized light harvester (using T+Z1 bilayer 

photoanode co-sensitized with XY1b:MS5 dye mixture (2:1)) was integrated with a 

standard activated carbon based electrochemical double layer capacitor (EDLC) to realize 

a photocapacitor (PC), which could attain a maximum overall photoelectric conversion and 

storage efficiency (OPCSE) of 4.1%, with a maximum storage voltage (Vm) of 1.1 V, under 

AM 1.5G simulated sunlight. Meanwhile, the PC achieved the highest OPCSE of 15.5% 

(a) 

(b) 
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with a Vm of 1.01 V, under 6000 lux CFL illumination. Finally, the pertinency of this hybrid 

device in IoT applications was demonstrated by powering a temperature sensor/digital 

clock using the PC, both under simulated solar irradiation as well as CFL illumination. The 

PC could power this sensor/clock for more than 20 minutes, even after the light was 

switched off, hence overcoming the drawback of systems utilizing DSC alone for powering 

such electronic devices. To the best of our knowledge, this work presents the first report on 

photocapacitor employing an EDLC integrated with a copper electrolyte based DSC, 

achieving such a remarkable OPCSE under indoor light conditions.  
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Summary & Future Perspectives 
 

 

 

In summary, the present thesis encompasses different photoanode designs for dye-

sensitized photovoltaic cells (DSCs) to achieve efficient light energy harvesting not only 

under standard one sun irradiation (AM 1.5G, 100 mW/cm2) but also under indoor light 

illuminations (CFL with incident intensity less than 1 mW/cm2). The photovoltaic 

parameters of the best performing DSCs presented in each of the working chapters are 

listed in Table 6.1. In chapter 2A, we synthesized a ZnO microstructure (designated as Z0), 

which could effectively be utilized as the photoanode material in DSCs employing copper 

electrolyte ([Cu(dmp)2]
2+/+) along with an organic sensitizer (Y123). By introducing a TiO2 

blocking layer over the Z0 based photoanode (the resulting photoanode was labelled as 

Z0+BL), we could realize a power conversion efficiency (PCE) of 3.7 % under one sun 

condition and 10.8 % under 1000 lux CFL illumination (~ 0.3 mW/cm2). In the succeeding 

work, chapter 2B, we adopted a novel strategy for designing surface textured TiO2 

photoanodes by utilizing the ZnO microstructures (Z0) as a sacrificial over layer. This was 

accomplished by depositing a layer of ZnO microstructures over the TiO2 active layer and  
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Table 6.1. Photovoltaic parameters (obtained under one sun condition and 1000 lux CFL 

illumination) of the best performing DSCs fabricated in the present thesis work. 

then treating the resulting bilayer electrode with 40 mM aqueous solution of TiCl4 to etch 

off the ZnO particles, leaving behind grooves or imprints on the surface of the TiO2 active 

layer. The surface texturing of TiO2 layer resulted in increased surface roughness which 

led to improved light scattering and hence enhanced light harvesting efficiency in the 

corresponding dye-sensitized photoanodes. Also, this surface textured TiO2 photoanode 

(T-Z0) could minimize the mass transport limitations showcased by conventional bilayer 

photoanode based DSCs using copper electrolyte. As a result, the DSCs utilizing T-Z0 

photoanodes, sensitized with Y123 dye along with [Cu(dmp)2]
2+/+ based redox shuttle 

could achieve better short circuit current density (JSC) and hence better PCE (8.0 % under 

one sun condition and 22.3 % under 1000 lux CFL illumination). In chapter 3, the 

performance of this T-Z0 based DSCs were further improved by adopting co-sensitization 

strategy using a 1:1 mixture of D35:XY1b dyes, and a PCE of 9.5 % under one sun 

condition and 25.3 % under 1000 lux CFL irradiation was achieved. Chapter 3 also presents 

another novel photoanode architecture which employs ZnO templated scattering layer 

containing light scattering voids for achieving improved light harvesting. The light 

scattering voids were incorporated in the TiO2 photoanodes by coating a mixture of TiO2 

paste and the Z0 microstructure over the conventional TiO2 active layer, followed by TiCl4 

treatment, which etches off the ZnO particles leaving behind voids in the TiO2 over layer. 

Working 

chapter 

Photoanode 

design 
Sensitizer 

PCE (%) under AM 1.5G 

irradiation 

PCE (%) under 1000 lux CFL 

illumination 

VOC 

(V) 

JSC 

(mA/cm2) 

PCE     

(%) 
VOC (V) 

JSC 

(µA/cm2) 

PCE 

(%) 

2A Z0+BL Y123 0.82 8.85 3.74 0.60 73.6 10.8 

2B T-Z0 Y123 1.04 12.27 8.04 0.82 105.7 22.3 

3 

T-Z0 

XY1b/D35 

1.01 13.95 9.45 0.86 123.3 25.3 

T-M20 1.00 15.16 10.12 0.85 141.1 33.8 

4 T+Z1 

Y123 1.12 10.29 8.16 0.99 87.4 21.3 

MS5 1.27 6.75 6.23 1.02 37.1 31.3 

5 T+Z1 XY1b/MS5 1.13 10.80 8.30 1.00 114.8 34.5 
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The resulting photoanode (T-M20), using an optimum weight percentage of ZnO template 

particles (20 wt%), was sensitized using D35:XY1b (1:1) dyes and utilized in 

[Cu(dmp)2]
2+/+ electrolyte based DSC to achieve an appreciable PCE of 10.1 % under AM 

1.5G irradiation and 33.8 % under 1000 lux CFL illumination. The enhanced performance 

of T-M20 based DSC could be attributed to its better light harvesting efficiency (LHE) 

which led to enhance JSC, owing to the improved light scattering and dye loading in the 

respective photoanode. 

Chapter 4 and chapter 5 entails a novel TiO2/ZnO bilayer photoanode architecture 

which could render higher open circuit voltage (VOC) for small area DSCs, under outdoor 

as well as indoor light conditions. In chapter 4, three different ZnO microstructures, namely 

mimosa flower-like (Z1), dandelion flower-like (Z2) and rose flower-like (Z3) 

microstructures were synthesized and utilized as an additional layer over the conventional 

TiO2 active layer to obtain the bilayer photoanodes, labelled as T+Z1, T+Z2 and T+Z3, 

respectively. Among these, T+Z1 photoanode based DSC, employing Y123 dye and 

[Cu(dmp)2]
2+/+ electrolyte delivered the best PCE of 7.61% with a VOC of 1.13 V. This VOC 

was ~100 mV higher than that of standard T device (consisting TiO2 active layer only). 

The improvement in VOC of bilayer DSCs was attributed to the negative shift in CB edge 

and lower recombination rate in these devices when compared to the standard device. 

Further, we achieved a record VOC of 1.27 V under one sun irradiation and 1.025 V under 

indoor illuminations (1000 lux CFL and LED) by sensitizing the T+Z1 photoanode with 

MS5 dye. These promising results inspired us to develop a battery-free temperature sensor 

/ digital clock that can be powered autonomously by a single bilayer DSC of ~ 0.24 cm2 

active area, even under indoor illuminations. However, this battery-free sensor/clock 

device could be operated only under illuminated conditions. Under darkness or very low 

intensity conditions, the DSC could not power the device, which affected its continuous 

operation. In order to resolve such problems, in chapter 5, we proposed the development 

of a photocapacitor (PC) by integrating the DSC with an activated charcoal based 

electrochemical double layer capacitor (EDLC). For this, we utilized [Cu(dmp)2]
2+/+ 

electrolyte based DSC employing our best optimized TiO2/ZnO bilayer photoanode 

architecture (T+Z1) with an optimum TiO2 layer thickness of ~ 9 µm, co-sensitized with a 

2:1 mixture of XY1b:MS5 dyes, which could deliver a PCE of 8.3% under one sun 

irradiation, 34.5% under 1000 lux CFL and 39.5% under 6000 lux CFL illumination. The 

corresponding PC showcased a maximum overall photoelectric conversion and storage 
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efficiency (OPCSE) of 4.1%, with a maximum achievable voltage (Vm) of ~1.1 V, under 

one sun irradiation. Under CFL illumination of 2000 lux, 4000 lux and 6000 lux, the PC 

could exhibit a remarkably high maximum OPCSE of 8.2% (Vm ~ 0.95 V), 11.4% (Vm ~ 

0.98 V) and 15.5% (Vm ~ 1.01 V), respectively. The PC was able to power the temperature 

sensor/digital clock device both under outdoor as well as indoor illumination, and 

continued to power it for more than 20 minutes even after the illumination was cut-off. 

The present thesis work encloses some DSC photoanode design strategies for 

efficient indoor light harvesting, which can be effectively implemented in internet of things 

(IoT) technologies for developing self-powered sensors, actuators, and more. Furthermore, 

reducing the device's footprint without compromising the output voltage opens up 

possibilities for integrating DSCs as a replacement for primary batteries contributing 

towards carbon neutrality and sustainability. For achieving long term stability, various 

copper electrolyte based DSCs discussed in this thesis work can be further optimized to 

develop solid state devices. Further, fabrication of these DSCs on flexible substrates can 

open up opportunities for integrating them with wearable and portable electronic devices 

like smartwatches and headsets. The semi-transparent nature of ZnO-templated 

photoanodes, combined with transparent electrolytes like cobalt-based ones, enables the 

development of bifacial dye-sensitized modules (DSMs) for building-integrated 

photovoltaics (BIPV) applications. The ZnO templated TiO2 photoanodes and TiO2/ZnO 

bilayer photoanodes can also be used for fabricating large area DSCs and DSMs, that can 

deliver higher output power for operating various high power consuming devices. 
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Chapter 1 provides a brief introduction to dye-sensitized photovoltaic cells (DSCs), their fabrication and characterization techniques, 

along with various photoanode modification strategies reported so far for improving their performance.  

Chapter 2A includes the synthesis method and characterization of a ZnO hierarchical microstructure (designated as Z0) and its 

application as the photoanode active layer material in DSC utilizing standard organic dye Y123 and two different electrolyte systems 

(iodide/triiodide [I-/I3
-] and copper dimethyl phenanthroline [Cu(dmp)2]2+/+ based redox mediators). The Z0 based device using I-/I3

-

electrolyte system (Z0/I) obtained a power conversion efficiency (PCE) of 1.01%, which was enhanced to 2.02% by employing 

[Cu(dmp)2]2+/+(Z0/Cu). The improved PCE of Z0/Cu device was associated with the improvement in both open circuit voltage (VOC) 

and short circuit current density (JSC). The improvement in VOC could be attributed to the more positive redox potential for the copper 

electrolyte which eliminates the over potential loss prevailing in iodine electrolyte system. Meanwhile the improvement in JSC emerges 

from the faster electron transport in the copper electrolyte based devices, which results in better diffusion coefficient (Dn) and charge 

collection efficiency (ηCC). The PCE of Z0/Cu device was further enhanced to 3.7% by the introduction of a TiO2 blocking layer (BL) 

over the Z0 microstructures. This could be ascribed to the suppression of back electron transfer by the TiO2 BL, leading to better 

electron lifetime and faster electron diffusion. 

Chapter 2B depicts the utilization of the aforementioned ZnO microstructure (Z0) as a sacrificial layer for surface texturing the 

conventional TiO2 photoanodes for improved light harvesting in DSCs. This was achieved by depositing ZnO layer over the TiO2 

active layer, followed by a TiCl4 treatment which etched off the ZnO particles, leaving grooves/imprints on the TiO2 surface. It was 

observed that surface texturing of TiO2 layer resulted in increased surface roughness which led to improved light scattering in these 

modified electrodes. The DSCs utilizing the surface textured TiO2 photoanodes (T-Z0) sensitized with Y123 dye along with 

[Cu(dmp)2]2+/+ based redox shuttle outperformed the corresponding standard device (Std) employing the conventional bilayer 

photoanode consisting of TiO2 active layer and TiO2 scattering overlayer. The T-Z0 based DSCs exhibited a maximum PCE of 8.04% 

under one sun condition and 22.3% under 1000 lux CFL illumination. 

Chapter 3 introduces a novel photoanode architecture employing ZnO templated scattering layer containing light scattering voids for 

achieving improved light harvesting, particularly under indoor light illumination. Light scattering voids were incorporated in the TiO2 

photoanodes by coating a mixture of TiO2 paste and the ZnO (Z0) microstructure over the conventional TiO2 active layer, followed 

by TiCl4 treatment. As a result, the ZnO particles are etched off leaving behind voids in the TiO2 over layer. The resulting photoanode 

is designated as T-M. The T-Z and T-M photoanodes were co-sensitized with 1:1 mixture of D35:XY1b dyes and utilized in DSC 

along with  [Cu(dmp)2]2+/+ based electrolyte. Under one sun irradiation, T-M device suffer from mass transport limitation owing to its 

higher layer thickness, which in turn reduces its JSC and PCE. Hence, the T-Z device (PCE ~ 9.5%) performs better than the T-M 

device (PCE ~ 8.9%). However, under 1000 lux CFL illumination, when the mass transport issues are insignificant, the T-M device 

(PCE ~ 32.3%) outperforms the T-Z device (PCE ~ 25.3%), which could be attributed to its better light harvesting efficiency (LHE) 

owing to better light scattering and dye loading. The PCE of T-M device under 1000 lux CFL illumination could be further elevated 

to 33.8% by using an optimum weight percentage of ZnO template particles (20 wt%) for preparing the scattering layer with voids. 

Chapter 4 presents a novel TiO2/ZnO bilayer photoanode architecture which could render higher VOC for small area DSCs, under 

outdoor as well as indoor illumination conditions. For this, we synthesized three different ZnO microstructures, namely mimosa 

flower-like (Z1), dandelion flower-like (Z2) and rose flower-like (Z3) microstructures and deposited them as an additional layer over 

the conventional TiO2 active layer to obtain T+Z1, T+Z2 and T+Z3 DSC photoanode, respectively. Among these, T+Z1 photoanode 

based DSC, employing Y123 dye and[Cu(dmp)2]2+/+ electrolyte delivered the best PCE of 7.61% with a VOC of 1.13 V. This VOC was 

~100 mV higher than that of standard T device (consisting TiO2 active layer only). The improvement in VOC of bilayer DSCs was 

attributed to the negative shift in CB edge and lower recombination rate in these devices when compared to the standard device. 

Further, we achieved a record VOC of 1.27 V under one sun irradiation and 1.025 V under indoor illuminations (1000 lux CFL and 

LED) by sensitizing the T+Z1 photoanode with MS5 dye. These promising results inspired us to develop a battery-free temperature 

sensor that can be powered autonomously by a single bilayer DSC of ~ 0.24 cm2 active area under indoor illuminations. 

Chapter 5 entails the development of a photocapacitor (PC) by integrating an activated charcoal based electric double layer capacitor 

(EDLC) device with DSC employing our best optimized TiO2/ZnO bilayer photoanode architecture (T+Z1). Using an optimum TiO2 

layer thickness (~ 9 µm) in the T+Z1 photoanode and co-sensitizing it using 2:1 mixture of XY1b:MS5 dyes, we could achieve a PCE 

of 8.3% under one sun, 34.5% under 1000 lux CFL and 39.5% under 6000 lux CFL illumination. The PC integrated with this optimized 

photoanode could achieve a maximum overall photoelectric conversion and storage efficiency (OPCSE) of 4.1%, with a maximum 

achievable voltage (Vm) of ~1.1 V, under one sun irradiation. Under CFL illumination of 2000 lux, 4000 lux and 6000 lux, the PC 

could exhibit a remarkably high maximum OPCSE of 8.2% (Vm ~ 0.95 V), 11.4% (Vm ~ 0.98 V) and 15.5% (Vm ~ 1.01 V), respectively. 

Finally, we powered a temperature sensor/digital clock device by using the PC, under outdoor as well as indoor illumination. The PC 

was able to power the device for more than 20 min even after the illumination was cut-off.  

Overall, the present work encompasses effective photoanode design for indoor DSCs for self-powered IoT applications. Furthermore, 

reducing the device's footprint without compromising the voltage opens up possibilities for integrating DSCs as a replacement for 

primary batteries contributing towards carbon neutrality and sustainability. 
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Understanding Charge Transfer Properties in Thiocyanate-free Cyclometalated Ru 

dyes  
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Since its invention by Gra tzel and coworkers in 1991, Dye-sensitized solar cells (DSSC) 

evolved as an attractive technology in the domain of renewable energy, in particular 

photovoltaics, owing to their low manufacturing cost, ease of fabrication, modifiable aesthetic 

features (like colour and transparency) and admirable performance under ambient light 

conditions.1,2 Till date, DSSC could achieve a maximum power conversion efficiency of about 

14% under 1 sun (100 mW/cm2) illumination and 32% under low light/indoor light 

harvesting conditions.1,3 The sensitizer or dye constitutes the key component in DSSC. The 

unfavorable reactions of SCN ligand, present in conventional Ru dyes (e.g. N719 dye, N3 dye) 

used in DSSCs, with electrolyte, affect the chemical stability of these dyes. In addition to this, 

the incompatibility of these dyes with alternate redox shuttles have persuaded researchers to 

look for alternative structurally engineered design possibilities, the most prominent being the 

replacement of labile thiocyanate ligands with cyclometalated groups which retains the 

ground and excited state electron distribution. Cyclometalated ruthenium complexes gained 

much significance in this aspect because of the flexibility to tune their ground states by 

judicious substitutions on the cyclometalating ligand, thereby making them compatible with 

alternate redox mediators (cobalt electrolytes). The influence of cyclometalation on dye 

regeneration has been extensively studied, however, its effect on the charge injection and 

collection, is yet to be explored. As a debut into the  detailed study of electron transfer 

dynamics within the DSSCs utilizing thiocyanate-free cyclometalated ruthenium complexes, 

we have chosen three cyclometalated Ru dyes (labelled as RC1, RC2 and RC3 in the present 

work) and employed them in DSSCs along with iodide/triiodide electrolyte.4–6 The 

photovoltaic characteristics revealed improvement in performance of devices endowed with 

RC2 and RC3 which relied not only on the increment in the short circuit current (Jsc) but also 

on the elevation in the open circuited voltage (Voc) of the devices. Advanced characterization 

techniques, including small perturbation techniques like electrochemical impedance 

spectroscopy (EIS), intensity modulated photovoltage spectroscopy (IMVS), and intensity 

modulated photocurrent spectroscopy (IMPS), were utilized in a way to unveil the origin for 

this enhancement in Jsc and Voc. 

mailto:suraj@niist.res.in
mailto:unni@niist.res.in
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(a)                                                                        (b) 

 

FIGURE 1. (a) J-V characteristics & (b) J-V parameters for the devices fabricated using the 

Cyclometalated Ru complexes as sensitizers.                   
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Photoanode Engineering in DSSC Leading to Improved Power Conversion 
Efficiency under Natural/Artificial Light Conditions 
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Dye-sensitized solar cells (DSSC) has become an attractive photovoltaic technology owing 

to the facile fabrication steps, cost effectiveness, environmental friendliness, appealing 

aesthetic features and admirable performance under ambient/diffused light conditions. Till 

date, DSSC could achieve a maximum power conversion efficiency of about 14% under One 

Sun (100 mW/cm2) condition and 32% under ambient/indoor light illumination.1,2 Various 

strategies to enhance the performance of DSSC by developing efficient photoanodes are 

attempted, such as use of high surface area layers, surface modification on conductive glass 

as well as semiconductor active layer with nanometer sized particles, insertion of 

scattering over layer, addition of scattering particles to the active layer, inclusion of metal 

nanoparticles in the active layer or as overlayer etc.2,3  

FIGURE 1. J-V characteristics under One Sun, for the devices employing TiO2 photoanodes modified 

using sacrificial layers of ZnO fibril like aggregates (TiO2-Zfb) and ZnO sheet like aggregates (TiO2-Zsh), 

when illuminated from front and back side 

TABLE 1. Photovoltaic parameters of the TiO2-Zfb and TiO2-Zsh devices, under One Sun condition, 

when illuminated from front and back side 
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In the present work, a novel strategy was developed for improving the performance 

of DSSCs, by utilizing the scattering effect introduced by engineering the surface texture of 

TiO2 photoanodes. The surface roughness of the TiO2 film can be manipulated by creating 

grooves/imprints on it. This was done by depositing a sacrificial layer of ZnO microstructures, 

such as microflowers (ZF), fibril like aggregates (Zfb) and sheet like aggregates (Zsh), over the 

conventional TiO2 active layer, followed by etching off the over layer using suitable reagent, in 

this case aqueous TiCl4 solution. Significant improvement in Jsc of the device was observed by 

following this strategy, resulting in enhanced power conversion efficiency with a little 

reduction in transparency, both in One Sun and low intensity light illuminations. Even though 

the architectural change to TiO2 resulted in higher recombination as evident from the 

perturbation results, the negative shift in conduction band along with shorter transport time 

and longer diffusion length helped surface modified devices to achieve better charge 

collection efficiency. A mixture of TiO2 nanoparticles and ZnO microstructures as overlayer 

also exhibited similar improvement in performance of the device. 
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Realizing Record VOC of 1.25 V Under Full Sun and 1V Under 1000 Lux from 
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Dye-sensitized Solar Cells (DSCs) proved to be the most suitable photovoltaic technology for 

indoor photovoltaic (IPV) applications. Many electronic devices (such as sensors, detectors, 

etc.) utilized in IoT technology and consumer electronics require ultra-small current (µA 

range) but higher voltage (about 1.5V - 5V) for operation. Hence, small area DSCs with voltage 

higher than 1V are a need of the time. Various strategies have been adopted to enhance the 

open circuit voltage (VOC) of DSCs. Employing alternate redox shuttles based on cobalt and 

copper having more positive redox potentials is one of the recent methods to realize higher 

VOC.1,2 Designing of dye molecules with long alkyl chains to prevent back electron transfer is 

another strategy being adopted for further enhancing the VOC. Recently, a VOC of 1.24V was 

realized under one sun condition by Hagfeldt and co-workers using MS5 dye and copper 

electrolyte.3 In the present work, we modified the DSC photoanode by utilizing ZnO 

nanoporous microstructures as an over layer to the standard TiO2 active layer. The modified 

photoanode was sensitized with MS5 and Y123 dyes which delivered a record VOC of 1.25V 

under one sun condition and 1V under 1000 lux indoor illumination, respectively, when 

employed along with copper electrolyte.  
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Owing to their remarkable performance under low intensity light conditions, dye-sensitized 

photovoltaic cells (DSCs) have proved to be one of the most suitable indoor/ambient light 

harvesting technologies for indoor photovoltaic (IPV) applications. Majority of devices like 

sensors, detectors, etc. employed in consumer electronics and internet of things (IoT) require 

a higher voltage (~ 1.5 V to 5 V) but can be operated at lower current range (µA range). To 

address this, we focused on developing small-area DSCs to generate voltages exceeding 1V for 

indoor device powering. Usage of redox shuttles based on cobalt and copper complexes, 

endowed with more positive redox potentials is one of the methods reported to realize higher 

open circuit voltage (VOC) for DSCs.1-3 Recently, Hagfeldt and co-workers designed an organic 

dye, named MS5, with long alkyl chains to prevent back electron transfer in DSCs utilizing a 

copper bipyridyl based electrolyte, thereby realizing a VOC of 1.24 V under simulated sunlight.4 

By incorporating ZnO nanoporous microstructures as an over layer to the standard TiO2 

active layer and sensitizing it with MS5 dye, we achieved a record VOC of 1.27 V under solar 

irradiation and 1.02 V under 1000 lux indoor illumination.5 Employing a co-sensitization 

strategy with MS5 and XY1b dyes enhanced the short-circuit current density (JSC), resulting in 

higher power conversion efficiency (PCE) of 34.5% and 39.5% under 1000 lux and 6000 lux 

CFL illuminations. Integration of this DSC with an activated carbon-based electric double 

layer capacitor (EDLC) led to an efficient photocapacitor (PC) exhibiting a maximum overall 

photoelectric power conversion and storage efficiency (OPCSE) of 15.5% under 6000 lux CFL 

illumination. This small-area PC could successfully power a digital device with a temperature 

sensor and clock under indoor conditions, demonstrating its practical application. The PC 

continued to power the device even after the light was switched off. 
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Synergetic effect of TiO2/ZnO bilayer photoanodes
realizing exceptionally high VOC for dye-sensitized
solar cells under outdoor and indoor illumination†

Anooja Jagadeesh, ab Ganapathy Veerappan, c P. Sujatha Devi, ab

K. N. Narayanan Unni ab and Suraj Soman *ab

Harnessing energy from the surrounding light using indoor photovoltaics has gained momentum to address

the carbon footprint resulting fromused and dead batteries. Dye-sensitized solar cells (DSCs) have emerged as

one of themost efficient and sustainable indoor light harvesting alternativeswhich can significantly reduce the

environmental impact of batteries. Energy harvesting and managing circuits in these devices demand higher

open circuit potentials (VOC). Nevertheless, recombination losses frequently lower the open-circuit potential in

DSCs, especially when illuminated indoors. We present an innovative TiO2/ZnO bilayer architecture capable of

delivering higher VOC by carefully controlling the conduction band (CB) position and recombination losses. By

sensitizing this innovative bilayer electrode with MS5 dye and a [Cu(dmp)2]
1+/2+ redox mediator, we achieved

a record VOC of 1.27 V from a single junction device under Air Mass 1.5 Global (AM 1.5G), 100 mW cm−2 solar

irradiation and 1.295 V under higher intensity LED light (200 mW cm−2). These bilayer devices also

demonstrated impressive VOC of 1.025 V under 1000 lux compact fluorescent light (CFL) and light emitting

diode (LED) illumination and could autonomously power a temperature sensor using a single device of

0.24 cm2 active area. This work highlights the potential of modifying the semiconductor and device

architecture to achieve higher VOC in DSCs, which is essential for integrating these photovoltaic devices

with smart IoT devices making them autonomous and sustainable.

1. Introduction

The use of automation and digitization through the integration
of the Internet of Things (IoT), Articial Intelligence (AI), cloud
computing, and Machine Learning (ML) into our everyday
activities is becoming increasingly popular in the smart world of
connected technologies driven by the fourth industrial revolu-
tion (industry 4.0).1,2 A large number of battery-operated elec-
tronic sensors and actuator nodes are required to realize
uninterrupted communication between these various devices to
ensure their efficient utilization in this intelligent connected
ecosystem. The batteries in billions of these communication
devices may eventually threaten the environment, with their
frequent replacements adding an extra burden to the carbon
economy and sustainability. This urges the need for battery-less

energy-harvesting IoTs.3–5 State-of-the-art indoor/ambient light
harvesting Dye-sensitized Solar Cells (DSCs) can be successfully
utilized to supplement the energy demands of these low-power
electronic devices, which are primarily deployed in indoor
spaces, enabling them to become self-powered.6–10 In addition,
the use of environmentally friendly materials, less energy-
intensive manufacturing process, possibilities of fabricating
these devices on exible substrates like metal and plastics and
the compliance for recycling and reusing further enhance the
application possibilities and market penetration of DSCs.11–15

Electronic communication devices in the IoT ecosystem require
only low current (in the mA to mA range) but a higher threshold
voltage (>1 V) for continuous operation.16–18 This demands
developing DSCs that deliver higher voltage, preferentially
above 1 V under ambient/indoor illumination, from single
junction devices, which will ultimately reduce the need for
interconnection, thereby reducing the device's footprint and
ownership cost. Of the various strategies employed, using
alternate redox shuttles based on cobalt and copper metal
complexes proved to be an efficient and successful
method.8–10,19–24 Cobalt complexes, being bulky and mass
transport limited, suffer from recombination and regeneration
issues resulting in lower open circuit voltage (VOC) and short
circuit current (ISC) values.25 Recently, by using copper redox
mediators ([Cu(tmby)2]

1+/2+) in combination with a custom-
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designed organic dye (MS5), Zhang et al. were successful in
achieving a VOC of 1.24 V under one sun (100 mW cm−2) and
0.98 V under 1000 lux uorescent light (CFL) illumination.26 In
the present work, an innovative material and device engineering
strategy is being explored to further enhance the VOC under full
sun and indoor illumination.

The semiconductor layer is critical in determining the VOC in
DSCs, as it controls the charge transport and recombination at
the interfaces formed with the dye and redox mediator. Nano-
porous lms made of titania (TiO2) are widely used owing to
their favourable band gap, conduction band (CB) edge, high
surface area, minimal defects, chemical stability, low cost and
ease of availability.12,27 Compared to other alternative metal
oxides (SnO2, Nb2O5, WO3, In2O3), zinc oxide (ZnO) with supe-
rior electron mobility and comparable band edges with TiO2 is
used as a promising candidate for developing efficient
DSCs.27–29 Hierarchical ZnO aggregates and 3D structures were
used to improve dye loading and scattering, contributing to
enhanced JSC.30–32 Compact ZnO blocking/buffer layers were also
utilized to suppress recombination at the FTO/electrolyte and
TiO2/dye/electrolyte interfaces.33,34 Nevertheless, ZnO-based
DSCs suffer from performance losses owing to poor chemical
stability, lower dye adsorption, faster dye degradation and
higher recombination that retards charge separation at the
ZnO/dye/electrolyte interface.35–37 Herein, we introduced
a complementary device engineering strategy utilizing ZnO
microstructures as overlayers above the TiO2 nanoporous layer,
taking advantage of both materials that can deliver higher VOC
by carefully controlling the conduction band (CB) position and
reducing recombination losses. Using the standard Y123
organic sensitizer along with [Cu(dmp)2]

1+/2+ electrolyte,
a higher VOC of 1.13 V was achieved employing this new archi-
tecture compared to 1.02 V for the control device having a TiO2

layer alone. The effect was more pronounced at indoor illumi-
nation using CFL and LED light sources, where we could
accomplish a VOC of 1.0 V at 1000 lux illumination using the
newly introduced TiO2/ZnO bilayer stacked architecture.
Stability issues due to the degradation of ZnO in the presence of
electrolytes could also be resolved by introducing an ultrathin
TiO2 blocking layer (BL) over the TiO2/ZnO bilayer.38 By sensi-
tizing the new TiO2/ZnO bilayer photoanodes with MS5 dye
instead of Y123, we succeeded in realizing a record VOC of 1.27 V
under full sun (100 mW cm−2) irradiation, 1.295 V under higher
intensity LED light (200 mW cm−2) and 1.025 V under 1000 lux
CFL as well as LED illumination. Remarkably, this stands as the
highest reported VOC under standard 1000 lux indoor lighting
conditions to date. We have demonstrated the practical appli-
cation of these high VOC DSCs by developing a battery-free, self-
powered temperature sensor using a single device with 0.24 cm2

active area under indoor illumination, reducing reliance on
batteries, thereby minimizing the carbon footprint.

2. Results and discussion

Conventional TiO2 photoanodes (T) and bilayer TiO2/ZnO
stacked photoanodes (denoted as T + Z1, T + Z2 and T + Z3) were
fabricated as detailed in the experimental procedures, ESI.† The

TiO2/ZnO bilayer photoanode stacks employ the synthesized
ZnO hierarchical structures (Z1, Z2 and Z3) as an overlayer
above the conventional TiO2 layer. The fabrication scheme for
the bilayer TiO2/ZnO devices is provided in Fig. 1(A), and the
chemical structures of organic sensitizers and the copper redox
mediator are given in Fig. 1(B). Fig. 1(C) depicts the alignment
of energy levels of the semiconductor layer and electrolyte
investigated in the present study. ZnO microstructures were
synthesized following a facile wet chemical route using zinc
nitrate hexahydrate and urea.39 Synthesis details are provided in
the Experimental section, ESI.† The hierarchical microstruc-
tures of different morphologies were synthesized by changing
the urea concentration in the reaction mixture. Three different
concentrations of urea, viz. 0.03 M, 0.08 M and 0.8 M, were used
to control the growth of hierarchical microstructures of three
different morphologies, viz. mimosa ower-like (Z1), dandelion
ower-like (Z2) and rose ower-like (Z3) morphologies, respec-
tively. SEM images of Z1, Z2 and Z3 are provided in Fig. 2(A) and
the particle size, crystallite size and BET surface area are
detailed in Table S1, ESI.† HRTEM images of Z1, Z2 and Z3
microstructures (Fig. S1(A), ESI†) show that they are formed by
the aggregation of oval-shaped nanoparticles having average
sizes of 33.9 nm, 33.9 nm, and 32.9 nm, respectively. It is also
seen that the nanocrystallites with different crystallographic
alignments are randomly oriented, suggesting a heterogenous
nucleation and coalescence mechanism for particle growth
followed by a diffusion-limited cluster–cluster aggregation to
form hierarchical structures.40 At a lower concentration of urea
(0.03 M) in the reaction mixture, the nano-sized crystallites
undergo coalescence to give nanobers, and these nanobers
then aggregate together to form the mimosa ower-like hier-
archical structure. With the increase in urea concentration (0.08
M), the coalescence of nanoparticles occurs in such a way that
the length of the nanober is reduced while its width is
increased to obtain 2D nanoribbons, which cluster together to
form dandelion ower-like microstructures. A ten times
increase in urea concentration (0.8 M) further reduces the
length while increasing the nanoribbon's width, forming 2D
nanoakes, which assemble to form rose ower-like
morphology. The selected area electron diffraction (SAED)
patterns shown in the inset of Fig. S1(A), ESI† conrm the
crystalline nature of the annealed samples of Z1, Z2 and Z3. The
XRD patterns of ZnO samples obtained aer annealing at 500 °C
(Fig. S1(B), ESI†) show that all of them are crystalline, exhibiting
a wurtzite phase with a hexagonal crystal structure (JCPDS no.
01-080-0074). Along the [100], [002] and [101] directions, Z1, Z2
and Z3 exhibited average crystallite sizes of 34.7 nm, 35.5 nm
and 31.8 nm. The SEM images of the top and cross-sectional
views of T, T + Z1, T + Z2 and T + Z3 electrodes are provided
in Fig. 2(B). The approximate thickness of each layer was
determined from the cross-sectional SEM (Table 1). The TiO2

layer thickness was ca. 6 mm, whereas the ZnO overlayers were
seen to be slightly distorted aer the blade coating (Fig. 2(B)),
resulting in an average thickness of ca. 15 mm. The XRD pattern
of the TiO2/ZnO bilayer stacks (Fig. 2(C)) shows peaks corre-
sponding to anatase TiO2 and wurtzite ZnO (JCPDS no. 21-1272
and 01-075-1526). The dye loading for the different
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photoanodes (T, T + Z1, T + Z2, and T + Z3), determined as
described in the Experimental section, ESI,† is listed in Table 1.
The slightly better dye loading for the bilayer photoanodes may
be attributed to the higher lm thickness when compared to the
T electrode. DSCs were initially fabricated employing standard
organic dye (Y123) and a copper redox mediator ([Cu(dmp)2]

1+/

2+) using TiO2 and TiO2/ZnO bilayer electrodes. The device
fabrication and characterization procedures are provided in
detail in the Experimental section, ESI.†

The current density versus voltage (J–V) curves for the stan-
dard device (T) along with the TiO2/ZnO bilayer devices (T + Z1,

T + Z2 and T + Z3), measured under AM 1.5G simulated solar
irradiation (100 mW cm−2), are given in Fig. 3(A), and the cor-
responding photovoltaic parameters are summarized in Table
1. The control device T with one layer of TiO2 exhibited a VOC of
1.02 V. With the introduction of a ZnO layer on top of TiO2, the
VOC increased to 1.13 V, 1.11 V and 1.09 V for the T + Z1, T + Z2
and T + Z3 devices, respectively. Among the three bilayer
devices, T + Z1 delivered the best photovoltaic performance of
7.61%, with a better VOC (1.13 V), JSC (9.88 mA cm−2) and FF
(0.68). The IPCE spectra of the devices followed similar JSC
trends (Fig. 3(B)) with matching values inside the permitted

Fig. 1 (A) Fabrication scheme and device architecture of DSCs employing bilayer TiO2/ZnO photoanodes. (B) Chemical structure of the organic
sensitizers (Y123 and MS5) and the redoxmediator ([Cu(dmp)2]

1+/2+). (C) Alignment of energy levels of the semiconductor layer and electrolyte. A
negative shift in the conduction band edge (ECB) of TiO2/ZnO electrodes results in reduced overlapping between the oxidized energy states of
the electrolyte with the conduction band states (shaded in green) and the gap states (shaded in blue).
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error limits for integrated JSC from IPCE, and JSC obtained from
J–Vmeasurements (Table 1). The observed blue shi in the IPCE
spectra of T + Z devices, compared to the T device, can be
ascribed to dye aggregation within the bilayer devices. On the
other hand, the difference in onset of IPCE spectra between the
different bilayer devices may be attributed to the difference in
scattering effects caused by the utilization of various ZnO
microstructure (Z1, Z2, and Z3) overlayers with varying particle
size and layer thickness.

The at band potentials (V) of the semiconductor utilized
in different devices were determined by extrapolating the linear
region of the Mott–Schottky (MS) plots, as depicted in Fig. 3(C),
to intersect the voltage axis.41–44 The obtained V values for T +
Z1, T + Z2, and T + Z3 are observed to be shied towards more
negative potentials compared to the standard T device (Table 1).
This shi indicates that in the bilayer devices, specically with
the inclusion of a ZnO layer on top of the TiO2, the conduction
band (CB) is shied towards more negative potentials. It is well
established that ZnO possesses a more negatively positioned CB
edge relative to TiO2. Moreover, S.-S. Kim et al. have reported,
based on cyclic voltametric studies, that the addition of ZnO to

TiO2 results in a negative shi in the CB edge of TiO2.45 This
upward shi in the CB can be attributed to the apparent
charging of the ZnO layer due to the band alignment at the TiO2/
ZnO interface.46,47 The negative shi in the CB for the TiO2/ZnO
bilayer devices was further veried through charge extraction
(CE) plots (Fig. 3(D)), which demonstrate an approximate 50–
100 mV negative shi upon the introduction of ZnO layers. This
negatively shied CB may further contribute to the enhanced
VOC in the TiO2/ZnO bilayer devices.

Electrochemical Impedance Spectroscopy (EIS) measure-
ments were carried out to further investigate the charge carrier
concentration in the bilayer devices and to probe recombina-
tion losses. The obtained Nyquist plots were tted using
a modied Randles circuit (Fig. S2(A), ESI†).48 The corre-
sponding tted parameters obtained at a bias of 1 V are listed in
Table S2, ESI.† The chemical capacitance (Cm) determined from
EIS analysis plotted as a function of VOC, given in Fig. S2(B),
ESI,† also shows a negative shi in the CB position for bilayer
devices as observed previously from the MS and CE analysis. Cm

has an exponential dependence on VOC, as given by the
relation,46,49

Fig. 2 (A) SEM images of the as-synthesized samples of (a and b) mimosa flower-like microstructures (Z1); (c and d) dandelion flower-like
microstructures (Z2); (e and f) rose flower-like microstructures (Z3). (B) SEM images of the top view of the photoanodes: (a) T, (b) T + Z1, (c) T +
Z2, (d) T + Z3; and cross-sectional view of the photoanodes: (e) T, (f) T + Z1, (g) T + Z2, (h) T + Z3; and (C) XRD patterns of T, T + Z1, T + Z2 and T +
Z3 layers coated over an FTO substrate.

Table 1 Photovoltaic parameters of TiO2 (T) and TiO2/ZnO bilayer DSCs (T + Z1, T + Z2 and T + Z3) employing the Y123 sensitizer and
[Cu(dmp)2]

1+/2+ redox electrolyte under AM 1.5G one sun (100 mW cm−2) irradiation along with average semiconductor layer thickness, dye
loading, trap state distribution parameter (a), ideality factor (n) and flat band potential (Vfb)

Device code
Average layer
thicknessa (mm)

Dye loading
(mol cm−2) VOC

b (V)
JSC

b

(mA cm−2) FFb PCEb (%)
Integrated JSC

c

(mA cm−2) ad ne V
f (V)

T 6.3 0.94 × 10−7 1.02 (1.03) 12.24 (12.01) 0.64 (0.64) 8.00 (7.92) 11.60 0.11 2.51 0.69
T + Z1 20.3 1.48 × 10−7 1.13 (1.13) 9.88 (9.74) 0.68 (0.68) 7.61 (7.48) 9.90 0.14 1.34 0.87
T + Z2 21.5 1.43 × 10−7 1.11 (1.11) 8.91 (9.04) 0.67 (0.65) 6.67 (6.60) 9.60 0.13 1.50 0.81
T + Z3 20.3 1.36 × 10−7 1.09 (1.09) 8.63 (8.58) 0.63 (0.62) 5.96 (5.85) 8.60 0.11 2.01 0.77

a Average semiconductor layer thickness obtained from cross-sectional SEM analysis. b J–V parameters of champion cells and averages taken over
ve sets of samples (in parentheses) with a maximum mean deviation of ±0.01, ±0.31, ±0.02 and ±0.14 in VOC, JSC, FF and PCE respectively. c JSC
obtained by integrating the IPCE spectra. d Obtained from the log Cm versus VOC plot. e Obtained from the VOC versus f plot. f Obtained from Mott–
Schottky analysis.
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Cm ¼ Co exp

�
aqVOC

kBT

�
(1)

where a is the trap state distribution parameter in the semi-
conductor layer, q is the electronic charge, kB is Boltzmann's
constant, T is the absolute temperature, andCo is a parameter that
depends explicitly on a, the CB edge (ECB), the trap state density
(nt) in the semiconductor and the redox potential of the electrolyte
(Eredox). The a values for different devices were estimated from the
slope of the logCm versus VOC plot (Fig. S2(B), ESI†), and the ob-
tained values (Table 1) showed a minimal difference between the
standard and the bilayer devices. Hence, the variation inCm can be
directly correlated with the shi in CB edges as per the relation,

Co ¼ q2nta

kBT
exp

�
� aðECB � EredoxÞ

kBT

�
(2)

Empirically, the lower Cm values for the bilayer devices
(Fig. S2(B) and Table S2, ESI†) further substantiate the negative
shi in CB.

The negative shi in CB for the bilayer devices concomitantly
reduces the overlap of the CB states and the sub-bandgap states/
trap states of the semiconductor with the redox mediator's
oxidized states, thereby suppressing electron transfer from the
semiconducting layer to the electrolyte (Fig. 1(C)).50,51 This is
evident from the lower dark current (Fig. 3(E)) and higher
recombination resistance, Rct (Fig. 3(F) and Table S2, ESI†) for
the TiO2/ZnO bilayer devices. The increased Rct in the bilayer
devices can also be attributed to the formation of an energy
barrier at the TiO2/ZnO interface, owing to the higher CB energy
of ZnO.52 Altogether, these ndings highlight the superior
ability of the TiO2/ZnO bilayer devices to suppress charge
recombination at the semiconductor/electrolyte interface
compared to the standard TiO2 device. The charge carrier
recombination losses were further studied by performing the
transient photovoltage decay measurements, and the lifetime
(sn) obtained as a function of VOC is provided in Fig. 3(G).
Compared to the TiO2 alone device, the bilayer devices exhibi-
ted improved lifetime, again indicating efficient suppression of
recombination. Notably, we observed the same trend in the

Fig. 3 (A) The J–V curves measured under AM 1.5G 1 sun illumination (100 mW cm−2), (B) IPCE of the DSCs (the dotted line represents the
integrated photocurrent density calculated from the IPCE and the standard solar emission spectrum), (C) Mott–Schottky (MS) plots, (D) charge
extraction (CE) plots, (E) J–V curves measured in the dark, (F) charge transfer resistance (Rct) measured from EIS analysis under dark conditions
plotted against corrected potential, (G) lifetime (sn) as a function of VOC obtained from transient photovoltage decay measurements, (H) intensity
dependence plot of VOC, the solid line represents linear fits of the data and (I) diffusion coefficient (Dn) as a function of JSC.
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lifetime for these devices by performing intensity modulated
photovoltage spectroscopy (IMVS) measurements as well
(Fig. S3(A), ESI†). Further, the role of trap states in the recom-
bination was explored using intensity-dependent VOC
measurements (Fig. 3(H)). The slope of the semi-logarithmic
plot of VOC versus illumination intensity (f) is used to esti-
mate the ideality factor (n) of the devices using the equation,25,53

d VOC

d log f
¼ 2:3nkB T

q
(3)

The trap state-mediated recombination leads to non-linear
recombination kinetics, which results in a deviation of n from
the ideal value of unity. From the obtained values of n provided
in Table 1, it is quite obvious that the trap state-assisted
recombination is less for the bilayer devices; in particular, the
T + Z1 device possesses an n value which is closer to unity. This
explains our aforementioned notion that the negatively shied
CB in bilayer devices diminishes the electron transfer from the
trap states to the electrolyte. Thus, the observed increase in VOC
for the TiO2/ZnO bilayer devices can be predominantly associ-
ated with the collective effect of CB shi and suppressed
recombination.

From Table S2, ESI,† it is observed that the resistance to the
diffusion of redox species in the bulk of the electrolyte (Rd-bulk)
is similar for all the devices, while that within the mesoporous
layer (Rd-WE) is increased by more than three times for the TiO2/
ZnO devices, owing to the higher layer thicknesses. In addition,
the copper complex based electrolyte systems are reported to be
mass transport limited. However, the similar current transient
(CT) curves for T and T + Z devices under an illumination

intensity of 100 mW cm−2 (Fig. S3(B), ESI†), and the linear
nature of the JSC versus f plots (Fig. S3(C), ESI†) for the T + Z
devices indicates minimal inuence of mass transport in these
systems, despite the higher layer thickness. This may be
attributed to the highly porous nature of the ZnO overlayer.
Moreover, ZnO, being endowed with appreciable electron
mobility, can act as an excellent electron transport layer in the
DSC. Resultantly, the T + Z devices having ZnO overlayers
exhibit better diffusion coefficients (Dn), when compared to the
T device (as shown in Fig. 3(I)). Nonetheless, the JSC of T + Z
devices is lower than that of T devices, which may be explained
by the lower injection driving force associated with the upward-
shied CB edges in the bilayer devices. Further, the presence of
Zn2+/dye aggregates within the ZnO layer, due to degradation of
ZnO under acidic conditions, may also play a role in the injec-
tion challenges observed in the TiO2/ZnO bilayer devices.54,58,59

The comprehensive investigation mentioned above, encom-
passing diverse interfacial charge transfer studies in both
standard and bilayer devices, establishes a clear correlation
with the disparities observed in photovoltaic parameters
between the two device congurations.

Among the bilayer devices, T + Z1 delivered the best perfor-
mance with a ca. 15 mm thick ZnO (Z1) layer over TiO2

(Fig. 2B(f)). The effect of ZnO layer thickness on device perfor-
mance was further investigated by fabricating T + Z1 devices
with an average Z1 layer thickness of 5 mm, 15 mm and 25 mm
(Fig. S4, ESI†). The obtained J–V curves under AM 1.5G 100 mW
cm−2 illumination are shown in Fig. S5, ESI† and the photo-
voltaic parameters are summarized in Table S3, ESI.† The
variation of ZnO layer thickness did not bring much difference
in the photovoltaic parameters (Fig. 4(A)); however, a thickness

Fig. 4 (A) Comparison of photovoltaic parameters (JSC, VOC, FF and PCE) of T + Z1 devices with different ZnO layer thicknesses. (B) VOC as
a function of extracted charge and (C) diffusion coefficient (Dn) as a function of JSC obtained for T + Z1 devices with different ZnO layer
thicknesses.
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of 15 mm was found to be optimal, giving the highest VOC and
optimum PCE. A more negatively shied CB edge (Fig. 4(B)) and
higher Dn (Fig. 4(C)) contributed to the better performance of T
+ Z1 devices with a 15 mm thick Z1 layer.

Compact blocking layers (BLs) play a critical role in inhibit-
ing leakage/recombination in DSCs, particularly employing
bulky alternate metal complex redox mediators.55,56 The
conventional method of depositing TiO2 BLs by TiCl4 treatment
causes damage to the ZnO overlayers. Therefore, an ultrathin
TiO2 BL was introduced over the bilayer architecture using
commercial BL solution as described in the Experimental
section, ESI.† Under AM 1.5G 100 mW cm−2 illumination, the
bilayer devices with BL (T + Z1 + BL) fabricated using the Y123
sensitizer and [Cu(dmp)2]

1+/2+ redox electrolyte delivered a PCE
of 8.16% with VOC of 1.12 V, JSC of 10.29 mA cm−2 and FF of 0.70
(Fig. 5(A) and Table 2). Slightly improved JSC and FF were real-
ized for the T + Z1 + BL device compared to T + Z1 (without BL)
with a minor drop in VOC. Introduction of BLs resulted in
a positive shi in CB, as evident from the CE plot (Fig. 5(B)),

leading to a lower VOC. Additionally, this increases the overlap of
CB states with the oxidized states in the redox system, which
results in more recombination as observed from transient
photovoltage decay (Fig. 5(C)), OCVD (Fig. S6(A), ESI†) and IMVS
(Fig. S6(B), ESI†) measurements. On the other hand, the intro-
duction of BL successfully inhibited electron leakage at the
FTO/electrolyte interface, as reected in the dark J–V plot
(Fig. 5(D)), leading to better FF. It is already known that multiple
trapping–detrapping events slow down the diffusion of charge
carriers in semiconducting lms.57 The TiO2 BL could efficiently
passivate these traps in the TiO2/ZnO bilayer devices, reducing
the transport time (sd) (Fig. S6(C), ESI†). This in turn contrib-
utes to enhanced Dn (Fig. 5(E)), leading to improved JSC, which
is reected in the IPCE plot (Fig. S6(D), ESI†) and integrated JSC
values (Table 2), resulting in improved PCE for the T + Z1 + BL
device.

As emphasized in the introduction section, ZnO possesses
advantages such as wider bandgap and higher electron
mobility. However, its lower electrochemical stability under the

Fig. 5 (A) J–V curvesmeasured under AM 1.5G 1 sun illumination (100mWcm−2), (B) charge extraction (CE) plots, (C) lifetime (sn) as a function of
VOC obtained from transient photovoltage decay measurements, (D) J–V characteristics obtained under dark conditions, (E) diffusion coefficient
(Dn) as a function of JSC obtained from transient photocurrent decaymeasurements and (F) stability data obtained for TiO2/ZnO bilayer DSCswith
a blocking layer (T + Z1 + BL) and without the blocking layer (T + Z1), employing the Y123 sensitizer and [Cu(dmp)2]

1+/2+ redox shuttle. (G) J–V
curves measured under AM 1.5G 1 sun illumination (100mW cm−2) for TiO2/ZnO bilayer DSCs with BL (T + Z1 + BL) employing the MS5 sensitizer
and [Cu(dmp)2]

1+/2+ redox electrolyte. (H) Charge extraction (CE) and (I) lifetime (sn) plots, obtained for TiO2/ZnO bilayer DSCs with BL (T + Z1 +
BL) employing Y123 and MS5 sensitizers and the [Cu(dmp)2]

1+/2+ redox electrolyte.
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working conditions of the solar cell, along with the presence of
defects and trap states, contributes to more recombination and
reduces the long-term stability of the ZnO based devices. Two
major degradation mechanisms contribute to the reduction in
performance of ZnO based DSCs. Firstly, when ZnO electrodes
are immersed in the acidic dye solution for dye adsorption, the
Zn2+ ions from the ZnO surface dissolve, forming Zn2+/dye
aggregates that become trapped within the pores of the ZnO
matrix. This limits electron injection and reduces the JSC of the
device.58 Secondly, ZnO undergoes chemical degradation under
illumination in the presence of electrolyte, releasing Zn2+ and
O2− ions along with desorbed dye molecules into the electro-
lyte.59 This leads to a reduced number of adsorbed dye mole-
cules, formation of defects on the ZnO surface, and aggregation
of the dye, thereby affecting the JSC and PCE of the device. In our
study, we successfully addressed the rst degradation process
by introducing the TiO2 BL over the ZnO lm. This is evident
from the improved JSC observed for the T + Z1 + BL device
compared to the T + Z1 device, despite the reduced dye loading
in the T + Z1 + BL lm (1.2 × 10−7 mol cm−2), indicating
reduced dye aggregation. Additionally, the introduction of the
BL slowed down the rate of the second degradation process, as
observed in the stability measurements (Fig. 5(F)). While the
bare T + Z1 device experienced a drop in both the VOC and PCE
aer 200 hours, the T + Z1 + BL device retained approximately
98% of the initial VOC even aer 1000 hours. However, the PCE
of the devices began to decrease aer 400 hours.

SEM and XRD analysis were carried out to identify the
changes in the bilayer photoanode lms during the stability
test. The SEM images of T + Z1 and T + Z1 + BL electrodes aer
exposure to the electrolyte for over 1000 hours are presented in
Fig. S7(A).† These images reveal an increased presence of cracks
compared to the fresh electrode. Additionally, aer prolonged
contact with the electrolyte, both lms exhibited a smoother
surface compared to the fresh T + Z1 lms. This can be attrib-
uted to the selective dissolution of ZnO from the lm surface.60

XRD patterns of the Y123 dye adsorbed T + Z1 and T + Z1 + BL
electrodes aer 1000 hours of electrolyte soaking are shown in
Fig. S7(B).† The corroded ZnO lms still exhibited a crystalline
nature, although some peak intensities, such as [100], [101], and
[110], were reduced compared to the fresh T + Z1 lms
(Fig. 2(C)). However, no shi in peak positions or appearance of
new peaks was observed in the XRD spectra of the degraded
lms. Hence, prolonged exposure to the electrolyte does not
affect the crystallinity of the ZnO lms but induces changes in
the lm surface due to the degradation of ZnO in both the

bilayer electrodes with and without the BL.61 In conclusion, the
exposure of the bilayer lms to the electrolyte system for a long
time, coupled with frequent illumination, likely resulted in the
dissolution of ZnO and dye into the electrolyte, which might
have led to a decrease in JSC and hence PCE of the T + Z1 + BL
devices aer 400 hours (as seen in Fig. 5(F)).

Eventually, by sensitizing our best-optimized bilayer archi-
tecture (T + Z1 + BL) with MS5 dye, we could realize a record VOC
of 1.27 V (previous best – 1.24 V)26 under AM 1.5G solar illu-
mination with a JSC of 6.75 mA cm−2, FF of 0.73 and PCE of
6.23% (Fig. 5(G) and Table 2). The JSC obtained by integrating
the corresponding IPCE spectrum (Fig. S8(A), ESI†) matches the
observed JSC within the permitted error limits. Switching the dye
from the conventional Y123 to MS5 contributed to the negative
shi in CB (Fig. 5(H)) and couple of orders of magnitude
improvement in lifetime (Fig. 5(I)) owing to the retardation of
recombination by the long alkyl chains present in the MS5
sensitizer. The MS5 sensitized T + Z1 + BL bilayer device could
also achieve a VOC of 1.295 V under a higher-intensity LED
illumination of 200 mW cm−2 (Fig. S8(B), ESI†).

DSCs proved to be among the most efficient indoor/ambient
light harvesting PV technologies. The potential of the newly
designed bilayer devices was tested under warm white CFL, and
daylight LED illumination. Fig. S10, ESI† shows the custom-
designed indoor PV characterization set-up and Fig. S11, ESI†
shows the spectral irradiance and integrated power under 1000
lux and 500 lux CFL/LED illumination. The energy harvesting
and management circuits in most IoT smart device applications
demand higher open circuit potentials. By using the TiO2/ZnO
bilayer architecture along with Y123 dye and [Cu(dmp)2]

1+/2+, we
were able to realize an improvement in VOC both under CFL and
LED illumination (Fig. 6(A, B) and Table 3). Under 1000 lux CFL
illumination, the T + Z1 device exhibited a VOC of 1.0 V (with
a JSC of 78.7 mA cm−2, FF of 0.75, PCE of 20.9% and a maximum
power output (Pmax) of 59.3 mW cm−2) compared to a VOC of
0.82 V for the standard T device (with a JSC of 103.9 mA cm−2, FF
of 0.70, PCE of 21.2% and Pmax of 60.1 mW cm−2). Careful use of
BLs further increased the current density without compro-
mising the FF. Thus T + Z1 + BL devices delivered similar PCE
(21.3%) and Pmax (60.3 mW cm−2) to those of the control T
device, with a 20.7% improvement in VOC (0.99 V). Similar
trends were observed under lower illumination intensity of 500
lux, where VOC improved from 0.79 V for T to 0.96 V for T + Z1 +
BL devices, along with improvement in FF, PCE and Pmax.

Under 1000 lux LED illumination, the T + Z1 device delivered
a VOC of 1.0 V (JSC = 77.1 mA cm−2, FF = 0.76, PCE = 18.8% and

Table 2 Photovoltaic parameters of DSCs employing TiO2/ZnO bilayer photoanodes with the TiO2 blocking layer (T + Z1 + BL) sensitized with
Y123 and MS5 sensitizer along with [Cu(dmp)2]

1+/2+ redox electrolyte measured under AM 1.5G one sun (100 mW cm−2) irradiation

Device code VOC
a (V) JSC

a (mA cm−2) FFa PCEa (%) Integrated JSC
b (mA cm−2)

T + Z1 + BL + Y123 1.12 (1.12) 10.29 (10.33) 0.70 (0.70) 8.16 (8.12) 10.20
T + Z1 + BL + MS5 1.27 (1.26) 6.75 (6.70) 0.73 (0.72) 6.23 (6.08) 7.30

a J–V parameters of champion cells and averages taken over ve sets of samples (in parentheses) with a maximummean deviation of ±0.01, ±0.30,
±0.02 and ±0.15 in VOC, JSC, FF and PCE, respectively. b JSC obtained by integrating the IPCE spectra.
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Pmax = 58.9 mW cm−2) compared to a VOC of 0.83 V for the
standard T device (JSC = 106.7 mA cm−2, FF= 0.70, PCE= 19.9%
and Pmax = 62.2 mW cm−2). Using T + Z1 + BL, the current

density was further improved to achieve a Pmax (61.6 mW cm−2)
similar to that of T, but with 19.3% increased VOC (0.99 V).
Under 500 lux LED illumination, VOC increased from 0.76 V for T

Fig. 6 (A) J–V curves measured for T, T + Z1 and T + Z1 + BL DSCs employing the Y123 sensitizer and [Cu(dmp)2]
1+/2+ redox electrolyte under

1000 lux and 500 lux CFL illumination. (B) J–V curves measured for T, T + Z1 and T + Z1 + BL DSCs employing the Y123 sensitizer and
[Cu(dmp)2]

1+/2+ redox electrolyte under 1000 lux and 500 lux LED illumination. (C) J–V curvesmeasured for T + Z1 + BL DSCs employing theMS5
sensitizer and [Cu(dmp)2]

1+/2+ redox electrolyte under 1000 lux CFL and LED illumination (obtained PV parameters are shown in the inset), and
(D) representation of the highest VOC values reported in the literature yearly (since 2017) for DSCs using organic dyes and copper electrolyte
under outdoor and indoor illumination.

Table 3 Indoor photovoltaic parameters of TiO2/ZnO bilayer DSCs sensitized with Y123 dye and [Cu(dmp)2]
1+/2+ redox electrolyte measured

under varying intensities (1000 lux and 500 lux) using CFL and LED illumination

Illumination source Intensity Pin (mW cm−2) Device code VOC
a (V) JSC

a (mA cm−2) FFa PCEa (%) Pmax
a (mW cm−2)

CFL 1000 lux 283 T 0.82 (0.81) 103.9 (102.5) 0.70 (0.70) 21.2 (21.0) 60.1 (59.6)
T + Z1 1.00 (0.99) 78.7 (82.6) 0.75 (0.73) 20.9 (20.5) 59.3 (58.1)
T + Z1 + BL 0.99 (0.98) 87.4 (86.4) 0.70 (0.70) 21.3 (21.1) 60.3 (59.7)

500 lux 143 T 0.79 (0.78) 46.0 (45.4) 0.60 (0.60) 15.2 (14.8) 21.9 (21.1)
T + Z1 0.97 (0.97) 36.6 (35.8) 0.65 (0.64) 16.2 (15.8) 23.2 (22.5)
T + Z1 + BL 0.96 (0.95) 40.8 (40.6) 0.63 (0.63) 17.5 (17.0) 25.8 (24.3)

LED 1000 lux 313 T 0.83 (0.83) 106.7 (107.2) 0.70 (0.70) 19.9 (19.8) 62.2 (61.9)
T + Z1 1.00 (1.00) 77.1 (76.4) 0.76 (0.76) 18.8 (18.6) 58.9 (58.2)
T + Z1 + BL 0.99 (0.99) 84.6 (84.1) 0.73 (0.72) 19.7 (19.3) 61.6 (60.3)

500 lux 156 T 0.76 (0.76) 46.3 (45.6) 0.60 (0.60) 13.6 (13.4) 21.2 (21.1)
T + Z1 0.98 (0.97) 33.5 (33.3) 0.67 (0.65) 14.0 (13.6) 21.8 (21.2)
T + Z1 + BL 0.95 (0.95) 36.9 (37.3) 0.66 (0.63) 14.9 (14.4) 23.3 (22.4)

a J–V parameters of champion cells and averages taken over ve sets of samples (in parentheses) with a maximum mean deviation of ±0.01, ±3.2,
±0.02, ±0.5 and ±1.5 in VOC, JSC, FF, PCE and Pmax respectively.
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to 0.98 V for T + Z1. The T + Z1 + BL device could further improve
the JSC and PCE, leading to improved power output, without
compromising much on the VOC. The performance of T + Z1 +
BL devices employing MS5 dye and [Cu(dmp)2]

1+/2+ electrolyte
was also evaluated under indoor light, and they delivered
a record VOC of 1.025 V under both 1000 lux LED and 1000 lux
CFL illumination (Fig. 6(C) and Table S4†). However, the PCE
was lower than for the devices fabricated using the Y123
sensitizer due to the loss in JSC, which could be attributed to the
narrower absorption window of MS5 dye. Fig. 6(D) and Table
S5† represent the highest VOC values reported in the literature
yearly (since 2017) for DSCs using organic dyes and copper
electrolyte under outdoor and indoor illumination. The cham-
pion VOC of 1.27 V under one sun, 1.295 V under higher intensity
(200 mW cm−2) LED light and 1.025 V under 1000 lux CFL and
LED illumination are the best open circuit potentials in DSCs
reported to date. Ultimately, we could highlight the signicance
of this work by powering a temperature sensor (ACETEQ DC-2)
completely autonomously using a single DSC (of active area 0.24
cm2) employing a TiO2/ZnO bilayer photoanode sensitized with
MS5 dye (eliminating the need for co-sensitization) and
[Cu(dmp)2]

1+/2+ electrolyte, under CFL (Video S1†) as well as
LED lighting conditions (Video S2 and Fig. S12, ESI†). The
present design approach has been successful in developing
indoor DSCs with smaller footprints contributing to reduced
costs and higher open circuit potentials that enable better
integration possibilities to realize self-powered IoT devices.

3. Conclusions

In summary, we present a novel architecture for dye-sensitized
solar cells (DSCs), which involves the implementation of a layer
of ZnO hierarchical microstructures over the conventional TiO2

active layer, resulting in a TiO2/ZnO bilayer photoanode. Our
design aims to enhance the open-circuit voltage (VOC) of DSCs
under one sun and indoor lighting conditions. Using an opti-
mized bilayer electrode with a blocking layer (T + Z1 + BL) in
combination with an MS5 sensitizer and [Cu(dmp)2]

1+/2+ redox
electrolyte, we have achieved a remarkable VOC of 1.27 V under
AM 1.5G one sun illumination and 1.295 V under a higher
intensity LED light of 200 mW cm−2, which are the highest VOC
reported to date for a single junction DSC. Detailed interfacial
charge transfer studies have revealed that the bilayer structure
leads to a negatively shied conduction band and improved
electron lifetime, contributing signicantly to the enhanced
VOC. We have also succeeded in achieving a VOC of 1.025 V under
both 1000 lux CFL and LED illumination using the MS5 sensi-
tizer and [Cu(dmp)2]

1+/2+ redox electrolyte employing the TiO2/
ZnO bilayer photoanode (T + Z1 + BL). These promising results
have inspired us to develop a battery-free temperature sensor
that can be powered autonomously by a single DSC of 0.24 cm2

active area under indoor illumination. Overall, this work
provides valuable material and device engineering strategies
that can be used to realize higher VOC in conjunction with the
appropriate combination of dyes and electrolytes. Achieving
higher VOC is essential for operating innovative self-powered
electronic applications. The majority of the energy harvesting

and management circuits used in these smart devices require
lower current (in mA) but demand higher voltage (above 1 V) for
continuous operation, highlighting the fact that more than
current and efficiency, VOC needs to be taken into consideration
while designing DSCs for indoor photovoltaic applications.
Furthermore, reducing the device's footprint without compro-
mising the voltage opens up creative and imaginative possibil-
ities for integrating indoor DSCs as a replacement for batteries
contributing to carbon neutrality and sustainability.
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