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 The history of dye-sensitized solar cells (DSSCs) began in 1839 when 

Becquerel discovered the phenomenon that a voltage can be produced when two platinum 

electrodes were immersed in an electrolyte containing a metal halide salt and were 

exposed to light [1]. After that, during the 1960s, some scientists found that an organic dye 

is capable of producing electricity at a semiconductor electrode in an electrochemical cell 

when light irradiates it [2-3]. During the 1970s, the mechanism of photosynthesis was 

studied to discover the phenomenon of photoexcitation [4]. In a research, chlorophyll 

pigment was extracted from spinach and used with zinc oxide (ZnO) as semiconductor 

electrode material in electrochemical cells. Then, in 1972, Tributsch demonstrated the 

generation of electricity through dye sensitization [5]. Matsumura et al., in 1980, 

conducted a study in this area, and they inferred that the stability of the dye in the dye-

sensitized photocell was challenging [6]. Still, the efficiency of the dye molecules could 

be improved by fine-tuning the porosity of the semiconductor oxide material.  

 In 1991, Gratzel and O’Regan advanced in this field by creating a sensitized 

electrochemical photovoltaic device, a conventional solid-state photovoltaic based on 

molecular and nano-level components with the semiconductor titanium dioxide (TiO2) as 

dye sensitization material [7]. This new conceptual approach was based on the 

photosynthesis activity in nature, as shown in Fig. 1.1, where the cyclic process of 

photosynthesis is imitated for harvesting energy using the sun’s radiation through a 

synthetic dye material [2,8]. The concept in DSSCs is similar to that of photosynthesis, 

where every element implements a different process, thus leading to lower purity demand 

[9] on the DSSC raw materials, as shown in Fig. 1.2. Consequently, the DSSC is a low-

cost alternative photovoltaic technology. This field is advancing rapidly, and DSSCs have 

become the third generation of photovoltaics. In the last two decades, they have been the 
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focus of research in light-harvesting technology [9]. Because of their advantages, such as 

low cost, ease of fabrication, simple device structure, good performance, and eco-

friendliness [8-12], DSSCs have a high potential for improvement. In addition, compared 

to other solar cells in the same generation, DSSCs offer design flexibility regarding shape, 

color, and transparency. 

 

Figure 1.1 Photosynthesis and dye-sensitized solar cells (DSSCs) [8]. 

 Even though DSSCs have several advantages as a light-harvesting technology, 

their low efficiency, less than 10% [13-18], and low power output are still a major bottleneck 

compared to other photovoltaic devices in the same generation. Gratzel and O'Regan 

achieved a solar-to-electricity conversion efficiency (η) of approximately 7% in the first 

attempt [7]. After rapid progress in DSSCs, in 2008, using an iodine-based redox liquid 

electrolyte, their efficiency increased to approximately 8% [19]. The efficiency increased 

to 11.5% when the researchers advanced in solving the corrosive nature of electrolytes, 

which improved the stability of the devices, photo-voltage, and efficiency [20]. In 2014, 

DSSCs reached an efficiency of approximately 13% with a coupled zinc porphyrin dye 

and a cobalt-based redox liquid electrolyte [21-22]. In 2015, the efficiency increased to 

approximately 14% with DSSCs composed of metal-free organic co-sensitizers and a 
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cobalt-based redox couple liquid electrolyte [22-23]. However, this performance is still very 

low compared to that of crystalline silicon, with an efficiency of 26%, and perovskite, 

with an efficiency of 23%. 

 

Figure 1.2 Dye-sensitized solar cell structure. 

 To increase both the efficiency and power output in DSSCs, a bifacial structure 

has been introduced to optimize the absorption of solar radiation on both sides, front and 

rear [24-28]. Because it converts the light incident on both sides of the cell, this structure 

utilizes the sunlight more efficiently and offers the possibility of reducing the cost of solar 

electricity compared to that of conventional mono facial photovoltaic devices. The 

bifacial structure utilizes the light reflected by the ground (albedo), which is sent back to 

the TiO2 layer, where it can be reabsorbed and converted into electricity. Transparent 

counter electrodes are the primary requirement in bifacial structures with this strategy. 

The bifaciality [29] is defined as follows: 

𝐵𝑖𝑓𝑎𝑐𝑖𝑎𝑙𝑖𝑡𝑦 =
𝜂𝑟𝑒𝑎𝑟

𝜂𝑓𝑟𝑜𝑛𝑡
 (1.1) 

with  

𝜂 =
𝑃𝑂𝑈𝑇

𝑃𝐼𝑁
 (1.2) 

where η is energy conversion efficiency, 𝑃𝑂𝑈𝑇  is power output, and 𝑃𝐼𝑁 is power input. 

The magnitude of the bifacility value can measure the success of the bifacial system itself 

and the materials used. A study on the bifacial DSSC technology reported an energy 

conversion efficiency of 8.35% using 4-ATP/PANI counter electrodes, an increase of 
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24.6% compared to DSSCs irradiated from the front only [24]. This result gives hope that 

bifacial structure can be improved the performance of DSSCs in both power output and 

efficiency. Nonetheless, the back incident light reflected from the ground is too low 

compared to the front incident light. To further optimize the DSSC bifacial system, 

enhancing the incident light from the rear is necessary to achieve incident light harvesting. 

 Recently, a reflector concentrator has been applied to enhance the incident light 

from the rear side. Commonly, reflector concentrators with Fresnel lens [30-32] or parabolic 

mirrors [33-34] have been used to improve the light harvesting of bifacial DSSCs [30-36], 

especially for the rear side. Chemisana et al. classified the concentration ratio of the 

concentrator into four types: low ( < 10 ×) , medium (10 − 100 ×) , high (100 −

2000 ×), and ultrahigh (> 2000 ×), depending on light concentration [37]. The power 

energy efficiency and output power are effectively increased by using a concentrator in 

the photovoltaic system. That report showed that a photovoltaic (PV) system coupled with 

a V-through plane concentrator could increase the power energy efficiency and power 

output by ~18% compared to that without a concentrator [38]. Even though concentrators 

can increase both power output and power energy efficiency, the application of 

concentrators in PV systems is still limited because high temperature is a side effect. The 

high temperature could severely damage DSSCs, especially the liquid electrolyte, which 

has a low boiling point (under 200 °C) [39-42]. Therefore, a performance evaluation of the 

DSSC coupled with a V-shape light concentrator system is necessary to determine the 

magnitude and duration of the increase in power energy efficiency and power output and 

the stability of its performance. 

The liquid electrolyte is preferred for DSSCs owing to its good performance and 

advantages such as high ionic conductivity, relatively high viscosity, electrochemical 
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potential window, and room-temperature long-term performance stability [9]. However, 

the major problem of the liquid electrolyte is that it evaporates easily, is not stable in high 

temperatures, and is prone to leakage [43]. Many studies have solved the evaporation and 

high-temperature stability problems in liquid electrolytes. Solid-state and quasi-solid state 

electrolytes are considered breakthrough technologies to solve the problems of liquid 

electrolytes [44-45]. They promise long-term stability in DSSC devices [46]. A report showed 

that a solid-state electrolyte with hole-transporting material (HTM) could avoid leakage 

while achieving long-term stability [45-46]. Nonetheless, the HTM process is costly owing 

to the materials it requires, and the production cost of solid-state electrolytes may be high. 

Poor penetration into the mesoporous TiO2, low ionic conductivity, low electron transfers 

from the dye molecules, and faster recombination are also problems of the solid-state 

electrolyte [47]. The quasi-solid state electrolyte might become a solution to the solid-state 

electrolyte problems owing to its better penetration and higher electron transfer. However, 

the efficiencies of quasi-solid state electrolytes in DSSCs are relatively lower than those 

in liquid electrolytes due to the lower mobility of iodide species through the viscous 

medium. Given that the performance of liquid electrolytes is still better than that of other 

states of electrolytes, a cooling system is necessary to use liquid electrolytes but overcome 

the problem of evaporation and high-temperature stability. 

Active cooling systems generally work by flowing water at a speed of 

approximately 0.1–1 L/min under a block-mounted solar cell system. In contrast, passive 

cooling systems utilize phase change material (PCM) as a coolant. Various types of 

cooling systems have been introduced to overcome thermal problems in solar cells, such 

as PCM-based, thermoelectric-based, air cooling-based, heat pipe-based, and liquid 

cooling-based. Recently, in a study of Shuai Gu et al., a circulating electrolyte passed 
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through the DSSCs devices [48]. The result showed that the power energy efficiency could 

be increased by ~10% under 1-sun illumination (100 mW/cm2) with various flowing rates. 

The circulating electrolyte is a promising active cooling system, and it is expected to 

reduce the temperature and thermal effects of the DSSCs caused by high temperatures. 

To evaluate the performance of a flowing electrolyte system in a DSSC coupled with a V-

shape concentrator system, it is necessary to have a better understanding of how this 

system works and how it affects the performance of the DSSC coupled with the light 

concentrator. 

At the present time, the performance stability of liquid electrolyte DSSCs is still 

limited at room temperature. Further, the power conversion efficiency and power output 

in DSSCs are relatively low even though many improvements in the structure of DSSCs 

have been made. Further improvements in their performance seem possible using an 

available system to realize sub phenomena in DSSCs. The current DSSC performance 

compared with that of other types of photovoltaic devices is shown in Fig. 1.3. From the 

data, the DSSC still has a low performance, although it has several advantages when 

compared to other devices. The combination of features suggests that DSSCs might 

become promising renewable energy devices that can compete with other solar cell 

devices. 
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Figure 1.3 Development of the DSSC and other photovoltaic (PV) devices. 

 

In this thesis, the main objective was to enhance the performance and power 

output of bifacial DSSCs with low-concentrated light. The following research steps were 

conducted to achieve our objectives: 

1. Observation of the performance of DSSCs with a low concentrated light system using 

a plane mirror as a back reflector and a concave mirror as a back concentrator 

2. Evaluation of the performance stability of the DSSC with a V-Shape low 

concentrated light system. 

3. Control of the increase or spike in temperature in DSSCs as side effect of the 

application of a low concentrator. 
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This dissertation consists of six (6) chapters. The content of each chapter is 

briefly described below: 

Chapter 1 summarizes the background and objectives and provides an outline of 

the study. 

Chapter 2 addresses the fundaments and theory of DSSCs, including the 

fabrication method and a characterization technique to observe the performance of 

DSSCs.  

Chapter 3 describes the performance of bifacial DSSCs with low concentrated 

light. The use of a plane mirror as a back reflector and a concave mirror as a back 

concentrator to increase the albedo was studied for application in bifacial DSSCs. The 

investigation focused on increasing the performance measured by variables such as 

photocurrent, voltage, and power output, and the effect on operational cells of parameters 

such as time, temperature, and cell degradation. 

Chapter 4 discusses the V-Shape system with plane and concave mirrors as the 

concentrator. The investigation was focused on the enhancement in output power and 

stabilization of the operational temperature of a bifacial DSSC with a V-Shape 

concentrator system. 

Chapter 5 examines the flowing electrolyte as an active cooling system to support 

the temperature control of a low concentrator application. The discussion is focused on 

the effect of the flowing system on the bifacial DSSC performance and operation. 

The final chapter, Chapter 6, presents the conclusions. This chapter contains a 

summary of the experimental results and the prospects for developing bifacial DSSCs 

with low concentrators in the future.  
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2.1 Photoelectrochemical Conversion of Solar Energy 

The photoelectrochemical solar cell, also called solar cell or photovoltaic cell, is 

an electrical device that converts the light energy coming from the sun directly into 

electricity. The phenomenon of the conversion of light into electricity is called 

photovoltaic effect, which is a physical and chemical phenomenon. The photovoltaic 

effect is close to the photoelectric effect, a phenomenon where the light is absorbed, 

causing the excitation of an electron or other charge carrier to a higher-energy state level. 

Photovoltaic cells are known to be the most efficient routes to solar-energy conversion 

and storage. The photoelectrochemical phenomenon of photovoltaic cells can be 

approached by photogalvanic cells using metal electrodes, photovoltaic solar cells based 

on semiconductor electrodes, and liquid junction photoelectrochemical cells where the 

semiconductors are immersed in redox electrolytes. 

2.1.1 Photogalvanic Cells 

 The galvanic effect is a process of electron generation on potential differences. 

A photogalvanic cell is a term to describe photo-electrochemical devices. The concept of 

photogalvanic cells is different from photovoltaic cells. In photovoltaic cells, electricity 

is generated by electrons excited directly by photons, whereas in photogalvanic cells, an 

electric current is generated by a molecule excited by a photon through a spontaneous 

chemical oxidation–reduction (redox) reaction [1-4]. When exposed to sunlight, a 

particular chemical can carry out an instinctive chemical reaction, which can produce 

energy from the electron transfer process [3]. The energy produced is then captured before 

the recombination process occurs. The simple approach is to use two metal electrodes in 

a dye solution corresponding to the electron acceptor:  

𝑋+ + 𝑒− → 𝑋       (𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) (𝑐𝑎𝑡ℎ𝑜𝑑𝑒) (2.1) 
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𝑌+ → 𝑌 + 𝑒−       (𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛) (𝑎𝑛𝑜𝑑𝑒) (2.2) 

 

 

Figure 2.1 Schematic of a photogalvanic cell. 

Figure 2.1. shows the schematic principle of photogalvanic cells. The net effect of the 

mediated reduction would be the driving of the electron through an external load and 

hence, the overall conversion of light to electricity. 

2.2 Dye-sensitized Solar Cells 

DSSCs have received significant attention because they have the potential to 

become low-cost solar cells. In 1991, Gratzel and O'regan made a breakthrough in the 

field of solar cells by imitating the photosynthesis process in plants and applying it to 

DSSCs. In the plant, the process of photosynthesis occurs when carotenoids and 

chlorophyll in green leaves absorb sunlight to convert water and carbon dioxide into 

carbohydrates and oxygen. In a DSSC, solar energy is absorbed by dye molecules 

attached to a mesoporous semiconductor and convert it into electricity. Converting solar 

energy into electricity in a DSSC is quite simple; light is absorbed by the dye molecules 

causing electrons in the dye to be excited towards the conduction band, and then flow 

through the semiconductor. The molecules in the dye are then regenerated by an 

electrolyte containing a redox mediator. The cycle is closed by the reduction of the redox 
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couple at the counter electrode. 

 

Figure 2.2 Schematic structure of a DSSC. 

It is essential to control the energy level and kinetics of the DSSC in order to 

achieve high efficiency. The kinetics and energy level are related to the processes in the 

cell. The output current determines the absorption spectra of the dye and the number of 

photons that can be absorbed and converted into electricity. Meanwhile, the output 

voltage is determined by the potential difference between the quasi-fermi level (𝐸𝐹) and 

the redox mediator. A large surface area of the semiconductor is required to increase the 

light absorption efficiency so that more dye is absorbed into the semiconductor. A 

mesoporous semiconductor material consisting of interconnected nanoparticles with a 

size of approximately 20 nm is generally used to enhance the surface area of the 

semiconductor. Although the surface area is essential to increase the efficiency of the 

DSSC because it increases the interface between the dye and the electrolyte, it also 

increases the possibility of a recombination process. Therefore, controlling the kinetic 

process and energy level is a challenge in a DSSC. Figure 2.2 shows schematically the 

basic architecture of a DSSC. 
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2.2.1 Components of a DSSC 

Among the third generation of solar cells, DSSCs have a simple structure formed 

by a sandwich arrangement of two transparent conducting oxide (TCO) electrodes. The 

primary structure of a DSSC consists of five components, which are the TCO film-coated 

glass substrate, photo anode, dye, electrolyte, and counter electrode.  

Conducting glass substrate 

The TCO-coated glass works as a substrate for the photo anode and counter 

electrode. Coating of the conductive glass is required for collection of the electrons 

ejected from the photo anode and passed to the counter electrode through the outer circuit. 

Commonly, TCO films are made of fluorine-doped tin oxide (FTO) or indium-doped tin 

oxide (ITO). At room temperature, the TCO film has a very low electrical resistance of 

less than 15–20 Ω/sq. The conductive substrate should have a maximum transparency to 

solar radiation, be a highly abundant material, and have low cost [5-9]. 

Photoanode 

 In DSSCs, the photoanode plays a significant role as a working electrode with 

the function of adsorbing dye molecules, transferring electrons, and converting photons 

into electrical energy [7-11]. Basically, the photoanode consists of a conducting substrate, 

a semiconductor layer deposed on the conducting substrate, and a sensitizer adsorbed on 

the semiconductor layer. The performance of a photoanode is strongly dependent on the 

properties of the semiconductor layer, which should efficiently facilitate light harvesting, 

electron injection, and electron collection [10,12].  

The semiconductor layer is a junction with a large contact area for dye adsorption 

and allows electrons to transfer through the DSSC. The performance of the DSSC is 

strongly influenced by the performance of the semiconductor layer, which is determined 
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by the light harvesting efficiency (LHE) of the dye, the quantum yield of electron 

injection, and the efficiency collecting the injected electrons [10,13-14]. The ideal 

semiconductor layer should have a nanostructured mesoscopic morphology to obtain a 

high specific surface area for dye adsorption, and mesoporous oxides are the most 

commonly used materials as the semiconductor layer, including TiO2, ZnO, SnO2, and 

Nb2O5 
[9]. Among them, mesoporous TiO2 is the most applied material in DSSCs owing 

to its advantages including abundance, nontoxicity, large band gap and suitable band edge 

levels for charge injection and extraction, long lifespan of the excited electron, resistance 

to photon corrosion, and low cost [9,11]. The highest reported efficiency based on TiO2 

nanoparticles is 13% [15]. 

 

Figure 2.3 TiO2 crystalline phase a) anatase, b) brookite, and c) rutile [9]. 

The crystalline TiO2 is classified into anatase (tetragonal), rutile (tetragonal), and 

brookite (orthorhombic), as shown in fig 2.3. In DSSCs, anatase is the most commonly 

used phase owing to its superior charge transport nature [16-17]. The band gap of anatase 

TiO2 is 3.2 eV at an absorption edge of 388 nm, and its resistivity is 1015 Ω.cm [6-7,9,18]. 
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Anatase TiO2 has a high dielectric constant (𝜀 = 80 ) and provides good electrostatic 

shielding of the injected electron from the oxidized molecule, preventing the electrons 

from recombining before the reduction of the dye molecule by the electrolyte. The high 

refractive index of anatase TiO2 (𝑛 = 2.5) results in efficient diffuse scattering of light 

inside the porous photoanode and hence, significantly enhanced light adsorption [9].  

For application in DSSCs, a viscous TiO2 paste is commonly coated onto a 

conductive substrate (FTO glass) by screen printing or doctor blade techniques, then 

annealed at 450–450 °C for 30 min for binder removal. Owing to the annealing, the metal 

oxide has good adhesion to the FTO glass substrate, interparticle contact, and eventually 

forms a nanostructured porous electrode. The thickness of the formed porous electrode 

film is approximately 10–15 μm and the interconnected nanoparticle size ranges from 15 

to 30 nm [7].  

Dye/sensitizer 

 The main reason for using dye in DSSC is because the band gap of the TiO2 

semiconductor is too high (~4.2 eV) to absorb visible light and convert it directly into 

electricity. Dye is required to be entangled in the TiO2 semiconductor to capture sunlight. 

The dye is an important part, which plays the centralized role in initiating the mechanism 

of ejecting electrons on irradiation in DSSCs. The dye/sensitizer acts as a molecular 

electron pump because it absorbs the incident photons and then generates photoexcited 

electrons [6,9-10]. A good and efficient sensitizer is adsorbed onto the photoanode 

semiconductor and has strong and broad absorption of sunlight at all wavelengths below 

920 nm, and it also has excellent chemical stability toward light and heat [3,9]. 

Optimization of the molecular structure of the sensitizer prevents the aggregation on the 

semiconductor electrode surface. 
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Electron transport from the sensitizer to the photoanode should be easy to 

produce a DSSC with good performance. Therefore, the excited state level of the dye 

should have higher energy than that of the photoanode [6]. The dye absorption spectrum, 

the amount of dye attached to the semiconductor, the extinction dye coefficient, and the 

absorption width are important factors affecting the LHE value. The LHE comes from the 

absorption of the stained semiconductor, according to Eq. 2.3. 

𝐿𝐻𝐸(𝜆) = 1 − 10−𝐴(𝜆) (2.3) 

The primary types of sensitizers that have been used during the past decades are 

metal-based sensitizers and metal-free organic sensitizers. Metal-based sensitizers that 

have been extensively studied for DSSCs comprise the chromophores of ruthenium 

complexes. The report shows that ruthenium-based sensitizers can achieve solar-to-

electricity conversion efficiencies of approximately 11% [19] under AM1.5 conditions 

owing to their favorable photoelectrochemical properties, excellent chemical stability, 

and intense light absorption over a broad visible range. Gratzel et al. developed and 

modified several efficient Ru-based complex photosensitizers.  

The first broadly used Ru-based complex photosensitizer is red dye, better 

known as N3 (cis-bis(isothiocyanato)bis-(4,40-dicarboxylic acid-2,20-bipyridine) Ru 

(II)) [6,9,19].  
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(a) (b) 

 

(c) 

Figure 2.4 Chemical structures of a) N719, b) N3, and c) black dye used in DSSCs 
[6,9]. 

The other two efficient dye sensitizers in the same group are N719 and N749, which is 

known as black dye. N719 with the formula (cis-bis(4,4′-dicarboxy-2,2′-bipyridine) 

diisothiocyanato-ruthenium(II)) has been considered the reference dye sensitizer in 

DSSCs owing to its improved power conversion efficiency. Meanwhile, N749 with the 

formula tris(isothiocyanato)-2,20,200-terpyridyl-4,40,400-tricarballylate Ru(II) is aimed 

at improving the efficiency of sensitizers in the near-infrared (NIR) region. The 

ruthenium-based sensitizer shows high energy conversion efficiency especially in the 

iodide/triiodide-based electrolyte. The structures for these three efficient sensitizers of 

DSSCs are shown in Fig. 2.4.  

Electrolytes 

 The next important part of a DSSC is the electrolyte. The presence of the redox 

shuttle in the electrolyte facilitate the transport of charges or ions between the photoanode 

and counter electrode [3,6-10]. A good electrolyte solvent is one that has low viscosity, high 

dielectric properties, high boiling point, and negligible vapor pressure. Environmental 

sustainability, easy processing, and robustness by chemical inertness are also important 
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from an industrial perspective [3]. Most of all, there are two kinetic requirements for an 

ideal redox shuttle; it must reduce the dye cation before it recombines with an electron in 

the photoanode, but not allow the oxidized form of the shuttle to intercept the electron 

from the photoanode [10]. Those dual criteria of fast dye regeneration and slow 

interception are a very challenging constraint for identifying effective redox shuttles. 

 Among the many redox shuttles examined, the iodide/triiodide couple (𝐼−/𝐼3
−) 

has been identified as the best and most commonly used in DSSCs. The 𝐼−/𝐼3
− redox 

electrolyte is promising owing to its ability to infiltrate deep inside the semiconductor 

nanoporous layer, slow recombination loss, and fast regeneration of dye molecules. It is 

known that the redox shuttle is the one that encourages charge transport between the 

photoanode and counter electrode. When the dye molecules inject electrons into the 

semiconductor metal oxide, the tri-iodide in the electrolyte helps in reducing the oxidized 

dye as quickly as possible to the ground state [6,20]. The iodide, an electron acceptor, moves 

to the counter electrode and receives its lost electrons and regenerates as tri-iodide. The 

circuit is completed by the electron migration through the external load. The process of 

electron transfer is shown in Fig. 2.5.  

 

Figure 2.5 Schematic of a DSSC using 𝐼−/𝐼3
− redox couple. 
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 The report shows that the efficiency obtained by the DSSC is approximately 

11% using the 𝐼−/𝐼3
− redox couple combined with a ruthenium-based sensitizer [21]. The 

capture of electrons on the surface of the photoanode (usually TiO2), which is relatively 

slow, can minimize the recommendation process in the DSSC. For this reason, the 

efficiency of the DSSC can be increased using an 𝐼−/𝐼3
− redox couple-based electrolyte. 

For dye and electrolyte regeneration, the redox potential of the 𝐼−/𝐼3
−  should be 

considered. Figure 2.5 shows the regeneration process of the 𝐼−/𝐼3
− redox electrolyte. 

For some types of the 𝐼−/𝐼3
− redox couple electrolyte, the dye regeneration process can 

be expressed as Eq. 2.4: 

𝐷+ + 𝐼− 𝑑𝑦𝑒 𝑟𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 →  𝐷 + 𝐼3
−. (2.4) 

In fact, there are successive reactions at the photoanode semiconductor interface [20,22-24], 

as shown in Eqs. 2.5 and 2.6: 

𝐷+ + 𝐼− → [𝐷 … 𝐼] 𝐼− →  𝐷 + 𝐼2
−∗ 𝐼2

−∗ →  𝐷 + 𝐼3
− + 𝐼− (2.5) 

𝐷+ + 𝐼2
−∗ → [𝐼2 … 𝐷] 𝐼− →  𝐷 + 𝐼3

−. (2.6) 

The electrolyte regeneration process is complete with the oxidation of 𝐼3
− ions to 𝐼− ions 

at the counter electrode. The reduction process of 𝐼3
− at the counter electrode may occur 

sequentially and rapidly [20,24-25], as shown in Eq. 2.7: 

𝐼3
− + 𝑒− → 𝐼− + 𝐼2

−∗ 𝑒− →  3𝐼−. (2.7) 

The application of reaction 2.5 to DSSCs depends on the transport ability of the redox 

mediator between the photoanode and the counter electrode. The transport ability of this 

redox mediator is affected by the conductivity and diffusivity of the electrolyte. The 

conductivity of the electrolyte [20,26] is expressed in Eq. 2.8: 

𝜎 = ∑ 𝜇𝑖𝑛𝑖𝑞𝑖 (2.8) 
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with 𝜎 is conductivity, 𝜇𝑖 is mobility, 𝑛𝑖 is carrier concentration, and 𝑞𝑖 is charge of the 

ionic specimen. The mobility of the specimen ion causes a temperature effect. In 

homogeneous electrolytes, the temperature dependence of conductivity (𝑙𝑛 𝜎 ≈ 1/𝑇) is 

linear, whereas in heterogeneous electrolytes it is non-linear. This temperature effect can 

be expressed in the Arrhenius [20,27] and Vogel–Tamman–Fulcher (VTF) equations, [20,28] 

shown in Eqs. 2.9 and 2.10 below: 

𝜎 = 𝜎0𝑒𝑥𝑝 (𝐸𝐴/𝑘𝐵𝑇) (2.9) 

𝜎 = 𝜎0𝑒𝑥𝑝 [−𝐵/𝑘𝐵(𝑇 − 𝑇0)] (2.10) 

where 𝜎0 is the conductivity constant, which depends of materials’ properties; 𝑘𝐵 is the 

Bolztman constant, 𝐸𝐴  is activation energy, 𝐵  is pseudo activation energy, 𝑇  is 

temperature, and 𝑇0 is the temperature equilibrium related to the transition temperature 

of glass. At present, this redox shuttle is used as electrolyte in any standard cell.  

Counter electrode 

 The counter electrode must also ensure rapid reaction and low overpotential, 

and therefore, the counter electrode must have good catalytic activity characteristics. The 

metal material known to have the best catalytic activity is platinum (Pt), and thus Pt is 

suitable as a counter electrode. Charge transfer resistance (𝑅𝐶𝑇) in DSSCs is generated 

due to a charge transfer reaction at the counter electrode. To obtain reaction pushing at a 

certain current density (𝐽), an overpotential (𝜁) is required, and under small overpotential 

conditions, 𝑅𝐶𝑇 can be expressed by Eq. 2.9: 

𝑅𝐶𝑇 = 𝜁/𝐽.  (2.11) 

In ideal conditions, the magnitude of 𝑅𝐶𝑇 ≤ 1𝛺. 𝑐𝑚2 to avoid significant losses. One 

indication of the declining performance of a DSSC is the low fill factor (FF) value, which 

can occur due to poor counter electrodes. 
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2.2.2 Electron Transfer Steps in a DSSC 

 In the process of converting light energy into electricity, the electron transfer 

process in each part of the DSSC should be known. This electron transfer will affect the 

performance of the DSSC. The electron transfer process starts from the light illuminating 

the DSSC. Figure 2.6 shows the electron transfer process in a DSSC. 

 

Figure 2.6 Mechanism of electron transfer in a DSSC. 

When the light illuminates the DSSC, the dye absorbs incident photons from the 

light. With the energy from photons, the electron is excited, changing from the ground 

state to the excited state. The expression for this phenomenon can be written as follows: 

𝑆 + ℎ𝑣 → 𝑆∗ (photoexcitation). (2.12) 

When the electron is at the excited state, the electrons can move or be injected into the 

semiconductor’s conduction band or decay back to the ground state (recombination) [3,9,43]. 

The formation of the absorption light by the dye can be express as follows: 

𝑆∗ → 𝑆 + ℎ𝑣′ (emission/recombination), (2.13) 

𝑆∗ → 𝑆+ + 𝑒− (electron injection into TiO2 semiconductor). (2.14) 

The electron that is injected into the conductor band of TiO2 semiconductor then travels 

through the FTO glass to pass through the external circuit and reach the counter electrode. 
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After the electron is injected into the conductor band of TiO2 semiconductor, the oxidized 

dye will receive the electron from the redox mediator present in the electrolyte and then 

be reduced rapidly to the ground state, as expressed in Eq. 2.15: 

3𝑆+ + 3𝐼− → 2𝑆 + 𝐼3
− (regeneration of dye). (2.15) 

At the same time, the 𝐼− will be oxidized into 𝐼3
− and then diffuse toward the counter 

electrode. In the last step, 𝐼3
− is reduced back to 𝐼− at the counter electrode. The process 

of the last step can be expressed as in the following equation: 

𝐼3
− + 2𝑒− → 3𝐼−  (regeneration of 𝐼−). (2.16) 

If the oxidized dye is reduced rapidly in the absence of the redox mediator to assist the 

reduction process, then the oxidized dye will interact with the electrons in the TiO2 layer, 

resulting in a recombination process without any measurable photocurrent, as follows:  

𝑆+ + 𝑒−(𝑇𝑖𝑂2) → 𝑆 (recombination).  (2.17) 

This recombination process might decrease the performance of DSSCs.  

 

2.2.3 Key Efficiency Parameters of DSSCs 

The working ability and working performance of DSSCs are determined by their 

power conversion efficiency (𝜂) and power output (𝑃𝑂𝑈𝑇). For calculating both efficiency 

and power output of a DSSC, the short circuit current density (𝐽𝑆𝐶), open circuit voltage 

(𝑉𝑂𝐶), power input (𝑃𝐼𝑁), and fill factor (FF) should be considered. 𝑃𝐼𝑁 depends on the 

light source, generally from a solar simulator with 1 sun illumination or approximately 

100 𝑚𝑊. 𝑐𝑚−2. The sunlight to electric power conversion efficiency (PCE) in a DSSC 

is given by the following equation: 

𝜂 =
𝑃𝑂𝑈𝑇

𝑃𝐼𝑁
× 100% (2.18) 

and 𝑃𝑂𝑈𝑇  can be determined by following expression: 
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𝑃𝑂𝑈𝑇 = 𝐽𝑆𝐶 × 𝑉𝑂𝐶 × 𝐹𝐹. (2.19) 

Meanwhile, 𝐽𝑆𝐶  is related to the diffusion length of the electron and the surface 

passivation. The equation for 𝐽𝑆𝐶  can be approximated as the following equation [41]: 

𝐽𝑆𝐶 = 𝑞 × 𝐺(𝐿𝑛 + 𝐿𝑝) (2.20) 

where 𝐺  is the generation rate, and 𝐿𝑝  and 𝐿𝑛  are the hole and electron diffusion 

lengths, respectively. 𝐽𝑆𝐶  can also be expressed as follows [3,9]: 

∫ 𝐼𝑃𝐶𝐸(𝜆) × 𝑒 × 𝛷(𝜆)𝑑𝜆 (2.21) 

with  

𝐼𝑃𝐶𝐸(𝜆) =
𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠
, (2.23) 

where IPCE is defined as the ratio of the number of photo generated electrons (𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠) 

flowing in the external circuit to the number of incident photons (𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠) with a given 

wavelength, 𝑒 is the elementary charge, and 𝛷(𝜆) is the photon flux. From the above 

equation, it can be assumed that 𝐽𝑆𝐶  depends strongly on the generation rate and diffusion 

length. 

The open circuit voltage (𝑉𝑂𝐶  ) in a typical photoelectrochemical cell can be 

described as the difference in energy of the electron at the semiconductor and the counter 

electrode, or the difference in energy level of the quasi-fermi level of the semiconductor 

under illumination and the Nernst potential of the electrolyte solution [9,20,24-25]. 𝑉𝑂𝐶  is 

measured when no current flows through the cells and for a regenerative 

photoelectrochemical system, 𝑉𝑂𝐶  can be expressed with the following equation: 

𝑉𝑂𝐶 = 𝑉𝑇 𝑙𝑛 (1 +
𝐽𝑆𝐶

𝐽𝑆
). (2.23) 

 The next important parameter for observing the performance of a DSSC is the 

fill factor (FF). in principle, FF can be described as the ratio of the maximum power output 
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(𝑃𝑚𝑎𝑥) from the DSSC to the product of 𝐽𝑆𝐶  and 𝑉𝑂𝐶 . In other words, FF is a parameter 

that determines the maximum power of a DSSC [41]. The equation to express FF is as 

follows: 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝐼𝑆𝐶 × 𝑉𝑂𝐶
 (2.24) 

with  

𝑃𝑚𝑎𝑥 = 𝐼𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥 , (2.25) 

 

where 𝐼𝑚𝑎𝑥  and 𝑉𝑚𝑎𝑥   represent respectively the photocurrent and photo-voltage 

corresponding to 𝑃𝑚𝑎𝑥. The typical current density and voltage curve, with 𝐽𝑆𝐶 , 𝑉𝑂𝐶 , and 

𝑃𝑚𝑎𝑥, is shown in Fig. 2.7 

 

Figure 2.7 Typical current density and voltage curve of a DSSC. 

 

2.3 Characterization Techniques 

This section describes the characterization techniques used to identify the 

phenomena that may occur in a DSSC. The characterization techniques include the 

coating material technique used to fabricate the photo-anode and counter electrode and 

the measurement technique used to observe the performance of DSSCs.  
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2.3.1 Doctor Blade Method 

There are several methodologies for synthesis of material coatings, such as spray 

coating [30-32], dip coating [33,34], doctor blade [29,35], and spin coating [29,36]. Among these 

methodologies, doctor blade is commonly used in DSSC fabrication owing to its simple 

procedures and the better performances obtained [29, 37]. Because the deposition method 

can significantly affect the performance of a DSSC, a brief explanation of the doctor blade 

method becomes necessary. 

 Doctor blade coating, also known as ‘tape casting’ method, is a technique to 

coat material onto a substrate with a well-defined thickness [29,38-40]. In principle, the 

doctor blade technique is suitable for coating materials in sol gel form or materials with 

adequate density. In DSSCs, the TiO2 photo-anode and Pt counter electrode are coated on 

the FTO using this method. The process is as follows: TiO2 and Pt paste are placed on the 

surface of the FTO with the aid of a blade or rigid spatula. Then, with a constant 

movement, the TiO2 and Pt paste are evenly spread on the surface of the FTO substrate. 

Figure 2.8 shows the doctor blade technique. The TiO2 and Pt thin films produced from 

the coating process are then placed on a suitable place with temperature control until 

evaporation of the solvent and fixation occur, resulting in TiO2 and Pt coated on the FTO. 

The thickness of the TiO2 and Pt thin film can be measured by adjusting the gap between 

the doctor blade and the FTO substrate. 
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Figure 2.8 Doctor blade method [29]. 

Several studies report that solar cells using the doctor blade method have better 

performance compared to other thin film coating methods. In 2018, Ananda et al. reported 

a comparison between the doctor blade method and the bar coating method for carbon-

based counter electrode application. The result shows that DSSCs using the doctor blade 

method achieve higher performance [37]. In 2019, Ji et. al. observed the performance of 

an organic solar cell (OSC) using the doctor blade and spin coating methods. An 

efficiency of ~13% was achieved in the OSC with a ZnO cathode using the doctor blade 

method.  

2.3.2 Current–Voltage Characteristic 

Current–voltage ( 𝐼 − 𝑉 ) characterization is an important characterization 

technique for solar cells to determine the energy conversion efficiency. Generally, the 𝐼 −

𝑉  characteristics are observed under 1 sun illumination (AM1.5G illumination). In 

principle, the 𝐼 − 𝑉 characteristics are obtained under solar irradiation by changing the 

external load from zero (short circuit conditions) to infinity load (open circuit conditions).  

In theory, the 𝐼 − 𝑉  curves of solar cell are considered similar to the 𝐼 − 𝑉 

curves of a diode in “dark” condition. The 𝐼 − 𝑉 curves can be shifted down into the 

fourth quadrant in the Cartesian diagram with light. When the curves are shifting down 
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to the fourth quadrant, the power of the diode can be extracted. For this reason, the 𝐼 − 𝑉 

curve of a solar cell is defined as a superposition of the solar cell diode in the dark with 

the light-generated current [41,42]. Figure 2.9 (a) shows the effect of light shifting the 𝐼 −

𝑉 curve down into the fourth quadrant. The blue curve is the condition when a solar cell 

is without illumination, where the electrical characteristics of the solar cell are the same 

as a large diode. When the light illuminates the solar cell, the 𝐼 − 𝑉 curve shifts down as 

the cell begins to generate power, as shown by the red curves. The amount of shift 

increases as the light intensity increases. 

 

(a) 

 

(b) 

Figure 2.9 Effect of light shifting the (a) 𝐼 − 𝑉 curve down into the fourth quadrant 

and (b) idealized diode for the 𝐼 − 𝑉 characteristics. 

The equation used for the 𝐼 − 𝑉 characteristics of the idealized diode shown in 

Fig. 29 (b) under any condition, either forward or applied voltage (reverse bias), 

according to diode law is the Shockley diode equation: 

𝐼 = 𝐼𝑆 (𝑒
𝑉𝐷
𝑗𝑉𝑇 − 1) (2.26) 

𝑉𝑇 =
𝑘𝑇

𝑞
, (2.27) 

where 𝐼 is the diode current, 𝐼𝑆 is the reverse bias saturation current, 𝑉𝐷  is the voltage 
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across the diode, 𝑉𝑇  is the thermal voltage, 𝑗  is the emission coefficient, 𝑘  is the 

Boltzmann constant, 𝑇  is the temperature, and 𝑞  is the magnitude of charge of an 

electron. As a solar cell in the dark condition is similar to the diode, then the illumination 

that a cell adds to the ‘dark’ currents in the diode generates light generated current (𝐼𝐿) in 

the diode law: 

𝐼 = 𝐼𝑆 (𝑒
𝑉𝐷
𝑗𝑉𝑇 − 1) − 𝐼𝐿 . (2.28) 

In a convention, the solar cell curve is flipped into the first quadrant, as shown in Fig. 2.9 

(a), and this type of curve is a typical 𝐼 − 𝑉 plot in a solar cell.  

Because the first quadrant light generated current 𝐼𝐿 dominates the saturation 

current 𝐼𝑆 under illumination, Eq. 2.28 becomes 

𝐼 = 𝐼𝐿 − 𝐼𝑆 (𝑒
𝑉𝐷
𝑗𝑉𝑇 − 1). (2.29) 

The (−1) term in Eq. 2.29 can usually be neglected because under illumination, the 

exponential term is usually ≫ 1 [41]. Then, the formula can be written as 

𝐼 = 𝐼𝐿 − 𝐼𝑆 (𝑒
𝑉𝐷
𝑗𝑉𝑇 ). (2.30) 

Substituting Eq. 2.27 into Eq. 2.30, the formula becomes 

𝐼 = 𝐼𝐿 − 𝐼𝑆 (𝑒

𝑉𝐷
𝑗𝑘𝑇

𝑞 ), (2.31) 

𝐼 = 𝐼𝐿 − 𝐼𝑆 (𝑒
𝑞𝑉𝐷
𝑗𝑘𝑇 ). (2.32) 

Rearranging Eq. 2.32, 𝑉𝐷  can be described as 

𝐼𝐿 − 𝐼 = 𝐼𝑆 (𝑒
𝑞𝑉𝐷
𝑗𝑘𝑇 ) (2.33) 

 

𝐼𝐿 − 𝐼

𝐼𝑆
= 𝑒

𝑞𝑉𝐷
𝑗𝑘𝑇  (2.34) 
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𝑙𝑛  (
𝐼𝐿 − 𝐼

𝐼𝑆
)  =

𝑞𝑉
𝐷

𝑗𝑘𝑇
 (2.35) 

𝑉𝐷 =
𝑗𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝐿 − 𝐼

𝐼𝑆
). (2.36) 

 The other important parameter determined from the 𝐼 − 𝑉 curves that are used 

to characterize solar cells is the short circuit current (𝐼𝑆𝐶). 𝐼𝑆𝐶  is the maximum current 

through the DSSC when the voltage across the cell is zero [9,41]. The 𝐼𝑆𝐶  is shown in Fig. 

2.8 (a). For an ideal solar cell, 𝐼𝑆𝐶  and 𝐼𝐿 are identical because 𝐼𝑆𝐶  is derived from the 

generation and collection of light generation carriers and moderate resistive loss 

mechanism at ideal solar cells. There are several dependency factors on 𝐼𝑆𝐶 , such as the 

area of the solar cell, number of photons caused by light intensity, spectrum of the incident 

light, optical properties, and minority-carrier collection probability [41]. Generally, 𝐼𝑆𝐶  is 

expressed as 𝐽𝑆𝐶   to remove the dependence of the solar cell area. Therefore, the 

relationship between 𝐼𝑆𝐶  and 𝐽𝑆𝐶  can be expressed as the following equation: 

𝐼𝑆𝐶 = 𝐽𝑆𝐶 𝐴. (2.37) 

The open circuit voltage (𝑉𝑂𝐶) is the maximum voltage of a solar cell when the 

current is zero. In principle, the open circuit voltage is an amount of forward bias on the 

solar cell caused by the bias of solar cell junction with the light-generated current. 𝑉𝑂𝐶  is 

shown on the 𝐼 − 𝑉  curves in Fig. 2.9 (a). The equation for 𝑉𝑂𝐶   is derived from 

Shockley equation under light illumination: 

𝐼 = 𝐼𝐿 − 𝐼𝑆 (𝑒
𝑉𝐷
𝑗𝑉𝑇 − 1) (2.38) 

 

𝐼𝐿 − 𝐼

𝐼𝑆
+ 1 = 𝑒

𝑉𝐷
𝑗𝑉𝑇  (2.39) 

𝑙𝑛 (
𝐼𝐿 − 𝐼

𝐼𝑆
+ 1)  =

𝑞𝑉𝐷

𝑗𝑘𝑇
 (2.40) 
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Because 𝑉𝑂𝐶  is the condition when the current through the solar cell is at zero point, the 

equation for 𝑉𝑂𝐶  is found to be 

𝑉𝑂𝐶 =
𝑗𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝐿

𝐼𝑆
+ 1). (2.41) 

From the equation, it can be simply assumed that 𝑉𝑂𝐶   might increase linearly with 

temperature. However, it is difficult to explain the effect of temperature briefly because 

the increasing temperature changes the intrinsic carrier concentration that results in 

increasing 𝐼𝑆. 

2.3.3 Electrochemical Impedance Spectroscopy 

 

Electrochemical impedance spectroscopy (EIS) is a technique used to investigate 

the kinetics of electrochemical and photoelectrochemical processes, including the 

clarification of relevant ionic and electronic processes that occur at different interfaces in 

various electrochemical devices. EIS is carried out by applying harmonic modulated 

small-amplitude AC potential 𝑉(𝜔, 𝑡)  with certain frequency range (𝑓 =
𝜔

2𝜋
)  to an 

electronical system to measure the current 𝐼(𝜔, 𝑡) of the system, where 𝜔 is the angular 

frequency. The impedance 𝑍(𝜔) of the system can be expressed as 

𝑍(𝜔) =
𝑉(𝜔, 𝑡)

𝐼(𝜔, 𝑡)
. (2.42) 

When 𝜔 → 0  at 𝑉(𝜔, 𝑡) , it is said that the system is driven by DC current and the 

impedance coincides with the DC resistance (𝑅𝑑𝐶 ). Thus, Eq. 2.42 can also be written as  

𝑍(0) =
𝑉(0, 𝑡)

𝐼(0, 𝑡)
= 𝑅𝑑𝐶  (2.43) 

in the example of impedance with 0 phase difference. 

In complex form, the AC voltage and current can be expressed as 𝑉(𝜔, 𝑡) =

𝑉0𝑒𝑖𝜔𝑡 and 𝐼(𝜔, 𝑡) = 𝐼0𝑒𝑓(𝜔𝑡−𝜃), respectively, where 𝑓 is linear frequency, 𝑖 = √−1, 
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and 𝑉0 and 𝐼0 are the amplitudes of voltage and current signal. Thus, Eq. 2.42 can be 

written as 

𝑍(𝑖𝜔) =
𝑉(𝜔, 𝑡)

𝐼(𝜔, 𝑡)
= 𝑍(𝜔) =

𝑉0

𝐼0
𝑒𝑖𝜃 = 𝑍0𝑒𝑖𝜃 . (2.44) 

Then, by applying Euler’s relationship and replacing 𝑍0  with |𝑍| , Eq. 2.44 can be 

written as 

𝑍(𝑖𝜔) = |𝑍|(cos 𝜃 + 𝑖 sin 𝜃). (2.45) 

The general expression for impedance is 

𝑍(𝜔) = 𝑍𝑅𝑒 + 𝑖𝑍𝐼𝑚 = 𝑍′ + 𝑖𝑍" (2.46) 

where 𝑍𝑅𝑒 = 𝑍′ = |𝑍| cos 𝜃 and 𝑍𝐼𝑚 = 𝑍" = |𝑍| sin 𝜃 are the real and imaginary part 

of the impedance, respectively. 

EIS data are displayed in the form of a Nyquist and Bode plot. Z” is plotted against Z’ for 

different 𝜔  in the Nyquist plot. In the Bode plot, log|𝑍|  and 𝜃  are plotted against 

log 𝑓, where 𝜃 = tan−1(𝑍"/𝑍′).  

By applying a sinusoidal voltage, 𝑉(𝜔, 𝑡) = 𝑉0 sin 𝜔𝑡. With the resistance 𝑅, the current 

flowing through the resistor can be described as 𝐼(𝜔, 𝑡) =
𝑉(𝜔,𝑡)

𝑅
=

𝑉0

𝑅
sin 𝜔𝑡. Thus, the 

impedance of a resistor can be written as 

𝑍𝑅(𝜔) =
𝑉(𝜔, 𝑡)

𝐼(𝜔, 𝑡)
= 𝑅 (2.47) 

where 𝑉(𝜔, 𝑡) and 𝐼(𝜔, 𝑡) are in phase. At 𝑉(𝜔, 𝑡), capacitance 𝐶 has a resultant 

current 𝐼(𝜔, 𝑡) = 𝐶
𝑑𝑉(𝜔,𝑡)

𝑑𝑡
= 𝐶𝜔 𝑉0 cos 𝜔𝑡 = 𝐶𝜔 𝑉0 sin(𝜔𝑡 +

𝜋

2
), where 𝑞 = 𝐶𝑉 and 

𝑑𝑞

𝑑𝑡
= 𝐼𝑡 . As 𝐼0 = 𝜔𝐶𝑉0, the current trough capacitor becomes 𝐼𝑡 = 𝐼0 sin(𝜔𝑡 +

𝜋

2
). The 

impedance of the capacitor can be written as 

𝑍(𝜔) =
𝑉(𝜔, 𝑡)

𝐼(𝜔, 𝑡)
=

1

𝜔𝐶
 (2.48) 
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where 
1

𝜔𝐶
 or 

1

𝑗𝜔𝐶
 is termed the reactance of a capacitor and 𝐼(𝜔, 𝑡) leads 𝑉(𝜔, 𝑡) by 

a phase difference of 
𝜋

2
 [44]. 

2.4 Concentrator Photovoltaic 

An imaging optical system has three main components, namely, the object, the 

optics, and the image it forms. The light started from the object, captured by the optical 

system, is then concentrated onto a point in the image. In non-imaging optical systems, a 

light source and receiver are used instead of an object and image, respectively [45]. 

The idea of concentrator photovoltaic (CPV) systems is to use a refractive or 

reflective non-imaging optical component to concentrate and direct sunlight onto a highly 

reduced area on a solar cell to produce increased energy conversion [46]. Two mediums 

with refractive indexes 𝑛1 and 𝑛2, respectively, separated by an optical system is shown 

in figure 2.10. The system concentration ratio can be defined as 

𝐶𝑟 = 𝜂𝑜𝑝𝑡,𝑐𝑜𝑛𝑐𝑒𝑛𝑡 × 𝐶𝑔 (2.49) 

where 𝜂𝑜𝑝𝑡,𝑐𝑜𝑛𝑐𝑒𝑛𝑡  denotes the optical efficiency of the concentrator system given by 

𝜂𝑜𝑝𝑡,𝑐𝑜𝑛𝑐𝑒𝑛𝑡 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 (2.50) 

where 𝑃𝑜𝑢𝑡 is the light power exiting the concentrator, 𝑃𝑖𝑛 is the light power entering 

the concentrator, and 𝐶𝑔 is the geometrical concentration defined by the ratio of entrance 

and exit surface, which is given by  

𝐶𝑔 =
𝐴𝑖𝑛

𝐴𝑜𝑢𝑡
=

𝑛2 sin 𝜃𝑜𝑢𝑡

𝑛1 sin 𝜃𝑖𝑛
 (2.51) 

where 𝐴𝑖𝑛 is the entrance aperture area and 𝐴𝑜𝑢𝑡 the exit aperture. 
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Figure 2.10 General view of an optical system [45]. 

The compound parabolic concentrator (CPC) was introduced as a way to send 

the maximum concentrate radiation light trough the exit aperture area or the receiver. 

Figure 2.11 shows the form of a 2D CPC and the path of an edge ray inside. In Fig. 2.11 

(a), the ray enters the CPC at an angle 𝜃 to the vertical direction and is reflected toward 

the receiver’s edge. The ray is reflected to the receiver as in the case of the ray entering 

with angle 𝜃1 < 𝜃 presented in fig 2.11 (b). In contrast, the ray ends up going backwards 

and exits trough the entrance aperture when entering the CPC with angle 𝜃2 > 𝜃 , as 

shown in Figure 2.11 (c). The ratio between the number of rays that enter the receiver and 

the number of rays that enter the PCP is called the acceptance, which is defined as 

𝐴𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑟𝑎𝑦𝑠 𝑒𝑛𝑡𝑒𝑟 𝑡ℎ𝑒 𝑟𝑒𝑐𝑖𝑒𝑣𝑒𝑟

𝑁𝑢𝑚𝑏𝑒𝑟 𝑟𝑎𝑦𝑠 𝑒𝑛𝑡𝑒𝑟 𝑡ℎ𝑒 𝐶𝑃𝐶
. (2.52) 

Therefore, for 𝜃1 < 𝜃  and 𝜃1 > −𝜃  the acceptance is 1 (all the rays entering the 

receiver) and for 𝜃2 > 𝜃  and 𝜃2 < −𝜃  the acceptance is 0 (all the rays entering the 

CPC are rejected). Angle 𝜃 is called the half acceptance angle because the CPC accepts 

all the radiation within the angle 2𝜃 contained between −𝜃 and +𝜃[45]. 
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 (a) (b) (c)  

Figure 2.11 Trajectories of three types of rays inside a CPC. (a) A ray entering the CPC 

at an angle to the vertical of half-acceptance angle 𝜃. This ray is reflected to the edge 

of the receiver. (b) A ray entering the CPC at an angle to the vertical smaller than 𝜃 is 

accepted (hits the receiver). (c) A ray entering the CPC at an angle larger than 𝜃 is 

rejected by retroreflection (ends up exiting through the entrance aperture) [45]. 

Besides the acceptance angle of the optic systems above, there is the acceptance 

angle of a concentrator module. The acceptance angle of a module is a quantity that 

characterizes the angular tolerance of a module to misalignment between its normal and 

the perpendicular incident solar rays. It is generally defined as the maximum full angle 

through which the module can be rotated while continuing to produce 80% of its normal 

direct irradiation (DNI) normalized maximum power, as shown in Fig. 2.12 [46]. 
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Figure 2.12 Hypothetical power production of a module [46]. 

The 𝐼𝑆𝐶   of a photovoltaic module in a concentrating system, at constant 

temperature, depends only on the irradiance on the module, which is determined solely 

by the optical efficiency of the concentrator. The comparison between the 𝐼𝑆𝐶  as function 

of the transverse angle of the incident light and the 𝐼𝑆𝐶  of a reference module can be used 

to determine the optical efficiency of the system toward the angular movement of the 

module. The optical efficiency can be expressed as 

𝜂𝑜𝑝𝑡(𝜃𝑇) =
1

𝐶𝑔

𝐼𝑆𝐶
𝑐𝑜𝑛𝑐(𝜃𝑇)

𝐼𝑆𝐶
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

(𝜃𝑇)
 (2.53) 

where 𝜃𝑇 is the transverse incident light angle and 𝐶𝑔 is the geometrical concentration 

defined by the ratio of entrance and exit surface [47]. 
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Chapter 3 

Dye-Sensitized Solar Cells with Low 

Concentrated Light System 
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The abundance of solar energy shows the significant role of solar cell technology 

in solving the global energy crisis and environmental problems caused by the depletion 

of fossil fuel reserves. Among the available solar cells, DSSCs are attractive owing to 

their simple fabrication process, low cost, performance stability, and eco-friendliness [1–

4]. Despite these advantages, the low power output and efficiency of less than 10% [5–10] 

still are a major bottleneck in DSSC development.  

To increase the efficiency and power output, a bifacial structure has been utilized 

by exploiting the solar radiation absorptions on the front and rear surface of solar cell [11–

15]. Furthermore, in the bifacial system, a back reflector could also be used to enhance the 

reflectivity for increasing light-harvesting at the rear side of solar cells [16–17]. A reflector 

concentrator, such as a Fresnel lens [18-20] or a parabolic mirror [21,22], is commonly used 

to improve light harvesting of solar cells [18-25]. Solar concentrators are categorized into 

low (< 10 × ), medium ( 10 × −100 × ), high ( 100 × −2000 × ), or ultrahigh ( >

2000 ×) depending on light concentration [26]. A concentrating photovoltaic system is 

effective to increase solar cell output power and efficiency. Despite the benefit, the 

application of concentrators in solar cells is still limited owing to side effects such as 

high-temperature operation. High temperatures could be fatal for a solar cell, especially 

for DSSCs because of the damage to the liquid electrolyte [27-29].  

Liquid electrolytes are the most widely used transport medium for DSSCs. The 

liquid electrolyte should be chemically and physically stable, a good solvent for redox 

couple components and various additives, and less viscous to minimize charge carrier 

transport resistance. Moreover, the electrolyte should not cause significant dissociation 

of the adsorbed dye, electrode, and sealing materials [30-34]. The solvent is a fundamental 

component in liquid electrolytes. Among organic solvents, acetonitrile has the best 
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performance despite its toxicity and has a boiling point of 82 °C [35-36]. Other nitrile-based 

organic solvents such as propionitrile [37] and 3-methoxypropionitrile [38] offer better 

thermal stability (97 and 164 °C boiling points, respectively) and are less toxic [30]. 

Although the thermal stability and performance of nitrile-based solvent electrolytes have 

already been investigated [39-42], the nitrile-based electrolyte performance and thermal 

stability under concentrated light has yet to be explored. 

Here, we evaluated the performance characteristics of bifacial DSSCs coupled 

with a reflector and a low light concentrator. A plane mirror and concave aluminum-

coated mirror were adopted as back reflector and concentrator, respectively. The 

investigation was focused on the increase in performance of a DSSC when coupled with 

a back reflector and concentrator, effective mirror distance, cell degradation by 

operational time, and rise in temperature.  

3.1 Experimental Section 

3.1.1 Cell Fabrication 

 Bifacial DSSCs were fabricated using doctor blade methods. Two FTO glass 

substrates (Sigma Aldrich 2.3 mm, ~13 Ω/sq) were cut to a size of 1.5 × 2 cm2 and cleaned 

using acetone, ethanol, and purified water for 20 min. TiO2 (Solaronix Ti-Nanoxide T/SP) 

was printed on the FTO glass using the doctor blade method and sintered at 450 °C for 

30 min in an electric furnace. After the substrate was cold, a dye solution (N719 

Solaronix) was soaked on FTO/TiO2 for 20–24 h. A hole was made on the other FTO 

glass for iodine injection. Platinum paste (Dyesol PT-1) was printed on the FTO glass 

using the doctor blade method and sintered at 450 °C for 30 min in an electric furnace. 

Two sealants (Solaronix Meltonix 1170-60) were cut to a size of 1.4 × 1.4 cm2, 

and the hole was made on one of them with a size of 1.25 × 1.25 cm2. Afterward, the 
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FTO/Pt/sealant with hole and the FTO/TiO2/Dye were overlapped into an 

FTO/Pt/Sealant/Dye/TiO2/FTO sandwich structure. Subsequently, the cell was put on a 

hotplate and pressed until the sealant melted. After that, iodide electrolyte (AN-50, 

Solaronix) was injected into the cell through the hole in the FTO/Pt side and it was closed 

using the second sealant. The structure of the DSSC is shown in Fig. 3.1. 

 

Figure 3.1 DSSC assembly 

3.1.2 Measurement 

The performance of the bifacial DSSC was measured with a source meter 

(Keithley 2400) under illumination from a Xenon lamp equipped with an air mass (AM) 

1.5 filter. Plane aluminum-coated mirrors (Edmund Optics, 43-469) were used as the low 

concentrator. Conventional measurements without mirrors were conducted to obtain the 

characteristics of the bifacial DSSC under front light illumination at 8 cm below the light 

source. The effect of the measurement time and mirror distance were investigated with 

the plane mirror concentrator as a parameter mirror distance 𝑥 (0, 1, 2, 3, …, 10) cm 

between the mirrors and the solar cells, as shown in Fig. 3.2. The surface temperature of 

each side of the bifacial DSSC was measured with a thermocouple. The area power 

density of light incident on the DSSC was deduced using a power and energy meter 

(NOVA P/N 7Z01500 OPHIR Japan ltd.). 
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Figure 3.2 Experimental setup. 

 

3.2 Experimental Results and Discussion 

3.2.1 Low Concentrator 

This section will discuss the DSSC using a plane mirror as the back reflector and 

a concave mirror as the low concentrator. To determine the performance of the DSSC, the 

effect of distances and operational time were observed. Furthermore, the effect of 

temperature in DDSCs with different electrolytes has also been investigated. 

A. Photocurrent–Voltage Analysis 

Optical parameter 

The acceptance angle of a solar cell module can be expressed as the maximum 

full angle through which the module can be rotated while continuing to produce 80% of 

its DNI normalized maximum power. The plane back reflector and back concentrator 

acceptance angles for different incident light angles with a distance of 2 cm from cell to 

mirror are shown in figure 3.3. The power production at 0° incident angle was smaller 

than that at some other angles. This may occur because part of the light is reflected or 
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absorbed by the DSSC before it is reflected by the mirror. The half-acceptance angles for 

the plane and concave mirrors are 44° and 24° from the vertical direction, respectively. 

  

(a) (b) 

Figure 3.3 Normalized power production at different light incident angles for the (a) 

plane and (b) concave mirror with 2 cm cell-to-mirror distance 

The optical efficiency was used to measure the angular dependence of the optical 

system toward the incident light angle. It can be expressed as  

𝜂𝑜𝑝𝑡(𝜃𝑇) =
1

𝐶𝑔

𝐼𝑆𝐶
𝑐𝑜𝑛𝑐(𝜃𝑇)

𝐼𝑆𝐶
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

(𝜃𝑇)
 (3.1) 

where 𝜃𝑇  is transverse incident light angle and 𝐶𝑔  is the geometrical concentration 

defined by the ratio of entrance and exit surfaces [43]. The optical efficiency of the plane 

and concave mirrors with 2 cm cell-to-mirror distance is shown in Fig. 3.4. The plane 

mirror has optical efficiency of ~ 0.18 as the plane mirror itself is only a reflector, and a 

large amount of reflected light does not hit the DSSC cell. The concave mirror has 

maximum optical efficiency of 0.18. The reason for this low optical efficiency may be 

that the aperture of the cell as receiver is smaller than the aperture of the mirror 

concentration point at 2 cm distance from the mirror. This causes that a significant amount 

of reflected light does not hit the cell (receiver). Other possibility to explain the low 

optical efficiency is that the limited DSSC light conversion leads to heat accumulation in 
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the cell. In contrast with the plane mirror, the concave mirror concentrates the reflected 

light, but as the incident angle increases, the concentration point of the reflected light 

moves from the original point and the optical efficiency decreases to near 0.  

  

(a) (b) 

Figure 3.4 Optical efficiency at different light incident angles for the (a) plane and 

(b) concave mirrors with 2 cm cell-to-mirror distance. 

Effect of distance 

A different plane mirror (back reflector) and concave mirror (back concentrator) 

distance was applied to determine the effective mirror distance of rear-side illumination 

regarding the performance and operation of the DSSC. The cell-to-mirror distance 

observed in this study ranged from 1 to 10 cm. Photovoltaic–voltage curves with a 

variation of the plane mirror back reflector distance are shown in fig 3.5 (a). 𝑃𝑂𝑈𝑇  was 

increased when comparing the conditions with plane mirror concentrator applied and with 

no mirror. The measurement results summarized in Table 3.1 reveal that the performance 

of the DSSC increases according to 𝐽𝑆𝐶 , whereas that with the other parameters tends to 

be the same. As the illumination from the front side remains the same (constant source–

DSSC distance), the increase in 𝐽𝑆𝐶  was caused by the rear side illumination. The highest 

result was obtained at 2 cm mirror distance with 𝐽𝑆𝐶  of 11.50 𝑚𝐴. 𝑐𝑚−2 and 𝑃𝑂𝑈𝑇  of 

5.62 𝑚𝑊. 𝑐𝑚−2 . At this distance, the rear side illumination is assumed to be in the 
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maximum condition. We assumed that at a distance less than 2 cm, the light mirror 

reflection was reduced by the shadowing/shading effect on the mirror by the cell itself. In 

contrast, an increasing distance will reduce the self-shading from the cell but also the 

amount of reflected light arriving at the rear-side cell. At 10 cm distance, the values of 

𝐽𝑆𝐶   and 𝑃𝑂𝑈𝑇   decrease to 10.02 𝑚𝐴. 𝑐𝑚−2  and 4.90 𝑚𝑊. 𝑐𝑚−2 , respectively. It is 

assumed that with increasing mirror distance, the scatter of the light reflected by the plane 

mirror becomes wider, which decreases the possibility of the reflected light to reach the 

dye.  

  

(a) (b) 

Figure 3.5 J–V curves of DSSCs coupled with (a) a plane mirror back reflector and 

(b) a concave mirror back concentrator at different cell–mirror distances 

A concave mirror with a diameter of 5 cm was used as a back concentrator. The 

light focused by the concentrator reaching the TiO2/dye from the rear side of the DSSC 

can increase the illumination significantly and lead to a rise in 𝐽𝑆𝐶 . As shown in Fig. 3.5 

(b), the highest 𝐽𝑆𝐶  was produced at a distance of 2.5 cm (focal point), where it achieved 

~82 𝑚𝐴. 𝑐𝑚−2 , nine times more than that under the no mirror condition. The light 
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reflected by the concave mirror is shown in Fig. 3.4. The light varies as the cell distance 

from the focal point of the concave mirror leads to a lower 𝐽𝑆𝐶 . Furthermore, at distances 

of more than 6 cm, the effect of the concave mirror back concentrator becomes negligible. 

Table 3.1 Photovoltaic parameter of DSSCs coupled with plane mirror back reflector 

x 

(cm) 

𝑉𝑂𝐶  

(V) 

𝐽𝑆𝐶  

(𝑚𝐴. 𝑐𝑚−2) 
𝐹𝐹 

𝑃𝑂𝑈𝑇  

(𝑚𝑊. 𝑐𝑚−2) 

No mirror 0.70 8.78 0.69 4.25 

1 0.70 11.02 0.69 5.26 

2 0.70 11.50 0.69 5.62 

3 0.70 11.01 0.69 5.34 

4 0.70 10.80 0.68 5.16 

5 0.70 11.35 0.68 5.41 

6 0.70 11.19 0.69 5.42 

7 0.71 11.02 0.69 5.35 

8 0.71 10.92 0.69 5.32 

9 0.71 10.75 0.69 5.24 

10 0.71 10.02 0.69 4.90 

 

Table 3.2 Photovoltaic parameter of DSSCs coupled with concave mirror back 

concentrator 

x 

(cm) 

𝑉𝑂𝐶  

(V) 

𝐽𝑆𝐶  

(𝑚𝐴. 𝑐𝑚−2) 
𝐹𝐹 

𝑃𝑂𝑈𝑇  

(𝑚𝑊. 𝑐𝑚−2) 

No mirror 0.70 8.78 0.69 4.25 

1 0.70 40.40 0.59 16.54 

2.5 0.75 81.90 0.47 29.01 

3 0.70 25.65 0.64 11.42 

4 0.70 13.12 0.69 6.34 

5 0.70 10.92 0.69 5.29 

6 0.69 9.01 0.70 4.35 

7 0.70 8.98 0.69 4.32 

8 0.70 8.99 0.69 4.32 

9 0.70 9.07 0.69 4.35 

10 0.70 8.84 0.69 4.27 
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The geometrical ratio (𝐶𝑔) changes with the increase in distance as the mirror 

output aperture increases, as shown in Fig. 3.6 (a). As the aperture of the module solar 

cell remains the same, a substantial amount of light from the concave concentrator will 

fall on the outside of the module, as shown in Fig. 3.6 (b) 

 

(a) 

 

(b) 

Figure 3.6 (a) Calculated concave mirror Cg at different points of distance from the 

mirror, and (b) solar cell and output mirror aperture ratio.  
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Even though a significant amount of light energy falls outside the solar cell, the 

optical efficiency can be used to observe the solar cell enhancement. The optical 

efficiency concentrator system can be expressed as 

𝜂𝑜𝑝𝑡,𝑐𝑜𝑛𝑐𝑒𝑛𝑡 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 3.2 

where 𝑃𝑜𝑢𝑡  is the light power exiting the concentrator and 𝑃𝑖𝑛  is the light power 

entering the concentrator [44]. The 𝐼𝑆𝐶   depends only on the adsorbed 𝑃𝑜𝑢𝑡 , and the 

enhancement in 𝐼𝑆𝐶  determines the energy ratio that can be adsorbed by the DSSC [45]. 

This can be expressed as follows: 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 =
𝐽𝑆𝐶

𝑐𝑜𝑛𝑐

𝐽𝑆𝐶
𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑚𝑖𝑟𝑟𝑜𝑟 . 3.2 

The plane and concave mirror optical efficiency and current enhancement are shown in 

fig 3.7. Even if the optical efficiency of the reflector plane mirror is less than 1, the 𝐽𝑆𝐶  

of the DSSC becomes enhanced with an effective DSSC-to-mirror distance between 1 

and 10 cm. In contrast, the concave mirror optical efficiency is in line with the 𝐽𝑆𝐶  

enhancement with an effective DSSC-to-mirror distance between 1 and 4 cm. 

  

(a) (b) 

Figure 3.7 𝐽𝑆𝐶  enhancement, 𝐽𝑆𝐶  initial value, and mirror optical efficiency of (a) plane 

and (b) concave mirrors 
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Effect of operational time 

The effect of time was examined to determine the adequate time for the DSSC 

to operate under concentrated light. At this point, the performance of the DSSC was 

observed every 30 min under a plane and concave mirror. The mirror distance was 

adjusted at 2 cm for the plane mirror and at 2.5 cm for the concave mirror as the highest 

rear illumination effect was obtained at these distances. The photocurrent–voltage curve 

for the DSSC with a plane mirror is shown in Fig. 3.8. The J–V curve showed an steady 

value during the measurement. In contrast, the performance of the DSSC coupled with a 

concave mirror completely dropped before 30 min of operation. The temperature 

increased sharply leading to electrolyte evaporation. The spike in temperature caused by 

the concave mirror concentrator decreased the performance of the DSSC, as shown by 

the sharp decrease in the J–V curves in Fig. 3.8 (b). The electrolyte completely evaporated, 

in the DSSC sample exhibited in Fig. 3.9 because the temperature reached more than 

150 °C, whereas the acetonitrile electrolyte boiling point is approximately 82 °C. 

  

(a) (b) 

Figure 3.8 J–V curves of DSSCs coupled with (a) a plane mirror for 180 min and 

(b) a concave mirror for 30 min operational time. 



59 

 

 

 

(a) (b) 

Figure 3.9 DSSC sample coupled with a concave mirror (a) before and (b) after 30 

min operational time. 

B. Electrochemical Impedance Spectroscopy 

Effect of distance 

The charge transfer information, electron diffusion in the electrolyte/dye/TiO2 

interfaces, ion diffusion in the electrolyte, recombination process in the TiO2/electrolyte 

interface, and redox regeneration at the Pt counter electrode/electrolyte interfaces can be 

explained based on the EIS [46-48] analysis. Figure 3.10 shows the equivalent circuit of the 

impedances in the DSSC and the frequency range used during the EIS measurement. The 

range frequency in the EIS analysis consists of ultra-high, high, middle, and low 

frequencies. The ultra-high and high frequency were used for detecting the electrode 

surface resistance and charge transportation at the counter electrode, the middle frequency 

(𝑍2) for charge transfer at FTO/TiO2/dye/electrolyte interfaces, and the low frequency 

(𝑍1) for charge transport at the electrolyte [6,49-52]. 
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Figure 3.10 Equivalent circuit for electrochemical impedance spectroscopy (EIS) in 

DSSCs. 

The EIS of a DSSC coupled with plane mirror back reflector is shown in Fig. 

3.11 (a), and Table 3.3 presents information of 𝑍1 and 𝑍2. The second semicircle (𝑍2) 

changed with different cell–plane mirror distances. In contrast, the change in 𝑍1 and 𝑍3 

was not significant. 𝑍2 is related to the charge transfer at the interfaces of the TiO2/dye 

photoanode. The decrease in 𝑅𝐶𝑇2  caused by the applied plane mirror indicated the 

increase of light adsorption in the dye, which leads to fast excitation electrons in the dye 

and TiO2 photoanode.  

Figure 3.11 (b) shows the Nyquist plot in a DSSC coupled with a concave mirror 

back concentrator. The second semicircle (𝑍2) is similar to that of the plane mirror, and it 

also changes with an increase in current density.  𝑍1  and 𝑍2  show an increase in the 

semicircle. A summary of the EIS analysis is presented in Table 3.4. When the concave 
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mirror concentrator is applied to the DSSC, the resistance shows small values. These 

small values indicate that fast electron transport occurs in both the 

FTO/TiO2/dye/electrolyte and electrolyte/Pt/FTO interfaces. Although Pt has a high 

reflectivity [11,53], the light absorption from the rear side is still sufficiently large to 

produce a small resistance. The small 𝑍2 semicircle at 2.5 cm cell-mirror distance or in 

the focus point indicates that the fast injection electrons from dye to TiO2 and the 

recombination process are reduced. The resistance of 𝑅𝐶𝑇1  and 𝑅𝐶𝑇2  increased with 

increasing cell–mirror distance. 

  

(a) (b) 

Figure 3.11 Nyquist plots of DSSCs coupled with (a) a plane mirror reflector and (b) a 

concave mirror concentrator. 
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Table 3.3 EIS parameter of DSSCs coupled with plane mirror back reflector 

x 

(cm) 

Rs 

(Ω) 

Z1 

𝑅𝐶𝑇1 (Ω) 

𝐶1 (μF) 

Z2 

𝑅𝐶𝑇2 (Ω) 

𝐶2 (μF) 

No mirror 9.07 
4.60 22.27 

2.22 149 

1 9.02 
4.16 17.55 

2.46 189 

2 9.02 
4.12 16.39 

2.48 202 

3 9.01 
4.21 17.46 

2.43 190 

4 9.03 
4.13 17.81 

2.48 186 

5 9.03 
4.06 17.16 

2.52 193 

6 9.03 
4.11 17.55 

2.49 189 

7 9.02 
4.22 17.66 

2.42 188 

8 9.03 
4.17 18.33 

2.46 181 

9 9.02 
4.19 18.70 

2.44 177 

10 9.03 
4.35 19.62 

2.35 169 
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Table 3.4 EIS parameter of DSSCs coupled with concave mirror concentrator 

x 

(cm) 

Rs 

(Ω) 

Z1 

𝑅𝐶𝑇1 (Ω) 

𝐶1 (μF) 

Z2 

𝑅𝐶𝑇2 (Ω) 

𝐶2 (μF) 

No mirror 9.07 
4.60 22.27 

2.22 149 

1 9.13 
2.98 4.36 

2.34 163 

Focus (2.5) 9.05 
2.74 3.42 

1.73 208 

3 8.90 
3.18 7.09 

2.19 216 

4 9.10 
3.94 13.65 

1.77 165 

5 9.11 
4.21 17.18 

2.43 193 

6 9.07 
4.52 21.56 

2.26 154 

7 9.08 
4.52 21.63 

2.27 153 

8 9.09 
4.43 21.57 

2.31 154 

9 9.07 
4.52 21.82 

2.26 152 

10 9.07 
4.58 22.24 

2.23 149 

Effect of operational time 

Figure 3.12 shows the Nyquist plot from EIS measurements of a DSSC coupled 

with a plane mirror concentrator. Three semicircles appear as 𝑍1 , 𝑍2 , and 𝑍3  were 

observed. The 𝑍1 and 𝑍2 semicircles increase with increasing time. The EIS data are 

listed in Table 3.6. The slight increases in 𝑅𝐶𝑇1 after 120 min of operation indicate that 
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the electron transfer process at the Pt/electrolyte interface has slightly decreased.  

 

Figure 3.12 Nyquist plot of the effect of time on a DSSC coupled with a plane mirror 

concentrator. 

A slight increase also occurred in 𝑅𝐶𝑇2 with increasing time. Generally, 𝑅𝐶𝑇2 is 

a resistance in dye/TiO2 that indicates the process of the charge transfer electron and 

recombination. Even though plane mirror concentrators support light harvesting, a 

recombination process can still occur in DSSCs. The slight increase in 𝑅𝐶𝑇2  with 

increasing time might be caused by the slight increase in the recombination process that 

occurs despite the slight decreasing performance in the counter electrode. 
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Table 3.5 EIS parameter of operational time DSSCs coupled with plane mirror reflector 

t 

(min) 

Rs 

(Ω) 

Z1 

𝑅𝐶𝑇1 (Ω) 

𝐶1 (μF) 

Z2 

𝑅𝐶𝑇2 (Ω) 

𝐶2 (μF) 

0 9.30 
3.72 17.78 

1.87 187 

30 9.30 
3.97 18.53 

1.75 179 

60 9.29 
3.86 19.04 

1.80 174 

90 9.27 
3.88 18.98 

1.79 175 

120 9.28 
4.01 19.22 

2.55 173 

150 9.27 
4.04 19.35 

1.72 171 

180 9.27 
4.07 19.66 

2.51 169 

 

3.2.2 Temperature Effect in Different Electrolytes 

Performance of DSSCs with nitrile-based liquid electrolytes  

This section presents a comparation and evaluation of the performance of 

acetonitrile, propionitrile, and 3-metoxy propionitrile, as the commonly used organic 

solvent-based liquid electrolytes in DSSCs under low concentrated light. The results can 

be used as reference to select a suitable electrolyte for concentrated light application in 

DSSCs. 

The performance of a bifacial DSSC device is determined by its photovoltage (𝑉𝑂𝐶 ), 

photocurrent density (𝐽𝑆𝐶), and fill factor (𝐹𝐹). Figure 3.13 (a) shows the 𝐽 − 𝑉 analysis 

of DSSCs with three different types of electrolytes. The used DSSC electrolytes were 

iodide redox with acetonitrile (AN-50), propionitrile (PN-50), and 3-
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methoxypropionitrile (Z-100 or MPN-100)-based solvents, as listed in Table 3.6. AN-50 

produced the highest 𝐽𝑆𝐶  = 9.14 mA∙cm-2, followed by Z-100 (7.26 mA∙cm-2), and PN-

50 (6.59 mA∙cm-2). 𝑉𝑂𝐶   in Table 3.7 slightly increases because of the increase in 

illumination power, which may cause a rapid decrease in the number of electrons in the 

dye, leading to an increase in dye potential. In contrast, the decrease in FF, especially in 

AN-50, may be caused by slow electron regeneration in the dye, leading to an increase in 

recombination. The highest maximum power output ( 𝑃𝑂𝑈𝑇) was produced using AN-50.  

  

(a) (b) 

Figure 3.13 Comparison of AN-50, PN-50, and Z-100. (a) 𝐽 − 𝑉 and (b) EIS of 

DSSCs under the no mirror condition.  

EIS was used to evaluate the variation in impedance on different component 

interfaces in a DSSC. The Nyquist plot of EIS generally shows three semicircles with 

different processes, based on the characteristics of each electrolyte used [49,54-55]. The first 

semicircle (𝑅𝐶𝑇1) represents the charge transfer resistance at the Pt counter electrode and 

electrolyte interfaces. The second semicircle (𝑅𝐶𝑇2) corresponds to the charge transfer 

resistance in the TiO2/dye/electrolyte and electron recombination mechanism in TiO2. The 

third semicircle (𝑅𝐶𝑇3) represents 𝐼−/𝐼3
− diffusion in the electrolyte. The EIS in Fig. 3.13 

(b) shows the AN-50 charge transfer resistance of two semicircles consisting of 𝑅𝐶𝑇1 and 
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𝑅𝐶𝑇2. Meanwhile, the 𝑅𝐶𝑇1 and 𝑅𝐶𝑇2 of PN-50 and Z-100 only show a single semicircle 

followed by 𝑅𝐶𝑇3. The AN-50 second-semicircle (𝑅𝐶𝑇2), lower than 𝑅𝐶𝑇1 and 𝑅𝐶𝑇2 of 

PN-50 and Z-100, indicates that the charge transfer at the Pt electrode or TiO2/dye and 

electrolyte interface of AN-50 was faster than that of PN-50 and Z-100, as is also shown 

in Fig. 3.14. It is shown that acetonitrile (AN) as a solvent has better ion diffusion, which 

is attributed to its low viscosity (0.33 cp) compared to the others [56]. 

 

Figure 3.14 Incident-photon-to-current efficiency (IPCE) of AN-50, PN-50, and Z-100. 

AN-50 has the highest IPCE spectrum, which indicates highest charge carrier compared to 

PN-50 and Z-100. 
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Table 3.6. Physical parameters of solvents for electrolyte in DSSCs [57] 

Electrolyte Name AN-50 PN-50 Z-100 (MPN-100) 

Solvent Acetonitrile Propionitrile 3-methoxypropionitrile 

Formula 𝐶𝐻3𝐶𝑁 𝐶𝐻3𝐶𝐻2𝐶𝑁 𝐶𝐻3𝑂(𝐶𝐻2)3𝐶𝑁 

Product Type 
Iodide Based Redox 

Electrolyte 

Iodide Based Redox 

Electrolyte 

Iodide Based Redox 

Electrolyte 

Redox Iodide/Tri-Iodide Iodide/Tri-Iodide Iodide/Tri-Iodide 

Redox 

Concentration 
50 mM 50 mM 100 mM 

Additives 

Ionic liquid, lithium 

salt, pyridine 

derivative 

Ionic liquid, lithium 

salt, pyridine 

derivative 

Ionic liquid, alkyl 

benzimidazole, 

thiocyanate. 

Donor number 14.1 16.1 16.1 

Boiling Point 

(Bp)/ °C 
82 97 164 

Viscosity/cp 0.33(30°C) 0.39(30°C) 2.5 

Dielectric 

Constance (ε) 
36 27(20°C) 6 

Nitrile-based electrolyte under concentrated light 

The low concentrated mirror was applied with 1.5 and 2 cm cell-to-mirror distance. 

The distances were selected to observe the influence of temperature on the electrolyte 

performance of the DSSCs. The parameters 𝑃𝑂𝑈𝑇 , 𝑉𝑂𝐶 , and 𝐽𝑆𝐶  for all electrolytes listed 

in Table 3.7 significantly increased, and the 𝐹𝐹 of the cell decreased compared to the 

condition without mirror. The light intensity produced by the low concentrated concave 

mirror simultaneously increased the excited electron in the dye and led to the increase in 

the 𝐽𝑆𝐶  of all cells. The 𝑃𝑂𝑈𝑇  and PCE were also improved in the 1.5 cm mirror distance. 

However, the decrease in cell 𝐽 − 𝑉 squareness (𝐹𝐹) despite the increase in 𝐽𝑆𝐶  , 𝑃𝑂𝑈𝑇, 

and PCE indicated an increase in loss in the cell. These losses may cause an increased 

recombination in the electrolyte by the jump of 𝐽𝑆𝐶 . In the 2 cm distance, the loss was 
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significant, leading to a reduced overall PCE in all the cell samples. 

Table 3.7. Photovoltaic and photoelectric parameter electrolyte at different illumination 

distance 

x 

(cm) 

𝑷𝑰𝑵  

(mW/cm2) 
Electrolyte 

𝑽𝑶𝑪 

(V) 

𝑱𝑺𝑪 

(mA/cm2) 
FF 

𝑷𝑶𝑼𝑻 

(mW/cm2) 

𝜼 

(%) 

No-

mirror 
105 

AN-50 0.70 9.14 0.73 4.73 4.46 

PN-50 0.71 6.59 0.70 3.27 3.08 

Z-100 0.68 7.26 0.69 3.41 3.21 

1.5 240 

AN-50 0.78 65.33 0.44 22.56 9.04 

PN-50 0.78 43.72 0.50 17.12 7.13 

Z-100 0.79 34.03 0.54 14.60 6.08 

2  307 

AN-50 0.76 74.21 0.44 24.53 7.99 

PN-50 0.76 52.10 0.50 19.72 6.42 

Z-100 0.76 49.98 0.51 19.50 6.35 

The 𝑅𝐶𝑇 in the electrolyte was inversely proportional to 𝐽𝑆𝐶  as 𝑅𝐶𝑇 = 𝜁/𝐽𝑆𝐶  [27], 

where 𝜁 is the overpotential required to drive the current. The decrease in 𝑅𝐶𝑇 in Fig. 

3.15 and Table 3.8 indicates the charge transfer to the electrolyte by the Pt electrode, and 

the dye regeneration to cover the electron loss in the dye by cycle 𝐼−/𝐼3
− diffusion in the 

electrolyte increased, followed by a rise in the number of electrons excited in TiO2/dye 

(𝐽𝑆𝐶).  
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Figure 3.15 EIS of DSSCs with AN-50, PN-50, and Z-100 electrolytes influenced by a 

concave mirror concentrator at 1.5 and 2 cm distances. 

 

Table 3.8. The EIS of DSSCs in 2 measurement condition 

Electrolyte 

 

No Mirror 1.5 cm mirror distance 2 cm mirror distance 

Rs 

(Ω) 

Z1 

RCT1 

(Ω) 

C (μF) 

Z2 

RCT2 

(Ω) 

C (mF) 

Rs 

(Ω) 

Z1 

RCT1 (Ω) 

C (μF) 

Z2 

RCT2 

(Ω) 

C (mF) 

Rs 

(Ω) 

Z1 

RCT1 

(Ω) 

C (μF) 

Z2 

RCT2 

(Ω) 

C (mF) 

AN-50 11.79 
3.71 26.73 

11.57 
2.83 3.68 

9.55 
2.77 3.97 

2.76 396 2.46 284 2.51 391 

PN-50 10.05 
60.19 7.25 

10.01 
10.84 2.12 

10.92 
11.63 4.37 

37.52 14 14.03 74 19.24 24 

Z-100 12.73 
58.89 4.3 

9.62 
17.49 2.98 

10.48 
10.17 3.18 

17.8 116 5.91 52 14.96 107 

The effect of temperature caused by the low concentrated concave mirror to the 

3 h cell performance is shown in Fig. 3.16. Each graph shows a sudden drop in 𝑃𝑂𝑈𝑇  and 

𝐽𝑆𝐶   after the first measurement. These drops may be caused by the accumulation of 

electrons, because the excited electron has higher speed compared with the electron 

regeneration in the dye. The temperature at 1.5 cm mirror distance shows the different 

increases in temperature of the three electrolytes. Z-100 was the slowest in temperature 
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rise compared to AN-50 and PN-50. Figure 3.16 (a) shows the overall performance of the 

cell that remained stable, indicating that the electrolyte could work normally under 90 °C 

cell body temperature. In the 2 cm distance mirror in Fig. 3.16 (b), the performance of 

AN-50 and PN-50 started to degrade, indicating that an increase in temperature above 

90 °C affected AN-50 (Bp: 82 °C) and PN-50 (Bp: 97 °C), which have low solvent boiling 

points. Even tough Z-100 has the lowest performance, it showed a stable performance 

suitable for application in low concentrated light in DSSCs.  

 

(a) 

 

(b) 

Figure 3.16 𝑃𝑂𝑈𝑇  and temperature fluctuation at a) 1.5 cm and b) 2 cm cell-to-mirror 

distances during a 3 h measurement. 
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3.2.3 Endurance Test 

To further investigate the effect of temperature on the endurance of the cell, the 

same cell with the mirror at 2 cm distance was measured for 4 days during a 3 h 

measurement test each day, as shown in Fig. 3.17. Overall, the DSSC’ 𝑃𝑂𝑈𝑇  of all cells 

were stable without degradation, even after being subjected to a temperature stress (130–

155 °C) during the 3 h measurement in the first day. The An-50 and PN-50 cells showed 

gradual performance degradation, and the performance of AN-50 was stopped at day four. 

The degradation shows the possibility of a decrease in iodide redox in the electrolyte 

owing to electrolyte evaporation under high temperatures. Z-100 was stable until day 

three of measurement and started to degrade by day four.  

 

(a)                                (b) 

 

(c) 

Figure 3.17 Endurance test with 2 cm distance for a) AN-50, (b) PN-50, and c) Z-100 

for 4 days and 3 h measurement. 
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3.3 Conclusions 

The performance of bifacial DSSCs was investigated under a back reflector and 

back concentrator. The plane mirror as back reflector successfully increased the 𝐽𝑆𝐶  to 

11.50 𝑚𝐴. 𝑐𝑚−2 and 𝑃𝑂𝑈𝑇  to 5.62 𝑚𝑊. 𝑐𝑚−2 at 2 cm mirror distance. Even better, the 

concave mirror as back concentrator successfully increased the 𝐽𝑆𝐶   to ~82 𝑚𝐴. 𝑐𝑚−2 

and 𝑃𝑂𝑈𝑇  to 29.01 𝑚𝑊. 𝑐𝑚−2 at 2.5 cm mirror distance (focal point). The EIS of DSSCs 

with back reflector and concentrator shows the changes in Z2 as an attribute of the 

increasing 𝐽𝑆𝐶 . The DSSCs with plane mirror reflector has stable performance during 180 

min of operational time. In contrast, the electrolyte of the DSSC with concave mirror 

concentrator evaporated before 30 min of operation. The result shows the potential of the 

back reflector and concentrator to enhance the performance of DSSCs. 

DSSC electrolytes containing three different nitrile-based solvents were 

investigated under a low concentrated concave mirror. The performance of all the cells 

increased 4–8 times under the influence of the low concentrated light. The DSSC shows 

stable performance with a concave mirror at 1.5 cm distance during a 3 h measurement 

with temperature under 90 °C. AN-50 shows the best performance and response to the 

concentrated light of the concave mirror at 2 cm distance, with the highest 𝐽𝑆𝐶  (74.21 

mA.cm-2), 𝑃𝑂𝑈𝑇  (24.53 mW/cm2), and 𝜂 (7.99%) compared to those of PN-50 and Z-

100. The increase in 𝐽𝑆𝐶  by a concentrated light leads to a decrease in 𝐹𝐹, which may be 

caused by the increase in cell loss trough recombination. The performance of cells with 

AN-50 and PN-50 start to degrade at 3 h measurement duration with 2 cm mirror distance, 

which may be caused by the temperature increase above the boiling points of the 

electrolyte solvents. Meanwhile, Z-100 shows performance stability during 4 days 

measurement, even with the lowest 𝐽𝑆𝐶  (49.98 mA.cm-2), 𝑃𝑂𝑈𝑇  (19.50 mW/cm2), and 𝜂 
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6.35% in the first day. These results show the advantages of the investigated electrolytes 

for low concentrated light application in DSSCs. 
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Chapter 4 

Dye-Sensitized Solar Cells with a V-

Shape Low Concentrated Light 
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The abundance of solar energy shows the significant role of solar cell technology 

in solving the global energy crisis and environmental problems caused by the depletion 

of fossil fuel reserves. Solar energy harvesting tools include the solar cell and solar 

concentrator. Among the available solar cells, DSSCs are attractive due to their simple 

fabrication process, low cost, performance stability, and eco-friendliness [1–4]. Despite 

these advantages, the low power output and efficiency of less than 10% [5–10] still are a 

major constraint for DSSC development. A bifacial structure and concentrated 

illumination could be applied to increase the power output and efficiency of this type of 

solar cells.  

The bifacial structure exploits the solar radiation absorption on the front and rear 

surfaces of solar cells [11–15]. In general, a back reflector is used to increase reflectivity 

and increase light-harvesting at the rear side of solar cells in a bifacial system [16–17]. 

Meanwhile, a concentrating photovoltaic system is effective to increase the solar cell 

output power. For instance, a concentrating photovoltaic (PV) system with a V-trough 

plane concentrator obtained 17.8% higher power than the PV system under standard solar 

radiation (1-sun) with a temperature of ~70 °C [18]. However, the application of 

concentrators in solar cells is still limited owing to the high-temperature operation. 

Especially, there is a lack of studies of DSSCs with concentrators, probably because of 

the high-temperature damage of the liquid electrolyte [19-21]. 

This section presents an evaluation of the performance of a DSSC with low light V-

shape concentrator plane and concave aluminum-coated mirrors. The experiment was 

carried out to determine the effectiveness of the V-shape low concentrated light system in 

improving the performance of the DSSC. The focus of this experiment is the enhancement 

in output power of bifacial DSSCs because the output power is one of the essential 
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characteristics from a practical viewpoint. The effect of temperature was observed to 

know how much it influences the DSSC’s performance. 

4.1 Experimental Method 

4.1.1 Cell Fabrication 

The bifacial DSSC was fabricated using the doctor blade method. Two FTO glass 

substrates (Sigma Aldrich 2.3 mm, ~13 Ω/sq) were cut to a size of 1.5 × 2 cm2 and cleaned 

using acetone, ethanol, and purified water for 20 min. TiO2 (Solaronix Ti-Nanoxide T/SP) 

was printed on the FTO glass using the doctor blade method and sintered at 450 °C for 

30 min in an electric furnace. After the substrate was cold, a dye solution (N719 

Solaronix) was soaked on the FTO/TiO2 for 20–24 h. A hole was made on the other FTO 

glass for iodine injection. Platinum paste (Dyesol PT-1) was printed on the FTO glass 

using the doctor blade method and sintered at 450 °C for 30 min in an electric furnace. 

Two sealants (Solaronix Meltonix 1170-60) were cut to 1.4 × 1.4 cm2, and the hole 

was made on one of them with a size of 1.25 × 1.25 cm2. Afterwards, the FTO/Pt/sealant 

with the hole and the FTO/TiO2/dye were overlapped into an 

FTO/Pt/Sealant/Dye/TiO2/FTO sandwich structure. Subsequently, the cell was put on a 

hotplate and pressed until the sealant melted. After that, iodide electrolyte (AN-50, 

Solaronix) was injected into the cell through the hole on the FTO/Pt side and closed using 

the second sealant. 

4.1.2 Measurement 

The performance of the bifacial DSSCs was measured with a source meter 

(Keithley 2400) under illumination from a Xenon lamp equipped with an air mass (AM) 

1.5 filter. Plane and concave aluminum-coated mirrors (Edmund Optics, 43-469) were 

used as a low concentrator as shown in Fig. 4.1. Conventional measurements without 
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mirrors were conducted to obtain the characteristics of the bifacial DSSC under the front 

light illumination at a position 8 cm below the light source.  

 

Figure 4.1 DSSC with V-Shape low concentrated light system. 

The effects of the measurement time, tilt angle, and mirror distance were 

investigated with the V-shape concentrator with the parameters of mirror tilt angle (15°, 

30°, 40°, 45°, 60°, 75°) and mirror distance 𝑥 (0, 1, 2, 3, 4) cm between the mirrors and 

the solar cells, as shown in Fig. 4.2. The surface temperature of each side of the bifacial 

DSSC was measured with a thermocouple.  

 

Figure 4.2 Schematic of tilt angle θ variation, distance variation, and reflected light 

direction in a (a) plane mirror and (b) concave mirror. 

The optical properties of the V-shape mirror system were measured at maximum 
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𝑃𝑜𝑢𝑡 of the mirror tilt angle. The light source (Ohm pure beam lediantor, 400 lumens) 

was rotated in different angles with the vertical condition as initial point, as shown in Fig. 

4.3. 

 

Figure 4.3 Optical parameter measurement setup. 

The area power density of the light incident on the DSSC was deduced using a 

power and energy meter (NOVA P/N 7Z01500 OPHIR Japan ltd.) with an individual one-

side mirror, as both sides have a similar mirror condition. 

4.2 Experimental Results and Discussion 

4.2.1 Effect of Tilt Angle 

The effect of tilt angle was examined to observe the best performance of the DSSC 

based on the V-shape tilt angle of the plane and concave mirror concentrator. In this part, 

several variations in the tilt angle are applied to find the best angle to support the increased 

performance of DSSCs. The power density (mW/cm2) depends on the mirror tilt angle. 

At some tilt angles, the light passes through the solar cell in multipath ways, significantly 

enhancing the output power and the apparent efficiency. 𝐽-𝑉 curve measurements and 
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EIS of the bifacial DSSC under the V-shape plane and concave mirror concentrator were 

carried out to understand the effect of spread and concentrated light irradiation. 

 

Figure 4.4 𝐽 − 𝑉 curves showing the effect of various tilt angles on the plane mirror 

V-shape concentrator  

The J-V curves of bifacial DSSCs with V-shape plane mirror concentrator and 

various tilt angles are presented in Fig. 4.4, and a summary of the results is presented in 

Table 4.1. The PCE depends on the 𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡 ratio. As the 𝑃𝑖𝑛 value depends on 

the mirror tilt angle and the DSSC is highly responsive to low illumination, the PCE was 

not suitable as a parameter for increasing the cell performance in concentrated light 

DSSCs. The parameters for increasing the performance of DSSCs with a plane and 

concave mirror concentrator depend on 𝑃𝑜𝑢𝑡. 𝑃𝑜𝑢𝑡 increases with increasing tilt angle. 

The maximum 𝑃𝑜𝑢𝑡 with the plane mirrors is 6.42 𝑚𝑊. 𝑐𝑚−2 at 60°. The increase in 

𝑃𝑜𝑢𝑡 in the plane mirror may be caused by repeated reflection in the V-Shape structure. 
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Table 4.1 J-V performance of bifacial DSSCs with plane mirror concentrator 

Tilt angle 

(°) 

𝑽𝑶𝑪  

(V) 

𝑱𝑺𝑪 

(mA.cm-2) 
FF 

𝑷𝒊𝒏 

(mW/cm2) 

𝑷𝒐𝒖𝒕  

(mW/cm2) 

η 

(%) 

15 0.70 5.87 0.70 18.21 2.89 15.87 

30 0.70 9.84 0.70 76.63 4.83 6.31 

45 0.71 11.31 0.70 102.51 5.62 5.50 

60 0.71 13.10 0.70 98.03 6.51 6.64 

75 0.69 8.14 0.69 6.27 3.87 61.72 

The increase in 𝐽𝑆𝐶  is caused by the increasing light absorbance in the dye, which 

leads to an enhancement in electron excitation and electron injection in the dye/TiO2 

interfaces. At a low angle, the amount of reflected light that experienced multiple 

reflection was low, which led to low 𝑃𝑖𝑛 and 𝐽𝑆𝐶 . In contrast, at a high angle, the amount 

of light falling into the mirror was reduced because 𝑃𝑖𝑛 was also lowered.  

Figure 4.5 shows the Nyquist plot from the EIS measurement at various tilt angles 

in a bifacial DSSC with a V-shape plane mirror concentrator. The Nyquist plot shows 

information regarding the charge transfer process in bifacial DSSCs. Each process of 

charge transfer in a bifacial DSSC is represented by the semicircles 𝑍1, 𝑍2, and 𝑍3. 𝑍1 

shows the surface resistance of the electrode and charge transportation at the counter 

electrode, which are detected in the ultra-high to high frequency range. 𝑍2 shows charge 

transfer at the FTO/TiO2/dye/electrolyte interfaces, which is detected in the middle 

frequency, and 𝑍3 shows the charge transport and redox couple in the electrolyte, which 

are detected in the low frequency range [6,22-28]. The equivalent circuit for electrochemical 

impedance spectroscopy in a bifacial DSSC is shown in Fig. 3.6. 
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Figure 4.5 Nyquist plot of various tilt angles in a bifacial DSSC V-shape system with 

plane mirror concentrator. 

The 𝑍2 semicircle decreased with increasing tilt angle. The decrease in the 𝑍2 

semicircle indicated that the charge transfer in dye/TiO2 interfaces increased along with 

the increasing incident light form both sides of the bifacial DSSC. The high 𝑍2 value at 

15° and 75° tilt angles caused by the 𝑃𝑖𝑛 at 15° and 75° is lower than other tilt angles, 

attaining 18.21 𝑚𝑊. 𝑐𝑚−2  and 6.27 𝑚𝑊. 𝑐𝑚−2 , respectively. Despite the angles that 

prevent light from hitting the DSSCs, the effective tilt angle for a bifacial DSSC with a 

V-shape system using a plane mirror concentrator is 60°. At 60°, the dye can absorb more 

light than other tilt angles resulting in more electrons excited and injected into TiO2. 

The charge transfer process in dye/TiO2 also can be affected by the ability of the 

counter electrode in the process of transferring electrons to the electrolyte to regenerate 

the electrons in the dye [6]. The resistance in the 𝑍1 semicircle shows the lowest value at 

60°, indicating that a fast charge transfer process occurred. As the Pt counter electrode 

has good catalytic activity, it facilitates the transfer of electrons towards the electrolytes. 

A summary of the results is presented in Table 4.2. 
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Table 4.2 EIS parameter of effect of tilt angles bifacial DSSCs under V-Shape with 

plane mirror concentrator 

Tilt Angles 

(o) 

Rs 

(Ω) 

Z1 

𝑹𝑪𝑻𝟏 (Ω) 

𝑪 (μF) 

Z2 

𝑹𝑪𝑻𝟐 (Ω) 

𝑪 (μF) 

15 9.07 
5.32 34.2 

2.83 143 

30 9.10 
4.51 20.25 

2.27 164 

45 9.05 
4.43 16.21 

2.31 205 

60 9.06 
4.19 14.06 

2.44 160 

75 9.09 
4.46 24.51 

2.29 135 

Various tilt angles were also applied to the V-Shape system using a concave 

mirror concentrator with 30°, 40°, 45°, and 60°. The summarized results are shown in 

table 4.3. The highest result was obtained with tilt angles at 40°, with 𝑃𝑜𝑢𝑡 of 24.31 

𝑚𝑊. 𝑐𝑚−2 . The 𝐽𝑆𝐶  reached 62 𝑚𝐴. 𝑐𝑚−2  at a tilt angle 40°, and at this point the 

DSSC was in the focus area of the concave mirror. At the focal point, the light is 

concentrated to provide a large amount of photon energy to the dye, which is absorbed 

and excites electrons. This large number of excited electrons leads to an increase in 𝐽𝑆𝐶 . 

𝑉𝑂𝐶  increased to 0.74 V, possibly because of the increased light concentration [29-30]. 
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Table 4.3 I-V performance of bifacial DSSCs with concave mirror concentrator 

Tilt 

angle 

(°) 

𝑽𝑶𝑪  

(V) 

𝑱𝑺𝑪 

(𝒎𝑨. 𝒄𝒎−𝟐) 
𝑭𝑭 

𝑷𝒊𝒏  

(𝒎𝑾. 𝒄𝒎−𝟐) 

𝑷𝒐𝒖𝒕  

(𝒎𝑾. 𝒄𝒎−𝟐) 

η  

(%) 

30 0.68 14.36 0.64 171.68 6.23 3.63 

40 0.74 62.0 0.53 522.49 24.31 4.65 

45 0.68 9.56 0.65 80.61 4.21 5.22 

60 0.57 1.62 0.63 5.13 0.60 11.70 

The increases in 𝐽𝑆𝐶  and power output (𝑃𝑜𝑢𝑡) at the 40° tilt angle were followed 

by decreases in the fill factor (𝐹𝐹), as presented in Table 4.3, which suggested a reduction 

in cell performance. The reduction in 𝐹𝐹  was mainly caused by a decreasing 

performance in the counter electrode [31]. The platinum counter electrode is considered to 

have the best performance in DSSCs [32-33]. The decreasing performance of the bifacial 

DSSC is not due to poor catalytic performance of the Pt counter electrode, but it is mainly 

because the high speed of the excited electrons and electron injection in the dye/TiO2 

interfaces are not matched by the electron transfer rate at Pt/electrolyte.  

 

Figure 4.6 Nyquist plots of bifacial DSSCs with various tilt angles. 
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Figure 4.6 shows a Nyquist plot of the EIS of a bifacial DSSC with a V-shaped 

system using a concave mirror concentrator. The smallest second circle was at an angle 

of 40° and the largest one was at a 60° angle. The increase in 𝐽𝑆𝐶  led to the reduced 

impedance, as explained by the equation 𝑅𝐶𝑇 = 𝜁/𝐽𝑆𝐶 .  

Overall, the tilt angle dependence of 𝑃𝑜𝑢𝑡 in a bifacial DSSC under a V-Shape 

concentrated light system using plane and concave mirror concentrators is shown in Fig. 

4.7. A summary of the results of a comparison of the performance of bifacial DSSCs 

between a plane mirror and a concave mirror concentrator at optimum tilt angles is 

presented in Table 4.4. 

 

Figure 4.7 Tilt angle dependence of 𝑃𝑜𝑢𝑡 in bifacial DSSCs with (a) a plane mirror 

and (b) a concave mirror V-Shape concentrator system. 
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Table 4.4 Comparison of bifacial DSSCs without mirror performance with plane 

mirror and concave mirror V-shape concentrator at the optimum performance. 

Tilt angle 

(°) 

𝑽𝑶𝑪  

(V) 

𝑱𝑺𝑪 

(mA.cm-2) 
FF 

𝑷𝒊𝒏 

(mW/cm2) 

𝑷𝒐𝒖𝒕  

(mW/cm2) 

η  

(%) 

- 0.70 8.78 0.69 106.49 4.25 3.99 

60 

(plane) 
0.71 13.10 0.69 98.03 6.42 6.60 

40 

(concave) 
0.74 62.0 0.53 522.49 24.31 4.65 

The maximum 𝑃𝑜𝑢𝑡 with the plane mirrors is 6.42 mW/cm2 at 60°, whereas with concave 

mirrors it is 24.31 mW/cm2 at 40°. As indicated in Table 4.4, the individual plane mirror 

did not increase the power input (Pin, 98.03 mW/cm2) from the source (106.49 mW/cm2). 

The concave mirrors have a concentrated light power density of 𝑃𝑖𝑛 = 522 mW/cm2, 

increasing 𝑃𝑜𝑢𝑡  to 24.3 mW/cm2. The increase in current density 𝐽𝑆𝐶  with the concave 

mirrors was larger than that with the plane mirrors, primarily because the light intensity 

is higher with the former than with the latter. Figure 4.8 shows an I–V and EIS 

performance comparison of bifacial DSSCs using plane and concave mirror 

concentrators. The rises in 𝐽𝑆𝐶   and power output ( 𝑃𝑜𝑢𝑡 ) with the concave mirror 

concentrator are followed by a decrease in FF, as shown in Table 4.4. As an attribute of 

the increasing 𝐽𝑆𝐶 , the increase in transport and redox reaction rate is revealed by the 

decreasing diffusion resistance (𝑅𝐶𝑇2), as shown in Fig. 4.8 (b). 
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(a) 

 

(b) 

Figure 4.8 (a) I–V graph and (b) Nyquist plot of bifacial DSSCs with a plane mirror at 

𝜃 = 600 and a concave mirror at 𝜃 = 400 

4.2.2 Optical System 

Acceptance angle  

The acceptance angle of the V-shape system was measured with different 

incident light (source) angles (𝜃𝑖). Figure 4.9 shows the normalized power production 

with different incident light source angles 𝜃𝑐 for V-shape systems with 0 distance and 

60° mirror tilt angle. The half-acceptance angle 𝜃𝑎 of the V-shape plane system was 10°. 

In our V-shape system with a bifacial DSSC, the incident light angle from the Pt and TiO2 

side results in different power production. In the V-shape plane mirror, the incident light 

angle comes from the Pt side, which has higher power production than the TiO2 side. It is 

indicated that the number of lights reflected by the concentrator is higher than the number 

of direct lights (the incident light comes from the TiO2 side).  

The power production resulted from the accumulation of direct light and 

reflected light by the V concentrator. In the case of light from the TiO2 side, the dominant 
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power comes from direct light to TiO2 (front side of the DSSC) and reflected light to TiO2 

and Pt (front and rear), otherwise it is reversed. As the power efficiency at the front side 

DSSC higher than the rear side. The result in Fig. 1 indicated that the number of lights 

reflected by the concentrator is higher than the number of direct lights as the power 

produced by incident light in −𝜃 angle (Pt-side) higher than +𝜃 angle (TiO2 side). 

 

Figure 4.9 Power production in different incident light angle of V-shape plane 

mirror. 

The normalized power production with different incident light (source) angles 

in V-shape systems with a concave mirror at 40° mirror tilt angle is shown in Fig. 4.10. 

In contrast with the plane mirror, the V-shape concave mirror has slightly higher power 

production with incident light in +θ angle (TiO2 side) and with a half-acceptance angle 

~6°. The cause may be that the concave mirror reflection is concentrated light. As the 

incident light angle increased, the point contact of the reflected light and DSSC (receiver) 

decreased (movement of the mirror accumulation point), which led to a power production 

dominated by direct light to the DSSC.  
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Figure 4.10 Power production with different incident light angles of the V-shape 

concave mirror. 

The optical efficiency of the system with a V-shape concave mirror at different 

incident angles is shown in Fig. 4.11. The optical efficiency can reach 0.53 at the vertical 

incident light. The loss in optical efficiency may be caused by spillage loss, a substantial 

amount of the reflected light hitting outside of the receiver, and transparency of the DSSC. 

The transparent dye will influence the amount of light that arrived at the concentrator, as 

part of the light will hit the solar cell before the concentrator at 𝜃 ≠ 0 incident angle. 

The transmittance of Pt and TiO2/dye is shown in Fig. 4.12. 
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Figure 4.11 Optical efficiency of V-shape concave mirror with 0 cm mirror distance 

and 40° tilt angle. 

  

  

(a) (b) 

Figure 4.12 Transmittance of (a) Pt and (b) TiO2 and TiO2/dye. 

4.2.3 Effect of Time 

The effect of operation time in bifacial DSSCs under V-shape concentrated light 

was examined to observe the phenomenon that occurs in these cells. The performance of 

bifacial DSSCs with V-shape plane and concave mirror concentrators was observed to 
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determine the possible effect of temperature in bifacial DSSCs during operation time. In 

this part, the operation time varied in the 150–180 min range with observations every 30 

min.  

The surface temperature changes in the 2.5 h operation of bifacial solar were 

measured for both bifacial DSSCs with the plane and concave mirror. The surface 

temperature of a bifacial DSSC with a V-shape plane mirror increased to approximately 

57 °C from an initial 25 °C (room temperature) after light exposure with a 60° tilt angle 

for both the front and rear surfaces and became stable at approximately 57 °C for the rest 

of the measurement, as shown in Fig. 4.13 (a). The stability of the surface temperature 

was also followed by a stabilized performance of the solar cell, as shown in Fig. 4.13 (b), 

at 𝑃𝑜𝑢𝑡 of approximately 6.4 mW/cm2. 

In comparison, the surface temperature increased rapidly in a bifacial DSSC with a 

concave mirror and decreased in 𝑃𝑜𝑢𝑡 , as shown in Fig. 4.13. The decrease in 𝑃𝑜𝑢𝑡 may 

be attributed to cell degeneration. The rise in temperature led to a reduction in 𝑉𝑂𝐶  (see 

Fig. 4.14 (a)). This is caused by the increased recombination in the solar cell, which is 

related to an increased dark current saturation.  
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Figure 4.13 (a) Surface temperature and (b) output power of a bifacial solar cell with 

plane and concave mirrors as a function of time at an optimum tilt angle. 

The decrease in 𝐽𝑆𝐶  is possibly caused by the reduced electrolyte volume. As the 

temperature increases, the charge transfer kinetic energy and the number of redox 

reactions increased, indicating a decrease in 𝑅𝑠, 𝑅𝐶𝑇1, and 𝑅𝐶𝑇2 (see Fig. 4.14 (b)). As 

the surface temperature increases further, part of the electrolyte evaporated, which 

reduced the available 𝐼3
−

 and 𝐼− for the redox reaction, as shown by the increasing 

𝑅𝐶𝑇2 and reducing 𝐽𝑆𝐶  (see Table 4.5). 

 

Figure 4.14 (a) 𝐽 − 𝑉 curves and (b) EIS of bifacial solar cell with a 

concave mirror as a function of time. 

(a) (b) 

(a) (b) 
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t 

(minutes) 

𝑹𝑺  

(Ω) 

Z1 

𝑹𝑪𝑻𝟏 (Ω) 

C (μF) 

Z2 

𝑹𝑪𝑻𝟐 (Ω) 

C (μF) 

0 10.61 3.21 5.04 

2.17 208 

30 10.51 2.61 3.22 

1.82 221 

60 10.56 2.62 3.11 

1.80 229 

90 10.68 2.60 3.11 

1.82 229 

120 10.29 2.69 4.65 

1.76 225 

150 10.28 2.66 4.42 

1.78 161 

The influence of temperature on electrolyte performance in solar cells with a 0 

distance V-shape concave mirror was investigated using the Arrhenius plot in Fig. 15. 

Two different trends were observed with a breaking point at 100 °C, corresponding to the 

additional activation energy (𝐸𝐴 ). The 𝐸𝐴  extracted from the slope of ln FF shows 

5.4 × 10−3  and 0.2  eV values below and above 100 °C of surface temperature, 

respectively. These small values of 𝐸𝐴 below 100 °C indicate temperature independence 

in DSSCs. The increasing 𝐸𝐴 above 100 °C corresponds to the dye degradation caused 

by temperature. The UV-VIS spectrum analysis of two TiO2 samples soaked in N719 dye 

(see Fig. 16) revealed a change in absorbance and reflectance spectrum after 150 °C heat 

treatment for 30 min. 

Table 4.5 EIS parameter of V-shape concave mirror operational time dependent. Increase 

of surface temperature cause 𝑅𝑆 and 𝑅𝐶𝑇1 decrease. In other hand evaporated electrolyte 

cause Rd increases. 
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Figure 4.15 Arrhenius plot of T dependent 𝐽 − 𝑉 performance in (a) 𝑉𝑂𝐶 , (b) FF, (c) 

𝐽𝑆𝐶 , and (d) POUT for DSSCs with 0 cm distance V-shape concave mirrors. 

 

 

(a) (b) 

(c) (d) 
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Figure 4.16. UV-VIS spectra of TiO2 samples soaked with N719 dye for ~20 h, without 

heat treatment (WT1 and WT2), with 30 min heat treatment at 70 °C (BH1 and BH2), and 

with 30 min heat treatment at 150 °C (AH1 and AH2); a) absorbance, and b) reflectance.  

4.2.4 Effect of Cell-Mirror Distance 

The rapid rise in temperature caused by concave mirrors can be controlled with the 

distance between mirrors and solar cells. Bifaciality is defined as the ratio between the 

efficiency of the rear side to that of the front side [17]. As the irradiation light is the same 

for both sides, bifaciality can be expressed as 

𝐵𝑖𝑓𝑎𝑐𝑖𝑎𝑙𝑖𝑡𝑦 =
𝜂𝑟𝑒𝑎𝑟

𝜂𝑓𝑟𝑜𝑛𝑡
  

where 𝜂 is the efficiency of the DSSC. The bifacialities of the DSSC are 0.26, 0.27, 0.19, 

0.28, and 0.50 with distances of 0, 1, 2, 3, and 4 cm, respectively (see fig. 4.17).  
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The front side 𝑃𝑜𝑢𝑡 decreases rapidly compared to that at the rear side because the 

𝑃𝑜𝑢𝑡 mainly contributes by the front side, which directly intersects with TiO2 and dye. 

The front side temperature also increases faster than that at the rear side, which may cause 

added energy dissipation. This result suggests the use of a 1 cm distance to obtain a 

surface temperature similar to that of the plane mirror concentrator with higher 𝑃𝑜𝑢𝑡.  

 

Figure 4.18 Measured surface temperature and output power as 

a function of time at 1 cm concave mirror distance. 

 

(a)                                   (b) 

Figure 4.17 (a) Temperature and (b) PCE of bifacial DSSCs with a 

concave mirror as a function of distance. 
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The performance of bifacial DSSCs with a 1 cm distance of the concave mirror was 

examined in terms of operational time. Figure 4.18 shows a stable surface temperature at 

less than 60 °C and 𝑃𝑜𝑢𝑡 of ~17 mW/cm2 for 3 h of operation with 1 cm mirror distance. 

This system successfully obtains 4 and 2.6 times more 𝑃𝑜𝑢𝑡 than that without mirrors 

and that with a V-shape plane mirror system in bifacial DSSCs, respectively. The 

deterioration in performance of the bifacial DSSC for 7 days measurement of the concave 

mirror with 1 cm distance showed a similar pattern to that of the cell without mirrors (see 

Fig. 4.19). This result confirmed the 1 cm distance as the optimum condition for the V-

shape concave mirror concentrator system in bifacial DSSCs. 

 

 

 

 

Experiment condition; Average temperature: 20 °C 

Average pressure: 101.6 kPa 

Average humidity: 50% 

Figure 4.19 Deterioration in performance of cells with (a) no mirror 

and (b) 1 cm distance concave mirror. 
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4.3 Conclusions 

In conclusion, V-shape concentrated irradiated light with plane and concave mirrors 

was successfully utilized to maximize the absorption in both sides of DSSC bifacial 

systems. The result shows that the concave concentrator is more effective than the plane 

concentrator to boost the power output (𝑃𝑜𝑢𝑡) of bifacial DSSCs. The half-acceptance of 

V-shape concave systems is ~6°  with optical efficiency 0.53. The increase in 

temperature caused by the applied concave concentrator can be controlled by adjusting 

the distance between the mirrors and the solar cell. The V-shape plane mirror concentrator 

could produce 6.42 mW/cm2 in 𝑃𝑜𝑢𝑡  with optimum tilt angle of 60° and a stable 

temperature of 57 °C for 2.5 h measurement. The concentrated irradiation light with a V-

shape concave mirror concentrator could produce 24.3 mW/cm2 𝑃𝑜𝑢𝑡  with a rapid 

increase in temperature to no more than 80 °C after 30 min of operation. An adjustment 

in distance to 1 cm between the concave mirror and solar cell can reduce the temperature 

effect to 60 °C for a 3 h measurement with an average 𝑃𝑜𝑢𝑡  of ~17 mW/cm2. This 

condition successfully boosts the 𝑃𝑜𝑢𝑡  absorption more than the condition without 

mirror. Hence, through the current method, we can achieve a high 𝑃𝑜𝑢𝑡 value for solar 

cells. These results may encourage the utilization of concentrating systems for high-

efficiency bifacial DSSCs.  
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Chapter 5 

Low Concentrator Coupled with 

Flowing Electrolyte System in Bifacial 

Dye-Sensitized Solar Cells 
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DSSCs are promising for the future photovoltaics because of their good price to 

performance ratio, functioning at wider angles and in low light, long life, mechanical 

robustness, and low internal temperature operation [2,2]. The efficiency produced by 

DSSCs has reached approximately 14%, and it can be increased by approximately 67% 

using concentrated light [3-4]. Although a DSSCs coupled with a concentrator increases 

the efficiency [5], the device temperature is also increased. In conditions of one sun 

intensity (100 mW/cm2), the solar cell temperature can reach 70 °C [6-7]. The solar cell 

temperature can attain 1200 °C without a cooling aid when the light intensity ratio 

increases 400x by using a concentrator [8]. This high temperature could cause instability 

and evaporation of the DSSC’s liquid electrolyte, thus leading to limited operation 

lifetime. Even tough electrolyte evaporation can be lessened with solid or semi solid 

electrolytes, liquid electrolytes are still being used because of their advantages such as 

high ionic conductivity, relatively high viscosity, electrochemical potential window, and 

room-temperature long-term performance stability [10-12]. Based on the aforementioned 

several advantages of liquid electrolytes, an active cooling system is needed to support 

the performance of DSSCs using liquid electrolytes. 

Active cooling systems generally work by flowing water at a speed of 

approximately 0.1–1 L/min under a block-mounted solar cell system. In contrast, passive 

cooling systems utilize a phase change material (PCM) as a coolant [16]. Various types of 

cooling systems have been introduced to overcome the thermal problems in solar cells, 

such as PCM- [17-22], thermoelectric- [23], air cooling- [24-28], heat pipe- [29], and liquid 

cooling-based systems [30-33]. More recently, the liquid electrolyte was used in a 

circulation system to improve the photovoltaic performance. In such a system, the 

electrolyte is used as the coolant, and it could also solve the electrolyte evaporation as the 
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new electrode always circulate. However, there is not yet a study regarding the DSSC 

electrolyte as a coolant especially coupled with low concentrated light. In this study, we 

applied an electrolyte-flowing cooling system in DSSCs and analyzed the effect to the 

cell performance. 

5.1 Experimental Method 

5.1.1 Cell Fabrication 

Fabrication of TiO2 photo-anode. FTO glass substrates (Sigma Aldrich 2.3 mm, ~13 

Ω/sq) were cut to a size of 2 × 2 cm2 and cleaned using acetone, ethanol, and purified 

water 20 min. TiO2 (Solaronix Ti-Nanoxide T/SP) was printed on the FTO glass using 

the doctor blade method and sintered at 450 °C for 30 min in an electric furnace. After 

the substrate was cold, the dye solution (N719 Solaronix) was soaked on FTO/TiO2 for 

20–24 h. 

Fabrication of counter electrode. FTO glass substrates (Sigma Aldrich 2.3 mm, ~13 

Ω/sq) were cut to a size of 2 × 2 cm2 and cleaned using acetone, ethanol, and purified 

water for 20 min. A hole was made on the FTO for iodine injection/flow. Platinum paste 

(Dyesol PT-1) was printed on the FTO glass using the doctor blade method and sintered 

at 450 °C for 30 min in an electric furnace. 

For a normal cell. Two sealants (Solaronix Meltonix 1170-60) were cut to a size of 20 × 

15 mm2, and the hole was put on one of it with size 15 × 10 mm2. Afterwards, the 

FTO/Pt/sealant with a hole and the FTO/TiO2/dye were overlapped into an 

FTO/Pt/Sealant/Dye/TiO2/FTO sandwich structure. Subsequently, the cell was put on a 

hot plate and pressed until the sealant melted. After that, the iodide electrolyte was 

injected into the cell through the hole in the FTO/Pt side, closed using the second sealant, 

and then covered by a cover glass. 
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For flowing-electrolyte cell. The sealant (Solaronix Meltonix 1170-60) was cut to a size 

of 20 × 15 mm2, and a hole was made in it with size of 15 × 10 mm2. Afterwards, the 

FTO/Pt/sealant with the hole and FTO/TiO2/dye were overlapped into a 

FTO/Pt/Sealant/Dye/TiO2/FTO sandwich structure. Subsequently, the cell was put on a 

hot plate and pressed until the sealant melted. After that, a silicon pipe was installed in 

both holes of the Pt/FTO side as a medium to flow the electrolyte. A pump was installed 

in one of the pipes to pump the electrolyte into the cell. The pump was then connected to 

a timer to set the interval between flow and stop for 180 min. 

5.1.2 Measurement 

 

Figure 5.1 Schematic of the experiment. 

 

 The bifacial DSSC performance was measured under 1-sun illumination from a 

Xenon lamp equipped with an air mass (AM) 1.5 filter using a source meter (Keithley 
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2400). Plane and concave aluminum-coated mirrors (Edmund Optics, 43-469) as low 

concentrators were used during the measurement. A schematic of the experiment is shown 

in Fig. 5.1. The effect of the measurement time, mirror distance, and various types of 

electrolytes were investigated with the V-shape concentrator measurement, where x is the 

mirror distance to the cell and 𝜃 is the mirror tilt angle. The temperature was measured 

using an infrared thermometer gun (TIM-03, Asone 3-7406-01). 

5.2 Experimental Results and Discussion  

5.2.1 Flowing Electrolyte Systems 

The V-shape concave mirror low concentrator can increase the 𝑃𝐼𝑁 of the DSSC from 

100 mW/cm2 to approximately 522 mW/cm2 at 0 cm mirror-to-cell distance. Coupled 

with the flowing electrolyte system, the evaporation of the liquid electrolyte caused by 

the rise in temperature can be prevented. The DSSC with a flowing electrolyte system 

was similar in size and form to the standard normal cell. The additional hole in its back 

surface allows the electrolyte to flow in and out. To understand the effect of the applied 

electrolyte flowing system on the DSSC performance, we compared a normal cell (NC) 

DSSC with a continuously flowing electrolyte system cell (CF) DSSC for a 3 h 

measurement. 
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Photocurrent density–voltage (J–V) 

Figure 5.2 shows the photovoltaic performance of the cells under concentrated 

light as (a) NC and (b) CF. The 𝐼𝑆𝐶  in the NC condition decreased gradually, which can 

be caused by the dye desorption from the TiO2 film occurring at high temperatures. 

  

(a) 

  

(b) 

Figure 5.2 Photocurrent density–voltage (J–V) curves and electrochemical 

impedance spectroscopy (EIS) of (a) NC and (b) CF DSSCs under low concentrated 

light for 3 h measurement. 
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The open-circuit voltage ( 𝑉𝑂𝐶 ) on the NC condition decreased from 

approximately 0.75 to 0.36 V (see Tables 5.1 and 5.2), which indicates a relationship 

between the increasing temperature and decreasing Voc. This may be caused by the 

increased resistance in the circuit, which reduced the electron speed. 

Table 5.1 Performance of normal cell (NC) DSSCs under V-shape concentrator for 3 

hours measurement 

t 

(min) 

T 

(°C) 

V
OC

 

(V) 

J
SC

 

(mA/cm
2
) 

FF 
𝑷𝑶𝑼𝑻 

(mW/cm
2
) 

η 

(%) Rs 

Z1 

R (Ω) 

C (μF) 

Z2 

R (Ω) 

C (mF) 

0 66.2 0.74 82.62 0.47 28.73 5.5 6.32 
5.49 1.38 

5.93 77 

10 90.5 0.45 46.27 0.49 10.10 1.9 6.54 
7.92 3.59 

6.04 29 

20 104.5 0.42 42.40 0.54 9.62 1.8 6.75 
8.57 2.65 

8.20 40 

30 112.2 0.41 40.93 0.55 9.31 1.8 6.82 
9.01 3.17 

7.80 33 

40 118.1 0.40 39.97 0.57 9.18 1.8 6.85 
9.26 2.58 

7.59 41 

50 125.2 0.40 38.91 0.58 9.05 1.7 6.86 
9.50 2.42 

7.42 30 

60 132.7 0.39 37.79 0.59 8.75 1.7 6.87 
9.68 2.68 

7.26 39 

70 139.6 0.39 36.30 0.61 8.60 1.6 6.89 
9.96 2.50 

10.38 62 

80 144.7 0.38 35.57 0.61 8.40 1.6 6.89 
10.14 2.99 

10.19 24 

90 152.3 0.38 34.73 0.62 8.32 1.6 6.88 
10.25 3.01 

10.09 35 

100 164.5 0.38 34.56 0.62 8.25 1.6 6.88 
10.37 2.48 

9.97 29 
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110 173.4 0.38 33.88 0.63 8.11 1.6 6.87 
10.52 2.45 

9.82 43 

120 186.3 0.38 33.48 0.62 7.89 1.5 6.87 
10.69 2.88 

9.67 37 

130 192.9 0.37 32.87 0.64 7.86 1.5 6.88 
10.79 2.89 

9.58 36 

140 200.0 0.37 32.15 0.65 7.85 1.5 6.88 
11.05 2.90 

9.35 36 

150 207.3 0.37 31.20 0.67 7.70 1.5 6.89 
11.03 2.75 

9.15 38 

160 213.5 0.37 31.47 0.66 7.67 1.5 6.89 
11.23 2.78 

9.20 38 

170 217.2 0.36 31.38 0.67 7.66 1.5 6.90 
11.33 2.54 

9.12 41 

180 221.8 0.36 30.51 0.69 7.57 1.5 6.89 
11.57 3.05 

8.94 51 

 

Table 5.2 Performance of continuous flowing electrolyte cell (CF) DSSCs under V-shape 

concentrator for 3 hours measurement 

t 

(min) 

T 

(°C) 

V
OC

 

(V) 

J
SC

 

(mA/cm
2
) 

FF 
𝑷𝑶𝑼𝑻 

(mW/cm
2
) 

η 

(%) 
Rs 

Z1 

𝑹𝑪𝑻𝟏 

(Ω) 

C (μF) 

Z2 

𝑹𝑪𝑻𝟐 

(Ω) 

C (mF) 

0 62.5 0.76 50.18 0.51 19.64 3.8 7.63 
9.32 1.26 

7.54 57 

10 69.7 0.62 37.03 0.51 11.91 2.3 7.30 
14.17 - 

7.30 - 

20 75.3 0.66 26.02 0.53 9.17 1.8 7.13 
20.22  

7.52  

30 84.3 0.67 20.10 0.54 7.32 1.4 7.21 
22.62 - 

6.72 - 

40 92.1 0.64 14.70 0.55 5.16 1.0 7.21 
27.32  

5.57  
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50 95.2 0.63 12.18 0.52 4.04 0.8 7.47 
33.99  

6.58  

60 100.6 0.61 9.18 0.53 3.01 0.6 7.44 
39.48  

8.34  

70 105.0 0.61 8.07 0.51 2.51 0.5 7.37 
45  

7.32  

80 108.7 0.60 7.17 0.51 2.19 0.4 7.47 
48.05  

6.85  

90 112.5 0.58 6.43 0.52 1.94 0.4 7.41 
57.92 - 

8.36 - 

100 119.6 0.57 5.97 0.57 1.96 0.4 7.48 
54.73  

8.84  

110 125.5 0.57 6.23 0.50 1.77 0.3 7.34 
60.66  

7.98  

120 129.5 0.56 5.61 0.52 1.63 0.3 7.52 
66.43  

7.28  

130 133.7 0.55 5.05 0.51 1.43 0.3 7.55 
74.45  

9.58  

140 139.0 0.54 4.64 0.49 1.24 0.2 7.52 
85  

8.40  

150 145.4 0.54 4.26 0.50 1.15 0.2 6.32 
106.1 - 

6.73 - 

160 149.3 0.53 4.04 0.49 1.05 0.2 7.43 
92.60  

7.71  

170 154.8 0.53 3.90 0.47 0.98 0.2 7.50 
92.93  

7.68  

180 161.7 0.52 3.67 0.49 0.94 0.2 7.50 
101.1  

10.37  

When the flowing electrolyte system was applied, the 𝑉𝑂𝐶  could be reduced 

from approximately 0.75 to 0.6 V. This phenomenon indicated that the temperature could 

be reduced when an electrolyte-flowing system is applied. The 𝐽𝑆𝐶  in CF systems was 
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lowered compared to that in NC systems. At the end of the measurement, the 𝐽𝑆𝐶  of CF 

(3.67 mW/cm2) was a tenth of that of the NC (30.51 mW/cm2). This may be caused by 

the flowing motion of the electrolyte, which is perpendicular to the flow of electrons and 

prevents the electron from regeneration in the dye. 

Electrochemical Impedance Spectroscopy 

The first semicircle corresponds to the resistance associated with the 

electrochemical reaction of triiodide (𝐼3
−) to iodide (𝐼−) in the TiO2/Pt and electrolyte 

interface. The second semicircle corresponds to the electrolyte diffusion in the liquid 

electrolyte. The first semicircle of the normal cell increased because of the decrease in 

current density, which reduced the number of ions at the TiO2/dye or Pt interface. 

Similarly, the first semicircle of the FC system also shows a decrease in number of ions 

at the interface. The rise of the first semicircle in the FC system may be due to the flow 

motion of the electrolyte. The flow of the electrolyte also swaps the electrons from their 

path to the TiO2/dye surface, causing improper electrolyte transfer. This leads to 

regeneration of a reduced number of electrons in the TiO2/dye and a decrease in Jsc. 

Flowing-stop electrolyte systems 

To reduce the effect from electrolyte motion, a periodic 10 min stop was applied 

to the flowing system. The photovoltaic performance of flowing-stop systems (FS) is 

show in Fig. 5.3. The periodic stop could reduce the degeneration of current density as 

shown in the J–V curve in Fig. 5.3 (a) compared to FS systems. This result conforms the 

EIS data shown in Fig. 5.3 (b). At stopping periods such as 100, 120, 160, and 180 min, 

the impedance was reduced compared to the following flowing periods: 110 and 170 min. 

During this stopping period, the regeneration of electrons was better than that with the 

flowing period as it reduces the effect of flowing motion in the cooling system. 



117 

 

  

(a) (b) 

Figure 5.3. (a) J-V curves and (b) EIS of flowing-stop system (FS) in flowing and 

stop condition under low concentrated light for 3 h measurement. 

Temperature Comparison 

By applying CF and FS electrolytes, the surface temperature of the cell was 

lower compared to NC, as shown in Fig. 5.4. The body temperature of the cell reduced 

from 221 °C (NC) to 161 °C (CF) and 167 °C (FS) for 3 h cell operation.  

 

Figure 5.4. Comparison of temperature and Pout under 3 conditions of DSSCs. 
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5.2.2 Different Electrolytes 

In contrast to Z-100, which has a high boiling point, the effect of applying 

electrolyte flowing systems could be observed by using the lower boiling point but higher 

performance acetonitrile-based electrolyte (AN-50). As shown in fig 5.5 (a) and (b), the 

flowing electrolyte with FS systems could maintain the performance of the cell during 

the stop condition for 3 h measurement. In contrast, the propionitrile-based electrolyte 

(PN-50) with lower performance compared to that of AN-50 but better than that of Z-100 

and higher boiling point compared to that of AN-50 can maintain the performance with 

the FS system for 3 h measurement in both the flowing and stop conditions, as shown in 

Fig. 5.5 (c) and (d). This result shows that by lowering the temperature further, the AN-

50 could be used in DSSCs coupled with low concentrated light. 

 

(a) (b) 
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(c)                                 (d) 

Figure 5.5. J–V curves of the flowing-stop system (FS) in AN-50 and PN-50 in the 

(a), (c) flowing and (b), (d) stop condition, respectively. 

5.2.3 Temperature Reduced FS Systems 

By cooling the initial temperature of the electrolyte, it is possible to further 

increase the electrolyte flowing system cooling effect. An electrolyte cooled with ice was 

used before the electrolyte flowed to the CF and FS systems. The Pout of the cell was 

improved, as shown in Fig. 5.6. The ice can lower the overall temperature cell 20 °C 

compared to that of normal flowing electrolyte systems. 

 

Figure 5.6 Temperature and Pout of DSSCs with lowered temperature compared to 

room-temperature electrolytes. 
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4.3 Conclusions 

In conclusion, the DSSC using a flowing electrolyte system can decrease the temperature 

and prevent electrolyte evaporation in bifacial DSSCs with a low concentrator. The 

flowing electrolyte system successfully reduced by 60 °C the body temperature of the cell, 

from ~220 °C without the flowing system to ~160 °C with the flowing system. In contrast, 

the flowing system gradually reduced the 𝑃𝑂𝑈𝑇  of cell until it reached 0.94 mW/cm2 

compared to 7.57 mW/cm2 in a 3 h measurement. This occurs because the flowing motion 

of the electrolyte hinders the electron regeneration. This flowing motion effect could be 

possible reduced by introducing a periodic stop to the flowing electrolyte system. In that 

case, the cell 𝑃𝑂𝑈𝑇  could be maintained at 5.10 mW/cm2 after 3 h measurement. 
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Chapter 6 

Summary and Future Prospect 
 

6.1 Summary 

In this Ph.D. thesis, we successfully enhanced the power output of DSSCs with a 

low concentrated light system using plane and concave mirror low concentrators. We also 

investigated and evaluated the performance of DSSCs coupled with plane and concave 

mirror concentrators. We considered two types of measurement for the low concentrated 

light system in order to find the more efficient system for DSSCs. For these two types of 

measurements, we found that the high temperature, as a side effect, occurs as consequence 

of using the concave mirror concentrator. This high temperature effect can decrease the 

performance of DSSCs because of the dye degradation and electrolyte evaporation. By 

combining the low concentrated light with a cooling system, we studied in detail the 

possible relation between the liquid electrolyte as a redox mediator and as an active 

cooling system. To investigate the performance of DSSCs with low concentrated light 

and active cooling systems, we compared the properties of these systems with a normal 

cell without such systems.  

 To increase the light harvesting in DSSCs, a plane mirror back reflector and 

concave mirror back concentrator have been applied to bifacial DSSCs. The plane and 

concave mirrors have been effective for increasing the current density 𝐽𝑆𝐶   from 8.78 

𝑚𝐴. 𝑐𝑚−2  to 11.50 and ~82 𝑚𝐴. 𝑐𝑚−2 , respectively. The power output 𝑃𝑂𝑈𝑇   also 

increased from 4.25 𝑚𝑊. 𝑐𝑚−2 to 5.62 and 29.01 𝑚𝑊. 𝑐𝑚−2 with mirror distances of 

2 and 2.5 cm, respectively. The EIS analysis showed an expansion in the second circle 

𝑍2, 𝑅𝐶𝑇  with the increased light intensity produced by the reflector and concentrator. The 
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DSSC temperature increased slightly ~1 °C with the back plane mirror. In contrast, the 

temperature of the back concave mirror increased sharply because the liquid electrolyte 

evaporated before 30 min of operation. By using a 3-methoxypropionitrile (MPN-100)-

based liquid electrolyte with high boiling point, the DSSC can operate for more than 4 

days. In contrast, acetonitrile (AN-50) and propionitrile (PN-50)-based electrolytes with 

a lower boiling point but higher performance were degraded after the first day of 

measurement with 3x light power input (Chapter 3).  

The V-shape concentrated mirror system was applied to increase the illumination 

power in bifacial DSSCs. The system successfully increased 𝑃𝑂𝑈𝑇  to 24.01 𝑚𝑊. 𝑐𝑚−2 

with 0 cm cell-to-mirror distance with 5x illumination power in each side of the bifacial 

DSSC. The temperature of the cell was increased more than 80 °C after 30 min of 

operation. By adjusting the cell-to-mirror distance in the V-shape system, the temperature 

was stable at 80 °C in 3 h of operation with 𝑃𝑂𝑈𝑇   of approximately 17 𝑚𝑊. 𝑐𝑚−2 

(Chapter 4). 

 The used of a liquid electrolyte is more common in DSSCs than the typical solid- 

and quasi-solid state electrolyte. A cooling systems using the flowing liquid electrolyte 

was employed to decrease the temperature resulting from the applied concentrated light. 

The flowing electrolyte successfully reduced by 60 °C the body temperature of the cell, 

from ~220 °C without the flowing system to ~160 °C with the flowing system. In contrast, 

the flowing system gradually reduced the 𝑃𝑂𝑈𝑇  of the cell until it reached 0.94 mW/cm2, 

compared to 7.57 mW/cm2 in a 3 h measurement. This occurs because the flowing motion 

of the electrolyte hinders the electron regeneration. This flowing motion effect could be 

reduced by introducing a periodic stop to the flowing electrolyte system. In this case, the 

cell 𝑃𝑂𝑈𝑇  could be maintained at 5.10 mW/cm2 after 3 h measurement (Chapter 5). 
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6.2 Prospects for Future Research 

In this Ph.D. thesis, we studied the effect of using a low concentrated light system. 

The increase in light harvesting allowed us to perform an in-depth study of the DSSC and, 

at the same time, to draw general conclusions about the improvement in power output as 

an important parameter of the DSSC. The power output is important because DSSCs 

essentially convert light into electricity. Clearly, a detailed study of the increase in PCE 

would provide better performance and strengthen the results presented here. Moreover, 

when we compared the photovoltaic and EIS performance of solar cells with 

concentrators, we considered only the silicon solar cell that is available in the literature 

for a limited number of objects. On-going and future studies of DSSCs with low 

concentrated light will provide further references and datasets, allowing us to make a 

more extensive comparison between the power output and power conversion efficiency. 

In particular, DSSCs with better structures are needed to investigate the high temperature 

effect and whether the fill factor, voltage, and resistance show any dependence on the 

light intensity. The problem of temperature could also be solved using other type of 

electrolyte, such as a semi-solid electrolyte. Regarding the concentrator itself, it could be 

built to be selective and reflect only a certain wavelength to match that of dye adsorption. 

The space for a V-shape concentrator could be minimized for a large area solar cell, 

making it possible to research on the efficiency of solar cell placement.  

The flowing electrolyte as an active cooling system, as discussed in Chapter 5, is 

a candidate solution for decreasing the high temperature effect and electrolyte evaporation 

when applying a light concentrator. To further investigate the performances, it would be 

interesting to resolve the flowing motion/rate and derive the electron regeneration in the 

dye.  



128 

 

Acknowledgements 

Alhamdulillah… 

First, I wish to express my gratitude to my kind supervisor, Prof. M. Shiratani, 

to whom I am deeply indebted for his guidance, continuous support throughout the whole 

research, patience, motivation, enthusiasm, immense knowledge, and understanding. I 

will never forget his contagious enthusiasm or the many times we met to discuss this 

research.  

I am also thankful to Prof. Yuji Oki, Prof. Kazunori Koga, and Prof. Naho Itagaki 

for their critical reading, useful suggestions, and comments during the development of 

this manuscript. 

In our laboratory, a number of very stimulating discussions with Assoc. Prof. 

Pankaj Attri and research group mate, Lesley Chawarambwa, led to new insights, fresh 

motivation, and helped me in the progress of my research as well as in writing the 

manuscript. In addition, the warmth, kindness, and hospitality offered to me by all the lab 

members will always be remembered. 

My studies at Kyushu University were financially supported by a scholarship 

granted by the Japan International Cooperation Agency (JICA). 

The three years spent in a foreign country would not have been possible without 

the support of all the Indonesian, Japanese, and foreign friends, both inside and outside 

the university. 

I also express my gratitude to my parents, husband, brothers, and sisters, and to 

those who endured the effort required for this research. 

Finally, I would like to dedicate this dissertation to my beloved parents, Bapak 

& Ibu, who had always supported my dreams since I was young and always believed in 

me, and to my beloved husband, Wahyu Waskito Aji, for his understanding and 

encouragement when enthusiasm waned. 

 

Fukuoka, August 2022 

Tika Erna Putri 



129 

 

List of Publication 
 

No. Title Year  Journal  Author 

1. Graphene-Si3N4 

Nanocomposite 

Blended Polymer 

Counter Electrode for 

Low-Cost Dye-

Sensitized Solar Cells 

2020 Chemical Physic 

Letter 

Fadzai Lesley 

Chawarambwa, Tika 

Erna Putri, Min-kyu 

Son, Kunihiro Kamataki, 

Naho Itagaki, Kazunori 

Koga, and Masaharu 

Shiratani 

2. Effects of Activated 

Carbon Counter 

Electrode on Bifacial 

Dye Sensitized Solar 

Cells (DSSCs) 

2021 Material Science 

Forum, 

www.Scientific.net 

Tika Erna Putri, Yuan 

Hao, Fadzai Lesley 

Chawarambwa, 

Hyunwoong Seo, Min-

Kyu Son, Kunihiro 

Kamataki, Naho Itagaki, 

Kazunori Koga, and 

Masaharu Shiratani 

3. Performance 

Characteristic of 

Bifacial Dye Sensitized 

Solar Cells Under V-

Shape Low 

Concentrated Light 

System  

2021 American 

Chemistry Society 

(ACS) Applied 

Energy Material 

Tika E. Putri, Fadzai 

Lesley Chawarambwa, 

Pankaj Attri, Minkyu 

Son, Kunihiro Kamataki, 

Naho Itagaki, Kazunori 

Koga, and Masaharu 

Shiratani 

4. Synthesis of Yb3+/Ho3+ 

Co-doped Y2O3 

Nanoparticles and Its 

Application to Dye 

Sensitized Solar Cells 

2021 Journal of 

Molecular 

Structure 

Fadzai Lesley 

Chawarambwa, Tika 

Erna Putri, Kunihiro 

Kamataki, Masaharu 

Shiratani, Kazuniro 

Koga, Naho Itagaki, and 

Daisuke Nakamura 

5. Highly Efficient and 

Transparent Counter 

Electrode for 

2021 Chemical Physics 

Letters 

Fadzai Lesley 

Chawarambwa, Tika 

Erna Putri, Pankaj Attri, 



130 

 

Application in Bifacial 

Solar Cells 

Kunihiro Kamataki, 

Naho Itagaki, Kazunori 

Koga, and Masaharu 

Shiratani 

6. Effects of Concentrated 

Light on the 

Performance and 

Stability of a Quasi-

Solid Electrlyte in Dye 

Sensitized Solar Cells 

2021 Chemical Physics 

Letters 

Fadzai Lesley 

Chawarambwa, Tika 

Erna Putri, Pankaj Attri, 

Kunihiro Kamataki, 

Naho Itagaki, Kazunori 

Koga, and Masaharu 

Shiratani 

7. Performance 

Comparison of Nitrile-

Based Liquid 

Electrolytes on Bifacial 

Dye-Sensitized Solar 

Cells Under Low-

Concentrated light  

2022 Material Research 

Society Advances 

(MRSA) 

Tika E. Putri, Fadzai 

Lesley Chawarambwa, 

Pankaj Attri, Kunihiro 

Kamataki, Naho Itagaki, 

Kazunori Koga, and 

Masaharu Shiratani 

8. Improved 

Luminescence 

performance of Yb3+-

Er3+-Zn2+:Y2O3 

Phosphor and Its 

Application to Solar 

Cells 

2022 Optical Material Fadzai Lesley 

Chawarambwa, Tika 

Erna Putri, Sung-Hwa 

Hwang, Pankaj Attri, 

Kunihiro Kamataki, 

Naho Itagaki, Kazunori 

Koga, and Masaharu 

Shiratani 

9. Performance of Carbon 

Black-Titanium Nitrate 

and Carbon Black-

Titanium/Triton X-100 

Composite Polymer 

Counter Electrodes for 

Dye Sensitized Solar 

Cells 

2022 Advanced Material 

Research 

Fadzai Lesley 

Chawarambwa, Tika 

Erna Putri, Pankaj Attri, 

Kunihiro kamataki, Naho 

Itagaki, Kazunori Koga, 

Masaharu Shiratani 

10. The Effect of Spin-

Coating Rate on 

2022 Advanced 

Engineering Forum 

Fadzai Lesley 

Chawarambwa, Tika 



131 

 

Surface Roughness, 

Thickness, and 

Electrochemical 

Properties of a Pt 

Polymer Counter 

Electrode 

Erna Putri, Pankaj Attri, 

Kunihiro kamataki, Naho 

Itagaki, Kazunori Koga, 

Masaharu Shiratani 

 

 


