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Abstract 

 

 
Quantum Dot Sensitized Solar Cells (QDSCs), which employ quantum dots as photon 

harvesters, have emerged as the most promising candidate among third-generation photovoltaic 

devices due to their versatility and range of unique features. The proper assembly and ordering 

of semiconductor quantum dots in a mesoscopic oxide film such as TiO2 is crucial for the 

fabrication of efficient QDSCs. In spite of their huge potential in improving the power 

conversion efficiency (PCE) of solar cells, the photovoltaic performance of QDSCs is found to 

be limited by two main factors, namely, the charge recombination at the electrode/electrolyte 

interface, and transport of photogenerated electrons through the nanostructured photoanode 

architecture. The latter problem may be circumvented by modification and control of TiO2 

morphology, which can play a crucial role in enhancing PCE by directing charge separation 

and increasing electron mobility. In this work, four different TiO2 morphologies—TiO2 

nanoparticles, TiO2 nanowires, TiO2 nanosheets and TiO2 nanospheres—have been 

synthesized and studied as possible TiO2 substrates for QDSCs. Structural characterizations 

based on SEM analysis, X-Ray Diffraction, and BET measurements, optical characterizations 

such as fluorescence and absorption spectral analyses, emission decay as well as cyclic 

voltammetry, impedance studies and J-V characteristics have been performed. The power 

conversion efficiency (PCE) of cells constructed with the CdS-sensitized TiO2 morphologies 

as photoanodes and with carbon fabric as counter electrode in sulfide electrolyte have been 

compared, wherein TiO2 nanoparticles have shown highest efficiency, (~4.67 %), followed by 

TiO2 nanowires (~3.72 %), TiO2 nanospheres (~3.69 %) and TiO2 nanosheets (~2.99 %). 
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1. Introduction 

The Sun provides about 100 000 TW to the Earth, which is approximately 10 000 times greater 

than the world's present rate of energy consumption (13 TW).1 Photovoltaic cells, which can 

harvest energy directly from sunlight, are being increasingly used to address growing global 

energy needs.2 Photovoltaic technology has the potential to play a crucial role in a sustainable 

energy future with minimal negative impacts on the environment.  

Photovoltaics is the direct conversion of light into electricity at the atomic level. Some 

materials exhibit a property known as the photoelectric effect that causes them to absorb 

photons of light and release electrons. The photoelectric effect was first observed by Edmond 

Becquerel in 1839, and described subsequently by Albert Einstein in 1905, for which he was 

later awarded the Nobel Prize in Physics. The first photovoltaic module was built by Gerald 

Pearson, Calvin Fuller, and Daryl Chaplin of Bell Laboratories in 1954, where it was found 

that silicon gave an electric charge when exposed to sunlight. In the 1960s, photovoltaic cells 

were used by the space industries to provide power aboard spacecrafts. With further advances 

in technology, photovoltaic energy has gained recognition as a reliable source of power and 

finds use in small commercial devices such as watches and calculators, to light homes, and in 

large scale industrial applications the world over. 

Nanoscience has provided new opportunities to harness clean energy by introducing methods 

to harvest photons with greater efficiency. With the rapid progress in nanotechnology, 

semiconductor nanocrystals have emerged as new building blocks that can be employed in 

designing organic and inorganic hybrid structures with enhanced selectivity and efficacy 

towards light energy conversion.3 Photovoltaic devices have thus undergone a remarkable 

series of changes, evolving from the initial silicon based solar cells to far more sophisticated 

devices based on tailored nanostructures. Research on organic photovoltaic devices has also 

attracted considerable attention in recent years. With these developments in mind, it is 

necessary to transform the profile of solar power and energy generation by the 

commercialisation of these optimised third-generation photovoltaics in order to ensure a 

greener future for our planet while meeting humanity’s ever-growing energy demand. 
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1.1 Construction and working of a Solar Cell 

The function of a photovoltaic device is based on the traditional p-n junction. A p-n junction is 

formed when two types of semiconductors, n-type (having excess electrons) and p-type (having 

excess holes), come into contact. At this interface, excess electrons in the n-type material  

diffuse to the p-type side (exposing positive ion cores in the n-type side), while excess holes 

from the p-type material diffuse to the n-type side (exposing negative ion cores in the p-type 

side). This results in an electric field at the junction, forming the depletion region. The electric 

field, in turn, gives rise to a voltage.  

 

 

 

 

 

 

 

 

 

Figure 1.1: A traditional p-n junction. 

 

A solar cell essentially consists of a silicon p-n junction diode with a glass window on the top 

surface of the p-type material which is made extremely thin so as to allow the incident photons 

to reach the junction easily. When light falls on the solar cell, a voltage is generated across its 

terminals, which increases with increase in intensity of radiation.  

The generation of current in a solar cell, known as ‘light generated current’, involves two major 

processes: 

 Photons striking the junction result in the formation of electron-hole pairs. These charge 

carriers are, however, meta-stable; if they recombine, then no power or current can be 

generated. 
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 A second process, therefore, prevents the recombination of these charge carriers by 

using the electric field generated at the p-n junction to separate the electrons and holes. 

When the light-generated minority carrier reaches the p-n junction, it is swept across 

the junction by the electric field existing there, wherein it becomes a majority carrier. 

Under short-circuit conditions, these carriers flow through the external circuit as light-

generated current.   

 

 

 

 

 

 

 

Figure 1.2: Working of a Solar Cell. 

 

 

1.2 Generations of Solar Cells 

 

Solar cells are often classified according to generations, as first, second and third generation 

solar cells. The first generation solar cells, based on single-crystalline silicon, were capable 

of delivering sufficiently high efficiencies in the range of 15-20 % (with certified highest 

efficiency of 25%).4 

FIRST GENERATION 

Crystalline silicon-wafer based semiconductor 

Advantages Disadvantages 

 High carrier mobilities 

 

 High efficiency 

 

 Commercialized 

 Expensive manufacturing 

technology 

 

 Electron-hole recombination is 

high 

 
 

Table 1.1: First Generation Solar Cells.  
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The first generation solar cells, however, came with their own set of complications. These, 

coupled with the need for cost-reduction, paved the way for second generation solar cells.5,6 

While these were less expensive than wafer-based solar cells, their efficiencies were also 

found to be lower than those of their predecessors, rarely exceeding 10-15 %.  

 

 

 

 

 

 

 

 

 

Table 1.2: Second Generation Solar Cells. 

 

To overcome these challenges, the third generation solar cells aim at high efficiencies and 

reduced manufacturing costs by using inexpensive, environmentally-benign materials as well 

as developing cost-effective manufacturing processes. Third generation photovoltaic devices, 

especially Quantum Dot Sensitized Solar Cells (QDSCs), strive to circumvent the Shockley-

Queisser limit that limits the theoretical efficiency of single junction solar cells to 31%. 

 

 

 

 

 

 

 

 

 

Table 1.3: Third Generation Solar Cells.   

SECOND GENERATION 

Thin film deposits of semiconductor; Amorphous silicon, 

Polycrystalline silicon, CdTe, CIGS (Copper Indium Gallium Selenide) 

Advantages Disadvantages 

 Lower manufacturing costs 

 

 Reduced mass 

 

 Lower efficiencies 

 

 Amorphous silicon is unstable 

 

 Increased toxicity 

 

THIRD GENERATION 

Photo-electrochemical cell: CZTS, DSSC, BHJ photovoltaic cells, 

QDSC and Perovskite solar cells 

Advantages Disadvantages 

 No reliance on p-n junction  

 

 

 Higher efficiency due to MEG 

 

 

 Fabrication cost varies as well 

as stability 

 

 Not yet commercialized  
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1.2.1 Shockley-Queisser limit: 

 

In 1961, William Shockley and Hans J. Queisser showed that a single p-n junction solar cell 

has theoretical limit of efficiency, known as Shockley-Queisser limit. Acccording to their 

calculations, the highest power conversion efficiency (PCE) achievable in a single-junction 

solar cell with a semiconductor absorber having an optimal band gap of 1.1 eV is ~31%.7  

Size-tunability of band-gap, which is one of the attractive features of QDSCs, can allow for the 

construction of tandem (two junctions) or multijunction solar cells which have the potential to 

increase the energy harvested from the broad solar spectrum.8 Calculations using the Shockley-

Queisser methodology indicate that the maximum theoretical efficiency is expected to increase 

from 31% to 42% for double-junction solar cells and further to 49% for triple junction 

architectures.4,9 

 

 

1.3 Dye-Sensitized Solar Cells 

 

The modern version of a dye solar cell, or Grätzel cell, was originally co-invented in 1988 by 

Brian O'Regan and Michael Grätzel and later developed until the publication of the first high 

efficiency DSSC in 1991.10 Unlike conventional semiconductor devices, dye sensitized solar 

cells (DSSCs) separate the function of light absorption from charge carrier transport.  

A DSSC contains a mesoscopic semiconductor oxide film (usually anatase TiO2, but alternative 

wide-band-gap oxides such as ZnO and Nb2O5 may also be used)11 coated with a monolayer of 

the dye (such as Ru-based N-719, Z-907), which acts as the sensitizer. Current is generated 

when photoexcitation of the dye results in electron injection into the conduction band (CB) of 

the semiconductor oxide. The dye is then regenerated by electron transfer from a redox species 

in solution (such as the I-/I3- couple), which is subsequently reduced at the counter electrode.  

The working of a DSSC may be explained by the schematic given in Fig. 1.3. 
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Figure 1.3: Schematic representation of the working of a Dye-Sensitized Solar Cell. 

 

 

The main attraction of DSSC is that it is the most efficient third-generation solar technology 

currently available, having achieved upto 12-13 % efficiency till date.12, 13 Moreover, they can 

work efficiently even under diffused light conditions.  

 DSSCs, however, have certain shortcomings which must be overcome in order for it to 

commercially compete with current photovoltaic devices.  

 Firstly, DSSCs suffer from low open circuit voltage due to losses in potential during 

electron transfer from redox couples to dye molecules. 

 

 Secondly, the ruthenium dyes that are generally employed do not absorb in the near-IR 

region; increase in efficiency would therefore require the utilisation of a broader range 

of the solar spectrum.  

 

 Other problems include the corrosive nature of the iodide electrolyte, possible 

electrolyte leakage and the expense of the Ru dyes used.   
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1.4 Quantum Dot Sensitized Solar Cells 

A Quantum Dot Sensitized Solar Cell (QDSC) is one of the most promising examples of third-

generation solar cells, wherein quantum dots (QDs) are employed as the light-absorbing 

photovoltaic material. Although they are yet to attain as high power conversion efficiencies as 

their dye-sensitized counterparts, QDSCs hold great potential due to certain attractive features 

that have placed these photovoltaic devices in the limelight in recent years.  

 

1.4.1 Quantum Dots and Quantum Confinement 

In bulk semiconductors, exciton (electron + hole) pairs move freely in all directions. When the 

semiconductor length is reduced to the same order as the Bohr exciton radius, quantum 

confinement effect occurs, i.e., the wave function gets confined to the physical dimension of 

the particles. Depending on the dimension of confinement, we can have a quantum well, a 

quantum wire or a quantum dot. A quantum dot is confined in three dimensions; this causes 

the ‘band’ of energies to turn into discrete energy levels. The smaller the QD size, the larger 

the band gap, enabling the tunability of both optical and electronic properties. 

 

 

Figure 1.4a: Splitting of energy levels in semiconductor, quantum dots and molecule.  

Molecule 
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Figure 1.4b: Quantum confinement effect on DOS (density of states). 

 

 

1.4.2 Advantages of Quantum Dot Solar Cells 
 

QDSCs possess certain unique characteristics that make them stand out among next-

generation photovoltaic devices. These include: 14,15 

 The simplicity of the synthetic procedure 

 Tunability of light absorption 

 MEG : Multiple Exciton Generation 

 Sensitivity to diffused light 

 

Simplicity of the synthetic procedure: The preparation of QDs involves little complication, 

and the QDs may be deposited on the photoanode by drop casting/spin coating16, 

electrodeposition/electrophoretic deposition17,18, chemical bath19 or successive ion layer 

adsorption and reaction (i.e., SILAR)20.  

 

Tunability of light absorption: The optoelectronic properties of QDs, such as band gap, are 

a function of their size. It is thus possible to tune the band gap, and therefore the light absorption 

by the QDs, across a wide range of energy levels by simply controlling or manipulating the 

particle diameter. The colour of QDs therefore varies with size, with larger QDs (5-6 nm) 

usually appearing red or orange and smaller QDs (2-3 nm) showing colours like blue or green.  
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Multiple exciton generation: When the energy of a 

photon absorbed by a QD is at least twice the 

bandgap energy, it can lead to the generation of one 

or more additional excitons instead of being wasted 

as heat. Conversion efficiency increases as the 

excess kinetic energy of the electrons and holes 

creates additional e--h+ pairs which can further be 

separated, transported and collected to yield higher 

photocurrents in the cell.21      Figure 1.5: Schematic of MEG. 

 

Sensitivity to diffused light: The above properties of bandgap tunability and MEG allow 

QDSCs to absorb visible light efficiently under diffuse conditions.  

 

 

1.4.3 Working Principle of a Quantum Dot Solar Cell 

 

 Figure 1.6: Schematic representation of the working of a Quantum Dot Solar Cell. 

  

S
U
N
L
I
G
H
T 

Photoanode             Electrolyte             Counter Electrode 
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Photoexcitation of the QD causes bandgap excitation and charge separation, generating 

electrons and holes. The hole remains in the valence band (VB) of the QD, while the 

photogenerated electron gets transferred to the CB of a large band-gap semiconductor such as 

TiO2. Ultrafast charge injection from excited QD into TiO2 is followed by quick scavenging of 

holes remaining in the VB by the redox couple in the electrolyte, in order to lengthen the 

lifetime of the charge carriers. The oxidized species is then reduced at the counter electrode to 

regenerate the redox couple, completing the cycle.22  

  Figure 1.7: Redox reactions involving the QDs and the S2-/Sn
2- polysulfide electrolyte. 

 

There is a possibility of charge recombination of electrons in the CB of both QDs and TiO2 at 

the electrolyte interface, and surface trap state defects which hinders the performance of QDSC. 

This may occur via four possible pathways as given in Fig. 1.7.23 

1. Internal charge recombination inside QD 

2. Excited electron recombination from QD to the oxidized species in electrolyte at   

QD/electrolyte interface 

3. Electrons in the TiO2 back transfer to QD at TiO2/QD interface,  

4. Direct electron loss from TiO2 nanoparticles to the electrolyte at TiO2/electrolyte 

interface 
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Figure 1.8: Schematic drawing of QD sensitized nanocrystalline TiO2 electrode showing (a) 

four major recombination paths and (b) recombination paths related to trap states in QDs. 

 

 

1.5 Solar cell efficiency and key parameters 

 

The IV curve of a solar cell is the superposition of the IV curve of the solar cell diode in the 

dark with the light-generated current. 

 Voc: The open circuit voltage of the solar cell is the maximum voltage that the solar cell 

will supply at zero net current, which is the difference between the redox potential of 

electrolyte and TiO2 conduction band. 

 Isc: The short-circuit current is the current through the solar cell when the voltage 

across the solar cell is zero.  

 FF: The Fill Factor is defined as the ratio of the maximum power from the solar cell 

to the product of Voc and Isc. It is the area of the largest rectangle which fits in the IV 

curve.  

    FF=  Pmax / (VocIsc) = (Vmax.Imax) / (Voc.Isc) 
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 PCE: Power Conversion Efficiency or efficiency of a solar cell is determined as the 

fraction of incident power which is converted to electricity, and defined as the ratio of 

energy output from the solar cell to input energy from the sun. 

 

PCE/ ɳ = Pmax / Pinc = (Voc.Isc.FF) / (Pinc) 

 

 IPCE: Incident Photon to Charge Carrier Efficiency or Quantum Efficiency (QE) 

measures the conversion efficiency of incident light into electrical energy as a function 

of the wavelength of light impingent on the cell. 

 

 IPCE% = [Isc(A) * 1240 * 100] / [P(W) * λ(nm)] 

   

 

 Figure 1.9: J-V and IPCE curves of a solar cell. 

 

 

1.6 Current status of Quantum Dot Sensitized Solar Cells 

 

Some of the common materials employed as semiconductor, QD, electrolyte and counter 

electrode in QDSCs are summarized in Table 1.4.24, 25 
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Table 1.4: Materials for Quantum Dot Solar Cells. 

 

The energy level of QDs employed in QDSCs should match that of wide bandgap 

semiconductor chosen. Among the quantum dots, Cd chalcogenide QDs are considered most 

suitable as they are more stable in QDSCs although they may degrade upon visible 

illumination.26 QDs may be classified into three major types: core-type, core-shell, and alloyed 

quantum dots.  

 Core-Type Quantum Dots: Uniform, single-component materials, such as zinc or 

cadmium chalcogenides. 

 

 Core-Shell Quantum Dots: Two-component materials where the external shell 

improves quantum yield by passivizing non-radiative recombination sites. In type-I 

QDs, the energy band gap of the shell material is larger than that of the core material 

so the electron-hole pair is confined within the core. In type-II QDs, the energy levels 

of the VB and the CB of core and shell cross each other so some of the electrons are 

separated from their holes. This is illustrated in Fig. 1.7. 

 

 

Figure 1.10: Type I and Type II Quantum Dots. 

Semiconductor Quantum Dots Electrolyte Counter Electrode 

TiO2, 

SnO2, ZnO, WO3, 

etc. 

CdS, 

CdSe, CdTe, PbS, PbSe, 

Bi2S3, InP, GaAs, CuInS2, 

etc. 

Polysulfide (S2-/Sn
2-), 

I- / I3
-, Fe3+ /Fe2+, 

Co2+ /Co3+ complexes, 

etc. 

Carbon fabric, 

Pt, Au, PEDOT, 

Graphite, RGO, 

Cu2S, MWCNT, 

etc. 
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 A CdSeTe/CdS Type I core/shell QDSC has been reported, wherein the CdS shell 

around the CdSeTe core QD decreases surface defect density, increases the 

stability of the core QD and suppresses charge recombination at the 

QD/TiO2/electrolyte interfaces, giving a cell with PCE of 9.48%, thus showing 

13% enhanced efficiency as compared with that of plain CdSeTe QDSCs.27  

 

 A CdTe/CdSe Type-II core/shell QD sensitizer based solar cell with an 

absorption range extending into the infrared region has been reported, with a 

record PCE of 6.67%, which showed increased electron injection and reduced 

charge-recombination as compared to QDSCs based on CdSe sensitizer alone.28 

 

 Alloyed Quantum Dots: Multicomponent materials with gradient composition regions 

determining the optical and electronic properties of the nanocrystal. 

 

 CdSe0.45Te0.55 alloyed QDs have been designed, which show high chemical 

stability and wider absorption range, extending into the near infrared (NIR) 

region, relative to the constituents CdSe and CdTe. The resulting alloyed QDs 

were found to exhibit a PCE of 6.48%.29  

 

 In spite of the focus on cadmium and lead chalcogenide based QDs, the toxicity of these 

materials are known to pose hazards to human health and environment. Significant 

efforts are therefore being directed at developing efficient ‘green’ QDSCs that do not 

employ Cd or Pb. An example of such a green QDSC is based on Type I core/shell 

CuInS2/ZnS QDs, which uses a broad light-harvesting range extending to NIR, 

reduces recombination and gives a PCE as high as 7.04%.30 

 

 PbS QDs have emerged as a particularly interesting semiconductor material for 

QDSCs. With a band gap of 0.41 eV 31, PbS has the potential to harvest photons over 

a wide absorption range, extending to NIR. Its band gap can be tuned by decreasing the 

size of the PbS nanoparticles to the quantum confinement region. Band gap tunability 

of PbS, in turn, helps in achieving two objectives: firstly, a better match with the 

optimum absorption band gap is possible and secondly, it allows correct band alignment 

for the injection of photogenerated electrons into the TiO2 conduction band.32  
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With a band gap in the NIR region, PbS QDSCs are expected to show high 

photocurrents, Jsc, larger than 20 mA/cm2
.  Photocurrent as high as 22.3 mA/cm2 have 

been reported in a recent study, where a QDSC based on PbS/CdS co-sensitized 

nanoporous TiO2 electrodes has demonstrated a PCE of 4.2%.33  

 

Besides photoanodes, choice of suitable counter electrode (CE) as well as electrolyte play 

crucial roles in improving the PCE of QDSCs.  

 An ideal CE should be a catalytically active material for the electrolyte redox couple 

and should be compatible with the electrolyte medium. For example, a CE based on a 

Cu2S film on FTO substrate, when employed in a CdSe QDSC, has been found to 

exhibit a PCE of 5.21% with excellent stability at a working state for 10 hours.34  

 

 The role of the electrolyte has been demonstrated by employing polysulfide electrolyte 

with polyethylene glycol (PEG, 15 wt%) additives, which suppress the charge 

recombination occurring at the TiO2/QDs/electrolyte interfaces, showing an increment 

in PCE from 5.80 % to 6.74% in CdSe based QDSCs.35 

 

Charge recombination at the TiO2/QD/electrolyte interface and transport of photogenerated 

electrons through the nanostructured photoanode network are the two main factors that tend to 

limit the photovoltaic performance of QDSCs. Strategies for enhancing the power conversion 

efficiency of QDSCs are therefore aimed at: 

 Suppressing the charge recombination, either by passivation of the recombination sites, 

or by metal doping, and 

 Designing electrodes with a higher degree of order, in order to improve the electron 

transfer rates. 

Recombination control by passivation 

 The passivation approach has been used to reduce interfacial recombination processes 

in QDSCs by treating the QD-sensitized photoanode with a sequential ZnS/SiO2 

double layer. These inorganic overcoating layers act as barriers, inhibiting back 

recombination at the oxide surface, and increasing cell stability (such as by protecting 

QDs from corrosion due to electrolyte). By adopting this approach, CdSexTe1−x QDSCs 

were found to exhibit a certified record efficiency of 8.21%.36
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 In a further modification of this approach, introduction of an amorphous TiO2 (am-

TiO2) buffer layer at the interface between the QD sensitized photoanode and the 

ZnS/SiO2 barrier layer, via a classical TiCl4 hydrolysis treatment, has been found to 

boost the effectiveness of the double layer barrier by remarkably reducing the charge 

recombination at the photoanode/electrolyte interface.  A CdSe0.65Te0.35 based QDSC 

constructed by employing this strategy gave a PCE of 9.28%.37 

  

Figure 1.11: Schematic illustration of the mechanism with (a) ZnS/SiO2 double barrier and 

(b) am-TiO2/ZnS/SiO2 coating inhibiting the charge recombination processes. 

 

Recombination control by metal doping 

 

 Employing an optically active transition metal ion such as Mn2+ creates electronic 

states in the midgap region of the QD, and can also help modify the charge separation 

and recombination dynamics in QDSCs. The d-d transition in the dopant Mn2+ is both 

spin and orbitally forbidden and consequently, the lifetime is considerably lengthened 

to the order of a few microseconds to milliseconds. These long-lived photogenerated 

charge carriers have been utilized to reduce recombination and thereby improve the 

efficiency of QDSCs, wherein a cell based on Mn-doped-CdS/CdSe was reported to 

deliver PCE of 5.4%.38  
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Figure 1.12: Schematic diagram illustrating the electron transfer (ket) from Mn-doped 

CdS into TiO2 nanoparticles with kr and kr' representing charge recombination. 

 

 

 In a modified approach, TiO2 sensitized with Mn doped CdSe0.65Te0.35 QDs was 

passivated by Mn-doped ZnS/SiO2 passivating layer. The TiO2/Mn:QD/Mn:ZnS/SiO2 

system thus constructed showed excellent photovoltaic performance, with the 

champion cell exhibiting a high PCE of 9.4%.39 

 

 PbS/Mn-CdS QDs fabricated on the surface of TiO2 have given a photoanode with 

faster charge transport, more efficient charge separation, resistance to recombination, 

and excellent stability. PbS QDs with band gap in NIR have better light-harvesting 

ability and allow more and more photogenerated charge carriers to accumulate in the 

conduction band of TiO2, while the Mn dopant creates new energy states, delaying the 

exciton recombination time and thus ensuring charge separation. The cell thus 

constructed by employing these two approaches gave a PCE of 3.55%.40  

 

Improving charge transfer 

TiO2 receives the injected electrons from photoexcited QDs and provides the conductive 

pathway from the site of electron injection to the FTO substrate. Therefore, facilitating charge 

transport by controlling the morphology of TiO2, including surface orientation, plays an 

important role in improving the photoconversion efficiency.41, 42 TiO2 electrodes with a higher 

degree of order may play a vital role in this respect by directing charge separation and electron 

mobility. 
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 It has been suggested that TiO2 nanotube electrodes and TiO2 inverse opal electrodes 

will pave the way for considerable enhancement in photovoltaic efficiency of QDSCs.43 

Nanotube arrays with their one-dimensional tubular structure, size confinement in the 

radial direction and high surface area-to-volume ratio, prove to be superior 

nanostructures for separating and directing electrons to the surface of the collecting 

electrode. Directionality in the system promotes faster electron transport as the travel 

time in the TiO2 electrode is considerably decreased.44 Inverse opal TiO2 electrodes 

have large interlinked pores, allowing increased permeation of quantum dots within the 

TiO2 layer, as well as better penetration of the redox couples. TiO2 nanotube solar 

cells sensitized with CdSe QDs gave an efficiency of 1.8%, while TiO2 inverse opal 

solar cells with the same sensitizer gave an efficiency of 3.1%.43  

 

 Vertically aligned anatase TiO2 nanowire arrays with smooth and branched 

architectures, cosensitized with CdS/CdSe, were developed as efficient photoanodes 

for QDSCs. The cell based on branched TiO2 nanowires showed a high PCE of 4.20%, 

which is 30% greater than that shown by its smooth counterpart. The enhanced 

photovoltaic performance of the hierarchical TiO2 nanowire has been attributed to the 

long electron lifetime, effective electron injection and prominent charge collection 

efficiency, which are consequences of the branched nanowire architecture.45  

 

 Another novel photoanode that has been designed is based on vertically aligned 

hierarchical TiO2 nanowire/ZnO nanosheet hybrid arrays. ZnO is a good 

alternative to TiO2 since it has similar band gap (~3.2 eV) and physical properties, and 

also demonstrates faster electron mobility than TiO2. On cosensitization with 

CdS/CdSe and utilization of Cu2S counter electrode, this photoanode gave a PCE of 

4.57%, which may be attributed to the larger surface area, and increased light 

harvesting efficiency of the TiO2/ZnO heterostructures.46 
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Figure 1.13: Schematic illustration of vertically aligned (a) TiO2 nanowires with  smooth 

and branched architectures and (b) TiO2 nanowire/ZnO nanosheet hybrid arrays. 

 

In this work, we have studied four different TiO2 morphologies with different dimensionalities 

as possible TiO2 substrates for Quantum Dot Sensitized Solar Cells. Structures closely 

resembling zero dimensional TiO2 nanoparticles, one-dimensional TiO2 nanowires, two-

dimensional TiO2 nanosheets and three-dimensional TiO2 nanospheres have been synthesized, 

and both structural as well as optical characterizations performed. The photovoltaic 

performance of cells constructed with the CdS-sensitized TiO2 morphologies as photoanodes 

were compared in order to analyse the effect of ordered assemblies and directional electron 

transport on the power conversion efficiency. 
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2. Experimental Section 

 

2.1 CHEMICALS 
 

Fluorine doped tin oxide (FTO) glass with sheet resistance 25 Ω cm-2 was purchased from 

Pilkington and cleaned sequentially in soap solution, 10% HCl solution, 10% NaOH solution, 

distilled water and acetone/ethanol (v/v 1:1). Degussa TiO2 P25 (with 50±15 m2g-1 surface area) 

was from Evonik; titanium chloride (TiCl4), Triton X-100, cadmium acetate [Cd(CH3COO)2], 

sodium sulfide (Na2S), sodium hydroxide (NaOH, 99%), hydrochloric acid, ammonia, 

acetonitrile, methanol and ethanol were purchased from Merck; acetyl acetone, anatase TiO2 

powder, titanium (IV) isopropoxide (TIP, 97%), was acquired from Sigma Aldrich; tetra n-

propyl ammonium hydroxide (TPAOH, 40%) and tetraethylorthosilicate (TEOS, 98%) were 

bought from Alfa Aesar. Carbon fabric was procured from Alibaba Pvt. Ltd. Ultra-pure water 

with a resistivity of ~18.2 MΩ cm was obtained through Millipore Direct-Q3 UV system.  

 

 

2.2 SYNTHESIS OF TiO2 MORPHOLOGIES 

 

2.2.1 Synthesis of TiO2 Nanowires47 

 

TiO2 nanowires were synthesized by hydrothermal method. 1 g of anatase TiO2 was placed in 

a Teflon-lined autoclave of 50 mL capacity, which was filled with 40 mL of 10 M NaOH. The 

autoclave was then sealed in a stainless steel tank and heated at 160 ºC for 24 hours without 

any disturbance. After the autoclave cooled to room temperature, the sample was washed 

several times, first with dilute HCl aqueous solution and absolute ethanol, followed by DI 

water. It was then centrifuged at 5000 rpm for 3 minutes. The sample was dried at 60 ºC 

overnight. White, soft fibrous powder was obtained as the final product.  
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2.2.2 Synthesis of TiO2 Nanosheets48 

 

Hydrothermal method was employed for the synthesis of TiO2 nanosheets. 0.1 g of anatase 

TiO2 powder and 8 g of tetra n-propyl ammonium hydroxide (TPAOH) were added to 10 mL 

of 10 M NaOH aqueous solution under stirring. After 30 minutes, the mixture was transferred 

to a 100 mL Teflon container, sealed in a stainless autoclave and then treated in an air-flow 

electric oven at 130 ºC for 24 hours. After the autoclave cooled to room temperature, the 

precipitate was collected by centrifugation, and washed with water and ethanol. The sample 

was then dried in an 60 ºC oven. TiO2 nanosheets were obtained as the final product.  

 

 

2.2.3 Synthesis of TiO2 Nanospheres49 

 

A colloidal dispersion of Silica particles was first prepared by Stöber method. A mixture of 

ethanol (10 mL), DI water (~1 M, ~180 mL) and ammonia (~0.2 M, ~37.8 mL) was stirred for 

5 minutes, and tetraethylorthosilicate (TEOS, ~0.2 M, ~462 mL) was added to the resulting 

solution. The reaction was allowed to proceed for 24 hours. The colloidal solution formed was 

subjected to high-speed centrifugation to obtain silica particles, which were then washed with 

ethanol three times and dried in an oven at 100 ºC for 2 hours. The as-prepared SiO2 

nanoparticles were added to a solution of 3.6 mL of titanium (IV) isopropoxide (TIP), 18 mL 

of ethanol and 6 mL of acetonitrile. The reaction proceeded via a sol-gel coating process for 6 

hours at 4 °C. The resulting SiO2@TiO2 Core-Shell Nanoparticles (CSNPs) were isolated by 

centrifugation, washed with ethanol and DI water. This was followed by calcination at 600 ºC 

for 6 hours, and redispersion in 20 mL of DI water. Chemical etching of the CSNPs was 

performed by adding an aqueous solution of NaOH (2.5 M, 3.5 mL) to the redispersed solution, 

and stirring for 6 hours. The TiO2 HNPs thus formed were separated by centrifugation at 10000 

rpm, and washed with ethanol and DI water. TiO2 hollow nanospheres were obtained as the 

final product. 
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2.3 PREPARATION OF PHOTOANODES 

 

 

Figure 2.3.1: Schematic representation for preparation of TiO2/CdS photoanode. 

 

 

2.3.1 Photoanode Preparation for TiO2 P25 50 

 

A TiO2 paste made of TiO2 powder (0.3 g) dispersed uniformly in a clear solution of 

acetylacetone (1.5 mL), ultrapure water (8.5 mL) and Triton X-100 (20 mg) was applied over 

cleaned FTO-coated conducting glass plates by screen-printing technique. The as-fabricated 

TiO2 plates were heated at 60 °C for 30 min, and then annealed at 500 °C for another 30 min. 

Another layer of TiO2 was applied using steps detailed above, followed by heating and 

annealing as performed for the active layer. The TiO2-coated FTO substrate was then immersed 

in an aqueous TiCl4 (40 mM) solution for 30 min at 70 °C, and the resulting TiO2 film was 

washed in distilled water, followed by annealing at 500 °C for 30 min.   

CdS QDs were deposited over the TiO2 film by a successive ionic layer adsorption and reaction 

(SILAR) process. 0.1 M cadmium acetate and 0.1 M sodium sulfide, taken in two separate 

beakers, were dissolved in methanol, to be used as the cadmium and sulfide precursors, 

respectively. The TiO2 films were initially immersed in the cadmium precursor for 2 min, 

rinsed in methanol to remove excess ions, and then dried in a hot air oven at 60 °C.  
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The same films were then immersed in the sulfide precursor solution for 2 min followed by 

rinsing in methanol. This constitutes one SILAR cycle. Six more SILAR cycles were 

performed, and the resulting film was labelled as a TiO2/CdS film. 

 

2.3.2 Preparation of photoanode for different TiO2 morphologies 

 

The active area on the FTO-coated conducting glass plate was wiped with ethanol. The TiO2 

sample was then made into a paste in a mortar and pestle by adding required amounts of 

acetylacetone and Triton X-100. The as-prepared paste was then applied as a single layer on 

the active area of the FTO plate. CdS QDs were deposited by 6 cycles of SILAR, as described 

in Section 2.3.1.  

 

 

Figure 2.3.2: Schematic representation of different TiO2 morphologies on FTO. 

 

 

2.4 ELECTROLYTE AND COUNTER 

 

A clear 0.1 M Na2S solution in ultrapure water and methanol (mixed in a 3:7 v/v ratio) was 

used as the polysulfide electrolyte and carbon fabric (sheet resistance ~10 Ω cm−2) as the 

counter electrode.   

    

   

        Figure 2.4: Photograph of carbon fabric pasted on glass.  
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3. Result and Discussion 

 

3.1 SEM ANALYSIS 

The TiO2 surface morphologies were analysed using Field Emission Scanning Electron 

Microscopy (FE-SEM, Carl Zeiss AG Supra 40). From the SEM images in Fig. 3.1 (a-d), the 

different morphologies of TiO2 have been confirmed. TiO2 Nanoparticles (NP) (3.1a) are seen 

to have a particulate morphology. They appear as interconnected particles separated by pores, 

with an average pore size in the range 60-120 nm. TiO2 Nanowires (NW) (3.1b) do not appear 

as discrete wires but largely in the form of interconnected wires overlapping with each other 

and forming a mesh-like network. However, in some regions distinct wire like shapes are 

observed, which are shown in the corresponding inset. TiO2 Nanosheets (NSh) (3.1c) are 

observed as flaky layers. TiO2 Nanospheres (NSp) (3.1d) appear as interlinked quasi-spherical 

structures with pores seen on the surface. The porous TiO2 morphologies allow for facile 

accommodation of CdS quantum dots.    

  

Figure 3.1: SEM Image of (a) TiO2 NP, (b) TiO2 NW, (c) TiO2 NSh and (d) TiO2 

 NSp. Insets show the corresponding enlarged view of the different morphologies. 
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3.2 XRD ANALYSIS 

Powder X-ray diffraction measurements were performed using Panalytical X’Pert PRO 

(reflection : geometry) with Cu Kα (λ=1.5406 Å) radiation, over a 2 range of 10 to 100°. 

The three major peaks observed for all the morphologies, including TiO2 P25, correspond to 

the (101), (110) and (200) planes of the body centred tetragonal structure of TiO2 and confirm 

the anatase structure for TiO2 (PDF#894203). The broadening of the peaks in the synthesized 

TiO2 morphologies (NW, NSh, and NSp) compared to TiO2 P25 indicate defects and a lower 

degree of crystallinity in the three samples. 

                               

 Figure 3.2: X-Ray Diffraction patterns of the different TiO2 morphologies. 
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The commercially available TiO2 P25 as well as the three synthesized TiO2 morphologies 

show peaks at similar 2 values, with corresponding interplanar distances (d-spacing) and 

lattice planes (hkl indices) as mentioned in Table 3.1 

2 h k l d (Å) 

25.340 1 0 1 3.517 

33.454 1 1 0 2.676 

48.037 2 0 0 1.892 

 

Table 3.1: Major peaks with their corresponding hkl and d-spacing values. 

 

 

3.3 BET AND BJH ANALYSIS 

Brunauer–Emmett–Teller (BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore 

size and volume analysis were performed using Micromeritics ASAP 2020 Quantachrome 

instrument under Nitrogen at 77.3 K, after degassing at 300 °C for 3 hours. Fig. 3.3 shows the 

BET analysis plots, and from the analysis it is deduced that TiO2 NSh have the highest surface 

area, followed by TiO2 NSp, TiO2 P25 and TiO2 NW. The data for surface area, pore volume 

and pore size of the TiO2 morphologies are listed in Table 3.2. CdS QDs are incorporated 

within these morphologies, depending on the size and volume of the pores, and the effective 

available surface area of TiO2. 

 

Morphology Surface area (m
2
/g) Pore Volume (cc/g) Average pore size (Å) 

TiO
2
 P25 64.304 0.198 61.786 

TiO
2 
NW 61.82 0.227 73.447 

TiO
2
 NSp 102.359 0.3107 60.706 

TiO
2
 NSh 111.968 0.42 75.04 

 

Table 3.2: BET and BJH analysis data for different TiO2 morphologies. 
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 Figure 3.3: BET analysis plots of different TiO2 morphologies. 

 

 

3.4 FLUORESCENCE SPECTRAL ANALYSIS 

 

Fluorescence spectra of the different TiO2 morphologies with CdS QDs were measured on a 

Horiba Fluoromax-4 fluorescence spectrometer with a filter of 515 nm, as shown in Fig 3.4. 

From the plot, the intensity of emission of CdS alone was seen to be maximum, followed by 

TiO2 NSh/CdS, TiO2 NSp/CdS, TiO2 NW/CdS, and was found to be the least for TiO2 

P25/CdS. This indicates that excited electron transfer from the CB of CdS to the CB of TiO2 is 

fastest in case of TiO2 P25, causing significant quenching in the emission of CdS. Lifetime 

studies, discussed subsequently, further substantiate the emission decrement. The photoexcited 

electron can follow either of two pathways: it can either get injected into the CB of TiO2, 

resulting in a drop in emission, or it can undergo recombination at the band edge or trap states. 

The quenched luminescence in the former case is suggestive of maximum charge transfer, 

delivering high photocurrents upon illumination. 
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Figure 3.4: Fluorescence spectra of the different TiO2 morphologies with CdS QDs, and 

pristine CdS QDs. 

 

3.5 EMISSION DECAY ANALYSIS 

Time-correlated single photon counting (TCSPC) method was used for determining emission 

lifetimes with a Horiba Jobin Yvon data station HUB functioning in the TCSPC mode. A nano 

LED diode emitting pulses at 370 nm was employed as an excitation source, and the emissions 

were monitored at a wavelength of 530 nm. The data were fitted to biexponential curves on the 

basis of χ2 values, and the fitted parameters are listed in Table 3.3. 

 The average life time can be determined by using the equation: 

⟨τ⟩ = Σi Biτi
2 /Σi Biτi  , 

where τi and Bi are decay time constants and amplitudes, respectively, of the individual decay 

components.  
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The emission decay lifetime is seen to follow the same order as fluorescence emission, with 

CdS alone having the longest average lifetime, showing slow decay, and TiO2 P25/CdS having 

the shortest lifetime, showing fast decay. This is suggestive of a more efficient charge transfer 

from CdS to TiO2 in case of TiO2 P25, as opposed to recombination, with the charge carriers 

being rapidly transported to the current collector. For films with CdS QDs anchored to the 

different TiO2 morphologies, the lifetimes are comparable, indicating that the nanosized TiO2, 

irrespective of the shape, have comparable energy level offsets. 

Figure 3.5: Emission decay for the different TiO2 morphologies with CdS QDs and for 

pristine CdS QDs. 

 

Table 3.3: Kinetic parameters of emission decay analysis deduced from biexponential fits. 

Sample B
1
 τ

1 
(ns) B

2
 τ

2 
(ns) <τ> (ns) χ

2
  

TiO2 P25/CdS 19.64 0.00354 80.36 0.553 0.552 1.046535 

TiO2 NW/CdS 20.45 0.0379 79.55 1.14 1.135 0.975008 

TiO2 NSp/CdS 99.38 0.00623 0.62 1.78 1.145 0.954900 

TiO2 NSh/CdS 97.82 0.00615 2.18 1.41 1.182 1.139637 

CdS 19.46 0.00944 80.54 4.77 4.770 1.043104 
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3.6 ABSORPTION SPECTRAL ANALYSIS 

 

Optical density analysis was performed in absorbance mode in quartz cuvettes on a UV−VIS-

NIR spectrophotometer (Shimadzu UV-3600). CdS QDs alone shows a broad absorption peak 

at ~400-500 nm, and TiO2 P25 with CdS also shows an intense peak in the visible range, from 

which the band gap of both were deduced. However, TiO2 NW, NSh and NSp were seen to 

absorb over a wide range of wavelengths in the visible region and consequently, their band 

gaps could not be inferred directly. Therefore, Tauc plots were used to determine the band gaps 

of the above morphologies by extrapolation to the abscissa.  
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 Figure 3.6: Absorption spectra of (a) CdS, (b) TiO2 P25; (c) TiO2 NW; (e) TiO2 NSh; 

(g) TiO2 NSp; Tauc plots for (d) TiO2 NW; (f) TiO2 NSh; (h) TiO2 NSp. 

 

 

 Table 3.4: Wavelength, change in optical density (ΔOD) and band gap data for 

 different TiO2 morphologies and CdS from absorption spectra and Tauc plots. 

 

 

 

Sample Wavelength (nm) ΔOD= OD(TiO
2
/CdS)-OD(TiO

2
) Band Gap /eV 

TiO
2
 P25 400 101.4  3.1 

TiO
2
 NW 330-500(broad) 166.4 2.83 

TiO
2
 NSp 350-600(broad) 539.5 2.5 

TiO
2
 NSh 350-500(broad) 159.2 2.39 

CdS 580  2.14 
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3.7 CYCLIC VOLTAMMETRY 

 

Cyclic voltammograms of each different TiO2 morphology as well as CdS deposited over FTO 

substrates were recorded in a three electrode cell, with Pt as counter electrode and 

Ag/AgCl/KCl as reference electrode in an aqueous 0.1 M KCl electrolyte solution, on an 

Autolab PGSTAT 302N equipped with a NOVA 1.9 software at a scan rate of 20 mV s-1. In 

each case, a reduction peak was observed in the cathodic sweep, which can be equated to the 

CB or the Lowest Unoccupied Molecular Orbital (LUMO) position of the sample. This is 

illustrated in Fig. 3.7.1 and 3.7.2. The electrode potential of the reference is +0.197 V, which 

is added to the Ered vs. Ag/AgCl/KCl to obtain the Ered vs. NHE (normal hydrogen electrode) 

of the respective working electrodes. The Ered vs. NHE in volts was subtracted from -4.5 eV (≡ 

0 V versus NHE) in order to convert this value to eV. This data are summarized in Table 3.5. 

   

  Figure 3.7.1: Cyclic Voltammograms of the different TiO2 morphologies.   
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Figure 3.7.2: Cyclic Voltammograms of CdS. 

  

  

 

 

 

 

 

 

Table 3.5: Data obtained from Cyclic Voltammograms of different  

TiO2 morphologies and CdS. 

 

 

3.8 IMPEDANCE STUDIES  

Impedance measurements were performed on Autolab PGSTAT 302N. The Nyquist plots were 

generated over a frequency range of 1 MHz to 0.01 Hz, with amplitude 10 mV at zero potential 

under dark, as seen in Fig 3.8.1. TiO2 NSh are seen to have the highest impedance over a range 

of frequencies, indicating high ohmic resistance. The nanospheres offer the least resistance to 

charge transfer and transport, followed by the nanowires and TiO2 P25. 

Fig. 3.8.2 shows the Bode Phase plot under dark conditions from which the recombination time 

τ was calculated with the high frequency value. TiO2 P25 showed the longest recombination 

time, indicating efficient charge transfer. The recombination times for the other morphologies 

are listed in Table 3.5. 

Sample Reduction Peak (Ered)  / V Ered (versus NHE) / eV 

TiO2 P25 -0.68 -4.016 

TiO2 NW -0.416 -4.281 

TiO2 NSp -0.446 -4.251 

TiO2 NSh -0.483 -4.214 

CdS -1.53 -3.167 

CdS 
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Figure 3.8.1: Nyquist plots for cells with different TiO2 morphologies;  

 Inset: enlarged view of the high frequency region. 

  Figure 3.8.2: Bode Phase Plot for different TiO2 morphologies. 

 

 

 

 

  Table 3.6: Recombination times for different TiO2 morphologies. 

Morphology f τ
 
(s) 

TiO
2
 P25/CdS 5.825 0.0273 

TiO
2
 NW/CdS 26.595 0.00598 

TiO
2
 NSp/CdS 18.307 0.00869 

TiO
2
 NSh/CdS 27.191 0.00585 
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3.9 ENERGY BAND DIAGRAM 

The energy band diagram for different morphologies of TiO2/CdS showing all possible electron 

transfer modes on illumination, is illustrated in Fig. 3.8. The positions of VBs and CBs of the 

different components used in the diagram were determined from cyclic voltammograms and 

absorption spectra. Additional levels of TiO2 between the CB of CdS and work function of 

FTO electronically favour the injection of the photoexcited electron, as shown in the diagram.   

 

Figure 3.9: Energy band diagram of TiO2/CdS corresponding to the different morphologies. 
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3.10 SOLAR CELL CHARACTERIZATION 

 

Solar cell parameters of cells for the different morphologies were measured by considering 

standard deviation using 0.1 M Na2S electrolyte, under 1 sun illumination (AM 1.5G, 100 mW 

cm-2) with the listed TiO2/CdS photoanode and carbon fabric as the counter electrode. The best 

value of efficiency corresponding to the various TiO2 morphologies decreases in the order TiO2 

P25 > TiO2 NW > TiO2 NSp > TiO2 NSh. Jsc and Voc of  all the four cells are comparable but 

lower shunt resistance of the TiO2 NSh/CdS cell reduces its fill factor making it least proficient. 

 

Table 3.7: Solar cell parameters for the different TiO2 morphologies with CdS. 

 

 Figure 3.10: J-V curves for different TiO2 morphologies with CdS. 

Sample Area (cm
2
) Jsc (mA cm

2
) Voc  (mV) FF ɳ best (%) ɳ average (%) 

TiO2 P25/CdS 0.0492 11.5433 -0.9021 44.85648 4.671 4.363 

TiO2 NW/CdS 0.455 9.6201 -0.88745 43.5732 3.720 3.267 

TiO2 NSp/CdS 0.0341 8.8152 -0.89722 46.70526 3.694 3.279 

TiO2 NSh/CdS 0.0527 9.4327 -0.86304 36.67945 2.986 2.570 
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4. Conclusion 

 

TiO2 nanoparticles, TiO2 nanowires, TiO2 nanosheets and TiO2 nanospheres were studied as 

suitable TiO2 substrates with CdS sensitizer for Quantum Dot Sensitized Solar Cells, with a 

view to developing ordered assemblies for directing charge transport and increasing electron 

mobility. Under one sun illumination, the FTO/photoanode/electrolyte assembly with carbon 

fabric as counter electrode was found to be most efficient for TiO2 nanoparticles (~4.67%), 

followed by TiO2 nanowires (~3.72%), TiO2 nanospheres (~3.69%) and TiO2 nanosheets 

(~2.99%). The shortest lifetime and wide energy band gap obtained from spectral analyses 

further testify to the highest efficiency of TiO2 P25, while high impedance of TiO2 NSh, leading 

to low photocurrent, is responsible for their least efficiency. TiO2 NW and NSp show 

competing values for the various characterizations. While TiO2 NW promote directional 

electron transport, the high porosity of TiO2 NSp promotes high quantum dot loading, giving 

both morphologies similar boost in photovoltaic performance, resulting in similar trends in 

power conversion efficiency.  
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