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ABSTRACT 

One dimensional structures particularly TiO2 nanotubes (TiNTs) are extraordinary 

materials for dye-sensitized solar cell (DSSC) devices. The objective of present research 

work is to fabricate the highly ordered anatase TiO2 nanotubular arrays and their hybrid 

structures for developing the efficient device. In the first part, this work represents an 

attempt to optimize the parameters necessary for self-organization and ordering of tubes. 

In the second part of this thesis, combined structure of anodic TiO2 nanotubes, TiO2 

nanoparticles (TiNTs-TiNPs) and TiO2 nanotubes combined with Ag nanoparticles 

(TiNTs-AgNPs) have been synthesized. These ordered and porous structures led to the 

improved performance of DSSCs. 

The nanotubes are prepared by a two-step anodization carried out in an aqueous 

electrolyte containing ethylene glycol and ammonium fluoride at a range of anodization 

voltages of 30-60 V. It was observed that TiO2 nanotubes self-branched during 

anodization of Ti metal carried out at a fixed applied potential. Considering different 

applied voltages, the TiO2 nanotubes prepared at 50V are comparatively more uniform 

and tend to grow straighter, whereas, numerous turns and pore branching are observed at 

other applied voltages. In this way, the best order in the tube arrays is found at 

anodization voltage of 50 V shown by the quantitative analysis as well. In addition, the 

nanotubes prepared by second-step anodization have shown higher crystallinity and with 

anatase as the major crystalline phase. TiNTs prepared at 50V are further investigated to 

study the influence of temperature on their morphology. An investigation by the SEM 

images reveals that if the temperature is kept constant during the anodizing experiment, 

variation in the average tube diameter is significantly reduced. Degree of pore 

arrangement, pore size and oxide thickness increased with the increase in temperature as 

observed at a range of electrolyte temperatures fixed between 5 to 40 ºC. However, if 

the temperature is not controlled during the anodization experiment, then due to the 

exothermic nature of the reactions to the formation of TiNTs, the temperature of 

electrolyte keeps on increasing. This work highlights the importance of fixed processing 

temperature during the anodization experiments in order to develop an ordered array of 

nanotubes with a uniform tube diameter. 
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For the fabrication of TiNTs-TiNPs, a facile combination of hydrothermal and chemical 

vapor deposition methods was utilized. Ordered TiNTs fabricated at 50V were subjected 

to the hydrothermally produced gaseous environment in an autoclave with diluted TiCl4 

solution at its bottom. Vapors of TiCl4 were allowed to react chemically with water 

vapors for predefined time durations at 180 ºC that resulted in the deposition of TiO2 

nanoparticles on tubes’ surface and side walls. Scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) confirmed that for one hour reaction 

duration, nanoparticles were evenly coated on the walls of nanotubes, whereas, longer 

durations tend to deteriorate the tubular structure. Consequently,  the ordered TiNTs-

TiNPs array produced after one hour coating has shown better performance for dye-

sensitized solar cell DSSC) in back illumination mode with 130 % increase in efficiency 

as compared to the device based on bare TiO2 nanotubes. The same photoanode has 

higher reflective properties with higher scattering ability. The solar cell based on 

photoanode prepared by 1 hour hydrothermal chemical vapor deposition treatment 

exhibits higher external quantum efficiency and effective charge transport properties.  

The combined structure of TiNTs and Ag nanoparticles were produced by 

depositing ApNPs onto the anodically produced TiNTs by pulse electrodeposition 

method. It was observed by scanning electron microscopy and energy dispersive X-ray 

analysis that size, distribution and concentration of AgNPs varies with applied current 

density. We have compared geometrical features and agglomeration of AgNPs by 

loading these particles on TiNTs array with nanograss, a disordered morphology, present 

at the tube top. SEM results reveal that AgNPs agglomerate in the form of nano-trees, 

nano-spheres and nano-cubes. It seems that disordered morphology at top surface of 

nanotubes favors the formation of clusters of AgNPs with novel shapes. The hybrid 

structures of TiNTs-AgNPs were subsequently employed as photoanode for DSSCs 

under one sun illumination in back illumination mode. The results of solar cells testing 

suggest that the ordered and open 1D TiNTs combined with uniform dispersion of 

AgNPs of size 20 nm show significantly increased photocurrent and conversion 

efficiency in DSSCs due to the combined effect of effective electron transport and 

enhanced plasmonic effect caused by AgNPs. 
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V and decorated with Ag nanoparticles by PED at 10 mA / cm2 pulse current for 25 

cycles with 1s/ 3s as on-off time, (b) cross-sectional SEM view of tubular array clearly 

showing the presence of Ag nanoparticles (c) EDS spectra of TiNTs decorated with Ag 

nanoparticles                                                                                                                  100 

Figure 6-8 SEM images showing the morphology of AgNPs on the surface of TiNTs 101 
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  Chapter. 1

             Overview 

1.1 Introduction 

Current energy requirement of the world has been increasing day by day whereas 

present useable energy sources are decreasing at much higher rate. Oil, coal, natural gas 

and fossil fuels are presently in use to fulfill energy requirement. On one side they are 

decreasing and on the other side they are the source of environmental pollution such as 

CO2 emission, water and air pollution, ozone depletion etc. It is expected that coal will 

be the main source of energy by 2035 but if we keep on relying on such sources then 

ozone layer will be damaged [1-6]. Extensive research is continued in search of 

environmental friendly sources of renewable energy. One of the most important 

renewable energy sources is the Solar Energy. Our sun provides 20,000 tera watt which 

is approximately 6000 times the present energy demand. It is expected that photovoltaic 

cells will be the major contributor for world energy demand. [8-9]  

Photovoltaic cells are based on the phenomena of photoelectric effect [10]. Photons of 

electromagnetic radiations fall on the materials and by photoelectric effect produce 

conduction electron. Primary design parameters are current I and voltage V. With 

increasing band gap, current decreases but voltage increases. Together two determines 

the optimum value of band gap. Semiconductors, e.g., Si [11], Ge [12], GaAs,[13] etc., 

that can capture visible region photons effectively show efficiency close to theoretical 

value and therefore, solid-state junction devices based on them dominate this field to 

date. To capture more and more solar energy beyond visible region of electromagnetic 

spectrum, efforts are continued from first generation solar cells via thin film technology 

to third generation solar cells. Two main competitors are efficiency and cost. It is 

estimated that the third generation solar cells, e.g., quantum dots solar cells, organic 

solar cells, dye-sensitized solar cells, nano-phtovoltaic cells, quantum well solar cells, 

will enhance the efficiency at much lower cost.[14-16]  

Among these dye-sensitized solar cells (DSSCs) are easy to fabricate, more stable (> 20 

year out door), semi flexible, semi-transparent and based on photoelectrical phenomena 
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and nontoxic materials [1, 16-18]. They have been considered as a promising competitor 

to the well-developed, but relatively expensive, silicon solar cells. However, the 

efficiency has been reached close to 13% only by solid state DSSC as announced by 

Gratzel recently [20], still more research work is required to reach the efficiency of 

existing technologies.   

Dye sensitized solar cells (DSSCs) are based on three main parts: nano-crystalline 

mesoporous semiconductor oxide layer on transparent conducting oxide (TCO), dye 

sensitizer and electrolyte. Dye molecules capture the photons and exited to an energy 

level slightly above the conduction band edge of the semiconductor oxide. The 

photoelectron by the dye molecule injected into the conduction band of semiconductor 

oxide and diffusing through the oxide layer reaches the TCO. The dye molecule fills its 

vacancy by taking electron from the electrolyte. The oxidation and reduction reactions 

of electrolyte will be completed by the electron passing from the circuit and reaches to 

the electrical contact of electrolyte  

In order to enhance the efficiency of DSSCs, one important direction of work is the 

development of the structure of nano-crystalline photoelectrode. The first version of 

DSSC was reported by Miecheal Gratzel and O’ Regan in 1991 [21], well-known as the 

Gratezel cell. The photoanode of this cell was constructed by titania nano particles. 

Later on, the nanoparticles of different oxides such as ZnO, SnO2, In2O3, Nb2O5, WO3, 

Bi2O3, Zn2SnO4, BaSnO3, and SrTiO3 have been tested as photoanodes [22-28]. 

However, titanium oxide TiO2 has given the best performance to date [20].  

Since, electrons, passing through the TiO2 nanocrystalline film produced by 

nanoparticles, trap at the grain boundaries and irregular pores structure result in low 

electron diffusion. Therefore, one-dimensional nano-structure of TiO2 such as nanorods, 

nano wires, nanotubes etc. have been proved to be very attractive for DSSCs since they 

provide efficient charge transport to the conductive substrate and reduce the possibility 

of charge recombination [29-30]. However the surface area is many times smaller than 

the porous layer produced by nanoparticles, therefore, research is now in the direction of 

producing photoanode materials with one-dimensional structures combined with the 

nanoparticles of semiconductor oxides or noble metals [31-32]. Control growth of one 
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dimensional nanostructured arrays with simple and novel routes yielding good electron 

transport and high surface area for dye absorption is a big challenge. 

 

1.2 Aim of work 

Titanium oxide (TiO2) is a famous, versatile and extensively studied compound in 

materials science. Owing to its unique properties, it has been used in many applications 

such as bio-sensors, gas sensors, photo-catalysis, biomedical devices, photo degradation 

and photovoltaic devices [30, 33-38]. Over the last few years, many researchers have 

focused their research on the processing and production of nanostructured titanium 

oxide such as nanopowders, nanowires, nanorods, nanotubes by different methods [29-

30]. With the first report in 1991 [39], presenting the formation TiO2 nanotubes (TiNTs) 

by electrochemical anodization, intense research activities has been simulated to grow 

highly ordered array of anodic TiNTs. Efforts are continued to understand the growth, 

morphological evolution, self-organization and crystal structure of TiNTs and their 

dependence on different processing parameters. Among many other applications, 

anodically fabricated TiNTs have proved to be the ideal architecture other than TiO2 

nanoparticles for efficient dye-sensitized solar cells [29]. The present work is designed 

to study the morphological evolution for growth of ordered nanotubes by 

electrochemical anodization method and to design the new method for the fabrication of 

1D TiO2 nanostructures to be utilized as photoanode in DSSCs.  

Present dissertation is divided in two parts. Since, one of the key parameters required for 

improved efficiency of DSSCs is the geometry of tubes and highly ordered tubular oxide 

gives better performance of devices. In the first part, two crucial parameters voltage and 

temperature are considered to optimize the conditions for the fabrication of highly 

ordered and highly crystalline arrays. The fabricated nano-structures were thoroughly 

analyzed by Scanning Electron Microscopy and X-Ray diffraction. This part presents 

the study of these structures which is expected to improve the understanding related with 

the growth kinetics, ordering and crystal structure of nanotubes in literature.  

Other than the crystal structure and geometry of nanotubes, the current conversion 

efficiency of DSSCs depends upon surface area of photoanode, dye loading capability 

and scattering of light. Therefore, in the second part of present work, a new approach to 
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fabricate hybrid one dimensional structures by incorporating TiO2 nanoparticle (TiNPs) 

with TiNTs is introduced and employed for DSSC devices. The morphology and 

structure of photoanode was analysed by FESEM, XRD and XPS. The devices based on 

such photoanodes were studied using IPCE, DRS and EIS spectroscopy. In the 

continuation of producing combined structures of TiNTs and nanoparticles, anodically 

produced TiNTs are loaded with Ag nanoparticles by pulse electrodeposition method. 

The effect of surface morphology of TiNTs on size, distribution and geometry of AgNPs 

is studied by scanning electron microscopy and EDX analysis, a factor which is rarely 

studied. XRD and XPS techniques are used to understand physical structure of 

nanoparticles. Devices based on these structures are also reported in this section.  

 

1.3 Thesis layout 

Chapter 1 covers the overview of thesis and presents the objectives of research work.  

Chapter 2 presents the literature review to give a general introduction of DSSCs, its 

working principal and parts with particular emphasis on photoanode material. A 

comprehensive overview about DSSCs based on TiNTs is focused.  

Chapter 3 discusses the self-branching phenomena of TiNTs fabricated by two-step 

anodization method and presents the conditions to obtain highly ordered array of 

nanotubes 

Chapter 4 reveals the importance of fixed anodization temperature for the fabrication of 

highly ordered nanotubes with uniform tube diameter 

Chapter 5 describes a facile combination of hydrothermal and chemical vapor 

deposition method to grow combined structures of TiNTs and TiNPs. The application of 

these combined structures in DSSCs is presented.   

Chapter 6 is about the synthesis of combined structure of TiNTs and Ag nanoparticles 

and their study for DSSCs. It gives brief ideas about the novel structures produced by 

AgNPs in nanostructure of TiNTs.   

In the end the conclusion of thesis followed by future recommendations is presented.  
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  Chapter. 2

Dye-Sensitized Solar Cells Based on TiO2 

Photoanodes (A Review) 

Dye-sensitized solar cells (DSSCs), leading the third generation of photovoltaic devices, 

are widely studied for the safe, cheap and reliable energy supply [1-2] Due to easy 

fabrication, cost effectiveness, bifacial configuration, various color options, flexibility 

and optimum efficiency, DSSCs are the promising alternatives to existing technologies. 

Conversion of solar energy into light energy by DSSCs was first introduced by O Regan 

and Gratzel in 1991 [3]. From then the research in this field is increasing at a rapid rate 

covering the several important areas of this device as evident by the details given in 

figure 2.1 showing the data of year wise publication [4].The field of DSSCs based on 

TiO2 photoanode is still expanding.  It is expected that it can reduce the cost of 

electricity to less than 1US$/peak watt [2] and cross the 20 % efficiency mark. This 

chapter is structured in a way to provide the details of DSSCs with particular emphasis 

on photoanode material such as TiO2 nanotubes.  

2.1 DSSC components 

The schematic presentation of DSSC is shown in the figure 2.2. It consists of five 

essential components such as conducting substrate, nanostructured semiconductor 

oxides coated onto the conductive substrate served as photoanode, sensitizer adsorbed 

onto the surface of the semiconductor oxide, redox mediator containing electrolyte and 

counter electrode (usually Pt coated). Today, TiO2 has become the main choice for the 

photoanode due to its multiple advantages such as low cost, nontoxic and widely 

available. Ruthenium based organic complex dyes such as N719 are most commonly 

used as sensitizer [5-6]. Finally, triiodide/iodine is the main redox couple used as 

electrolyte [7-8]. The highly efficient solar device is based on the optimization and 

compatibility of each component such that they can contribute well towards the 

conversion efficiency. Generally the conversion efficiency is governed by: 

1. Effective surface area and thickness of the photoanode available for dye 

attachment 
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2. Molar absorption coefficient of dye 

3. The transport kinetics of charge carriers to the electrodes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  Year-wise reports published in the field of dye-sensitized solar cells [4] 

 

Figure 2.2 Schematic Presentation of DSSC 
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4. The dye regeneration by electrolyte 

5. Recombination and back reactions losses of injected charge carriers  

2.2 Working principal 

The detailed operating principle of DSSC is illustrated in figure 2.3. Under illumination, 

the sensitizer (dye, D) absorbed the photon and excited (D*) as given in equation 1. This 

photo-excited dye ejects the electron into the conduction band of nanostructured 

semiconductor leaving the dye in oxidized state D
+
. The electron present in the 

conduction band travels through the semiconductor network to reach at the back contact 

and then moves through the external load to be intercepted by the counter electrode. The 

oxidized dye is reduced by the electron donated by the redox mediator (typically iodide/ 

triiodide I
-
/I3

-
 couple) which in turn regenerated by the electron collected at counter 

electrode and the circuit is completed [4, 9].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Principle of operation of DSSC [1] 
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These steps are explained by the following equations 
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This shows that current conversion efficiency of DSSC is highly dependent on the 

nanostructure of semiconductor oxides which mainly governs the transport of electron 

through its network [10-11].  

2.3 Performance parameters of DSSCs 

Performance parameters of DSSCs includes incident photon to current conversion 

efficiency (IPCE), open circuit photo voltage (Voc), short circuit photo current density 

(Jsc), fill factor (FF), maximum power output (Pmax) and current conversion efficiency of 

the cell η. 

IPCE also called external quantum efficiency is the measure of the number of charge 

carriers generated by the incident photons of particular frequency. This measurement 

allows to compare the light harvesting properties of sensitizers of different devices with 

same architecture [12]. 

Voc is the measure of energy difference between the Fermi level of electrons in the 

conduction band of semiconductor under illumination and the chemical potential of 

holes (Nernst potential) in the redox mediator. Due to the charge transfer and 

recombination pathways through semiconductor network, experimentally determined 

value is smaller than this difference [13-14].  

(1.5) 

(1.6) 

(1.1) 

(1.2) 

(1.3) 

(1.4) 
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Ideally the Jsc is similar to the photo generated current Is, where, Is is the maximum 

current generated from the solar cell and Jsc is the current per unit area under the 

condition of zero applied voltage under illumination. It depends on charge transport 

through the device, intensity of incident light and sensitizer absorptivity of light. Jsc  

The fill factor (FF) is the ratio between the maximum output power Pmax of the device to 

the maximum theoretical power (Pth = Voc x Jsc).Its value lies between 0 and 1. It reflects 

the losses of device.  

The current conversion efficiency η of DSSC is given by the following relation [15] 

in

ocsc

P

FFVJ 


 

Here Pin is the input power usually 100 mW/cm
2
 under 1 Sun illumination. The current 

conversion efficiency is the key parameter of DSSC which can compare the 

performance of different devices. It depends on all components of device as well as the 

design and incident light. 

2.4 Factors effecting the photocurrent conversion efficiency 

2.4.1 Light Scattering 

Since the scattering of incident light within the semiconductor architecture strongly 

affects the DSSC performance, therefore, researchers have investigated many 

architectural and compositional strategies of photoanodes [16-20]. DSSCs based on 

TiO2 nanoparticles suffer with high transparency of nanoparticles due to their smaller 

sizes. This results in the loss of incident light as most of the photons pass through the 

device without doing any work. In order to improve the light absorption of sensitizer, it 

is necessary to enhance the light scattering ability of photoanodes.  

2.4.2 Recombination events 

Equations 5 and 6 describe the undesirable reactions which affect the performance of 

solar cell. It is necessary that electron ejected by the sensitizer should reach the 

conducting substrate before dye relaxation and regeneration of electrolyte. These 

recombination reactions are promoted due the various defects of semiconductor oxide 

such as grain boundaries, surface states and oxide/ electrolyte interface defects. Due to 

presence of such localized states for electron trapping in photoanode, dye can pick up 
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the photo injected electron in micro to milli second time range. For standard DSSC 

typical electron transfer kinetics are presented in table 2.1 [21].  

 

Table 2 1 Kinetics of electron transfer in DSSCs based on TiO2 nanoparticles 

Process Half time 

Photoelectron injection 150 ps 

Recombination 1 μs 

Relaxation 12 ns 

Charge transfer 100 μs 

Charge collection 1 ms 

 

2.4.3 Interfacial contact 

The semiconductor layer/ conducting substrate interface plays an important role in 

transferring the free electron to external circuit. At this boundary two important 

reactions can occur: one is transfer of electron from semiconductor to substrate and 

second is mediator regeneration reaction which is undesirable [22]. In order to impede 

the backward movement of electron, it is necessary to make good contact between 

semiconductor layer and conducting substrate such that substrate may not expose to the 

electrolyte [23]. The other important interface is the interface between semiconductor 

layer, dye and electrolyte. This interface can be improved by good surface treatment of 

semiconductor layer. In literature different treatments have been proposed such that post 

treatment of TiO2 layer by TiCl4 or depositing the semiconductor oxides (Al2O3, TiO2 

etc.) onto it [24-27]. A number of reports are present on this subject [28-31]. This shows 

that by proper engineering of interfaces involved in DSSC, performance of device can 

be improved.  

2.4.4 Dye pickup 

Dye pickup by the photoanode material is another crucial parameter for efficiency 

improvement of DSSC. It directly depends on the surface area, morphology and 

thickness of semiconductor film. Higher the surface area of film, higher will be the dye 

loading and consequently more will be the exited electron and finally higher current 
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density. Researchers have employed different structures of semiconductor for efficient 

dye uploading, these includes mesoporous powder [32-33], beads [34], nanowire [35-

36], nanotubes [37], hollow spheres [38-39], 2 dimensional and three dimensional 

nanostructures [40-46] etc. Dye loading also depends upon immersion time of 

semiconductor film in dye solution. Recently it is found that an immersion time of 4 

days for TiO2 nanotubes results in best solar cell performance [47].  

2.4.5 Dye/ electrolyte sealing 

Proper sealing of DSSC such that there is no leakage of liquid dye and electrolyte is 

necessary for stability of device. As this leakage decreases the life time and renders its 

use for commercial applications. Efforts are continued to use semi-solids or quasi solids 

polymeric electrolytes [48-49] and ionic liquid electolytes [50].  

2.4.6 Photoanode material 

The most significant and major component of DSSC is the selection of photoanode 

material. The main focus of today’ research is to develop such materials having 

following key features for an efficient device.  

 High surface area with improved dye pickup 

 Wide band gap 

 Improved light  harvesting  

 Efficient charge transport ability  

 High light scattering ability 

 Reduced recombination reaction 

 Optimum porosity for dye and electrolyte infiltration  

 High resistance to photo conversion 

 Good electron acceptor 

 Optimum interfacial contacts with dye molecule and with the conductive 

substrate 

TiO2 nanoparticle structure have proved to be the most desirable and efficient material 

for DSSC so far with an overall efficiency of over 12 %-14% [51-53]. The second 

widely studied photoanode material is ZnO [54]. The band gap of ZnO is close to TiO2 

and possesses increased electron transport ability. However, it has less stability in acidic 
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environment and reacts with dye as well as electrolyte; this limits its use in DSSC due to 

low efficiency [55]. Various other materials such as SrTiO3 [56], WO3 [57], SnO2 [58], 

Nb2O5 [59] etc. have also been employed as photoanodes.   

2.4.7 Photoanode morphology 

Up to now, DSSCs based on TiO2 nanoparticles (10-20 nm) with the specific surface 

area of 50-100 m
2
/g have been used commercially [4]. However; due to the smaller size 

of particles, TiO2 layers show low light scattering ability with increased probabilities of 

recombination reactions and grain boundaries effects resulting in low electron mobility. 

Therefore, several attempts have been made to replace three dimensional nanoparticle 

structures into one dimensional nanowires, nanorods and nanotubes [60-62]. These 

systems facilitate the vectorial electron transport along their length with reduced 

undesirable events. Among all one dimensional morphologies, TiO2 nanotubes (will be 

designated by TiNTs from hereafter) are of particular interest as they possess unique 

physical and photo-electrochemical properties which render them as highly functional 

material for many applications particularly solar energy harvesting applications.  

2.5 TiO2 nanotubes 

Many synthetic methods such as sol-gel [63], seed growth method [64], 

photoelectrochemical etching [65], hydrothermal [66], electrochemical lithography [67], 

template-assisted fabrication [68], atomic layer deposition [69], etc have been 

investigated to grow titania nanotubes. However, highly ordered, self-organized and 

vertically oriented TiNTs can be easily fabricated by electrochemical anodization [70]. 

The research on anodically produced TiNTs was started with the report of Zwilling et 

al., in 1999 [71]. They had synthesized nanotubular porous structure in acidic fluoride 

based electrolyte. Later Gong et al. demonstrated the necessary experimental conditions 

to obtain high-quality and well-ordered TNTs in aqueous dilute HF electrolytes [72]. A 

great breakthrough in the fabrication of TiO2 nanotubular structure was achieved by 

Macak et al., and Grimes group, where they reported very smooth, regular, and very 

long nanotubes using organic viscous electrolytes [73]. Since then different electrolytes 

like HF, aqueous glycerol, carboxy mythylcellulose aqueous electrolyte and ethylene 

glycol containing ammonium fluoride (NH4F) have been successfully used for 

fabrication of TiNTs. Using phosphoric acid and sodium fluoride or hydrofluoric acid, 
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H2SO4 as electrolytes for the anodization of titanium has also been reported [74-77]. 

Fabrication of TiNTs can be divided in three generations so far. In these three 

generations, the approximate tube lengths obtained are 500 nm, 7µm, 1000 µm 

respectively [78]. Third generation for the formation of nanotubes deals with non-

aqueous polar organic electrolyte such as ethylene glycol, glycerol, DMSO, etc., 

containing fluoride ions. 

Research on TiNTs for finding the optimal electrolyte as well as experimental 

parameters such as voltage, composition and shape of Ti substrate, composition of 

electrolyte, time, pH, temperature is still continued. Many excellent reports and reviews 

have been published on the fabrication, properties and application of TiNTs [70, 79-81]. 

Several anodizing approaches has been explored to fabricate self-organized TiNTs 

including smooth and high aspect ratio TiNTs [82-83], short and rough TiNTs [72], 

bamboo like structured TiNTs [84], tapered and conical shaped TiNTs [85], free 

standing and open ended TiNTs [86-87], highly ordered TiNTs by multistep anodization 

[88-89] etc. Figure 2.4 showing the publication statistics of anodic TiNTs indicates the 

progressive increase in the research interest on this subject [47]. 

2.6 Application of TiNTs in DSSCs  

DSSC based on TiNTs was first tested by Macak et. al and found photoconversion 

efficiency as 0.036% [90] To date titanium oxide material in the form of ordered 

nanotubes with anatase crystal structure has been recognized as being preferable over 

TiO2 nanopowder or nanorods/ nanowires as it can suppress the charge recombination 

events, provide shorter electron transport pathways, allow more adsorption of dye in the 

solar cell applications. TiNTs membranes have been applied in DSSCs in two ways. 

These are back side irradiation and front side irradiation modes. In back illumination 

mode, photoanode is made by TiNTs grown on Ti substrate and the light illuminates the 

device form counter electrode [91-94]. For the front side irradiation, TiNTs are either 

grown or transferred onto fluorine dopped tin oxide (FTO) glass substrate and device is 

illuminated from this transparent electrode. In order to grow nanotube membrane 

directly onto the glass substrate, Ti metal is first sputter coated on FTO and anodize 

subsequently. In this case, the length of nanotube array is limited to the thickness of 

deposited metal [95]. In the second method, TiNTs are grown on Ti metal and detached 
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from the substrate using different reported methods [96-99] and then transferred onto the 

glass substrate. TiNTs adhere to FTO glass substrate by using paste of TiO2 powder. 

This configuration of photoanode based on freestanding TiNTs allows the front side 

illumination of device. 

So far, the maximum efficiency achieved for TiNTs based DSSC is close to 5% for 

back-side illumination with 16 μm longer nanotubular array [100] and 7% for front side 

illumination [101].  

It has been suggested that efficiency of DSSCs based on TiNTs can be improved by 

increasing the specific surface area since the surface area is ca. 30 m
2
/g for nanotubular 

array with 100 nm diameter considerably smaller than the surface area as 100 m
2
/ g for 

commonly used particle film [80].Several attempts has been made to improve the 

surface area of TiNTs either by changing the morphology of tubes such as formation of 

bamboo-type structures or double walled nanotubes [84, 93], decorating with 

nanoparticles of semiconductor oxides e.g. TiCl4 treatment [102-104] or doping TiNTs 

with other metals ions [105] etc. Semiconductors such as ZnO [106], CdS [107], CdSe 

[108] has been used to modify TiNTs and to improve the photoelectrochemical 

properties by widening the light absorption region and by decreasing the recombination 

rate of the photogererated charge carriers (electron-hole pair). 

The second factor, which can influence the device performance, is the weak adhesion of 

tubes with the underlying conductive substrate [80]. As discussed above, a good contact 

between TiO2 and conducting substrate is necessary for efficient electron transport and 

to avoid substrate exposure to the electrolyte [22].  

Another important point is related with top surface morphology of tubes. It has been 

observed that the well-ordered array with open-ended tube tops results in better 

performance of device than those having irregularities at the top surface such as 

nanograss [100]. This inhomogeneity can be easily avoided by the developed techniques 

[93,100, 109]. However, efforts are continued to grow highly ordered nanotubes with 

well-defined tube openings for increased sensitizer absorption. Fabrication of TiNTs 

with more defined crystal structures targeting elimination of defects (electron trapping 

sites) and acquiring higher light scattering ability is the main focus of today’s research.  
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2.7 Summary 

In terms of the photo-conversion efficiency, for the self-organized ordered nanotubes, 

still considerable room for further improvement exists — it may be expected that ideally 

ordered structures, optimization of the growth conditions of tubular array and decoration 

with nanoparticles lead to a further increase in DSSC efficiency. This study is designed 

to produce devices with improved efficiency by growing highly ordered array of tubes 

decorated with nanoparticles by novel routes.  
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  Chapter. 3

Fabrication of Self-branched TiO2 

Nanotubes by Anodization Method, 

Ordering and Crystallinity 

3.1 Introduction 

Since the early reports of Zwilling [1] and then Gong, et. al. [2], about TiO2 nanotubes 

(TiNTs), many researchers are in the race to synthesize such remarkable nanostructured 

materials and to use them in numerous applications like bio-sensors, hydrogen gas 

sensors, photo-catalyst, photo voltaic, self-cleaning, water splitting, photodegradation, 

adsorbents [3-9]. Unidirectional and low dimensional titanium oxide material with large 

surface area, well-defined nanostructure, smooth walls, n-type properties, efficient 

electron transport properties, etc., is under intensive investigation for better performance 

of the low cost solar cells, i.e., dye-sensitized solar cells (DSSCs) [10-14]. Titanium 

oxide material in the form of ordered nanotubes with anatase crystal structure has been 

recognized as being preferable over TiO2 nanopowder or nanorods because it can 

suppress the charge recombination events, provide shorter transport pathways, allow 

more adsorption of electron donors in the solar cell applications. 

Morphology and crystallinity of TiNTs are two important factors for their applicability. 

In order to improve them, TiNTs have been synthesized by a variety of methods such as 

sol-gel [15], seed growth method [16], photoelectrochemical etching [17], hydrothermal 

[18], electrochemical lithography [19], template-assisted fabrication [20], atomic layer 

deposition [21], anodization [3], etc. In all these nanotubes fabrication approaches, 

electrochemical anodization, is simple and cost effective as it requires no special 

experimental setup. It provides good control of tube morphology and pore size based on 

the control of different parameters such as anodization voltage, temperature, pH, time, 

electrolyte type and electrolyte concentration, etc.   

From the last decade, fabrication of ordered TiNTs is under intensive research. Just like 

the sister material – anodic alumina [22] – array of titanium oxide nanotubes with 

hexagonal packing and improved ordering has been synthesized by repetitive 
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anodization of the titanium substrate [23-28]. The main factors influencing the 

organization of nanotubes are Ti substrate purity [25], microstructure [29], initial 

conditions of the substrate surface [30-31], applied anodization potential [28, 32] and 

concentration of fluoride ions [32]. It has been suggested that pre-treatments such as 

mechanical polishing and electrpolishing as well as pretexturing are effective in 

reducing the substrate roughness [30-31] and improving order of nanotubes [33]. So far, 

highly ordered array of TiNTs has been achieved by the anodization of Ti substrate pre-

textured by the nanoimprinting process [34, 35]. However, these reports dealt with 

efforts to reduce the defects and improve the degree of ordering of the nanotubes by 

changing the initial substrate morphology. To the best of our knowledge, detailed 

understandings of the defects and their effects on the growth of tubes have not been 

reported. We have demonstrated that these defects become the origin of self-branching 

of nanotubes. Unlike the previous reports for the fabrication of branched titania 

nanotubes by changing anodization voltage, electrolyte composition and bath 

temperature using multi step anodization [36, 39], here, we have focused on the self-

branching of titania nanotubes at a fixed anodization potential.   

In our previous study, we have been successful in fabricating the TiNTs by anodization 

method [40-41]. In this paper, a detailed comparison of the morphology and structure of 

TiNTs is made at four different voltages by adapting two-step anodization method. 

Mainly, defects as pentagons and heptagons, etc., at the tube bottoms, formed due to the 

deviation from hexagonal order, have been studied after each step of anodization. It is 

found that TiNTs divides into branches during their growth due to the presence of these 

defects. Two-step anodization method is useful in reducing these defects and developing 

straight tubes from top to bottom. It is demonstrated that TiNTs preferentially attained 

anatase crystal structure upon annealing and crystallinity values are higher for the tubes 

synthesized by two-step method when compare with those prepared by one-step method.  

3.2 Experimental 

3.2.1 Materials 

The material used in the present report was Ti (99.6 % purity) foil obtained from online 

Ti shop (available at www.ti.shop.com).  Chemicals used were ethanol, acetone, 

http://www.ti.shop.com/
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ethylene glycol, and ammonium fluoride. These were of analytical reagent grade and 

used without further purification. In all experiments, deionized water was used.  

3.2.2 Methods 

Two-step anodization method was used to fabricate ordered TiNTs as adapted in our 

previous study [40-41]. Each sample was cleaned by sonicating for 15 minutes in three 

different solvents: ethanol, acetone and deionized water. In a two electrode cell 

geometry, Ti foil was used as anode and steel sheet as a cathode. The temperature 

remained fixed during all experiments at 20 ºC. RTE 101, bath circulator had controlled 

the temperature by circulating the water through water jacketed container. This 

assembly allowed the magnetic stirring of the electrolyte in anodization the Ti foil. DC 

programmable power supply was used to supply voltage in the range of 30 V to 60 V for 

one or two hours to drive anodization. The current data from the power supply was 

monitored by Lab View software which can record the value of current for every 0.5 

seconds. Each sample was anodized in an electrolyte containing ethylene glycol, 

ammonium fluoride (0.5 wt%) and deionized water (3 wt%).  

 

 

 

 

 

 

 

After first-step anodization, samples were subjected to intense sonication in deionized 

water, which results in the removal of firstly produced oxides and leaving the patterned 

polished surface. For second step anodization, all experimental parameters were same 

and each experiment was performed for two hours. Schematics of the two step 

anodization process are shown in figure 3.1. 

b 

c 

d 
a 

Ti foil/ sheet 

Ti foil/ sheet 

Ti foil/ sheet 

Patterened Ti foil/ sheet 

TiNTs film 

TiNTs film 

Figure 3-1 Schematic illustration of the fabrication of TiNTs by 

anodizing a Ti foil (a) in two steps (b and d). Patterned Ti foil is 

also illustrated (c) 
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The problem of the peeling off of anodic oxides encountered in our earlier work is 

resolved by washing the samples with deionized water thoroughly and then dipped in the 

ethanol for few seconds. Oxide remained intact to the underlying substrate even after 

annealing at 500 °C for two hours at the heating and cooling rate of 1 °C / minute. After 

each step of surface modification, the morphological features were analyzed by 

Scanning Electron Microscope (JEOL JSM-6490A) and Field EmissionScanning 

Electron Microscope (ZEISS SUPRA-55). The crystalline structure was studied using 

X-Ray diffractometer (Bruker D8 Discover) using Cu Kα radiations.   

3.3 Results and Discussion 

Figure 3.2 shows typical SEM images of the TiNT samples prepared by the first-step 

anodization of Ti foil at 30, 40, 50 and 60 V for two hours at 20ºC. The surface, 

showing the top ends of the vertical tubes (lying underneath), has an irregular and non-

uniform morphology. The diameter of the tubes increases with applied voltage. 

Nevertheless, the inner circumference of the top ends presents mostly a very irregular 

pattern at all the anodization voltages. However, there are some regions, where the ends 

of the tubes are sealed at the top as indicated by the line arrows. At the anodization 

voltages of 30V and 40V, the surface is uneven partly due to the fractured tubes. There 

are rows of the tubes. The arrangement in the rows may possibly be due to preferred 

nucleation of the tubes along the crests of rolling lines or scratches as marked by the 

block arrows. TiNTs layer produced after one-step anodization was removed by 

sonicating in deionized water. Figure 3.3 shows the typical SEM images of titanium 

surface obtained by removal of anodic titania formed by first-step anodization. The 

images have been successfully obtained without any conductive coating confirming that 

the anodic oxide has been removed completely and uniformly to expose the metal 

surface. Nanopits can be seen on the surface. These are in fact uniform scallops 

originally at the interface of oxide and the underlying titanium towards the end of the 

first anodization. The cell size of these scallops increases with the applied voltage. The 

scallops have mutual arrangement of hexagons, pentagons and heptagons. In figure 

3.3(d), pentagon and heptagon are drawn to highlight this arrangement. 

For second-step anodization, the patterned titanium surfaces were prepared by first-step 

anodization with subsequent ultrasonic removal. The anodized voltages and other 
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experimental conditions were the same as for the first-step anodization. The typical 

SEM views of the top surface of anodic oxide obtained by second-step anodization at 

30, 40, 50 and 60V for two hours are shown in figure 3.4. It is clear from these images 

that open-ended and relatively ordered arrays of nanotubes are formed by the two-step 

anodization method. The arrangement of the pores at the top surface resembles the 

pattern created at the Ti surface by aforementioned treatment. The pore distance is also 

uniform similar to the textured surface in contrast to the first anodization obtained at 

non-textured surface.  It can be concluded that if firstly produced oxide is removed 

completely leaving no residues on the surface and preserving the pattern, then the 

surface pattern of Ti metal substrate effect the uniform nucleation of the nanotubes 

seeded by the nanopits suitably organized for intended anodization voltage. It may be 

noticed that nanotubes form a rather compact porous oxide at higher anodization 

voltages of 50 V and 60 V than at lower voltages of 40 V and 30 V as the nano and 

micro cracks exist in the later surfaces. Since capillary forces exert stresses at the top. It 

may be possible that at lower anodization voltage, stresses increase during tube growth. 

Thinner and more fragile tubes are produced at lower voltages than at higher voltages. 

Higher voltage provides high driving force for both electronic and ionic conduction, 

resulting in smooth tubes growing from top to bottom. The average tube diameter is 65, 

80, 100 and 110 nm after anodization at 30, 40, 50 and 60V, respectively. It is observed 

that mostly hexagonal arrangements of the tubes are achieved at 50V after two-step 

anodization with almost uniform tube diameter (figure 3.4c). At other voltages, the 

regions where tubes are surrounded by five or seven neighbors as indicated in the 

corresponding figures by drawing pentagons and heptagons (figure 3.4b and 3.4d) are 

more numerous, although they are scarce at 50V.  
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Figure 3-2 FESEM images of top surface of TiNTs fabricated by a one-step anodization process 

at 30 V (a), 40 V (b), 50 V (c) and 60 V (d). In each image block arrows indicate the lines of 

tubes and line arrows point the sealed ends. 
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Figure 3-3 SEM views of  patterned surface of Ti metal after the removal 

of TiNTs produced by one-step anodization at 30 V (a), 40 V (b), 50 V (c) 

and 60 V (d). 
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Figure 3-4 Top surface SEM images of TiNTs array after two-step 

anodization at 30 V (a), 40 V (b), 50 V (c) and 60 V (d). Pentagons and 

heptagons are drawn in (b) and (d) to highlight the corresponding defects. 
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Figure 3.5(a) and (b) shows the SEM images of the bottom surfaces of nanotubes layers 

formed at 50V. The oxide layer peeled-off from the surface by ultrsonication in water 

remains microscopically intact. The domes seen in the images are sealed ends of the 

uniform sized nanotubes arranged in hexagonal symmetry. The dome shape is also 

symmetric and hexagonal as typically marked by A.  The non-symmetric hexagonal, 

pentagonal and heptagonal domes are also seen as typically marked by B, C and D. 

Generally, the domes are nearly uniform in size. At a relatively non-ordering voltage of 

60V (figure 3.5 (c) and (d), the hexagonal symmetric domes are very scarce. Even 

squares are also numerously seen apart from irregular hexagons, pentagons and 

heptagons. In order to estimate the degree of order in a quantitative manner, an 

evaluation of linear density of these polygonal defects is made. For this, SEM images 

(with same magnification) taken from the bottom side of nanotube layers at each voltage 

after first and second-step anodizations were analyzed. Lines of the same length were 

drawn on each SEM image at four different positions. The number of the defects of each 

type crossing the line was counted and averaged out. Figure 3.5e summarizes the result 

of these findings. It is evident from the plot that after first-step anodization mostly 

defects consisted of pentagons and heptagons. Few square bottoms are also present for 

each voltage. The number of these polygons decreases in the second-step anodization 

and degree of order increases in general. The highest degree of order is found for 50 V 

in agreement with the result of Schmuki, et. al. [25] 

The cross-sectional SEM images for the TiNTs formed by one-step anodization at 30, 

40, 50 and 60V are shown in figure 3.6. It is evident that single tube splits into the two 

during growth leading to Y- shaped tubes as marked in the figure. Yet the tubes are 

almost straight in case of anodization voltage of 50 V. At other voltages they take more 

numerous turns during their growth as indicated. In addition pore branching is also more 

numerous at these voltages. In the figure 3.6 (a) and (b), the flow of oxide is marked by 

the line arrows. The space and stresses in the surroundings may possibly determine the 

direction of flow of oxide for a branch to continue or stop growing. 
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Figure 3-5 SEM images of the bottom surface of TiNTs formed at 50V (a) 

and (b) and 60V (c) and (d) at two different magnifications. In (a) different 

shaped polygons are marked by letters A, B, C and D.  Excel plot gives the 

evaluation of linear density of polygon 
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Figure 3-6 Cross-sectional SEM views of anodically produced TiNTs at 

30V (a), 40V (b) 50V (c) and 60V (d) by one-step method. Line arrows are 

drawn in (a) and (b) to highlight the direction of flow of oxide. In (c) lines 

are drawn to highlight the tube’s branching 
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Figure 3.7 represents the cross-sectional view of TiNTs at 50 and 60 V respectively 

prepared by two step anodization. It may be seen that tubes are very straight from top to 

bottom in the sample treated at 50V. It may be worth mentioning that more hexagonal 

arrangement of tubes and hexagonal shape of their caps is seen at 50 V. Accordingly 

more uniformly placed tubes with hexagonal tube fronts must have the tendency to grow 

straight along with each other without much turns or excessive tube branching. At 60V, 

branching of tubes has been observed along with the straight tubes. Non-ordering 

conditions results in annihilation of tubes as well as marked by an arrow in the figure 

3.7b. Tubes with larger diameter grow and suppress the growth of tubes with the smaller 

diameter. It seems that if there are no distortions or perfect ordering conditions exist 

during the pore formation and tube growth, growing tubes remain straight from top to 

bottom without any branching and annihilations. 

Figure 3.8 shows the current vs time curves of Ti foil anodized at 60V. Two curves 

represent anodization current density (id) values during first-step anodization and 

second-step anodization. Both the curves depict a typical anodization behavior of the 

initial rise in current followed by a  decrease in current due to barrier layer formation 

and a subsequent  increase in current due to pore formation and finally a quasi steady-

state growth as previously reported by [3, 40]. The two main chemical reactions, 

involved in the tube formation are oxidation of Ti and dissolution of the formed oxide in 

the presence of fluoride ions, as follows: 

                
                         (3.1) 

       
          

                     (3.2) 

The total anodization current has two parts, i.e., ionic current and electronic current [42-

43]. During stage I, rapid growth of barrier oxide occurs (eq. 1) and ionic current mainly 

dominates. Meanwhile anions F
-
 and OH

-
 accumulate on the oxide to form the anion 

contaminated layer (ACL). In stage II, as the barrier layer attains a critical thickness, the 

following two side reactions occur due to the presence of ACL at the oxide-electrolyte 

interface [44]. 

  eOHOOH 42 22                      (3.3) or 

  eOO 42 2

2
                                       (3.4) 
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At this stage, the electronic current generated across the barrier layer oxide dominates 

the total anodization current. The oxygen bubbles created after the oxygen evolution act 

as mould and nucleate pore in the oxide layer. When the two curves are mutually 

compared, it can be suggested that the pore nucleation is much faster in second step 

anodization than the first step anodization. This is in agreement that the nanopits of the 

textured titanium surface prepared by first step anodization and removal of oxide 

facilitate nucleation of tubes. Consequently, current values are higher in second-step 

anodization than the first-step. Generally, as the barrier oxide grows on the metal 

surface, stresses/ strains are introduced at the oxide metal interface due to the 

differences in volume expansion. These strains are distributed in such a way that they 

create curvature in the barrier layer oxide as they concentrate below the curvature and 

relax near the edges of curvature [45]. This typical curvature as well the depression of 

the barrier oxide may possibly facilitate the oxygen bubble formation and nucleation of 

pores during first-step anodization. For the second anodization, schematic diagram for 

pore nucleation and tube formation is shown in figure 3.9. The concave shape of 

scallops (nanopits) on the pretextured surface (figure 3.9a) provide with the suitable site 

for pore nucleation. This is due to the stress strain pattern and barrier oxide flow that 

facilitate the oxygen bubble formation at the interface of ACL and barrier oxide (figure 

3.9d) at the bottom of nanopit. The pretextured surface makes it easier to generate 

electronic current and therefore, to create oxygen bubbles. Migration of barrier oxide 

around the oxygen bubbles facilitates the formation of nanotube embryos as shown in 

Figure 3.8f at the center of pore tip. This continuous process enters in stage III and quasi 

steady state conditions reached. Pores eventually grow into the tubes. 

For symmetric pore tips, a continuous growth of nanotube along a rather straight path 

seems more probable without pore branching. For non-ordered voltage at which pore tip 

is not symmetric (figure 3.5c) pore branching seem more probable. This may possibly be 

due to the formation of more than one bubbles in the non-symmetric pore bottom at the 

non-ordering voltage. Even if more than one pores are not nucleated, the formation of a 

new bubble at a location other than the center of pore tip may lead to the deviation from 

the straight path leading to turns in the tube. Similarly tube growth ceases if no oxygen 

bubble could be formed. The newly formed barrier oxide closed the tube ends. 
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Figure 3-7 FESEM images of the cross-section of TiNTs prepared at 50V 

depicting straight ordered array of nanotubes (a) and at 60V (b). In (b) 

the arrow indicates the close ended tubes and lines are drawn to highlight 

the branch-tree. 
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  Figure 3-8 Current- time plots for TiNTs prepared at 60V after first-step 

anodization (1A) and second-step anodization (2A) 
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Figure 3-9 Schematic diagram of pore nucleation and tube 

formation during second-step anodization (ACL = anion 

contaminated layer, BO = barrier oxide) 
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These fabricated tubes by first-step and second-step anodization were annealed at 500°C 

at a heating and cooling rate of 1°C/ min. Their XRD patterns in both annealed and 

amorphous states are shown in figure 3.10. It is found that the crystal structure is anatase 

after annealing. We have noticed a remarkable feature that the crystallinity of tubes is 

increased by two-step method. XRD plots of as anodized TiNTs show the amorphous 

structure and a little hump indicating anatase structure consistent with previous results 

[46]. This hump is more pronounced for TiNTs produced in second step anodization. 

Upon annealing, the major peak for anatase structure is preferentially (101) (JCPDS No. 

01-084-1286). The anatase peak intensity increases and peak width becomes narrower 

upon second-step anodization indicating an increased crystallinity. This fact is 

quantitatively presented in table 3.1 where the crystallinity of TiNTs is calculated using 

XRD patterns for every applied anodization potential. The degree of crystallinity for any 

peak is calculated by the following relation  

 

 

Here height represents the intensity counts. The average of the degree of first three 

intense peaks is presented in table 1.  

Table 3.1 Degree of crystallinity of TiNTs for first-step and second-step anodization 

Voltage (V) Degree of crystallinity 

of TiNTs after first step  

anodization 

Degree of crystallinity 

of TiNTs after second 

step  anodization 

30 0.70 0.82 

40 0.60 0.71 

50 0.67 0.75 

60 0.61 0.71 

 

 

It is clear from the table 3.1 that crystallinity increases for TiNTs prepared by two-step 

anodization method than for one-step anodization at every voltage value. This illustrates 

that ordering of TiNTs has improved the crystallinity.   As reported by Z. Su., et.al., that 

localized dielectric breakdown occurs at the bottom of TiNTs during the oxide  

total

backgroundtotal

height

heightheight
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Figure 3-10 XRD patterns of TiNTs 

prepared for different voltages a) 30V, b) 40V, c) 50V and d) 60V. For each voltage 

pattern after first-step anodization (1A) and second-step anodization (2A) in both 

annealed (An) and amorphous (Am) state is shown. (A = Anatase, T = Titanium) 
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formation [46]. This phenomena increase, whenever there is an increase in field 

strength. As mentioned above that potential current value is higher in the second-step 

anodization than the first during the pore nucleation and transformation into tubular 

oxide.This results in local rise of temperature occurs by Joule’s  heating and 

consequently crystallization accelerates. For improved efficiency in DSSC application, 

highly crystalline structures are desirable and two-step anodization method is useful in 

this regard.  

3.4 Summary 

In summary, TiNTs have been synthesized by the two-step anodization method and self-

branching of these tubes has been observed. Study is made at four different applied 

voltages as 30, 40, 50 and 60 V. For each voltage top surface is irregular after first-step 

anodization but open-ended and ordered array of nanotubes results after second step 

anodization. TiNTs prepared at 50V are more uniformly placed tubes with hexagonal 

tube fronts have the tendency to grow straight along with each other without much turns 

or excessive tube branching. Whereas the numerous turns and pore branching are 

observed at other voltages. Tube branching events are more frequent for the first-step 

anodization than second-step anodization. It is demonstrated that the nanopits of the 

textured titanium surface prepared by first step anodization and removal of oxide 

facilitate nucleation of pores (tubes). Oxygen bubbles preferentially develop at the 

center of pores. For symmetric pores, formation of oxygen bubbles occur at the center of 

pore tip resulting in the growth of straight and single tube, whereas, more than one 

bubble are created at non-symmetric pore bottom and lead to the self-branchinfg of 

TiNTs. It is further demonstrated that two-step anodization method is useful to fabricate 

TiNTs having an improved crystalline structure with anatase as a major crystalline 

phase.  These results are expected to improve the understandings of growth kinetics for 

such porous oxides.  
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  Chapter. 4

Effect of Processing Temperature on the 

Morphology and Crystal Structure of 

Anodic TiO2 Nanotubes 

4.1 Introduction 

One of the challenges in the production of nanomaterials is to create highly ordered 

porous nanostructures. These structures serve as a template to fabricate ordered 

nanodots, nanorings and nanowires of different materials and work as an excellent 

module for use in electronic and optical devices [1-3]. Highly ordered self-organized 

porous anodic oxide was first reported by Masuda and Fukuda in 1995 when they 

anodized Al metal under an optimized set of electrochemical conditions and fabricated a 

high degree of arrangement of hexagonal nanopores of alumina [4]. Later on, many 

metals were successfully anodized in different electrolytes, particularly diluted fluoride 

electrolyte, to create ordered porous metal oxides [5]. Anodic TiO2, among all these 

metal oxides, is the most investigated oxide [6-9]. Anodization of Ti metal in organic 

electrolytes such as ethylene glycol and glycerol with fluoride salt and water, produce 

smooth and well-ordered nanotubes [10]. In the anodic tubular array, vertically oriented 

tubes exhibit larger surface area as each tube is perpendicular to the substrate and 

consequently they have shown remarkable acceptance in various fields such as 

photovoltaic, size selective filter membranes, gas sensors, biosensors, photocatalysis and 

biomedical applications [11-12]. For all these applications, self-organization and the 

geometrical features of TiO2 nanotubes (TiNTs) such as their length, diameter, wall 

thickness and density on the surface have sound effects on their performance.  

Electrochemical anodization, an easy and cost-effective approach, provides an excellent 

control of surface morphology and geometrical structure of TiNTs by controlling the 

electrochemical parameters. The list of key parameters that determine the structural 

properties and degree of order of nanotubes includes applied potential difference, 

anodizing time, electrolyte temperature, fluoride ion and H2O concentrations, pH and 

electrolyte type. Many reports have been presented to study the effect of these anodizing 
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parameters for obtaining unique oxide structures with characteristic properties [13-15]. 

Among all these factors, electrolyte temperature is a crucial parameter in determining 

the final geometry and surface morphology of TiNTs.  

In literature, anodization of Ti has been performed at non-typical anodization 

temperatures such as 5°C [16] and 0°C [17]. Reports are presented to provide an 

incomprehensive comparison between different temperatures as 2°C and 20°C [18], 0°C 

and 15°C [19].  Some researchers focused the effect of temperature on the morphology 

of TiNTs in different electrolytes and at different voltages [20-22]. It has been 

established that tube length and wall thickness varies non-monotonously with the 

anodizing temperature and anodizing potential [23]. For instance, similar characteristic 

tubes can be obtained by choosing different sets of these two parameters [24]. Other 

than the geometry of tubes, few reports are presented which targeted the effect of 

temperature on self-organization and final ordering of tubes [23]. The important 

parameters that could influence the ordering of nanotubes are substrate purity [25], 

substrate surface initial conditions [26-27], microstructure [28] and applied potential 

[29]. The reports addressing these parameters had produced nanotubes at room 

temperature. It seems that a detailed, comprehensive comparison of the effect of 

electrolyte temperature on the morphology (final ordering, pore diameter) of tubes is 

still needed.  

In the present study, the effect of anodization temperature on the morphology of tubes, 

particularly ordering of tubular array and tube diameter has been investigated for a range 

of temperatures. In order to emphasize the need of fixed anodization temperature for the 

ordered morphology of tubular array, TiNTs are formed by two-step anodization method 

without controlling the temperature during anodization of Ti. It is demonstrated that the 

fixed anodization temperature is necessary for the fabrication of ordered TiNTs with 

uniform tube diameter.  

4.2 Experimental 

Ti metal samples were prepared by cutting Ti foil (99.6% purity, 25 μm thickness) into 

2x1 cm
2
 pieces. Each sample was degreased by sonication in ethanol, acetone and 

deionized water for 15 min in each and then dried in air.  Cleaned and dried samples 

were anodized in two steps in an electrolyte composed of ethylene glycol, ammonium 
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fluoride and deionized water. The electrochemical set-up consisted of programmable 

power supply GW- Instek P405 to supply the DC anodization potential and a two 

electrode cell with Ti sample as anode and steel sheet served as the cathode. In the first-

step anodization, a Ti foil was anodized at 50 V for two hours. This step was actually a 

pretreatment; therefore, the formed oxide was removed by sonicating in deionized water. 

The second-step anodization was carried out at the same anodization voltage for two 

hours. For one sample, anodization temperature was not controlled such that the starting 

temperature was 20 ºC (room temperature) and continuous increase in temperature was 

measured for each step of anodization. Other samples were anodized for various fixed 

electrolyte temperatures as 5ºC, 10ºC, 20ºC, 30ºC and 40ºC. RTE 101 bath circulator 

was used to keep the processing temperature at desired fixed value during each step of 

anodization.  

The current-time data from the power supply was recorded by Lab-View software. Field 

Emission Scanning Electron Microscope (TESCAN MAIA3) was used to analyze the 

morphological features and X-Ray diffractometer (Bruker D8 Discover) was utilized to 

observe crystalline structures.   

4.3 Results and Discussion 

Figure 4.1 shows typical SEM images of the top surfaces of TiNTs prepared by two 

anodization steps of the thin foil at 50 V in different anodization temperature situations. 

Cross-sections of each sample are shown in the insets indicating the length of tubes. 

These images indicate that the electrolyte temperature strongly affects the surface 

morphology of anodic oxide. In the two-step anodization method, oxide formed by the 

first-step anodization of Ti was removed by intense sonication in DI water and the Ti 

surface with a regular pattern was exposed. This textured Ti surface, when employed for 

second-step anodization, guides the nucleation and growth of tubes and results in open-

ended and relatively ordered array of tubes [30-31].  TiNTs prepared for uncontrolled  
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Figure 4-1 SEM images of the top surface and cross-section of TiO2 

nanotubes prepared by two-step anodization method at 50 V at unfixed 

electrolyte temperatures (a) and fixed  electrolyte temperatures as 5 ºC (b), 

10 ºC (c), 20 ºC (d), 30 ºC (e) and 40 (f) 



56 
 

temperature condition (identified as TiNT-T for the following discussion) after two-step 

anodization of Ti have an open-ended top surface morphology as shown in figure 4.1a. 

The arrangement of pores is such that there are clusters on the surface with larger and 

smaller pores.  

The thickness of oxide formed is 9.8 μm as shown in the inset of figure 4.1a. The top 

surface morphologies for fixed temperature conditions (figure 4.1b-f) shows that open 

ended and relatively ordered array of tubes are formed at higher temperatures. But for 

the lower temperature such as 5ºC as shown in figure 4.1b, pore arrangement is irregular 

with varying sizes and pore distances are also not uniform. The oxide formed attained an 

average tube length of 2.5 μm only as shown in the inset (figure 4.1b). With the increase 

in temperature as 10ºC, tubular pores achieved a relative regular arrangement, but still 

with the considerable variations in their sizes as indicated by the line arrows in figure 

4.1c. However, oxide thickness increased to 5.5 μm. At higher temperatures as 20 and 

30ºC, oxide thickness further increased to 10.5 and 14.8 μm respectively, showing a 

linear increase in tube length with temperature (figure 4.1d, e). The average tube inner 

diameter also increased to 100 and 110 nm respectively. It is observed that pore 

arrangement and tube diameter is relatively more uniform at 20ºC as compared to the 

array formed at 30ºC. The average tube length obtained at 40ºC is16.8 μm with 130 nm 

pore size on average (figure 4.1f).In general, tube length is increased with the increase in 

temperature; however, at 40ºC, etching of oxide by the fluoride ions increased [32] and 

the tube length was not increased at an increased rate. It is important to note here that 

the oxide thickness for TiNTs-T is smaller than the TiNTs prepared at fixed temperature 

of 20°C as shown in the inset of figure 4.1a and d respectively. The smaller length for 

the tubular array fabricated in an electrolyte of continuously increasing temperature may 

be due to the increased rate of chemical dissolution of tube tops than the oxide formed at 

fixed temperature experiencing the same rate at all times.  

Figure 4.2 shows the evolution of current density for the TiNTs prepared at different 

fixed temperatures by two-step anodization method at 50 V. Each curve in figure 4.2a 

typically exhibits three different regions [5]. In the first region current density starts 

from high value and decreases sharply due to the compact oxide formation at the 

electrolyte-metal interface with low conductivity. In the second region, the current 
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increases gradually after reaching a local minimum due to the pore nucleation in the 

barrier layer oxide as passive oxide was etched by fluoride ions. These pores eventually 

rearrange and grow into tubes and quasi steady-state current flows in region three. The 

reactions involved in the anodization experiments are oxide formations (Eq. 3.1) and 

Chemical Dissolution (Eq. 3.2)  

These two reactions involve both the ionic and electronic conduction. The increase in 

temperature facilitates the charge transport through the barrier layer and higher driving 

force is available for oxide formation and dissolution reactions [24]. Therefore, at a 

lower fixed anodization temperature of 5°C, the process of pore nucleation and tube 

growth is slow. A small value of current passing through the cell leads to slower 

electrochemical reactions resulting in an irregular pore arrangement and smaller tube 

length. With the increase in temperature for the fixed temperature anodization 

experiments, the resulting current values are increased with the current local minimum 

shifted towards shorter time duration as evident in figure 4.2b, showing the expanded 

view of current transient for first 300 s. As reported [23, 33] the current local minima 

represent the pore rearrangement; therefore, the degree of pore arrangement increases 

with an increase in temperature. Furthermore, a steady state of current density was 

reached within a shorter duration of time predicting that the pore growth occurred at a 

faster rate and consequently tube length increased with the increase in temperature. At 

higher temperature, fluoride etching or dissolution of tube top ends dominated and 

consequently the rate of increase of length with temperature decreased with the increase 

in temperature of 40°C.  

Considering the current-time response of TiNTs prepared for the fixed and unfixed 

conditions, figure 4.3a and 4.3b compare the current density plots for TiNTs prepared at 

20ºC (fixed electrolyte temperature) and TiNTs-T (prepared for unfixed temperature) 

during both the first and second step of anodization. In each plot, the two curves show 

the current density profile for first-step and second-step anodization. For TiNTs 

prepared at 20°C, current values are higher during the second-step anodization than in 

the first-step anodization as evident in figure 4.3a. This is because the Ti substrate 

employed for second-step was textured due to the removal of oxide prepared by first-

step. The nanopits available on the textured surface of Ti facilitate the nucleation of  
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Figure 4-2Current density vs time graphs of TiNTs formed for different fixed 

electrolyte temperature for two hours (a) and for first 300 s showing the shifting of 

current local minima towards shorter time durations with temperature (b) 

Figure 4-3 Current density profiles for the TiNTs prepared at fixed temperature as 20 ºC 

(a) and for unfixed temperature conditions (b) by anodizing the Ti substrate at 50 V for 

two hours in two steps. Inset in (b) shows the temperature change during first-step 

anodization (1A) and second-step aodization (2A 
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nanopores/ nanotubes and therefore current values are higher in this step [31]. 

Interesting information is given in the plot for TiNTs-T prepared for unfixed 

temperature. On comparing the two curves mutually as shown in figure 4.3b, it is 

obvious that for few minutes, larger current was recorded for second-step anodization as 

compared to the first-step, but after some time, the current values become smaller. This 

is consistent with the temperature increase as shown in the inset of figure 4.3b. During 

the first-step anodization  of the Ti substrate, the electrolyte temperature rose from 20°C 

to 38°C in two hour anodization whereas, increase in temperature was recorded as 20°C 

to 33°C for the second-step anodization . This rise in temperature was mainly due to the 

exothermic reactions involved in the anodization process of oxide formation (eq. 1) and 

dissolution (eq. 2) during the tube growth. These processes affect the electrode 

temperature and, therefore, the electrolyte temperature was increased [34]. The total 

increase in temperature is higher for the first-step anodization and provides more driving 

force for ionic transport resulting in higher current density in the steady state region 

[20]. However, for the first-step anodization, the available surface of Ti was 

mechanically polished, whereas; second-step anodization was performed on the smooth 

patterned Ti surface. The nanopits available on the starting surface for second- step 

anodization facilitates the pore nucleation and tube growth, therefore, initially current 

was high in this step and the steady state was attained in a shorter time period as 

compared to the first-step anodization. While the thickness of oxide prepared at fixed 

temperature of 20ºC is 10.5 μm after two-step anodization, the thickness of TiNTs 

formed in an environment of continuously changing temperature is 9.8 μm as shown in 

the insets of figure 4.1c and a. This feature is due to the increased chemical dissolution 

of the oxide in fluoride containing electrolyte due to the continuous increase in 

temperature resulting in the smaller thickness of oxide. 

It is worth mentioning here that the temperature rises locally on the substrate surface in 

all samples of tubular array prepared for the controlled and un-controlled temperature 

environments during the oxide growth. In the case of fixed temperature conditions, this 

local increase in temperature at the substrate surface affected the electrolyte 

temperature, but the electrolyte temperature was controlled by a temperature controller. 

As a result, during the experiment, electrolyte specimen interactions remained constant. 
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However, when the electrolyte temperature was continuously increased, the electrolyte-

specimen interactions and consequently the anodization phenomena changed 

consistently with temperature change [35]. Therefore, in two cases the thermodynamics 

and chemical conditions of anodization reactions are dissimilar and result in different 

morphology of TiNTs.  

In order to evaluate the effect of temperature on the degree of order, it would be useful 

to determine the nanotube diameter distribution quantitatively. These distributions are 

estimated by ImageJ software by taking the SEM images of the same magnification for 

all samples. The summary of the results as shown in figure 4.3 presents the histograms 

of nanotube diameter at each temperature. For the TiNTs-T prepared for uncontrolled 

temperature condition, two regions with different diameter ranges are clearly visible 

with the one in the range of 5-20 nm and the range of other is 60-160 nm. This confirms 

our observation that if the processing temperature is not controlled, then pore size is not 

uniform. A random distribution of diameter for TiNTs prepared at fixed temperature as 

5°C clearly predicts the random pore sizes. Due to the irregular pore-arrangement, 

observable range is not found. At 10°C, pore sizes ranges from 30-120 nm predicting the 

considerable variations. This window reduces to 60-110 nm for TiNTs prepared at 20 

and 30°C. The number of tubes with same diameter is larger at 20°C than at 30°C as 

evident by the counts of the largest histogram in two graphs confirming that tubular 

array is relatively more ordered when prepared at 20°C. For 40°C this range is further 

shifted to higher values and tube diameter lies between 80 to 140 nm. With the increase 

in temperature, the range is shifted towards higher values and increasing temperature 

resulted in an increased nanotube diameter.  

It is well understood that as anodized TiO2 nanotubes are amorphous and transform into 

a crystalline structure on annealing. The TiO2 nanotubes prepared for different 

temperature conditions were annealed at 450°C maintaining the heating rate as 1°C min
-

1
. The corresponding XRD patterns are shown in the figure 4.5. It is found that 

crystalline structure is anatase with (101) as a major anatase peak at 25.5° (JCPDS No. 

01-084-1286) for each sample. At lower temperatures such as 5 and 10°C, in addition to 

anatase, the peaks of Ti are also present due to the smaller thickness of oxide. With the 

increase in temperature, oxide thickness increased and all peaks correspond the  
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Figure 4-4 Tube inner diameter distribution for TiNTs using ImageJ software. T 

represents the unfixed temperature condition. 
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Figure 4-5 XRD patterns for TiNTs prepared at different electrolyte 

temperatures. T represents the unfixed temperature condition. 
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polycrystalline anatase [23]. The major crystalline peaks such as  (101), (004), (200), 

(105) etc can be detected at 25.3, 37.8 º, 48.1 º, 52.9º respectively.  In the XRD pattern 

(identified by T) of TiO2 nanotubes prepared for unfixed temperature, no significant 

changes were observed. Peak positions and FWHMs are similar to the peaks of tubular 

array prepared at fixed electrolyte temperatures (20 C). It is concluded that electrolyte 

temperature change during the anodization affects the morphology, but the crystal 

structure is independent of it.   

4.4 Summary 

In summary, effect of electrolyte temperature on the morphology of TiNTs has been 

successfully studied. TiO2 nanotubes are fabricated by two-step anodization method for 

fixed and unfixed temperatures at 50 V. The top surface morphology strongly depends 

upon the processing temperature. With the increase in temperature, tube inner diameter 

and oxide thickness increased. However, at 40ºC, etching of oxide enhanced due to the 

presence of fluoride ions. It is concluded that anodization experiments should be 

performed at the fixed anodization temperature for uniform pore size as significant 

variations in tube diameter were observed for the tubes fabricated in an electrolyte of 

continuously increasing temperature. This increase in temperature is due to the 

exothermic reactions involved in anodization. The current density profiles show that the 

ionic and electronic conduction increased with the increase in temperature. XRD results 

confirmed that the crystal structure is anatase for each anodized layer. This shows that 

surface morphology and arrangement of anodic titania depend on processing 

temperature; however, crystal structure is independent of electrolyte temperature 

change.  
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  Chapter. 5

Highly Ordered Combined Structure of 

Anodic TiO2 Nanotubes and TiO2 

Nanoparticles Prepared by a Novel Route for 

Dye-Sensitized Solar Cells 

5.1 Introduction 

Dye-sensitized solar cell (DSSC), introduced by Grätzel in 1991[1], has several 

advantages over traditional solar cells, such as simplicity, low cost and ability to 

produce power under the mild conditions of light.  The main parts of DSSCs are: a 

photoanode usually based on wide band gap porous semiconductor oxides, a sensitizer, 

an electrolyte and a platinum counter electrode.  Efforts are continued by the research 

community to focus each component of DSSC for the increase in efficiency [2]. TiO2 

has been the promising photoanode material for DSSC partly for excellent stability and 

wide band gap. Due to its excellent photoelectric properties, different morphologies 

including nanoparticles [3, 4], nonorods [5, 6], nanowires [7] and nanotubes [8-10] have 

been widely used as electron acceptors in dye-sensitized solar cells. To date maximum 

efficiency is achieved with TiO2 nanoparticles [11] due to larger surface area. However, 

they suffer with the high recombination events. To enhance the electron transport 

properties with a decrease in recombination events, one dimensional nanostructures are 

gaining significant interest. However, the same structures suffer with lower effective 

surface area and lower dye loading, consequently, resulting in lower efficiency of the 

cell. A number of reports have been presented on combining the one dimensional 

nanostructures with nanoparticles for improvement of cell efficiency due to increase in 

the available surface area for dye adsorption and acquiring efficient electron transport 

[12-15].   

Anodically fabricated self-organized TiO2 nanotubes (TiNTs) array may be an ideal 

architecture due to high electron collection efficiency, efficient electron transport, 

controllable tube diameter and tube length and high surface area [16-19]. Due to these 

excellent properties, they have been decorated by TiO2 nanoparticles (TiNPs) by various 
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approaches such as treating with TiCl4 [20, 21] or by hydrolysis of TiCl4 with a particle 

size of 3 nm [22] and by dipping-rinsing and hydrolysis process [23]. Zheng et. al. [24] 

has reported combined structure of nanotubes and particles by annealing the as anodized 

TiNTs in a sealed porcelain container followed by TiCl4 treatment. The other method is 

to fill in the nanotube with the nanoparticles by chemical liquid deposition [25], vacuum 

immersion [26], electrophoritic deposition [27] and mechanical friction method [28]. 

These methods require precise control of experimental conditions.  Only a few of these 

reports show complete coverage of inner and outer walls of TiNTs. Hetrostructured 

nanotubes/ nanoparticles array has been achieved by immersing as anodized nanotubes 

in water from a few hours to a few days at low temperature [29]. This low temperature 

water assisted treatment can induce changes in the phase and morphology, yet it requires 

long processing time, which may result in curling or cracking of tubes. High temperature 

water treatment [30], hydrothermal solid-liquid reactions route [31] and water vapor 

treatment [32] have been utilized to accelerate the phase and morphology 

transformations, but the issue of curling, cracking and poor adhesion between nanotubes 

and underlying substrate still prevails. To address this problem, recently, a few reports 

have been presented in which hydrothermal solid-gas route is adopted [33, 34]. During 

the process, water vapors interact with the tube walls and crystallize the amorphous 

nanotubes as well as tune their morphology for larger surface area. However, degree of 

crystallinity is low [35], whereas, highly crystalline structures are required for solar cell 

applications. 

The major challenge is to coat the tube interior and exterior homogeneously with 

nanoparticles in order to improve the effect of combined structure on cell efficiency and 

to utilize the functional range of nanotubes. During the present investigations, highly 

ordered TiNTs have been synthesized by the two-step anodization method. These 

nanotubes are coated by the TiNPs by utilizing the combined hydrothermal and 

chemical vapor deposition techniques. The combined structure of TiNTs and TiNPs was 

employed as photoanode in DSSC in a back-side illumination mode and efficiency has 

been tested under 1 sun illumination (100 mW cm
-2

). It is found that efficiency is 

significantly increased using combined structures.  
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5.2 Experimental 

5.2.1 Materials 

The Ti metal used in the present study is 99.6 % pure and purchased from online Ti shop 

(www.ti-shop.com).  All chemicals, ethanol, acetone, ethylene glycol, ammonium 

fluoride and titanium tetrachloride were of analytical reagent grade and used without 

further purification. Deionized water (DI) was used as solvent in all experiments.  

5.2.2 Fabrication of TiNTs arrays 

TiO2 nanotubes were prepared by the two-step anodization method. Highly pure Ti foil 

of thickness 0.6mm was first cut into samples of size 1cm x 2cm and mechanically 

polished with SiC papers of different grit size ranging from 600 to 2000. Further 

cleaning of sheets was performed by ultrasonication in acetone, ethanol, and deionized 

water successively for 20 minutes each and dried in air. The electrochemical anodization 

experiments were performed in a two-electrode electrochemical cell with Ti foil as 

working electrode and stainless steel sheet as counter electrode. The electrolyte used for 

anodization consisted of ethylene glycol with 0.5 wt % NH4F and 3wt % DI water. The 

first-step anodization was conducted at 50V for three hours at a constant temperature of 

20º C followed by intense sonication in DI-water to remove the tubular film resulting in 

polished and patterned surface.  Then the second-step anodization was carried out on the 

pretreated sample under the same conditions for two hours. In each anodization 

experiment, magnetic stirring was employed throughout the experiment. The doubly 

anodized samples were washed with DI water thoroughly and then dipped for a few 

seconds in ethanol. This step enhanced the adherence of TiNTs with the underlying 

metal substrate. Subsequently, sonication in ethanol was done to remove the nanograss 

on the top of the surface and exposes the open-ended nanotubular layer. Theses 

nanotubes were then annealed at 450 °C maintaining the heating rate as 1ºC min
-1

 which 

enhances the adhesion between TiNTs and Ti metal substrate.  

5.2.3 Fabrication of combined structure of TiNTs and TiNPs   

TiO2 nanoparticles (TiNPs) were deposited on anodically produced TiNTs using 3 mM 

TiCl4 as the precursor solution by a novel hydrothermal route. About 100 ml of 3 mM 

TiCl4 solution was placed in a teflon lined stainless autoclave having one liter capacity. 

http://www.ti-shop.com/
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TiNTs samples were placed into the autoclave such that they do not have a direct contact 

with the liquid solution. For this purpose, the foil was hung vertically to avoid direct 

contact. The sealed autoclave was heated to 180 ºC and kept for prescribed (ranging 

from 1 hour to 3 hours) durations. As the boiling point of TiCl4 is 136 °C and that of 

water is 100 ºC, then during hydrothermal reaction at high temperature, water and TiCl4 

vapors were introduced in the region close to the TiNTs sample. TiO2 nanoparticles 

were formed on the oxide surface by the chemical reaction as described below:  

)()(2)(2)(4 42 gsgg
HClTiOOHTiCl   

This route for the deposition of TiO2 nanoparticles on the walls of tubular array is 

named as hydrothermal chemical vapor deposition (HCVD) method. At the end of each 

experiment the autoclave was cooled to room temperature. Subsequently, the samples 

were washed with DI water and dried in an oven for 6 hours at 140 ºC. Finally the 

samples were vacuum annealed for 2 hours at 500 ºC.  

5.2.4 Dye-Sensitized solar cell Fabrication 

TiNTs prepared by two-step anodization and those coated with TiNPs using HCVD 

method were employed for DSSC testing. These samples were immersed in 0.3 mM N-

719 dye (Solaronix) for 24 hours in order to get the monolayer of dye molecules onto 

the oxide layer. The non-adsorbed dye was removed by washing the photoanodes with 

ethanol and dried in air. Dye solution was prepared using isopropanol and ethanol in the 

same ratio as solvents. Pt coated FTO glass was used as counter electrode. The two 

electrodes were assembled in sandwich type cell geometry by using a hot melt sealent/ 

spacer of thickness 25 µm (Meltonix, Solaronix).  The electrolyte iodide/ triiodide 

(Iodolyte AN-50, Solaronix) was injected to fill in the spaces between the electrodes 

through drilled hole in Pt counter electrode via vacuum back filling technique [36].  For 

this a drop of electrolyte was put onto the hole and cell was placed in a small vacuum 

chamber.  By using rotary pump, air is removed from the cavity between two electrodes. 

Exposing the air pressure again caused a pressure difference and electrolyte droves into 

the cavity of the cell.  The active area for cell was 0.16 cm
2
. Cell was illuminated 

through glass substrate as the substrate underlying TiNTs is Ti metal.  
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5.2.5 Characterization 

The morphology of TiNTs and the combined TiNTs-TiNPs was analyzed using field 

emission scanning electron microscope (ZEISS SUPRA-55) and a transmission electron 

microscope (TEM, FEI Tecnai). The crystalline structure was identified by  X-Ray 

diffractometer (Bruker D8 Discover) using Cu-Kα radiations.  Diffused reflectance 

spectra of the samples were made by using Diffused reflectance spectrometer (Spectro 

Flurophotometer, RF6000). Current-voltage (J-V) measurements of DSSCs were 

performed using a Keithley 2400 source meter attached to a PC. Cells were irradiated by 

one sun illumination (100 mW cm
-2

) with AM 1.5 simulated sunlight produced by a 

solar simulator (Oriel Solar Simulator, Model 91160).  The spectra of the incident 

photon to current conversion efficiency (IPCE) vs. incident photon wavelength were 

also acquired (PEC-S20). Conductivity measurements were performed using EC-Lab 

V11.10. 

5.3 Results and discussion 

Figure 5.1 depicts the typical field-emission scanning electron microscopy (FESEM) 

images of the top surfaces of anodic TiO2 nanotube samples before and after the 

deposition of nanoparticles by HCVD method at 180 °C. The top surface of as anodized 

and annealed TiNTs before HCVD treatment, as shown in figure 5.1a, reveals that well-

defined and open ended tubes are formed that  tend to arrange themselves in an 

hexagonal order, which is typical for two-step anodization method as earlier reported in 

[37]. After the HCVD treatment, pronounced morphological changes are observed at top 

surface (figure 1b-d). For one hour HCVD treatment, the surface tends to be covered by 

the nanoparticles. Apparently tube wall thickness has increased with decrease in inner 

diameter associated with deposition of nanoparticles. The nanoparticles are uniformly 

attached on the tubes and the relative order of the tubes is still preserved (figure 5.1b). 

By increasing the HCVD treatment to 2 hours (figure 5.1c) and 3 hours (figure 5.1d) for 

deposition of TiNPs, it is found that the deposition is not uniform. Agglomerates are 

formed on the surface, although circular holes corresponding to TiNTs are still seen. It is 

observed that increasing the time of HCVD treatment to 3 hours affect the surface 

morphology significantly, introducing larger agglomerates and blocking the tube tops 
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(figure 5.1d). The sealing of tubes would result in difficulty to infiltrate the electrolyte 

and dye into the nano-channels. 

Cross-sectional FESEM views of the samples are presented in the figure 5.2. These 

images were taken by breaking the samples. Figure 5.2a reveals that pristine TiNTs have 

smooth tube walls with an average outer diameter of 150 nm and 6.5 μm in length as 

shown in the inset. The walls of TiNTs are completely covered with TiNPs along their 

entire length after HCVD treatment for one hour as shown in the figure 5.2b. The length 

of the tubes is 6.8 μm as evident in the inset. This confirms that formation of TiNPs 

takes place not only on the top surface, but also through thickness along the nanotube 

walls. Figure 5.2c showing the section of oxide layer clearly indicates that nanoparticles 

are also well deposited onto the tube interiors as highlighted by the arrows in figure 

5.2c. It is important to note that tube exterior gaps, which are usually present between 

tubes due to the chemical etching in the solution during anodic oxidation that continue 

to the metal-oxide interface, are smaller than the inner openings of tubes. Vapors can 

penetrate between these gap and particles are deposited in those as indicated by arrows 

in figure 5.2b, confirming that the nanoparticles layer is evenly produced along the inner 

wall of nanotubes as well as along the gaps between the outer walls of the tubes. For 

longer deposition times, tubular  
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Figure 5-1 SEM images showing the top surface of anodic TiNTs array prepared at 50 

V(a) and TiNTs-TiNPs array prepared by depositing TiNPs on the anatase TiNTs by using 

HCVD method for 1hour (b), 2hours (c), 3 hours (d). 
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Figure 5-2 Cross-sectional SEM views of anodic TiNTs array prepared at 50 V (a) and 

TiNTs-TiNPs array prepared by depositing TiNPs on the crystalline TiNTs by using 

HCVD method for 1hour (b, c), 2hours (d), 3 hours (e). 



74 
 

morphology does not remain clearly visible, which is due to the complete filling of 

nonotubes with nanoparticles. For hydrothermal chemical vapor deposition of two 

hours, tubes are broken and particles are seen on the tube inner wall as shown by arrow 

in figure 5.2d. Tubular morphology completely vanished for 3 hour HCVD (figure 

5.2d), it seems independent morphology does not maintained.  

The nanoparticle size can be estimated as 27 nm on average from SEM images (Figs 

5.1b and 5.2b, c). In order to confirm the particle size, transmission electron microscopy 

(TEM) was performed and images are shown in figure 5.3. Thin section of intact 

isolated tubes could not be found as the samples were prepared by mechanical 

scratching.  A part of tube is shown in figure 5.3a and it is evident that particles are 

present along the wall, although some particles and agglomerates are seen around. The 

average size of particles is about 30 nm as shown in figure 5.3b, which is almost in 

agreement with the SEM results.  

 

 

 

 

 

 

Figure 5-3 TEM images showing the section of TiNTs-TiNPs array (a) and TiNPs (b) 
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The crystal structure of TiNTs arrays and TiNTs coated with nanoparticles were 

examined by XRD as shown in figure 5.4a. All the as-anodized samples were annealed 

at 450 °C for 2 hours at heating and cooling rate of 1 °C min
-1

 prior to HCVD treatment 

to strengthen the nanotubes with underlying Ti metal substrate. After the hydrothermal 

experiment samples were re-annealed at 500 °C for 2 hours in vacuum. It is reported that 

vacuum annealing results in enhancing the conductivity of these samples [38]. All peaks 

shown in XRD-patterns for four samples, including TiNTs and TiNTs-TiNPs array 

prepared for 1, 2 and 3 hours are representing the polycrystalline anatase structure 

(JCPDS card 1286) as can be seen in figure 5.4. It is observed that there is no distinct 

difference in XRD patterns. The emergence of peaks such as (101), (004), (200) etc. at 

25.4º, 37.9º and 48.07º, respectively, indicates the formation of anatase crystal structure 

which is considered useful for solar cells. Figure 5.4b depicts the high resolution X-rays 

photoelectron spectra (XPS) of anodically produced TiNTs after annealing at 450 °C 

(curve 1), and TiNTs-TiNPs array produced by one hour HCVD treatment (curve 2). It 

is evident that the Ti(2p) peaks located at 458.7 eV (Ti
4+

2P3/2) and 464.5 eV (Ti
4+

2P1/2) 

correspond to Ti
4+

 in TiO2 for both the samples. The results clearly suggest that the array 

of annealed TiNTs and TiNTs-TiNPs array that was subjected to HCVD for one hour  

are crystalline, and only Ti
4+

 is present in TiO2 which is also in agreement with the 

reported literature [39]. 

Some authors [33, 34] have performed hydrothermal treatment of as anodized TiNTs at 

180 °C in water vapors. They have observed profound roughening of tubes side walls 

due to the loss of Ti-suboxides in the amorphous (as anodized) TiNTs. The composite 

structure of nanotubes and nanoparticles was formed by the partial self-sacrifice of the 

nanotube walls as there was no foreign Ti source resulting in thinning of tube side walls 

[40]. In our case, anodic TiNTs have been subjected to annealing to form crystalline 

anatase titania before subjecting to hydrothermal environment. When annealed and fully 

adherent anodic TiNTs arrays were exposed to the water vapors containing TiCl4, TiNPs 

have been formed. Our HCVD treatment of TiNTs does not cause any distinct damage 

to the annealed nanotubes. One reason is that TiNTs containing Ti
4+

 ions were first 

obtained by crystallization before subjecting to HCVD treatment. Secondly, TiCl4 

vapors are present in the environment owing to the low boilng point of 136 °C. The  
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Figure 5-4 XRD pattern of TiNTs and TiNTs-TiNPs array treated 

for three different times as 1, 2 and 3 hours by HCVD treatment 

showing the complete anatase crystal structure (a). High 

resolution X-ray photoelectron spectroscopy of annealed TiNTs 

array (curve 1) and 
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presence of TiCl4 vapors in the environment must be offering resistance to 

decomposition and associated damage to TiNTs. TiNPs were deposited on the tube side 

walls under hydrothermal conditions due to the chemical reactions between the vapors 

of H2O and TiCl4 (eq. 1) at the oxide surface at processing temperature (180 ºC). 

Because the as anodized TiNTs exhibit the inner tube diameter of about 120 to 130 nm, 

vapors can easily access the inner surface of tubes and chemical reaction on the tube 

wall is more kinetically favorable. This results in complete coverage of the interior and 

exterior surfaces of nanotube walls with TiNPs (figure 5.1c). The schematic to describe 

the formation of hybrid TiNTs-TiNPs array is presented in figure 5.5.  

To investigate the influence of HCVD on the photovoltaic performance of DSSCs, as 

anodized and annealed TiNTs and TiO2 nanotubes arrays coated with TiNPs by HCVD 

treatment were employed as photoanodes in DSSC. The JV-results of these devices are 

shown in figure 5.6. The photovoltaic measurements were performed under A.M. 

illumination with 100 mW cm
-2

 intensity. Table 5.1 summarizes the performance 

parameters of the DSSCs such as Jsc: short current density, Voc: open circuit voltage, 

FF: fill factor and ɳ: photocurrent conversion efficiency. The device, based on as 

anodized and annealed TiNTs array without HCVD treatment, exhibit Jsc and Voc of 

3.7 mA cm
-2

 and 0.7 V, respectively. The solar cell assembled using nanotubes sample 

coated with TiNPs for 1hour at 180 °C by HCVD gives Jsc of 5.86 mA cm
-2

 and Voc of 

Figure 5-5 Flow chart of the process for fabricating TiNTs-TiNPs array by using 

HCVD method. Annealed TiNTs array, formed by two-step anodization of Ti, was 

exposed to hydrothermal environment in a stainless steel autoclave containing 

diluted TiCl4. TiNPs get deposit onto the surface of tube walls due to the 

chemical reaction between TiCl4 and H2O vapors at the surface 
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0.77 V. The efficiency achieved for TiNTs-TiNPs array formed by one hour HCVD 

treatment is 2.3 %, representing an increase of 130% than that for bare TiNTs. This is 

primarily due to the larger surface area of TiNTs-TiNPs array as compared to as 

anodized TiNTs that result in greater dye loading and this leads to the better light 

absorption [41]. These TiNPs are well coated on the tube walls and tube tops preserving 

the order with open tube tops. It is noted that when the deposition time is 2 hours, 

TiNTs-TiNPs array shows lower efficiency. This is mainly due to the lowest open 

circuit voltage as 0.48 V which offsets the increase in FF. The solar cell fabricated by 

using TiNTs onto which TiNPs were deposited with the longest duration of 3 hours 

gives smallest Jsc as 0.23 mA cm
-2

 and hence shows the lowest efficiency. This is 

attributable to the agglomeration of nanoparticles covering the top surface of nanotube 

as evident by SEM image (figure 5.1d). In addition, the sealing of tube tops inhibits the 

dye and particularly electrolyte to infiltrate inside the tubes [42]. Cross-sectional image 

reveals that particles have covered the tube walls in such a way that traces of tube order 

is deteriorated (figure 5.2e) This may introduce boundaries which change the electrons 

transport pathways and increase the chances of recombination[43].  

 

Table 5-1 Performance parameters of DSSCs based on bare TiNTs array and TiNTs-

TiNPs array formed by HCVD method for 1, 2 and three hours. 

Sample Jsc (mA cm
-

2
) 

Voc (V) FF ɳ (%) 

TiNTs 3.7 0.7 0.39 1.0 

TiNTs-TiNPs (1 hour) 5.86 0.77 0.5 2.3 

TiNTs-TiNPs (2 hours) 3.0 0.48 0.41 0.6 

TiNTs-TiNPs (3 hours) 0.23 0.75 0.4 0.06 

 

Interesting information is presented in the diffused reflective properties of these four 

nanotubes layers with and without coating as shown in figure 5.7. The diffused 

reflectance of the TiNTs-TiNP array for which TiNTs were treated with HCVD for one 

hour is the highest among all the four samples. This reflects its higher scattering ability. 

Higher scattering ability results in longer optical path of light through the nanotubes  
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Figure 5-6 The current-voltage characteristics of the DSSCs based on the 

four photoanodes such as anodic TiNTs array prepared at 50 V and 

TiNTs-TiNPs array prepared after HCVD treatment for 1, 2 and 3 hours 

Figure 5-7 Diffused reflectance spectra of TiNTs and TiNTs-TiNP  array 

treated for three different times as 1, 2 and 3 hours by HCVD 
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[34]. This seems to offer enhanced incident light harvesting ability in the adsorbed dye 

conforms to the higher values of Jsc and efficiency observed for the device prepared by 

this photoanode. The other two photoanodes based on TiNTs coated with TiNPs for 2 

and 3 hours exhibited lower diffused reflectance than one-hour treated tubular array due 

to the damage of ordering of original nanotubes arrays resulting in weakening of light 

trapping. 

The IPCE (incident photon to current conversion efficiency) results shown in figure 5.8 

are in good agreement with the results on the photocurrents shown in figure 5.6 The 

shapes of the IPCE curves respectively obtained from the DSSCs based on the TiNTs 

photoanode and the TiNTs-TiNPs (1 hour ) photoanode are quite similar. The peaks of 

both curves are located around the 550 nm (incident wavelength). Nonetheless, the IPCE 

of the TiNTs-TiNPs sample, formed by HCVD treatment for one hour, is obviously the 

highest. This improvement is clearly attributable to higher light absorption in the dye 

due to the decoration of TiNPs in an appropriate proportion without damaging the 

dimensional structure of nonotube. In contrast, the IPCE curves of the DSSCs based on 

the TiNTs-TiNPs with HCVD treatment of 2 hours and 3 hours appear to be quite flat. 

 

Figure 5-8 IPCE spectra of DSSCs based on TiNTs and 

TiNTs-TiNPs (prepared for 1, 2 and 3 hours by HCVD 

treatment) photoanodes 
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Figure 5-9 Nyquist plot of DSSCs based on TiNTs and TiNTs-TiNPs (prepared for 1, 2 

and 3 hours by HCVD treatment) photoanodes . Inset shows the equivalent circuit 

diagram 



82 
 

without obvious peaks, suggesting that the overloading of TiNPs lowered the dye 

adsorption To understand the electron transport through the DSSCs based on four 

photoanodes, electrochemical impedance spectroscopy (EIS) was performed and the 

results are presented in figure 5.8. The equivalent circuit diagram for the devices is also 

shown. The Nyquist plots, as shown in figure 5.8, clearly show two semicircles for each 

device.  In our case the impedance is nearly zero at the cathode/ counter electrode for 

each cell. The first semicircle is associated with the charge transport through the solid 

state i.e. Ti\TiO2 interface. The impedance increases due the enhancement in surface 

grain boundaries (particle boundaries) as well as due to the damage in the one-

dimensional structure of nanotubes by the decoration of TiNPs using HCVD treatment. 

The increased amount of dielectric TiNPs may also emhances the impedance. Second 

semicircle describes the impedances related with depletion or concentration of 

electrolytic charge carriers at the dye\TiO2\electrolyte interfaces due to the increase in 

surface area. The conductivity should increase which have been seen with the DSSC 

based on photoanode prepared by HCVD of one hour. However as the excessive 

deposition of TiNPs takes place with 2h and 3h HCVD, the movement of electrolytic 

charge carriers to and away from the interface becomes difficult as a result their 

concentration changes due to which charge transfer become more difficult for the device 

based on the samples prepared by HCVD for 2 and 3 hours.  

5.4 Summary 

In summary, the combined structure of TiNTs and TiNPs has been successfully 

synthesized by HCVD method. TiNTs were prepared by two step anodization method at 

50V. After annealing the TiNTs at 450 ºC, anatase crystal structure was obtained. When 

annealed and fully adherent anodic TiNTs arrays were exposed to the water vapors 

containing TiCl4 in an autoclave at 180 ºC, TiNPs have been formed. As a result of 

reactions between H2O and TiCl4 at the oxide surface, the interior and exterior surfaces 

of nanotubes were successfully coated with TiNPs. It is found that DSSC based on 

TiNTs-TiNPs array prepared after one hour HCVD treatment gives optimized 

performance with 130 % increase in efficiency as compared to the device based on bare 

TiNTs. The results of diffused reflectance spectroscopy predict that the same TiNTs-

TiNPs array has shown a higher reflectance exhibiting better scattering ability as 
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compared to the other TiNTs-TiNPs arrays fabricated by HCVD method for longer 

durations. The DSSC devices based on these composite nanostructures formed by TiNPs 

coating for longer times are less efficient. The IPCE results agrees well with the JV-

characteristics of DSSCs. EIS measurements predicts  the increased conductivity for the 

DSSC based on photoanode prepared by HCVD of one hour. The present study 

concludes that the ordered and open 1D combined TiNTs-TiNPs array transports the 

electrons effectively resulting in more efficient photoanodes in DSSC devices.  
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  Chapter. 6

Influence of Top Surface Morphology of TiO2 

Nanotubes on Ag Nanoparticles Distribution 

Anchored on Tubes by Pulse-

Electrodeposition and Application in Dye-

Sensitized Solar Cells 

6.1 Introduction 

Dye-sensitized solar cells (DSSCs) prove to be the excellent competitor to the 

conventional p-n junction solar cells due to their low production cost, ease of 

manufacturing and efficient photovoltaic conversion [1-3]. The fundamental concept 

associated with the development of DSSCs is its photoanode based on the highly 

crystalline nonoporous titania film composed of either TiO2 nanoparticles [3, 4], hollow 

anatse spheres [5], nanorods [6], nanowires [7, 8] or nanotubes [9]. Highly ordered 

anodic TiO2 nanotubes (TiNTs) have proved to be the highly efficient photoelectric and 

photocatalytic material due to their unique ordered morphology, high specific surface 

area, n-type properties, accelerated one dimensional electron transport and reduced light 

reflection [10-12]. The ease of preparation of TiNTs by anodization using a simple 

electrochemical setup has aroused considerable scientific interest of them [13, 14]. They 

are the best counterpart of TiO2 nanaoparticles based photoanodes which introduce 

recombination events of electrons due to the presence of particle boundaries, surface 

states and defects resulting in low electron transport time constant in DSSCs. Further, 

ordered vertical morphology of TiNTs allows the filling of tube interior and exterior by 

nanoparticles of metal oxides [15], noble metals [16, 17], proveskites or semiconductor 

quantum dots etc. [18] resulting in improved efficiency of  DSSCs due to the increase in 

surface area or light harvesting abilities. 

The surface modification of TiNTs using noble metal nanoparticles to enhance the 

optical absorption in DSSCs has been investigated intensively for the increase in current 

conversion efficiency [17, 19, 20]. Localized surface plasmon resonance (LSPR) 

induced by noble metal nanoparticles such as silver (Ag) and gold (Au) is well 
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recognized for the enhancement of light harvesting properties in photovoltaics [21, 22]. 

LSPR is an optical phenomenon which occurs due to the collective oscillation of 

conduction electrons caused by the light incident on metal nanoparticles [23]. The size 

of nanoparticles must be coincident with the wavelength of incident light so that an 

electric field of light can cause oscillation in the conduction electrons and consequently 

a strong electromagnetic field produced around the particle. The surface plasmon 

resonance effect enhancing the incident light scattering and trapping within the 

semiconductor results in increase in its optical path length, suppresses the recombination 

events in dye and electrolyte and improves the photoluminicence of dye [19]. These 

particles function as electron donar at metal-oxide interface. In DSSCs, the increase in 

conversion efficiency due to noble metal nanoparticle anchored on the surface of 

photoanode, depends on the type of material, particle size, shape and inter particle 

distance [24].  

TiNTs have been decorated with the nanoparticles of noble metals such as Pd, Au, Cu, 

Ag [12, 20, 21, 25, 26]. Among them, Ag is the most suitable candidate being lower 

cost, photostable, nontoxic and easy to prepare [22]. Its absorbance coefficient is four 

times than that of Au [27]. Ag nanoparticles have been deposited on nanostructures TiO2 

by various methods including photo reduction method [24],photochemical reduction 

method [28], photo induced deposition [21, 29], calcination reduction [30] , 

elecrodeposition[23], atomic layer deposition [16] and dry coating process [22]. 

Recently, it has been investigated that on contrary to direct current electrodeposition, 

pulse current electrodeposition method (PCED) [12, 23] is useful in depositing the 

homogeneous distribution of AgNPs with controllable sizes, shapes and spatial 

orientation as these parameters strongly effects the resonant frequencies of surface 

plasmon. By the control of pulse currents and current on-off times, it is possible to 

deposit uniform distribution of AgNPs utilizing this method.  

In the present research work, it is observed that the distribution of Ag nanoparticles also 

effected by the substrate surface morphology. We have comparatively studied the 

influence of the ordered and disordered morphology of TiNTs on the geometrical 

features and agglomeration of AgNPs in the environment of nanostructured TiO2. 

AgNPs are deposited by pulse electrodeposition method onto the anodically fabricated 
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TiNTs. It is observed for the first time that ordered open ended tubes facilitate the 

uniform distribution of AgNPs whereas defected structure introduce the agglomeration. 

It is emphasized that the ordered open ended arrangement of tubes is more useful for the 

enhanced plasmonic effect of Ag nanoparticles than the tubes covered with nanograss in 

order to play significant role for the increase in the current conversion efficiency of 

DSSC device. 

6.2 Experimental Details 

6.2.1 Materials 

Ti metal sheets with 99.6 % purity were obtained from online Ti shop (www.ti-

shop.com) and used as substrate in this study.  All chemicals, ethanol, acetone, ethylene 

glycol, ammonium fluoride,  silver nitrate (AgNO3) and sodium nitrate (NaNO3) were of 

analytical reagent grade and used without further purification. Deionized water (DI) was 

used as solvent in all experiments.  

6.2.2 Fabrication of composite structure of AgNPs and TiNTs 

The fabrication of TiNTs was performed by anodizing the mechanically cleaned and 

dried Ti sheets in two steps. In a two-electrode cell geometry, first-step anodization of 

Ti sheet was performed at 50 V for three hours at 20 °C. The oxide produced in first-

step anodization was removed by intense sonication in DI-water resulting in polished 

and patterned Ti surface. Then the second-step anodization was carried out on the 

pretreated sample under the same conditions for two hours. The electrolyte used for 

anodization consisted of ethylene glycol with 0.5 wt % NH4F and 3wt % DI water. After 

anodization, samples were thoroughly washed with DI water. Few samples were 

sonicated in ethanol for few seconds to get the ordered open ended morphology of 

nanotubes [15]. The other samples were only dipped in ethanol to attain intact tubular 

array with nano grass present on the top surface. 

Ag nanoparticles (AgNPs) were deposited onto the nanotubes by pulse electrodeposition 

(PED) method in a two electrode system using as anodized TiO2 nanotubular array as 

working electrode and graphite rod as counter electrode. The electrolyte used for PED 

comprised of a mixture of 0.01 molar AgNO3 and 0.1molar NaNO3 having a ratio 1:1 by 

volume. AgNPs were deposited on ordered array of nanotubes for different pulse 

currents ranging from 1.5 mA cm
-2

 to 20 mA cm
-2

 applied for 100 cycles with the 

http://www.ti-shop.com/
http://www.ti-shop.com/
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current on-time as 1s and off-time as 3s. In order to evaluate the effect of disordered 

mopholgy of nanotubes, PED experiment were performed on tubes with nanorass on top 

surface for different conditions of experimental parameters and stated clearly in the 

discussion part. All PED experiments were carried out at room temperature with 

potentiostat (AMEL, model 2051) and programmable function generator (AMEL, model 

568). The TiNTs-AgNPs samples were subsequently dried in an oven at 100 °C 

followed by vacuum annealing at 500 °C.   

6.2.3 Solar cell testing  

As anodized TiNTs and TiNTs-AgNPs prepared by the combined two-step anodization 

and PED methods were employed as photoanode for DSSC testing after heat treatment 

at 500 °C. A monolayer of dye molecules was adsorbed onto the oxide layer by 

immersing these samples in 0.3 mM N-719 dye (obtained form Solaronix) for 24 hours. 

With the Pt coated FTO glass as counter electrode, DSSC was prepared by assembling 

the two electrodes in sandwich type cell geometry by using a hot melt sealent/ spacer of 

thickness 25 µm (Meltonix, Solaronix).  The electrolyte iodide/ triiodide (Iodolyte AN-

50, Solaronix) was injected to fill in the spaces between the electrodes through drilled 

hole in Pt counter electrode via vacuum back filling technique [4]. The active area for 

cell was 0.16 cm
2
.Cell was illuminated in back illumination mode as the substrate 

underlying TiO2 oxide is Ti metal.  

6.2.4 Characterization 

The surface morphology of TiNTs and TiNTs-AgNPs was studied with field emission 

scanning electron microscope (ZEISS SUPRA-55) and chemical composition was 

analyzed using Energy Dispersive X-rays analysis (EDX). The crystalline structure was 

identified by X-rays diffraction pattern recorded using X-Ray diffractometer (Bruker D8 

Discover) with Cu-Kα radiations.  Current-voltage (J-V) measurements of DSSCs were 

performed using a Keithley 2400 source meter attached to a PC. Cells were irradiated by 

one sun illumination (100 mW cm
-2

) with AM 1.5 simulated sunlight produced by a 

solar simulator (Oriel Solar Simulator, Model 91160).   

6.3 Results and Discussions 

Figure 6.1 shows the plot for pulse electrodeposition (PED) process for the 

electrochemical deposition of AgNPs with rectangular shape pulse at the pulse current 
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of 5mA/cm
2
 with alternating on-time as 1s and off-time as 3s. These pulses are repeated 

for 100 deposition cycles. Figure 6.1a shows the current-time curve and figure 6.1b 

shows the voltage signals for the applied pulses.  

6.3.1 AgNPs deposited on the ordered open-ended TiNTs 

Figure 6.2 illustrates the typical field-emission scanning electron microscopy (FESEM) 

views of top surface and cross-section of bare TiNTs and TiNTs decorated with AgNPs 

via PED method at the pulse current of 5mA/cm
2
 with 1s/ 3s as on/ off time in 100 

deposition  cycles. It is evident in figure 6.2a that the top surface of TiNTs has relatively 

ordered arrangement and homogeneous structure. Tubes are vertically aligned with 

150nm outer diameter on average as shown in the cross-sectional image (figure 6.2b). 

AgNPs are dispersed uniformly and well anchored with the surface of TiNTs as shown 

in figure 6.2c. These particles are spherical in shape with sizes in the range of 10 to 25 

nm. Most of the AgNPs are larger on the top surface than the particles anchored along 

the tube walls as indicated by the arrows. Smaller particles are well attached with the 

tube walls and structure of tubular array is still preserved after the deposition of AgNPs. 

It is noteworthy that the circumferences of top ends are covered with AgNPs and there is 

a change in the wall-thickness. This indicates that particles are deposited both inner and 

outer surface of tubes [28]. This change in wall thickness and presence of larger 

particles at the top may be due to the top ends of tubes were more exposed to the 

electrolyte during PED [23].  
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          Figure 6-1 Current vs time and voltage vs time plots representing the  

parameters for the Ag nanoparticle deposition onto TiNTs. 
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Figure 6-2 SEM images showing (a, b) the top surface and cross-section of  TiNTs array 

prepared at 50 V and 20 C using two-step anodization method. (c, d)  top surface and 

cross-sectiond of anodic TiNTs array  decorated with Ag nanoparticles by PED at 5 

mA/cm
2
 pulse current for 100 cycles with 1s/ 3s as on-off time 
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Figure 6.3 represents the energy dispersive X-ray (EDX) analysis and XRD-pattern to 

indicate the presence of AgNPs loaded on TiNTs at 5mA/cm
2
 applied current density. 

The EDX spectrums of bare TiNTs and TiNTs decorated with AgNPs are given in figure 

6.3 (a-b) and the chemical compositions are given in the inset. In figure 6.3a the peaks 

of Ti and O are visible for as anodized TiNTs. In the EDX spectrum of TiNTs loaded 

with AgNPs at 5mA/cm
2
 applied pulse current, the peak of Ag can easily be detected 

giving clear indication of the presence of Ag with atomic percentage as 2.78 % as shown 

in the figure 6.3b. The information about crystal structures of TiNTs array and TiNTs 

loaded with AgNPs is given in the XRD patterns as shown in figure 6.3c. The samples 

were vacuum annealed at 500°C for 2 hours. It is evident that TiNTs are present in 

anatase crystal structure with the major peak for antase structure is preferentially (101) 

(JCPDS No. 01-084-1286). The peaks of Ag could be observed at 35.8°, 37.04°and 

40.3° (JCPDS No. 01-087-0598). The peak at 37.04° of metallic Ag is covered up by 

peak attributed to anatase at 37.8° [35]. The presence of the diffraction peaks of cubic 

structured Ag and anatase phase of TiO2 indicates that TiNTs decorated with AgNPs 

consist of two phases.  

To further confirm the presence of Ag on the surface of TiO2, high resolution X-ray 

phothoelectron spectroscopy (XPS) was employed to study the surface composition of 

TiNTs decorated with AgNPs via PED at 5mA/ cm
2
 pulse current with 1s/ 3s as on/ off 

times and the general XPS spectrum is shown in figure 6.4a. The peaks of O, Ti, C and 

Ag can be clearly detected. The XPS spectrum for the Ag (3d) region is presented in 

figure 6.4b. The Ag (3d) peaks observed at 368.3 eV and 374.4 eV corresponds to 

metallic Ag 3d5/2 and Ag 3d3/2 respectively. This confirms the existence of Ag in 

metallic form on the surface of TiO2.  

Figure 6.5 illustrates the effect of pulse current density on the size and distribution of 

AgNPs deposited on TiNTs layer. At the pulse current density of 1.5 mA/cm
2
, silver 

nanoparticles of smaller size ranges from 3nm to 8nm on average were deposited as 

shown in figure 6.5a, b. The particles are uniformly distributed at the top surface as well 

as along the walls. When the applied current density was kept at15 mA/cm
2
, tubes wall 

thickness changed and AgNPs as well as their agglomerates could be seen on the top 

surface and along the walls.  
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Figure 6-3 EDX profiles of anodic TiNTs prepared at 50 V (a) and TiNTs decoated 

with Ag nanoparticles (b). XRD pattern of two samples (c). In XRD pattern A 

represents the anatase phase. 
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Figure 6-4 : XPS profile anodic TiNTs prepared at 50 V and decorated 

with Ag nanoparticles by PED with 5mA/cm2 pulse current for 100 cycles 
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Figure 6-5 SEM image of TiNTs-AgNPs for pulse currents of 1.5 mA/cm
2
 (a-b) and 15 

mA/cm
 
(c-d).The scale bar is 100nm in each part. 
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The size varies from 16nm to 48 nm on average with non-uniform distribution. The 

results (figure 6-2, 6-5) reveal that the size of AgNPs increases with increasing the 

applied current density. 

6.3.2 AgNPs deposited on the TiNTs with nanograss on their top suface 

In order to deposit AgNPs onto the tubular array with disordered morphology, TiNTs 

substrates were prepared by two-step anodization method at 50V. The nanograss is 

present on the top surface as the ultrasonic treatment in ethanol was not provided to the 

tubular array after anodization. TiNTs array composed of two layers of oxide, a 

nanograss layer; a disordered morphology and ordered nanotubes layer below the 

nanograss layer. Nanograss is formed due to the permanent etching of the tube walls in 

the fluoride containing electrolyte [31]. These as-prepared TiNTs arrays were used as 

substrate to deposit AgNPs at the pulse current of 10mA/ cm
2 

for 100 deposition cycles 

(figure 6.6) and 25 deposition cycles (figure 6.7) with on-time of 1s and off-time of 3s. 

At applied current density of 10 mA/ cm
2
, the nanoparticles are well deposited on the 

top surface of oxide with the particle size of 30 to 70 nm on average. They may be 

called as smaller aggregates. As shown in figure 6.6a, cross-sectional view clearly 

indicates that vertical tubes are entirely covered by nanoparticle of size 50 nm on 

average. Inset image shows that the particles are well deposited inside the tubes. It is 

noted that the appearance of the oxide surface has become rougher as many small 

particles are present on the surface EDX spectrum (figure 6.6c) indicates the sharp peak 

of Ag with the increased concentration as 7.79 atomic %. At the same applied current, 

when the deposition time for AgNPs was decreased to 25 deposition cycles, smaller 

particles as 5 nm to 15 nm on average were deposited on the surface and along the tube 

walls as shown in figure 6.7(a-b). These smaller particles are uniformly dispersed. The 

result of the EDX spectrum shows the smaller peak of Ag with lower concentration as 

1.05 atomic percent. The variation in concentration of AgNPs for the two different 

deposition times gives interesting results for DSSCs as discussed later.  

Interesting information is found when the volume ratio of AgNO3 is doubled in the 

electrolyte used for PED experiment. AgNPs were deposited at an applied current 

density of 10 mA/cm
2
 in 100 cycles with 1s/ 3s as on/ off times. The FESEM images of 

top surface of TiNTs at different magnifications are shown in figure 6.8 (a-c). It is  
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Figure 6-6 SEM images showing (a) the top surface of anodic TiNTs array prepared at 

50 V and decorated with Ag nanoparticles by PED at 10 mA / cm2 pulse current for 100 

cycles with 1s/ 3s as on-off time, (b) cross-sectional SEM view of tubular array clearly 

showing the presence of Ag nanoparticles (c) EDS spectra of TiNTs decorated with Ag 

nanoparticles 
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Figure 6-7 : SEM images showing (a) the top surface of anodic TiNTs array prepared at 

50 V and decorated with Ag nanoparticles by PED at 10 mA / cm2 pulse current for 25 

cycles with 1s/ 3s as on-off time, (b) cross-sectional SEM view of tubular array clearly 

showing the presence of Ag nanoparticles (c) EDS spectra of TiNTs decorated with Ag 

nanoparticles 
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Figure 6-8 SEM images showing the morphology of AgNPs on the surface of TiNTs 
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evident that surface is covered with AgNPS agglomerated in different shapes. Mostly 

nanoparticles are agglomerated into nano-trees as seen in figure 6.8a. At some places 

they agglomerate in layers as marked by A, nano-spheres marked as B and nanocubes 

marked as C as shown in Figire 6.8b. The cube shown in figure 6.8c has cube length of 

500 nm. The EDX spectrum for this cube is presented in figure 6.8d. The highest peak 

of Ag confirms that cube is formed by AgNPs. Smaller peaks of Ti and O come from the 

substrate. These structures are seen for the first time and not present in literature. The 

formation of such structures onto nanograss shows that disordered morphology may be 

helpful in growing such structures. Further investigation is required for the complete 

understanding of the formations of such structures on TiNTs.     

6.3.3 DSSCs measurements 

The bare TiNTs and TiNTs arrays coated with AgNPs by PED method for three 

different conditions as for 100 deposition cycles at 5mA/cm
2
 and 10mA/cm

2
 and for 25 

deposition cycles at 10mA/cm
2
 applied pulse-current, were employed as photoanodes in 

DSSC. The combined TiNTs-AgNPs samples are selected based on the nanoparticle 

size, their uniform distribution and top surface morphology. The JV-results of these 

devices are shown in figure 6.9. The photovoltaic measurements were performed under 

A.M. illumination with 100 mW/cm
2
 intensity. Table 6.1 summarizes the performance 

parameters of the DSSCs such as Jsc: short current density, Voc: open circuit voltage, 

FF: fill factor and ɳ: photocurrent conversion efficiency. The device based on bare and 

annealed TiNTs array exhibits Jsc and Voc as 3.7 mA/cm
2
 and 0.7 V giving the 

photovoltaic efficiency as 1 %. The highest efficiency was achieved for the DSSC based 

on TiNTs-AgNPs array formed after depositing the AgNPs on TiNTs for 100 deposition 

cycles at 5mA/cm
2
 pulse-current as 1.94% representing a 94% increase in the cell 

efficiency than the DCCS consisting of bare TiNTs. This device exhibits maximum Jsc 

of 5.08 mA cm
-2

, Voc of 0.81V and FF of 0.47. As reported in literature [32], the 

maximum voltage produced under solar illumination is the difference between the 

Nernst potential of redox couple (electrolyte) and chemical potential attained by the 

conduction electrons in TiO2 (quasi-fermi level). Since the AgNPs loaded on TiNTs do 

not affect the two potentials, there is no substantial change in photovoltage. However,  
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the AgNPs effectively enhance the charge separation and light absorption phenomena, 

which cause the improvement of short circuit current. It is important to note that particle 

size (20 nm on average) and their uniform dispersion on the surface and side walls of 

TiNTs result in higher plasmon resonance effect by increasing the number of 

photoelectrons and suppressing the recombination events in dye or in electrolyte of 

electron-hole pairs.  It is worth to mention here that the well-defined tube geometry with 

open tube tops improves the solar cell performance [33]. As for the other two samples, 

having disordered morphology due to the presence of nanograss, lower efficiency is 

recorded which is in agreement with the literature[33] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-9 The current-voltage characteristics of DSSCs 
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The device based on the TiNTs-AgNPs array prepared at10mA/cm
2
 for 100 deposition 

cycles presents Jsc of 3.7 mA/cm
2
, Voc of 0.72 V and FF of 0.43 yielding the energy 

conversion efficiency of 1.05% slightly higher than the energy conversion efficiency of 

DSSC based on bare TiNTs. The solar cell fabricated by using TiNTs onto which 

AgNPs were deposited for 25 cycles deposition gives the smallest Jsc as 2.62 mA/cm
2
. 

It seems that Ag concentration is too low to give any plasmonic effect, moreover, 

presence of disordered morphology reduced the efficiency. These results suggest that 

ordered and open 1D combined TiNTs-AgNPs array with uniform dispersion of 

nanoparticles of size 20 nm are useful for DSSC due to the combined effect of effective 

electron transport and enhanced plasmonic effect. It indicates that size and shape of 

AgNPs have profound impact on efficiency  

Table 6-1 Performance parameters of DSSCs based on bare TiNTs array and TiNTs-

AgNPs array 

Sample Jsc (mA cm
-2

) Voc (V) FF ɳ (%) 

TiNTs 3.7 0.67 0.39 1.0 

TiNTs-AgNPs (100 cycles, 

10mA/ cm
2
) 

3.37 0.7 0.43 1.05 

TiNTs-AgNPs (25 cycles, 10 

mA/cm
2
) 

2.62 0.75 0.5 0.98 

TiNTs-AgNPs (100 cycles- 

5mA/ cm
2
) 

5.08 0.81 0.47 1.94 

 

6.4 Summary 

For the decoration TiNTs with AgNPs, TiNTs fabricated by two-step anodization were 

divided in two groups. One is with ordered morphology with open tube tops and the 

other with nanograss on the top surface. Both were loaded with AgNPs by PED method. 

It is found that order morphology favors the uniform deposition of AgNPs on TiNTs. 

However, TiNTs covered with nonograss, facilitates the Ag-nanostructures of different 

shapes. DSSC with highest efficiency is found for 5 mA/cm
2 

pulse current density with 

uniform distribution of particles decorated onto the ordered nanotubes.  
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Conclusion 

In summary, TiNTs have been synthesized by the two-step anodization method and self-

branching of these tubes has been observed. Study is made at four different applied 

voltages as 30, 40, 50 and 60 V. For each voltage top surface is irregular after first-step 

anodization but open-ended and ordered array of nanotubes results after second step 

anodization. TiNTs prepared at 50V are more uniformly placed tubes with hexagonal 

tube fronts have the tendency to grow straight along with each other without much turns 

or excessive tube branching. Whereas the numerous turns and pore branching are 

observed at other voltages. The self-branching of nanotubes is more pronounced in the 

first-step anodization than during the second-step anodization at each voltage studied. 

The nanopits on the titanium surface, exposed after the dissolution of the oxide layer 

formed in the first-step anodization are observed to be highly regular and uniform. 

These nanopits facilitate nucleation of pores (tubes) producing less branched arrays 

during second step of anodization. Oxygen bubbles preferentially develop at the center 

of pores. For symmetric pores, formation of oxygen bubbles occur at the center of pore 

tip resulting in the growth of straight and single tube, whereas, more than one bubble are 

created at non-symmetric pore bottom and lead to the self-branching of TiNTs. This 

concludes that the symmetric pits result in straight tubes from top to bottom. It is further 

demonstrated that two-step anodization method is useful to fabricate TiNTs having an 

improved crystalline structure with anatase as a major crystalline phase.  

As electrolyte temperature is a critical parameter for tube growth its effect on the 

morphology of TiNTs has been successfully studied. TiO2 nanotubes are fabricated by 

two-step anodization method for fixed and unfixed temperatures at 50 V. It is 

demonstrated that the top surface morphology strongly depends upon the processing 

temperature. With the increase in temperature, tube inner diameter and oxide thickness 

increased. However, at 40ºC, etching of oxide enhanced due to the presence of fluoride 

ions. It is concluded that anodization experiments should be performed at the fixed 

anodization temperature for uniform pore size as significant variations in tube diameter 

were observed for the tubes fabricated in an electrolyte of continuously increasing 

temperature. This increase in temperature is due to the exothermic reactions involved in 
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anodization. The current density profiles show that the ionic and electronic conduction 

increased with the increase in temperature Current-time transients predict the effect of 

constant and varying experimental temperatures as well. In both cases, XRD results 

show the complete anatase crystal structure of nanotubes upon annealing at 450 °C. This 

shows that surface morphology and arrangement of anodic titania depend on processing 

temperature; however, crystal structure is independent of electrolyte temperature 

change. These results are expected to improve the understandings of growth kinetics for 

such porous oxides. 

In second part of this study, the combined structure of TiNTs and TiNPs has been 

successfully synthesized by HCVD method. TiNTs were prepared by two step 

anodization method at 50V. After annealing the TiNTs at 450 ºC, anatase crystal 

structure was obtained. When annealed and fully adherent anodic TiNTs arrays were 

exposed to the water vapors containing TiCl4 in an autoclave at 180 ºC, TiNPs have 

been formed. As a result of reactions between H2O and TiCl4 at the oxide surface, the 

interior and exterior surfaces of nanotubes were successfully coated with TiNPs. It is 

found that DSSC based on TiNTs-TiNPs array prepared after one hour HCVD treatment 

gives optimized performance with 130 % increase in efficiency as compared to the 

device based on bare TiNTs. The results of diffused reflectance spectroscopy predict 

that the same TiNTs-TiNPs array has shown a higher reflectance exhibiting better 

scattering ability as compared to the other TiNTs-TiNPs arrays fabricated by HCVD 

method for longer durations. The DSSC devices based on these composite 

nanostructures formed by TiNPs coating for longer times are less efficient. The IPCE 

results agrees well with the JV-characteristics of DSSCs. EIS measurements predicts  

the increased conductivity for the DSSC based on photoanode prepared by HCVD of 

one hour. The present study concludes that the ordered and open 1D combined TiNTs-

TiNPs array transports the electrons effectively resulting in more efficient photoanodes 

in DSSC devices.  

For the decoration TiNTs with AgNPs, TiNTs fabricated by two-step anodization were 

divided in two groups. One is with ordered morphology with open tube tops and the 

other with nanograss on the top surface. Both were loaded with AgNPs by PED method. 

It is found that order morphology favors the uniform deposition of AgNPs on TiNTs. 
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However, TiNTs covered with nonograss, facilitates the Ag-nanostructures of different 

shapes. DSSC with highest efficiency is found for 5 mA/cm
2 

pulse current density with 

uniform distribution of particles decorated onto the ordered nanotubes. These results 

conclude that the highly aligned and nanograss-free arrays combined with uniform 

distribution of AgNPs can significantly increase the current conversion efficiencies in 

DSSCs. 

These two studies show that porous ordered 1D structures based on TiO2 are of crucial 

importance for the high performance of DSSCs. 
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Future Recommendations 

 Parametric studies of TiO2 nannotubes based on substrate characteristics and 

oxide thickness can enhance the knowledge of growth of nanotubes. TiNTs will 

be grown on Ti substrate having different thicknesses to observe the 

morphological evolution of tubular array 

 Using the novel HCVD approach, different combinations of one dimensional 

nanostructured semiconductor oxides with suitable band energy position in 

energy band diagram and nanoparticles of metals, semiconductor oxides, 

perovskite materials etc., can be grown. These structures are expected to have 

higher dye-loading ability with higher surface area and increased light scattering 

ability. The research work on preparation of combined structure ZnO nanorods 

and TiO2 nanoparticles is continued in our lab and initial results are very 

successful. There is a need for further optimization of parameters involved in 

HCVD treatment such as time, temperature for efficient solar cell devices.  

 PED method for growing nanomaterials is well recognized. There is a need to 

study the growth and morphology of these materials in nanochannels of TiO2 

nanotubes. The structures of AgNPs developed on TiNTs with disordered top 

surface shows that disordered morphology may be helpful in growing novel 

structures of silver. Further investigation will be performed for the complete 

understanding of the formations of such structures on TiNTs. Other metal 

nanoparticles will also be deposited on TiNTs for similar studies. These studies 

are expected to give better control on size, morphology and distribution of metal 

nanoparticles for improved characteristics and can open new prospect for future 

DSSC application.  


