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Abstract 

 

The dye-sensitized solar cell (DSSC) is a promising low cost photovoltaic device 

for the generation of carbon-free energy. DSSC consists of two conducting glass 

electrodes in a sandwich configuration, with a redox electrolyte filling the free space in 

between. During illumination of the cell, the dye molecules inject electrons into the 

semiconductor film and the injected electrons diffuse through the semiconductor 

nanoparticle network through hopping from particle to particle until being collected at the 

electron collecting photoanode. Meanwhile, the charged dye is regenerated by an 

electrochemical reaction with a redox couple in the electrolyte. The oxidized ionic 

species diffuse towards the counter photocathode and are reduced by electrons that have 

traveled from the photocathode through the load to complete the circuit. To date, DSSCs 

with light-to-electric conversion efficiencies of ∼7 to 11% have been demonstrated with 

~10 µm thick electrodes made of 10−30 nm diameter TiO2 nanoparticles sensitized with 

ruthenium-based dyes, but further device improvement is limited due to the competition 

between electron transport and recombination. Wide bandgap semiconductor nanowire 

electrodes have the potential to increase the DSSC performance by increasing the 

electron transport rate while keeping the electron recombination rate unaltered. Towards 

this end, the synthesis of single-crystalline TiO2 nanowires on substrates was studied.  

Mesoporous anatase TiO2 microspheres composed of abutted TiO2 nanoparticles 

were synthesized through a two-step hydrothermal method. Photoanodes assembled from 

alternating layers of these mesoporous TiO2 microspheres and TiO2 nanoparticles 

increase the overall power conversion efficiencies of DSSCs by as much as 26%. This 

increase is due to enhanced light scattering by porous TiO2 microspheres and is achieved 

without sacrificing the specific surface area. 

Single-crystalline TiO2 nanowire arrays were grown on flexible titanium foil 

using a three-step solution synthesis. The synthesis method relies on the ability to grow 

single crystal sodium titanate (Na2Ti2O5·H2O) nanowires on titanium foil through a novel 
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alkali hydrothermal growth process. Following growth, the Na2Ti2O5·H2O nanowires are 

converted to protonated bititanate (H2Ti2O5·H2O) nanowires through an ion-exchange 

reaction without changing their morphology or crystal structure. Finally, the protonated 

bititanate nanowires are converted to single crystalline anatase TiO2 nanowires through a 

topotactic transformation by calcination. These three sequential steps yield a carpet of 2–

50 µm long single crystalline nanowires oriented in the [100] direction and primarily 

normal to the titanium foil. DSSC assembled from 12 µm thick TiO2 nanowire film gives 

a light-to-electric conversion efficiency of ~ 1.4%. Further improvements in the cell 

efficiency should be possible with longer nanowires. 

Single-crystalline rutile TiO2 nanorods were grown on transparent conductive 

fluorine-doped tin oxide (FTO) substrates using a facile, hydrothermal method. The 

diameter, length, and density of the nanorods could be varied by changing the growth 

parameters, such as growth time, growth temperature, initial reactant concentration, 

acidity, and additives. The epitaxial relation between the FTO substrate and rutile TiO2 

with a small lattice mismatch plays a key role in driving the nucleation and growth of the 

rutile TiO2 nanorods on FTO. With TiCl4-treatment, a light-to-electricity conversion 

efficiency of 3% could be achieved by using 4 µm-long TiO2 nanorod films as the 

photoanode in a DSSC.  

Single crystal anatase TiO2 nanorods/nanoflakes were grown on FTO substrates 

though a TiCl4 evaporation-condensation-hydrolyzation process, following by a 

subsequent thermal treatment. DSSCs assembled from 1 µm long TiO2 nanorod and 

nanoflake films give a light to electricity conversion efficiency of ∼ 2.1%. 
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Chapter 1 Introduction 
 

1.1 The Need for Renewable Energy 

The world demand for energy will double and exceed 50 TW by the middle of the 

21st century [1-3]. Currently, eighty percent of the power consumed globally comes from 

burning of fossil fuels – a practice that releases carbon dioxide (CO2) into the 

atmosphere.  If we continue to use fossil fuels as the primary energy source, CO2 

emission will double. Carbon dioxide is a greenhouse gas and is thought to be responsible 

for the global temperature rise. During the 20th century, atmospheric CO2 has increased 

by thirty percent from 275 parts per million (ppm) to 385 ppm [3]. In the mean time, the 

earth’s surface temperature has risen by approximately one degree Fahrenheit [4]. This 

temperature rise may have serious consequences such as melting the polar ice caps and 

elevated sea levels, stronger storms and frequent floods [5].  

To curb CO2 emissions, alternative clean energy technologies that can produce 

over 50 TW of power will have to be developed. Clean energy can be obtained from a 

variety of energy sources such as hydroelectric, nuclear, wind, biomass, geothermal, and 

solar; however, only solar energy can provide over 50 TW of power with minimal CO2 

emissions [6, 7]. 

Solar energy is a primary source of carbon-neutral energy, which is clean and 

abundant. Solar energy supports all life on the earth and is the basis for almost every 

form of energy we are currently using. Energy from the sun travels to the earth in the 

form of electromagnetic radiation. In one minute, the sun provides approximately five 

times more energy to the earth’s surface than the amount of energy consumed worldwide 

daily. Accordingly, the global energy can be provided by covering ~ 0.1% of the total 

earth’s surface with 10% efficient solar cells.  

 Single crystal or polycrystalline silicon p-n junction solar cells dominate the 

solar-to-electric conversion technologies with 71% of the market share. These solar cells 

are made from silicon wafers and have achieved lab efficiencies up to 25% and module 
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efficiencies as high as 20%. Despite the significant progress for processes to make the 

silicon p-n junction solar cells over the last two decades, the need for high purity 

feedstock and large materials usage for making a single cell prevent the further cost 

reduction. Solar energy is still approximately a factor of five more expensive than energy 

obtained from other sources (see Figure 1.1), which limits the wide-spread 

implementation of solar cells with the current technology. Inexpensive and efficient solar 

cells need to be developed in order for solar energy to become a viable alternative to 

burning fossil fuels. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Approximate electricity production cost from various energy sources [8-12]. 

 
 
1.2 The Dye-Sensitized Solar Cells 

Dye-sensitized solar cells (DSSCs) have been studied since the 1970s [13, 14]. 

The first DSSC design was based on single crystal zinc oxide. Due to the low film 

surface area for dye molecule adsorption, the performance of the first generation DSSC is 
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very poor with solar-to-electric conversion efficiencies less than 1%. In 1991, Grätzel and 

O’Regan modified the DSSC design. They used mesoporous TiO2 nanoparticle film to 

replace the single crystal ZnO film to increase the dye loading [15]. With this 

modification, the DSSC performance has been improved significantly to ~ 11% [16], 

which is nearly comparable to the performance of traditional solid state p-n junction solar 

cells. Different from the conventional solar cell systems, where the semiconductor 

performs both the task of light absorption and charge carrier transport, in DSSCs these 

two functions are separated into two different materials. This fundamental difference has 

the practical consequence that the materials used in DSSCs do not need to be as defect-

free as the crystalline silicon and DSSCs are more defect-tolerant than p-n junction solar 

cells. Therefore, DSSCs can be made with less expensive materials that can be produced 

using cheap methods such as low temperature solution crystallization and growth 

technique, which could eventually lower the solar cell fabrication cost.  

1.3 Thesis Overview 

 Advances in nanometer-scale science and technology during the past decade have 

offered new ideas and directions for developing efficient novel DSSCs. The objectives of 

my thesis work were to study low-temperature solution crystallization and growth 

techniques for making TiO2 nanostructured materials for DSSCs and to understand the 

assembly and operation of these nanostructured devices. Towards this end, mesoporous 

TiO2 microspheres composed of abutted TiO2 nanoparticles, single-crystalline anatase 

TiO2 nanowires, single-crystalline rutile TiO2 nanorods, and single-crystalline anatase 

TiO2 nanorods/nanoflakes were fabricated on titanium foil or transparent conductive 

fluorine-doped tin oxide (FTO) substrate for making DSSCs.  

 Chapter 2 presents the background of DSSCs and methods to make and 

characterize a DSSC. In this chapter, the operating principles of DSSCs and some 

nanostructured DSSC designs are discussed. 

 Chapter 3 describes a two-step hydrothermal method for synthesizing mesoporous 

anatase TiO2 microspheres composed of abutted TiO2 nanoparticles and their use in 
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constructing layered structures for improving the performance of DSSCs. Incident-

photon-to-current-conversion efficiency of TiO2 photoanodes is found to be increased 

significantly in the visible and near infrared range of the electromagnetic spectrum by 

assembling films that are structured on both micrometer and nanometer length scales. 

Photoanodes assembled from alternating layers of TiO2 nanoparticles and mesoporous 

TiO2 microspheres increase the overall power conversion efficiencies of DSSCs by as 

much as 26%. This increase is due to enhanced light scattering by porous TiO2 

microspheres and is achieved without sacrificing the specific surface area. 

 Chapter 4 introduces the synthesis of oriented single crystalline titanium dioxide 

(TiO2) nanowire arrays on titanium foil. The synthesis method relies on the ability to 

grow single crystal sodium titanate (Na2Ti2O5·H2O) nanowires on titanium foil through a 

novel alkali hydrothermal growth process. Following growth, the Na2Ti2O5·H2O 

nanowires are converted to protonated bititanate (H2Ti2O5·H2O) nanowires through an 

ion-exchange reaction without changing their morphology or crystal structure. Finally, 

the protonated bititanate nanowires are converted to single crystalline anatase TiO2 

nanowires through a topotactic transformation by calcination. These three sequential 

steps yield a carpet of 2–50 µm long single crystalline nanowires oriented in the [100] 

direction and primarily normal to the titanium foil. Even longer nanowires can be grown. 

The single crystal TiO2 nanowire arrays on flexible titanium substrate may be used in 

photocatalytic and photovoltaic devices such as dye-sensitized solar cells and may 

enhance their performance by providing fast electron transport. The nanowires can also 

be used as templates for producing hierarchical nanostructures such as nanowires 

decorated with nanoparticles on their periphery or nanotubes with walls made of 

nanoparticles. This chapter has been published as Liu, B.; Boercker, J. B.; Aydil, E. S. 

Nanotechnology 2008, 19, 505604. 

 Chapter 5 describes a facile, hydrothermal method for growing oriented, single-

crystalline rutile TiO2 nanorod films on transparent conductive fluorine-doped tin oxide 

(FTO) substrates. The diameter, length, and density of the nanorods could be varied by 

changing the growth parameters, such as growth time, growth temperature, initial reactant 

concentration, acidity, and additives. The epitaxial relation between the FTO substrate 
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and rutile TiO2 with a small lattice mismatch plays a key role in driving the nucleation 

and growth of the rutile TiO2 nanorods on FTO. With TiCl4-treatment, a light-to-

electricity conversion efficiency of 3% could be achieved by using 4 µm-long TiO2 

nanorod films as the photoanode in a DSSC. This chapter has been published as Liu, B.; 

Aydil, E. S. J. Am. Chem. Soc. 2009, 131, 3985 and Enache-Pommer, E.; Liu, B.; Aydil, 

E. S. Chem. Phys. Phys. Chem. 2009, 42, 9648. 

 Chapter 6 focuses on the growth of single crystal anatase TiO2 nanorods and 

nanoflakes on transparent conducting fluorine-doped tin dioxide (FTO) substrates for 

DSSCs. Single crystal anatase TiO2 nanorods and nanoflakes were grown on FTO 

substrates through a TiCl4 evaporation-condensation-hydrolyzation process, following by 

a subsequent thermal treatment. DSSCs assembled from 1 µm long TiO2 nanorod and 

nanoflake films give a light to electricity conversion efficiency of ∼ 2.1%. 

 Chapter 7 proposes some future research directions for TiO2 nanorods and/or 

nanowires. 
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Chapter 2 Background on Dye-Sensitized Solar Cells 
 

The dye-sensitized solar cell (DSSC) consists of two conducting glass electrodes 

in a sandwich configuration, with a redox electrolyte filling the free space in between. On 

one of these electrodes, a few micrometer-thick layer of a wide bandgap semiconductor 

(e.g., TiO2, ZnO or SnO2) is deposited in the form of a connected but mesoporous 

network of nanometer-sized particles. This electrode forms the photoanode of a 

photoelectrochemical cell. The compact layer is porous with very high specific surface 

area. A monolayer of dye is adsorbed onto the wide bandgap semiconductor surfaces 

(shown in Figure 2.1). On the other electrode, a thin layer of platinum is deposited to 

form the photocathode. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Schematic of a typical nanoparticle-based DSSC. Dye molecules are attached 
on the surface of the nanoparticle film and the electrolyte penetrates between the 
semiconductor pores forming a semiconductor-dye-electrolyte interface of high surface 
area. 
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Energy conversion in a DSSC is based on the injection of photoexcited electrons 

from the lowest unoccupied molecular orbital (LUMO) state of the dye to the conduction 

band of the nanocrystalline semiconductor (TiO2 is by far the most commonly used oxide 

semiconductor), as depicted in Figure 2.2.   

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.2 Energy band diagram of a TiO2 nanoparticle-based DSSC. [1] 

 
Under illumination, photons are absorbed by dye molecules, which are adsorbed 

on the semiconductor surfaces. This leads to the excitation of electrons in the dye from 

the highest occupied molecular orbital (HUMO) to the LUMO (S ∗ ): 

S hv S ∗+ →          2.1 

Electrons excited to the LUMO levels are injected into the conduction band of the 

semiconductor nanocrystals and travel through the semiconductor layer to reach the 

electron collecting photoanode. As a result of this electron injection, the dye molecule 

itself is oxidized (S + ): 

2TiOS S e∗ + −→ +         2.2 
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The original state of the dye (S ) is subsequently restored by electron donation from the 

electrolyte through the reduction of iodide via: 

32 3 2S I S I+ − −+ → +         2.3 

The regeneration of the dye by iodide inhibits the recapture of the electrons in the 

semiconductor conduction band by the oxidized dye. The iodide is in turn regenerated at 

the counter electrode by the reduction of triiodide on the platinized photocathode:   

3 2 3PtI e I− − −+ →         2.4 

The circuit is completed by electron migration through an external load. 

The maximum obtainable voltage (∆V, the voltage with no current flow) is given 

by the difference between the Fermi level of the semiconductor under illumination and 

the Nernst potential of the mediating redox couple in the electrolyte (see Figure 2.2). 

Ideally, the device should generate electrical power from sun light without suffering any 

irreversible chemical transformation. The separation of light absorption and electron 

transport into different materials make the DSSC operate differently as compared to 

typical solid state p-n junction solar cells. 

 Three crucial components of a DSSC are the semiconductor film, the dye 

molecule and the liquid electrolyte. A large variety of semiconductor materials have been 

tested for DSSCs including TiO2 [2], ZnO [3], SnO2 [4], Nb2O5 [5], SrTiO3 [6], and 

Zn2SnO4 [7]. Among them, TiO2 nanoparticle-based DSSCs are the most efficient by far 

at ~ 11% [8]. The TiO2 nanoparticle film offers high surface area for dye adsorption. The 

surface area of an efficient TiO2 nanoparticle DSSC is usually 1000 times more than the 

area of the projected film surface. The light absorption by a monolayer of dye on a flat 

surface is weak due to the fact that the area occupied by a dye molecule is much larger 

than its optical cross section for light capture. As a result, a decent energy conversion 

efficiency of a DSSC cannot be obtained by use of a flat semiconductor surface [9-12], 

but rather by use of porous nanostructured films of very high surface area [13-20]. Under 

illumination, the light travels through the photosensitized semiconductor layer and hits 

hundreds of adsorbed dye monolayers on the semiconductor surfaces. This mesoporous 
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structure is somehow similar to stacked thylakoid vesicles in green leaves, which act as a 

support aid in light harvesting by chlorophyll [21].  

 An efficient photosensitizer (the dye molecule) needs to fulfill the following 

requirements. First it should have intense absorption in the visible spectrum. Second it 

needs to strongly adsorb onto the semiconductor surface. Third it must be capable of 

efficiently injecting electrons into the conduction band of the semiconductor. 

Furthermore, the photosensitizer must be rapidly reduced by the mediator in order to 

avoid electron recombination and should be stable, both in its ground state and excited 

state. With all these requirements, cis-bis(isothiocyanato)bis(2,2′-bipyrridyl-4-4′-

dicarboxylato)-ruthenium(II)bis-tetrabutylammonium dye (N-719) is a good candidate. 

N-719 is a ruthenium-based organometallic dye, commonly used in DSSCs. It is 

hygroscopic with a molecular weight of 1187.7 g/mol. The molecular structure of the dye 

is shown in Figure 2.3. This dye absorbs well in the visible range of the electromagnetic 

spectrum as illustrated in Figure 2.4. The dye molecule can be grafted onto the 

semiconductor surfaces through anchoring groups, e.g., carboxylate, which bind strongly 

to the oxide surface by coordination of surface cations. 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.3 Molecular structure of N-719 dye [22]. TBA: tetrabutylammonium. 
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Figure 2.4 Absorption spectrum of a 0.03 mM N-719 dye solution. 

 
2.1 The Equivalent Circuit of a DSSC 

To understand the operation of a DSSC, it is useful to create a model which is 

electrically equivalent to the physical solar cell. Equivalent circuit models are constructed 

using discrete electrical components whose behavior is well known. These discrete 

components are then assigned to physical parts or processes within the cell. An ideal 

DSSC may be modeled by a current source in parallel with a diode. In practice, no DSSC 

is ideal, so a shunt resistance and a series resistance component are added to the model 

(Figure 2.5). The current source represents the photoabsorption of the dye and subsequent 

electron injection into the semiconductor. The combination of the current source, diode 

and shunt resistance represent the semiconductor-dye-electrolyte interface. The diode 

models the unidirectional nature of the electron injection from the dye into the 

semiconductor. The shunt resistance is the resistance to current flow from the 

semiconductor to the electrolyte and is a measure of the rate of electron recombination at 

the semiconductor-dye-electrolyte interface. Higher the shunt resistance, lower the 

electron loss by recombination at this interface and vice versa. Shunt resistance can be 
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determined from the slope of the I-V characteristic for the solar cell at zero bias voltage 

(short circuit condition) as shown in Figure 2.6. A high shunt resistance, i.e., low 

recombination, is desired for maximum current through the load. The series resistance 

includes the resistance to current flow across the contacts, substrate, semiconductor and 

electrolyte. The series resistance (sR ) can be determined from the reciprocal of the slope 

of the I-V curve at the open circuit voltage (ocV ). A low series resistance is desired to 

minimize the power loss across the cell. 

  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 The equivalent circuit of a DSSC consists of a current source (I), a diode (D), 
a series resistance (Rs), and a shunt resistance (Rsh). 
 

2.2 Figures of Merit of a DSSC 

 Maximum power point — a DSSC may operate over a wide range of voltages (V) 

and currents (I). As the resistive load on an irradiated cell is increased continuously from 

zero (a short circuit) to a very high value (an open circuit), the power delivered to the 

load first increases, reaches a maximum and decreases to zero. For small loads, current is 

maximum but voltage is nearly zero. For very large loads, voltage is maximum but 

current is nearly zero. The maximum power point (maxP ) is achieved for a load for which 

the product of current and voltage is maximized (see Figure 2.6).  

I D 

Rs 

Rsh 
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Figure 2.6 A qualitative representation of a typical DSSC solar cell I-V curve. The upper 
blue line is in the dark and the lower blue line is under illumination. The parameters 
determined from the I-V curves; the maximum power, Pmax, the open circuit voltage, Voc, 
the short circuit current, Isc, and the shunt and series resistances, Rsh and Rs. 
  

 Energy conversion efficiency — the overall energy conversion efficiency (η) of a 

DSSC is defined as the percentage of power converted from absorbed light to electrical 

power when a DSSC is connected to an electrical circuit. The energy conversion 

efficiency can be calculated from the ratio of maximum power outputmaxP , divided by the 

input power from the light source (lightP ): 
lightP

Pmax=η . 

 Fill factor — another important figure of merit for a solar cell is the fill factor 

(FF), which is the ratio of the maximum power point divided by the product of the open 

circuit voltage ( ocV ) and the short circuit current (scI ): 
scoc

light

scoc IV

P

IV

P
FF

×
×

=
×

=
η

max . Fill 

factor compares the actual maximum power output with the hypothetical maximum 

power that a cell could deliver if it could be operated at open circuit voltage while still 

delivering current equal to the short circuit current. This power would be the area of the 



14 
 

larger rectangle in Figure 2.6 and the fill factor is the ratio of the smaller rectangle 

( maxmaxmax IVP ×= ) to this larger rectangle. Fill factor is a measure of how steeply the 

current rises in solar cells. Typical silicon solar cells and the best DSSCs have FF around 

70%. The FF is higher when the Rsh is large and the Rs is small so that the slope of the I-

V curve approaches zero at short circuit and infinity at open circuit. 

 Combining the above equations together, a new expression for the overall energy 

conversion efficiency can be obtained: 
light

ocsc

P

VIFF ××=η . Thus, the governing 

parameters that determine the overall energy conversion efficiency of a DSSC are FF , 

scI , and ocV , which all must be maximized to maximize the overall energy conversion 

efficiency. 

 The incident photon to current efficiency (IPCE) — IPCE is defined as the ratio 

of the number of electrons generated in the external circuit to the number of photons 

incident on the solar cell. This value is usually measured as a function of excitation 

wavelength and reported as a spectrum. IPCE is the product of the light harvesting 

efficiency (LHE) and the internal quantum efficiency (IQE): IQELHEIPCE ×= . LHE 

is the fraction of the number of electron-hole pairs created under illumination to the 

number of photons incident on the solar cell. It is a function of incident photon 

wavelength and can be quoted at just one particular wavelength or including the whole 

solar spectrum. LHE can be measured using thin film absorption spectroscopy: 

%100)101( ×−= − ALHE . IQE is the fraction of the absorbed photons that create an 

electron flowing through the external load. In order for an incident photon to produce an 

electron, three steps must take place. First, the photon must be absorbed by light 

absorbing material to create an electron-hole pair. Second, the excited electron in the 

light absorbing material must be injected into the semiconductor. Third, the electron must 

be collected at the back contact after passing through the semiconductor. As a result, the 

IQE can be further broken down and expressed as a product of the electron injection 

( injφ ) and collection ( collφ ) efficiencies: collinjIQE φφ ×= .  
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2.3 Factors Limiting the DSSC Performance 

One factor limiting the efficiency of a DSSC is the electron recombination at the 

semiconductor electrolyte interface. Electrons travel through the semiconductor film by 

hoping from particle to particle. According to a recent calculation, each electron makes 

somewhere in the vicinity of 106 to 107 hops. The number of hops depends on the 

porosity and film nanostructure while diffusing through the semiconductor film to reach 

the back contact [23]. When diffusing through the semiconductor film, the electron may 

recombine with the −
3I  in the electrolyte. The time constant for recombination and 

electron transport through a ~ 10 µm thick semiconductor film are on the order of 100 ms 

and 10 ms respectively [24]. While transport is faster than recombination in ~ 10 µm 

thick films, for thicker films there is a dynamic competition between electron transport 

across the semiconductor film and electron recombination with the electrolyte. This 

dynamic competition limits the electron diffusion length in a nanoparticle-based DSSC to 

be less than ~ 20 µm. Attempts to make the electron transport rate faster have also 

increased the electron recombination rate. The recombination kinetics is influenced by 

the factors which affect the transport dynamics [23, 25]. This coupling of the electron 

loss through recombination with transport has hampered the improvement of the energy 

conversion efficiency.  

Another factor that limits the DSSC efficiency is the poor LHE. Current DSSCs 

have only about 46% of the power available in the solar spectrum, because ruthenium 

based dyes do not absorb light well above a wavelength of ~ 700 nm (shown in Figure 

2.7) [13, 20]. Though several attempts have been made to modify the photosensitizers to 

increase their extinction coefficients particularly in the infrared so that they can absorb 

more light above 700 nm, none of these have been successful so far [26]. 

 

2.4 Nanowire DSSCs 

 One way to improve the LHE of a DSSC (thus improve the energy conversion 

efficiency) without changing the types of dye molecules currently used is to adsorb more 

dye in a cell by increasing the surface area of the semiconductor layer. In this approach, 
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even though the light absorption of individual dye molecule above 700 nm does not 

change, there are more dye molecules available, resulting in an increase in the overall 

light absorption above 700 nm.  

 

 

 

 

 

 

 

 
 
Figure 2.7 Incident-photon-to-current efficiency (IPCE) of TiO2 nanoparticle-based 
DSSCs with different adsorbed photosensitizers [20]. 

 

An exciting suggestion was proposed recently to improve the LHE of a DSSC by 

replacing the porous network of the semiconductor nanoparticle layer with a dense array 

of semiconductor nanorods or nanowires [27-30]. It was estimated that the electron 

diffusion in the ZnO nanowire films can be several hundred times larger than that in the 

nanoparticle films [27]. This increase in electron diffusion length can make the use of 

thicker semiconductor nanowire films possible while ensuring that most of the electrons 

injected from the dye will be collected at the back contact. The thicker nanowire films, if 

dense enough, would provide extra surface area for dye adsorption. As a result, both the 

LHE and the energy conversion efficiency can be increased. In addition, by using the 

semiconductor nanowire film as the photoanode in a DSSC, it may be possible to 

decouple the electron transport and recombination behavior, making it possible to achieve 
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higher IQE for films thicker than 20 µm by increasing the electron transport rate while 

keeping the electron recombination rate unchanged.  

The first nanowire-based DSSC was constructed based on ZnO due to its 

anisotropic crystal structure, which makes the synthesis of ZnO nanowire films much 

easier than other types of transparent semiconductor nanowire films (e.g., TiO2 and 

SnO2) (see Figure 2.8).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.8 Schematic of a ZnO nanowire-based dye-sensitized solar cell [29]. 
 

The best performed ZnO nanowire DSSC so far has a light-to-electric conversion 

efficiency of around 2.4% [31]. Increasing the thickness of the nanowire film increases 

the surface area for dye adsorption, thus increases the overall energy conversion 

efficiency [27, 28]. It was found that the IQE of ZnO nanowire DSSCs did not change 

with the nanowire film thickness [29], suggesting that the thickness of the ZnO nanowire 

film is less than the electron diffusion length. Thus, energy conversion efficiency of the 

cell could be further improved by increasing the nanowire film thickness. The overall 

energy conversion efficiency of nanowire-based DSSC was found to be limited by its low 
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LHE and IQE [27, 29]. Although the electron transport through the nanowire film was 

found to be much faster than that in the nanoparticle film, the lower surface area for dye 

adsorption of the nanowire film decreases the LHE drastically so that no net 

improvement has yet been achieved with nanowire DSSCs over nanoparticle DSSCs. The 

LHE of the ZnO nanowire-based DSSC is only about 40% (at a wavelength of 500 nm) 

of that of the ZnO nanoparticle-based DSSC. A possible way to improve the LHE is to 

search for new synthesis methods to make the nanowire arrays grow longer, thinner and 

denser.  

 
2.5 Nanowire Quantum-Dot-Sensitized Solar Cells (QDSSCs) 

 Instead of using organometallic dye molecules to absorb light, narrow bandgap 

semiconductor nanocrystals (e.g., CdS, CdSe or InP), also known as quantum dots (QDs) 

were recently combined together with single-crystalline ZnO nanowire arrays to form a 

new type of solar cell, called QDSSC (see Figure 2.9) [32]. Compared with conventional 

dye molecules, it has the following advantages of using QDs as the light absorbing 

material. First, the size of the QDs and thus the light absorption can be well controlled to 

better match the solar spectrum, because the absorption spectrum of the QDs is size 

dependent. Second, it has been shown recently that multiple electron-hole pairs can be 

created in QDs per photon absorption, which might enhance the efficiency of the device 

over the theoretical limit [33-36]. During the construction of the cell, QDs and ZnO 

nanowire films were synthesized separately, and then the QDs were attached to the ZnO 

nanowire surface with the aid of a linker molecule, mercaptopropionic acid (MPA). An 

overall energy conversion efficiency of ~ 0.4% was obtained.  

 
2.6 Properties of TiO2 

 TiO2 is the best candidate material for nanowire photoanodes in DSSCs because it 

is non-toxic, abundant, and stable against etching and photocorrosion. TiO2 is a wide 

bandgap semiconductor with bandgap ~ 3.2 eV. The conduction band edge of TiO2 is 

located lower than the LUMO levels of typical photosensitizers used in DSSCs, which 
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allows electrons to be transferred to the TiO2 conduction band once excited. The best 

performed DSSC obtained so far was constructed based on TiO2 nanoparticles with a 

solar-to-electric conversion efficiency around 11% [8]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Schematic of a nanowire quantum-dot-sensitized solar cell [32]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Ball and stick representation of rutile TiO2. Titanium atoms are grey and 
oxygen atoms are red. 
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TiO2 occurs in nature as well-known minerals anatase, rutile and brookite. 

Anatase and rutile TiO2 have been used in DSSCs and achieved decent DSSC 

performance. Anatase and rutile have the same symmetry (tetragonal 4/m 2/m 2/m), 

despite having different structures. In rutile, the structure is based on octahedrons of 

titanium oxide which share two edges of the octahedron with other octahedrons and form 

chains (Figure 2.10). It is the chains themselves which are arranged into a four-fold 

symmetry. In anatase, octahedrons share four edges hence the four fold axis (Figure 

2.11). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11 Ball and stick representation of anatase TiO2. Titanium atoms are grey and 
oxygen atoms are red. 
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Chapter 3 Layered Mesoporous Nanostructures for Enhanced 
Light Harvesting in Dye-Sensitized Solar Cells 

 

3.1 Introduction 

  Dye-sensitized solar cell (DSSC) is a promising alternative to conventional 

solar cells based on the p-n junction because DSSCs can be fabricated from 

inexpensive materials with low cost processes [1, 2]. The key component in a DSSC 

is the photoanode, which is made by depositing a mesoporous nanocrystalline TiO2 

film on a transparent conducting oxide (TCO) glass. A monolayer of a photoactive 

dye adsorbed on the TiO2 nanocrystal surfaces absorbs the light and generates 

photoexcited electrons. These electrons can reduce their energy by transferring into 

the TiO2 conduction band and rapidly do so to provide an efficient charge separation 

mechanism [3]. The electrons injected into the TiO2 film diffuse to the TCO while the 

charged dye is regenerated by an electrochemical reaction with a redox couple (e.g., I-

/I3
-) in an electrolyte interpenetrating the mesoporous film. Reduction, at the cathode, 

of the oxidized species by an electron that has traveled from the TCO through the 

load completes the circuit. To date, DSSCs with light-to-electric conversion 

efficiencies of ∼7 to 11% have been demonstrated with ~10 µm thick electrodes made 

of 10−30 nm diameter TiO2 nanoparticles sensitized with ruthenium-based dyes [1-9]. 

  Poor light absorption in the infrared region of the electromagnetic spectrum is 

one of the factors that limits further improvements in the DSSC efficiency. One way 

to improve the optical density of the photoanode in the infrared region is to make 

thicker films. However, the competition between electron diffusion in the TiO2 film 

and electron recombination with I3
- in the electrolyte prevents one from increasing the 

photoanode thickness beyond the electron diffusion length. Another approach to 

improving the optical density is to enhance light absorption by increasing the optical 

path of photons through the dyed nanocrystals. This can be achieved by introduction 

of light scattering layers within the photoanode structure. Rayleigh scattering from 

the individual nanoparticles (10-30 nm) is too weak to enhance light harvesting by 

increasing the optical path of photons through the photoanode. For this reason, larger 
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spherical or faceted TiO2 particles, in the size range from 100 to 400 nm, are 

commonly used to scatter light [10-12]. However, introduction of these large and 

nonporous particles inevitably decreases the internal surface area and hence the 

roughness factor of the photoanode. Often, the loss of surface area counteracts the 

benefit of enhanced light scattering and optical absorption. Yet, another method to 

enhance light absorption is to couple a photonic crystal layer with the mesoporous 

nanocrystalline film [13-15]. The photonic crystal layer acts as a dielectric mirror and 

modifies the dye absorption. Using this method, visible light harvesting in DSSCs has 

been increased by 26% but having to assemble an inverse opal photonic crystal layer 

complicates the DSSC fabrication. 

  Ideal DSSC photoanodes must be structured both in the micrometer and 

nanometer size scales to provide light scattering and high internal surface area at the 

same time. In this chapter, I describe how to achieve this in TiO2 based DSSCs. 

Recently, porous films made of submicron-sized ZnO nanocrystal aggregates were 

used in constructing photoanodes for DSSCs [16-18]. Enhanced power conversion 

efficiencies were observed and attributed to the synergistic effect of high dye loading 

and improved light scattering. However, titanium dioxide is a better choice than ZnO 

for constructing DSSCs [19, 21, 24-26]. Herein, I describe a two-step hydrothermal 

method for synthesizing mesoporous anatase TiO2 microspheres and demonstrate their 

use in constructing layered structures for improving the performance of DSSCs. 

Alternating layered structures were recommended for DSSCs but their preparation 

without loss of surface area posed problems in the past [20]. 

 

3.2 Experimental Details 

  The mesoporous TiO2 microspheres were synthesized through hydrolysis of 

titanium glycolate microspheres followed by condensation of the resulting titanium 

hydroxide to TiO2. The titanium glycolate precursor spheres were made based on a 

reported method with modifications to increase the sphere sizes to length scales 

comparable to wavelength of light [22]. The porous anatase TiO2 microspheres were 

synthesized by hydrothermal treatment of the titanium glycolate spheres [23]. 
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  The titanium glycolate precursor spheres were synthesized by reaction of 

titanium butoxide with ethylene glycol. Typically, 4 ml of titanium butoxide (Aldrich 

97%) was mixed with 100 ml of ethylene glycol (Sigma-Aldrich 99.8%) and stirred 

for 6 hours at ambient conditions before mixing with a solution containing 395 ml of 

acetone (Mallinckrodt Chemicals) and 5 ml of deionized water. The resulting mixture 

was vigorously stirred for another hour. The white precipitates were collected by 

centrifugation and washed thoroughly with ethanol. The porous anatase TiO2 

microspheres were synthesized by hydrothermal treatment of the titanium glycolate 

spheres. In a typical synthesis, 300 mg of titanium glycolate spheres were dispersed in 

60 ml of deionized water by sonicating the mixture for 30 minutes. The sonicated 

mixture was transferred into a Teflon-lined stainless-steel autoclave (125 ml, Parr 

Instrument Co.) and kept in an oven at 100 oC for 4 hours. Finally, the white products 

were washed with copious amounts of deionized water and harvested by 

centrifugation. 

  The crystal structures of the products at different stages of the synthesis 

described above were examined by X-ray diffraction (XRD). The XRD patterns were 

recorded in a Bruker-AXS Microdiffractometer (Model D5005) with Cu Kα radiation 

(λ = 1.5406 Å) from 20o to 70o at a scanning rate of 2.4o min-1. Morphological and 

lattice information were obtained with field-emission scanning electron microscopy 

(FESEM, JSM-6700F), transmission electron microscopy, selected area electron 

diffraction, and high-resolution transmission electron microscopy (TEM/SAED/ 

HRTEM, FEI Tecnai T12, 120 eV). 

  The DSSC photoanodes were assembled on fluorine-doped tin oxide (FTO) 

glass substrates (1.7 × 2.6 cm; F:SnO2, Tec 15, 10 Ω/�, Hartford Glass Company) by 

drop-casting P25 nanoparticles (Degussa) and/or porous TiO2 microspheres from their 

respective ethanolic dispersions. The drop-casting solution was prepared by adding 

100 mg of P25 nanoparticles or porous TiO2 microspheres to 20 ml of pure ethanol 

and ultrasonically dispersing for 2 hours over a water bath. Typically 0.25 ml of the 

particle dispersion was drop-cast onto cleaned FTO substrate and the substrate was 

dried under ambient conditions, which took approximately 30 minutes. After drying, 
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the particle-coated FTO substrate was sintered in a furnace at 450 oC in air for 5 

minutes. The coating and sintering steps were repeated as many times as necessary to 

achieve desired film thicknesses. Prior to dye adsorption, the as-prepared film was 

placed in a 100 ml of 0.008 M TiCl4 solution, which was prepared by mixing 0.09 ml 

of TiCl4, 0.4 ml of concentrated HCl (36.5−38% by weight) and 99.5 ml of deionized 

water, at 50 oC for 2 hours inside a beaker covered with parafilm. After rinsing with 

deionized water, the TiCl4-treated film was calcined in air at 450 oC for 30 minutes. 

The electrode was immersed in a 0.3 mM ethanolic dye solution of cis – bis 

(isothiocyanato) bis (2,2’ – bipyrridyl – 4 – 4’ – dicarboxylato) – ruthenium(II) bis –

tetrabutylammonium (N-719 as received from Solaronix) for 24 hours. A glass 

substrate coated with FTO and platinum was used as the counter electrode, which was 

spaced from the photoanode with 25 µm thick Teflon strips (Pike Technologies). The 

electrolyte containing the redox couple iodide/tri-iodide (Iodolyte MPN-100 from 

Solaronix) was injected into the space between the anode and cathode through 

capillary forces. 

  Current versus voltage (I-V) characteristics and incident photon to current 

conversion efficiencies (IPCE) of the solar cells were measured with a Keithley 2400 

Sourcemeter while illuminating them with 100 mW/cm2 simulated AM1.5 spectrum 

produced by a homemade solar simulator. 

 

3.3 Morphology and Structure of the TiO2 Microspheres 

 During the conversion of the titanium glycolate microspheres to TiO2, the 

hydrolysis and condensation reactions introduce mesopores into the spheres but the 

particles retain their shape (Figure 3.1). Figures 3.1(a) and 3.1(b) show the morphologies 

of the titanium glycolate and the TiO2 microspheres obtained after the hydrothermal 

reaction, respectively. The titanium glycolate spheres are 400−600 nm in diameter and 

have smooth surfaces. After the hydrothermal reaction, the diameters of the spheres had 

shrunk slightly to 300−500 nm. Most noticeably, their surfaces had become rough. Close 

inspection shows that the spheres had become agglomerates of smaller nanoparticles 
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through hydrolysis of titanium glycolate in hot aqueous medium as described in reference 

23 [Figure 3.1(c)].  

Figure 3.1 SEM images of (a) the titanium glycolate precursor microspheres, and (b) the 
porous anatase TiO2 microspheres. Insets are high-magnification SEM images showing 
the surfaces of the microspheres. (c) Schematic illustration of the formation mechanism 
of the porous TiO2 microspheres. 

 

The XRD of the microspheres at different stages of the synthesis reveals that the 

titanium glycolate spheres are amorphous while the spheres obtained after the 

hydrothermal reaction are tetragonal with diffraction pattern matching to that from the 

anatase phase of TiO2 (space group, I41/amd; JCPDS No. 84-1286, a = b = 3.7822 Å, c = 

9.5023 Å). The broad width of the diffraction peaks indicates that the crystallites that 

make up the spheres have sizes on the order of nanometers and, using the Scherrer’s 

formula, I estimate that these nanocrystallites are ~10 nm in diameter (Figure 3.2).  

Calcination at 450 oC for 30 minutes in air causes little change in particle size. 



 28 

 

 

 

 

 

 

 

 

 

Figure 3.2 XRD patterns of (a) the titanium glycolate precursor spheres, (b) the porous 
anatase TiO2 microspheres, and (c) the porous anatase TiO2 microspheres calcined in air 
at 450 oC for 30 minutes. 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.3 (a, b) TEM images of the titanium glycolate precursor spheres, and (c, d) 
TEM and HRTEM image of the porous anatase TiO2 microspheres. Insets in (a) and (c) 
are high-magnification TEM images, and insets in (b) and (d) show the corresponding 
SAED patterns. 
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The crystal structure and morphology of the titanium glycolate and TiO2 

microspheres were further examined with electron diffraction and transmission electron 

microscopy techniques. These studies indicate complete conversion of the titanium 

glycolate to TiO2 across the entire diameter of the microspheres. The lighter contrast of 

the TiO2 microspheres as compared to the titanium glycolate is consistent with porous 

TiO2 particles [Figures 3.3(a) and 3.3(c)]. Moreover, the porous nature of the TiO2 

microspheres is clearly visible in Figure 3.3(c) when one focuses at the edges of the 

microspheres where the electron path through the sphere is the shortest. The spheres are 

comprised of 5-15 nm diameter nanocrystallites abutted against each other and form 

mesopores within the microsphere. The crystallite sizes are consistent with the average 

size extracted from the width of the XRD peaks. The continuous diffraction rings in the 

SAED pattern shown in Figure 3.3(d) indicates that the nanocrystallites within the 

spheres are randomly oriented. Lattice fringes with an interplanar spacing, d101 = 0.35 ± 

0.01 nm are clearly imaged and are consistent with the anatase phase. 

 
 

3.4 Layered DSSC Photoanode Structures 

  I used various combinations of the porous TiO2 microspheres and P25 TiO2 

nanoparticles to assemble photoanodes for DSSCs. Figure 3.4 shows four photoanode 

architectures that were compared to establish the advantages of composite 

photoanodes made from porous TiO2 microspheres and nanoparticles. The four 

photoanodes shown in Figure 3.4 are (a) a photoanode made only from P25 

nanoparticles (N), (b) a photoanode made only from mesoporous microspheres (M), 

(c) a composite photoanode made from a layer of microspheres on top of a layer of 

nanoparticles (NM) and (d) a composite photoanode made from two alternating layers 

of microspheres and nanoparticles (NMNM). Hereafter, the solar cells made from 

photoanodes (a)-(d) are referred to as N, M, NM and NMNM, respectively. These 

films were formed by drop-casting method. The thicknesses of all the films were kept 

constant at approximately 6 µm and all other DSSC assembly procedures were kept 

the same to isolate the effects of the photoanode morphology. 
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Figure 3.4 Cross-sectional SEM images of photoanodes from (a) P25 nanoparticles 
(N), (b) porous TiO2 microspheres (M), (c) a layer of microspheres on top of a layer 
of nanoparticles (NM) and (d) alternating layers of microspheres and nanoparticles 
(NMNM). 

 

Layered photoanode structures such as that shown in Figure 3.4(c) can enhance 

light harvesting efficiency by increasing the path lengths of photons through the film via 

scattering. Example photon paths through a two-layer film are illustrated in Figure 3.5. 

First, back scattering by the microspheres and reflections at the nanocrystal-FTO 

interface trap photons in the first nanocrystalline (N) layer and increase their path length 

through the dye coated TiO2 nanoparticles (paths 1 and 2 in Figure 3.5). Second, the 

photons that are transmitted into the microsphere film are efficiently scattered which also 

increases their effective path length (paths 3 and 4 in Figure 3.5). Finally, additional 

alternating layers on top can capture those photons that have managed to pass through the 

microsphere layer without absorption (path 5 in Figure 3.5). Simulations of the Mie 

scattering by the microspheres show that the scattering efficiency is maximized at 

wavelengths, l ~ 1.4dp where dp is the particle diameter (Figure 3.6). Thus, microsphere 

diameters of 300-500 nm are desired. 
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Figure 3.5 Schematic illustration of light scattering in an electrode consisting of porous 
microspheres. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Scattering efficiencies of TiO2 microspheres with different diameter.* 
Scattering efficiency is defined as the ratio of scattering cross-section over geometrical 
cross-sectional area of the scattering sphere.  
*  Light scattering from microspheres were simulated using MieCalc, which is available 
free of charge via the internet at: http://www.lightscattering.de/MieCalc/eindex.html. 
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solar 
cell 

Jsc 
(mA/cm2) 

Voc 
(V) 

FF efficiency 
(%) 

roughness 
factor 

N 8.36 0.67 0.67 3.74 730 
M 7.10 0.68 0.64 3.07 640 

NM 10.02 0.66 0.67 4.41 690 
NMNM 10.67 0.65 0.68 4.73 680 

3.5 DSSCs Assembled from Layered Photoanode Structures 

Table 3.1 and Figure 3.7 compare the I-V characteristics and the figures of merit 

of the DSSCs made from the four photoanodes shown in Figure 3.4. The overall power 

conversion efficiency of the solar cell made entirely of 10-20 nm diameter P25 

nanoparticles [N, Figure 3.4(a)] is 3.74% whereas the efficiency of the solar cell made 

entirely of nanoporous microspheres [M, Figure 3.4(b)] is 3.07%. The open circuit 

voltage and fill factors of these cells are virtually the same and the main difference in the 

efficiency is due to the differences in their short circuit currents, 7.10 mA/cm2 versus 

8.36 mA/cm2 for cells M and N, respectively. I estimated the roughness factor of these 

two cells by desorbing the dye into a KOH solution and measuring its absorption. Using a 

dye cross-sectional area of 0.9 nm2, the roughness factors of the nanoparticle (N) and 

microsphere (M) electrodes were ∼ 730 and ∼ 640, respectively. Comparison of the ratio 

of the roughness factors between these two cells (M:N ∼ 0.88)  and the ratio of short 

circuit currents (M:N ∼ 0.85) reveals that higher surface area and higher dye adsorption 

accounts for most of the difference in the power efficiencies. The power conversion 

efficiency of the porous microsphere may also be lowered because of enhanced backward 

light scattering or longer electron residence time in the photoanode or both. Increase in 

electron residence time in the photoanode is expected because the connections between 

microspheres may become bottlenecks. This in turn would lead to higher electron 

recombination losses.  

 

Table 3.1 Comparison of the figures of merit for the solar cells made using the 
photoanodes shown in Figure 3.4. 
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Figure 3.7 Current-voltage characteristics of DSSCs assembled from photoanodes shown 
in Figure 3.4. Labeling is the same as in Figure 3.4. 
 
 

To increase the light harvesting efficiency through enhanced light scattering, 

photoelectrodes with alternating layers of P25 nanoparticles and porous microspheres 

were prepared (NM and NMNM) and their performance was compared to electrodes 

made from nanoparticles (N) and microspheres (M) alone. In order to reduce backward 

light scattering at the FTO-TiO2 interface (Figure 3.8), the first layer on the FTO 

substrate was always a nanoparticle (N) layer. Structures that have microspheres as the 

first layer have inferior performance and are not discussed further. Both the two-layer 

[NM, Figure 3.4(c)] and the four-layer [NMNM, Figure 3.4(d)] electrodes had higher 

overall power conversion efficiencies than those achieved with electrodes made from 

nanoparticles (N) or microspheres (M) alone. The efficiencies of the NM- and NMNM-

structured electrodes were 4.41% and 4.73%, respectively. The roughness factors of the 

NM- and NMNM-structured electrodes were ∼ 690 and ∼ 680 respectively, nearly the 

same as those made from nanoparticles (N) or microspheres (M), alone. Thus, increased 

dye adsorption cannot explain the observed improvements in the overall efficiency. 
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Figure 3.8 Back scattering efficiencies of TiO2 microspheres with different diameter.*  
*  Light scattering from microspheres were simulated using MieCalc, which is available 
free of charge via the internet at: http://www.lightscattering.de/MieCalc/eindex.html. 
 
 

 

 

 

 

 

 

 

 
 
 
Figure 3.9 Incident photon-to-current efficiency (IPCE) of DSSCs assembled from 
photoanodes shown in Figure 3.4. Labeling is the same as in Figure 3.4. 
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Careful examination of the IPCEs of the four cells shown in Figure 3.4 reveals 

that the higher power conversion efficiencies of the cells made of alternating-layered 

structures (NM and NMNM) as compared to single-layer cells (N and M) result from 

enhanced light scattering within the composite films. Enhanced light scattering extends 

the optical path of light through the electrode and improves light harvesting by the dye 

molecules. Figure 3.9 shows the IPCE spectra as a function of wavelength for the 

aforementioned four cells. Even though the surface area of the layered electrodes are 

slightly smaller than that of the P25 electrode, the IPCE is significantly higher over the 

entire wavelength region and this is the reason for the higher short circuit currents and 

efficiencies for these devices. 

Preparation of multilayered crack free films that do not peel off the substrate is 

not trivial and the drop-casting methods I developed to achieve adherent and uniform 

films are described next. I assembled films from either nanoparticles alone or 

microspheres alone by drop casting multiple layers of the same particle sequentially to 

increase their thickness. For example, the films shown in Figures 3.4(a) and 3.4(b) (N and 

M) were cast in two steps; a 3 µm thick layer was cast and allowed to dry followed by the 

second 3 µm thick layer to reach 6 µm total film thickness. However, I encountered a 

problem while assembling multilayered films from different size particles with the same 

drop-casting approach. For example, after the casting of third layer in NMNM-structures, 

the film would peel off the FTO substrate during drying. It is believed that this problem is 

due to a compressive stress created in the film as the top layer dries and capillary forces 

pull the particles in this layer together. Since the particles in dried layers are immobile, 

the only way this stress can be relieved is through peeling. Based on this hypothesis, I 

modified the stepwise drop-casting method to prevent the film peeling. Specifically, in 

assembling the NMNM-structured films I began casting the fourth layer (M) before the 

third layer (N) had completely dried. With this modification, alternating four-layered 

structure with uniform layer thicknesses could be prepared without peeling (Figure 3.10). 

A high-resolution FESEM image (Figure 3.11) shows that the P25 nanoparticle layer and 

the porous anatase TiO2 microsphere layer have intimate contact and should not 

adversely affect the electron transport across this interface. 
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Figure 3.10 Low-magnification FESEM image of alternating four-layered electrode 
assembled from P25 nanoparticles and porous TiO2 microspheres. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 High-magnification FESEM image of alternating four-layered electrode 
assembled from P25 nanoparticles and porous TiO2 microspheres. 
 
 
3.6 Conclusions 

Porous anatase TiO2 microspheres were synthesized through a two-step 

hydrothermal reaction. Alternating layered electrodes assembled from these porous TiO2 

microspheres and P25 nanoparticles were found to improve the power conversion 

10 µm10 µm10 µm

1 µm1 µm1 µm
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efficiencies of DSSCs. The improvement in cell performance is due to enhanced light 

scattering, which extends the optical path of photons within the electrode while retaining 

the desired specific surface area for dye adsorption. Further improvements in the cell 

efficiency should be possible by optimizing sizes and porosities of the microspheres in 

each layer, and varying thicknesses of the alternating layers.  For example, microspheres 

in layers closer to the FTO can be made smaller to scatter blue light whereas the 

microspheres in layers away from the FTO can be made larger to trap red and infrared 

regions of the spectrum. 
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Chapter 4 Anatase Titanium Dioxide Nanowires on Titanium 
Foil for Dye-Sensitized Solar Cells 

 

The chapter has been published as: 

Liu, B.; Boercker, J. E.; Aydil, E. S. Nanotechnology 2008, 19, 505604. 

 

In this chapter, I describe the synthesis of oriented single crystalline titanium dioxide 

(TiO2) nanowire arrays on titanium foil. The synthesis method relies on the ability to 

grow single crystal sodium titanate (Na2Ti2O5·H2O) nanowires on titanium foil through a 

novel alkali hydrothermal growth process. Following growth, the Na2Ti2O5·H2O 

nanowires are converted to protonated bititanate (H2Ti2O5·H2O) nanowires through an 

ion-exchange reaction without changing their morphology or crystal structure. Finally, 

the protonated bititanate nanowires are converted to single crystalline anatase TiO2 

nanowires through a topotactic transformation by calcination. These three sequential 

steps yield a carpet of 2–50 µm long single crystalline nanowires oriented in the [100] 

direction and primarily normal to the titanium foil. Even longer nanowires can be grown. 

The single crystal TiO2 nanowire arrays on flexible titanium substrate may be used in 

photocatalytic and photovoltaic devices such as dye-sensitized solar cells and may 

enhance their performance by providing fast electron transport. The nanowires can also 

be used as templates for producing hierarchical nanostructures such as nanowires 

decorated with nanoparticles on their periphery or nanotubes with walls made of 

nanoparticles. 

 

4.1 Introduction 

Rational synthesis and assembly of oriented arrays of one-dimensional 

nanostructures such as nanorods, nanowires and nanotubes is important for a wide range 

of fields and applications [1–8]. For example, titanium dioxide (TiO2) is an important 

wide bandgap semiconductor used in photo-splitting of water [9, 10], photocatalysis [11], 

and photovoltaics [10, 12]. Since many of these applications require high surface and 
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interfacial areas, it is advantageous to have TiO2 in the form of nanoparticles or 

nanowires. While TiO2 can be synthesized in a number of nanostructures and phases, 

including nanoparticles [12], polycrystalline nanowires [13], and nanotubes [14–20], the 

synthesis of long single crystalline TiO2 nanowires oriented on a substrate remains a 

significant challenge.  

In solar cells, the single crystallinity and ordered topology could provide direct 

electrical pathways for photogenerated electrons and enhance the electron transport rate. 

This in turn may benefit the performance of photocatalytic and photovoltaic devices such 

as dye-sensitized solar cells (DSSCs) [6, 8, 13, 17, 18, 21–23]. Indeed, very promising 

results have been obtained with TiO2 nanotubes [14–20]. Furthermore, comparison of 

electron transport and recombination between polycrystalline and single crystalline 

nanowires or nanotubes may provide insight into how charges move and recombine in 

devices made from 1D nanostructures. However, to date, nanowires and nanotubes used 

to assemble TiO2-based DSSCs have all been polycrystalline [13, 17, 18]. In chapter, I 

describe a simple and environmentally benign method for fabricating oriented single 

crystalline anatase TiO2 nanowire arrays with controlled aspect ratios on titanium foil. 

 

4.2 Experimental Details 

Vertically oriented TiO2 nanowires films were grown on 0.127 mm thick titanium 

foil following a three step synthesis method (Figure 4.1). In the first step, sodium titanate 

(Na2Ti2O5·H2O) nanowires, oriented primarily in the normal direction to the substrate, 

were synthesized by a novel alkali hydrothermal growth process. A piece of titanium foil 

(1.5 cm × 3 cm) ultrasonically cleaned for 30 min in a mixed solution of deionized water, 

acetone and2-propanol with volume ratios of 1:1:1 was placed against the wall of a 125 

ml Teflon-lined stainless steel autoclave (Parr Instrument Company) filled with 40 ml of 

1 M aqueous NaOH solution. The autoclave was kept inside an electric oven at 220 oC 

for 4–60 h. After hydrothermal growth, the solution was clear with no homogeneous 

precipitates. The titanium foil taken out of the autoclave had lost its metallic luster and its 

color had turned light gray. The second and third steps follow Boercker et al [13]. In the 

second step, the titanium foil covered with nanowires was immersed in 30 ml of 0.6 M 
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HCl solution for one hour to exchange Na+ with H+. Visual appearance of the film did not 

change after the ion exchange. The titanium foil was removed from the HCl solution and 

rinsed with copious amounts of deionized water or pure ethanol and dried under ambient 

conditions. In the third step, the dry titanium foil covered with nanowires was calcined 

inside a furnace at 650 oC for 2 h. The color of the film turned white after calcination. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1 Schematic illustration of growth of oriented single-crystalline anatase TiO2 

nanowires on titanium foil. 
 

The crystal structure of the films formed on the titanium foil was investigated at 

different stages of the synthesis by x-ray diffraction (XRD). The XRD patterns with 

diffraction intensity versus 2θ were recorded in a Bruker-AXS Microdiffractometer 

(Model D5005) with Cu Kα radiation (λ = 1.5406 Å) from 5o to 80o at a scanning speed 

of 0.04o s−1. X-ray tube voltage and current were set at 45 kV and 40 mA, respectively. 

Morphology, composition and structure of the nanowires were investigated at various 

stages of the synthesis using scanning electron microscopy, energy dispersive x-ray 

analysis (FESEM/EDX, JSM-6500F and JSM-6700F) and transmission electron 

microscopy (FEI Tecnai T12, 120 keV), respectively. The specimens for TEM imaging 

were prepared by suspending solid samples in ethanol. About 1–2 mg of sample detached 
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from the titanium foil was added to 4–5 ml of ethanol in a small glass vial, followed by 

sonication in an ultrasonic water bath for 10 min. Two or three drops of the sonicated 

suspension were dropped onto a carbon-coated 200 mesh copper grid and dried under 

ambient condition before placing the copper grid in the TEM sample holder. 

 

4.3 Anatase TiO2 Nanowire Arrays on Titanium Foil 

In the first step of the synthesis, single crystalline sodium titanate (Na2Ti2O5·H2O) 

nanowires grow on the titanium foil and are oriented primarily in the normal direction to 

the substrate. This is the key and novel step that allows the formation of single crystalline 

TiO2 nanowires. The second and third steps have been demonstrated previously for 

converting Na2Ti2O5·H2O nanoparticles and nanotubes to single crystalline nanoparticles 

and polycrystalline nanowires [13, 24, 25]. Remarkably, despite the potential to form 

grains and polycrystalline nanowires as various transformations take place, these steps 

also work for single crystalline Na2Ti2O5·H2O nanowires and convert them to single 

crystalline TiO2 nanowires. Specifically, in the second step, the Na2Ti2O5·H2O nanowires 

are converted to protonated bititanate (H2Ti2O5·H2O) nanowires through an ion-exchange 

reaction without changing its morphology. Finally, in the third step, the H2Ti2O5·H2O 

nanowires were calcined and converted to single crystalline anatase TiO2 nanowires 

through a topotactic transformation. These three sequential steps yielded a carpet of 

oriented single crystalline nanowires on the titanium foil that hereafter is referred to as a 

TiO2 nanowire film. 

Figure 4.2 shows the XRD patterns of the titanium foil and the products obtained 

after each of the three steps in the synthesis. The XRD pattern from the nanowire film 

produced through the alkali hydrothermal growth process (Figure 4.2(b)) could be 

indexed to body-centered orthorhombic (BCO) Na2Ti2O5·H2O, which is made up of two-

dimensional sheets composed of edge sharing TiO6 octahedra [13]. Compared to the 

JCPDS powder diffraction pattern, the (020) diffraction peak was significantly enhanced, 

which indicates that the Na2Ti2O5·H2O nanowire growth is along the [010] direction; this 

conclusion was confirmed using TEM (vide infra). Significant differences between 

Figure 4.2(b) and the powder diffraction pattern also hints that the nanowires are single 
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crystalline and are not made up of polycrystalline grains, a conclusion that is also 

confirmed using TEM. The XRD pattern of the nanowires obtained after the ion-

exchange step (Figure 4.2(c)) was similar to that of Na2Ti2O5·H2O but the (200) and 

(310) diffraction peaks were slightly shifted with respected to the location of the same 

peaks in Na2Ti2O5·H2O. The XRD in Figure 4.2(c) corresponded well to the 

H2Ti2O5·H2O phase. After calcination at 650 oC for 2 h, the H2Ti2O5·H2O is completely 

converted to anatase TiO2 (XRD shown in Figure 4.2(d)). Rutile phase is not observed in 

the XRD. The annealing temperature used herein is still too low for the rutile phase to 

appear. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 XRD from (a) titanium foil, (b) hydrothermally grown Na2Ti2O5·H2O 
nanowire film, (c) H2Ti2O5·H2O nanowire film formed after ion-exchange step, and (d) 
anatase titanium dioxide nanowire film formed after calcination step. 
 

During the hydrothermal growth, the titanium foil acts both as the substrate and 

the titanium source. A pungent ammonia smell present after the hydrothermal growth 

points to the following possible sequence of overall reactions in the synthesis: 
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2 2 2 5 2 22 2 4 4hydrothermalTi NaOH H O Na Ti O H O H+ + → ⋅ +    1  
   

,
2 2 33 2Ti hydrothermalN H NH+ →       2 

 

2 2 5 2 2 2 5 22 2Na Ti O H O HCl H Ti O H O NaCl⋅ + → ⋅ +    3  
    

2 2 5 2 2 22 2H Ti O H O TiO H O∆⋅ → +       4 
 
Reactions (1) and (2) represent the overall reactions during hydrothermal growth whereas 

reactions (3) and (4) take place during the ion-exchange and calcinations steps, 

respectively.    

The oriented nanowire morphology is established during the hydrothermal growth 

and is preserved throughout the ion exchange and calcination steps that eventually lead to 

TiO2 nanowires. Figure 4.3 shows that on micrometer length scales the SEMs of all three 

types of nanowires (Na2Ti2O5·H2O, H2Ti2O5·H2O and TiO2) obtained after each synthesis 

step were similar. The differences in their crystal structures could only be detected with 

XRD and TEM. Figures 4.3(e)–(h) show the SEM images of the final product, TiO2 

nanowires obtained from Na2Ti2O5·H2O nanowires grown for 24 h. The TiO2 nanowires 

have smooth surfaces and are arranged nearly perpendicular to the titanium substrate. The 

mean diameter and length (i.e., the thickness of the nanowire carpet) of the TiO2 

nanowires as determined from SEM and TEM images were 105 ± 10 nm and 12.16 ± 

0.56 µm, respectively. Each nanowire is nearly uniform in diameter along its length 

which suggests that the nanowires grow through epitaxial addition of growth units (likely 

TiO6 octahedra) to the tips and the radial growth is much slower than growth along the 

nanowire. Exceptionally large aspect ratio (>200) TiO2 nanowires could be obtained by 

growing Na2Ti2O5·H2O nanowires for longer time (Figure 4.4). Increasing the 

hydrothermal growth time increases the nanowire length but the diameter remains almost 

unchanged (Figure 4.5). The nanowire aspect ratio saturates after 48 h but can be further 

increased by continuing the growth in a fresh batch of growth solution (Figure 4.4(d)). 

When dried, the tips of all three types of nanowires bend and stick together to form a 

canopy as shown in Figures 4.3(c), (e) and 4.4. The bending of the tips is due to capillary 

forces that tend to attract the nanowires towards each other during drying [17]. The 
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bending could be reduced by changing the cleaning solvent from deionized water to 

ethanol. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 SEM images of Na2Ti2O5·H2O nanowires after hydrothermal growth ((a) and 
(b)), H2Ti2O5·H2O nanowires after ion exchange ((c) and (d)), and TiO2 nanowires after 
calcination ((e)–(h)); (e), (f) and (h) are cross-sectional views of TiO2 nanowires at 
different magnifications while (g) shows the top view. 
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Figure 4.4 Cross-sectional SEM image of a TiO2 nanowire film grown for (a) 12 h, (b) 
24 h, (c) 48 h, and (d) 48 h followed by refreshing the growth solution and grown for 
another 24 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Average TiO2 nanowire film height and TiO2 nanowire diameter as a function 
of time during hydrothermal growth at 220 oC. 

a b

c d
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Figure 4.6 (a) TEM image, (b) SAED pattern, and (c) HRTEM image of Na2Ti2O5·H2O 
nanowires. 
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Figure 4.7 (a) TEM image, (b) SAED pattern, and (c) HRTEM image of H2Ti2O5·H2O 
nanowires. 
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Figure 4.8 (a) TEM image, (b) SAED pattern, and (c) HRTEM image of TiO2 nanowires. 
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The crystallinity and growth direction of the Na2Ti2O5·H2O and TiO2 nanowires 

were investigated using SAED and HRTEM (Figure 4.6-4.8). Figures 4.6 shows that the 

Na2Ti2O5·H2O nanowire is crystalline and grows along the [010] direction, consistent 

with XRD. The spacing of the lattice fringes in Figure 4.6(c) corresponds to the (200) 

planes of Na2Ti2O5·H2O with d200 = 0.81 nm. Similarly, Figure 4.7 shows that the 

nanowires retain their crystallinity when Na+ ions are exchanged with protons to form 

H2Ti2O5·H2O nanowires (Figure 4.9). The SAED from TiO2 nanowires (Figure 4.8(b))  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9 Energy dispersive X-ray (EDX) spectra of the product from each synthesis 
step. 
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shows that they are single crystalline across their entire length. The (101) interplanar 

spacing, 0.36 nm, obtained from the lattice fringes shown in Figure 4.8(c) is in excellent 

agreement with the d-spacing of the anatase (101) planes. Furthermore, the measured 

angle between the 〈101〉 and 〈100〉 is approximately 21.6o (complementary angle 68.4o) 

and matches nearly exactly to the theoretical value of 21.5o. The HRTEM measurement 

together with the SAED pattern obtained from an isolated nanowire shown in Figure 

4.8(b) confirms that the TiO2 nanowires are single crystalline anatase and are oriented in 

the [100] direction. 

A close examination and comparison of the body-centered orthogonal (BCO) 

structure of the H2Ti2O5·H2O and the anatase crystal structure show that the anatase 

nanowires are formed from H2Ti2O5·H2O nanowires through a topotactic transformation 

wherein the two-dimensional octahedral sheets aligned parallel to the H2Ti2O5·H2O 

nanowire axis shift and bond together to form the tetrahedrally stacked octahedra, 

characteristic of the anatase phase [13]. Figure 4.10 shows the H2Ti2O5·H2O crystal 

structure viewed along the [001] direction. The edge-sharing octahedra form two 

dimensional sheets with a zigzag pattern in the [010] direction. The H2Ti2O5·H2O 

nanowires were formed by scrolling the two dimensional octahedral sheets around the 

[010] axis. A comparison between the crystal structure of H2Ti2O5·H2O and anatase TiO2 

reveals that the zigzag pattern formed by the TiO6 octahedra in the [010] direction of 

H2Ti2O5·H2O is similar to the zigzag pattern in the anatase along the [100] direction. 

Such a transformation would produce anatase nanowires oriented in the [100] direction 

from BCO nanowires oriented in the [010] direction, exactly as that observed in the 

HRTEMs shown in Figure 4.6-4.8. This topotactic transformation is similar to that 

observed from H2Ti2O5·H2O nanotubes to anatase nanowires but in that case the resulting 

anatase nanowires were polycrystalline and randomly oriented [13]. The essential 

difference between the present work and that in [13] is the growth chemistry. Here, I use 

a much milder growth solution by substantially reducing the NaOH concentration and 

completely removing H2O2. This change has drastic effects on the sodium titanate 

morphology. Specifically, lower concentration of NaOH slows down the Ti oxidation rate 
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and lowers the concentration of Ti precursor in the growth solution. Slower growth 

results in single crystalline titanate nanowires in contrast to titanate nanotubes obtained in 

[13]. Calcination of titanate nanotubes inevitably results in polycrystalline TiO2 because 

of the lattice discontinuity in the hollow tube center. In contrast, single crystalline titanate 

nanowires obtained herein preserve their crystallinity throughout the ion-exchange and 

the calcination steps. It is also observed that when the ion-exchange time is extended to  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 Schematic illustration and the corresponding crystal structure of (a) 
Na2Ti2O5·H2O, (b) H2Ti2O5·H2O, and (c) anatase TiO2. 
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over 4 h, the protonated bititanate nanowire film could be lifted off from the titanium foil 

to form a piece of ‘white paper’ with nanowires standing almost perpendicular to the 

paper surface. While fragile, this paper-like film could be possibly transferred to an 

arbitrary second substrate while maintaining its microscopic structure [26, 27]. 

 

4.4 TiO2 Composite Nanostructured Films 

The as-synthesized protonated bititanate nanowires could also be used as 

templates to fabricate more elaborate composite nanostructured films, such as vertically 

aligned H2Ti2O5·H2O nanowires decorated with TiO2 nanoparticles or polycrystalline 

anatase TiO2 nanotube films using the step-by-step hydrothermal synthesis approach 

[28]. For example, oriented TiO2 nanoparticles could be nucleated and grown around the 

protonated bititanate nanowires using TiCl4 solution growth at 50 oC. TiCl4 solution was 

prepared by mixing 0.88 ml of TiCl4 with 4ml of concentrated HCl solution (36.5–38% 

by weight) followed by adding deionized water to reach a final volume of 200 ml. The 

TiCl4 solution is clear and stable under room temperature, and deionized water can be 

used to adjust the concentration for further use. In a typical synthesis of oriented anatase 

TiO2/H2Ti2O5·H2O composite nanowire film, a piece of nanowire covered titanium foil 

obtained after ion exchange was placed against the wall of a glass bottle filled with 40 ml 

of 0.008 M TiCl4 growth solution. The glass bottle was covered with a cap and kept 

inside an electric oven at 50 oC for 24 h. This procedure yielded TiO2 nanoparticles 

growing on the periphery of the H2Ti2O5·H2O nanowires as shown in Figure 4.11(a) and 

(b). Following, the TiO2/H2Ti2O5·H2O composite nanowire film can be easily converted 

to single crystalline TiO2 nanowire film wrapped with TiO2 nanoparticles through the 

topotactic calcination step. This approach yields TiO2 nanowires surrounded by TiO2 

nanoparticles which are attached to the periphery of the nanowires. Such high surface 

area composite structures have been suggested for dye-sensitized solar cells [23]. 

Alternatively, simultaneous growth of TiO2 nanoparticles around H2Ti2O5·H2O 

nanowires and the dissolution of the template nanowires at 100 oC yield polycrystalline 

TiO2 nanotubes as shown in Figures 4.11(c) and (d). Oriented anatase TiO2 

polycrystalline nanotube films form when H2Ti2O5·H2O nanowire covered titanium foil 
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obtained after ion exchange is placed against the wall of a Teflon-lined stainless steel 

autoclave filled with 40 ml of 0.008 M TiCl4 growth solution and kept at 100 oC for 24 h. 

The H2Ti2O5·H2O nanowires slowly dissolve as TiO2 nanoparticles nucleate and grow 

around them to form nanotubes whose walls are made of TiO2 nanoparticles. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Cross-sectional SEM images of structures that can be made by using the 
H2Ti2O5·H2O as template. (a) and (b) are SEMs of oriented TiO2/H2Ti2O5·H2O composite 
nanowire films where TiO2 nanoparticles nucleate and grow on the periphery of the 
nanowires. (c) and (d) show SEMs of oriented TiO2 nanotubes whose walls are made of 
nanometer size TiO2 particles. 
 

 

4.5 TiO2 Nanowire Dye-Sensitized Solar Cells 

Dye-sensitized solar cells were assembled and tested using 12 µm thick TiO2 

nanowire films on titanium foil using methods described previously [13]. Typically, 

DSSC photoanodes are assembled on transparent conductive substrates so that they can 

be illuminated from the anode side; in this way, transmission losses through the platinum 
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coated cathode and the electrolyte are minimized. However, since the TiO2 nanowires 

were grown on the titanium foil (a non-transparent substrate), the cells assembled for this 

study had to be illuminated from the cathode side. The thin platinum layer on the cathode 

had a transmission of ~60%. Figure 4.12 shows the current–voltage characteristic of a 

typical solar cell. The low energy conversion efficiency (~ 1.4%) is mainly attributed to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.12 Current–voltage characteristic of a dye-sensitized solar cell assembled from 
12 µm long TiO2 nanowires. The inset shows a schematic of the TiO2 nanowire DSSC 
and the illumination geometry. 
 

the cathode side illumination, factor of five lower roughness factor compared to 

nanoparticle films and the formation of a thick resistive titanium dioxide layer between 

the nanowires and titanium foil during the calcination step. A roughness factor of ~ 120 is 

calculated based on the amount of dye (N719, Solaronix) molecules adsorbed on the 

nanowire surfaces. This roughness factor is also consistent with estimates from electron 

microscopy measurements. While, roughness factor can easily be increased by growing 

longer nanowires, the transmission losses during illumination and the formation of the 
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resistive oxide layer at the titanium foil and nanowire interface are the more important 

limitations. Depending on the calcination temperature and time this oxide layer can 

increase the resistance of the titanium foil from a few Ωs to several MΩs (Figure 4.13). 

Future efforts aimed at improving TiO2 nanowire-based dye-sensitized solar cell 

performance should explore (i) how to prevent the oxide layer formation (ii) alternative 

methods for converting H2Ti2O5·H2O to TiO2 without heating and (iii) forming single 

crystalline TiO2 nanowires on transparent conductive substrates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13 (a) FESEM image of titanium foil calcined at 750 oC for 2 hours. (b) XRD 
pattern of titanium foil before (blue) and after calcination (pink).   : peaks from oxide 
layer. 
 
 
4.4 Conclusions 

A rational method for growing tens of micrometer long oriented single crystalline 

TiO2 nanowires on titanium foil was described. The method takes advantage of a new 

hydrothermal method for growing Na2Ti2O5·H2O nanowires and a previously developed 

topotactic transformation to convert these nanowires to oriented anatase TiO2 nanowires. 

Such structures may be useful in photocatalytic or photovoltaic devices such as dye-

sensitized solar cells. 
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Chapter 5 Single-Crystalline Rutile Titanium Dioxide 
Nanorods on Transparent Conductive Substrates for Dye-
Sensitized Solar Cells 

 

The chapter has been published as: 

Liu, B.; Aydil, E. S. J. Am.Chem. Soc. 2009, 131, 3985. 

Enache-Pommer, E.; Liu, B.; Aydil, E. S. Phys. Chem. Chem. Phys. 2009, 42, 

9648. 

 

In this chapter, a facile, hydrothermal method was developed for the first time to grow 

oriented, single-crystalline rutile TiO2 nanorod films on transparent conductive fluorine-

doped tin oxide (FTO) substrates. The diameter, length, and density of the nanorods 

could be varied by changing the growth parameters, such as growth time, growth 

temperature, initial reactant concentration, acidity, and additives. The epitaxial relation 

between the FTO substrate and rutile TiO2 with a small lattice mismatch plays a key role 

in driving the nucleation and growth of the rutile TiO2 nanorods on FTO. With TiCl4-

treatment, a light-to-electricity conversion efficiency of 3% could be achieved by using 4 

µm-long TiO2 nanorod films as the photoanode in a DSSC. 

 

5.1 Introduction 

Synthesis of aligned single-crystalline wide bandgap semiconductor nanorod or 

nanowire films has attracted much attention because of their potential applications in 

novel photovoltaic devices including ordered hybrid bulk Heterojunction as well as dye- 

and quantum-dot-sensitized solar cells [1-8]. Single crystal nanorods or nanowires offer 

direct electrical pathways for photogenerated electrons and could increase the electron 

transport rate, which in turn may improve the performance of photovoltaic devices such 

as dye-sensitized solar cells (DSSCs) [2-8]. To date, most of the one-dimensional 

nanostructured DSSCs have been limited to single-crystalline ZnO nanorods/nanowires 

[2, 3] or polycrystalline TiO2 nanowires or nanotubes [5-7] by the existing available 
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synthetic techniques. Owing primarily to the instability of ZnO in acidic dye solution, the 

DSSCs assembled from ZnO show poor performance compared to those made from TiO2 

[9]. One-dimensional polycrystalline TiO2 nanostructures (either nanowires or nanotubes) 

still have electron scattering or trapping at grain boundaries and show only marginally 

improved electron transport rate in DSSCs [5-7]. 

Single-crystalline TiO2 nanorod or nanowire films would be preferred over 

polycrystalline ones for use in ordered bulk heterojunction as well as in DSSCs. Unlike 

ZnO, crystal structure and symmetry of TiO2 (either anatase or rutile) make the growth of 

oriented anisotropic single-crystalline TiO2 films very difficult. To date, there are only a 

few reports that describe heterogeneous growth of oriented single-crystalline TiO2 

nanorods or nanowires [10-14]. None are on transparent conducting substrate, a 

prerequisite for fabrication of solar cells. In addition, most heterogeneous growth 

methods used to date relied on vapor phase syntheses. Compared to vapor phase 

techniques, solution-based methods are more suitable for inexpensive mass production. In 

this chapter, I describe a simple hydrothermal method for growing oriented, single-

crystalline rutile TiO2 nanorods on FTO substrates. Rutile TiO2 has been proven to be 

comparable to anatase TiO2 in DSSCs with additional advantages including better 

chemical stability and higher refractive index [15, 16]. 

 

5.2 Experimental Details 

In a typical synthesis, 0-60 mL of deionized water was mixed with 0-60 mL of 

concentrated hydrochloric acid (36.5% − 38% by weight) to reach a total volume of 60 

mL in a Teflon-lined stainless steel autoclave (125 mL volume, Parr Instrument Co.). The 

mixture was stirred at ambient conditions for 5 min before the addition of 1 mL of 

titanium butoxide (97% Aldrich). After stirring for another 5 min, two pieces of FTO 

substrates (F:SnO2, Tec 15, 10 Ω/� , Hartford Glass Company), ultrasonically cleaned for 

60 min in a mixed solution of deionized water, acetone, and 2-propanol with volume 

ratios of 1:1:1, were placed at an angle against the wall of the Teflon-liner with the 

conducting side facing down. The hydrothermal synthesis was conducted at 80-220 °C 

for 1-24 h in an electric oven. After synthesis, the autoclave was cooled to room 



 61 

temperature under flowing water, which took approximately 15 min. The FTO substrate 

was taken out, rinsed extensively with deionized water and allowed to dry in ambient air. 

In some control experiments, ultrasonically cleaned silicon or glass substrates were used 

instead of FTO to study the effect of the substrate. Effects of additional titanium 

precursors such as titanium isopropoxide or titanium tetrachloride (TiCl4) as well as 

effects of adding surfactants or salts such as ethylenediamine (EDA), 

ethylenediaminetetraacetic acid (EDTA), sodium dodecyl sulfate (SDS), 

cetyltrimethylammoniumbromide (CTAB), polyvinylpyrrolidone (PVP), sodium chloride 

(NaCl) were also studied. 

The crystal structure of the as-prepared film was examined by X-ray diffraction 

(XRD). The XRD patterns were recorded in a Bruker-AXS Microdiffractometer (model 

D5005) with Cu Kα radiation (λ = 1.5406 Å) from 20° to 70° at a scanning speed of 2.4° 

min-1. X-ray tube voltage and current were set at 45 kV and 40 mA, respectively. 

Morphological and lattice structural information were examined with field emission 

scanning electron microscopy (FESEM, JSM-6500F, and JSM-6700F), transmission 

electron microscopy (TEM/HRTEM, FEI Tecnai G2 30), and selected area electron 

diffraction (SAED). In a typical FESEM measurement, a small piece of sample film was 

adhered onto a copper stub using double-sided carbon tape. The specimens for TEM 

imaging were prepared by suspending solid samples in acetone. About 1-2 mg of white 

sample detached from the FTO substrate was added to 5 mL of acetone in a small glass 

vial, followed by sonication for 30 min. A few drops of the sonicated suspension were 

dropped onto a carbon-coated 200 mesh copper grid and dried under ambient conditions 

before imaging. 

Dye-sensitized solar cells were assembled using the TiO2 nanorods grown on 

FTO as the photoanode. Prior to dye adsorption, the as-prepared sample was placed in 

100 mL of 0.1 M TiCl4 solution, which was prepared by mixing TiCl4 and ice, at 50 °C 

for 1 h in a beaker covered with parafilm. After rinsing with pure ethanol, the TiCl4-

treated sample was annealed in air at 450 °C for 30 min inside a furnace. The sensitizer 

used in this work was cis-bis(isothiocyanato)bis(2,2′-bipyrridyl-4-4′-dicarboxylato)-

ruthenium(II)bis-tetrabutylammonium dye (N-719 as received from Solaronix); the 
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nanorod samples were immersed in a 0.3 mM ethanolic solution of N-719 for 24 h to 

complete the dye adsorption. A platinum-coated FTO substrate spaced from the TiO2 

nanorod photoanode with 25-µm thick Teflon strips (Pike Technologies) was used as the 

counter electrode. The electrolyte containing 0.6 M 1-butyl-3-methylimidazolium iodide, 

0.03 M I2, 0.5 M tert-butylpyridine, and 0.1 M guanidinium thiocyanate in acetonitrile/ 

valeronitrile 85/15 (v/v) (ES-004 from Iolitec) was injected into the space between the 

anode and the cathode through capillary forces. 

The current-voltage characteristics were recorded with a Keithley 2400 

sourcemeter using a simulated AM1.5 spectrum produced by a homemade solar simulator 

described in a previous publication [17]. Briefly, the measurement system consisted of a 

100 W Xe-arc lamp (Oriel) in conjunction with a 0.125 m monochromator (Newport, 

Cornerstone 130) equipped with a grating and a mirror mounted on the same turret. 

AM1.5 radiation was simulated using two filters (Newport 81090 and 81092) placed 

between the monochromator and the Xe lamp and by selecting the mirror on the grating 

turret. The photoaction spectrum, I(λ) was acquired by selecting and scanning the grating. 

The lamp irradiance, P(λ), was recorded using two independent methods, a calibrated 

radiometry system consisting of a silicon detector and a power meter (International Light 

SED033 and IL1700) and a Newport radiant power meter (Newport 70260 and 70268 

probe) that agreed with each other. The lamp power was adjusted such that the measured 

integrated irradiance was approximately 100 mW/cm2. The external quantum efficiency 

was calculated using EQE(λ) = (hc/λ) × [I(λ)- Idark]/P(λ), where I(λ) and Idark is the short-

circuit current recorded under illumination and in the dark, respectively. No corrections 

were made for reflection from the glass substrate, and the solar cell area was defined with 

a 0.33 cm2 circular aperture. 

 

5.3 Single-Crystalline Rutile TiO2 Nanorod Arrays on FTO 

XRD shows that the films deposited on FTO substrates are rutile TiO2. Figure 5.1 

displays the XRD patterns of the FTO substrate before and after the hydrothermal 

reaction. All the diffraction peaks that appear upon nanorod growth agree well with the 

tetragonal rutile phase (SG, P42/mnm; JCPDS No. 88-1175, a = b = 0.4517 nm and c = 
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0.2940 nm). Compared to the powder diffraction pattern, the (002) diffraction peak was 

significantly enhanced, and some diffraction peaks including (110), (111), and (211) were 

absent, which indicates that the as-deposited film is highly oriented with respect to the 

substrate surface and the TiO2 nanorods grow in the [001] direction with the growth axis 

parallel to the substrate surface normal. Absence of diffraction peaks that are normally 

present in polycrystalline or powder samples is a strong indication that the nanorods are 

not only aligned but are also single crystalline throughout their length. These conclusions 

were confirmed by HRTEM and SAED measurements (vide infra). 

  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 XRD patterns of the FTO substrate (a) before hydrothermal growth and (b) 
after hydrothermal growth. 
 

Figure 5.2 shows typical FESEM images of the nanorod film grown at 150 °C for 

20 h. The images at different locations and magnifications reveal that the entire surface of 

the FTO substrate is covered very uniformly with TiO2 nanorods. Top and side views in 

Figure 5.2 show that the top surface of the nanorods appears to contain many step edges, 

while the side surface is smooth. Growth appears to proceed by addition of titanium 

growth units (e.g., [Ti(OH)2Cl2(OH)2]
2-) at the step edges [18]. The nanorods are 

tetragonal in shape with square top facets, the expected growth habit for the tetragonal 

crystal structure. The nanorods are nearly perpendicular to the FTO substrate. After 20 h 
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of growth, the average diameter and length, as determined from FESEM and TEM 

images, were 90 ± 5 nm and 1.9 ± 0.1 µm, respectively. The nanorods are single 

crystalline, as evidenced by the sharp SAED pattern of a nanorod examined along the 

[110] zone axis (Figure 5.3(b)). Examination of individual nanorods with HRTEM shows 

that they are completely crystalline along their entire lengths. Lattice fringes with 

interplanar spacings, d110 = 3.2 ± 0.1 Å and d001 = 2.9 ± 0.1 Å are clearly imaged and are 

consistent with the rutile phase. The [110] axis is perpendicular to the nanorod side walls, 

and the nanorods grow along the [001] direction, consistent with the XRD data. The 

chemical stoichiometry of the nanorods was further examined with EDX and the atomic 

ratio of Ti to O was found to be ∼ 1:2 (Figure 5.4). 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 FESEM images of oriented rutile TiO2 nanorod film grown on FTO substrate 
in 30 mL of deionized water, 30 mL of hydrochloric acid, and 1 mL of titanium butoxide 
at 150 °C for 20 h. (a) top view, (b) cross-sectional view, (c) and (d) tilted cross-sectional 
views. 
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Figure 5.3 (a) HRTEM image of a single TiO2 nanorod shown in the inset; (b) SAED 
pattern of the same TiO2 nanorod. 
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Figure 5.4 EDX spectrum of the TiO2 nanorods and their approximate elemental 
composition. Carbon and copper signals come from double-sided carbon tape and copper 
stub, respectively.  

 

5.4 Effect of Growth Parameters 

 

5.4.1 Growth Time 

The FTO substrate remained transparent, and no TiO2 nanorods were observed 

when the growth time was less than 3 h at 150 °C. After 3 h, TiO2 nanorods begin to 

grow on the FTO substrate with the rod axis aligned approximately perpendicular to the 

substrate. Those nanorods that nucleate and grow with their axis significantly misoriented 

with respect to the substrate surface normal eventually collide with a neighboring 

nanorod and stop growing. The diameter quickly reaches 90 nm and remains constant 

with time even though the nanorods grow taller (Figure 5.5). The average nanorod length 

was 600 nm after 4 h of growth and increased to 2 µm after 20 h of growth. If the growth 
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time is extended to over 24 h, a white film composed of aligned TiO2 nanorods starts to 

peel off the FTO substrate (Figure 5.5(d)). This white, paperlike film could easily be 

collected, dried, and handled by a tweezer and can be transferred to an arbitrary second 

substrate while maintaining its microscopic structure [19-21]. The peeling of the film 

could be due to a competition between crystal growth and dissolution; at short reaction 

times, the supersaturation of the titanium salt is high, and nanorods grow. When the 

growth is carried out for longer times, the crystal growth rate starts to decrease as the 

system approaches equilibrium. At this point, crystal dissolution on high-energy surfaces 

such as the FTO-nanorod surface can become important. Indeed, this interface is strained 

due to the lattice mismatch between the FTO and the rutile nanorods and can dissolve 

even though the rest of the nanorod film is in equilibrium with the solution. After the 

TiO2 nanorod film is lifted off the substrate, the substrate remains conductive which 

indicates that the film is peeling off at the FTO-nanorod interface. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 (a), (b) and (c) are FESEM images of oriented rutile TiO2 nanorod films 
grown at 150 oC for 4, 6 and 20 hours, respectively. (d) Photographic image of free-
standing rutile TiO2 nanorod film grown on FTO at 150 oC for over 24 hours and 
detached from the substrate as a sheet. Inset in (d) shows the corresponding FESEM 
image. 
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At first it may appear that the TiO2 nanorod film peeling off the substrate is a 

significant disadvantage and may limit the applications of these nanorods. If the reaction 

is carried out for a long time (e.g., 24 h) and allowed to reach equilibrium, the TiO2 

nanorod films do peel off from the FTO substrate. However, if the reaction is stopped 

before reaching the reaction equilibrium (e.g., less than ∼ 20 h), peeling is not observed. 

Following, the TiO2 nanorod film can be grown longer by placing the substrate (with the 

nanorods) in a fresh solution and continuing the growth. For example, I grew TiO2 

nanorod films that are as thick as 8 µm by changing the growth solution every 4 h. These 

films remained adhered to the FTO and did not peel off the substrate (Figure 5.6). In 

principle, the TiO2 nanorod films can be grown to desired lengths by refreshing the 

growth solution before the reaction reaches equilibrium. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 FESEM image of rutile TiO2 nanorod films grown at 200 oC through multiple 
growth cycles each less than 4 hours. The growth solution consisted of 5 ml of saturated 
aqueous NaCl, 25 ml DI water, 30 ml concentrated HCl and 1 ml titanium butoxide. The 
nanorod film shown in the inset was grown for 6 cycles and is approximately 8 µm thick. 
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5.4.2 Growth Temperature 

TiO2 nanorods did not grow on the FTO substrates when the temperature was less 

than 100 °C. On the other hand, increasing the hydrothermal reaction temperature from 

150 to 200 °C increased the growth rate by a factor of 5 (Figure 5.7). The average 

diameter of the nanorods grown at 200 °C was slightly smaller. At 200 °C, the film 

begins to peel off the substrate after 6 h of reaction, and the thickness of the free-standing 

film is comparable to that obtained at 150 °C. At 200 °C, the solution reaches equilibrium 

faster, and as a result, dissolution that causes the peeling of the film begins earlier. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 FESEM images of oriented rutile TiO2 nanorod film grown in 30 ml of 
deionized water, 30 ml of hydrochloric acid, and 1 ml of titanium butoxide at 200 oC for 
4 hours. (a) top view, (b) cross-sectional view, (c) and (d) tilted cross-sectional views. 
 

5.4.3 Types of Substrates 

Oriented TiO2 nanorod film could only be grown on FTO substrates. Experiments 

to grow TiO2 nanorods on glass or silicon substrates were unsuccessful, indicating that 

nucleation and growth may require epitaxy on FTO crystals. In fact, the FTO substrate 
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also has the tetragonal rutile structure, and the lattice mismatch between the tetragonal 

FTO (a = b = 0.4687 nm) and rutile TiO2 (a = b= 0.4594 nm) is 2% [22, 23] (see also 

Figure 5.8). This small lattice mismatch may promote the epitaxial nucleation and growth  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Unit cell of FTO (left) and rutile TiO2 (right). 

 

of rutile TiO2 nanorods on FTO although conclusive proof of this hypothesis would 

require a careful study of the FTO-nanorod interface using transmission electron 

microscopy. I base my hypothesis on three observations. First TiO2 nanorod array could 

only be grown on FTO. Second, TiO2 nanorods are firmly attached on the FTO substrate 

and could not be detached even with the aid of ultrasonication. Finally, when the FTO 

film is patterned by removing portions of it from the substrate by etching, the TiO2 

nanorod array could only be grown selectively on the remaining FTO film. It is possible 

to have epitaxial growth from a polycrystalline film with majority of the TiO2 nanorods 

aligned nearly normal to the substrate because FTO films on glass are highly textured 

with grains aligned preferentially in the (200) direction. Nevertheless, not all grains are 

aligned, and a significant number of TiO2 nanorods grow off normal angles to the 

substrate. These nanorods run into nearby nanorods and stop growing. Thus, only those 

nanorods with axis nearly aligned with the substrate normal continue growing and give 

the nanorod film the array-like appearance. Indeed, using a nanowire diameter of 90 nm 

O Sn O Ti 
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and an areal density of 40 nanowires/µm2, I calculate that nanowires cover only ∼25% of 

the substrate surface and higher nanowire densities are possible. Thus, not all FTO grains 

give rise to nanowires that grow normal to the surface. Obviously, if my hypothesis of 

epitaxy is correct, one way to increase nanowire density would be to increase the texture 

of the FTO film. 

 

5.4.4 Initial Reactant Concentration 

The density of the nanorods could be varied by changing the initial titanium 

precursor concentration in the growth solution. Figure 5.9 shows that the density of the 

nanorods could be varied between ∼4 to ∼50 µm-2 by increasing the initial titanium 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5.9 FESEM images of oriented rutile TiO2 nanorod films grown at 150 °C for 18 
h with different amounts of titanium butoxide in a mixture of 30 mL of deionized water 
and 30 mL of hydrochloric acid; (a) 0.5 mL, (b) 0.75 mL, (c) 0.85 mL, and (d) 1 mL of 
titanium butoxide. 
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butoxide in the growth solution from 0.5 to 1 mL. Further increase in the amount of 

titanium butoxide causes rapid hydrolysis and homogeneous precipitation as soon as it is 

added to the growth solution. The growth solution remains turbid even after prolonged 

stirring, and the nanorods that grow under this condition are found to be covered by 

dendritic particles (see Figure 5.10) that have nucleated homogeneously and have settled 

on the nanorods film. It appears that when the titanium precursor concentration is low,  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 FESEM image of dendritic rutile TiO2 particles grown at 150 oC for 18 h 
with 2 mL of titanium butoxide in a mixture of 30 mL of deionized water and 30 mL of 
hydrochloric acid. 
 

the nanorods are not as aligned as those grown using higher titanium precursor 

concentrations. However, this appearance is a result of the changing nucleation density. 

When nucleation density is high, the nanorods growing at an angle to the substrate 

surface normal run into neighboring nanorods and stop growing (see for example shorter 

nanorods near the FTO surface in Figure 5.9(d)). On the other hand, when nucleation 

density is low, the nanorods at an angle can keep growing to longer lengths since the 

probability of running into a neighbor decreases. The nanorods can nucleate and grow at 
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an angle to the substrate surface normal because the FTO is polycrystalline and its 

surface is rough. Thus, even though nanorods grow epitaxially, some FTO grains may be 

oriented such that nanorods grow at an angle to the substrate surface normal. 

 

5.4.5 Acidity 

The growth of TiO2 nanorods on FTO substrate was favored when a mixed 

solution containing 30 mL of deionized water and 30 mL of hydrochloric acid was used. 

Increasing the volume of deionized water with respect to the volume of hydrochloric acid 

while keeping the total volume of the growth solution constant increased the hydrolysis 

rate of titanium butoxide. In fact, when titanium butoxide was introduced into 60 mL of 

deionized water, TiO2 precipitated immediately. No nanorods were found on FTO 

substrate after hydrothermal growth in this solution. Thus, in the absence of hydrochloric 

acid or at low hydrochloric acid concentrations, all the titanium precursor precipitates and 

settles to the bottom of the reaction vessel as TiO2, and none remains available for 

nanorod growth. Extremely low pH suppresses the hydrolysis of titanium butoxide. When 

a growth solution containing 15 mL of deionized water and 45 mL of hydrochloric acid 

was used, the solution remained clear after hydrothermal reaction, and TiO2 did not form 

on the FTO substrate or in the homogeneous phase. Thus, it is concluded that growth of 

oriented TiO2 nanorods requires slow hydrolysis of titanium butoxide in a fairly strong 

acidic aqueous medium. 

 

5.4.6 Types of Titanium Precursors 

The growth of oriented TiO2 nanorod film on FTO is not restricted to titanium 

butoxide as the titanium source. Some common titanium salts such as titanium 

isopropoxide and titanium tetrachloride could also be utilized in this synthesis in lieu of 

titanium butoxide. The morphology of the nanorod film synthesized from titanium 

isopropoxide is similar to that synthesized from titanium butoxide (see Figure 5.11). 

When titanium tetrachloride was used as the titanium precursor, the diameter of the 
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nanorods grew faster and reached an average value of 200 nm, possibly due to a higher 

chemical reactivity of TiCl4 compared to other titanium precursors. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11 FESEM images of oriented rutile TiO2 nanorod films grown at 200 oC for 2 
hours with different titanium salts; (a) & (b) 1 ml of titanium tetrachloride, and (c) & (d) 
1 ml of titanium isopropoxide.  

 

5.4.7 Types of Additives 

The addition of some common surfactants or salts including EDA, EDTA, SDS, 

CTAB, and PVP had little effect on the morphology of TiO2 nanorods (see Figure 5.12). 

However, when growth was conducted by adding saturated aqueous NaCl solution to the 

growth solution, the density, alignment, and diameter of the nanorods could be changed. 

For example, Figure 5.13 shows that, when 5 mL of saturated aqueous NaCl solution was 

added to the growth solution, the density and diameter were both reduced to ∼40 µm-2 

and ∼35 nm, respectively. The nanorods appear less aligned with the substrate surface  
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Figure 5.12 FESEM images of oriented rutile TiO2 nanorod films grown with different 
additives. (a) & (b) 1 ml of EDA, (c) & (d) 1 ml of saturated aqueous EDTA solution, (e) 
& (f) 1 g of SDS, (g) & (h) 1 g of CTAB, and (i) & (j) 1 g of PVP. 
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normal because reduction of diameter and density decrease the probabilities of nanorods 

growing at an angle to substrate surface normal to stop growing by running into a 

neighbor. The exact role of NaCl in controlling the diameter and density of the nanorod 

growth is not fully understood, but several explanations are possible. First, addition of 

sodium chloride salt greatly increases the ionic strength of the growth solution [24], and 

higher ionic strength favors the formation of smaller crystals through electrostatic 

screening [25]. Second, a layer of ions next to the nanorods can act as a diffusion barrier 

for the nanorod growth and retard the precursors from diffusing to the surface [26]. 

Finally, Cl- could preferentially adsorb and retard the growth rate of (110) surfaces [14]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13 FESEM images of rutile TiO2 nanorod films grown in 25 mL of deionized 
water, 5 mL of saturated aqueous NaCl solution, 30 mL of hydrochloric acid, and 1 mL 
of titanium butoxide at 150 °C for 8 h: (a) and (b) show the top view of the nanorods on 
two different scales; (c) shows the cross-sectional view of the nanorods, and (d) is the 
tilted cross-sectional view. 

 

The ability to retard the diameter growth rate through salt addition helps grow 

longer TiO2 nanorods while avoiding the side surfaces from coalescing to form a 

continuous film. This is achieved through a two-step hydrothermal growth process 
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(Figure 5.14). In the first step, TiO2 nanorods were grown on FTO substrate at 200 °C for 

4 h. In the second step, the FTO substrate obtained from step 1 was moved to another 

reaction vessel filled with freshly prepared growth solution that included NaCl. 

Hydrothermal growth was continued in this solution at 150 °C for 20 h to complete the 

nanorod growth. During this second growth period, the nanorods grow taller but the 

diameter remains unchanged. In control experiments, when no NaCl is added to the 

solution in the second step of the growth, the nanorods grow taller and wider, ultimately 

touching each other to form a continuous film with large grains at the bottom. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14 FESEM images of oriented rutile TiO2 nanorod films grown from a two-step 
hydrothermal reaction; (a) and (b) with and (c) and (d) without addition of saturated 
aqueous NaCl solution. 
 
 
5.5 TiO2 Nanorod Dye-Sensitized Solar Cells 

An FTO substrate covered with 4 µm long TiO2 nanorods was used as the 

photoanode in assembling a DSSC. The current-voltage characteristic and the EQE of a 
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typical cell are shown in Figures 5.15 and 5.16, respectively. Under 100 mW cm-2 of 

AM1.5 illumination, the TiCl4-treated cell exhibits a short circuit current of ∼6.05 mA 

cm-2, an open circuit voltage of ∼0.71 V, and a fill factor of 0.7. The EQE is ∼50% at the 

peak of the dye absorption. The overall power conversion efficiency was found to be 

3.0%. Considering the length of the nanorods, ∼4 µm, higher efficiencies could be 

achieved with longer nanorods. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.15 Photocurrent-photovoltage characteristics of a DSSC assembled from a 4 µm 
long rutile TiO2 nanorod film (a) without and (b) with TiCl4 treatment. 

 

Roughness factor of the TiO2 photoanodes were estimated by desorbing the dye 

and measuring the absorption of the dye solution. Using a dye adsorption area of 1.6 nm2 

we estimate a roughness factor of ∼200 for TiCl4-treated nanorods. The beneficial effects 

of TiCl4 treatment are well-known in TiO2 nanoparticle cells [5, 27, 28]. One of these 

reasons that is operative in nanoparticle DSSCs is the formation of a blocking TiO2 layer 

on the uncovered regions of the FTO to reduce the shunt current; this improves the fill 

factor. Improved fill factor indicates that this may also be the case in nanorod-based  
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Figure 5.16 External quantum efficiency (EQE) of a DSSC assembled from 4 µm long 
nanorods treated with TiCl4. 

 

DSSCs. Moreover, the roughness factor of nanorods is ∼150 without TiCl4 treatment, 

indicating that at least one other role of this treatment is to increase dye adsorption, either 

by increasing the nanoscopic roughness of the nanorods or by clearing the surface of 

molecules that may compete with dye adsorption. The TiCl4 treatment can also decrease 

surface recombination, but dye desorption measurements indicate that the observed 

improvement is due to increased dye adsorption and optical density of the photoanode. If 

TiCl4 treatment roughens the nanorod surfaces, this effect is too small to see by electron 

microscopy but is measurable by dye desorption. An estimate of the roughness factor 

from nanorod density and dimensions measured by SEM (4 µm long, 90 nm in diameter, 

and 40 nanowires/µm2) gives roughness factors that are on the order of 50, a factor of 3-4 

lower than that measured by dye desorption. However, roughness factor estimation from 

nanowire areal density measured at the end of the growth may be misleading because the 

nanorods are denser during the initial stages of growth and their areal density is reduced 
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as those that are growing at an angle to the surface normal run into neighboring rods and 

stop. This effect was quantified in ZnO nanowire growth, and a factor of 5 loss in 

nanowire density is possible through this mechanism [3]. Thus, the nanowire density at 

the beginning stages of the growth may be much higher (∼100-200 µm-2) than that 

determined at the end of the growth (∼40 µm-2). 

 Electron transport and recombination rates of the TiO2 nanorod DSSCs as well as 

TiO2 nanoparticle DSSCs, were measured using transient photocurrent and photovoltage 

spectroscopy (details can be found in Emil Enache-Pommer’s Ph.D. thesis) [29]. The 

TiO2 nanoparticle DSSC was assembled using P25 nanoparticles purchased from 

Degussa. The nanoparticle films were deposited on FTO substrate by suspending the 

nanoparticles in ethanol and drop casting the dispersion onto the FTO surface followed 

by self-drying at ambient conditions. The thickness of the TiO2 nanoparticle film was ~ 1 

µm (Figure 5.17).  

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17 FESEM images of TiO2 nanorod and nanoparticle films used for measuring 
the electron transport and recombination time constants. (a) and (b) show top views of 
nanowires and nanoparticles, respectively; (c) and (d) show cross-sectional views of 
nanowires and nanoparticles, respectively. 
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How to compare electron transport times fairly in two photoanodes with 

dramatically different morphologies is a complicated issue. One can compare cells with 

equal roughness factor and porosity, equal photoanode thickness, equal photocurrents or 

equal efficiencies. Nanoparticle and nanorod films with similar thicknesses and similar 

photocurrents and efficiencies were chosen here. It is expected, as in studies by 

Martinson [30], the transport time constants in nanorods to be faster than those in 

nanoparticles by at least two orders of magnitude so that small differences in geometric 

characteristics, photocurrents and efficiencies between these two cells were less 

important. Figure 5.18 shows transport and recombination time constants for both 

nanorod- and nanoparticle-based DSSCs as a function of light intensity. It is found that 

transport time constant in single-crystalline rutile TiO2 nanorods exhibit a power law  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.18 (a) Recombination (■, ●) and transport (□, ○) time constants for TiO2 
nanorod (circles) and nanoparticle (squares) DSSCs as a function of light intensity. Error 
bars represent standard deviations and illustrate reproducibility for DSSCs from three 
different batches (nanorods) and four different batches (nanoparticles). 
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dependence on light intensity similar to that observed with nanoparticle films. In 

addition, the electron transport rate is approximately a factor of two slower in rutile 

nanorods than in P25 nanoparticles (~70% anatase, 30% rutile). Previous studies on 

nanoparticle-based DSSCs showed that the electron transport rate in rutile TiO2 

nanoparticle films is one order of magnitude slower than anatase TiO2 nanoparticle films 

[16]. This order of magnitude difference in transport times was attributed to a smaller 

number of interparticle connections in the rutile films as compared to the anatase films. 

Figure 5.18 shows that the electron transport rate is only slightly slower in single crystal 

rutile nanorods than in nanoparticles, indicating that, while the effect of interparticle 

connections is eliminated, traps still dominate electron transport. Moreover, the fact that 

the TiO2 nanorods are single-crystalline along their entire length suggests that the traps 

reside on the surface of the nanorods though the possibility of bulk traps cannot be 

completely discounted. The scaling exponents for the transport and recombination time 

constants were -0.24 and -0.45 for nanoparticles and -0.35 and -0.55 for nanorods, 

respectively. Recombination rates were slightly slower in the nanowires than in the 

nanoparticles, possibly due to different surface trap distributions in nanorods vs. 

nanoparticles. The ratios of the recombination time constant to the electron collection 

time constant at the highest light intensity (τr/τc), were ~40 for nanorod films and ~55 for 

nanoparticle films. Although these ratios are high enough to give nearly 100% electron 

collection efficiency for 1 µm thick films, the similarity between ratios of transport and 

recombination rates in rutile TiO2 nanorods and P25 nanoparticles indicates that rutile 

nanorods, without passivation of traps, may have a limited potential for improving the 

overall efficiency of DSSCs. While the potential of single-crystalline rutile nanorods 

appears limited for DSSCs, the situation may be different for single crystal anatase 

nanorods. Assuming that the results obtained by Park et al. for anatase and rutile 

nanoparticle films also hold for nanorod films [16], an order of magnitude improvement 

in electron transport with respect to nanoparticle cells would be possible by fabricating 

single-crystalline anatase TiO2 nanorods on FTO substrates. Such nanostructures have 

already been fabricated on titanium foil but, to our knowledge, not on transparent 

conducting oxide substrates [31]. Also, it may be possible to improve the transport rate in 
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rutile nanorods through surface treatments or growth of semiconductor shell layers at the 

nanorod surface, provided that these modifications reduce the density of surface traps. 

 

5.6 Conclusions 

A facile hydrothermal method was developed for the first time to grow oriented 

single-crystalline rutile TiO2 nanorod films on transparent conductive substrates. The 

growth parameters including the growth time, the growth temperature, the initial reactant 

concentration, acidity, and types of additives could be selectively chosen to prepare TiO2 

nanorod film with desired lengths and densities. The small lattice mismatch between the 

FTO substrate and rutile TiO2 plays a key role in driving the nucleation and growth of the 

rutile TiO2 nanorods on FTO. With TiCl4-treatment, a light to electricity conversion 

efficiency of 3% could be reached by employing a 4-µm long TiO2 nanorod film as the 

photoanode in a DSSC. Further improvements in the cell efficiency should be possible 

with longer nanorods. 
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Chapter 6 Anatase TiO2 Nanorods/Nanosheets on Transparent 
Conducting Substrates for Dye-Sensitized Solar Cells 

 

In this chapter, a titanium tetrachloride (TiCl4) evaporation-condensation-

hydrolyzation process, followed by a subsequent thermal treatment was developed to 

grow single crystal anatase TiO2 nanorods or nanosheets on transparent conducting 

fluorine-doped tin dioxide (FTO) substrates for dye-sensitized solar cells. 

 

6.1 Introduction 

  Nanostructured titanium dioxide (TiO2) films on transparent conducting 

substrates have attracted much attention for a variety of applications, such as 

photocatalytic water splitting [1, 2], photocatalysis [3-5], and photovoltaics [6-10]. 

For example, dye-sensitized solar cell photoanodes made from one-dimensional (1D) 

nanostructures such as nanorods, nanowires or nanotubes, and two-dimensional (2D) 

nanostructures such as nanosheets provide direct electrical pathways for 

photogenerated charge carriers and could increase the charge carrier transport rate 

[11-17], which in turn may eventually improve the device performance. Although a 

variety of methods including electrochemical, solvothermal and hydrothermal 

techniques yield these 1D and 2D TiO2 nanostructures through homogeneous 

nucleation and growth [18-21], it is still challenging to grow TiO2 nanostructures 

heterogeneously on substrates, particularly on transparent conducting substrates. 

Recently, Grimes et al. and we reported hydrothermal methods for growing single-

crystalline rutile TiO2 nanorods/nanowires on fluorine doped tin dioxide (FTO) 

substrates [22, 23]. The small lattice mismatch between the FTO substrate and rutile 

TiO2 was thought to play a key role in driving the nucleation of the rutile phase on 

FTO. Surprisingly, the electron transport rate in dye-sensitized solar cells (DSSCs) 

made using these single crystal rutile nanowires was found to be on the order of the 

electron transport rate in nanoparticle-based DSSCs and not as fast as would be 

expected from single crystal nanowires [24]. This slow electron transport rate limits 
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the potential application of single-crystalline rutile nanowires in photoanodes for 

DSSCs. The electron transport rate in photoanodes made from anatase nanoparticles 

is faster than the electron transport rate in photoanodes made from rutile nanoparticles 

[25]. This difference is due to the higher electron mobility in anatase (∼10 cm2⋅V -1⋅S-1) 

than in rutile (∼1 cm2⋅V -1⋅S-1) [26]. Thus, replacing the anatase nanoparticles with 

anatase nanowires may result in higher electron transport rates than those measured in 

rutile nanowires. While polycrystalline anatase nanotubes and nanowires have 

recently been grown on titanium foil and FTO substrates [27-29], but to our 

knowledge, 1D or 2D single crystal anatase nanostructures have not yet been grown 

on transparent conducting substrates. In this chapter, I describe a method for growing 

oriented single crystal anatase nanorods or nanosheets on transparent conducting FTO 

substrates through a TiCl4 evaporation-condensation-hydrolyzation process, followed 

by a subsequent thermal treatment. 

 

6.2 Experimental Details 
 

6.2.1 Materials Preparation 

In a typical synthesis, 5 ml of TiCl4 was added to a 10 ml glass beaker inside a 

Teflon-lined stainless steel autoclave (125 ml volume, Parr Instrument Co.) [30, 31]. 

Three pieces of FTO coated glass substrates (F:SnO2, Tec 15, 10 Ω/� , Hartford Glass 

Company), were cleaned for 60 minutes through ultrasonication in a mixed solution of 

deionized water, acetone and isopropanol (1 : 1 : 1 by volume). Following, they were 

placed at an angle against the Teflon-liner wall next to the glass beaker with the 

conducting side facing up. The autoclave was sealed and kept inside an oven at 90 − 150 
oC for 1 − 3 days. Following, the autoclave was cooled naturally to different temperatures 

to allow the evaporated TiCl4 to condense onto the FTO substrate. The FTO substrates 

were taken out from the autoclave and kept at ambient air for a few seconds before being 

placed in an electric oven maintained at 100 oC. These steps formed amorphous titania on 



 88 

the FTO surface. The titania FTO substrate was then heated to 450 oC at 1 oC to convert 

amorphous titania into crystalline anatase.  

 

6.2.2 Materials Characterization 

The crystal structure of the film was examined using X-ray diffraction (XRD) in a 

Bruker-AXS Microdiffractometer (Model D5005) with Cu Kα radiation (λ = 1.5406 Å). 

X-ray tube voltage and current were set at 45 kV and 40 mA, respectively. Electron 

diffraction and high-resolution transmission electron microscopy (TEM/SAED/HRTEM, 

FEI Tecnai G2 30) complemented the XRD. Morphology and chemical composition of 

the films were examined using a field emission scanning electron microscope equipped 

with energy dispersive X-ray spectroscopy (FESEM/EDX, JSM-6500F and JSM-6700F).. 

 

6.2.3 Solar Cell Assembly and Characterization 

The TiO2 nanorods or nanosheets grown on FTO were used as the photoanode in 

DSSCs. Prior to dye adsorption, the as-prepared film was immersed in an aqueous TiCl4 

solution at 50 oC for 2 hours. This TiCl4 solution was prepared by mixing 0.09 ml of 

TiCl4 with 0.4 ml of concentrated hydrochloric acid (36.5% − 38% by weight) followed 

by the addition of deionized water to reach a final volume of 100 ml. After rinsing with 

deionized water, the TiCl4-treated substrate was annealed in air at 450 oC for 30 minutes. 

The dye used in this work was cis-bis(isothiocyanato)bis(2,2′-bipyrridyl-4-4′-

dicarboxylato)-ruthenium(II)bis-tetrabutylammonium (N-719 as received from 

Solaronix). Both the nanorod and nanosheet films were then immersed in a 0.3 mM 

solution of N719 in ethanol for 24 hours. After dyeing, the substrates were rinsed with 

pure ethanol and dried in ambient air for 30 minutes. DSSCs were assembled by placing 

FTO substrates coated with 10 nm platinum face-to-face with substrates coated with 

anatase nanorods or nanosheets. The two electrodes were separated and kept apart using 

25 µm Teflon spacers (Pike Technologies). The liquid electrolyte Iodolyte MPN-100 

(Solaronix) was injected into the space between the anode and the cathode through 

capillary forces. The current-voltage (I-V) characteristics of the solar cells were recorded 
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using a Keithley 2400 sourcemeter. The solar cells were illuminated with simulated 

AM1.5 spectrum generated using a homemade solar simulator [13]. No corrections were 

made for reflection from the glass substrates, and the solar cell area was defined with a 

0.33 cm2 circular aperture. 

 

6.3 Morphology and Structure of the TiO2 Nanorods/Nanosheets 

Single-crystalline anatase nanorods or nanosheets were grown on FTO substrates 

through hydrolysis of TiCl4 condensation on FTO substrates and subsequent thermal 

heating to 450 oC at 1 oC/min. The temperature of TiCl4 condensation determines the 

final morphology of the TiO2 film. If the TiCl4 condensation takes place at 50 oC (by 

cooling the autoclave to 50 oC before taking out the FTO substrates), after hydrolysis and 

subsequent heating steps, anatase nanorods are grown on FTO substrate. Figure 6.1c and 

d show the top and tilted cross-sectional view FESEM images of the anatase nanorod film. 

The entire surface of the FTO substrate is uniformly covered with tapered TiO2 nanorods 

with a mean diameter of ∼ 20 nm. The nanorods are nearly perpendicular to the FTO 

substrate with film thickness measured from the FTO surface of ∼ 1 µm. If the TiCl4 

condensation temperature is lowered to room temperature, after hydrolysis and heating 

steps, TiO2 nanosheets are grown on FTO substrate (Figure 6.1a and b). These nanosheet 

films are constructed of inter-connected nanosheets with an average sheet thickness of ~ 

20 nm, forming a honeycomb-type structure. 

  Prior to thermal treatment, the as-deposited films are amorphous, as shown in 

the XRD pattern in Figure 6.2a and 6.2c. Using EDX, Ti-to-O ratio was found to be ∼ 

1 : 4 with no detectable Cl (see Figure 6.3), which suggests that the as-deposited film 

is titanium hydroxide (Ti(OH)4). When this film is heated to 450 oC at 1 oC/min, it is 

converted to anatase without changing the nanostructured film morphology.  

  During the thermal treatment, both the nanorods and nanosheets are 

transformed to single-crystalline anatase, as evidenced by the XRD (Figures 6.2b and 

6.2d), SAED pattern and the clear lattice fringes in HRTEM images shown in 

Figure6.4. Figures 6.4a-e show the TEM/HRTEM images of an individual anatase  
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Figure 6.1 FESEM images of anatase TiO2 nanorod and nanosheet film grown on 
FTO substrate. (a) & (b) top and cross-sectional view of the nanosheet film grown by 
hydrolysis of TiCl4 condensed at room temperature on FTO substrate and subsequent 
heating to 450 oC at 1 oC/min, (c) & (d) top and cross-sectional view of the nanorod 
film grown by hydrolysis of TiCl4 condensed at 50 oC on FTO substrate and 
subsequent heating to 450 oC at 1 oC/min. Insets are high-magnification top view 
images.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 XRD patterns of the as-deposited nanorod film (a) before thermal 
treatment and (b) after thermal treatment at 450 oC; XRD patterns of the as-deposited 
nanosheet film (c) before thermal treatment and (d) after thermal treatment. Peaks 
marked with * come from FTO substrate. 

∗ 
∗ 

∗ ∗ 
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Figure 6.3 EDX spectrum of TiO2 nanostructured film (a) before thermal treatment, and 
(b) after thermal treatment. 
 
 
nanosheet detached from the nanosheet film on FTO and its corresponding SAED and 

FFT patterns. Two sets of lattice fringes in the HRTEM image (Figure 6.4b) give two 

interplanar distances, corresponding to )011(  and )004(  of anatase. HRTEM images 

together with the corresponding SAED pattern indicate that the nanosheet is single 

crystal bounded with two {010} planes. More intriguingly, many concave vacant 

spaces were observed on the nanosheet surfaces (Figure 6.4a-c) with the anatase TiO2 

crystals crystallographically aligned (Figure 6.4b-c) across. The formation of these 

voids on the surface of nanosheets is due to the volume shrinkage during the thermal 

transformation from amorphous Ti(OH)4 to crystalline anatase. Figures 6.4f shows the 

TEM image of anatase nanorods detached from the nanorod film. Examination of 

individual nanorods with HRTEM shows that they are crystalline along their entire 

length. Lattice fringes with interplanar spacings, d )101(  = d )011(  = 0.35 nm are clearly 

imaged and are consistent with the anatase phase. The interplanar angles are also in 

agreement with the crystal structure of anatase (space group: I41/amd; tetragonal 

symmetry, ao = 3.7852 Å and co = 9.5139 Å, JCPDS file no. 21-1272) [32]. For 

example, a measured angle between (101) and (101) planes is 43.2o, which matches 

exactly with the theoretical value of anatase.  
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Figure 6.4 TEM images of anatase TiO2 nanorods and nanosheets. (a) Low-
magnification image of nanosheets; (b) & (c) high-magnification images of 
nanosheets; (d) & (e) the corresponding SAED and FFT patterns; (f) low-
magnification image of nanorods; (g) & (h) high-magnification images of nanorods; 
and (i) & (j) the corresponding SAED and FFT patterns. 
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 We propose that these TiO2 nanostructured films form through the following 

mechanism (see Figure 6.5). During the hydrothermal reaction, TiCl4 liquid vaporizes 

and condenses on the FTO substrate during the subsequent cooling. The rough surface of 

the FTO substrate (see Figure 6.6) promotes the TiCl4 condensation on its surface to form 

liquid TiCl4. The amount of liquid TiCl4 depends on the TiCl4 condensation temperature. 

If the TiCl4 condensation temperature is high (at 50 oC), only a few TiCl4 droplets are 

formed on the FTO surface and these droplets are separated from each other. If the TiCl4 

condensation temperature is lowered to room temperature, more TiCl4 droplets are 

formed on the FTO surface. Some of these droplets may join to form strings of droplets 

when connecting with their neighbors. The pattern of the TiCl4 droplets determines the 

final morphology of the TiO2 film, which could be controlled by the TiCl4 condensation 

temperature during the autoclave cooling step (Figure 6.5). Exposing the TiCl4 liquid 

covered FTO substrate to the ambient water vapor leads to fast hydrolysis of TiCl4 to 

form solid Ti(OH)4. The surface of Ti(OH)4 is wetted by the TiCl4 liquid in the TiCl4 

droplets to continue the Ti(OH)4 formation until the complete consumption of all TiCl4 on 

the FTO substrate (see Figure 6.7). The hydrolysis step yields amorphous Ti(OH)4 

nanostructured films. During thermal treatment, the amorphous Ti(OH)4 nanorods or 

nanosheets were converted to single-crystalline anatase nanorods or nanosheets without 

changing the original film morphology. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5 Schematic illustration of synthesis process of anatase TiO2 nanorods and 
nanosheets on FTO substrates. 

50 oC 

RT 

450 oC 

450 oC 
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Figure 6.6 Top view FESEM images of FTO substrate showing the surface roughness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 Schematic illustration of TiCl4 droplets hydrolyzation and titanium hydroxide 
nanostructure formation.  
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6.4 Nanorod/Nanosheet Dye-Sensitized Solar Cells 

FTO substrates covered with 1 µm thick anatase TiO2 nanorods or nanosheets 

were used to assemble DSSCs. The current-voltage characteristics are shown in Figure 

6.8. Under 100 mW/cm2 of AM1.5 illumination, the nanorod cell exhibits a short circuit 

current density of ∼ 5.05 mA/cm2, an open circuit voltage of ∼ 0.67 V, and a fill factor of 

∼ 0.6. The overall power conversion efficiency was ∼ 2.1%. The nanosheet cell shows a 

lower short circuit current density (∼ 4.57 mA/cm2) with a similar open circuit voltage 

and fill factor as the nanorod cell, resulting in a lower overall power conversion 

efficiency. This lower in short circuit current density is mainly attributed to a smaller 

surface roughness factor and, consequently, a lower dye adsorption area for the nanosheet 

film than for the nanorod film. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8 Photocurrent-photovoltage characteristics of DSSCs assembled from 1 µm 
long anatase nanorod and nanosheet films. Inset is the corresponding IPCE spectrum. 
 
 



 96 

6.5 Conclusions 

  Single-crystalline anatase nanorods or nanosheets were grown on transparent 

conducting FTO substrate through hydrolysis of TiCl4 condensation on FTO substrate 

and subsequent heating to 450 oC at 1oC/min. DSSCs assembled from these 1 µm long 

nanorod or nanosheet films had a light to electricity conversion efficiency of ∼ 2%. 

Further improvements in the cell performance should be possible with increasing the 

lengths of nanorods or nanosheets. Besides DSSCs, these nanostructured anatase 

films on transparent conducting substrates should find applications in a broad variety 

of areas such as photocatalytic water splitting and photocatalysis. 
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Chapter 7 Future Directions 

 

7.1 Core-shell TiO2 Nanowire DSSCs 

Progress has been made towards the synthesis of single-crystalline TiO2 one-

dimensional nanorods or nanowires on titanium foil or transparent conductive substrate. 

However, for further improving the performance of DSSCs, sufficient film surface area 

and increased electron transport rate must be achieved simultaneously. To increase the 

film surface area, longer semiconductor nanowire films should be used, which could be 

achieved through multiple cycles of nanowire growth with the refreshment of growth 

solution such as the results shown in chapter 4 & 5. However, the electron transport rate 

measured in these single crystal TiO2 nanowire DSSCs is only on the order of electron 

transport rate in TiO2 nanoparticle-based DSSC and not as fast as would be expected 

from single crystal semiconductor nanowires (e.g., ZnO nanowires) [1-3]. One possible 

explanation is that single crystal rutile TiO2 has much lower electron mobility (~ 0.1 cm2 

V s-1) [4] and thus electron conductivity (as compared with the electron mobility of single 

crystal ZnO, which is ~ 200 cm2 V s-1) [4].  

Dope TiO2 with niobium can dramatically increase the electron conductivity. 

With niobium doping, the electron conductivity of anatase TiO2 nanoparticle film has 

been increased from 1×10-6 S cm-1 to 0.2 S cm-1 at a niobium content ~ 20% [5]. The 

improvement in electron conductivity might help speeding up the electron transport in 

DSSCs. Niobium has one more valence electron than titanium and niobium doping can 

increase the electron concentration inside the TiO2 film. The extra electrons fill traps in 

TiO2 and shift the quasi-Fermi level upward, which is likely to improve the electron 

transport in DSSCs, as in this case fewer traps participate in electron transport. However, 

improvement in electron conductivity might also increase the electron recombination rate 

which competes with the electron transport. To have nanowires with both fast electron 

transport and slow electron recombination, core-shell TiO2 nanowire films can be used in 

assembling DSSCs. The core-shell TiO2 nanowires proposed here are made of niobium-

doped rutile TiO2 nanowire core and anatase TiO2 shell (see Figure 7.1). The niobium-
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doped rutile nanowire core can act as a fast electron transport medium and the anatase 

shell can confine the electrons within the nanowire core to reduce the probability of 

electrons seeing the electrolyte, and thus reduce the electron recombination. The electron 

 

 

 

 

 

 

 

 

 

 
 

Figure 7.1 Schematic of a core-shell TiO2 nanowire photoanode for DSSCs. 

 

 

 

 

 

 

 

 

 

Figure 7.2 Schematic of energy levels of heterojunction TiO2 nanowires as shown in 
Figure 7.1. Core: niobium-doped rutile TiO2 and shell: anatase TiO2. 
 

confinement is due to the formation of junction between anatase and rutile TiO2 (see 

Figure 7.2). Rutile TiO2 has lower bandgap energy than anatase TiO2. It forms a type II 

heterojunction with anatase TiO2. Due to the energetic difference, electrons are driven 

from anatase TiO2 to rutile once injected from the dye molecules. Both increase in 
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electron transport rate and reduction in electron recombination rate can help improving 

the DSSC performance. In this case, thicker semiconductor nanowire films which have 

higher dye loading can be used to increase the light harvesting of DSSCs, while not 

sacrificing the charge collection. 

 

7.2 TiO2 Nanowires for Photocatalysis 

 Besides energy conversion, the unit structural, physical and chemical properties of 

TiO2 nanowire films make them ideal candidates for being used in environmental 

cleaning such as water and air purification via photocatalysis. In photocatalysis, the 

catalyst particles absorb photons from sunlight and create electrons and holes, which can 

produce radicals and/or initiate redox reactions (Figure 7.3). Photocatalysis has shown 

great promise as a low cost and green technology for a variety of applications. These 

include air and water treatment and purification, photocatalytic water splitting for 

hydrogen production, self-cleaning surfaces and photocatalytic reduction of CO2 and H2O 

to hydrocarbon fuels [6]. The key component of a photocatalysis process is the 

photocatalyst, which can promote reactions in the presence of light and will not be 

consumed in the overall reaction. 

 

 

 

 

 

 

 

 

 

 
 

Figure 7.3 Basic principle of photocatalysis. 



 102 

 
 TiO2 nanowire film grown on substrate as photocatalyst can increase the 

photocatalytic efficiency as nanowire film offers high surface to volume ratio as well as 

ordered topology, which can enhance both charge separation and chemical species 

diffusion. Recently, Grimes et al. reported the use of TiO2 polycrystalline nanotubes on 

titanium foil to enhance the production of hydrocarbon fuels from mixtures of CO2 and 

H2O via photoreduction [7]. 

 In this section, we describe a facile solution synthesis method to make TiO2-

B/anatase core-shell heterojunction nanowires and test their photocatalytic activity for 

photodegradation of organic compounds.  

 

7.2.1 Experimental Section 

 
Materials Preparation. The nanowires with TiO2-B core and anatase shell were 

grown on titanium foil via a four-step synthesis method. The first and second steps follow 

the method in our recent article [8]. Briefly, a piece of 0.127 mm thick titanium foil (1 cm 

× 2 cm) was cleaned ultrasonically for 30 minutes in a mixture of deionized water, 

acetone and isopropanol (1 : 1 : 1 by volume) and placed at an angle against the wall of a 

125 ml Teflon-lined stainless-steel autoclave (Parr Instrument Company) filled with 60 

ml of 1 M aqueous NaOH solution. The autoclave was kept inside an electric oven at 220 
oC for 48 hours. This step grows a forest of 20 µm long sodium titanate (Na2Ti2O5⋅H2O) 

nanowires on the titanium foil [8]. Following, the autoclave was cooled and the titanium 

foil covered with sodium titanate nanowires was taken out of the autoclave and immersed 

in 50 ml of 0.6 M HCl solution for 30 minutes to exchange Na+ with H+ and to transform 

the sodium titanate nanowires to hydrogen titanate (H2Ti2O5⋅H2O) nanowires. The 

hydrogen titanate nanowire covered foil was washed thoroughly with copious amount of 

deionized water. In the third step, the hydrogen titanate nanowire covered titanium foil 

was placed into 100 ml of TiCl4 solution and maintained at 50 oC for 0.5 to 24 hours to 

grow anatase nanocrystals. The time determined the coverage of anatase nanocrystals on 

the TiO2-B nanowires. The TiCl4 solution was prepared by mixing 0.09 ml of TiCl4 with 
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0.4 ml of concentrated HCl solution (36.5−38% by weight) followed by adding deionized 

water to reach a final volume of 100 ml. Finally, the H2Ti2O5⋅H2O nanowires on titanium 

foil partially or completely covered with anatase nanocrystals were calcined in a furnace 

at 500 oC for 2 hours to convert the H2Ti2O5⋅H2O phase to the TiO2-B phase. This 

annealing did not change the phase of the anatase nanocrystals on the nanowires. For 

comparison, phase-pure anatase photocatalyst was prepared by calcining the 

H2Ti2O5⋅H2O nanowires or H2Ti2O5⋅H2O/anatase core-shell nanowires on titanium foil at 

650 oC for 2 hours. In addition, phase-pure TiO2-B nanowires were prepared by calcining 

the H2Ti2O5⋅H2O nanowires on titanium foil at 500 oC for 2 hours. Nanowires were 

ultrasonically detached from the titanium foil for use in photodegradation reactions. 

Photodegradation Reactions. In a typical experiment, 20 mg of nanowires 

ultrasonically detached from the titanium foil were added to 45 ml of deionized water in a 

100 ml beaker. The mixture was ultrasonicated for 30 minutes over a water bath to 

disperse the catalyst nanowires. Following, 5 ml of 100 mg/l methyl orange solution, 

which had been bubbled with air for 1 hour prior to use, was added to the nanowire 

dispersion. The photocatalyst methyl orange mixture was then stirred in the dark at room 

temperature for 30 minutes and later illuminated with a UV lamp (Mineralight Lamp, 

Model UVGL-25) for 60 minutes. During the illumination, 2 ml of solution together with 

the catalyst was drawn out every 10 minutes to determine the concentration of the 

remaining methyl orange using UV-visible spectrophotometry; the solution was separated 

from the catalyst through syringe filtration.  

Materials Characterization. The crystal structure of the nanowires from each 

synthesis step was investigated by X-ray diffraction (XRD) in a Bruker-AXS 

Microdiffractometer (Model D5005) with Cu Kα radiation (λ = 1.5406 Å) from 5o to 80o 

at a scanning speed of 2.4o min-1. X-ray tube voltage and current were set at 45 kV and 40 

mA, respectively. The morphology and chemical composition of the nanowires were 

examined using field emission scanning electron microscopy (FESEM, JSM-6700F), 

transmission electron microscopy (TEM, FEI Tecnai T12, 120 kV), selected area electron 

diffraction (SAED), high-resolution transmission electron microscopy, and energy 

dispersive X-ray spectroscopy (HRTEM/EDX, FEI Tecnai G2 30, 300 kV). The nitrogen 
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adsorption/desorption isotherms of the nanowires were measured on a Micromeritics 

ASAP 2000 system at 77 K. Prior to measurements, the nanowires were degassed at 353 

K overnight. The concentration of methyl orange during photodegradation reaction was 

monitored with a UV-vis-NIR scanning spectrophotometer. The spectrophotometer 

included a combination of deuterium and tungsten halogen lamps (Ocean Optics, DH-

2000-Ball) and a spectrometer (Ocean Optics, HR 2000), sensitive in the 200-1100 nm 

range, equipped with a grating and a silicon detector. 

 

7.2.2 Results and Discussion 

 
Hydrogen titanate (H2Ti2O5⋅H2O) nanowires grown on titanium foil through a 

two-step hydrothermal method form the backbone of the photocatalyst. The detailed  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 7.4 (a) and (c) are the FESEM and TEM images of the hydrogen titanate 
H2Ti2O5⋅H2O nanowires which were grown hydrothermally at 220 oC for 48 hours. (b) 
and (d) are the FESEM and TEM images of TiO2-B/anatase core-shell nanowires 
prepared by growing anatase nanocrystals on hydrogen titanate nanowires in TiCl4 
solution for 24 hours at 50 oC and calcining the product at 500 oC for 2 hours.  
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morphological and structural characteristics of these nanowires were reported recently 

[8]. The H2Ti2O5⋅H2O nanowires are single-crystalline and their axis are oriented along 

the [010] crystallographic direction. Following Yang and Zeng, we grow anatase 

nanocrystals on the periphery of these nanowires to form core-shell H2Ti2O5⋅H2O/anatase 

nanocomposites [9]. After anatase growth, the H2Ti2O5⋅H2O nanowire core was 

converted topotactically to TiO2-B phase by calcination at 500 oC while maintaining the 

anatase nanocrystals on the periphery of the TiO2-B nanowires unchanged. Figure 7.4 

shows FESEM and TEM images of typical TiO2-B/anatase core-shell nanowires prepared 

through growing anatase nanocrystals by immersing hydrogen titanate nanowires in TiCl4 

solution for 24 hours, followed by calcination at 500 oC for 2 hours. The TiO2-B 

nanowires are covered with closely packed rod-like anatase crystallites. The average 

diameter of this core-shell nanowire is approximately 150 nm, larger than the initial 

hydrogen titanate nanowire diameter which was approximately 100 nm. The contrast 

between the core and the shell is clearly visible in the TEM image displayed in Figure 

7.4d.  

Figure 7.5 shows the XRD from nanowires after each synthesis step. The 

diffraction pattern in Figure 7.5b agrees well with the body-centered orthorhombic 

(BCO) H2Ti2O5⋅H2O phase, which consists of two-dimensional sheets of edge sharing 

TiO6 octahedra. After the anatase nanocrystal growth, despite the proximity of nearly 

overlapping diffraction peaks from H2Ti2O5⋅H2O and anatase, one can clearly detect well-

resolved anatase diffractions that is consistent with presence of anatase nanocrystals on 

the hydrogen titanate nanowires. The (110) and (020) diffractions from H2Ti2O5⋅H2O 

overlap with the (101) and (200) diffractions from anatase, respectively. The broad width 

of the anatase diffraction peaks indicates that the anatase crystallites have sizes on the 

order of nanometers. During calcination at 500 oC, the H2Ti2O5⋅H2O nanowire core is 

converted to TiO2-B while anatase nanocrystal shell remains unchanged. Figure 7.5d 

shows diffraction peaks from both anatase and TiO2-B. If the calcination temperature is 

raised to 650 oC, the H2Ti2O5⋅H2O nanowires are transformed to anatase nanowires and 

the entire structure becomes anatase. In this case, only the anatase diffractions are 

observed as shown in Figure 7.5e. 
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Figure 7.5 XRD patterns from (a) titanium foil, (b) the H2Ti2O5⋅H2O nanowires, (c) 
H2Ti2O5⋅H2O/anatase core-shell nanowires, (d) TiO2-B/anatase core-shell nanowires, and 
(e) anatase nanowires. 
 

The crystal structure of the TiO2-B/anatase core-shell nanowires was also 

examined using selected area electron diffraction (SAED) and high-resolution 

transmission electron microscopy (HRTEM). Figures 7.6a and 7.6b show a TEM image 

of a TiO2-B/anatase core-shell nanowire and its corresponding SAED pattern, 

respectively. A careful examination of the SAED shows that it is a superimposition of 

two sets of diffraction patterns. The first set of diffraction spots originates from the TiO2-

B nanowire core and  indicates that the TiO2-B nanowire is single crystal and is oriented 

in the [010] direction. The second set of diffraction spots originates from the anatase 

nanocrystal shell. The orientation of this second spot pattern with respect to that from the 

TiO2-B phase suggests that the anatase nanocrystals on the TiO2-B nanowire grow along 

the anatase c-axis; this conclusion is confirmed using HRTEM. For example, Figure 7.6c 

shows an HRTEM image captured near the interface between the anatase nanocrystals 

and the TiO2-B nanowire. Interplanar spacing from both TiO2-B nanowire core with d(200) 

= 0.61 nm and d(110) = 0.37 nm and anatase nanocrystal shell with d(101) = 0.36 nm are 
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clearly visible. Furthermore, the measured angle between the anatase 〈101〉 and 〈001〉 is 

approximately 21.6o and matches nearly exactly to the theoretical value of 21.7o. Thus, 

the HRTEM measurement confirms that the TiO2 nanocrystals on the TiO2-B nanowire 

are single-crystalline anatase and grow along the [001] direction. The lattice mismatch 

between the TiO2-B (b = 3.7412 Å) [10] and anatase (a = b = 3.7852 Å) [11] is ~ 1%. We 

believe that this small lattice mismatch promotes the epitaxial nucleation and growth of 

anatase TiO2 nanocrystals on the TiO2-B nanowires. The (001) plane of anatase 

nanocrystal connects the (100) plane of TiO2-B nanowire to form a coherent interface. 

The schematic illustration of the interface derived on the basis of the HRTEM 

observations is displayed in Figure 7.6d, which shows that the anatase and TiO2-B crystal 

structures are well-matched at the atomic level when the (001) plane of the anatase 

nanocrystal and (100) plane of the TiO2-B nanowire are parallel; such a smooth transition 

from one crystal phase to the other could minimize the formation of interfacial defects, 

which should benefit the interfacial charge transfer after photogeneration. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.6 (a), (b) and (c) are TEM images of an individual TiO2-B/anatase core-shell 
nanowire and its corresponding SAED pattern and HRTEM image, respectively. (d)  
Schematic representation of the interface between TiO2-B and anatase. The octahedra 
represent TiO6 octahedra. Inset in part (a) indicates the relative orientations of anatase 
nanocrystals (white) and the TiO2-B nanowire core. 
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The size and coverage of the anatase nanocrystals on the surface of the TiO2-B 

nanowires could be varied by changing the anatase growth time. Figure 7.7 shows the 

TEM images of the TiO2-B/anatase core-shell nanowires for different growth durations in 

TiCl4 solution. When the growth duration in TiCl4 solution is short (e.g., 1 hour), the 

anatase nanocrystals growing on the TiO2-B nanowires are well separated. The anatase 

nanocrystals are ~ 15 nm long in the direction perpendicular to the TiO2-B nanowire axis 

and approximately 5 nm in diameter. The interface between the TiO2-B and the anatase 

phases is clearly visible in Figure 7.7b. As the growth duration in TiCl4 solution 

increases, the coverage of the anatase nanocrystals on the TiO2-B nanowire’s periphery 

increases dramatically. At the same time, the anatase nanocrystals grow bigger. For 

example, after 24 hours of growth in TiCl4 solution, the diameter and the length of the 

anatase nanocrystals increase from ~ 5 nm to ~ 15 nm and from ~ 15 nm to ~ 30 nm, 

respectively. The anatase shell densifies as nanocrystal size and coverage increase and 

TiO2-B/anatase interface becomes less apparent.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 7.7 TEM images of TiO2-B/anatase core-shell nanowires prepared by treating 
H2Ti2O5⋅H2O nanowires in TiCl4 solution for different times, followed by calcination at 
500 oC for 2 hours: (a) 0 hour, (b) 1 hour, (c) 1.5 hours, (d) 2 hours, (e) 8 hours, and (f) 
24 hours.  
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The degradation of methyl orange was chosen as a model reaction to investigate the 

photocatalytic activity of the TiO2-B/anatase core-shell nanowire catalyst. The 

photocatalytic methyl orange degradation reaction could be proposed as the following: 

TiO2-B/anatase + hv → TiO2-B/anatase(e- + h+) 

h+ + OH- → OH· 

e- + O2 → O2
- 

O2
- + H2O → HO2· + OH-  

HO2· + H2O → H2O2 + OH· 

H2O2 → 2 OH· 

OH· + methyl orange → CO2 + H2O 

Figure 7.8a shows the decay of methyl orange concentration as a function of illumination 

time in an aqueous solution with and without photocatalyst particles. It is clear that the 

TiO2-B/anatase core-shell nanowire catalyst has the highest photocatalytic activity: 

solution that contained the TiO2-B/anatase core-shell nanowires showed the fastest 

methyl orange concentration decay. Photodegradation reaction can be described using a 

pseudo first-order reaction kinetics [12, 13] and the temporal evolution of the methyl 

orange concentration as a function of time, C(t) is given by 

ln(C(t)/Co) = -kt 

where Co is the initial concentration of methyl orange solution and k is the photocatalytic 

degradation rate coefficient. Photocatalytic activity is quantified using the 

photodegradation rate coefficient which was determined from a slope of -ln(C(t)/Co) vs. t 

as shown in Figure 7.8b. The rate coefficient for the TiO2-B/anatase core-shell nanowire 

photocatalyst is at least more than double the rate coefficient for the control photocatalyst 

which included bare TiO2-B nanowires, bare anatase nanowires, and anatase/anatase 

core-shell nanowires. The anatase/anatase core-shell nanowires were prepared by 

calcining H2Ti2O5⋅H2O/anatase core-shell nanowires at 650 oC for 2 hours. The specific 

surface area of TiO2-B/anatase core-shell nanowires was approximately the same as that 

of the anatase/anatase core-shell nanowires. Moreover, the anatase nanocrystals on the 

surface of the nanowires have the same crystal orientation in both cases. Thus, the 

improvement in photocatalytic activity of the TiO2-B/anatase core-shell nanowire 
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photocatalyst should be attributed to factors other than increase in specific surface area or 

change in crystal orientation. We attribute the higher photocatalytic activity of the TiO2-

B/anatase core-shell nanowire photocatalyst to fast charge separation due to the energetic 

differences between TiO2-B and anatase phases that increase the lifetimes of 

photogenerated charge carriers. In the anatase/anatase core shell nanowire photocatalyst, 

there is no driving force for charge separation and photogenerated charge carriers can 

recombine much faster without participating in reduction or oxidation reactions. 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 7.8 Photocatalytic degradation of methyl orange with different TiO2 photocatalyst 
under UV illumination: (a) normalized concentration (C(t)/Co) versus time, (▼): TiO2-
B/anatase core-shell nanowires prepared by growing anatase shell for 1 hour in TiCl4 

solution, (▲): anatase/anatase core-shell nanowires prepared by calcining the 
H2Ti2O5⋅H2O/anatase core-shell nanowires at 650 oC for 2 hours, (◆): anatase nanowires 
prepared by calcining H2Ti2O5⋅H2O nanowires at 650 oC for 2 hours, (●): TiO2-B 
nanowires prepared by calcining H2Ti2O5⋅H2O nanowires at 500 oC for 2 hours, and (■): 
control experiment with no catalyst. (b) Semilog plots based on the data in (a) to obtain 
the first order photodegradation reaction rate coefficient. 
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 Growing the anatase shell for long time in TiCl4 solution (> 4 hours) completely 

covers the TiO2-B nanowire core with anatase nanocrystals. Moreover, this anatase 

nanocrystal layer grows thicker with growth duration. This thick and dense coating of 

anatase nanocrystals reduces the reactant access to the photogenerated holes in the TiO2-

B nanowire core. Since both oxidation and reduction reactions have to occur to prevent 

charge buildup on the catalyst surface, the photocatalytic activity of the TiO2-B/anatase 

core-shell nanowires where the anatase nanocrystals completely covers the TiO2-B core 

would be limited by the hole consumption rate on the TiO2-B surface. The anatase 

nanocrystal coverage on the TiO2-B nanowire core was varied by changing the anatase 

nanocrystal growth time in the TiCl4 solution. Figures 7.9a and 7.9b show the changes in 

the photocatalytic activity of the TiO2-B/anatase core-shell nanowires as a function of 

anatase nanocrystal growth time and, hence, as a function of nanocrystal coverage on the 

nanowire. The photocatalytic activity of the TiO2-B/anatase core-shell nanowire 

photocatalyst first increases with increasing anatase nanocrystal coverage reaches a 

maximum and eventually decreases. We attribute this change in photocatalytic activity 

with respect to the anatase nanocrystal coverage to the trade-off between improved 

charge carrier life times due to the formation of type II heterojunction and loss in the 

accessibility of the active sites on the TiO2-B surface because of the densification of the 

external anatase shell. When the nanocrystal coverage is zero (bare TiO2-B nanowire), 

there is no mechanism to separate the electron-hole pairs in the nanowire and some 

fraction of them recombine before participating in oxidation and reduction reactions. As 

the anatase nanocrystal coverage increases, photogenerated electron-hole pairs in the 

TiO2-B phase can be separated by transferring the electron to the anatase nanocrystals. 

The holes remain in the TiO2-B nanowire backbone. This increases the lifetimes of 

carriers and, consequently, photocatalytic efficiency. Since both electrons and holes 

participate in the degradation reactions, both TiO2-B nanowire backbone and anatase 

nanocrystals must have access to the solution. As the anatase nanocrystal coverage 

increases, this access to the TiO2-B nanowire is reduced and eventually blocked. The 

balance between these two competing effects produces the maximum in the 

photodegradation reaction coefficient as shown in Figure 7.9b. 
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Figure 7.9 Photocatalytic degradation of methyl orange with TiO2-B/anatase core-shell 
nanowire photocatalyst prepared by growing anatase shell for different durations in TiCl4 
solution. Coverage of anatase nanocrystals on TiO2-B nanowire core increases 
monotonically with increasing TiCl4 treatment time. (a) Normalized concentration 
(C(t)/Co) versus degradation time. (b) Photodegradation rate coefficient versus anatase 
growth time and, hence, anatase nanocrystal coverage in TiCl4 solution. 
 
 

7.3 TiO2 Nanowires for Lithium Ion Batteries 

TiO2 is a low cost, structurally stable and environmentally benign material, and 

has been demonstrated to be a promising anode material for lithium ion batteries [10, 14-

25]. TiO2 has a faster lithium insertion/extraction rate than graphite (the most widely used 

anode material). In addition, insertion of lithium into TiO2 takes place at a potential of ∼ 

1.7 V versus Li+/Li, which alleviates the problem of lithium plating during charging and 

significantly improves battery safety.  
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TiO2 nanowires have high surface-to-volume ratio and can provide short lithium 

ion diffusion length and improved electron transport when being used as active electrode 

material in a lithium ion battery to store lithium ions. Beside these advantages, the use of 

aligned TiO2 nanowires on a conducting flexible substrate such as titanium foil as the 

electrode could have additional benefits. Firstly, easy electrolyte diffusion into the 

electrode through the open space in nanowire arrays could reduce the internal resistance 

for thick high capacity electrodes and thus improve power performance. Secondly, 

aligned nanowires could provide direct electrical pathways for enhanced charge transport. 

Finally, the direct connection of the nanowire electrode material to the current-collecting 

substrate eliminates the use of binders and conducting additives, which not only 

simplifies the battery fabrication process but also reduces battery weight. 
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