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Abstract 

Dye-sensitized, quantum-dot sensitized, quantum-dot, and hybrid 

organic/inorganic solar cells are promising excitonic photovoltaic devices for the 

generation of low cost, carbon free energy. Wide-band gap semiconductor nanowire 

photoanodes have the potential to increase the efficiencies of these excitonic solar cells.  

Controlling and tailoring the dimensions of the nanowires (i.e. nanowire height, diameter, 

and planar number density) for each solar cell type is important for efficiency 

improvement. Obtaining such control will require a detailed and fundamental 

understanding of the nanowire growth process. Towards this end, the synthesis of TiO2 

and ZnO nanowire films in aqueous solutions was studied.   

Anatase TiO2 nanowire films were grown on flexible titanium foil substrates 

using a three step hydrothermal synthesis. First, the top surface of the titanium foil was 

transformed to Na2Ti2O4(OH)2 nanotubes through hydrothermal oxidation in NaOH. 

Next, the Na2Ti2O4(OH)2 nanotubes were converted to H2Ti2O4(OH)2 nanotubes by ion 

exchange. Finally, the H2Ti2O4(OH)2 nanotubes were converted to polycrystalline anatase 

nanowires through a topotactic transformation. The film morphology evolution, crystal 

structure transformations, and growth mechanism were examined in detail. Dye-

sensitized solar cells (DSSCs) were assembled from these TiO2 nanowire films. Transient 

photocurrent and photovoltage spectroscopies were used to measure the electron transport 

and recombination rates in these solar cells. Compared to TiO2 nanoparticle DSSCs the 

electron collection efficiency in the TiO2 nanowire DSSCs was increased due to 

decreased electron recombination. However, the electron transport in the nanowire 

DSSCs was similar to that of TiO2 nanoparticle DSSCs.  

 The synthesis of ZnO nanowires from aqueous solutions of methenamine (HMT) 

and zinc nitrate hexahydrate on substrates was studied in detail. A ZnO nanowire growth 

mechanism was proposed which predicts that the precursor is a zinc-methenamine 

complex (Zn-HMT2+ and Zn-HMT-Zn4+) which reacts at the hydroxyl terminated 

nanowire surface. This growth mechanism was supported by examining the growth with 

several experimental techniques, kinetic modeling, and thermodynamic calculations. In 

addition, the ZnO nanowire film growth, on ZnO seeded substrates, was found to be mass 
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transport limited. This results in an inverse relationship between the nanowire planar 

number density and the height and diameter of the nanowires. By stirring the solution the 

growth rate is increased by approximately a factor of four.   
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Chapter 1 : Introduction 
 
 

1.1 The Energy Problem 
Humankind is facing a serious energy crisis. The Intergovernmental Panel on 

Climate Change (IPCC) predicts that the global energy need will increase by almost a 

factor of five over the next century, from 10 TW to near 46 TW by 2100.1  The IPCC also 

predicts that burning fossil fuels alone will not be able to meet this requirement and, in 

order to meet global energy needs, at least 10 TW, will have be provided from alternative 

energy sources by 2050.1 In addition, the burning of fossil fuels releases almost 7 Gt of 

carbon dioxide into the atmosphere each year.1 Carbon dioxide is a greenhouse gas and 

has been linked to global temperature rise through detailed analysis of the CO2 content in 

air pockets trapped in ice cores obtained by drilling in Antarctica and Greenland.2  

Atmospheric CO2 has increased by 30% from 280 to 370 ppm by volume since the 

beginning of the 20th century and the industrial revolution. This increase is thought to be 

a result of 160 billion tons of CO2 released in to the atmosphere.3 This is the same 

increase in CO2 that naturally occurred starting approximately 110,000 year ago and was 

partially responsible for a 6 °C temperature increase and the end of the last ice age. 

During the last 100 years, we have introduced, into the atmosphere, the amount of CO2 

that took the earth thousands of years to produce through natural means.3 If this amount 

of CO2 helped to end an ice age, similar dramatic changes may occur as a result of 

anthropogenic CO2 increases with potentially negative consequences for life on earth. 

One of the predicted consequences of anthropogenic CO2 increase is an average global 

temperature rise of almost 6 °C by 2100. Such a dramatic rise would cause thermal 

expansion of the oceans as well melting of the polar ice caps, resulting in floods and 

storms that would contaminate drinking water and cause a very serious and global health 

and safety crisis.3  The energy crisis facing humankind has the potential for disastrous 

consequences and solutions need to be pursued with a great sense of urgency.1      

In order to combat this impending energy crisis, and the catastrophic 

consequences of global warming, carbon-free alternative energy sources will need to be 
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used to meet the ever increasing global energy demand. The United States Department of 

Energy (DOE) is considering a variety of alternative energy sources as a potential 

solution to the energy problem. The increasing energy demand will probably be met with 

a combination of bio-energy, nuclear energy, hydroelectric power, hydrogen, solar 

power, geothermal power, natural gas and wind power.4 

Direct solar-to-electrical energy conversion using solar cells is one of potential 

ways to meet the global energy demand without CO2 emissions because the average 

power provided by the sun is very large, ~9x1016 watts. In fact, averaged over one year, 

the sun provides almost 10,000 times more power than the current global demand of 10 

TW; if just 0.1% of the earth was covered by 10% efficient solar cells all of the current 

global energy demand could be supplied using solar power. In addition, solar cells are 

very versatile and can be placed almost anywhere, including roofs, sides of buildings, etc. 

The barrier to wide-spread use of solar cells is their high cost. Figure 1.1 shows a graph 

of the cost per kw-hr of electricity from various energy sources. Solar energy is an order 

of magnitude more expensive than energy obtained from other sources, which makes 

wide-spread implementation of solar cells with the current technology impractical.  

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

economical alternative to burning fossil fuels.   

1.2 Excitonic Solar Cells 
Excitonic solar cells (XSC) have been studied since the 1950s.5 Recently, they 

have been getting much more attention and have emerged as a promising inexpensive 

solar cell type. The operation of XSCs is fundamentally different than that of 

conventional silicon solar cells and this difference allows XSCs to be potentially less 

expensive than conventional solar cells. In conventional silicon solar cells based on the p-

n junction, the key steps for solar-to-electric energy conversion, light absorption, charge 

generation, charge separation and charge transport all take place in the same material. 

Consequently, these conventional solar cells operate as minority-carrier devices with an 

electrical potential difference across the p-n junction driving the carrier transport. In a 

minority-carrier photovoltaic device electrons travel through hole rich regions of the cell 

and holes travel through electron rich regions. In contrast, in XSCs, the key solar-to-
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electric energy processes are separated into the different materials that comprise the solar 

cell. This separation of the key steps into different materials allows the cell to operate as 

a majority-carrier device. A majority-carrier photovoltaic device is the opposite of a 

minority-carrier device, the electrons transport through electron rich materials and the 

holes transport through hole rich materials. In XSCs, a chemical potential difference 

across the cell is the main driving force for charge separation that leads to the 

photovoltaic effect. 

To allow minority carrier transport without significant recombination, 

conventional solar cells must be made from materials which must be crystalline, pure and 

defect free over large length scales. The production of such materials requires expensive 

fabrication techniques and often involves vacuum equipment and/or high temperatures.  

The need for very high quality materials makes conventional solar cells expensive to 

produce. In contrast, charge carriers in XSCs are majority carriers, and the materials for 

these cells do not have to be as defect-free and as pure as conventional solar cell 

materials. Thus, XSCs can be made with less expensive materials that can be synthesized 

using inexpensive methods, including liquid solution crystallization and growth 

techniques. In addition, XSCs can be made on flexible substrates, a strategy that can 

potentially reduce manufacturing costs by allowing roll-to-roll processing. The unique 

operating principles of XCS allow the use of inexpensive materials and manufacturing 

techniques for economically viable energy production without significant CO2 emission.  

Nanowires of wide band gap semiconductors such as TiO2 and ZnO find 

applications in a variety of XCSs as the electron acceptor and conductor. Reasons for 

preferring TiO2 and ZnO nanowires in XCSs over other semiconductors will be discussed 

in Chapter 2 but their main promise rests on their potential to increase the overall power 

conversion efficiency of these solar cells by providing a high interfacial area for light 

absorption and charge separation as well as faster electron transport for conduction. 

However, effective use of nanowires in XCSs require the ability to control and tailor 

their dimensions and morphology (i.e., height, diameter, spacing and planar density). 

Obtaining such control in turn requires a detailed and fundamental understanding of the 

nanowire growth process. In addition, an understanding of the nanowire growth will also 
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allow the nanowire yield as well as the growth rate to be increased which will help lower 

the cost of incorporating nanowires into XSCs. With these objectives in mind, this thesis 

focuses on developing an in depth understanding of the TiO2 and ZnO nanowire growth 

on various substrates using liquid solution growth methods.   

1.3  Research Goals and Accomplishments in Brief  
The goals of my thesis project were to study the growth of TiO2 and ZnO 

nanowires in order to obtain a fundamental understanding of the growth process, and to 

use this understanding in assembling nanowire-based dye-sensitized solar cells. To this 

end, a novel TiO2 nanowire hydrothermal synthesis method was developed and the 

growth mechanism was characterized in detail. The TiO2 nanowires synthesized using 

this method were incorporated into one of the first TiO2 nanowire dye-sensitized solar 

cells. Also, a well-known, widely-used but poorly understood hydrothermal technique for 

growing ZnO nanowires was studied in unprecedented detail and a growth mechanism 

that is consistent with experimental observations was proposed.   

1.4 Organization of this Thesis 
 Chapter 2 establishes the background necessary to understand the motivation for 

and findings of this thesis project. Specifically, in Chapter 2, I discuss the various types 

of XSCs, and why nanowires with controlled and tailored dimensions can potentially 

increase the efficiency of XSCs.   

 Chapter 3 describes the hydrothermal growth of TiO2 nanowire films in an 

alkaline solution on titanium foil and their incorporation into nanowire DSSCS. I 

describe, in detail, the evolution of the film morphology, crystal structure transformations 

and growth mechanism.     

 Chapter 4 introduces the solution growth of ZnO nanowires from zinc nitrate 

hexahydrate and methenamine and presents the various ZnO seeding methods I have 

explored for the growth of uniform nanowire films. The various seeding methods are 

compared and the best method for uniform films of aligned ZnO nanowires is 

highlighted.  
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Chapter 5 focuses on the growth of ZnO nanowires from an aqueous solution of 

zinc nitrate hexahydrate and methenamine. A possible growth mechanism is proposed 

and corroborated with several analytical chemistry techniques as well as thermodynamic 

reaction equilibrium calculations.  

 Chapter 6 describes our discovery that ZnO nanowires in aqueous solutions of 

zinc nitrate and methenamine is mass transport limited. Models of the solution phase 

species transport and nanowire growth are developed and used to interpret the 

experimental results. The effect of stirring the solution is also discussed.   

Chapter 7 presents a summary of the research in the previous chapters and 

suggests some possible future research directions.   

References 
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Chapter 2 : Background on Excitonic Solar Cells 

 

2.1 Operation of Excitonic Solar Cells 
Excitonic solar cells (XSC) can be categorized into five types; organic solar cells 

(OSC), hybrid organic/inorganic solar cells (HSC), quantum dot solar cells (QDSC),  

quantum dot sensitized solar cells (QDSSC), and dye sensitized solar cells (DSSC). In 

this section the architecture and operation of these cells are discussed in detail. 

2.1.1 Organic Solar Cells 
The photoactive layer in an organic solar cell (OSC) consists of a heterojunction 

between two organic semiconductor films each ~100-500 nm thick.1 One of the 

semiconductors easily accepts electrons and is called the “acceptor” (A), while the other 

easily donates electrons and is called the “donor” (D). For example, P3HT (poly(3-

hexylthiophene)) is a conjugated hole conducting polymer that is commonly used as the 

donor material because its semicrystalline lamellar structure leads to higher hole 

mobilities than other conjugated polymers.2 The C60 derivative, PCBM, ((6,6)-phenyl 

C61-butyric acid methyl ester), is a commonly used acceptor material because of its high 

electron mobility and excellent electron accepting properties.3 Figure 2.1 shows the 

energy band diagram and a schematic of a planar OSC based on a heterojunction between 

thin P3HT and PCBM layers. The donor and acceptor materials must be carefully 

selected such that their energy bands form a type II alignment (i.e., the electron affinity of 

the acceptor must be larger than the electron affinity of the donor, and the ionization 

potential of the donor must be less than the ionization potential of the acceptor) to favor 

electron and hole separation at the interface between them. Typically a transparent 

conducting oxide (TCO) such as indium tin oxide (ITO) is used as a contact to the donor 

and a low work function metal such as Al or Ca is used as a contact to the acceptor.4 In 

general, contact electrodes are selected such that the work function of the donor contact is 

lower than the HOMO of the donor, and the work function of the acceptor contact is 

higher than the LUMO of the acceptor.5    
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Figure 2.1 Schematic of a planar organic solar cell containing P3HT and PCBM. P3HT 
acts as the donor and PCBM acts as the acceptor. Energy levels are with respect to 
vacuum. 
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Conversion of photons to electrical current in an organic semiconductor takes 

place in four steps. First, a photon incident onto the cell is absorbed by one of the 

photoactive layers which creates an exciton (i.e., a bound electron-hole pair), within one 

of the organic layers. In organic materials the exciton binding energy is typically greater 

than in semiconductors and the available thermal energy, kbT, at room temperature.  

Thus, unlike excitons in typical inorganic semiconductors, the excitons in organic 

semiconductors do not immediately dissociate. In the example shown in Figure 2.1, both 

P3HT and PCBM can absorb photons, but most of the light is absorbed by P3HT in the 

P3HT/PCBM cell, due to better absorption overlap with the solar spectrum.1,5 In the 

second step, the exciton diffuses to the interface between the donor and the acceptor (D-

A interface). In the third step, the exciton dissociates rapidly at the D-A interface on a 

sub-picosecond time scale.6  Electrons are injected into the acceptor and the hole remains 

behind in the donor. This process separates the electrons from the holes and generates 

charge carriers that if collected can create photocurrent in an external circuit. This 

sequence of events differs from those that generate photocurrent in a conventional p-n 

junction solar cell, where electrons and holes are photogenerated and separated 

throughout the bulk of the material as opposed to at an interface. Lastly, the electrons in 

the acceptor and the holes in the donor are transported via drift and diffusion to the anode 

and the cathode, respectively. The electrons flow though the external load, on which they 

do work, and then to the donor contact to complete the circuit. The driving force for 

carrier transport in OSCs is the chemical potential difference between the D-A interface 

and the contacts. This chemical potential difference is due to the higher electron and hole 

concentrations near the D-A interface relative to the rest of the cell.7 

          The first donor-acceptor OSCs had flat interfaces and had efficiencies of only 

~0.04%.8 The main issue limiting these cells was the mismatch between the exciton 

diffusion and light absorption length scales. The exciton diffusion length in typical 

organic materials is 4-20 nm but the optical absorption depth is much larger, ~100 nm.1  

This meant that while excitons could be created throughout the cell only those within the 

exciton diffusion length (4-20 nm) from the interface could be harvested. Many of the 

photogenerated excitons would recombine before ever encountering the D-A interface to 
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dissociate. This limitation was coined the “exciton diffusion bottleneck.”9  In 1995, Yu et 

al.10 and Halls et al.11 overcame this issue at about the same time by blending two organic 

materials that separated on the nanometer length scale to form two interpenetrating 

bicontinuous phases. This created a nanostructured morphology where the distance at any 

point in the active layer of the cell was within an exciton diffusion length away from the 

D-A interface. Moreover, the interpenetrating bicontinuous morphology provided an 

interpenetrating donor and acceptor network that connected any point in the material to 

either of the contacts. This intimate mixing of the two phases created a very large area D-

A heterojunction throughout the whole active layer so that and the resulting solar cell is 

referred to as a bulk heterojunction (BHJ) solar sell.  The first BHJ solar cells had 

efficiencies of ~1%.10 However, improvements in the device morphology as well as the 

donor and acceptor materials lead to organic BHJ solar cell efficiencies as high as 5.5 

%.1,12 In addition, recently Kim et al. have made a organic tandem cell with an efficiency 

of 6.5%.12 It has been predicted that OSCs could have efficiencies as high as 10-20% if 

(i) the cell morphology can be improved further, (ii) conjugated polymers with higher 

carrier mobilities, lower band gaps and wider bandwidths can be synthesized and (iii) the 

energy level offset between the donor and the acceptor can be minimized to reduce 

energy loss, while still allowing for electron transfer.1  

2.1.2 Hybrid Excitonic Solar cells 
Organic-inorganic hybrid excitonic solar cells (HSCs) have a similar architecture 

as OSCs except that the acceptor is replaced with an inorganic semiconductor. The HSC 

combines the advantages of organic and inorganic materials; specifically, the HSC 

combines the high electron mobility of inorganic materials with the processability and 

low cost of organic materials. The electron mobility of the organic materials used in 

OSCs is typically between ~10-9 and 10-4 cm2 V-1 s-1 and depends on the molecular 

structure, morphology and the degree of crystallization.1 In contrast for example, the 

electron mobility of ZnO films can be as high as ~100 cm2 V-1 S-1 and the electron 

mobility of ZnO nanowires grown from aqueous solutions has been reported to be 1-5 

cm2 V-1 S-1.13,14 In addition, incorporating nanostructured inorganic semiconductor films 

as the electron acceptor increases the donor-acceptor interface,15 makes the cells more 
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Figure 2.2 Schematic of a hybrid solar cell containing P3HT and ZnO nanoparticles.  
The P3HT acts as the donor and ZnO acts as the acceptor. Energy levels are with respect 
to vacuum. 
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morphologically stable,16 increases visible light absorption (if the semiconductor band 

gap is in the visible region),17 lowers costs, increases cell lifetime, and allows for more 

stabile high work function counter electrodes.15    

HSCs convert sunlight to electricity like OSCs do except that the acceptor is an 

inorganic semiconductor and is usually deposited on the TCO.15  Figure 2.2 shows a 

schematic and energy band diagram of a HSC made from ZnO nanoparticles and P3HT. 

For clarity, the band diagram in Figure 2.2 shows the ZnO nanoparticles and P3HT as if 

the junction is planar and formed between two separate layers. However, in HSCs the 

donor and the acceptor materials are intermixed with the P3HT interpenetrating the ZnO 

nanoparticles and the ZnO nanoparticles forming a continuous percolated network. Thus, 

both the inorganic nanoparticles and P3HT form continuous pathways to the TCO and 

top metal contact, respectively. Similar to OSC, the energy levels of the organic and 

inorganic materials must be carefully chosen to form a type II heterojunction. 

         The first HSC was made from a blend of CdSe nanoparticles and the conjugate 

polymer poly(2-methoxy,5-(2’-ethyl)-hexyloxy-p-phenylenevinylene) (MEH-PPV). This 

HSC had an overall power conversion efficiency of only 0.1% due to the poor electron 

transport through the CdSe particles.17 The efficiency of CdSe HSCs has been increased 

to ~1.8% by using nanorods18 and three dimensional CdSe tetrapods19 as the electron 

conducting material. The elongated nanorods and branched tetrapods increase the 

electron transport and, consequently, the overall efficiency. To date, HSCs have been 

made with several different semiconductors20 such as CuInS2,
21 Nb2O5,

22 PbS,23 and 

PbSe.24  However, the overall power conversion efficiency of these cells are all less than 

0.2%. 

The most commonly employed inorganic acceptors in HSCs have been TiO2 and 

ZnO. They are preferred over other semiconductors like CdSe and PbSe because they are 

abundant, non toxic and easily synthesized.25,26 Moreover, many different types of 

molecules can be attached to a TiO2 surface without degradation because TiO2 is a very 

stable oxide.1 HSCs made with ZnO nanoparticles have achieved efficiencies as high as 

2.4%,20,27 while HSCs made from TiO2 nanoparticles have reached efficiencies of 



 13 

0.42%.28 One of the issues limiting the efficiency of both the ZnO and TiO2 nanoparticle 

HSCs is the low charge carrier mobilities.28  

2.1.3 Quantum Dot Solar Cells 
When the size of a nanocrystal is smaller than the Bohr radii of charge carriers,29 

the electronic energy levels within the nanoparticles become size dependent due to 

quantum confinement. For this reason, nanocrystals are also known as quantum dots 

(QDs). Because of their unique photophysical properties, quantum dots are attractive for 

a variety of applications such as bioimaging, lasers and solar cells.30 Quantum dots are 

particularly attractive for solar cells for two reasons. First, due to quantum confinement, 

the band gap of the nanocrystal can be tuned by changing their size; the effective band 

gap of a semiconductor nanocrystal increases with decreasing size as the carriers are 

more confined. This allows the optical absorption of the quantum dots to be matched to 

the solar spectrum for optimal energy conversion. Second, it has been shown that in 

quantum dots multiple excitons can be generated from one photon.31,32 This could 

potentially lead to higher photocurrents and efficiencies greater than the Shockley-

Queissier limit.33-35  

  Quantum dot solar cells (QDSCs) have been made from several different types of 

semiconductors such as CdTe,36 CdSe,36 Cu2S,37 PbSe,38,39 and PbS.40 Figure 2.3 shows 

schematics and energy band diagrams of the three different types of QDSCs realized so 

far. The first architecture shown in Figure 2.3a has been developed by Alivisatos et al.36 

and is similar to OSCs in that it consists of a D-A heterojunction. However, in this cell 

the D-A interface is made between films of CdTe and CdSe nanorods. The band gaps and 

electron affinities of CdTe and CdSe are such that a type II heterojunction forms and the 

CdTe film acts as the electron donor while the CdSe film acts as the electron acceptor.  

The CdTe and CdSe nanorod films were deposited sequentially to form a bilayer device. 

These cells had efficiencies of ~3% and were claimed to work as follows. Incident light 

generates excitons in both the CdTe and CdSe films and these excitons dissociate and 

create free carriers throughout each layer not just at the interface as in OSCs and HSCs.  

Excitons can dissociate within each nanorod because the quantum confinement is weaker 
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Figure 2.3 Schematics of quantum dot solar cells composed of (a) layers of CdTe and CdSe nanorods36 (b) PbSe nanocrystals38 and 
(c) PbSe nanocyrstals on a ZnO film.39 Energy levels are with respect to vacuum. 
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along the length of the nanorods.  The free carriers created near the junction between the 

CdTe and CdSe nanorod films experience an energetic driving force from the type II 

heterojunction to separate; the holes migrate to the CdTe and the electrons to the CdSe. 

Once separated, the holes are transported through the CdTe to the ITO contact and the 

electrons are transported through the CdSe to the top metal contact. As in OSCs the 

driving force for carrier transport is the chemical potential difference due to the higher 

carrier concentrations at the interface as well as the potential driving force due to the 

differences in work functions of the electrodes. Alivisatos et al. have also made a similar 

cell with less toxic Cu2S nanocrystals and CdSe nanorods and have achieved a power 

conversion efficiency of 1.6%.37    

An alternative QDSC architecture is fashioned after Schottky-type solar cells 

(Figure 2.3b) and consists of a thin film of semiconductor quantum dots sandwiched 

between an indium tin oxide and an evaporated metal contact. This type of QDSC has 

been realized using PbSe38 as well as PbS quantum dots.40 The record efficiency for  this 

type of solar cells is 2.1%.38 The operation principle of this QDSC is similar to that of a 

conventional Schottky-type solar cell. A Schottky barrier forms between the p-type 

nanocrystals and the metal contact and a field develops within the depletion region at the 

interface between the PbSe nanocrystal and the metal contact. This field separates the 

excitons and free carriers photogenerated within the depletion layer, the electrons are 

driven to the top metal contact and the holes to the indium tin oxide.   

The third type of QDSC has only very recently been developed (Figure 2.3c) and 

consists of a film of PbSe quantum dots sandwiched between a ZnO film and an 

evaporated metal contact.39 The authors argue that these cells are like excitonic solar cells 

and have achieved an efficiency of 1.6%.39 In this type of solar cell, the donor PbSe 

quantum dots absorb the light while ZnO acts as the as the acceptor. The details of what 

happens after a photon generates an exciton in the PbSe quantum dot film is unclear and 

still under investigation.39 The photogenerated excitons could do one of three things (1) 

recombine, (2) dissociate within the film or (3) diffuse to the interface as an exciton and 

then dissociate.39 If the excitons dissociate within the film the free electrons and holes 

carriers may diffuse or drift to the opposite electrodes under the influence of the electric
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field generated by the difference in work functions of the counter electrodes.39 If the 

exciton dissociates at the ZnO-PbSe nanocrystal interface then the electron will inject 

into the ZnO because sufficiently small PbSe quantum dots and ZnO form a type II 

heterojunction. This electron would then transport through the ZnO to the anode. The 

hole will remain in the PbSe and drift and diffuse to the cathode.39 The driving forces for 

carrier transport in this cell are probably similar to other excitonic solar cells, a 

combination of the chemical potential gradient from the charge separation at the 

ZnO/PbSe interface and the potential difference between the contacts.   

2.1.4 Dye Sensitized Solar Cells 
The dye sensitized solar cell (DSSC) is the most efficient excitonic solar cell with 

laboratory power conversion efficiencies over 11%.41 DSSCs are currently being 

commercialized by several companies around the world; these companies include Dyesol 

in Australia, 3Gsolar in Israel, and G24 Innovations in Wales. A schematic of the DSSC 

and the energy levels of the cell’s components are shown in Figure 2.4. The DSSC is 

composed of three main components: (1) a 2-20 µm thick, porous, wide band gap 

semiconductor film (typically TiO2 or ZnO) composed of crystalline nanoparticles 

abutting one another, (2) a monolayer of dye adsorbed onto these nanocrystals, and (3) a 

liquid electrolyte interpenetrating the nanocrystalline semiconductor network. This 

arrangement creates the large area semiconductor-dye-electrolyte interface needed for 

cell operation. (Again, for clarity, the band diagram in Figure 2.4 shows the complicated 

three dimensional semiconductor-dye-electrolyte interface as a planar trilayer.) The 

nanoparticle film is referred to as the photoanaode as is deposited on a TCO substrate. A 

platinized counter electrode spaced 10-50 µm from the nanoparticle film forms the 

cathode. The semiconductor nanoparticles and the liquid electrolyte form continuous 

pathways to the anode and cathode, respectively.   

Solar radiation excites electrons in the dye from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). Electrons excited 

to the LUMO levels are injected into the semiconductor nanocrystals and travel through 

the semiconductor to the photoanode and then through the load to the cathode where they 
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Figure 2.4 Schematic of a dye sensitized solar cell composed of TiO2 nanoparticles, N3 
organometallic dye (Solaronix) and a liquid electrolyte containing the redox pair 
iodide/triiodide . The dashed arrow represents the dye absorbing a photon and promoting 
an electron from the HOMO level to the LUMO level.  The solid arrows represent the 
path of the electron during cell operation. The maximum possible open circuit voltage, 
Voc, is the potential between the redox level of the electrolyte and the quasi-Fermi level 
in the semiconductor under illumination. Energy levels are with respect to vacuum. 



 18 

reduce the oxidant in the electrolyte (typically I3
- of the I-/I3

- couple). A thin platinum or 

carbon layer catalyzes the electrochemical reduction. The reductant (e.g., I-) completes 

the circuit by reducing the photooxidized dye. As shown in Figure 2.4 the maximum open 

circuit voltage, which is the potential at which no current flows through the cell, is the 

difference between the energy of the quasi-Fermi level in the semiconductor under 

illumination and the electrochemical potential of the redox mediator. The driving force 

for the carrier transport through the nanoparticle film and electrolyte is the chemical 

potential difference created across the cell, which is due to the build up of carriers at the 

dye-semiconductor-electrolyte interface. Because the nanoparticles are smaller than the 

Debye length in the semiconductor and the electrolyte has high ionic strength, the electric 

fields within the nanoparticles are very effectively screened and charge transport in the 

nanoparticle network is thought to be diffusive.7    

Research on DSSCs started in the early 1970’s,7,42-44 however efficiencies were 

<1% until Grätzel and O’Regan’s breakthrough work in 1991,45 when they changed the 

morphology of the wide band gap semiconductor from a smooth surface to a TiO2 

nanoparticle film. This was the key to a substantial efficiency increase since it provided 

the large surface area needed for enough dye to be adsorbed such that the nearly 100% of 

the light at the dye’s absorption maximum could be absorbed. Grätzel and O’Regan’s 

first nanoparticle DSSC had a power conversion efficiency of ~8%45 and has since 

increased to ~11%41 largely due to the improvements in dye optical density in the red 

region of the electromagnetic spectrum,46 optimization of the TiO2 photoanode 

processing parameters,47 and better optical engineering by addition of light scattering 

layers.48-50 DSSC photoanodes have also been made with other semiconductors besides 

TiO2, including, ZnO,51 SnO2,
52 Nb2O5,

53 SrTiO3
54

 and Zn2SnO4
55

 nanoparticles as well as 

core shell nanostructures such as TiO2 coated nanoporous SnO2.
56

 TiO2 nanoparticle 

DSSCs are the most efficient by far at over 11%.41 ZnO nanoparticle DSSCs are the 

second most efficient nanoparticle based DSSC with efficiencies of ~6.5%.51 While these 

efficiencies are substantial, there is the potential for further improvement as will be 

discussed below. 
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2.1.5 Quantum Dot Sensitized Solar Cells 
Another type of excitonic solar cell which incorporates quantum dots as the light 

absorber is the quantum dot sensitized solar cell (QDSSC). The QDSSC has a similar 

architecture to the DSSC except that a quantum dot acts as the light absorber instead of 

an organic dye. One could argue that the QDSSC was modeled after the DSSC.57 Figure 

2.5 shows the schematic of a typical QDSSC and its energy level diagram. In this 

example, the QDSSC is made from TiO2 nanoparticles and CdS quantum dots, 

interpenetrated with an iodide/triiodide electrolyte. Although the schematic shows the 

TiO2 nanoparticles, CdS quantum dots and electrolyte as a trilayer, in the actual QDSSC 

the nanoparticles are blended together to form the photoanode and the electrolyte 

penetrates the pores of the resulting film to form a three dimensional TiO2-CdS-

electrolyte interface network. As in the DSSC, the TiO2 nanoparticles and the liquid 

electrolyte form continuous conduction layers to the anode and cathode, respectively. The 

operating principle of the QDSSC is similar to that of DSSCs. Excitons are generated 

upon light absorption by the quantum dots. If the exciton recombination is slow 

compared to electron injection time scale, the electron will be transferred to the wide 

band gap semiconductor. The hole remaining behind in the quantum dot will be reduced 

through an electrochemical reaction with the reductant in the electrolyte. The electrons 

injected into the semiconductor flow to the contact at the anode, through the load and to 

the cathode where they reduce the oxidant in the electrolyte to complete the circuit. The 

driving force for carrier transport in the wide band gap semiconductor is the chemical 

potential difference created across the film as electrons are injected across the quantum-

dot-semiconductor interface. Similarly, the oxidant and the reductant shuttle charge 

across the electrolyte via diffusion. There is no field to drive the transport because, as 

mentioned previously, electric fields can not be sustained in the semiconductor 

nanoparticles or in liquid electrolyte, except in few angstroms thick space charge layers 

near solid surfaces.7   

 QDSSC have been made with several different types of semiconductor quantum 

dots, wide band gap semiconductors and electrolytes. For example, QDSSC have been 
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Figure 2.5 Schematic of a quantum dot sensitized solar cell consisting of TiO2 and CdS 
nanoparticles and a liquid electrolyte containing the redox pair iodide/triiodide. The 
electrolyte interpenetrates the intermixed TiO2 and CdS nanoparticles. Energy levels are 
with respect to vacuum. 
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made using PbS,58 CdS,58,59 CdSe,59 InAs,60 InP,61 Ag2S,58 Sb2S3
58 and Bi2S3

58 quantum 

dots on TiO2 nanoparticles using polysulfide,58,59 cobalt,60 ferricyanide,62 and iodine61  

electrolytes. QDSSC have also been made with ZnO, SnO2, Nb2O5 and Ta2O5 

nanoparticles as the acceptor.58 Some of the highest QDSC power conversion efficiencies 

are ~3% and have been realized using CdSe quantum dots on porous ordered TiO2 

inverse opal films63 and  CdSe/CdS quantum dots on TiO2 nanoparticles.59   

2.2 Nanowires for Excitonic Solar Cells 
Replacing the wide band gap semiconductor nanoparticle photoanode in XSCs 

with nanowires can potentially improve the solar cell performance. Nanowires increase 

the electron collection efficiency (i.e., the fraction of electrons injected into the 

semiconductor which flow through the load.)64-67 This increases the XSCs efficiency by 

allowing thicker semiconductor films covered with more light absorbing material to be 

utilized.  Furthermore, for HSCs and QDCS nanowires allow light absorption and exciton 

dissociation to be independently optimized thus increasing the overall efficiency.1   

2.2.1 Nanowires for Hybrid Excitonic Solar Cells   
Eliminating the exciton diffusion bottleneck68 and increasing charge transport1,15 

are two issues which must be addressed to improve the present HSCs. These are the same 

issues that limit OSCs. The exciton diffusion bottleneck exists because the absorption 

length of a typical conjugated polymer is on the order of ~100 nm while the exciton 

diffusion length is on the order of 4-20 nm.1 Thus, only those excitons generated within a 

diffusion length away from the D-A interface will dissociate to create charge carriers. 

Therefore, for planar HSCs, there is a trade off between making the film thick enough to 

absorb more of the light and thin enough to collect and dissociate the majority of the 

excitons generated upon light absorption. This trade off limits the thickness of the organic 

layer and hence the overall efficiency. In addition, once the excitons successfully diffuse 

to the interface and dissociate the charge transport through the donor and the acceptor 

must be faster than recombination in order to obtain high photon to current collection 

efficiencies. Recombination refers to an electron in the acceptor recombining with a hole 

in the donor without flowing though the load.       
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One strategy for eliminating the exciton diffusion bottleneck is to decouple the 

absorption and exciton diffusion lengths into two orthogonal directions within the solar 

cell. This can be achieved by growing the inorganic semiconductor as a nanowire array 

with the nanowires separated from each other approximately by the exciton diffusion 

length in the absorber. The space between the nanowires is filled with the absorber 

(Figure 2.6). In this way, the absorber can be made much thicker than the exciton 

diffusion length to harvest as many photons as possible even though the exciton diffusion 

length may be very short. The short distance between the nanowires increases the 

probability that an exciton created in the absorber will encounter a D-A interface. Thus, 

using nanowires in this manner allows one to optimize light absorption and exciton 

dissociation independently. Moreover, this structure not only eliminates the exciton 

diffusion bottleneck but also has the potential to increase the electron transport rate if the 

nanowires are defect free and single crystalline. Such high quality nanowires can provide 

a more direct path for electrons and hence increased electron mobility and collection 

efficiency.69 Therefore, inorganic nanowires are ideal for HSCs,1 and have the potential 

to increase their overall power conversion efficiency, especially for low optical density 

polymers with broad absorption spectra.70  

HSCs composed of ZnO nanowires and P3HT as the organic conjugated 

polymer71 have been constructed but their efficiencies are low (0.53%).71  Efficiencies of 

these HSCs have been increased to as high as 2.7% by blending P3HT with PCBM.15,70 

In these cells the ZnO nanowires act only as the electron collector and not as the electron 

acceptor.70 The excitons dissociate at the P3HT/PCBM interface and the electron is 

transferred first to the PCBM and then to the ZnO nanowires. HSCs with efficiencies of 

0.2% have also been made with ZnO nanorods coated with an amphiphilic dye and 

P3HT.72 In addition, a HSC consisting of ZnO nanowires coated with TiO2 and P3HT has 

been constructed with an efficiency of 0.29%.68  

Several researchers have found that using semiconductor nanowires instead of 

planar bilayers in HSCs results in higher efficiencies due to increased surface area68,71 as 

well a improved electron collection.70  As mentioned earlier, HSCs have been made with 

CdSe nanorods18 and tetrapods19 and these cells showed improved efficiency over CdSe 
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Figure 2.6 Schematic of a nanowire hybrid solar cell containing ZnO nanowires and 
P3HT. The nanowire spacing is denoted as s and the nanowire height is denoted as h. For 
optimal performance s needs to be on the order of the exciton diffusion length in P3HT.  
The nanowire height, h, can be made much larger than the exciton diffusion length to 
absorb as many photons as possible.    
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nanoparticle HSCs.17 However, ZnO nanowire HSCs made with just P3HT (not P3HT 

and PCBM) have not reached the same efficiencies as ZnO-P3HT nanoparticle based 

HSCs (0.53%71 vs. 2.4%27).  Also, HSCs made with interconnected TiO2 nanorod 

networks (η=0.71%)73 have not shown much efficiency improvement as compared to 

TiO2 nanoparticles HSCs (η=0.42%.)28 Thus, nanowire based HSCs have shown either 

no improvement or marginal improvement as compared to nanoparticle HSCs.  

One reason for this lower performance is that a nanowire film with the optimal 

spacing between the wires for HSCs has yet to be realized.68 For maximum exciton 

collection the spacing must be on the order of the exciton diffusion length (4-20 nm)1 in 

the polymer. However if the nanowires are too densely packed, the polymer is not able to 

properly infiltrate throughout the whole nanowire film.68 Thus the ideal nanowire spacing 

is as small as possible while still allowing for proper polymer filling. If the nanowire 

growth could be controlled and tailored such that the nanowire spacing can be made to 

be this ideal distance the power conversion efficiencies of HSCs could be improved.  

 It has been recently discovered that the hole transport through the organic layer 

can also limit the efficiency of some HSCs.1 Therefore, in order to increase the efficiency 

of HSCs, it will also be important to optimize the hole transport through the conjugated 

polymer layer as well as the electron transport though the inorganic semiconductor. Also, 

high rates of back electron transfer74 as well as poor charge separation at the 

semiconductor-polymer interface68 must also be addressed to further improve the 

efficiency of HCSs.    

2.2.2 Nanowires for Quantum Dot Solar Cells 
A schematic of a QDSC with ZnO nanowires incorporated as the electron 

transport material is shown in Figure 2.7. The operation of the nanowire QDSC is exactly 

the same as the QDSC made with a flat ZnO films shown in Figure 2.3c and discussed in 

section 2.1.3. The only difference between the solar cells is the morphology of the ZnO 

which has been changed from a flat surface to a nanowire film. The nanowires increase 

the efficiency of QDSCs in the same way they increase the efficiency of HSCs; the 

nanowires allow the light absorption and exciton collection to be optimized 

simultaneously and independently. Additionally, the nanowires provide a direct path for 
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the electrons, which should increase the electron transport to the contact. Also, as 

compared to the QDSC made with a flat ZnO surface, the nanowires can increase the 

efficiency by providing a larger D-A interface. As was the case for HSCs, for optimal 

performance the nanowire spacing needs to be on the order exciton diffusion length 

through the quantum dots. Thus the development of methods for growing inorganic 

nanowire films with controlled and tailored height, diameter and spacing may also help 

improve the power conversion efficiency of QDSC.  

Nanowire QDSCs are have not been published yet but my colleague Kurtis 

Leschkies has made a QDSC with PbSe QDs and ZnO nanowires with an efficiency of 

~2%.75  This is three times the efficiency of a comparable QDSC made with just a flat 

ZnO film (0.7%).75  

2.2.3 Nanowires for Dye Sensitized Solar Cells 
Assuming a dye band gap of 2 eV the ultimate theoretical DSSC efficiency, 

according to the Shockley-Queisser limit, is ~24%.33 Thus there is the potential to 

increase the DSSC efficiency. One issue which limits the further improvement of 

nanoparticle DSSC efficiency is that only ~46% of the incident solar power is absorbed 

by the cell.45 Another issue is that the electrolyte iodide/triiodide (I-/I3
-) is almost 

exclusively used because it is the only known redox couple for which recombination with 

the electrons in the conduction band of the TiO2 is much slower than the electron 

transport. This large ratio of the recombination time constant to the electron transport 

time constant guarantees that nearly all electrons injected into the semiconductor are 

collected.76 The Voc is determined by the difference between the redox potential of the 

electrolyte and conduction band edge of the wide band gap semiconductor. Thus, if other 

electrolytes could be used, one with a lower redox potential than iodide/triiodide, like the 

pseudohalogen (SeCN)2/(SeCN-),77 could be selected which could increase the open 

circuit voltage and the overall power conversion efficiency.  

One way to increase the absorption efficiency beyond ~46% of the incident solar 

energy would be to increase the thickness of the nanoparticle layer. This would increase 

the available surface area so more dye could be adsorbed which would in turn result in 
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Figure 2.7 Schematic of a nanowire quantum dot solar cell composed of PbSe quantum 
dots fully interpenetrating ZnO nanowires. α-NPD is on organic coating which is placed 
between the gold contact and the PbSe quantum dots to protect the quantum dots from 
physical damage during the metal contact evaporation process and to prevent electrons 
from interjecting into the gold contact during cell operation.  Courtesy of Leschkies et 
al.75  
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more light absorption and hence an increase in overall power conversion efficiency.  

However, the DSSC nanoparticle efficiency increases with nanoparticle thickness only up 

to thicknesses of ~10-20 µm. This is because as the electrons hop from particle to particle 

to the anode78 sometimes they get trapped on the surface of a nanoparticle and recombine 

with the electrolyte without going through the load.79 This limits the diffusion length, Ln, 

through the nanoparticle layer to ~10-20 µm.80 Thus, when the nanoparticle layer is 

thicker than ~10-20 µm, more dye is adsorbed and more light is absorbed but electrons 

injected further than Ln away from the anode are less likely to be collected. This means 

that as the nanoparticle thickness increases beyond Ln the electron collection efficiency 

starts to decrease which causes the efficiency to saturate once the nanoparticle layer 

thickness reaches Ln.      

To increase the efficiency of DSSCs by making the photoanode thicker, the 

electron collection efficiency must be improved by increasing the electron transport 

and/or decreasing the recombination rates. Increasing the electron transport rate would 

also allow for different electrolytes with faster recombination kinetics but lower redox 

potentials to be used, which can result in higher open circuit voltages. One way to 

increase the electron transport and/or decrease the electron recombination is to change the 

morphology of the photoanode from nanoparticles to nanowires or nanotubes.14,64,69 A 

schematic of a ZnO nanowire DSSC is shown in Figure 2.8. The operation of the DSSC 

with nanowires as the photoanode is exactly the same as with nanoparticles, the only 

difference is that the nanoparticles have been replaced by nanowires. The nanowires can 

increase electron transport by providing a direct electron pathway to the anode. Also, the 

nanowires do not necessarily have to be ordered and vertically oriented; disordered, 

horizontal nanowires which are each connected to either another nanowire or the anode 

could also increase electron transport. 

Nanowire DSSCs have been assembled using ZnO nanowires,14,69 ZnO 

nanotubes,81 TiO2 nanowires,82 TiO2 nanotubes,64,83 SnO2 nanowires,84 single-walled 

carbon nanotubes and TiO2 nanoparticles,85 ZnO nanowires coated with MgO,86 Al2O3
87 

and TiO2,
87 as well as Nb2O5 nanobelts.88 The highest efficiency (9.3%)82 nanowire 

DSSC made to date was assembled with single crystal anatase TiO2 nanowires with 
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Figure 2.8 Schematic of a ZnO nanowire dye sensitized solar cell. Courtesy of Baxter et 
al.88  
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length and diameter of 20 ± 10 nm and 5 ± 2 nm, respectively.  These nanowires were 

grown homogeneously and drop cast onto conducting oxide substrates. With aspect ratios 

of ~5 these nanowires are actually very close to nanoparticles.  

It has been shown that the incorporation of nanowires/nanotubes into DSSCs as 

the photoanode does increase the electron collection efficiency relative to nanoparticles. 

In particular, when ZnO nanowires are used, it has been found that the electron transport 

is increased while the recombination rate remains the same relative to nanoparticles.65-67  

In contrast, with TiO2 nanotubes and nanowires the opposite has been found; the electron 

recombination rate is slower and the electron transport rate is similar to that measured 

with nanoparticles.64,89 The electron transport and recombination rates were found to be 

10 times faster and 100 times slower, respectively, in SnO2 nanowires as compared to 

TiO2 nanoparticles.84 However, so far, nanowire DSSCs have not achieved overall power 

conversion efficiencies as high as nanoparticle DSSCs because the nanowire surface area 

is an order of magnitude lower than the surface area of nanoparticle films.14,90  The lower 

surface area results in less dye adsorbed onto the photoanode which in turn results in 

lower light absorption and lower overall power conversion efficiencies. 

If nanowires films with surface area equivalent to that of nanoparticle films could 

be grown then thicker photoanodes with more adsorbed dye could be made and the 

efficiency of DSSC could be increased. If the nanowire height, diameter and planar 

density could be controlled and tailored then high surface area nanowire films could be 

made by making the nanowires as long, thin and as densely packed as possible.  

2.2.4 Nanowires for Quantum Dot Sensitized Solar Cells 
The performance of QDSSCs may also be improved by the incorporation of 

nanowires. A schematic of nanowire QDSSC composed of ZnO nanowires and CdSe 

QDs is shown in Figure 2.9. Like DSSCs, the increased electron collection provided by 

the nanowires will allow thicker semiconductor photoanodes to be used in QDSSCs. 

Thicker photoanodes will provide more surface area for the QDs to adsorb, leading to 

more light absorption and higher overall efficiencies. Nanowire QDSSC have been 

realized using CdSe,57 CdTe,91 and CdS92 QDs on ZnO nanowires as well as CdTe93 and 
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Figure 2.9 Schematic of a nanowire quantum dot sensitized solar cell. Courtesy of 
Leschkies et al.57  
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CdSe94 on TiO2 nanotubes. However, the efficiency of these nanowire QDSSCs 

(~0.4%57) are lower than the QDSSC made with nanoparticles (~3%59,63). This, as is the 

case with the DSSC, is due to the lower surface area of the nanowires as compared to 

nanoparticles;  fewer QDs can be adsorbed onto the nanowires which limits the overall 

efficiency.57 Thus, nanowire based QDSSCs can also be improved if the nanowire height, 

diameter and planar density can be controlled and tailored such that nanowire films with 

larger surface area can be synthesized.  

A recurring theme that arises time and time again within this section is the idea 

that being able to control and tailor the growth of wide band gap nanowire films is the 

key to increasing the power conversion efficiency of all types of excitonic solar cells. In 

addition, improving the nanowire growth by increasing the yield as well as the growth 

rate will also help lower the cost of nanowire based XSCs. Therefore, studying the 

growth of ZnO and TiO2 nanowires in order to develop a fundamental understanding 

which can be used to control and tailor the nanowire dimensions as well as to improve 

the yield and growth rate is a worthwhile endeavor. It should be noted that although, 

nanowires have the potential to increase the efficiency of several different types of XSCs 

this thesis focuses on the incorporation of nanowires into dye sensitized solar cells. Other 

colleagues in our group have used and continue to use these nanowires in other XSCs 

including the QDSCs.57 

2.3 Properties of TiO2 and ZnO 
TiO2 and ZnO are good candidate materials for nanowire photoanodes in XSCs 

because they are non-toxic, abundant and inexpensive to synthesize.26,95 They are also 

stable against photocorrosion because they have wide band gaps; TiO2 and ZnO only 

absorb light with wavelengths in the UV or higher.95 This allows them to be more stable 

in XSCs than other semiconductor materials with narrower band gaps. In addition, the 

positions of their conduction bands make TiO2 and ZnO good DSSC materials. ZnO and 

TiO2 have band gaps of 3.3 eV and 3.2 eV respectively, and the electron affinities of ZnO 

and TiO2 are such that their conduction band edges are lower but not too far from the 

LUMO levels of typical dyes and electron donors used in XCSs. For example, Figure 
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Figure 2.10 Energy levels of the conduction (CB) and valance bands (VB) of TiO2 and 
ZnO, the HOMO and LUMO levels of the N3 dye (Solaronix), and the redox level of 
iodide/triiodide. The energy levels are such that dye sensitized solar cell operation is 
possible. Energy levels are respect to vacuum. 
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Figure 2.11 Ball and stick representation of wurtzite ZnO. Open circles represent oxygen 
atoms and filled circles represent zinc atoms.85 
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Figure 2.12 Polyhedral representation of anatase TiO2.  Each octahedron represents one 
Ti atom with six oxygen atoms surrounding it in an octahedral fashion. Each octahedron 
shares four sides with other octahedra. The dash black line denotes one unit cell.
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2.10 shows the energy levels of TiO2, ZnO, I-/I3
-, and the organometallic dye N3 from 

Solaronix. The LUMO level of the dye is higher in energy than that of the semiconductor 

conduction band such that it is energetically favorable for electrons to be transferred to 

the nanowire. However, the conduction band edge and the dye LUMO levels are still 

close to each other so that only a fraction of the energy is lost to phonons (heat) upon 

electron transfer from the dye to the wide band gap semiconductor. Similarly, the redox 

level of the electrolyte is higher in energy than the dye’s HOMO level such the 

electrolyte can reduce the dye.   

Zinc oxide has three crystal structures, rocksalt (B1), zinc blende (B3), and 

wurtzite (B4).96 Rocksalt is only formed at high pressures and zinc blende is formed only 

when the zinc oxide is grown on cubic substrates.96 Wurtzite is the most common of the 

three structures because it is the thermodynamically stable crystal structure at ambient 

conditions.96 Zinc oxide wurtzite structure can be thought of as two interpenetrating 

hexagonal close packed (hcp) lattices one consisting of oxygen atoms and the other of 

zinc atoms. The two hcp structures are offset along the c-axis by 0.375 c, where c is the 

c-axis lattice parameter, Figure 2.11.97 Each zinc atom exhibits tetrahedral coordination 

to four oxygen atoms and vice versa for the oxygen atoms. Tetrahedral bonding is sp3 

hybridized covalent bonding but ZnO actually also has significant ionic character making 

it the “ionic extreme” of the tetrahedrally coordinated semiconductors.98 

The most common TiO2 crystal structures of TiO2 at ambient conditions are 

anatase (C5) and rutile (C4). While the nanoparticles used in XCS are most commonly 

anatase, it has been found that the performance of anatase (C5) and rutile (C4) 

nanoparticles in DSSCs are similar.99 Anatase has four-fold symmetry and belongs to the 

body-centered tetragonal crystal system (Figure 2.12). The building block of the anatase 

phase is an octahedron which is composed of one Ti atom in the center and six oxygen 

atoms surrounding it at the corners of the octahedron. These octahedra come together and 

share four sides to form the anatase crystal structure.  
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Chapter 3 : Growth Mechanism of TiO2 Nanowires for Dye-
Sensitized Solar Cells* 
 

3.1 Introduction 
 One-dimensional TiO2 nanostructures for DSSCs have been synthesized by a 

variety of methods such as, surfactant-assisted self assembly,1 potentiostatic anodization 

of titanium films,2-4 electrospinning,5 templating using anodic alumina membranes,6 and 

hydrothermal alkali treatment of titanium or titania nanoparticles.7-12 The latter methods7-

12 follow Kasuga et al.13,14 who pioneered the homogenous growth of titania nanotubes 

from the alkali treatment of TiO2 powder. Indeed, polycrystalline and amorphous 

nanotubes are the most commonly used one-dimensional morphology for making DSSCs. 

Recently, it has been found that TiO2 nanowire films can be grown heterogeneously on 

titanium foil with alkali treatments similar to those used for growing nanotubes,15-17 

however the growth mechanism is not well understood. 

 In this chapter, I describe a method for growing TiO2 nanowire films on titanium 

foil for use in DSSCs and explain the growth mechanism in detail. The synthesis is based 

on formation of sodium titanate nanotubes through hydrothermal oxidation of the 

titanium foil surface and subsequent transformation of these tubes to hydrogen titanate 

nanotubes by ion exchange and finally to anatase nanowires through annealing. I also 

show that these TiO2 nanowire films are suitable for use as the wide band gap 

semiconductor photoanode in a DSSC. 

3.2 Experimental Details 

3.2.1. TiO2 Nanowire Synthesis and Characterization 
  TiO2 nanowires were synthesized on titanium foil (0.127 mm thick, Aldrich) 

following the three-step chemical synthesis described by Zhao et al.15 In the first step, a 

~2.5 × ~2 cm2 piece of titanium foil was placed on the bottom of a 125 mL Teflon lined 

pressure vessel (Parr Instrument Company) with 60 mL 10 M NaOH and 4 mL 35 wt% 

*This chapter is adapted from: 
Boercker, J. E.; Enache-Pommer, E.; Aydil, E. S. Nanotechnology 2008, 19, 095604. 
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H2O2. Mixing H2O2 with NaOH at room temperature formed a slushy film at the surface 

of the clear NaOH solution.  After heating the vessel at 220 °C for four hours, a ~7 µm 

thick film of sodium titanate nanotubes formed (see below) on the titanium foil surface in 

contact with the bottom of the vessel, this surface looked slightly brown when viewed at 

acute angles. After the hydrothermal growth, the solution was no longer clear and 

contained large white precipitates. The titanium foil with sodium titanate nanotubes was 

removed from the vessel and washed with deionized water and dried under Ar flow. A 

~100 µm thick film of white precipitate also formed on the surface of the titanium foil 

which was not in contact with the bottom of the vessel. This film was removed from the 

surface by wiping and rinsing before the next step. In the second step, the titanium foil 

with nanotubes was immersed in 0.57 M HCl for one hour to exchange the Na+ with H+ 

and thus transform the sodium titanate nanotubes to hydrogen titanate nanotubes. Visual 

appearance of the film did not change after the ion exchange. The nanotube film was 

removed from the HCl solution and rinsed with deionized water and dried under Ar flow. 

In the third step, the hydrogen titanate nanotube coated titanium foil turned white as it 

was heated at 500 °C for one hour to convert the nanotubes to anatase TiO2 nanowires. 

Hereafter, these three consecutive steps are referred to as the hydrothermal growth step, 

the ion-exchange step and the annealing step. 

 The nanostructured film on the titanium foil was examined at different stages of 

the synthesis with X-ray microdiffraction, (XRD, Bruker-AXS Microdiffractometer) 

scanning electron microscopy (SEM, JEOL 6700) and transmission electron microscopy 

(TEM, FEI Tecnai T12) to determine their crystal structure and morphology. The 

nanotube and nanowire films on the titanium foil were placed directly into the 

microdiffractometer with no alterations to obtain the XRD spectra. TEM samples were 

prepared by sonicating the nanotubes and nanowires off the titanium foil into isopropanol 

and then drop casting a few drops of this solution onto a 400 mesh carbon coated copper 

TEM grid (Ladd Research).  Approximate elemental composition of the nanowires and 

the nanotubes was determined with energy dispersive spectroscopy (EDS, Thermo-Noran 

Vantage System) on a scanning electron microscope (JEOL 6500.) 
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3.2.2 TiO2 Nanowire Dye-Sensitized Solar Cell Assembly  
Dye-sensitized solar cells were assembled using the TiO2 nanowires grown on 

titanium foil as the photoanode. Prior to dye adsorption, the TiO2 nanowires were placed 

in a 0.05 M TiCl4 solution at 70 °C for 30 minutes. After rinsing with deionized water, 

the TiCl4 treated nanowire film was air dried and annealed at 450 °C for 30 minutes.18 

Immediately before dye adsorption, the titanium foil with TiO2 nanowires was placed in 

an oxygen plasma for 10 minutes. cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-

dicarboxylato) ruthenium(II) bis(tetrabutylammonium) dye (N-719 as received from 

Solaronix) was absorbed onto the surface of the TiO2 nanowires by immersing the 

titanium foil in a 0.3 mM dye solution in absolute ethanol for 72 hours. Solar cells were 

assembled by placing the titanium foil covered with TiO2 nanowires face-to-face with a 

fluorine doped tin oxide glass (FTO, Hartford Glass) coated with a thin platinum layer 

(~1.5 nm). Twenty-five micron thick Teflon spacers (Pike Technologies) were used 

between the titanium foil and Pt covered FTO glass to prevent electrical shorts. A liquid 

electrolyte containing the redox couple I-/I3
- (Iodolyte TG-50 from Solaronix with 0.5 M 

4-tert-butylpyridine added) was injected in the space between the nanowires and the 

platinized FTO cathode to complete the cell assembly.   

3.2.3 Solar Cell Characterization 
 The solar cell characterization was done in collaboration with my colleague Emil 

Enache-Pommer.19,20  The main technique used to characterize the solar cells is the 

current-voltage measurement.  In this measurement the current through the solar cell is 

measured while a voltage is applied to the terminals of the solar cell.  I-V characteristics 

are obtained by scanning the voltage in the dark and while illuminating the solar cell.  A 

Keithley 2400 Series SourceMeter was used for the I-V measurements along with an 

Oriel 100 W Xe-arc lamp with an AM1.5 filter. 21 

The schematic in Figure 3.1 shows the sign conventions used in this research for 

voltage and current.  When the cell is producing power from light, the current flows in 

the opposite direction of the arrow (negative current) shown in Figure 3.1 and is in the 

fourth quadrant of the I-V plane.  Figure 3.2 shows, qualitatively, a typical I-V curve 
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Figure 3.1 A schematic of a nanowire-based DSSC showing the convention for voltage 
and current. Under normal operation the current is in the opposite direction of the arrow 
shown.  
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Figure 3.2 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, are shown.   
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from a nanowire-based DSSC and the important features that are used to characterize the 

cell.  The current that passes through the cell, without bias voltage (V=0) is called the 

short circuit current, Isc.  As the voltage is increased the current decreases until the open 

circuit voltage, Voc, is reached where no current flows through the cell.  When the voltage 

applied is greater than the open circuit voltage the current flows in the opposite direction 

to that when the cell is under normal operation (positive current).  The maximum power 

output of the cell, Pmax, is generated at the point where the current-voltage product is a 

maximum. 

The equivalent circuit shown in Figure 3.3 models the I-V characteristics of a 

DSSC.  The equivalent circuit consists of a current source (IL), a diode (ID), two shunt 

resistors, (Rsh-photo and Rsh-dark), and a series resistor (Rs).  The current source is the 

photoabsorption of the dye and subsequent injection into the semiconductor. The 

combination of the current source, diode and shunt resistors represent the nanowire-dye-

electrolyte interface.  The diode models the unidirectional nature of the electron injection 

from the dye into the nanowires.  The Rsh-photo and Rsh-dark are the shunt resistances with 

and without illumination respectively.  The shunt resistance is the resistance to current 

flow from the semiconductor to the electrolyte.  The reciprocal of the slope of an I-V 

characteristic at zero bias voltage is equal to the shunt resistance, Rsh (Figure 3.2).  A 

high shunt resistance is desirable for maximum current through the load.  Rs is the series 

resistance which includes the resistance across the contacts, substrates, semiconductor, 

and electrolyte.  The reciprocal of the slope of the I-V curve at V=Voc is the series 

resistance, Rs (Figure 3.2).  A low Rs is ideal to minimize the resistance to current 

through the cell.  

The overall power conversion efficiency, η, of a solar cell is the ratio of the 

maximum power output of the cell to the power input from the light source, 

                            
lightP

Pmax=η             .                                   (3.1) 

Pmax is affected by how much the current decreases from Isc as the voltage is increased.  A 

measure of this deviation is determined by the fill factor, FF,   
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Figure 3.3 The equivalent circuit of a DSSC consists of a current source (IL), a diode 
(ID), a series resistor (Rs), shunt resistors (Rsh-photo and Rsh-dark), a voltage drop across the 
load (V), and a current through the load (I). 
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ocsc VI

P
FF

×
= max   ,                                           (3.2) 

which compares the actual Pmax to the hypothetical maximum power that a cell could 

deliver if Isc remained constant as the voltage is increased to Voc.  Typical silicon solar 

cells and the best DSSCs have FF’s near 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.  Substitution of Equation 3.2 into Equation 3.1 gives a new 

expression for the overall energy conversion efficiency, 

                                                 
light

ocsc

P

VIFF ××=η     .                                         (3.3) 

Thus, the important parameters determined from I-V curves are the FF, Isc and Voc and 

increasing these increases the overall power conversion efficiency of the solar cell. It 

should be noted that in this thesis, in following with convention, current is presented as 

current density, J (mA/cm2), rather than current, I (mA). 

 In addition to electrical characterization, optical methods were also used to 

characterize the solar cells.  Optical characterization gives insight into factors that limit 

the efficiency of the solar cells.  The photocurrent produced by the solar cells at Isc was 

measured as a function of the wavelength of incident light to obtain a photocurrent 

spectrum, also called a photoaction spectrum.  This was done by sending the light from 

the Xe lamp through a monochromator before it was incident on the solar cell and 

measuring the photocurrent at different incident wavelengths.  The incident photon to 

current efficiency (IPCE) as a function of wavelength can be obtained by dividing the 

photocurrent spectrum by the number of photons incident on the cell at each wavelength.  

The IPCE spectrum gives the fraction of the incident photons that are converted to an 

electron at a particular wavelength.  The formula for IPCE is given by 

                                                ( ) )4.3(.
1240

λλ ×
×

=
P

I
IPCE sc  

Where λ is the wavelength of the incident light and P(λ) is the incident radiative flux (i.e., 

irradiance) between wavelengths λ and λ+dλ.  P(λ) was measured using a silicon detector 

(SED033) and a power meter (IL 1700) from International Light.   
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In order for an incident photon to produce an electron that contributes to the 

current in a DSSC three things must happen: (1) the photon must be absorbed by the dye 

to create an excited electron, (2) the excited electron must be injected into the 

semiconductor, and (3) the electron must be collected at the back contact after passing 

through the nanowire.  Thus, the IPCE is broken down to a product of the efficiencies of 

each one of these steps and is given by 

                                               collinjLHEIPCE ηη ××=     ,                                (3.5) 

where LHE is the light harvesting efficiency, ηinj is the injection efficiency and ηcoll is the  

collection efficiency.  The LHE is the fraction of the incident photons that are absorbed 

by the dye, ηinj is the fraction of the absorbed electrons that are injected into the 

semiconductor, and ηcoll is the fraction of the injected electrons that are collected at the 

back contact.  Often, these fractions are expressed as percentages. 

The absorbance of the dye-coated nanowire thin films can be measured using thin 

film absorption spectroscopy and the LHE will be calculated from 

             ( ) %100101 ×−= − ALHE   .                                     (3.6) 

The product of ηinj and ηcoll can be obtained from the ratio of IPCE to LHE.  This 

product, ηinjµηcoll, is also referred to as the internal quantum efficiency (IQE).  The 

ruthenium based dyes used in the DSSCs have been found to have an injection efficiency 

of nearly 100%.22 Thus, for DSSCs the measured IQE is essentially the collection 

efficiency of the cell.  The ηcoll and LHE give insight into the DSSC’s limitations because 

they quantify the solar cell’s absorbance and transport capability respectively.  

 In addition to characterizing the solar cells with I-V and IPCE measurements the 

electron transport, τc, and recombination, τr, time constants were studied using intensity 

modulated photocurrent spectroscopy (IMPS),23,24 photocurrent decay,25,26 and 

photovoltage decay.27,28 These characterization techniques are discussed in great detailed 

in Emil Enache-Pommer’s thesis.20  Briefly, these techniques are transient techniques 

where the incident light is modulated and the response from the cell, either the Isc or the 

Voc, can be used to calculate the electron transport and recombination time constants.  In 

particular, in IMPS, the cell is operated at short circuit and the incident light is modulated 

as a sine wave and the Isc response is recorded as a function of frequency. From the 
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difference in phases between the light modulation and the Isc response, the electron 

transport time τc can be found.23 Electron transport time, τc, can also be measured using 

photocurrent decay in which the cell is again operated at short circuit and the incident 

light is varied as a square wave with a modulation period longer than the electron 

transport time. The Isc decays exponentially from one steady state value to another as the 

light is changed from a higher intensity to a lower intensity. Electron transport time, τc 

can be determined by fitting an exponential function to this decay.25  Photovoltage decay 

is used to find the electron recombination time constant τr. This technique is similar to 

photocurrent decay in that the light is modulated as a square wave with a modulation 

period longer than the electron recombination time while the solar cell is maintained at 

open circuit. The recombination time constant τr is found by fitting an exponential 

function to the Voc decay as the light intensity is changed from a higher value to a lower 

value.27  

3.3 Morphology and Structure of the TiO2 Nanowire Film 
Figure 3.4 shows a cross sectional SEM of the TiO2 nanowires synthesized 

through the three-step synthesis method described above. XRD of this film shows 

diffractions only due to anatase TiO2 and titanium foil (see below). The TiO2 nanowires 

are randomly oriented and entangled together to form a nanostructured film with an 

overall thickness that varies across the titanium foil substrate and has an average value of 

7 µm ± 3 µm. At some locations along the foil the thickness of the nanowire film reaches 

as high as 10 µm while at other points the film is 4 µm or thinner. The nanowires are 

connected to the titanium foil through a denser mesoporous TiO2 layer that forms 

between the nanowires and the unconverted titanium metal. This transition layer is shown 

in Figure 3.4 and is an intermediate mesoporous structure that forms while the titanium 

foil is converted to TiO2 through the three-step synthesis. The most likely reason for the 

inhomogeneity of the nanowire film thickness is the initial surface structure and surface 

roughness of the titanium foil. The surface roughness could result in different nucleation 

and growth rates at various locations on the foil and ultimately in a distribution of 

nanowire film thicknesses. 
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Figure 3.4 Cross-sectional SEM image of a 4 mm thick TiO2 nanowire film. The 
nanowire film is connected to a mesoporous TiO2 layer on the titanium foil. The interface 
between the nanowire film (n) and the mesoporous transition layer (m) is shown with a 
dashed line. The scale bar is 1 mm.  

 
 

 
 
 

 

 
Figure 3.5 TEM image of TiO2 nanowires with diameters of 20 nm ± 8 nm. Inset shows 
the selected area electron diffraction pattern from an ensemble of nanowires which can be 
indexed to anatase TiO2.   
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Figure 3.5 shows a TEM of an ensemble of TiO2 nanowires and the electron 

diffraction from this ensemble. The TiO2 nanowires are 20 nm ± 8 nm in diameter and 

the electron diffraction spots could be indexed to the anatase phase of TiO2. The lengths 

of the nanowire segments shown in Figure 3.5 are not representative of the nanowires in 

the film because the wires break during TEM sample preparation.  While difficult to 

determine, the lengths of the nanowires are estimated to be on the order of the nanowire 

film thickness and each nanowire meanders through the film. Careful examination of 

many SEMs show that the nanowires are either connected to the mesoporous transition 

layer or another nanowire. High resolution TEM (HRTEM, Figure 3.6) shows that the 

TiO2 nanowires are polycrystalline with nonequiaxed grains elongated along the 

nanowire axis. The average grain size measured along the long axis of the grains was 26 

± 17 nm. In all the HRTEMs, the {101} planes of anatase TiO2 were oriented nearly 

perpendicular to the local nanowire axis. Careful examination of the angle between the 

{101} planes and the local nanowire axis, θ (Figure 3.6b), showed that θ varied from 90o 

to ~60° with significant majority of the grains oriented with θ ~70°. This orientation is a 

direct result of the transformation mechanism that yields the TiO2 nanowires and will be 

described shortly. 

3.4  Morphology and Structure Evolution During Nanowire Synthesis  
Figure 3.7 shows top and side view SEMs of the nanostructured film on the 

titanium foil after each synthesis step, hydrothermal growth, ion exchange, and 

annealing. This figure shows that the morphology of the film on a micrometer scale is 

determined during hydrothermal growth by the natural anisotropic growth habit of 

sodium titanate and is preserved throughout the ion-exchange and annealing steps that 

eventually lead to TiO2 nanowires. However, we will show that, on the nanometer scale, 

the morphology changes from sodium titanate nanotubes to hydrogen titanate nanotubes 

and finally to polycrystalline TiO2 nanowires during the ion-exchange and annealing 

steps, respectively.   

 Figure 3.8a shows a TEM image of the nanotubes formed after the hydrothermal 

synthesis step. The nanotubes are identified as Na2Ti2O4(OH)2 through XRD (see below). 

The nanotubes have outer diameters of 11 ± 2 nm and inner diameters of 4 ± 1 nm. The 
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Figure 3.6 HRTEM images of polycrystalline TiO2 nanowires showing grains elongated along 
the nanowire axis. Lattice fringes seen in both (a) and (b) are separated by 3.52 Å and correspond 
to the {101} planes. The angle between the {101} planes and the local nanowire axis, θ, is shown 
in (b). For the majority of the grains θ was ~70o.  
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darker diffraction contrast around the edges indicates that these nanostructures are indeed 

nanotubes. The HRTEM in Figure 3.8b shows lattice fringes separated by 7.3 Å only at 

the edges of the tube which further confirms the tube morphology.  These lattice fringes 

correspond to the (200) lattice spacing in Na2Ti2O4(OH)2 and are slightly closer together 

than the 8.5 Å (200) lattice spacing found from XRD (see below). This difference is due 

to water desorption from between the (200) planes when the sample is placed in the high 

vacuum electron microscope: water desorption allows the (200) planes to move closer 

together. In addition, there are 4 fringes on one side of the tube and 5 on the other 

indicating that the nanotubes are formed through scrolling of the two dimensional 

Na2Ti2O4(OH)2 sheets into a spiral.   

The Na2Ti2O4(OH)2 nanotubes are transformed to H2Ti2O4(OH)2 nanotubes via       

2 2 4 2 2 2 4 2Na Ti O (OH) +2HCl H Ti O (OH) +2NaCl→             (3.7) 

whereby Na+ ions are exchanged with H+ in a dilute HCl bath. Both XRD and energy 

dispersive X-ray spectroscopy (EDS) confirm this conversion (see below). Upon 

annealing at 500 °C for one hour, the H2Ti2O4(OH)2 nanotubes dehydrate and rearrange 

to form polycrystalline anatase TiO2 nanowires such as those shown in Figures 3.4 and 

3.6. During the annealing step the morphology changes, on the nanometer scale, from 

nanotubes to nanowires. However, the morphology on the micrometer scale (see for 

example, Figure 3.7) is maintained despite the crystal structure transformation from 

body-centered orthorhombic for H2Ti2O4(OH)2 to body-centered tetragonal for anatase 

TiO2. 

3.5 Crystal Structure Evolution During Nanowire Synthesis  
Figure 3.9 shows the X-ray microdiffraction (XRD) from nanotubes and 

nanowires after each step of the synthesis and the corresponding crystal structures 

deduced from this data. The XRD from nanotubes (Figure 3.9a) produced through the 

hydrothermal synthesis step could be indexed to the sodium titanate, Na2Ti2O4(OH)2 

which has the body-centered orthorhombic crystal structure shown above the 

corresponding XRD. The body-centered orthorhombic Na2Ti2O4(OH)2 is made up of 

TiO6 octahedra that share edges to form 2-dimensional sheets. These sheets are held 

together and electrostatically stabilized with Na+ and OH- in between the layer. Hydrogen  
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Figure 3.7 Top (left column, a, b and c) and cross-sectional views (right column, d, e, 
and f) of sodium titanate nanotubes formed after the hydrothermal growth (a and d), 
hydrogen titanate nanotubes formed after ion exchange (b and e), and anatase TiO2 
nanowires formed after annealing (c and f). Scale bars are 500 nm. 
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titanate, H2Ti2O4(OH)2, formed by exchanging Na+ with H+ (e.g., as in the ion-exchange 

step) has the same crystal structure albeit with different spacing between the sheets. The 

XRD from nanotubes obtained after the ion exchange step is shown in Figure 3.9b. The 

powder diffraction pattern, from the JCPDS file,29 for H2Ti2O4(OH)2 is also shown 

(vertical bars) in Figures 3.9a and 3.9b for comparison to the XRD spectra obtained from 

Na2Ti2O4(OH)2 and H2Ti2O4(OH)2 nanotubes, respectively. Based on the nearly perfect 

match between the powder diffraction pattern from H2Ti2O4(OH)2 and the nanotubes 

(Figure 3.9b) obtained after the ion exchange step, we conclude that this material is 

indeed H2Ti2O4(OH)2. Since H2Ti2O4(OH)2 and Na2Ti2O4(OH)2 have the same crystal 

structure their XRD patterns are also similar. However, the (200) diffraction peak 

location in HxNa2-xTi2O4(OH)2 (0 ≤ x ≤ 2) can vary between ~9.2° and ~10.5° and 

depends on the distance between the TiO6 sheets. The distance between TiO6 sheets in 

turn depends on the relative amounts of Na+ and H+ (e.g., x), and OH- between the 

layers.30 For example, the (200) diffraction peak in the Na2Ti2O4(OH)2 XRD (Figure 

3.9a) is at 10.34°, shifted higher by 0.43° relative to the H2Ti2O4(OH)2 (200) peak at 

9.91° (Figure 3.9b). The (110), (310), (020), and (220) peaks are also slightly shifted 

(0.16°, 0.56°, 0.28°, and 0.24°, respectively) in the Na2Ti2O4(OH)2 XRD in comparison 

to the H2Ti2O4(OH)2 powder diffraction pattern and this could be due to the shift in the 

distance between the titanate layers due to different degrees of ion incorporation or 

possibly due to strain induced by the nanotube morphology. Electron diffraction from an 

ensemble of Na2Ti2O4(OH)2 nanotubes (Figure 3.8a inset) was consistent with XRD from 

the same sample (Figure 3.9a) and could be indexed to Na2Ti2O4(OH)2.   

 After the ion-exchange, the TiO6 octahedra layers remain unchanged but the Na+ 

ions are replaced with H+ ions as shown in the crystal structure in Figure 3.9b. As the H+ 

ions replace the Na+ ions, the distance between the 2-dimensional layers increases and the 

(200) and (310) peaks shift to a lower diffraction angle and match well to the 

H2Ti2O4(OH)2 powder diffraction spectra as shown in Figure 3.9b.  The (110), (020) and 

(220) peaks however remain slightly shifted relative to the H2Ti2O4(OH)2 powder 

diffraction pattern which indicates that these peak shifts may be due to strain induced by 

the nanotube morphology. The ion exchange also results in the increased intensity of the 
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Figure 3.8 (a) TEM image of Na2Ti2O4(OH)2 nanotubes with an average outer diameter of 11 ± 
2 nm and an average inner diameter of 4 ± 1 nm. Inset shows the selected area electron diffraction 
pattern of an ensemble of nanotubes; the diffraction pattern can be indexed to Na2Ti2O4(OH)2. (b) 
HRTEM of a Na2Ti2O4(OH)2 nanotube showing 4 and 5 lattice fringes on its top and bottom 
sides, respectively. This indicates that the nanotubes are formed by the spiraling of 
Na2Ti2O4(OH)2 sheets. The lattice fringes are separated by 7.3 Å and correspond to the {200} 
planes. 
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(110) peak relative to the (310) peak, this has been attributed to the replacement of Na+ 

ions with H+ ions 31 as well as to the transformation of the crystal structure.30  Figure 3.9c 

shows the XRD pattern of the TiO2 nanowires formed after the annealing step. The XRD 

pattern indexes to anatase TiO2 whose structure is shown above the XRD pattern. 

Compared to the JCPDS powder diffraction pattern from anatase, the (101) diffraction 

peak from the TiO2 nanowires is enhanced relative to the other peaks, which indicates 

that the grains within the nanowires are oriented with their {101} planes nearly 

perpendicular to the nanowire axis. This is consistent with the findings from the HRTEM 

study.  

3.6 Nanowire Formation Mechanism  
Upon heating to 500 oC, the H2Ti2O4(OH)2 nanotubes dehydrate and undergo a 

topotactic transformation to form anatase TiO2 nanowires. Figure 3.10 illustrates this 

transformation which is similar to that proposed previously for the transformation of 

H2Ti2O4(OH)2 nanotubes to anatase nanorods through hydrothermal treatment at low pH. 
30,32-35 Figure 3.10a shows the H2Ti2O4(OH)2 crystal structure viewed along the [001] 

axis. The edge-sharing octahedra form sheets and a zig-zag pattern in the [010] direction 

within these sheet. To form the H2Ti2O4(OH)2 nanotubes, these layers are scrolled around 

the [010] axis as shown in Figure 3.10b (i.e., the sheets in Figure 3.10a scroll out of and 

back into the page to form the nanotubes). Anatase TiO2 viewed along the [010] direction 

is shown in Figure 3.10c. A comparison of Figure 3.10c with Figure 3.10a reveals that 

the zig-zag pattern formed by the TiO6 octahedra in the H2Ti2O4(OH)2 layers along the 

[010] direction is similar to the zig-zag pattern formed by the TiO6 octahedra in the 

anatase along the [100] direction.30,32-35 As the H2Ti2O4(OH)2 nanotubes are heated and 

dehydrate, the layers in H2Ti2O4(OH)2 approach each other and rearrange to form the 

polycrystalline anatase nanowire (Figure 3.10d).  

 Since the sheets spiral such that the nanotube axis is along the [010] direction, the 

anatase nanowire axis should be aligned with the [100] direction in the tetragonal lattice. 

Specifically, the {101} planes of anatase form a 68.3° angle with the [100] direction. 

TEM was used to confirm that the nanowire axis was indeed the [100] direction by 

measuring the angle between the {101} planes of anatase and the local nanowire axis. 
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Figure 3.9 X-ray microdiffraction 2θ scans of the nanostructured titanium foil surface 
after (a) hydrothermal growth, (b) ion exchange and (c) annealing steps. The XRD 
spectra could be indexed to (a) Na2Ti2O4(OH)2, (b) H2Ti2O4(OH)2 and (c) anatase TiO2. 
The corresponding crystal structures are shown above the XRD spectra. The powdered 
diffraction reference peaks from the JCPDS files in (a) and (b) are of H2Ti2O4(OH)2 and 
in (c) of anatase TiO2. Unindexed peaks correspond to the hcp diffractions from the 
titanium foil substrate. The blue octahedra represent TiO6 octahedra. The yellow, red and 
blue spheres represent sodium, oxygen and hydrogen, respectively. 
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Figure 3.11 shows a typical HRTEM of the anatase nanowires with the angles between 

the {101} planes and the axis of the nanowires indicated.  From a statistically significant  

number of measurements, an average angle of 75 ± 9° was found between the {101} 

planes and the nanowire axis. The error in the measurements is almost completely due to 

the difficulty in determining the nanowire axis to better than ~5o, especially when the 

crystal being examined is near the center of the wire. When just the crystals near the 

edges of the nanowires were included in the statistics, an average angle of 71 ± 2° was 

found. This is remarkably close to the theoretically predicted value and corroborates the 

proposed dehydration and rearrangement mechanism for the transformation of 

H2Ti2O4(OH)2 nanotubes to anatase nanowires. The small deviation can be explained 

since a slight rotation of the nanocrystals is to be expected as the polycrystalline 

nanowires are formed and there could also be significant amounts of strain in the 

nanowires.   

3.7 Mechanism of Na2Ti2O4(OH)2 Nanotube Formation 
The Na2Ti2O4(OH)2 and H2Ti2O4(OH)2 nanotube films were also examined with 

energy dispersive spectroscopy (EDS), in a scanning electron microscope (6500 JEOL) to 

understand how the titanium foil is transformed into these nanostructures.  Na, Ti and O 

are detected in the sodium titante nanotubes. Whereas only Ti and O are detected in the 

hydrogen titanate nanotubes, confirming that within the detection limits of EDS, all the 

Na+ ions are replaced by H+ ions during the ion exchange step. EDS spectra were also 

collected while scanning across a cross section of the nanotube films to obtain an 

approximate depth profile of the elemental composition. Figure 3.12 shows the variation 

of Na, O and Ti content as a function of distance from the surface of the nanotube film 

down towards the titanium foil. Both the sodium and oxygen concentrations go to zero at 

the titanium foil and the titanium counts rise rapidly but this is not shown on the figure. 

At the interface between the nanotube film and the denser mesoporous transition layer 

there is a drop in both the sodium and oxygen content. This indicates that the overall 

reaction that leads to  Na2Ti2O4(OH)2, 

                    2 2 2 2 4 2 22 2 4 ( ) 4+ + → +Ti NaOH H O Na Ti O OH H O           (3.8) 
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Figure 3.10 Schematic illustrations to aid in visualization of the proposed transformation 
mechanism from H2Ti2O5·H2O nanotubes to anatase TiO2 nanowires. (a) The 
H2Ti2O5·H2O crystal structure viewed along the [001] axis. TiO6 octahedra share edges to 
form sheets with a zig-zag pattern in the [010] direction. (b) The H2Ti2O5·H2O layers are 
scrolled around the [010] axis to form the H2Ti2O5·H2O nanotubes. (c) Anatase TiO2 
viewed along the [010] direction. A comparison of (c) with (a) shows that the zig-zag 
pattern formed by the TiO6 octahedra in the H2Ti2O5·H2O layers along the [010] direction 
is similar to the zig-zag pattern formed by the TiO6 octahedra in the anatase along the 
[100] direction. As the H2Ti2O5·H2O nanotubes are heated, the TiO6 layers approach each 
other and rearrange to form polycrystalline anatase nanowires. 
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has progressed to different degrees of completion as one moves from the surface of the 

film towards the titanium foil. There seems to be a diffuse but well-defined boundary that 

delineates the nanotube morphology from a region that is in the process of being 

converted (the mesoporous transition region). This boundary moves with time from the 

solution-film interface towards the titanium foil. Above the boundary, there is enough 

sodium and oxygen to create, exfoliate and spiral the Na2Ti2O4(OH)2 sheets into 

nanotubes. Below the boundary, there is sodium and oxygen but the reaction has not 

progressed enough to form nanotubes. This region below the boundary is the mesoporous 

transition layer that forms between the sodium titanate nanotubes and the titanium foil. 

With increased synthesis time sodium and OH- reach further into the substrate and the 

nanotube film and the mesoporous layer both get thicker at the expense of the titanium 

foil. Within the accuracy of the EDS measurements, the Ti/O and Ti/Na weight percent 

ratios in the sodium titanate nanotube film (taken from a side view of the film) were on 

average 1.2 and 2.7, respectively. The Ti/O ratio is between the Ti/O ratio of 

Na2Ti2O4(OH)2 (1.0) and Na2Ti2O4 (1.5) which indicates that there is some dehydration 

when the sample is placed in the high vacuum electron microscope.  The Ti/Na ratio is 

high compared to the Ti/Na weight percent ratio of 2.1 in Na2Ti2O4(OH)2.  This could be 

due to some Na+ ions being removed during the deionized water rinse. The variation of 

the titanium and oxygen concentrations in the hydrogen titanate nanotube films is similar 

to that shown in Figure 3.12 but no Na+ can be detected. As in the sodium titanate 

nanotubes, there is a drop in the oxygen content at the interface between the hydrogen 

titanate nanotube film and the mesoporous layer. The Ti/O weight percent ratio (also 

taken from a side view of the film) remains around 1.2, which further supports the 

conclusion that the 2-dimensional layers made up of Ti and O do not change during the 

ion exchange and the only structural change is the replacement of Na+ with H+.   

3.8 TiO2 Nanowire Dye-Sensitized Solar Cells 
The titanium foil with TiO2 nanowires was used as the photoanode in the DSSC 

shown in the inset of Figure 3.13. Typically, DSSC photoanodes are assembled on 

transparent conducting substrates so that they can be illuminated from the anode side; in 

this way, transmission losses through the platinum coated cathode and the electrolyte are 
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Figure 3.11 A typical HRTEM of the anatase nanowires. The angles between the {101} 
planes and the nanowire axis are indicated for two typical grains. On average these angles 
were ~70° which supports the mechanism proposed for the transformation of 
H2Ti2O4(OH)2 nanotubes to TiO2 nanowires.   
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Figure 3.12 (a) Cross-sectional SEM image of Na2Ti2O4(OH)2 nanotubes. The arrow 
indicates the location of the EDS linescan. The position indicated as 0 µm corresponds to 
the top surface of the nanotube film and 6 µm corresponds to a position at the bottom of 
the mesoporous transition layer. Scale bar is 1 µm.  (b) Normalized EDS counts of Ti, Na 
and O as a function of distance along the arrow indicated in (a). The drop in the Na and O 
counts occurs at the interface between the nanotubes and the mesoporous particle layer.   
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minimized. However, since the TiO2 nanowires were grown on the titanium foil, 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%. The current-voltage characteristic of a 

representative solar cell assembled using a TiO2 nanowire film is shown in Figure 3.13. 

Under 100 mW/cm2 of AM1.5 illumination, this cell produces a short circuit current of 

~5.6 mA/cm2 with an open-circuit voltage of ~0.62 V and a fill factor of 0.52. The 

overall power conversion efficiency was 1.8%. Figure 3.14 shows a typical incident 

photon to current efficiency (IPCE) as a function of wavelength and a photoaction 

spectrum. The IPCE reaches 50% at 530 nm which is near the absorbance maximum of 

the dye. This is a promising result considering that the transmission through the cathode 

is only ~60%. The IPCE drops to zero at ~400 nm because of absorption by the 

electrolyte.  

Electron transport and recombination rates of the TiO2 nanowire DSSCs as well 

as a TiO2 nanoparticle DSSCs, made on Ti foil, were measured using transient 

photocurrent and photovoltage spectroscopies (details can be found in Emil Enache-

Pommer’s Ph.D. thesis).20 The TiO2 nanoparticle DSSC was assembled using ~15 nm 

diameter anatase particles purchased from Aldrich (cat #637254-50G).  The nanoparticle 

films were deposited on the Ti foil by suspending the nanoparticles in ethanol and drop 

casting the solution on to the Ti foil and allowing the film to dry in air.  The thickness of 

the TiO2 nanoparticle film was ~16 ± 2 µm (Figure 3.15a).   

In typical DSSCS, both recombination and transport times exhibit a power law 

dependence on the short-circuit current density (or light intensity).2,19  The power law 

exponents describes the distribution of transport-limiting traps and thus is used to 

compare the trap density of different DSSCs.2,36  Figure 3.16 shows the electron transport 

time constants as a function of short circuit current density (proportional to incident light 

intensity) found for both the nanowire DSSC and the nanoparticle DSSC.  The electron 

transport time constants for the nanowire DSSCs are shown for two different cells using 

both IMPS as well as photocurrent decay.  There is reproducibility between the different 

cells as well as the different measurement techniques. The electron transport time 
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Figure 3.13 A typical current-voltage characteristic of a TiO2 nanowire DSSC with short 
circuit current, open circuit voltage, fill factor and overall efficiency of 5.6 mA/cm2, 0.62 
V, 0.52, and 1.8%, respectively. The inset shows a schematic of the TiO2 nanowire DSSC 
and the illumination geometry.   

 
 
 

 
Figure 3.14 Incident photon to current efficiency (IPCE) and photocurrent action spectra 
of a typical TiO2 nanowire DSSC. 
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constants for the TiO2 nanoparticle DSSC were found using photocurrent decay for one 

cell. The transport time constants for the nanowire DSSCs varied between 2 and 8 ms 

whereas the time constants for the nanoparticle DSSC varied between 6 and 45 ms.   The 

power law exponents for the electron transport for the nanowires and the nanoparticles 

were -0.39 and -0.73 respectively.  Since the power law exponents are different, it is 

likely that the transport limiting trap distributions are different in the TiO2 nanowires as 

compared to the TiO2 nanoparticles. As occurs in most DSSCs, the transport time 

increases with short-circuit current for both the nanoparticle and nanowire cells.  This is 

because at higher short-circuit currents the electron density is higher in the 

nanowires/nanoparticle which results in more filled traps and therefore faster transport.37  

While the electron transport through the nanowires in this experiment appears to be 

between 2-6 times faster than through the nanoparticles, this difference may not be 

entirely due to the superior electron transport ability of the nanowires, but rather due to 

other differences between the two cells, such as photoanode thickness, which will be 

discussed next.  

Fair comparison of electron transport time in DSSCs with drastically different 

morphologies is a complicated issue. Ideally, when the performance of two DSSCs are 

compared, both cells should have the same photoanode thickness as well as the same 

roughness factor.  In this way, the apparent distance traveled by the electrons as well as 

the number of injected electrons are the same in both cells. However, it is nearly 

impossible to achieve this comparison in practice since different photoanode 

morphologies have different surface areas per unit thickness. Thus, in practice, cells 

either with similar photoanode thicknesses or with similar roughness factors are 

compared.  An additional difficulty is that the roughness factor is determined by 

desorbing the dye and measuring the optical absorption of the resulting dye solution, after 

the cell is assembled, operated and dissassembled.   

The nanoparticle and nanowire cells in this experiment had roughness factors and 

photoanode thicknesses of ~1300 and ~16 ± 2 µm, and ~700 and 7 ± 3 µm, respectively.  

Thus, the slower electron transport through the nanoparticle DSSCs as compared to the 

nanowire DSSCs may be explained partly by the nanoparticle film thickness being 
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Figure 3.15 (a) Low magnification and (b) higher magnification cross-sectional SEM 
images of anatase TiO2 nanoparticles deposited on Ti foil for use in a nanoparticle DSSC.  
The nanoparticle film layer was 16 ± 2 µm thick and the ~15 nm particles aggregated into 
larger, >100 nm, particles. 
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greater than the nanowire film thickness. It is reasonable to presume that thicker 

nanoparticle films result in slower electron transport because the electrons have to travel 

a longer distance to the anode than in the nanowire cells. Moreover, we noticed that the 

~15 nm TiO2 nanoparticles aggregated into larger (>100 nm) particles (Figure 13.15b) 

resulting in reduced connectivity within the nanoparticle film which may also contribute 

to the slower electron transport rate. Regardless of these details, the mere fact that the 

TiO2 nanoparticle films and TiO2 nanowires have electron transport times within the 

same order of magnitude is surprising. When nanowires were first proposed as 

photoanodes in DSSCs, the electron transport rate in nanowires was expected to be 

several hundred times faster than nanoparticles.38,39  Indeed, electron transport rates in 

single crystal ZnO nanowires have been measured to be significantly faster than in 

nanoparticles.20,40,41 

The electron recombination times were measured using photovoltage decay for 

both the nanowire and nanoparticle DSSCs. Figure 3.17 shows the electron 

recombination time as a function of short circuit current density. The current density was 

varied by changing the incident light intensity. The nanowire DSSC recombination time 

constants varied with short circuit current density between 250 and 1300 ms. The 

recombination time constants were found for two different nanowire DSSCs and were 

reproducible between cells. As is seen in typical DSSCs, the nanowire recombination 

times got faster as the short-circuit current increased. This is because at higher short-

circuit current densities there is a higher electron density in the nanowires, and since the 

recombination rate is proportional to square of the electron density,42 this leads to faster 

recombination rates at higher short-circuit current densities.  The recombination time 

constants of the nanoparticle DSSC varied with short-circuit current density between 170 

and 650 ms which was only slightly faster than in the nanowire DSSCs.  The power law 

exponents for the recombination times for the nanowire and nanoparticles DSSCs were -

0.53 and -0.47 respectively. The nanowire cells have slightly slower recombination time 

constants as compared to the nanoparticle cells but this amount of variation is similar to 

that seen from cell to cell in nanoparticle DSSCs2,43 therefore the recombination rates are 

essentially the same in the nanowire and nanoparticle DSSCs made in this work.  
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Figure 3.16 Electron transport time constants for TiO2 nanowire (à,á,æ,ç) and 
nanoparticle (ò) DSSCs as a function of short circuit current density (light intensity).  
Open (á,ç) and filled (ò,æ,à) symbols represent transport time constants extracted from 
IMPS and photocurrent decay, respectively.  Data for two nanowire DSSCs (à,á) and 
(æ,ç) are shown to demonstrate reproducibility. Only one nanoparticle cell was 
measured.    
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Figure 3.17 Recombination time constants for TiO2 nanowire (æ,à) and nanoparticle (ò) 
DSSCs as a function of short circuit current density (light intensity). Data for two 
nanowire DSSCs (æ,à)  is shown to demonstrate reproducibility. All data was found 
using photocurrent decay.  
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Although in this work we found that the electron transport times were faster and 

the recombination time were slightly slower in the nanowire DSSCs as compared to the 

particle DSSCs, the opposite is true if the nanowire DSSCs in this work are compared to 

nanoparticle DSSCs in the literature.2,43 The electron transport time constants in the TiO2 

nanowire DSSCs in this work are similar to those reported for TiO2 nanoparticle DSSCs 

in the literature.2,43 While the electron recombination time constants in the TiO2 nanowire 

DSSCs in this work are an order of magnitude slower than those reported for TiO2 

nanoparticle DSSCs in the literature.2,43 Electron transport and recombination time 

constants in TiO2 nanoparticle DSSCs, made on Ti foil, were measured to be between 1 

and 10 ms and 10 and 100 ms, respectively.2  Thus, the increased electron collection 

efficiency, ηcoll , found in the nanowire DSSC in this work is due to slower electron 

recombination rate and not due to faster electron transport.19  Zhu et al.2 have also made 

similar conclusions regarding polycrystalline TiO2 nanotube DSSCs. 

 One reason that the TiO2 nanowire DSSCs do not demonstrate faster electron 

transport as compared to TiO2 nanoparticle DSSCs in the literature could be that the 

nanowires are polycrystalline.  The electrons have to cross grain boundaries in the 

nanowires to reach the collection electrode, a situation similar to that exists in 

nanoparticle films wherein the electrons must cross particle-particle interfaces.  Thus, one 

way to improve the transport could be to synthesize single crystal TiO2 nanowires.  In 

addition, synthesizing these on a transparent conducting oxide would also be desired 

since it would allow for illumination from the anode side, avoiding absorption by the 

platinized cathode and the electrolyte and resulting in more light incident on the 

photoanode.  The growth of single crystal rutile TiO2 nanowires on a transparent 

conducting oxide has only recently been achieved and published.44  However, it has been 

found that the electron transport rates through these single crystal nanowires is 

surprisingly low (personal communication with Bin Liu, April 8, 2009).45 This slower 

electron transport could be due to a high defect density in these nanowires which results 

in the electrons transporting via a trap to trap hopping mechanism and not via direct 

transport though the conduction band.  While the nanowire/nanotube morphology does 

result in higher electron collection efficiencies due to lower recombination rates2,19 it is 
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not clear if the TiO2 nanowire/nanotube morphology will result in a significant increase 

in electron transport as has been predicted.2,38,39  Further research must be done in order 

to determine if TiO2 nanowires are capable of providing significantly increased electron 

transport.       

3.9 Conclusions 
  Polycrystalline TiO2 nanowires were grown on titanium foil through a three-step 

process. In the first step, sodium titanate nanotubes are grown hydrothermally on titanium 

foil. Next, the sodium ions are exchanged with protons to convert the sodium titanate 

nanotubes to hydrogen titanate nanotubes.  Finally, the hydrogen titanate nanotubes are 

transformed to anatase TiO2 nanowires through a topotactic transformation upon heating. 

The evolution of the morphology and structure throughout the synthesis process was 

investigated and a detailed mechanism is proposed for the transformation of 

H2Ti2O4(OH)2 nanotubes to TiO2 nanowires, wherein the TiO6 sheets in H2Ti2O4(OH)2 

nanotubes rearrange upon heating and bond to form polycrystalline anatase nanowires. 

The TiO2 nanowire films on titanium foil were suitable for use as the photoanode in dye-

sensitized solar cells.  While the electron collection efficiency was increased due to 

decreased electron recombination the electron transport in the nanowire DSSCs was 

similar to that of TiO2 nanoparticles.  
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Chapter 4 : Nanowire Seeding Methods 

 

4.1 Introduction 
 This chapter introduces the chemical bath deposition synthesis of ZnO nanowires, 

on seeded substrates, from an aqueous solution of zinc nitrate hexahydrate and 

methenamine which is discussed in great detail in the following chapters.  In addition, 

this chapter explains the various methods explored for seeding the substrates with ZnO 

and discusses the advantages and disadvantages of each method. 

4.2 ZnO nanowire Growth and Seeding 
Zinc oxide nanowire films have been grown using a variety of techniques such as 

vapor phase deposition,1-3 metalorganic vapor-phase epitaxial growth,4 

electrodeposition,5 molecular beam epitaxy,6 and templating using anodic alumina 

membranes (AAM)7,8.  While these techniques do yield uniform, well aligned ZnO 

nanowires most require high vacuum chambers, expensive sapphire substrates, and high 

processing temperatures, typically above 400 °C.  Thus, these techniques are not suitable 

for making inexpensive, flexible solar cells on plastic substrates since plastics cannot 

endure temperatures above ~150 °C 9 and expensive high vacuum equipment increases 

processing costs.   

Recently, a chemical bath deposition technique has been demonstrated which 

produces zinc oxide nanowire films from an aqueous solution of zinc nitrate hexahydrate 

and methenamine on virtually any substrate, at ambient pressure, and with processing 

temperatures below 100 °C.10,11  There are two steps in the synthesis process.  First, the 

substrate is seeded with ZnO by one of several techniques which will be discussed below.  

Second, the substrate is immersed, with the seeded side of the substrate facing the bottom 

of the reaction vessel, in an aqueous solution of zinc nitrate hexahydrate and 

methenamine and heated to 90 °C for 4 hours. ZnO nanowires nucleate on the seed layer 

and grow heterogeneously on the substrate.  The ZnO nanowires synthesized are single 

crystal and grow along the (0001) axis.  In a typical synthesis the nanowires grow ~1 µm 

in length and ~100 nm in diameter after 4 hours.  Due to the majority of the zinc oxide 
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precursor (the identity of which is discussed in chapter 5) precipitating as homogenous 

growth in the solution, after 4 hours the heterogeneous growth on the substrate slows.  

Thus, to grow nanowires longer than ~1 µm the current state of the art is to replenish the 

reaction solution and allow the reaction to continue for another 4 hours.  Each four hour 

reaction, termed a cycle, increases the nanowire length by ~1 µm. Using multiple cycles 

wires as long as ~25 µm12 have been synthesized.  These nanowires have relatively high 

mobilities, 1-5 cm2V-1S-1,12 and are single crystal,13 which make them attractive for use as 

the photoanode in DSSCs.   

However there are a couple of disadvantages to using these nanowires in DSSCs.  

First, the nanowire DSSCs made from these ZnO nanowires have only achieved an 

efficiency of ~2.4%,14 due to the surface area being an order of magnitude smaller than 

that of a typical nanoparticle based DSSC.  Second, the majority of the precursor being 

depleted due to homogeneous growth limits the heterogeneous growth rate as well as the 

yield (defined as the percentage of zinc in the solution which precipitates as 

heterogeneously grown nanowires).  In order to improve the nanowire surface area, 

growth rate and yield this nanowire synthesis was studied in great detail as will be 

discussed in the remaining chapters.   

The nanostructured zinc oxide seed layer deposited on the substrate prior to the 

nanowire growth is key to the successful synthesis of nanowires from the reaction 

solution.  The energy required for heterogeneous nucleation is lower than that required 

for homogenous growth.15-17 Thus the ZnO seed layer lowers the energy required for 

nanowire nucleation and allows ZnO nanowires to nucleate and grow uniformly across 

the seeded area of the substrate.  Figure 4.1 shows the nanowire growth on both a seeded 

(using the thermal decomposition of zinc acetate method described below) and unseeded 

substrate. Densely packed, thin nanowires grow only on the seeded substrates. Whereas, 

micron thick rods grow sparsely on unseeded substrates. 

 The seed layer is a critical step in the growth process. Therefore, to study the 

nanowire growth and assemble efficient nanowire DSSCs, the seed layer must satisfy 

several key requirements. The seeding method must be reproducible, provide uniform 
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Figure 4.1 Top view SEM images of (a) a densely packed, aligned ZnO nanowires grown 
on a silicon substrate seeded using the thermal decomposition of zinc acetate method, (b) 
randomly oriented ZnO rods ~10 µm long and ~1 µm wide grown irregularly on a FTO 
substrate without a nanostructured seed layer deposited prior to growth.  Scale bars are 
500 nm in (a) and 10 µm in (b).  
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nanowire coverage, produce aligned nanowires, and be able to be tailored to change the 

nanowire number density and diameter.  In addition, to maintain a high DSSC efficiency, 

the seed layer must allow efficient transport of electrons from the nanowires to the 

substrate.  While this last requirement is obviously important it was not studied in detail 

in this thesis project and seed layers which satisfied as many of the other requirements as 

possible were utilized. However, Emil Enache-Pommer has studied the effect that 

different seed layers have on nanowire DSSC performance and those results will be 

published in his thesis.18    

Ideally, the seed layer would be able to be tailored to allow for the control of the 

nanowire diameter, alignment and number density.  This would allow for densely packed, 

thin nanowire films with high surface area to be synthesized.  Currently seed layers are 

able to control nanowire alignment and number density, however, seed layers have a 

more limited control over the nanowire diameter and diameter size distribution.16,17,19-23  

The reason for the seed layers limited control of the diameter size and distribution is due 

to a lack of knowledge of how the ZnO nanowires nucleate on the seeds and what 

determines the nanowire diameter. Several researchers report that multiple wires nucleate 

from each nucleation site,11,13,24 however what the defines a nucleation sight (i.e. one seed 

or multiple seeds), is still unclear. Thus, further understanding of the factors which 

govern the ZnO nucleation on the seed layer and what determines the nanowire diameter 

may promote more control over the diameter size and distribution 

Several different seeding methods have been used for the synthesis of ZnO 

nanowire from aqueous solutions. Very thin films (10-250 nm) of zinc oxide deposited by 

pulsed laser deposition,25 RF magnetron sputtering,26 atomic layer deposition,27 

sputtering,28 or thermal evaporation,29 have been used as seed layers. These films can be 

easily patterned and create well aligned nanowire arrays, but the deposition either 

requires high temperature and/or high vacuum techniques which might limit their 

utilization in inexpensive DSSCs.   We explored two potentially less expensive seeding 

techniques, drop casting ZnO nanoparticles13 and thermally decomposing zinc acetate.30 

We ultimately decided that the thermal decomposition of zinc acetate was the best 
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method to use in the majority of the nanowire growth experiments.  These two techniques 

are described in detail below.  

4.3 Nanoparticle Seed Films  
Zinc oxide nanoparticles have been synthesized as colloidal solutions using a 

variety of methods such as double-jet precipitation,31 sol-gel processing,32 flame spray 

pyrolysis,33 and solution phase precipitation.34  Solution phase methods are frequently 

used and usually make use of the reactions of a soluble zinc salt with a hydroxide ion in a 

nonaqueous solvent.35  Aqueous solvents are not used because the reactions rapidly 

produce large particles and are very difficult to control.  In nonaqueous solvents, the 

reactions are slower which allows for greater control.35  In solution phase synthesis, the 

zinc oxide nanoparticles nucleate from a homogenous solution when the supersaturation 

of the ZnO precursor, thought to be Zn4O(CH3OOH)6,
36 is sufficiently large.  Nucleation 

continues until the ZnO precursor supersaturation is no longer large enough for 

homogenous nucleation.  At that point nucleation stops but particle growth continues, 

usually by Ostwald ripening.37  We have tried two different solution phase methods for 

synthesizing zinc oxide nanoparticles.  Both methods use zinc acetate as the zinc salt and 

sodium hydroxide as the hydroxide ion source.  UV-absorption was used to find the 

particle size distribution and concentration of the colloidal solutions synthesized and will 

be discussed in the next section. 

One of the methods we used to produce ZnO nanoparticles, which will now be 

referred to as Method M, was first conceived by Womelsdorf et al. and later altered by 

Pacholski et al.34,38 This method creates 5-10 nm ZnO particles in methanol.  In Method 

M, 65 mL of 0.03 M NaOH methanol solution at room temperature was added drop wise 

at a rate of about 2 drops/second into 125 mL of 0.01 M zinc acetate in methanol at 60 °C 

with vigorous stirring.  After about 30 minutes, all the NaOH solution had been added to 

the reaction flask creating 6.4 mM of zinc acetate and 10 mM of NaOH.  The flask was 

covered and stirred for 2 hours at 60 °C.  At various times during the reaction 2 mL 

aliquots of the reaction mixture were collected and analyzed using UV-absorption 

spectroscopy (ocean optics HR2000 spectrophotometer with a 25 µm slit and a resolution 
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of about 1.5 nm).  The ZnO particles are produced though hydrolysis and the overall 

reaction may be written as 

              Zn(CH3OO)2+2NaOH�ZnO+2Na(CH3OO)+H2O.                    (4.1) 

 

Following this procedure, in some of the synthesis the mixture would turn cloudy after 

approximately 10 minutes into the addition of the NaOH solution and stay cloudy for the 

rest of the reaction.  In other synthesis the solution would stay clear during the entire 

reaction time, yielding colloid solutions of 3-4 nm ZnO nanoparticles.  Clouding is due to 

particles in the solution becoming unstable and aggregating to form larger clusters that 

scatter light.   

After examining the ZnO nanoparticle literature, we hypothesize that the 

irreproducibility of stable ZnO colloid solutions synthesized by Method M is due to 

fluctuating water content.  The amount of water in the reaction mixture was not 

controlled and could vary from day to day.  For example, water could get into the system 

in several uncontrolled ways.  First, fresh methanol contains small but variable amounts 

of water, on the order of 2 mM, and is also hygroscopic so the water concentration can 

increase with exposure to the moisture in the air to approximately 30 mM.39  Second, 

NaOH is hygroscopic and can absorb water when it is exposed to the air.  Finally, the 

zinc acetate dihydrate contains water in a 2:1 molar ratio of water to Zn2+.  Thus, from 

experiment to experiment depending on the humidity and how fresh the methanol was the 

small amount of water present in the reaction mixture could have been fluctuating by an 

order of magnitude.   

The fluctuating water content in Method M caused irreproducibility because the 

stability of the ZnO colloids synthesized is very sensitive to the ratio of H2O to Zn2+.  

Searson et al. have found that a H2O to Zn2+ molar ratio of 10:1 is needed to synthesize 

clear solutions when the solvent is 2-propanol and that this critical ratio increases as the 

boiling point of the solvent decreases.40  The boiling point of methanol is 64.7 °C and that 

of 2-propanol is 82.4 °C so the ratio of H2O to Zn2+ has to be greater than 10 to achieve 

clear solutions in methanol.  Searson et al. theorize that water helps to solvate zinc oxide 

and its precursors and that there is a critical molar ratio of water to Zn2+ that needs to be 
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met for solvation to occur.40   However, Season et al. also found, with 2-propanol as the 

solvent, that as the relative H2O to Zn2+ concentration approaches 100:1 the reaction of 

water with zinc acetate to form zinc oxide becomes a significant side reaction.39  In 

addition, Sakohara et al. have analyzed ZnO nanoparticles synthesized from LiOH and 

zinc acetate with IR spectroscopy.41  They found that higher zinc acetate to hydroxyl 

ratios in the synthesis solution resulted in increased absorption of acetate ions on the 

surface of the nanoparticles and increased colloidal stability.  Sakohara et al. concluded 

that the absorbed acetate ions are responsible for the improved colloidal stability and that 

the higher the ratio of zinc acetate to hydroxyl ion in the synthesis solution the more 

stable the resulting colloid.41  Sakohara et al. did not determine if the stabilization 

mechanism of the absorbed acetate ions was due to steric or columbic repulsion, but it is 

most likely steric repulsion because the attached acetate ions are no longer charged.  The 

side reaction of Zn2+ with H2O increases the production rate of ZnO but does not increase 

the concentration of acetate ions.  This essentially decreases the zinc acetate to hydroxyl 

ratio, making the particles unstable.  Therefore, there is an ideal H2O to Zn2+ molar ratio 

approximately between 10 and 100 that allows zinc oxide and its precursors to be soluble 

but does not allow a significant amount of water to react with zinc acetate. 

Indeed, synthesis with controlled amounts of water addition to the methanol 

helped synthesize clear nanoparticle solutions.  However, synthesis was still not as robust 

and reproducible as desired; sometimes a certain amount of added water would create a 

clear solution and sometimes it would not.  When a solution became cloudy it was 

possible to the make it clear again by adding more water.  An example of such an 

experiment is shown in Figure 4.2 which displays the temporal evolution of the 

absorbance spectra of zinc oxide nanoparticles in methanol during synthesis using 

Method M with 6.4 mM of zinc acetate and 10 mM of NaOH.  After 5 minutes, there is 

virtually no UV-absorption which means that zinc oxide particles had not yet nucleated 

by this time.  By 10 minutes the solution appeared cloudy, a sign of the presence of large 

particles that scatter the light in the visible region.  The scattering is evident in the 

absorbance spectra as increased extinction above 387 nm, the wavelength corresponding 

to the band gap of zinc oxide.  Whether these particles were zinc oxide or a precursor is 
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Figure 4.2 The absorbance at progressive time intervals during the synthesis of ZnO 
nanoparticles from Method M. (i) 5, (ii) 10, (iii) 12, (iv) 13, (v) 15, (vi) 30, and (vii) 120 
minutes into the synthesis. 
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Figure 4.3 Time evolution of the ZnO nanoparticle absorbance spectra between minute 2 
and 120 of the Method P synthesis.   
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not known.  At 12.5 minutes 2 mL of deionized and distilled water was added to the 

solution and by 13 minutes the solution appeared clear again and the absorbance spectra 

had the characteristic shape of zinc oxide nanoparticle absorption with minimal 

extinction in the visible ( > 387 nm).  The solution appeared to remain clear for the rest of 

the reaction.  However, even though the solution looked clear to the eye a small amount 

of extinction was still seen above the 387 nm band gap of zinc oxide indicating 

thepossible presence of large unstable particles.  These colloidal solutions of ZnO in 

methanol that appeared clear to the eye during the synthesis were not stable for a long 

time after the synthesis.  They became cloudy within a few days after synthesis.  We 

concluded that water content strongly affects the stability of the zinc oxide colloidal 

solutions and that the control of the water content from experiment to experiment was too 

cumbersome and not reproducible enough to gain control of the system.  This lack of 

reproducibility of zinc oxide nanoparticle solutions with known size distribution makes 

this synthesis method unattractive, especially since a more robust alternative exists.    

We used an alternative zinc oxide nanoparticle solution synthesis method  

developed by Bahnemann et al.42 and analyzed in detail by Searson et al.37  This method 

will now be referred to as Method P.  Method P is similar to Method M in that zinc 

acetate and sodium hydroxide are the precursors.  However, in Method P 2-propanol is 

used as the solvent, the precursors are mixed all at once, and a lower temperature and 

precursor concentration are used relative to Method M.43  In Method P, 1 mM of zinc 

acetate was dissolved in 80 mL of 2-propanol at 50 °C with vigorous stirring.  And 2 mM 

of NaOH was dissolved in 100 mL of 2-propanol at 60 °C also with vigorous stirring.  

The solutions were then allowed to cool to room temperature and 8 mL of the zinc acetate 

solution was added to 64 mL of 2-propanol and 8 mL of the NaOH solution was added to 

20 mL of 2-propanol.  The diluted zinc acetate and NaOH solutions were then each 

heated to 35 °C in a water bath.  Once each solution had reached 35 °C the NaOH 

solution was quickly added to the zinc acetate solution under vigorous stirring creating a 

total volume of 100 mL with 1 mM zinc acetate and 1.6 mM NaOH.  The reaction was 

maintained at 35 °C for various lengths of time depending on the size of the particles 

desired.  At various times during the reaction 2 mL aliquots of the reaction mixture were 
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collected and analyzed using UV-absorption spectroscopy (ocean optics HR2000 

spectrophotometer with a 25 µm slit and a resolution of about 1.5 nm).  Unlike with 

Method M the solutions from Method P were always clear and stable for approximately 

two weeks.   

Figure 4.3 shows typical ZnO nanoparticle absorbance spectra found as synthesis 

Method P proceeds.  Sharp absorbance onsets are seen below the ZnO bulk band gap of 

~387 nm, indicating that the zinc oxide particles are demonstrating quantum confinement 

affects.  In each spectra a pronounced peak is seen which is proportional to the total 

concentration of zinc oxide produced in the reaction at that point in time.39  The height of 

this peak stays constant from the first measurement at two minutes until the end of the 

reaction at 120 minutes. This indicates that nucleation happens within the first two 

minutes of the reaction. The absorbance onsets of the spectra also red-shift with 

increasing time due to the growth of the particles and the subsequent decrease of the band 

gap towards the bulk band gap value.   

From the absorbance spectra, the normalized, )(rf , and unnormalized, )(rn , 

particle size distributions were found as a function of time and are shown in Figures 4.4 

and 4.5.  The average particle size increases with time and the total number of particles 

decreases with time, because with a fixed volume of zinc oxide the density of smaller 

particles is greater than that of larger particles.   

Searson et al. found that the growth of the ZnO nanoparticles after nucleation is 

caused by Ostwald ripening and can be described by the diffusion-limited growth theory 

developed by Lifshitz, Slyozov and Wagner (LSW theory).37,44,45  LSW theory is a 

mathematical model of Ostwald ripening that can either assume a diffusion-limited 

ripening or surface reaction rate limited ripening.37  Ostwald ripening occurs because the 

chemical potential of a solute in equilibrium with solid spherical particles is higher 

around smaller particles than larger particles.  This causes a net flow of solute from the 

smaller particles to the larger particles resulting in the larger particles growing at the 

expense of the smaller particles.  The Kelvin equation, written assuming an ideal 

solution, gives the concentration of the solute species in the liquid phase in equilibrium 

with the solid: 
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Figure 4.4 Time evolution of the normalized ZnO particle size distribution, )(rf , 
between minute 2 and 120 of the Method P synthesis. The resulting distributions are 
calculated from the absorbance spectra in Figure 4.3 and are smoothed using a three point 
averaging. 
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Figure 4.5 Time evolution of the unnormalized ZnO particle size distribution, )(rn , 
between minute 2 and 120 of the Method P synthesis. The resulting distributions are 
calculated from the absorbance spectra in Figure 4.3 and are smoothed using a three point 
averaging. 
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Where Cr is the solute equilibrium concentration, r is the radius of the particle, ∞C is the 

equilibrium concentration above a flat solid surface (bulk solubility), γ is the interfacial 

energy, Vm  is the molar volume, R is the gas constant and T is temperature.  Assuming 

small concentration deviations, ∞≈ CCr , then Equation 3.2 can be approximated as:  
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Inserting Equation 4.3 into Fick’s 1st law the LSW growth law is obtained,37 

                                         Ktrr o =− 33  ,                                                     (4.4) 

where ro is the average initial particle size, r is the average particle size at any given time, 

t,  and K is the coarsening rate constant given by,37 

RT

CDV
K m

9

8 2
∞= γ

 .                                                     (4.5) 

Using the Stokes-Einstein equation the rate constant K can be further simplified, 
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where η is the solvent viscosity, and a is the radius of the solvated ZnO precursor species 

that diffuses from the small particles to the larger particles.  The identity of the ZnO 

precursor is not clear at this point but is thought to be Zn4O(CH3COOH)6.
36  

It can be seen from Equation 4.6 that by changing the time period of the reaction 

any average ZnO nanoparticle size can be synthesized by Method P.   However, Figures 

4.4 and 4.5 show that as the particles grow the particle size distribution widens.  Thus, if 

the particles are grown for long time periods the average particle size will increase, but at 

the cost of the narrowness of the particles size distribution.  Therefore, in order to create 

particle size distributions with large average radii, Method P must be modified so that the 

initial nuclei are larger so less growth is required to achieve the desired average particle 

radius.  Searson et al. have shown that by changing the solvent and raising the 

temperature of the reaction, particles can be nucleated with sizes ranging from about 3 

nm in diameter to 10 nm in diameter.40  By utilizing the LSW growth kinetics of the 



 88 

particles made from Method P, particle size distributions with varying average diameters 

can be made by tailoring the reaction time and temperature.   

When the zinc oxide nanoparticles are deposited on to the substrates it is 

important that at least a monolayer of nanoparticles are deposited in order to prevent 

recombination from the FTO to the electrolyte, and to maximize the nanowire density.  

This means that the zinc oxide nanoparticle solutions must have enough nanoparticles for 

at least a monolayer of particles.  Using the maximum absorbance from the spectra and 

Beer’s law it can be found that the volume percentage of the zinc oxide particle solutions 

is about 0.02%.  The total number of particles/cm3 is on the order of 1015 and the total 

volume of solution is 100 mL, consequently there are approximately 1017 particles 

available for deposition.  The substrates used for DSSCs have a surface area of 

approximately 4 cm2, assuming the particles in the dipping solution are on average 3 nm 

in diameter, covering the substrate with a monolayer of particles would take on the order 

of 1013 particles.   Thus, this means that there are approximately four orders of magnitude 

more particles in the synthesized zinc oxide solution than are needed for a monolayer of 

particles to be deposited on the substrate.  Although the volume percentage of zinc oxide 

is small, total coverage of the substrate is indeed possible with these zinc oxide 

nanoparticles solutions, provided the concentration of the solution used for deposition 

and the deposition method are properly tailored.   

Method P is more stable and reproducible than Method M, can be modified to 

create a range of narrow average particle size distributions, and yields sufficient particles 

to cover the FTO substrate.  Therefore, we chose Method P as the preferred method for 

making zinc oxide nanoparticle solutions of controllable known size distributions.  These 

solutions were used to seed the ZnO nanowire growth, however the seed layer made from 

the thermal decomposition of zinc acetate described below turned out to have superior 

characteristics to the ZnO nanoparticle seed layer and was therefore utilized more often 

during the ZnO nanowire growth studies.   

4.4 Determining Particle Size Distribution 
 The particle size distribution of the ZnO nanoparticles synthesize by Method M 

and Method P were determined from the UV-absorbance spectra of the colloid solutions.  
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Figure 4.6 The relationship, given by Equation 4.7, between the radius of a quantum 
particle and the wavelength, λonset, at which the particle starts to absorb radiation.  
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The method used to obtain the particle size distribution from the UV-absorbance 

spectrum was taken from Pesika et al.46 and is explained below  

Pesika et al.46 found that in the dilute concentration limit the particle size 

distribution and the total particle concentration can be found from the absorbance spectra.  

Pesika et al. also confirmed that the PSD obtained from the absorbance spectra was in 

excellent agreement with the PSD obtained from TEM images of the same zinc oxide 

particles.46  The PSD can be determined from the UV-absorbance spectra because when 

the crystal size approaches the exciton diameter quantum confinement affects the 

electronic structure and widens the band gap of the particles.  The band gap widening is 

related to the particle diameter; the smaller the particles the larger the widening.  In an 

ensemble of nanoparticles with diameters in the quantum confinement regime, each 

particle size starts absorbing radiation at different wavelengths.  The largest particles will 

start absorbing at the longest wavelengths and as the wavelength decreases the smaller 

particles will start to absorb until all the particles are absorbing at the peak of the 

absorbance spectra.46,43  The variation in the wavelength at which the particles in the 

ensemble start to absorb broadens as well as blue-shifts the absorbance spectra as 

compared to the bulk crystal absorbance spectra.  This change in the shape of the 

absorbance spectra is used to find the PSD. 

The effective mass model for spherical particles, derived by Brus,47 quantifies the 

band gap widening and relates the band gap energy, E*, of a particle to its radius r, by the 

equation 
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where Ebulk
g is the bulk band gap, ε is the relative permittivity, εo is the permittivity of 

free space, h is Planck’s constant, e is the charge of an electron, mo is the free electron 

mass, and me and mh are the effective masses of the electrons and holes, respectively.  

Using Equation 4.7 the wavelength at which a particle starts to absorb, λonset, can be 

related to the particle radius,  i.e. ( )ronsetonset λλ = , and is shown in Figure 4.6.  At any 

particular wavelength, λ, only the particles with radii such that λonset is greater than or 

equal to λ will contribute to the absorbance.  The absorbance can then be thought of as a 
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function of λonset, i.e. ( )( )rAA onsetλ= .  From now on the “onset” will be dropped and λ 

will imply λonset.  Assuming that the particles are spherical and that the absorption 

coefficient is independent of the particle size, absorbance at wavelength, λ, is 

proportional to the total volume of particles with radii greater than or equal to r, the 

radius of particles that start absorbing at λ.  So 

( )( ) ' 3 ' '4
( ) ( )

3r
A r r n r drλ π

∞
∝ ∫                                  (4.8) 

where A is the absorbance, r is the radius of the particles, r’ is a dummy variable, and 

)(rn is the unnormalized particle size distribution. )(rn can then be found by taking the 

derivative with respect to r of ( )( )rA λ  , 
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The proportionality constant is obtained by normalizing )(rn . This constant gives the 

normalized particle size distribution, )(rf . Using Beer’s law, the total number of 

particles in the solution is given by 
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where ε is the extinction coefficient, A is the absorbance at the peak of the spectrum, 

which changes for each spectra but is near 330 nm, l is the path length of the light in 

centimeters, and Vm is the molar volume of ZnO taken to be 14.8 cm3mol-1.  Over the 

small range of wavelengths considered, ε is taken to be constant at 605 Lmol-1cm-1, the 

value at 330 nm.43  The unnormalized particle size distribution,)(rn ,can then be obtained 

by multiplying the normalized particles size distribution by, N, the total number of 

particles, 

                                                   ( ) ( )n r Nf r= .                                                          (4.11) 

Thus, the ZnO normalized and unnormalized particle size distributions can be determined 

from the UV-absorption spectra of the zinc oxide nanoparticle solutions. It should be 
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noted however that, at small particle sizes, the tight binding model developed by 

Viswanatha et al.52 predicts ZnO nanoparticle size better than the effective mass model. 

4.5 Applying the Nanoparticles to the Substrate 
Before the ZnO nanoparticles were drop cast, the substrates were cleaned by 

sonication in 1:1:1 by volume acetone, isopropanol and deionized water. The 

nanoparticles were applied to the substrate by drop casting 200 µL of the ZnO particle 

solution onto the substrate three times.  After each coating the substrate was allowed to 

dry in air.  The substrates were then annealed at 450 °C for 30 minutes to make sure the 

particles adhered to the substrate surface.  Next, after the substrates were cooled in air, 

they were rinsed with deionized water to remove sodium acetate salt deposited on the 

surface.  The whole coating process was repeated to ensure complete coverage of the 

substrate with ZnO nanoparticles.  As mentioned previously, there are ~1015 particles/cm3 

in the ZnO nanoparticle solution, and ~1013 3 nm particles are required to coat a 

monolayer on a 4 cm2 substrate. Therefore, since ~1015 particles were deposited on the 

substrate a monolayer coating of nanoparticles was assured.  Also, to study how the 

nanoparticle seed layer thickness affects the DSSC performance thicker nanoparticle 

films were made by concentrating the ZnO nanoparticle solution using a rotary 

evaporator (Buchi Rotavapor R-200).18  It should be noted that since the sodium and 

acetate ions from the ZnO nanoparticle precursors were not removed from the solution 

sodium acetate salt was deposited during the drop casting step.  Nanowires do not grow 

where the salt deposits which leads to inhomogenous nanowire growth. Rinsing the 

substrates with deionized water after the annealing step removes the salt and allows more 

particles to deposit where the salt was during the second drop casting step.  This allows 

for more uniform coverage of ZnO nanoparticles.   

 The advantage of this seeding process is that the size of the seed particles can be 

varied by changing the particle synthesis. In addition, the nanowire number density can 

be controlled by changing the concentration of the ZnO nanoparticle solution. Some 

disadvantages of this seeding technique are that since the nanoparticle seeds are randomly 

oriented the nanowires are not aligned and that pattering the nanowires on the substrate, 
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which is important to some solar cell applications,48 is difficult due to the lack of control 

of where the solution is drop casted. 

4.6  Seeding Using Zinc Acetate  
Substrates were also seeded using a technique based on the thermal 

decomposition of zinc acetate, developed by Greene et al.,30 which deposits a thin (~5-10 

nm) polycrystalline ZnO film on to virtually any substrate. Growth from these seed layers 

results in vertically aligned nanowires, Figure 4.7. In this method, we first cleaned the 

substrates by sonicating them in 1:1:1 by volume acetone, isopropanol and deionized 

water.  One drop of a 5 mM zinc acetate ethanol solution was spread uniformly across 

each substrate by slowly rotating and gently tilting the substrate manually.  After ~10 

seconds, the substrate was rinsed with a brief squirt of ethanol and blown dry with argon. 

This wetting and rinsing process was repeated for a total of five times before the 

substrates were annealed at 350 °C in air for 20 min.  After the substrates were cooled to 

room temperature the wetting and annealing process was repeated.  Greene et al.30 found 

that the annealing processes decomposes the zinc acetate molecules adsorbed on the 

surface of the substrate, creating a ~10 nm thick seed layer of zinc oxide nanocrystalline 

“islands” that have their c-axis oriented parallel to the substrate.   

This seeding method is an art and subtle variations to the method result in 

morphological changes.  It is important that only one drop of the zinc acetate ethanol 

solution be applied to the ~4 cm2 substrate.  As the ethanol is allowed to evaporate the 

substrate must be grasped with tweezers at one corner and rotated in a circular motion 

using ones wrist.  The ethanol must be allowed to dry, while the substrate is being 

rotated, until drying patterns of rainbow colors start to be seen.  Then, the solution must 

be rinsed with a relatively strong squirt of ethanol and immediately blown dry with an Ar 

stream. Inhomogeneities in the film occur if too much zinc acetate solution is applied and 

not rinsed right when rainbow drying patterns start to form, Figure 4.8.  Also the seed 

layer is made more uniform if the substrate is held, with tweezers, by different corners for 

each wetting and rinsing step.  It is also critical for optimum nanowire alignment that the 

substrates not have an RMS roughness greater than ~2 nm (ITO substrates with <1 nm 

RMS roughness are available from Thin Film Devices, Inc.).30  In addition, studies have 
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Figure 4.7 (a) Top view and (b) side view SEM images of ZnO nanowires grown on a 
silicon substrate seeded with ZnO using the thermal decomposition of zinc acetate 
method.  Scale bars are 500 nm in (a) and 1 mm in (b).  

 
 
 
 
 

 
 

Figure 4.8 Top view SEM image of ZnO nanowires on an FTO substrate seeded with the 
thermal decomposition of zinc acetate method using too much solution and not squirting 
with ethanol at the appropriate moment during the drying process. The excess zinc 
acetate results in inhomogeneities in the nanowire film on the ~100 mm scale. The scale 
bar is 50 µm.  
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shown that the relative humidity, RH, during the seeding process influences the nanowire 

alignment, density and size.24  The optimum RH was found to be ~35%, when the RH 

was too high the nanowire diameters became more polydispersed and when the RH was 

too low the number density and alignment of the nanowires decreased.  Lee et al. propose 

that a small amount of water is required to hydrolyze the zinc acetate to an insoluble zinc 

hydroxide which is converted to ZnO upon annealing.24 However, too much water results 

in higher seed layer densities and less uniform nanowire diameters.24 This reasoning 

makes sense because we saw a similar sensitivity to water in the ZnO nanoparticle 

synthesis (Method M) mentioned above.  

After experimenting with seeding the substrates by drop casting nanoparticles and 

with the thermal decomposition of zinc acetate we decided, due to its better 

characteristics that the decomposition of zinc acetate technique would work best for our 

ZnO nanowire growth experiments.  This method is reproducible (once the art of the 

wetting and rinsing process is mastered), results in uniform aligned nanowires and the 

number density can be controlled by changing the concentration of the zinc acetate 

ethanol solution (see Chapter 6).  One issue which limits the surface area of these 

nanowire films is that since the nanowires are so aligned and densely packed, which is 

good for high surface area, the nanowire diameters become large enough that the 

nanowires coalesce and eventually become a continuous film.   

The addition of a surfactant such as polyethyleneimine (PEI) reportedly helps to 

hamper the diameter growth rate, by adsorbing on the sides of the nanowires, and leads to 

longer individual wires.12,49-51 We grew ZnO nanowires on silicon substrates, seeded with 

the decomposition of zinc acetate, in the standard reaction solution of 16 mM zinc nitrate 

hexahydrate and 25 mM methenamine with PEI present (number average molecular 

weight, Mn= 423, Aldrich cat# 468533).  The reaction was done at 90 °C without 

preheating.  We found that the pH of the reaction solution increased dramatically, from 

7.5 to 10.5, with PEI (Mn=423) concentrations greater than 6 mM.  Due to the higher pH 

values nanowires did not grow with PEI concentrations greater than 6 mM.  Thus, PEI 

concentrations of 2 mM and 6 mM were explored.  It was found that the addition of PEI 

(Mn=423) actually lowered the nanowire aspect ratio. This is contrary to reports in 



 96 

literature which claim that the addition of PEI increases the nanowire aspect ratio.12,49-51 

PEI can be purchased in a wide variety of molecular weights (Mn=423-60,000, Aldrich) 

and several different PEI molecular weights have been used in literature.12,50,51  

Furthermore, it is not always explicitly stated in the literature which molecular weight 

PEI was used.12,51  The nanowire aspect ratio might be sensitive to the PEI molecular 

weight and maybe at Mn=423 PEI lowers the aspect ratio, whereas at different molecular 

weights it might increase the aspect ratio. Exploring the effects of different molecular 

weight PEI samples in different concentrations would be worth while in order to 

understand the effect PEI has on the nanowire growth.   
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Chapter 5 : Mechanism of ZnO Nanowire Growth from 
Aqueous Solutions of Methenamine and Zinc Nitrate 
 
 
5.1 Introduction 

Although the synthesis of ZnO nanowires from an aqueous solution of zinc nitrate 

hexahydrate and methenamine (also called hexamethylenetetramine, hexamine and HMT, 

molecular formula C6H12N4) was reported several years ago1-3 the role of methenamine 

and the ZnO nanowire growth mechanism is still widely debated.4-11 The most commonly 

suggested growth mechanism is based on the hydrolysis of methenamine to form 

ammonia which equilibrates with water to form ammonium ions (NH4
+) and hydroxyl 

ions (OH-). By hydrolyzing slowly, methenamine is thought to act as a pH buffer and 

supply OH-, which reacts with the zinc ions to form ZnO.4-6,11 This sequence of reactions 

is most often represented as follows: 
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Some researchers6,8 hypothesize that since solid Zn(OH)2 is less stable in the reaction 

solution it forms first upon precipitation, and that ZnO forms over time from the solid 

Zn(OH)2 by dissolution followed by reprecipitation or by phase transformation. Based on 

infrared spectroscopy experiments Sugunan et al.9 conclude that methenamine does not 

decompose at all during the reaction. In addition, they and several other researchers7,10,11 

hypothesize that since methenamine is a non-polar chelating agent it preferentially binds 

to the non-polar sidewalls of the wires and inhibits lateral growth which leads to the 

anisotropic nanowire growth. However, by using NMR to examine the methenamine 

concentration during the reaction Ashfold et al.6 conclude that methenamine 

decomposition does occur and is independent of the reactions producing ZnO. Still, other 

researchers think that a zinc methenamine complex (Zn-HMT2+) is present in the 

solution,10 yet others disagree with this hypothesis.8,9 Furthermore, based on electron 

energy loss spectroscopy experiments as well as the observation of hollow ZnO particles, 
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Li et al.4 and Chou et al.7 hypothesize that the ZnO nanowire nuclei is a zinc-nitrate-

water-methenamine organometallic complex [Zn(H2O)2(HMT)2](NO3)2 or 

[Zn(H2O)4(HMT)2](NO3)2.
12,13 

 In this chapter we suggest a detailed growth mechanism for the formation of ZnO 

nanowires from methenamine and zinc nitrate hexahydrate. We propose and show 

evidence that a zinc methenamine complex (Zn-HMT2+ and Zn-HMT-Zn4+) is the 

precursor and reacts at the surface of the hydroxyl terminated ZnO nanowires. To support 

our proposed growth mechanism we examined the growth with several experimental 

techniques, kinetic modeling, and thermodynamic calculations. 

5.2 Experimental 

5.2.1 Nanowire Growth  
ZnO nanowires were grown heterogeneously on silicon (100) substrates, seeded 

with ZnO, from aqueous solutions of zinc nitrate hexahydrate (Zn(NO3)2•6H2O)  (Fisher 

#Z45-500) and methenamine (Mallinckrodt #5180). All chemicals were used as received. 

Methenamine is a cyclic amine and is shown in Figure 5.1. The initial concentration of 

zinc nitrate hexahydrate was varied between 0 mM and 33.6 mM and the initial 

methenamine concentration was varied between 4 mM and 100 mM to explore the effects 

of methenamine concentration on the reaction rate.  

In growing the ZnO nanowires, aqueous solutions of zinc nitrate hexahydrate and 

methenamine were heated by one of two different methods.  In the first method, separate 

solutions of zinc nitrate hexahydrate and methenamine with twice the initial reaction 

concentration (i.e., between 0 and 67.2 mM zinc nitrate hexahydrate and between 8 mM 

and 200 mM methenamine) and half the total reaction volume were heated in an oven or 

on a hot plate to the growth temperature. These preheated reactants were mixed together 

and placed in a preheated oven.  The instant at which the preheated reactants were mixed 

was taken to be the start of the reaction (time, t = 0). The substrates (along with the 

aluminum substrate holder) were also preheated to the reaction temperature and 

immersed in the mixed solution at t=0. This method of growth and the nanowires grown 

using this protocol will be referred to as “preheated”.  This protocol aims to grow the 
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Figure 5.1 Structure of methenamine (C6H12N4).
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nanowires under well-controlled isothermal conditions.  In the second method, the 

reactants were mixed together at room temperature and placed in a preheated oven to heat 

up over time to the growth temperature.  The start of the reaction (t = 0) for this growth 

method was taken to be the instant the reactants were mixed and placed in the oven. This 

method of growth and nanowires grown using this protocol will be referred to as “not 

preheated”. This is the most common protocol used in the literature for growing 

nanowires even though the growth conditions are very ill-defined and the temperature-

time history of the solution and the substrate depends on the volume of the liquid 

solution, beaker size and even the precise model and configuration of the oven used for 

growth.  Nevertheless, this protocol produces nanowires with desired properties and is 

used widely. Difficulty with reproducibility as well as large differences in morphology 

due to small variations in time-temperature history is often encountered though not well-

documented in the literature.  

5.2.2 Substrate Seeding for Heterogeneous Growth 
 To grow a dense film of ZnO nanowires on silicon substrates the silicon surfaces 

were seeded with a thin (~5-10 nm) layer of ZnO using a method developed by Greene et 

al.14 In this seeding method, one drop (~0.05 mL) of 5 mM zinc acetate in ethanol was 

drop cast on the substrate and evenly distributed by rotating the sample with a gentle 

rotating motion of one’s wrist while the sample was held with tweezers. After ~10 

seconds of rotation, the substrate was rinsed with ethanol and then immediately dried 

with a stream of Ar.  The drop casting, rotating, rinsing and drying were repeated three 

times.  The substrate was then annealed at 350 °C for 20 minutes. The entire seeding 

process was repeated to ensure complete coverage of the substrate with the ZnO seeds.  

5.2.3 Homogeneous Growth Characterization 
 In addition to growing heterogeneously on seeded substrates, the ZnO nanowires 

nucleate and grow homogeneously and precipitate out of solution.  We monitored the rate 

of homogeneous precipitation by growing ZnO nanowires in 15 mL centrifuge tubes and 

measuring the mass of the ZnO precipitate as a function of time. In these experiments, 

each centrifuge tube was filled with 10 mL of the same reaction solution.   The centrifuge 

tubes were capped and placed up right in a “bouquet” fashion in a large beaker.  The 
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reactants were not preheated.  The tubes were placed into a 95 °C oven at t=0 and it took 

~1 hr for the reaction solution in the centrifuge tubes to reach 90 °C. Periodically, one 

centrifuge tube was removed from the oven and the ZnO precipitates were centrifuged 

out of the solution.  The residual salts in the ZnO precipitates were removed by 

suspending the particles in water and then recentrifuging the particles. This washing step 

was repeated three times.  The particles were then suspended in acetone, dispensed on a 

watch glass of known weight, dried in an oven and immediately weighed.  It was 

important that the particles were immediately weighed after drying since water 

condensing on the particles would cause inaccurate weight measurements.  In addition, to 

further improve accuracy, the empty watch glasses were also heated in the oven and 

immediately weighed.   

 To examine the morphology and crystal structure of the homogeneously grown 

ZnO nanowires the synthesis was carried out with 300 mL of the growth solution 

containing 16.8 mM zinc nitrate hexahydrate and 25 mM methenamine.  Periodically, 15 

mL of the reaction solution was sampled and the residual salts were removed by 

centrifuging and washing with water three times.  The ZnO particles were then dispersed 

in acetone and drop-cast on a silicon substrate for examination with scanning electron 

microscopy (SEM) and X-ray diffraction (XRD).  Homogeneous nanowire precipitates 

from both preheated and not preheated reactions were examined.   

5.2.4 Growth Solution Characterization 
 In addition to ZnO that has precipitated out of solution, zinc is present in the 

growth solution as zinc ions such as Zn2+, Zn(OH)n
2-n, Zn(NH3)

2+ Zn-HMT2+ etc. Which 

ions are present in the solution will be discussed below. Titration with 

ethylenediaminetetraacetic acid (EDTA) was used to measure the total concentration of 

all ions containing zinc. Hereafter, this concentration will be referred to as the “total zinc 

ion concentration”.  The EDTA titration is described in the analytical chemistry text by 

Harris.15 To determine the temporal variation of the total zinc ion concentration during 

growth, 3 mL aliquots of the solution was removed from the beaker periodically. The 

ZnO particles were removed from this aliquot using a 0.2 µm GHP Pall acrodisc filter. 

which removes all particles larger than 200 nm.  Following, 1 mL of the filtered growth 
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solution was mixed with 25 mL of deionized water, 5 mL of ammonia pH 10 buffer 

(Sigma-Aldrich product #33582) and 3 drops of an eriochrome black T indicator solution. 

The indicator solution was made up of 0.1 g of eriochrome black T metal indicator 

(Acros #22836100), 7.5 mL of triethanolamine (Sigma-Aldrich product #33729) and 2.5 

mL of absolute ethanol. The indicator is purple when bound to zinc and is blue otherwise.  

EDTA binds in a 1:1 ratio to zinc and has a larger binding constant (logK=16.5) than 

both the indicator and all the other zinc complexes present in the solution. Thus, when the 

filtered aliquot mixed with the indicator is titrated with and aqueous solution of EDTA 

(Acros #40997-1000), the solution changes color from purple to blue when the number of 

moles of EDTA added is equal to the number of zinc ions present in the solution. The 

total zinc ion concentration is determined from the concentrations and volumes of the 

EDTA solution added and the filtered growth solution.   

The methenamine concentration was measured as a function of time during 

growth using 300 MHz proton Nuclear Magnetic Resonance (NMR). For these 

experiments, growth was carried out in 50 mL of D2O (Sigma-Aldrich #151882). Both 

protocols with and without preheating of the reactant solutions were studied. For NMR 

experiments, 3 mL aliquots were removed periodically from the growth solution filtered 

with a 0.2 µm GHP Pall acrodisc filter to remove the ZnO particles. One mL of this 

filtered solution was mixed with between 10 and 100 µL of D2O containing 0.75 wt% 

sodium 3-(trimethylsilyl)propionate-2,2,3,3,-d4 (TSP) (Sigma-Aldrich #293040) and 0.7 

mL of this solution was placed in an NMR tube.   The TSP was used as a standard.  It 

was found that adding too much TSP caused white particles to precipitate out of solution. 

The identity of these particles was not determined. However, when the amount of TSP 

solution added was between 10 and 100 µL precipitation was not observed.  For 

consistency, the same amount of TSP was added to all aliquots from a specific growth 

experiment. The area of the methenamine proton peak was integrated relative to the TSP 

standard peak and used to determine the methenamine concentration. Varian NMR 

(Vnmr) software was used for the peak integration. Absolute methenamine 

concentrations were determined by comparing the methenamine proton peak areas to that 

found from a 25 mM standard methenamine solution. The effect of pH on the 
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methenamine proton NMR with and without zinc present was also examined. For these 

experiments, NMR spectra were collected from D2O solutions containing only 

methenamine and from solutions containing methenamine and zinc nitrate hexahydrate 

with varying pH values.  The solution pH values were lowered to various levels by 

adding different volumes of a dilute (~12 mM) HCl D2O solution.   

The temporal variation of the solution temperature and pH were measured 

simultaneously using an Oakton pH probe with a double junction combination electrode 

(model #110).  

5.2.5 Nanowire Characterization 
 The nanowire morphology and crystal structure were determined using SEM 

(JEOL 6700) and x-ray microdiffraction (XRD, Bruker-AXS Microdiffractometer), 

respectively. The surface of the nanowires was characterized using x-ray photoelectron 

spectrscopy (XPS, Physical Electronic phi 5400) as well as attenuated total reflectance-

Fourier transfer infrared spectroscopy (ATR-FTIR, Nicollet Magna 550).   

 XPS studies were conducted on ZnO nanowires which were grown on seeded 

silicon substrates from 16.8 mM zinc nitrate hexahydrate and 25 mM methenamine at 90 

°C for 4 hours.  The solution was not preheated and the nanowires were rinsed with 

deionized water and dried in air before being placed in the XPS chamber which was at 

10-9 torr.  

For the ATR-FTIR measurements the nanowires were grown directly on to a Ge 

ATR crystal from 16.8 mM zinc nitrate hexahydrate and 25 mM methenamine at 90 °C 

for 4 hours.  The solution was not preheated.  The ATR crystal was removed from the 

solution and allowed to dry without rinsing before the FTIR spectrum was recorded. This 

spectrum is referred to as that of the unwashed wires. Following, the ATR crystal with 

the nanowires was washed with deionized water and allowed to dry before taking a 

second FTIR spectrum. This spectrum is referred to as that of the washed wires. An ATR 

crystal with a ZnO seed layer but without the nanowires was used as the background. To 

help interpret the FTIR spectra obtained a few milliters of various aqueous solutions 

including methenamine and zinc nitrate hexahydrate were dried directly on to a pristine 

Ge ATR crystal and FTIR spectra were taken with the pristine ATR crystal as the 
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background.  The samples were determined to be “dry” once the IR peaks due to liquid 

water disappeared and the spectra stopped changing. 

5.3 Effect of Temporal Temperature Profile 
Figure 5.2a shows the temporal evolution of the growth solution temperature for 

two cases, when the reactant solutions were (i) preheated and (ii) not preheated. When the 

reaction reactant solutions are preheated and mixed the temperature of the growth 

solution remains at ~90 °C during the entire growth and all the reactions may be 

considered isothermal. In contrast, when the reactant solutions are not preheated, the 

growth solution takes ~100 minutes to reach ~90 °C.  

It should be noted that in the experiment shown in Figure 5.2 the temperature of 

the oven was set to 95 °C and the internal air temperature was confirmed to be 95 °C with 

a thermocouple. However, as Figure 5.2a shows both the preheated (i) and not preheated 

(ii) growth solutions reach only ~90 °C. Thus the solution temperature does not reach 

complete thermal equilibrium with the oven within the time of the reaction (~2 hours).  

When the reactants were preheated for ~2 hours before they were mixed, they also reach 

~90 °C.  Although the growth solution does not seem to reach thermal equilibrium with 

the oven surroundings within the time scale of the reaction, they remain steady at a 

known temperature within ~5 °C of the oven temperature. The reaction temperatures 

quoted in this chapter will be the measured temperature of the growth solutions and not 

that of the oven temperature. For growth experiments where the solutions are not 

preheated, the temperature quoted is the temperature the solution reaches at the end of the 

reaction (i.e., 90 °C for experiment ii in Figure 5.2a.)  

Figure 5.2b shows the temporal variation of the solution pH corresponding to the 

experiments in Figure 5.2a.  When the solution is not preheated (ii) the pH decreases 

from 6.8 at t=0 to 5.79 on a time scale of ~100 minutes, the same as that it takes the 

temperature to increase from ~33 °C to ~90 °C.  The pH of the solution is determined by 

the quasi-equilibrium reached between various rapid equilibrium reactions involving 

protons and hydroxyl ions. These reactions are:  
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The fact that the pH follows the temperature indicates that the temperature 

dependence of these equilibria as well as the changes in the concentration of NH3 is 

responsible for this change in pH. The ammonia is not directly added to the solution but 

is a product of the decomposition of the methenamine, as will be discussed in detail 

below. As the temperature is raised, methenamine decomposes slowly and NH3 is 

released into the solution (see below). The reactions (5.R4)-(5.R7) reach equilibrium on a 

time scale much faster than the variation of the temperature and ammonia concentration. 

Thus, these reactions are at a quasi-equilibrium that follows the solution temperature 

variation (i.e., they come to equilibrium very rapidly at the new temperature T when it is 

increased.) Thermodynamic equilibrium calculations reveal (see below) that as the 

temperature is raised, reaction (5.R5) moves further to the right creating more Zn-HMT2+ 

complexes. When zinc complexes with methenamine it competes for lone pairs on the 

nitrogens so that fewer nitrogens are available for protonation (reaction (5.R4)). This in 

turn results in the pH decreasing as the temperature is raised.  

 When the reactants are preheated and mixed the pH remains approximately 

constant around ~5.8. However, when the temporal evolution of the solution pH is 

examined in detail (Figure 5.2c), there are some subtle changes in pH over the course of 

the reaction. For example, the pH starts at ~5.8 and drops down to ~5.75 in the first 30 

minutes. After this drop, the pH starts to climb up slowly reaching ~5.83 after 2 hours 

into the reaction. McPeak et al.16 and Ashfold et al.6 describe a similar temporal pH 

evolution for the reaction of zinc nitrate hexahydrate and methenamine at 90 °C. This 

subtle pH variation with time can be explained by examining the reactions occurring in 

the solution. As the methenamine and zinc nitrate hexahydrate solutions are preheated 

separately their pH rises because the water equilibrium constant increases as the 

temperature is increased.17 The methenamine solution pH rises from ~7.6 to ~8.2 and the 

zinc nitrate hexahydrate solution pH rises from ~5.3 to 5.75. Thus, when the preheated 
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Figure 5.2 (a) Temperature and (b) pH of the growth solution as a function of time for (i) 
preheated and (ii) not preheated growth. Solution volume, Zn(NO3)26H2O and HMT 
concentrations were 100 ml, 16.8 mM and 25 mM, respectively. (c) Curve (i) in (b) on 
expanded scale; the small steps are due to the digitization limit of the probe. 
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solutions are first mixed, there is a relatively large concentration of OH- relative to other 

points in time during the reaction. The solution instantly turns cloudy when the preheated 

reactants are mixed at 90 °C as some fraction of the Zn2+ ions react with the OH-, via 

reaction (5.R3), and precipitate as ZnO(s).
16 Reaction (5.R3), however, only occurs at the 

beginning of the reaction when the pH and temperature are such that reaction (5.R3) is 

possible. As reaction (5.R3) proceeds during the initial moments after mixing of the 

reactants, the pH decreases as OH- is consumed. The pH continues to decrease during the 

first ~24 minutes of the reaction (Figure 5.2c), until it arrives at value such that reaction 

(5.R3) reaches equilibrium and ZnO(s) is not longer formed from reaction (5.R3). While 

reaction (5.R3) is occurring methenamine is also slowly decomposing to form NH3.  

Thus, after ~24 minutes into the reaction enough NH3 has been produced and equilibrated 

with water through (5.R7) such that the pH of the solution starts to increase. Between ~24 

minutes and the end of the reaction the methenamine continuous to decompose and the 

pH continues to rise (Figure 5.2c). 

 During the reaction of zinc nitrate hexahydrate with methenamine, ZnO 

nanoparticles are formed both homogeneously in the solution and heterogeneously on a 

substrate immersed in the solution. The homogeneous growth looks like white particles 

which form throughout the solution and make the solution look cloudy due to light 

scattering. The nanowires grow heterogeneously on substrates covered with a ZnO seed 

layer. This seed layer enhances the nanowire nucleation density. When the reactants are 

mixed at room temperature and then heated, homogenous nucleation begins when the 

solution reaches ~60 ° which occurs at ~22 minutes into heating for a growth solution 

volume of 100 ml. In contrast, precipitation occurs instantaneously upon mixing when the 

reactants are preheated to 90 °C.  

Figure 5.3 shows that the temporal evolution of the solutiontemperature has a 

dramatic effect on the dimensions of the ZnO nanowires produced both heterogeneously 

and homogenously.  Figure 5.3a shows an SEM of the nanowires grown on a silicon 

(100) substrate from a solution which was not preheated, i.e., (ii) in Figure 5.2a; these 

nanowires are 604 ± 26 nm high and 61 ± 22 nm in diameter. In contrast, 
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Figure 5.3 SEM images of ZnO nanowires grown at 90 oC for 4 hours. ZnO nanowires 
grown heterogeneously on Si using (a) the not preheating method and (c) the preheating 
method. In (a) the nanowires are 600 ± 25 nm long and 60 ± 25 nm in diameter, whereas 
in (c) they are 300 ± 25 nm long and 50 ± 20 nm in diameter. (b) and (d) show the 
homogeneous nanowire precipitates during (b) not preheated and (d) preheated growth, 
respectively. In (b) nanowire lengths range from fraction of a micron to 7 µm long while 
diameters range 50 to 500 nm. In (d) the nanowires are 830 ± 100 nm long and 120 ± 25 
nm in diameter. 
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Figure 5.3c shows an SEM of the nanowires grown on a substrate from a solution which 

was preheated to 90 °C, i.e., (i) in Figure 5.2a; these nanowires are 307 ± 23 nm high and 

46 ± 22 nm in diameter. The reason that the nanowires grown heterogeneously in the 

preheated solution are shorter and narrower than those grown in the not preheated 

solution is because over the course of the reaction there is a lower concentration of zinc 

in the preheated solution. The homogeneous growth and precipitation of ZnO(s) is the 

main sink of zinc in the growth solution; this will be shown shortly.  When the reactants 

are preheated and mixed nanowires form instantaneously and homogeneously upon 

mixing. This rapid precipitation results in a very large drop in the total zinc ion 

concentration during the first minute followed by a fast decline during the rest of the 

growth.  In contrast, the zinc concentration decreases slowly when the reactants are 

mixed at room temperature and heated to 90 oC (Figure 5.4).  This slow decrease is due to 

the gradual temperature rise which brings the growth solution to supersaturation slowly. 

As a result, homogeneous nucleation and growth of nanowires begin only after the 

solution reaches ~60 °C. This allows the total zinc ion concentration to remain higher 

than that in the preheated growth solution. Thus, the heterogeneous nanowire growth rate, 

is higher when the reactants are mixed at room temperature and heated to 90 oC than the 

growth rate when the reactant solutions are preheated and mixed at 90 oC. 

Figures 5.3b and d show the SEMs of nanowires that result from homogeneous 

nucleation and growth from a not-preheated (b) and a preheated (d) solution.  The 

nanowires grown in the preheated solution are more uniform in length and diameter than 

those grown from a not-preheated solution. When the reactant solutions are preheated and 

mixed at the growth temperature, nucleation of ZnO nanowires in the solution is 

immediate. This immediate nucleation is followed by a longer growth period that last 

several hours. Thus, the nucleation and growth steps of the nanowire synthesis were 

temporally separated when the solution is preheated. This allows all the nanowires to 

nucleate at approximately the same time and grow simultaneously, thereby causing them 

to be uniform in size. In contrast, when the solution is not preheated, the nanowires 

nucleate and grow throughout the reaction resulting in a wide distribution of nanowire 

lengths and diameters.   
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Figure 5.4 Total zinc ion concentration as a function of time during preheated (�) and 
not preheated (á) growth at 90 oC. The initial Zn(NO3)2  and methenamine concentrations 
were 16.8 mM and 25 mM, respectively. 

 

Figure 5.5 XRD from ZnO nanowires grown (a) heterogeneously on Si substrate and (b) 
homogeneously in solution using the transient growth method. (c) and (d) show the XRD 
from ZnO nanowires grown (c) heterogeneously on Si substrate and (d) homogeneously 
in solution using the isothermal growth method. (e) shows the powder diffraction pattern 
from wurtzite ZnO for comparison. The growth temperature and initial concentrations of 
Zn(NO3)26H2O and methenamine were 90oC, 16.8 mM and 25 mM, respectively. 
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Although the dimensions ZnO nanowires synthesized in preheated and not 

preheated solutions are very different, all of the nanowires formed heterogeneously and 

homogeneously are wurtzite ZnO, as is shown in Figure 5.5. XRD of all nanowires 

matched that of wurtzite ZnO, regardless of whether they are grown homogeneously, 

heterogeneously, by preheating the reactants or by heating reactants mixed at room 

temperature. Moreover, XRD from nanowires collected from the solution at various times 

during growth all matched that of wurtzite ZnO.  This sample set included the nanowires 

that precipitate immediately after the preheated reactants are mixed at 90 oC. Thus we 

conclude that only wurtzite ZnO nanowires form during growth. 

5.4 Effect of Methenamine Concentration 
Majority of the zinc put in the growth solution (99.5%) homogeneously 

precipitates as nanowires. Ultimately, the homogenous growth depletes the zinc 

concentration and brings the heterogeneous nanowire growth to a halt. Figure 5.6a shows 

the total mass of ZnO homogenous nanowire precipitates as a function of time for 

experiments where initial methenamine concentrations were varied while keeping the 

initial zinc nitrate hexahydrate concentrations constant at 16.8 mM.  Assuming that all of 

the zinc initially placed in the solution eventually precipitates to form ZnO, the maximum 

weight of ZnO that can be formed from 10 ml of 16.8 mM Zn(NO3)26H2O solution is 

13.7 mg (marked as the dotted line in Figure 5.6a). In all cases, the mass of the 

precipitates rises during the first 100-150 minutes and reaches a constant value. The 

significant scatter in the data reflects two sources of error. First, some amount of ZnO 

may be loss during centrifugation and washing steps. Second, after drying ZnO can start 

taking up water as ZnOH forms on the nanowire surfaces. This increases the weight. 

While this can be minimized by shortening the time between drying and weighing one 

could still see the mass change even as the precipitates were being weighed. 

Nevertheless, Figure 5.6a, shows that when more methenamine is added to the solution, 

homogeneous precipitation occurs faster and the precipitate weight reaches the final 

value sooner. We conclude that methenamine accelerates the growth reactions. This 

agrees with the results shown previously by Fujita et al.2  and Chou et al.7  
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Figure 5.6 (a) Mass of the ZnO homogeneous precipitation versus time for 10 mL total 
volume reactions done in a centrifuge tube starting with 16.8 mM zinc nitrate 
hexahydrate and 50 mM (à), 25 mM (á) or 12.5 mM (æ) methenamine.  The dashed line 
is at 13.7 mg and estimates the total ZnO mass possible if all of the zinc initially in the 
solution becomes ZnO. (b) Total zinc ion concentration in the solution versus time for 10 
mL total volume reactions done in centrifuge tubes starting with 16.8 mM zinc nitrate 
hexahydrate and 50 mM (à), 25 mM (á) or 12.5 mM (æ) methenamine. The total zinc 
ion concentration was found by titrating the solution with EDTA. These reactions were 
not preheated and reached 90 °C after ~60 minutes. 
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The zinc depletion rate increases with increasing methenamine concentration 

(Figure 5.6b). This is consistent with increasing homogeneous ZnO nanowire growth rate 

with increasing methenamine concentration because homogeneous growth is the zinc 

sink. In addition, the time it takes the zinc ion concentration to drop from the initial 

concentration of 16.8 mM to its equilibrium value of ~0.4 mM is ~200, ~300 and ~500 

minutes for the reactions with 50 mM, 25 mM and 12.5 mM methenamine, respectively 

(Figure 5.6b). These times match the time it takes to precipitate ~13.7 mg of ZnO (the 

total amount possible with 10 mL of 16.8 mM zinc nitrate hexahydrate) in reactions with 

each of these initial methenamine concentrations (Figure 5.6a). In summary, (i) nearly all 

of the zinc in solution precipitates as homogenous nanowires; (ii) homogenous growth 

rate determines the zinc depletion rate; and (iii) this rate increases with increasing 

methenamine concentration. 

5.5 Speciation Diagrams 
 Thermodynamic reaction equilibrium calculations (or speciation calculations) 

help determine the expected concentrations of the dominant species in a solution.  

Accordingly, for the aqueous HMT-NH3-Zn(NO3)2-ZnO(s) system, we calculated 

thermodynamic equilibrium concentrations and constructed speciation diagrams at room 

temperature and at 90 oC. Speciation calculations have been done previously on similar 

aqueous systems. Govender et al.8 examined the HMT-Zn(CH3COO)2-Zn(OH)2(s) system, 

Ashfold et al.6 the NH3-Zn(NO3)-ZnO(s) system, Tay et al.18 the NH3-Zn(CH3COO)2-

Zn(OH)2(s) system, and Yamabi et al.19 calculated the solubility of ZnO(s) in water.  

 The following reactions and species were considered in the speciation 

calculations. 
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All of the zinc ions are in equilibrium with the solid ZnO(s) present in the solution.  

Assuming an ideal solution, 19 algebraic equations can be written and solved 

simultaneously for the concentrations of the 19 components in reactions (5.R8)-(5.R23) 

as a function of pH.  These 19 equations include 16 reaction equilibrium expressions for 

reactions (5.R8)-(5.R23) which are of the form 
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where, υij  is the stoichiometric coefficient of species i in reaction j, Kj is the equilibrium 

constant for reaction j, iâ  is the activity coefficient of reactant i, and Nr is the number of 

reactants. Assuming an ideal solution allows the reactant activity coefficients, iâ , to be 

replaced with the reactant concentrations, ic , such that equation (5.2) becomes, 
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The equilibrium constant Kj  is related to the standard Gibbs free energy change of the 
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Table 5.1 Equilibrium constants for reactions (5.8R)-(5.23R). The equilibrium constants 
for reaction (5.R13)-(5.R22) were found from literature.8,15,20 The other equilibrium 
constants were calculated from the ∆Gf

° values in Table 5.2. 
 

Reaction # log K j (25 °C) log K j (90 °C)

8 11.5 8.68

9 2.1 0.81
10 -5.8 -5.12

11 -17.2 -14.04

12 -30.0 -27.47
13 1.8 1.48
14 4.89 4.01

15 0.11 0.09

16 -0.82 -0.67
17 -0.6 -0.49

18 -1.3 -1.07

19 2.18 1.84

20 4.43 3.68

21 6.74 5.48

22 8.7 6.76

23 9.3 7.61
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Table 5.2 Standard free energy, ∆Gf

°, and enthalpy, ∆Hf
°, of formation for the reactants 

in reactions (5.8R)-(5.23R), when available in literature.18,19,21  Standard conditions are 1 
atm and 25 °C. 
 

Species ∆∆∆∆Gf∞  kJ/mol ∆Η∆Η∆Η∆Ηf∞ kJ/mol

Zn2+ (aq) -147 -153.64

ZnOH+ (aq) -330.1 -388.35
Zn(OH)2 (aq) -522.3 -611.95

Zn(OH)3 (aq) -694.3 -817.97

Zn(OH)4 (aq) -858.7 -1125.64
ZnO (s) -318.32 -348.28
H2O (l) -237.18 -285.83

H+ (aq) 0 0

OH- (aq) -157.29 -230
NH3 (aq) -26.57 -80.29

NH4
+ (aq) -79.37 -132.5

Zn(NH3)
2+ (aq)  -- -244.81

Zn(NH3)2
2+ (aq)  -- -338.07

Zn(NH3)3
2+ (aq)  -- -434.68

Zn(NH3)4
2+ (aq)  -- -536.72  
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Table 5.1 shows the equilibrium constants for reactions (5.R8)-(5.R23) at 25 ±C and 90 

±C. For some of the reactions o

jG∆  was calculated, using the standard Gibbs free energy 

of formation of the reactants ( o

fG∆ ), and then used to calculate the reaction equilibrium 

constant using equation (5.3).  For other reactions the equilibrium constant was found 

from literature.8,15,20  The equilibrium constants at 90 ±C for some of the reactions (5.R8)-

(5.R23) were found using the standard enthalpy of formation of the reactants, o

fH∆ , and 

the Van’t Hoff equation.  Table 5.2 shows the reactant o

fG∆  and o

fH∆  values which are 

available in the literature.18,19,21  For some reactants the o

fH∆  values were not available in 

the literature, so for those reactions involving these reactants the Gibbs free energy 

change was assumed to be independent of temperature in the narrow temperature range of 

interest. This is an appropriate assumption for a narrow range of temperatures because the 

exponential dependence of the equilibrium constants on temperature is the strongest 

while the temperature dependence of the Gibbs free energy is a higher order correction. 

 Traditionally, three atomic balance equations over nitrogen, oxygen and carbon 

would also be included. However, at equilibrium the total number of methenamine, 

ammonia and ammonium ions and nitrate ions is constant.  Therefore, to simplify the 

calculations, molecular balances were done over methenamine, ammonia and ammonium 

ions and nitrate ions.  The equations used were  

         

)6.5(])([4])([3])([2])([][

)5.5(][][

)4.5(][][][

2
4332333

43

2

3
NNOZnNOZnNOZnNOZnNO

ANHNH

MHMTHHMTHMTZn

=++++

=+

=−++−

−−+−

+

++

 

where M, A and N are the total number of methenamine, ammonia and ammonium ions, 

and nitrate ions, respectively. M and N were set to the initial concentrations in the 

reaction solution, 25 mM and 32 mM respectively. A was set to 40 mM, this is the 

maximum concentration which occurs in the reaction solution according to the temporal 

evolution of the methenamine concentration shown below (Figure 5.11c).     

 The 16 reaction equilibrium equations of the form shown in equation (5.2) along 

with 3 molecular balances, equations (5.4)-(5.6), were all solved simultaneously for the 

concentration of the 19 reactants, shown in reactions (5.R8)-(5.R23), as a function of pH.   
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Figure 5.7 Concentrations of zinc containing ions, as a function of pH, in equilibrium 
with ZnO(s) in an aqueous solution containing 25 mM methenamine, 32 mM nitrate ions 
and 40 mM ammonia. The concentrations are expressed as a percentage of total Zn 
containing ions. (a) ,(b) and (c) are at 25 °C, and (d) is at 90 °C. Those species which are 
below 0.2% in the pH region displayed are not shown for clarity. (1) Zn2+, (2) Zn(OH)2, 
(3) Zn(OH)3

-, (4) Zn(OH)4
2-, (5) ZnHMT2+, (6) Zn(NH3)3

2+, (7) Zn(NH3)4
2+, (8) Zn(OH)+, 

(9) Zn(NO)3
+, (10) Zn(NH3)

2+, (11) Zn(NH3)2
2+. 
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The total solubility of ZnO as a function of solution pH was calculated by summing all 

the zinc containing ion concentrations at each pH value. The percentage that each zinc 

containing ion is of the total ZnO(s) solubility as a function of pH was calculated by 

dividing the concentration of each  zinc ion (at each pH) by the total ZnO(s) solubility (at 

each pH) and multiplying by 100.   

 Figures 5.7a and b show the percentage that each zinc containing ion is of the 

total ZnO(s) solubility at 25 °C as a function of pH.  Figure 5.2c shows that the 

experimentally relevant section of the speciation diagram is between 5.75 and 5.85.  

Figure 5.7c shows that in this pH range and at 25 °C most of the zinc containing ions are 

Zn2+ (~94%) with a small amount of Zn(NO3)
+ (~4%) and zinc-methenamine complex 

Zn-HMT2+ (~2%) present. However, as the solution temperature is increased, the 

concentrations of zinc containing ions change as shown in Figure 5.7d.  At 90 °C Zn2+ is 

still the dominant ion (55%) but there is also significant amounts of the zinc-

methenamine complex Zn-HMT2+ (~38%). Other ions such as Zn(OH)+, Zn(OH)2, 

Zn(NO3)
- and Zn(NH3)

2+ also exist in smaller amounts. While the reaction is clearly not 

in thermodynamic equilibrium these calculations suggest that the ZnO growth mechanism 

may involve Zn2+ and the zinc-methenamine complex, Zn-HMT2+, as precursors. 

5.8 Surface Characterization of ZnO Nanowires 
 Figure 5.8 shows the ATR-FTIR absorption spectrum of dry ZnO nanowires 

immediately after they are grown on a Ge ATR crystal but before rinsing with deionized 

water (unwashed). This spectrum of the unwashed nanowires is similar to that recorded 

by Chou et al.7 for unwashed ZnO particles synthesized from zinc nitrate hexahydrate and 

methenamine. Figure 5.8 also shows the ATR-FTIR spectrum of the same nanowires 

after they were rinsed with deionized water and dried with flowing air. When the 

nanowires are allowed to dry after growth without rinsing with deionized water (i.e., 

unwashed wires), a salt containing zinc, methenamine, nitrate ions and water molecules 

deposits onto the surface of the nanowires and the infrared spectrum is dominated by this 

deposit.  The IR peaks of the unwashed wires were assigned by comparing to spectra of 

methenamine, nitrate salts, and methenamine-nitrate-zinc-water salts found in 
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Figure 5.8 ATR-FTIR spectra of ZnO nanowires grown on a Ge ATR crystal for 4 hours 
not preheated at 90 °C in a solution of 16.8 mM zinc nitrate hexahydrate and 25 mM 
methenamine before (i) and after (ii) rinsing with deionized water. (a) Between 950 cm-1 
and 1600 cm-1. (b) Between 2500 cm-1 and 3700 cm-1. Both of these spectra were taken 
with respect to the ZnO seeded (via drop casting ZnO nanoparticles) Ge ATR crystal. 
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literature.13,22-26 When methenamine is bound to a zinc atom in a salt this causes the n22 

and n21 C-N stretches and the C-N-C deformation mode, which are located at 1007 cm-1 

and 1234 cm-1 and 1048 cm-1 respectively in neat methenamine to shift, broaden and 

split.13,22   The “neat” methenamine IR spectrum we refer to in this chapter is that of 

crystalline methenamine in a KBr pellet.22 In the IR spectrum of the unwashed wires the 

methenamine n22 C-N stretch splits into two peaks, one at 978 cm-1 and one at 1012 cm-1.  

The methenamine n21 C-N stretch shifts to 1259 cm-1 and the C-N-C deformation mode 

shifts to 1066 cm-1. The broad peaks at 1297 cm-1 and 1484 cm-1 are due to the N-O 

stretching bands of the nitrate ions. The weak absorptions between 1350 cm-1 and 1480 

cm-1 are due to the CH2 wags, deformations and scissors of the methenamine and the 

weak absorptions near 2980 cm-1 are due to methenamine CH2 stretches.  The 

broadabsorption near 3550 cm-1 is due to O-H stretches of adsorbed water and hydroxyls 

as well as the N-H stretches of methenamine. 

The IR spectrum of the nanowires showed none of the absorptions assigned to the 

hydrated salt containing zinc, methenamine, nitrate ions after rinsing the unwashed 

nanowires with deionized water (Figure 5.8). We conclude that methenamine, nitrates 

and zinc were removed from the nanowire surface during rinsing with water.  Only the 

absorption at 3550 cm-1, which corresponds to O-H stretches, remains.  This suggests that 

the nanowire surface is hydroxyl terminated when in the reaction solution. The 3550 cm-1 

peak is assigned to O-H stretches and not to N-H absorptions, which also appear in this 

region of the spectrum, because no nitrogen was detected with XPS on the washed 

nanowires (Figure 5.9).   

5.9 ZnO Nanowire Growth Mechanism 
 Tada27 studied the decomposition of methenamine to ammonia (NH3) and 

formaldehyde (H2CO) in acidic conditions and found that the first step in this reaction is 

the protonation of one of the nitrogen atoms in methenamine. The nitrogen atoms of the 

methenamine molecule protonate and deprotonate on a very fast time scale compared to 

the reaction rates of the subsequent decomposition steps. Thus, during slow 

decomposition reactions the protonated (H-HMT+) and unprotonated (HMT) forms of 

methenamine are in equilibrium with each other as shown in reaction (5.R14). The 
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Figure 5.9 XPS spectrum of ZnO nanowires grown on a silicon substrate, seeded by drop 
casting ZnO nanoparticles, from an aqueous solution of 25 mM methenamine and 16.8 
mM zinc nitrate hexahydrate not preheated at 90 °C. The nanowires were rinsed with 
deionized water before the spectra was taken. Only oxygen and zinc peaks were present 
in the spectrum. 
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equilibrium constant of this reaction was measured to be K=104.89.8,20 In the second step 

of the decomposition mechanism, a second proton attaches to the already protonated 

nitrogen irreversibly breaking the C-N bond. Tada27 found that once this C-N bond was 

broken the subsequent steps of the methenamine decomposition proceeded quickly, thus 

making this second step the rate limiting step.  

We propose that, during ZnO nanowire growth, the methenamine decomposes 

through a similar mechanism, except that, instead of a proton, a zinc ion initiates the 

decomposition reaction by attaching to one of the nitrogen atoms on the methenamine. 

Figure 5.10 illustrates the proposed ZnO nanowire growth mechanism. In the first step, a 

Zn2+ ion binds to one of the nitrogen atoms on the methenamine molecule. The rapid 

binding and unbinding of the zinc to the nitrogen on the methenamine is fast relative to 

the subsequent reactions so that the Zn2+ ion, methenamine and zinc-methenamine 

complex (Zn-HMT2+) are in pseudo equilibrium through reaction (5.R13) (K=101.8),8,20 

during the ZnO nanowire synthesis. This equilibrium is quantified by forward and reverse 

rate constants k1f and k1r.  Assuming pseudo equilibrium between methenamine, Zn2+
 ion 

and Zn-HMT2+ is appropriate because we expect molecules such as water and 

methenamine surrounding a Zn2+ ion in an aqueous solution to substitute at a rate of ~107 

sec-1. For example, this rate has been measured to be 3×107 s-1 for water,28 and since the 

zinc-nitrogen bond formed between methenamine and Zn2+ should behave in a similar 

way to the zinc-oxygen bond formed between water and Zn2+, the rate of methenamine 

substitution into the coordination sphere of Zn2+ should also be on the order of ~107 sec-1.  

This is much faster than the decomposition of methenamine which happens on a time 

scale of minutes. 

In the next step, one of two things can happen to the Zn-HMT complex. First, it 

can come in contact with the Zn-OH on the nanowire surface and the hydroxyls can act as 

a nucleophile, breaking the bond between the nitrogen bound to the zinc and an adjacent 

carbon atom.  Tada27 established such an attack on the Zn-N bond to be the rate limiting 

step in decomposition of methenamine. Following, the methenamine quickly decomposes 

to ammonia and formaldehyde and the zinc is incorporated into the ZnO solid. This 
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Figure 5.10 Schematic of the proposed mechanism of ZnO(s) formation from zinc nitrate hexahydrate and methenamine. Zinc-
methenamine complexes, Zn-HMT2+ and Zn-HMT-Zn4+ form in the solution and react at the hydroxyl terminated ZnO(s) surface. 
Upon reaction the zinc incorporates into the ZnO(s) and the methenamine decomposes to ammonia and formaldehyde. The line with 
the hash marks indicates ZnO(s)-solution-interface.  
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irreversible process of the zinc in the Zn-HMT2+ complex incorporating into ZnO can be 

approximated with one reaction rate constant k2. The second possible reaction path for 

the Zn-HMT2+ is for another Zn2+ ion to bind to the Zn-HMT2+ before the methenamine 

decomposes, thus creating a Zn-HMT-Zn4+ complex.  Since the addition of the second 

Zn2+ should be similar to the first, Zn-HMT2+, Zn-HMT-Zn4+, and Zn2+ are also taken to 

be in equilibrium with forward and reverse rates k3f and k3r, as is illustrated in Figure 

5.10.  Like Zn-HMT2+, the Zn-HMT-Zn4+ can also react with the Zn-OH on the nanowire 

surface and incorporate zinc atoms into the growing ZnO solid while producing ammonia 

and formaldehyde. This reaction can also be modeled with one reaction rate constant k4. 

It should be noted that the addition of the Zn2+ to Zn-HMT2+ may happen before or after 

the Zn-HMT2+ reacts with the ZnO(s) surface. For example, if it is possible for the Zn-

HMT2+ to adsorb on the ZnO nanowire surface to form an adsorbed species with finite 

and relatively long lifetime, then reaction of a second Zn2+ with this adsorbate would 

trigger the decomposition of the Zn-HMT2+complex.  The main idea that this sequence of 

events is capturing is that as one methenamine molecule decomposes it can incorporate 

either one or two Zn2+ ions into the ZnO(s).  We found this idea to be the key to fitting the 

kinetic data. 

The reactions in Figure 5.10 are balanced by using the ammonium ion (NH4
+) 

rather than ammonia (NH3).  This is because at the pH of the ZnO nanowire synthesis 

reaction, ~5.7, the NH4
+ to NH3 is ~80:1. Furthermore, hydroxyl ions are produced 

throughout the growth because the overall reaction of zinc and methenamine produces 

NH3 and NH4
+ ions, This is the reason for the slow rise in pH during the growth with 

preheated solutions (Figure 5.2c.) It should also be noted that while we identify the zinc 

complexes as Zn-HMT2+ and Zn-HMT-Zn4+, in the aqueous solutions the Zn-HMT2+ and 

Zn-HMT-Zn4+ complexes are solvated by water as well as NO3
- ions which balance the 

charge.  The H2O and NO3
- molecules have been have been omitted from the complexes 

in Figure 5.10 for clarity.   
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Figure 5.11 (a) Total zinc ion concentration as a function of time for reactions preheated at 90 °C. The 
points are experimentally found with EDTA titration and the lines are calculated from the proposed 
mechanism. The initial zinc concentration was 16.8 mM for all the reactions. The initial methenamine 
concentrations used were 50mM (à), 25 mM (æ), 15 ± 2mM (ò) and 4 mM (æ). (b) Total zinc ion 
concentration as a function of time for a reaction at 80 °C. The initial zinc concentration was 16.8 mM for 
all the reactions.  The initial methenamine concentration used were 100 mM (à), 44 ± 6 mM (æ), 25 mM 
(ò), 12.5 mM (æ).  (c) Concentration of methenamine as a function of time for a reaction preheated at 90 
°C with an initial concentration of 25 mM methenamine and 33.6 mM (à) 16.8 mM (æ) and 0 mM (ò) zinc 
nitrate hexahydrate. The reaction with 33.6 mM and 16.8 mM zinc nitrate hexahydrate was preheated and 
the reaction without zinc was not preheated. The points are experimental results from 1H NMR and the 
lines are calculated from the proposed mechanism. 
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Using the proposed growth mechanism shown in Figure 5.10 equations for the 

depletion rate of methenamine and zinc are given by,                                 

          

[ ][ ] [ ]
[ ]

[ ][ ] [ ]
[ ] [5.8]                                   

2K
 

][

[5.7]                                
K

 
][

43

21

43

21










+
+−=










+
+−=

ZnKK

ZnK
ZnHMT

dt

Znd

ZnKK

ZnK
ZnHMT

dt

HMTd

 

where, 

                        

[5.12].                                                                  K

[5.11]                                                                       K

[5.10]                                                             K

[5.9]                                                                            K

43

43
4

213

43

43
12

211










+
=

+=










+
=

=

kk

kk

kk

kk

kk
k

kk

r

f

r

r

f
f

f

 

The Zn-HMT2+ concentration is given by, 

                        [ ]
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[Zn] represents the concentration difference between the Zn2+ ion concentration and the 

equilibrium Zn2+ ion concentration. The equilibrium Zn2+ ion concentration was found by 

multiplying the total zinc ion concentration at equilibrium (found experimentally by 

titrating the solution after sufficient time for equilibrium to be reached, ~16 hours) by the 

fraction of the total zinc ion concentration which is Zn2+ (calculated from the 

thermodynamic reaction equilibrium calculation, Figure 7c). Equations (5.7), (5.8) and 

(5.13) were derived assuming pseudo steady state concentrations of Zn-HMT2+ and Zn-

HMT-Zn4+. The details of this derivation are given in Appendix 1. As was mentioned 

above, k1f and k1r are likely on the order of ~107 sec-1.  Thus the K4, which does not 

contain k1f, was taken to be negligible relative to K1, K2 and K3. This reduces the 

equation (5.7) and (5.8) from a four parameter model to a two parameter model with 

constants K1/K3 and K2/K3.   

 The temporal evolution of methenamine and Zn2+ were calculated by numerically 

integrating equations (5.7) and (5.8) simultaneously. The EDTA titration measures the 
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total concentration of zinc ions in the solution. Thus, since Zn2+ and Zn-HMT2+ are the 

dominate zinc ion species (Figure 7c), the temporal profile of the sum of the Zn2+ and Zn-

HMT2+ concentrations were compared to the experimental EDTA titration results. With 

the proper selection of K1/K3 and K2/K3 the predictions of this model for the 

methenamine and total zinc ion concentration profiles match those found experimentally.  

Figure 5.11a shows the comparison between measured and calculated temporal 

evolutions of the total zinc ion concentration at 90 °C for different initial methenamine 

concentrations. The K1/K3 and K2/K3  values used in this calculation are shown in Table 

5.3.  The initial zinc nitrate hexahydrate concentration was kept constant at 16.8 mM.  

Kinetic data collected under isothermal conditions (preheated solutions) was used to 

extract K1/K3 and K2/K3 because these reaction constants are functions of temperature. 

Figure 5.11b shows a similar comparison for experiments conducted at 80 °C. The 

corresponding K1/K3 and K2/K3 values that best matched the data are shown in Table 5.3. 

Again, the initial concentration of zinc nitrate hexahydrate was kept constant at 16.8 mM 

while the initial methenamine concentration was varied.  

 

Table 5.3 The reaction rate constants, K1/K3 and K2/K3 at 90 °C and 80 °C which best 
match the experimental data. 
 

Temperature (C) K 1/K3 mM-1 min -1 K2/K3 mM-2 min -1

90 6 x 10-4        5 x 10-13

80 9 x 10-5        1 x 10-13
 

 

When the preheated methenamine and zinc nitrate hexahydrate solution are 

mixed, precipitation occurs within the first few seconds (i.e., reaction (5.R3)) and there is 

an initial fast drop in zinc concentration. The mechanism presented above describes the 

growth kinetics after the solution has reached pseudo phase equilibrium and after the 

solid phase has nucleated.  In order to remove the kinetics of this initial fast reaction, the 

first total zinc ion points shown in Figures 5.11 a and b are taken to be that measured 15 

minutes into the reaction. The Zn2+ concentration at this point is then taken to be the 

initial Zn2+ concentration in the calculations. Thus, even though the initial concentration 



 132 

of the all the reactions was 16.8 mM, the initial concentrations in Figure 5.11 a and b are 

lower.  

Figure 5.11c shows a comparison between measured and calculated temporal 

evolutions of methenamine concentration at 90 °C for three initial zinc nitrate 

hexahydrate concentrations, 33.6 mM 16.8 mM and 0 mM. The initial concentration of 

methenamine was 25 mM. This figure clearly shows that, on the time scale of interest, 

methenamine decomposition occurs only when zinc is present. Furthermore, the 

methenamine depletes faster when more zinc in present.  This data establishes that the 

presence of zinc accelerates the methenamine decomposition and that the decomposition 

rate is not independent of the reactions involving zinc as has been previously suggested.6   

The agreement between the calculated and the measured temporal evolution of the 

total zinc ion and methenamine concentration suggests that the proposed mechanism 

captures the essential elements of the solution chemistry occurring during the ZnO 

nanowire growth process. 

5.10 Evidence for the Presence of the Zinc-Methenamine Complex  
Methenamine is a weak base; the protonated (H-HMT+) and unprotonated (HMT) 

methenamine are in equilibrium with one another (reaction (5.R14)). The concentration 

of protonated methenamine increases as the pH of the solution decreases. The fraction of 

protonated methenamine in the solution was calculated as a function of pH at 25 °C and 

is shown in Figure 5.12a. The amount of protonated methenamine at different pH values 

can be measured from the 1H NMR spectra of methenamine.  Figure 5.12a shows that the 

position of the methenamine proton peak shifts downfield as the pH of the methenamine 

solution is lowered upon addition of HCl.  The methenamine peak shifts downfield due to 

the protonation of the nitrogen atom, which in turn deshields the protons on the carbon 

atoms. As the pH is lowered further and more methenamine is protonated, reaction 

(5.R14) shifts to the right while the methenamine peak shifts downfield. At any given 

moment in the methenamine solution protonated and unprotonated methenamine exists in 

equilibrium. Only a single methenamine 1H NMR peak is observed (Figure 5.12b) 

because the protonation and deprotonation rates at equilibrium are very fast compared to 

the time scale of the NMR scan (i.e. the difference in frequency between the protonated 
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Figure 5.12 (a) 1H NMR peak position of CH2 protons in methenamine as a function of 
pH in absence (æ) and in presence (à) of zinc (16.8 mM) in 25 mM methenamine D2O 
solution.  (b) shows the NMR shift with addition of Zn at constant pH of 6. The solid 
lines are fits to aid the eye.  The dashed line is the fraction of protonated methenamine as 
a function of pH at 25 oC calculated using the equilibrium constant for reaction (5.R14) in 
Table 5.1. 
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and unprotonated methenamine peaks.) Therefore, the protonated and unprotonated 

methenamine peaks are not resolved in the 1H NMR spectrum and the methenamine peak 

location is an average of the locations of the methenamine peaks when methenamine is 

protonated and when it is not. This average peak location is determined by the relative 

amounts of protonated and unprotonated methenamine in solution and shifts closer to that 

of the protonated peak downfield as the pH is lowered and more protonated methenamine 

is present. The pH value at which the methenamine peak starts to shift downfield matches 

to the pH at which the fraction of protonated methenamine is calculated to increase using 

the equilibrium constant for reaction (5.R14).8,20 

 When zinc is present in the solution, it also binds to the nitrogen on the 

methenamine, and the resulting zinc-methenamine complex, zinc and methenamine are 

all in equilibrium with each other, reaction (5.R13). Binding of zinc to the methenamine 

also deshields the protons on the carbons and shifts the methenamine peak downfield. In 

aqueous solutions of methenamine and zinc nitrate hexahydrate, both reactions (5.R13) 

and (5.R14) occur at the same time: zinc ions as well as protons are bound and released 

rapidly from the nitrogen on the methenamine. Again, these equilibria are much faster 

relative to the time scale of the NMR scan, and only a single methenamine NMR peak is 

detected presenting presence of zinc ions as shown in Figure 5.12b. When zinc ions are 

present and bound to methenamine, the protons attached to the carbon are even more 

deshielded than when just the protons are present and, at any given pH, the methenamine 

peak shifts further downfield as shown in Figure 5.12a. This larger proton NMR peak 

shift with zinc added to the methenamine solution is one of the evidence for the presence 

of the zinc-methenamine complex in the nanowire growth solution. 

Further evidence for the presence of the zinc-methenamine complex in the growth 

solution comes from the ATR-FTIR spectra of salts deposited on a Ge ATR crystal when 

aqueous solutions containing zinc, methenamine and nitrate ions dry on these surfaces. 

When zinc binds to methenamine to form a molecular salt complex, the n22 and n21 modes 

of neat methenamine located at 1007 cm-1 and 1234 cm-1, which are assigned as C-N 

stretches, split into two or more peaks.13,22 The number and location of the resulting 

absorption peaks are sensitive to the geometry, and in particular, to the symmetry of 
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methenamine complex.12,13,28 In general, as the methenamine symmetry is lowered the C-

N stretches split into more peaks.13,23  The symmetry of the methenamine molecule is Td. 

When methenamine is a monodentate ligand and is attached to one zinc ion, its symmetry 

is lowered to C3v. When methenamine acts as a bidentate ligand and is bonded to two 

zinc atoms, the symmetry is further lowered to C2v. In the bidentate geometry, 

methenamine bridges two zinc ions (i.e., Zn-HMT-Zn4+ as it was denoted above). When 

methenamine acts as a monodentate ligand or a bridge-like ligand the C-N stretching 

absorption peak splits into two and three peaks, respectively.12 

Grodzicki et al. have studied the infrared absorption spectra of the hydrated salts 

formed by zinc, methenamine and one of several different anions including the nitrate 

ion.12,13,29 Grodzicki et al. formed these molecular salts by drying and thermally 

dehydrating aqueous solutions of zinc nitrate hexahydrate and methenamine.13,29 They 

proposed two possible chemical formulas for the salts that form directly from the solution 

by drying, [Zn(H2O)2(HMT)2](NO3)2•4H2O and [Zn(H2O)4(HMT)2](NO3)2•2H2O. In 

both of these salt structures Grodzicki et al.13 determined that the methenamine is bound 

to the zinc though a single coordination bond rather than through a bridge-like bond. 

They also found that, for both of these salts, the C-N stretch (n22), which appears at 1007 

cm-1 in the neat methenamine spectra, splits into two peaks, one at 1000 cm-1 and another 

at 1025 cm-1. They also observed that the C-N stretch (n21) which is normally at 1234   

cm-1 in the neat methenamine spectra splits into two peaks, one at 1236 cm-1 and another 

at 1255 cm-1.  

Using ATR-FTIR, we examined the C-N stretching absorption of salt complexes 

that form when aqueous solution of zinc nitrate hexahydrate and methenamine dried on 

the Ge ATR crystal surface.  Figure 5.13a shows the ATR-FTIR spectra of a 16 mM 

aqueous zinc nitrate hexahydrate solution dried on the Ge ATR crystal.  The three broad 

peaks in the spectra are located at 1024 cm-1, 1290 cm-1and 1479 cm-1 and are due to the 

n2, n5 and n1 modes respectively.25 These modes have been assigned to N-O stretching of 

the nitrate.25 An aqueous solution containing 100 mM methenamine was dried on the Ge 

ATR crystal and the ATR-FTIR spectra is shown in Figure 5.13b.  The strong peaks at 

1002 cm-1 and 1236 cm-1 are due to the n22, and n21 C-N stretching modes, respectively.22  



 136 

0

0.3

0.6

9501100125014001550
Wavenumber (cm -1)

In
te

ns
ity

(a)

(b)

(c)

(d)

0

0.18

0.36

9501100125014001550
Wavenumber (cm -1)

In
te

ns
ity

0

0.05

0.1

9501100125014001550

Wavenumber (cm -1)

In
te

ns
ity

0

0.1

0.2

9501100125014001550
Wavenumber (cm -1)

In
te

ns
ity

0

0.3

0.6

9501100125014001550
Wavenumber (cm -1)

In
te

ns
ity

0

0.3

0.6

9501100125014001550
Wavenumber (cm -1)

In
te

ns
ity

(a)

(b)

(c)

(d)

0

0.18

0.36

9501100125014001550
Wavenumber (cm -1)

In
te

ns
ity

0

0.05

0.1

9501100125014001550

Wavenumber (cm -1)

In
te

ns
ity

0

0.05

0.1

9501100125014001550

Wavenumber (cm -1)

In
te

ns
ity

0

0.1

0.2

9501100125014001550
Wavenumber (cm -1)

In
te

ns
ity

0

0.1

0.2

9501100125014001550
Wavenumber (cm -1)

In
te

ns
ity

 

Figure 5.13 ATR-FTIR spectra of aqueous solutions dried on a Ge ATR crystal. (a) 16 
mM zinc nitrate hexahydrate at 25 °C, (b) 100 mM methenamine at 25 °C. (c) spectrum 
of 16.8 mM zinc nitrate hexahydrate and 25 mM methenamine at 25 °C and (d) heated at 
90 °C for 4 hours 
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The weak peaks at 1022 cm-1 and 1047 cm-1 are due to C-N-C deformations, and the 

peaks between 1360 cm-1 and 1470 cm-1 are from CH2 wag, deformation and scissors.20,24 

Besides slight shifting of the C-N stretching and C-N-C deformation modes, this spectra 

is very similar to neat methenamine.22 Figure 5.13c shows the ATR-FTIR spectrum of an 

aqueous solution of 25 mM methenamine and 16.8 mM zinc nitrate hexahydrate dried on 

the Ge ATR crystal. The ATR-FTIR spectrum of the methenamine and zinc nitrate 

hexahydrate mixture is not simply the superposition of the zinc nitrate hexahydrate 

spectrum and the methenamine spectrum. The n22, C-N stretching mode which is one peak 

at 1002 cm-1 in the spectra of methenamine dried on the Ge ATR crystal (Figure 5.13b) 

splits into three strong, sharp peaks at 978 cm-1, 994 cm-1, and 1011 cm-1. Also, the n21, C-

N stretching mode which is one peak at 1234 cm-1 in the spectra of methenamine dried on 

the Ge ATR crystal splits into two peaks, one medium peak at 1227 cm-1 and one strong 

peak at 1257 cm-1. Furthermore, the C-N-C deformations which were at 1022 cm-1 and 

1047 cm-1 in the spectra of methenamine dried on the Ge ATR crystal shift to 1020 cm-1 

and 1066 cm-1, respectively. The peaks between 1270 cm-1 and 1550 cm-1 are roughly the 

superposition of the n5 and n1 N-O stretching modes of the nitrate and the CH2 wag, 

deformation and scissor peaks of methenamine. Figure 5.13d shows the ATR-FTIR 

spectra of an aqueous 25 mM methenamine and 16.8 mM zinc nitrate hexahydrate 

mixture which was heated at 90 ±C (not preheated) for 4 hours prior to drying on the Ge 

ATR crystal. This spectra differs from that of the salt deposited from the methenamine 

and zinc nitrate hexahydrate solution which was not heated (compare Figure 5.13 c and 

d) The n22 C-N stretch at 1007 cm-1 in the neat methenamine spectra splits into four 

peaks, two strong peaks at 977 cm-1 and 1010 cm-1 and two weak peaks at 960 cm-1 and 

1039 cm-1. The n21 C-N stretch at 1234 cm-1 in the neat methenamine spectra splits into 

two peaks, one strong peak at 1257 cm-1 and one weak peak at 1211 cm-1. However, the 

C-N-C deformations which were at 1022 cm-1 and 1047 cm-1 in the spectra of 

methenamine dried on the Ge ATR crystal still shift to 1020 cm-1 and 1066 cm-1. The 

peaks between 1270 cm-1 and 1550 cm-1 are due to the n5 and n1 N-O stretching modes of 

the nitrate and the CH2 wag, deformation and scissor peaks of methenamine. The n5 and 

n1 N-O stretching modes are weaker and broader as compared to those in the spectra of 
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Table 5.4 Summary of infrared absorptions due to C-N related modes in HMT and HMT containing zinc complexes. All wavelengths 
are in cm-1. The two columns on the far right correspond to the IR absorptions of salts deposited on the ATR crystal when a solution 
containing 25 mM HMT and 16.8 mM Zn(NO3)2 dries on the ATR crystal. 
 

Assignment
Neat HMT 
[Ref. 22]

Zn(NO3)2•2(HMT)•6H 2O 
[Ref. 13] HMT

HMT and Zinc Nitrate 
Hexahydrate at 25 °C

HMT and Zinc Nitrate 
Hexahydrate at 90 °C

CN stretch (n22) 1007 1000 1002 978 960
1025 994 977

1011 1010
1039

CN stretch (n21) 1234 1236 1236 1227 1211
1255 1257 1257

CNC def 1020 not available 1022 1020 1020
CNC def 1048 not available 1047 1066 1066

CN stretch (n21) 1234 1236 1236 1227 1211
1255 1257 1257
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the room temperature methenamine and zinc nitrate hexahydrate mixture. This could be 

due to the nitrate molecules having a different coordination in the molecular salt complex 

formed from the heated mixtures as compared to the room temperature mixtures. The 

ATR-FTIR spectra of the heated mixture is similar to that of the unwashed wires 

(compare Figure 5.13d and Figure 5.8a) Table 5.4 summarizes the C-N stretch peak 

splitting found by Grodzicki et al.13 and the C-N stretch peak splitting and C-N-C 

deformation peak shifting we found in ATR-FTIR spectra of the salts deposited on the Ge 

ATR crystal both from solutions heated and not heated. 

It is evident that a molecular salt complexes containing zinc, methenamine, nitrate 

ions and water are deposited on the Ge ATR crystal because peaks corresponding to 

molecules of zinc, methenamine, nitrate ions and water are present in the spectra (the 

water bending peaks at ~1650 are present although not shown). Furthermore, the 

methenamine molecules are bound to the zinc atom in the salt and this is shown by the C-

N stretch splitting shown in Figure 5.13 c and d which is similar to that found by 

Grodzicki et al.13 Differences between the peak splitting observed herein and that 

reported by Grodzicki et al.13 is likely due to the variations in the ratios of zinc to 

methenamine in the solution from which the salts were deposited. Grodzicki et al.29 

prepared the salts from solutions with zinc to methenamine ratios of 1:2 whereas our 

room temperature and heated solutions had ratios of ~1:1.5 and ~1:16, respectively.  

These differing concentrations result in there being different amounts of mondentate and 

bridging methenamine molecules present in our salts as compared to those prepared by 

Grodzicki et al. which leads to differences in how the peaks split.13 Regardless of how the 

methenamine is coordinated to the zinc, the salts formed in this work definitely contain 

bonds between zinc and methenamine which is evident by the C-N stretch splitting. This 

provides further proof that a zinc-methenamine complex (which also includes some water 

and nitrate ions) exists in the solution since similar bonds which appear in the salt will 

exist in the solution.   

5.11 Labile Attachment of Methenamine to the ZnO Nanowires 
 As was mentioned above, rinsing the nanowires after growth with deionized water 

removes all of the methenamine absorption peaks from the infrared spectrum, leaving 
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only the infrared absorption due to hydroxyl groups on the surface. This indicated that 

methenamine is not covalently bound to the ZnO nanowire surface because it can be 

completely removed from the wires upon rinsing with deionized water. If the 

methenamine-nanowire-surface bond is labile then methenamine could be washed off and 

replaced by OH leaving no evidence of methenamine presence. One way to determine if a 

labile methenamine-ZnO surface bond is possible would be to use in situ ATR-FTIR.  

Such an experiment is challenging due to very strong water absorption. Instead, we 

studied the infrared spectrum of aqueous methenamine solutions as they dried on an ATR 

crystal covered with ZnO nanowires. To do this we grew ZnO nanowires on a Ge ATR 

crystal, rinsed them with deionized water after growth and allowed them to dry.  

Following, we placed a few drops of an aqueous solution of 25 mM methenamine at 

room temperature on to the washed nanowires and allowed it to dry as we recorded ATR-

FTIR spectra of the methenamine on the nanowires (Figure 5.14). The ATR-FTIR 

spectrum of an aqueous solution of 100 mM methenamine dried on the Ge ATR crystal is 

also shown in Figure 5.14. The n22  C-N stretch, which is at 1007 cm-1 in neat 

methenamine,22 shifts to 1005 cm-1 and broadens when the methenamine is on the ZnO 

nanowires. This same peak shifts to 1002 cm-1 without broadening when the 

methenamine is on the Ge surface. The n21  C-N stretch, which is at 1234 cm-1 in the neat 

methenamine spectra, shifts to 1238 cm-1 when the methenamine is on the ZnO nanowire 

surface and shifts to 1236 cm-1 when the methenamine is on the Ge crystal. In contrast to 

these changes, the IR absorption due to the CH2 wag, deformation and scissor modes in 

methenamine neither shift nor broaden when methenamine solutions dry on Ge or ZnO 

(Figure 5.14). The C-N stretches of methenamine dried on Ge and ZnO surfaces being 

not identical to that of neat methenamine indicates that the methenamine associates with 

the ZnO and Ge surfaces, perhaps through van der Waals forces or hydrogen bonding.   

Moreover the C-N stretching absorption shifts and broadens more on the ZnO surface 

than on the Ge surface. This suggests that the interaction between the methenamine and 

the ZnO surface is stronger than that between the methenamine and the Ge surface. The 

fact that the methenamine does associate with the ZnO surface relatively strongly 

suggests that the methenamine is interacting with the ZnO surface, most likely via a zinc-



 141 

0

0.5

1

1.5

2

2.5

950105011501250
Wavenumber cm -1

In
te

ns
ity

0

0.2

0.4

1350140014501500
Wavenumber cm -1

In
te

ns
ity

(i)

(ii)

(iii)

(i)

(ii)

(iii)

(a)

(b)

0

0.5

1

1.5

2

2.5

950105011501250
Wavenumber cm -1

In
te

ns
ity

0

0.5

1

1.5

2

2.5

950105011501250
Wavenumber cm -1

In
te

ns
ity

0

0.2

0.4

1350140014501500
Wavenumber cm -1

In
te

ns
ity

0

0.2

0.4

1350140014501500
Wavenumber cm -1

In
te

ns
ity

(i)

(ii)

(iii)

(i)

(ii)

(iii)

(a)

(b)

 

Figure 5.14 ATR-FTIR spectra of (i) a room temperature aqueous solution of 100 mM 
methenamine dried on a Ge ATR crystal, (ii) a room temperature 25 mM aqueous 
methenamine dried on washed ZnO nanowires grown on a Ge ATR crystal, (ii) ZnO 
nanowires on a Ge ATR crystal after heating in a 25 mM aqueous solution at 90 °C for 4 
hours. The background for spectrum (i) is the pristine Ge ATR crystal and for spectra (ii) 
and (iii) the background is washed ZnO nanowires on the Ge ATR crystal. (a) Shows the 
region between 925 cm-1 and 1275 cm-1 and (b) shows the region between 1350 cm-1 and 
1500 cm-1. The dotted lines denote the peak locations of spectrum (i). The spectra have 
been shifted vertically for clarity. 
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nitrogen interaction, during the nanowire growth as has been previously suggested.7,9-11 

In order to investigate the effect of temperature on the ATR-FTIR spectra of the 

methenamine on the nanowires, the nanowires on the Ge ATR crystal were placed in an 

aqueous solution of 25 mM methenamine and heated to 90 °C for four hours. Following, 

the nanowire covered Ge ATR crystal was removed from the heated methenamine 

solution and dried. Figure 5.14 shows that the ATR-FTIR spectrum of these methenamine 

covered ZnO nanowires is identical to the ATR-FTIR spectrum of room temperature 

methenamine solution dried on the nanowires. Thus, temperature does not change how 

the methenamine interacts with the ZnO nanowire surface. 

5.12 Conclusions   
ZnO nanowire growth from an aqueous solution of zinc nitrate hexahydrate and 

methenamine was studied in detail. A ZnO nanowire growth mechanism was proposed 

which predicts that the precursor is a zinc-methenamine complex (Zn-HMT2+ and Zn-

HMT-Zn4+) which reacts at the hydroxyl terminated nanowire surface. This growth 

mechanism was supported by characterizing and modeling the synthesis using several 

analytical techniques as well as kinetic and thermodynamic models.  
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Chapter 6 : Transport Limited Growth of ZnO Nanowires * 
 

6.1 Introduction 
In order for ZnO nanowires DSSCs to have efficiencies comparable or greater 

than TiO2 nanoparticle DSSC the surface area of the ZnO nanowire photoanodes must to 

be increased by an order of magnitude.1 One approach to increasing the ZnO nanowire 

surface area is to grow taller nanowires. However, the extraordinarily slow growth rate of 

the nanowires (< 1µm/hr) makes this approach impractical. A second approach is to grow 

denser and thinner nanowires. However, it will be shown shortly that increasing the 

nanowire number density slows the growth rate even further. Overcoming these 

limitations will require fundamental and detailed understanding of the ZnO nanowire 

growth.  

 Several studies of the ZnO nanowire growth from aqueous solutions of zinc 

nitrate hexahydrate and methenamine found a correlation between the nanowire number 

density (nanowires/cm2) and the nanowire height and diameter.2-5 Specifically, when 

denser nanowire films were obtained they tended to consist of shorter nanowires with 

smaller diameters. These studies attributed this correlation to “limited mass supplied from 

the solution”,2 a “competition process”3 amongst the neighboring nanowires, and faster 

zinc precursor consumption over dense areas leading to lower local concentrations and 

growth rates.4,5  

 Coltrin et al. have developed a two dimensional model of the growth of ZnO 

nanowires on patterned silver substrates that took into account the mass transport of 

reactants to the substrate surface, the reaction and diffusion of the ZnO precursor at the 

nanowire surface and the desorption of hydrogen from the surface of the nanowires.6 

From their model and experiments they concluded that the rate limiting step in the 

nanowire growth is the desorption of hydrogen from the nanowire surface.   

 In this chapter, we show that ZnO nanowire growth from an aqueous solution of 

*This chapter is adapted from: 
Boercker, J. E.; Schmidt, J. B.; Aydil, E. S. Cryst.Growth Des. 2009, 9, 2783. 
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zinc nitrate hexahydrate and methenamine is limited by the mass transport of the ZnO 

precursor to the substrate surface.  We show that mass transport limited nanowire growth 

results in the inverse relationship between nanowire number density and nanowire 

dimensions (height and diameter) as experimentally observed by us and others.2-5 We 

also explore the implications of mass transport limitations on the uniformity of the 

nanowire growth and suggest a method for accelerating the growth rate.  Moreover, we 

show that the anisotropic growth of ZnO nanowires is not due to mass transport 

limitations as previously suggested4 but is a direct result of the difference in growth 

kinetics between the (1010) and (0001) surfaces.   

6.2 Experimental Procedures 
 ZnO nanowires were grown from an aqueous solution of zinc nitrate hexahydrate 

and methenamine on silicon substrates seeded with flat ZnO platelets.7 Silicon (100) 

substrates (~23 mm ×  ~17 mm ×  0.5 mm) were cleaned by sonication in a mixture of 

water, isopropanol, and acetone (1:1:1 by volume) for 20 minutes and then blown dried 

with a stream of argon.  Following the seeding process developed by Greene et al.,7 one 

drop of a 5 mM zinc acetate ethanol solution was spread uniformly across each substrate 

by slowly rotating and gently tilting the substrate manually.  After ~10 seconds, the 

substrate was rinsed with a brief squirt of ethanol and blown dry with argon.  This 

process was repeated five times and, following, the substrate was annealed at 350° C for 

20 minutes.  The process of seeding with zinc acetate solution and annealing was 

repeated a second time to ensure that the substrate was uniformly covered with seeds.   

 For experiments designed to explore the nanowire growth near a boundary 

between a seeded and unseeded region, the seeds were removed from a 5 mm wide region 

around the edges of the substrate by wiping this region with a cotton swab dipped in ~1 

M hydrochloric acid and then blowing the edges dry with argon. Following, the edges 

were wiped three times with a cotton swab soaked in distilled water and blown dry with 

argon to remove the residual hydrochloric acid.  This left an approximately 8 mm thick 

region of seeded area in the middle of the substrate.  This area was sufficiently far away 

from the edges of the aluminum holder used to suspend the substrates in the growth 

solution so that the effects observed in these experiments are due to the boundary 
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between the seeded and unseeded regions and not due to edge effects introduced by the 

presence of the holder. 

 The ZnO seed density was varied by varying the concentration of the zinc acetate 

seeding solution (0.3 to 5 mM),8 the number of times zinc acetate was drop cast (3 to 5 

times) before annealing, and the number of times the seeding process, including the 

annealing step, was repeated (once or twice).     

 Nanowires were grown by placing the substrates face down at a 45° angle on an 

aluminum holder (Figure 6.1a) in a 100 mL aqueous solution of 16 mM zinc nitrate 

hexahydrate and 25 mM methenamine, and heating the solution at 90° C in an oven for 

various lengths of time.  It took ~2 hours for the solution to approach thermal equilibrium 

with the oven temperature.  After growth, the nanowire covered substrates were rinsed 

with water and dried in an argon stream.  Almost no nanowire growth was observed in 

unseeded areas.  

 To compare the morphologies of heterogeneously and homogeneously grown 

ZnO nanowires to each other, we grew ZnO nanowires homogeneously in a 300 mL 

solution of 16 mM zinc nitrate hexahydrate and 25 mM methenamine at 90° C.  A 15 mL 

aliquot of the solution containing homogeneously grown ZnO nanowires was periodically 

removed, centrifuged, and washed three times with water to isolate a powder of ZnO 

nanowires.  The ZnO nanowires were dispersed in acetone, and drop cast onto silicon 

wafers for subsequent examination by scanning electron microscopy (SEM) and X-ray 

microdiffraction.     

  In some experiments, the growth solution was stirred using a ~2.1 cm long 

magnetic stir bar spinning beneath the substrate.  For these experiments the substrate was 

placed horizontally and face down in an aluminum holder (Figure 6.1b).  The solution 

was heated to 95 °C using a feed back controlled hotplate with stirring capability.  The 

stirring rates were varied between 0 rpm and 600 rpm.  Figure 6.1c illustrates the fluid 

flow induced below the substrate due to stirring and the “stagnant” diffusion boundary 

layer of thickness δ that is presumed to exist near the substrate surface.        

 The average dimensions of the ZnO nanowires were determined using SEM 

(JEOL 6700).  To obtain statistically significant results, dimensions of 10-70 nanowires 
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Figure 6.1 (a) Schematic of the growth configuration showing the substrate placed 
growth-face down on an aluminum holder at 45° with respect to the bottom of the beaker. 
(b) Schematic of the growth configuration used to vary the diffusion boundary layer 
thickness by stirring. (c) Magnification of the substrate within the dashed box of b 

showing the diffusion boundary layer with thickness δ. 
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were measured and averaged.  X-ray microdiffraction, (Bruker-AXS Microdiffractometer) was 

used to determine the crystal structure of the nanowires. 

6.3 Model Description 
 In interpreting our experimental results we have made use of simple but nontrivial 

models of the solution phase species transport and the nanowire growth.  These models 

are described below. The modeling results and the insight they provide are discussed 

together with the experimental observations.  The goal of the modeling was to provide 

insight into the scaling relations between experimentally controlled variables and the 

nanowire growth rate and dimensions. We did not aim to fit the experimental data by 

varying the model parameters.  Instead, we chose reasonable values that are either 

measured experimentally or are representative of the experimental conditions. 

 In order to examine the inverse relationship between nanowire number density 

and nanowire height and diameter, a one-dimensional model of the species transport near 

the substrate surface was developed.  The model geometry is shown in Figure 6.2.  We 

solve the diffusion equation for ZnO precursor concentration, c, in a boundary layer of 

thickness δ under quasi-steady state conditions. We assume that there are no 

homogeneous reactions near the substrate and that the zinc precursor is consumed 

through first order heterogeneous reactions that lead to nanowire growth on the substrate. 

In principle, the precursor can react with ZnO nanowires that have nucleated and grown 

in the liquid phase. If there are significant amount of nanowires in the boundary layer, 

they can act as sinks. However, estimates of the surface area of the nanowires growing on 

the substrate and the surface area of the homogeneously growing nanowires in the 

boundary layer shows that the former is approximately 30 times larger than the latter so 

that the nanowires in the boundary layer do not act as significant sinks. The factor of 30 

is a lower bound and was calculated assuming that all the zinc in the growth solution 

yields homogeneously grown ZnO nanowires that are ~7 µm long and 0.6 µm in 

diameter; these values are the experimentally measured average dimensions of the 

nanowires in the solution phase at the end of the growth period. Thus, neglecting 

homogeneous reactions in the boundary layer is justified.   
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Figure 6.2 (a) Geometry of the one-dimensional model used to calculate the temporal 
evolution of the nanowire height and diameter.  The concentration boundary layer 
extends a distance δ  from the substrate. c is the concentration of the nanowire precursor 
and varies along y.  c∞ is the bulk precursor concentration and cs is the concentration at 
the nanowire surface. (b) A magnified view of the portion of (a) indicated by the circle. 
Rw and h are the nanowire radius and height, respectively. kz and kr are the first order 

surface reaction rate constants on the top (0001) and sides of the nanowires (1010), 
respectively.  
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The nanowire radius, Rw and height, h, are functions of time and increase at 

different rates. The reaction kinetics on the (0001) and (1010) surfaces are 

parameterized  by  first  order  reaction  coefficients kz  and  kr, respectively.   The surface  

reaction rates were taken to be first order in the precursor concentration because we 

found, through titration with EDTA, that the depletion rate of the total zinc (all zinc 

compounds) in the solution is first order.  Under these assumptions the precursor 

concentration in the boundary layer is linear and drops from the bulk concentration, c∞, to 

the concentration in the solution just above the nanowires, cs.  Strictly speaking, c is the 

concentration above the equilibrium saturation concentration of the precursor (i.e. the 

zinc-methenamine complexes discussed in Chapter 5).  The flux and cs are evaluated 

using the boundary conditions; at y=0 the concentration is equal to the bulk solution 

concentration of the precursor, c∞, and at y=δ  the consumption rate by surface reactions 

must be equal to the flux to the surface.  Since δ >>h the nanowires are coarse grained 

and treated like a sink at the substrate surface. The dimensions of the nanowires 

determine the total precursor consumption rate.  With these assumptions, the 

concentration of the precursor varies linearly with distance into the boundary layer and 

decreases to  

c = c∞

(1+ Φ)
      (6.1) 

near the nanowire surface, where 

D

hRkRkN wrwz δππ )2( 2 +
=Φ        (6.2) 

is the dimensionless Thiele modulus, a measure of the ratio of the surface reaction rate to 

the diffusion rate.  In these equations, D is the diffusion coefficient of the ZnO precursor, 

and N is the nanowire number density (nanowires/cm2).  A mass balance at the surface of 

the nanowires leads to two ordinary differential equations in time, t, for the height and 

radius of the nanowires,  

dh

dt
= kzc∞

ρ(1+ Φ)
     (6.3) 

and 
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dRw

dt
= krc∞

ρ(1+ Φ)
     (6.4) 

 

where ρ is the ZnO molar density.  Moreover, we use the experimental observation that 

the depletion of total zinc in the solution is pseudo-first order at this temperature and 

assume that this also applies to the ZnO precursor. Thus, equations (6.3) and (6.4) are 

coupled to 

dc∞

dt
= −kc∞       (6.5) 

and we use the experimentally determined value of k in the calculations (0.129 min-1).  

The homogeneous chemistry and kinetics is in reality more complicated as was discussed 

in Chapter 5. However at 90 °C and with initial concentrations of zinc nitrate hexahydrate 

and methenamine of 16 mM and 25 mM respectively, equation (6.5) accurately depicts 

the temporal evolution of the ZnO precursor in solution. The temporal variation of the 

nanowire height and diameter were found by integrating equations (6.3)-(6.5) 

numerically.  The initial height and diameter were both taken to be 10 nm (approximate 

size of the seeds) the results are not sensitive to any reasonable choice of these values.  

The initial bulk precursor concentration was set at 16 mM, a typical experimental value 

for total zinc concentration.  The boundary layer thickness was set to 300 µm, a typical 

value of the diffusion length in solution (see below).  The diffusion coefficient was set to 

that of Zn2+ in water,9 2.91×10-5 cm2/s  and kz and kr were chosen such that the final 

nanowire height and diameters were approximately those measured experimentally.  This 

yields, 0.1 cm/min and 0.01 cm/min, for kz and kr respectively.  The nanowire planar 

number density, N, was varied to study the effect of nanowire density on the final 

nanowire height and diameter. 

 A two-dimensional transport model of the spatial variation of the ZnO precursor 

concentration was developed to study the growth near the boundary between a seeded 

area of the substrate (where nanowires grow) and an unseeded area (where nanowires do 

not grow).  The two-dimensional model geometry is shown in Figure 6.3.  Neglecting 

homogeneous reactions within a distance δ  of the substrate, we solved the steady-state 

diffusion equation 
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Figure 6.3 Geometry and illustration of the two-dimensional model used for calculating 
the ZnO precursor concentration around the boundary between seeded and unseeded 
sections of the substrate. The substrate is at y=0 and spans 0≤x ≤4.   
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∇2θ = 0      (6.6) 

for dimensionless precursor concentration, θ  (θ = c/ c∞), within the domain, Ω,  shown in 

Figure 6.3.  The boundary conditions are 

θ =1 at y =1; 0 ≤ x ≤ 4     (6.7) 

∂θ
∂y

= −Φθ at y = 0; 0≤ x ≤ 2     (6.8) 

∂θ
∂y

= 0 at y = 0; 2≤ x ≤ 4     (6.9) 

  
∂θ
∂x

= 0 at x = 0; 0≤ y ≤1     (6.10) 

  
∂θ
∂x

= 0 at x = 4; 0≤ y ≤1     (6.11) 

where x and y are non-dimensional distances along the x and y axes, respectively, both 

non-dimensionalized by the boundary layer thickness, δ .  Equation (6.7) asserts that the 

precursor concentration at a distance δ  from the substrate surface is the bulk 

concentration, c∞.  Equation (6.8) equates the flux of the precursor to the surface to the 

rate of reactions that lead to nanowire growth.  Equations (6.9)-(6.11) are the no flux 

boundary conditions.  Calculation domain, Ω is taken to be sufficiently wide in the x 

direction (4 δ) such that the concentration profiles are well developed along the x 

direction away from the boundary and boundary conditions (6.10) and (6.11) are good 

approximations.  Taking it wider than 4 δ does not change the results and conclusions 

significantly.  Equation (6.6) was solved with the boundary conditions (6.7)-(6.11) using 

a finite element method as implemented in the COMSOL Multiphysics package.   

6.4  One-Dimensional Transport Model: Theory and Experiments  
 The one-dimensional model depicted in Figure 6.2 was used to explore the 

dependence of final nanowire height and diameter on the nanowire number density, N. 

(In batch growth, using these reaction conditions, the precursor concentration is depleted 

with time according to equation (6.5) and nanowire dimensions reach a steady value as 

t→∞; we refer to these values as final nanowire height and diameter.)  The Thiele 
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Figure 6.4 Nanowire height (■) and diameter (○) as a function of nanowire density as 
predicted by the one dimensional growth model shown in Figure 6.2 with Φ>>1.  The 
lines are drawn to aide the eye and decrease as∝ 1/N. 
 

           

 

 

 

Figure 6.5 Experimentally determined nanowire height (■) and diameter (○) after four 
hours of growth as a function of nanowire density. The lines are drawn to aide the eye 
and decreases as ∝  1/N. 
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modulus, Φ, is a measure of how the ZnO nanowire precursor diffusion compares to the 

precursor reaction rate at the nanowire surface.  When Φ >>1 the nanowire growth is 

limited by the diffusion of the precursor to the nanowire surface.  Conversely, when Φ 

<<1 the nanowire growth is limited by the reaction of the precursor at the nanowire 

surface.  Figure 6.4 shows the predictions of the one-dimensional model for the final 

nanowire dimensions as a function of the nanowire number density. This model predicts 

that when the growth is mass transport limited (i.e., Φ >>1) the nanowire height and 

diameter scale as ~1/N. When the reaction rate constants in the model, kz and kr, are 

decreased such that Φ<<1 (i.e., the growth is reaction rate limited) the nanowire height 

and diameter become independent of N.  When the growth is mass transport limited more 

nanowires, and therefore higher nanowire surface area, will result in a larger precursor 

depletion near the surface and hence a lower surface concentration, cs.  For large Φ the 

surface concentration, cs, is inversely proportional to Φ.  Since the growth rate is 

proportional to cs, and  Φ is proportional to N the nanowire dimensions decrease as ~1/N. 

On the other hand when Φ<<1 the diffusion of the precursor to the nanowire surface is 

significantly faster than the depletion rate, even with substrates with large N.  

Consequently, the nanowire height and diameter become independent of N.    

 To experimentally establish the relationship between nanowire height and 

diameter and number density, nanowires were grown on substrates with various seed 

densities.  As shown in Figure 6.5, both nanowire height and diameter were found to be 

proportional to 1/N, the same scaling predicted by the one-dimensional model when 

Φ>>1. Thus, we conclude that the ZnO nanowire growth process is indeed mass transport 

limited.    

6.5  Two-Dimensional Transport Model: Theory and Experiments  
Mass transport limitation has consequences on the uniformity of the ZnO 

precursor concentration, and hence ZnO growth, near the boundary between the seeded 

and the unseeded regions of the substrate.  Specifically, as the seed and, therefore, the 

nanowire number density, N, decreases from ~100 µm-2 in the seeded regions to zero in 

the unseeded regions, the precursor concentration should rise from cs to c∞ across a lateral 
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Figure 6.6 (a) Dimensionless ZnO precursor concentration around the boundary between 
seeded and unseeded sections of the substrate calculated using the model shown in Figure 
3 with Φ=32.  (b) Dimensionless ZnO precursor concentration at the surface (y=0) as a 
function of position along the x-axis at various Φ values. 
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length scale characterized by the diffusion length. Figure 6.6a shows the two dimensional 

ZnO precursor concentration profile above the boundary between the seeded region and 

the unseeded region calculated using the model shown in Figure 6.3.  Since Φ>>1, the 

concentration over the seeded region where the nanowires are growing is lower than that 

over the part of the substrate without the seeds.  The nanowires deplete the precursor over 

the seeded regions of the substrate, whereas there is no depletion, above the unseeded 

regions.  Figure 6.6b shows the concentration profile at the surface of the substrate, (i.e., 

y=0), for various values of Φ.  When Φ<<1 the concentration profile is uniform because 

the growth is reaction rate limited.  As Φ increases, the growth becomes mass transport 

limited and a concentration gradient develops across the boundary between the seeded 

and unseeded regions.  The concentration profile in Figure 6.6b indicates that there is a 

significant surface concentration increase at the boundary between the seeded and 

unseeded regions. Thus, the nanowires on the seeded side near this boundary are 

predicted to grow faster and taller.   

  To explore this prediction with experiments, a substrate was patterned and seeded 

only in the middle of the substrate, leaving ~5 mm wide regions on either side of this 

region unseeded.  Nanowires grew only in the middle of the substrate Figure 6.7a.  Figure 

6.7b shows the spatial variation of the nanowire height between the middle of the seeded 

region and the boundary between the seeded and unseeded regions.  Figure 6.7c shows 

cross sectional SEM images at various points labeled in Figure 6.7b.  Figure 6.7d shows 

the spatial variation of the nanowire height on an expanded scale, within a few hundred 

microns of the boundary between the seeded and unseeded regions.  Indeed, as this 

boundary is approached, within a distance of ~300 µm, the height of the nanowires 

increases from ~400 nm to ~1 µm.  This increase is due to higher ZnO precursor 

concentration near the boundary between the seeded and unseeded regions as compared 

to the rest of the seeded region away from this boundary.   

6.6 Increasing the Growth Rate with Stirring 
 The discovery that the ZnO growth is mass transport limited immediately 

suggests a method for increasing the growth rate.  One obvious improvement would be to 

stir the solution to increase the growth rate while still maintaining a high number density 
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Figure 6.7 (a) Digital camera image of ZnO nanowires grown for four hours on a silicon 
substrate patterned with a ~8 mm wide strip of seeds in the middle of the substrate. The 
darker part of the substrate is where the nanowires have grown and the lighter parts are 
unseeded regions where there are no nanowires.  (b) Spatial variation of the nanowire 
height between the middle of the substrate, taken to be the origin (0 mm), and the 
boundary between the seeded and unseeded region.  This 4 mm distance corresponds to 
the distance indicated at the bottom of (a). (c) Cross-sectional SEM images of the 
nanowire array at different locations as numbered in (b).   The scale bars are all 1 µm.  (d) 
The same spatial variation of the nanowire height as in (b) but shown only within 305 µm 
from the boundary between the seeded and unseeded regions.  The origin (0 mm) is taken 
to be 305 µm from the boundary within the seeded region. 
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of nanowires.  Stirring the solution will decrease the diffusion boundary layer thickness 

above the substrate, δ, and increase cs and the growth rate.  Indeed, Figure 6.8a shows 

that the nanowire height reached after 4 hours of growth increases with the stirring speed, 

ω.  In these experiments, the solution was stirred using the set up shown in Figure 6.1b 

and the substrate was patterned with seeds in the middle as shown in Figure 6.7a.  Figure 

6.8a displays the nanowire heights within 1 mm of the boundary between the seeded 

andunseeded regions for various spinning rates.  Even when the solution is stirred, the 

nanowire heights near the boundary are larger than those that are in the middle of the 

seeded region.  This indicates that the growth process is still mass transport limited even 

when the solution is stirred vigorously.  The height of the nanowires and hence the 

growth rate scales as ω 1/2 (Figure 6.8b) consistent with the expected scaling of the 

boundary layer thickness with stirring speed for rotational flow.  In rotational flow, the 

boundary layer thickness is proportional to the square root of the Ekman number, Ek, 

(δ ∝ Ek ).10 The Ekman number is a measure of the viscous force as compared to the 

Coriolis force and is defined as Ek=ν /ωL2 where ν, and L are the kinematic viscosity of 

the solution and the characteristic length, respectively.10  Thus, 1/2Ekδ ω−∝ ∝  and the 

nanowire height, h, is directly proportional to ω1/2 (i.e., h ∝ Φ-1∝ δ-1∝ ω1/2).   

 When the stir bar was not centered perfectly at the center of the substrate we 

observed that the nanowire heights were not symmetric due to the boundary layer 

thickness changing non-uniformly across the substrate.  This underscores the necessity of 

ensuring symmetric flow across the substrate surface.  Also, in the experiments shown in 

Figure 6.8, it was necessary for the seed density and hence the nanowire number density 

to be kept approximately constant to observe the effect of the stirring speed.  Since the 

height of the nanowire array is also a strong function of the nanowire number density, 

slight variations in seed density affects the results.     

6.7  Anisotropic Nanowire Growth 
It has been suggested that mass transfer limited growth may be responsible for 

anisotropic growth and the resulting high aspect ratio nanowires.4 It is believed that the 

growth on the top surface (c-face) of the nanowires depletes most of the precursor and 
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Figure 6.8 (a) Nanowire height as a function of position for stir bar rotation speeds, ω, of 
0 (■), 300 (♦), 400 (▲), and 600 (●) rpm.  Lines are drawn in to aid the eye.  The 
nanowires were grown for 4 hours.  (b) Log-log plot showing the square root scaling of 
the nanowire height (away from the boundary between the seeded and unseeded regions) 
and the stir bar rotation speed. 

 

 

0.0 0.3 0.6 0.9 1.2
0.0

0.8

1.6

2.4

3.2

H
ei

gh
t (

µµ µµ m
)) ))

Position (mm)

 

 

(a) 

2.4 2.5 2.6 2.7 2.8
3.1

3.2

3.3

lo
g 

(h
ei

gh
t)

log (ω)(ω)(ω)(ω)

 

 

(b) 

0.53 



 162 

causes the precursor concentration to drop to nearly zero around the sides of the 

nanowires.  We have found, however, that the diffusion length scale is much larger than 

the height of the nanowire, i.e., δ >> h.  This implies that there cannot be a steep 

concentration gradient on the length scale of the nanowire height and that the 

concentration of the precursor is approximately the same at the top and around the sides 

of the nanowires.  Below, we show evidence that the anisotropic growth is due to the 

differences in the growth kinetics of the 1010( )  and 0001( ) surfaces in methenamine and 

zinc nitrate hexahydrate and not due to the mass transport limited growth.   

 We examined the origin of the anisotropic growth by comparing the 

heterogeneous nanowire growth on the substrate to the homogenous nanowire growth 

within the reaction solution.  Figure 6.9 compares the x-ray diffraction pattern of the ZnO 

nanowires grown heterogeneously on the substrate (Figure 6.9a) to the x-ray diffraction 

pattern of the ZnO nanowires collected from the solution phase (Figure 6.9b).  Both x-ray 

diffraction patterns index to the wurtzite ZnO structure, which indicates that ZnO is 

found heterogeneously on the substrate and homogenously in the solution.  Only the 

(002) and (004) peaks of the ZnO can be seen in the diffraction pattern for the 

heterogeneous growth because the ZnO nanowires are aligned with respect to the 

substrate surface.  Since both the heterogeneous and homogeneous growth is wurtzite 

ZnO, the precursor and growth mechanism should be similar for both types of growth.   

 The heterogeneous and homogeneous nanowires were examined in detail using 

SEM.  Figure 6.10a shows histograms of the diameters for both the heterogeneously and 

homogeneously grown nanowires.  Figure 6.10c shows a similar graph for the nanowire 

heights.  Typical SEM images of the heterogeneous and homogeneous growth are shown 

in Figures 6.10b and 6.10d, respectively.  The heights and diameters of the 

homogenously grown nanowires are much larger than those of the heterogeneously 

grown nanowires because homogeneous growth has little or no mass transport 

limitations.  Consequently, the precursor concentration is higher near the surface of a 

homogenously grown nanowire, which results in a faster growth rate.  In addition, the 

height and diameter distribution of the homogenously grown nanowires are much wider 
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Figure 6.9 X-ray diffraction pattern of ZnO nanowires grown (a) heterogeneously on a Si 
substrate and (b) homogeneously in the bulk solution.  Both XRD patterns index to 
wurtzite ZnO.  The * corresponds to the (400) peak of the silicon substrate. 
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Figure 6.10 Diameter (a) and height (c) distributions of nanowires grown 
heterogeneously (solid bars) on a substrate and homogeneously (striped bars) in solution.  
SEM images of the heterogeneously (b) and homogeneously (d) grown nanowires.  The 
scale bar in (b) is 1 µm and the scale bar in (d) is 10 µm.  These nanowires were grown at 
90 °C for 8 hours. 

 

 

Figure 6.11 Temporal evolution of the nanowire aspect ratio for heterogeneous (■) and 
homogeneous (○) growth. 
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than the corresponding distributions for heterogeneously grown nanowires.  The wider 

distribution in homogeneous growth results because the nucleation and growth are not 

separated in time and continue to occur together throughout the growth.  In contrast, 

heterogeneous growth is nucleated all at the same time by seeding the substrate.  

 A cursory examination of Figure 6.10 would lead one to conclude that the 

heterogeneous and homogeneous growth look very different.  However, a careful 

examination of the average aspect ratio, (h/2Rw) shows that the temporal evolution of this 

value is the same for both heterogeneous and homogeneous growth (Figure 6.11).  This 

indicates that even with little or no mass transport limitations in the solution, the 

homogeneously nucleated nanowires still grow faster along the c-axis.  Moreover, it 

would be difficult to explain the anisotropic homogeneous growth with mass transport 

limitations. This result also shows that the ratio of the c-axis growth rate to the lateral 

growth rate (i.e., kz/kr) is the same for both the homogeneous and heterogeneous growth.  

This is conclusive evidence that the anisotropic growth of the ZnO is intrinsic to the 

growth kinetics of ZnO in methenamine and zinc nitrate hexahydrate and is not caused by 

mass transport limited growth.     

6.8  Conclusions 
 The heterogeneous growth of ZnO nanowires in an aqueous solution of 

methenamine and zinc nitrate hexahydrate was shown to be mass transport limited.  As a 

result the growth rate is inversely proportional to the nanowire number density which 

limits the growth of dense nanowire arrays at a practical rate.  This limitation can be 

overcome by stirring the growth solution near the substrate and growth rates four times 

that obtained in stagnant solutions have been achieved with modest stirring rates.  The 

mass transport limited growth leads to nonuniform growth near boundaries between 

seeded and unseeded regions.  Finally, the anisotropic nanowire growth is not due to the 

mass transport limited growth but is due to the intrinsic growth kinetics of the 1010( )  

and 0001( )  surfaces of ZnO in zinc nitrate hexahydrate and methenamine.  
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Chapter 7 : Summary and Future Directions 
 

7.1 Summary 
The unique operation principles of excitonic solar cells, allows the use of 

inexpensive components and low cost processing techniques. For these reasons, excitonic 

solar cells have the potential to lower the cost of solar–to-electric energy conversion.  In 

particular, the TiO2 nanoparticle dye-sensitized solar cell, which is currently the most 

efficient excitonic solar cell (~11%)1 is very promising. Indeed, several companies have 

started manufacturing DSSCs.  However, the record efficiency achieved with DSSCs is 

nowhere near the theoretical maximum efficiency for DSSCs (~24% assuming a dye 

HOMO-LUMO gap of 2 eV).2  Thus, there is the potential to increase the efficiency of 

DSSCs.  Increasing the thickness of the photoanode, allowing for more dye adsorption, is 

one way to increase the DSSC efficiency.  However, this method is limited because the 

electron collection efficiency decreases as the photoanode thickness increases.  Replacing 

the nanoparticle photoanodes with nanowire photoanodes has been shown to increase 

electron collection by providing a direct electron pathway to the collection electrode. 

However, due to their lower surface area, nanowire DSSC efficiency has not exceeded 

that of nanoparticle DSSCs.  Thus, the synthesis of nanowire films with high surface area 

has the potential to benefit DSSCs as well as other types of excitonic solar cells. To this 

end, we have studied the synthesis of TiO2 and ZnO nanowires and have made some 

progress towards the synthesis of high surface area nanowire films.    

  Polycrystalline anatase TiO2 nanowire films were successfully synthesized on 

flexible titanium foil substrates and the three step hydrothermal process which transforms 

single crystal sodium titanate nanotubes, Na2Ti2O4(OH)2, to polycrystalline anatase TiO2 

nanowires was examined in detail.  The TiO2 nanowires are randomly oriented and 

entangled together to form a nanostructured film with an overall surface area similar to 

that of nanoparticle DSSCs.  These TiO2 nanowire films were incorporated as the 

photoanode in DSSCs.   

Compared to nanoparticle DSSCs in literature, the TiO2 nanowire DSSCs 

synthesized have similar electron transport rates but slower recombination rates which 



 168 

results in increased electron collection efficiency.  However, the overall efficiency of 

these TiO2 nanowire based DSSCs is still a factor of three to four less than that of 

nanoparticle DSSCs found in the literature.  There are several possible reasons for this 

lower efficiency.  First, the highest nanoparticle DSSCs efficiency achieved in our lab is 

~3% which is a factor of three to four less than the record 11%.1 The reason for this 

lower efficiency is because there are several steps involved in making an efficient DSSC 

and not all have been optimized in our group.  Some of these steps include purifying the 

dye, sealing the cells and optimizing the electrolyte composition.  All these steps have to 

be mastered and optimized to reach record efficiencies.  We have chosen to study the 

effects of morphology on electron transport by comparing different photoanode 

morphologies.  Future studies should focus on optimization of the other steps and DSSC 

components in order to increase the efficiency of the nanowire based cells made in our 

lab.  Second, the TiO2 nanowires are on opaque Ti foil, which necessitates the cell to be 

illuminated from the cathode side.  This lowers the cells efficiency because less light is 

incident on the photoanode due to low transmission through the Pt electrode and the 

electrolyte.  Third, because the nanowires are polycrystalline the electrons must cross 

grain boundaries, which limits the electron transport and thus the improvement to the 

electron collection efficiency due to the nanowire morphology.  However, even the single 

crystal rutile TiO2 wires, which have been recently realized on a transparent conducting 

oxide substrates and integrated into DSSCs,3 have similar transport and recombination 

time constants as TiO2 nanoparticle DSSCs.4,5 The reason for the lack of improvement of 

the electron collection efficiency in the single crystal rutile nanowires is likely due to a 

high defect density on the surfaces of the nanowires which results in electron transport  

involving diffusion through traps rather than by direct transport through the nanowire 

conduction band.  Further investigation of this hypothesis would be worth while in order 

to improve the electron collection efficiency through the nanowires as well as to address 

the question of whether or not nanowire films will indeed significantly increase the 

efficiency of excitonic solar cells.  

 Unlike the single crystal rutile TiO2 nanowires, single crystal wurtzite ZnO 

nanowires show a significantly faster transport rate as well as a slightly improved 
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recombination rate as compared to nanoparticle DSSCs.6  Typical nanoparticle DSSCs 

have transport and recombination rates of 1-10 ms and 10-100 ms, respectively.4,5  

Whereas, ZnO nanowire DSSCs have transport and recombination rates of 0.1-10 ms and 

100-1000 ms, respectively.6  With the improved collection efficiency found in the ZnO 

nanowires, photoanodes as thick at 100 µm could be realized without a significant loss in 

injected electron collection efficiency.6 However, despite the increased electron 

collection efficiency, DSSCs have achieved efficiencies of only ~2.4%.7 These limited 

efficiencies are due to insufficient surface area of ZnO nanowire arrays. We have studied 

the synthesis of ZnO nanowires from aqueous solutions of zinc nitrate hexahydrate and 

methenamine in detail and have gained a fundamental and detailed knowledge of the 

growth mechanism.  This may lead to control of the nanowire growth and thereby the 

ability to increase the ZnO nanowire film surface area. We have proposed a growth 

mechanism for the nanowire synthesis in which a zinc-methenamine complex reacts at 

the surface of hydroxyl terminated nanowires. Upon reaction, the zinc is incorporated 

into the ZnO solid and the methenamine decomposes to ammonia and formaldehyde.  

Using analytical chemistry as well as thermodynamic and kinetic models we have 

supported our proposed mechanism. The knowledge of the nanowire synthesis on the 

molecular level is interesting not only from a fundamental scientific point of view may 

potentially lead to better control of the nanowire growth in the future.  We also found that 

the nanowire growth is mass transport limited and that stirring the solution increases the 

growth rate by a factor of four and improves the heterogeneously grown nanowire yield.  

This result highlights the advantages of stirring during chemical bath deposition 

processes, which is valuable since it is common for this technique to be mass transport 

limited, as is the case for the deposition of CdS films (personal communication with Selin 

Tosun, July 19, 2009).   

7.2 Future Directions 
We have made progress towards synthesizing high surface area TiO2 and ZnO 

nanowire films which can be introduced as the photoanode in DSSCs.  However, for the 

DSSC efficiency to be improved, sufficient surface area and increased electron collection 

efficiency must be realized simultaneously.  This is proving to be a difficult task.  The 
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solution synthesized, single crystal, ZnO nanowire films provide increased electron 

collection efficiency as compared to nanoparticles films, but are deficient in surface area.  

Whereas, the opposite is true for the single crystal TiO2 nanowire films; they have 

sufficient surface area but the expected increase in collection efficiency has not been 

realized.  If the extinction coefficient of the dye could be increased and/or the absorbance 

of the dye could be broadened to include the near IR this would lower the photoanode 

surface area required for maximum photon absorption.  This would then make the 

realization of a photoanode which simultaneously possesses sufficient surface area and 

high collection efficiency more attainable. Furthermore, it is not clear if single crystal 

nanowires provide increased electron collection efficiencies by providing direct transport 

to the photoanode as it was initially conjectured. Clearly, the validity of this hypothesis 

depends on the nanowires since enhancement in electron transport has been demonstrated 

in ZnO nanowires but not in TiO2 nanowires. The reasons for this surprising difference 

must be explored further.   

The single crystal ZnO nanowire films synthesized in this thesis do not have 

adequate surface area to take advantage of their high collection efficiency to increase the 

DSSC performance. Yoshida et al.8 have found a novel way to combine high surface area 

and increased electron collection in a ZnO photoanode. They have synthesized the ZnO 

DSSC with the highest efficiency to date of 7.2%.9 Yoshida et al.8 have deposited a 

porous ZnO nanostructure onto FTO substrates by electrodeposition of zinc salts, e.g. 

ZnCl2, in oxygen-saturated aqueous solutions with an organic dye present.  The dyes used 

are sufficient for use in DSSCs, e.g. eosin Y (available from Aldrich).  The dye acts as a 

structure direction agent (SDA) and “templates” the ZnO as is it deposited. The dye and 

the ZnO became intermixed on the nanometer scale which leads to a unique 

interconnected, crystalline ZnO structure with vertical pores.8  The width of the pores is 

similar in size to the dye molecules, making the surface area per unit height of the ZnO 

nanostructure exceptionally high.  With this porous structure ~3-5 µm thick films (~10 

µm nanoparticle films are required) are sufficient to provide enough surface area for 

maximum photon absorption. The dye, which is initially deposited during the 

electrodeposition, deposits as aggregates and therefore the as deposited films do not 
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result in high DSSCs efficiencies.  However, the dye can be removed with a dilute KOH 

solution and a fresh monolayer of dye can be deposited by placing the ZnO photoanode 

in fresh dye solution.  As Yoshida et al.8 have pointed out, since all of the dye is removed 

when the deposited electrode is placed in the KOH solution, all of the ZnO surface is 

attainable by the KOH solution. This means that the electrolyte is able to reach the dye 

molecules for regeneration during cell operation. The photoanode is not one large single 

crystal but it is single crystal on the micrometer length scale, which is a significantly 

larger single crystal area than that which occurs in ~5-15 nm ZnO nanoparticles films.  

This electrodeposition process is attractive not only because of the high surface 

area ZnO films it creates but because it is simple, inexpensive and can be done at 

temperatures as low as 40 °C. These attributes make this method attractive for 

manufacturing low cost DSSCs on plastic substrates. Incidentally, ZnO is virtually the 

only semiconductor which is crystalline immediately upon electrodeposition.8 Other 

semiconductors need a post deposition high temperature anneal to crystallize.  Yoshida et 

al.8 also find increased electron transport in the electrodeposited porous films as 

compared to ZnO nanoparticle films. They claim this is due to the single crystallinity of 

the porous films. It is also possible to form different ZnO nanostructure film 

morphologies depending on the dye present during the electrodeposition.8 For example, 

the eosinY dye creates a vertically oriented porous nanostructure with the ZnO c-axis 

perpendicular to the substrate. In contrast, when the dye coumarin343 (available from 

Aldrich) is added to the deposition solution, a film with a lamellar structure composed of 

nanoplates with the ZnO c-axis parallel to the substrate is formed. This difference in 

morphology is because the eosinY and coumarin343 dyes preferentially adsorb to 

different faces of ZnO and therefore direct the growth differently.8 This recent work 

illustrates that there are alternative morphologies to nanowires for increasing the DSSC 

efficiencies which may even prove more important than nanowires even though recent 

work has touted the advantages of one-dimensional nanostructures.4,10,11  It might be that 

a highly porous yet still crystalline structure is a good way to get both the high surface 

area and increased electron transport simultaneously. It would be interesting to look at the 

ZnO film electrodeposition process in more detail and to try to increase the surface area 
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even further and make the crystalline domains larger. Anatase TiO2 porous photoanodes 

have also been achieved by a combination of amorphous titanate electrodeposition and 

post-deposition annealing of the resulting film at 450 °C.12  While the annealing step 

limits the usefulness of this technique on plastic substrates, the DSSCs made from these 

films achieve an overall power conversion efficiency of ~0.8% with a film thickness of 

~500 nm, a quite high value for such a thin film.12   Thus, exploring how to electrodeposit 

thick, crystalline and high surface area, TiO2 films directly onto conducting substrates 

using different dyes as structure direction agents may be a fruitful area of research.      

Improving the dye by making it less expensive and able to absorb further into the 

near infrared is an area of research with a lot of potential to increase the DSSC efficiency.  

For example, if a dye which is able to absorb from 300-700 nm is replaced with one 

which can absorb from 300-1000 nm, then the fraction of the absorbed photons increases 

from 46% to 65% of the total number of incident photons in the AM 1.5 spectrum. This is 

a 40% increase which, assuming the open circuit voltage and the fill factor do not change 

with increased dye absorption, should result in a 40% increase in the short circuit current 

and overall efficiency. Currently the best dyes (e.g., N3, N719 and “black dye” from 

Solaronix), contain Ru metal which is rare and increases the price of the dyes.  In 

addition, the low molar extinction coefficients8 of the dyes result in large amounts of dye 

being required for high efficiencies. Thus, synthesis of new inexpensive, high molar 

extinction coefficient dyes which absorb in the near IR would greatly improve the 

efficiency and cost of DSSCs.       

Another issue which requires further research regarding the Ru based dyes from 

Solaronix is that they work well with TiO2, however they do not work well with ZnO.  

One problem with using the Ru based dyes with ZnO photoanodes is that the dyes have 

carboxylic acid groups which attach to the ZnO surface in order to anchor the dye.  

However, this lowers the local pH at the ZnO surface. Since ZnO is more soluble at lower 

pH values, this causes some of the zinc atoms at the surface to dissolve and become zinc 

ions.  These zinc ions then complex with the dye irreversibly creating zinc-dye-

aggregates which absorb photons but do not efficiently inject electrons into the ZnO.13  
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Figure 7.1 (a) Rutile TiO2 nanowire film with height, diameter and number density of ~4 
mm, ~90 nm and ~40 nanowires/mm2, respectively.3 (b) ZnO nanowire film with height, 
diameter and number density of ~5 mm, ~100 nm and ~22 nanowires/mm2, respectively. 
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Figure 7.2 Absorbance of the N719 (Solaronix) dye desorbed in 0.1 M aqueous KOH 
solution from ZnO nanowire DSSCs with heights of 1.9 mm, 3.4 mm, 5.2 mm and 9.5 mm 
indicated by the vertical lines.  The absorbance does not increase systematically with 
nanowire height.  
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Thus, the aggregates lower the electron injection quantum yield and hence the overall 

power conversion efficiency.14   

We also believe that another problem with using the Ru based dyes with ZnO is 

that the dyes do not bind as densely to the ZnO surface as they do to the TiO2 surfaces.  

We believe this because an order of magnitude more dye is adsorbed onto the rutile 

single crystal TiO2 nanowire films as compared to the single crystal wurtzite ZnO 

nanowire films, even though the number densities, diameters and lengths of the 

nanowires are similar, Figure 7.1.  The amount of dye desorbed from the 4 µm TiO2 

nanowire film corresponds to a roughness factor (i.e. nanowire surface area/projected 

film area) of 150, whereas the roughness factor found by dye desorption from a 4 µm 

ZnO nanowire film is ~20.  However, the roughness factors estimated from the nanowire 

dimensions and number density measured from SEM gives a roughness factor for the 

TiO2 and ZnO nanowires of 45 and 36, respectively.  It could be that there is surface 

roughness on the TiO2 which allows for an order of magnitude higher surface area, 

however, looking at Figure 7.1 this seem unlikely.   Also, we have observed that the 

amount of dye adsorbed onto the ZnO nanowires does not always increase as the 

nanowire height increases (Figure 7.2).  Therefore, it is likely that the dye does not 

adsorb as much or pack as densely on to ZnO nanowires as it does on to TiO2 nanowires, 

thus lowering the efficiency of ZnO nanowire DSSCs. A good way to confirm that the 

dye packs differently on the TiO2 and ZnO nanowires would be to measure the surface 

areas of the ZnO and TiO2 nanowire films using another technique other than dye 

desorption.  If the ZnO and TiO2 nanowire films have the same surface area, then less dye 

must adsorb on the ZnO nanowire films because it packs less densely on ZnO as 

compared to TiO2. For example, BET measurements using a Kr absorption isotherm 

could be done on the nanowires to find an independent surface area value.  Kr should be 

used and not N2 since the Kr absorption tends to be more sensitive than N2 absorption,15 

and this sensitivity is needed since one 4 cm2 substrate has a relatively small surface area.   

Since the Ru based dyes work best with TiO2 it has had the effect of making ZnO 

photoanodes seem inferior to TiO2, when in reality it is likely that the reason for the 

lower ZnO performance is that the appropriate dye for ZnO has not been found yet.8  
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Thus, there is a need for dyes which are more suitable for ZnO. Such a dye must bind 

densely to the ZnO nanowires/particles, not cause the ZnO to dissolve, allow for fast 

electron injection, have a high extinction coefficient, and absorb into the near IR.  

Moreover, this dye must achieve all these requirements at low cost. 

  Yoshida et al.8 have been working on finding dyes, which meet the requirements 

stated above and have had some success.  They have found several potential dyes and 

have tested them on their electrodeposited porous crystalline ZnO photoelectrodes.  In 

particular, they have found that the D149 dye (Mitshubishi Paper Mills Ltd.), which 

absorbs from 300-700 nm, works well with ZnO.  Using this dye and electrodeposited 

porous crystalline ZnO photoelectrodes, an overall power conversion efficiency of 5.56% 

has been achieved.8 Yoshida et al. have also found that porous crystalline ZnO 

photoelectrodes in conjunction with the squarylium dye (available from Aldrich), which 

absorbs from 500-7008 nm, or heptamethine-cyanine dye (must be synthesized), which 

absorbs from 600-9008 nm, results in DSSCs with overall power conversion efficiencies 

of 1.5%16 and 0.67%17, respectively. They have also tried coadsorbing dyes which are 

compatible with ZnO and absorb in different regions of the solar spectrum. They have 

found that the DSSCs assembled with two dyes have efficiencies higher than those with a 

single dye and that the dyes maintain their sensitization capability even when they are 

coabsorbed on the same photoanode.  Thus, combining dyes in order to cover the whole 

solar spectrum is a possibility if a single dye with a broad absorption spectra cannot be 

found. While Yoshida et al.8 have made significant progress, more research needs to be 

done to engineer the best dye for high efficiency ZnO DSSCs.   

Single crystal ZnO nanowires provide increased electron collection efficiency as 

compared to TiO2 nanoparticles,6 however, single crystal rutile TiO2 nanowires have 

similar collection efficiencies as TiO2 nanoparticles (unpublished results, personal 

communication with Bin Liu, April 8, 2009).  It is not clear why this is the case and it 

presents a fundamental question as to whether or not all single crystal nanowires, and in 

particular rutile TiO2 nanowires, have the ability to significantly increase electron 

transport as has been predicted.9,10 It has been shown that the ZnO nanoparticle 

photoanodes have better charge transport properties than TiO2 nanoparticle 
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photoanodes,18 thus it may be that lower electron collection efficiency is intrinsic to TiO2 

and therefore TiO2 nanowires will not be able to increase the efficiency of DSSCs. 

However, it might also be possible to modify the synthesis process such that these rutile 

TiO2 nanowires exhibit higher electron collection efficiencies. The slower electron 

transport could be due to a high defect density in these nanowires which results in the 

electron transport involving traps and not direct transport though the conduction band. 

Therefore, if a synthesis method was developed which lowered the defect density this 

could result in higher electron collection efficiencies. In addition single crystal anatase 

TiO2 nanowire films on a transport conducting oxide have yet to be realized and they 

may behave differently than rutile nanowires. Thus, developing a synthesis method for 

low defect density single crystal anatase TiO2 films may be valuable.  

Another potentially profitable research project would be to determine if defect-

derived surface states are likely to be present on the side surfaces of the single crystal 

rutile nanowires by examining the (110) TiO2 rutile crystal face using femtosecond time-

resolved two-photon photoemission spectroscopy (TR-2PPE).  The (110) crystal face 

should be examined since this is the orientation of nanowire sidewalls.3 The ( )0110  

crystal face of ZnO, which is the same face as the side walls of the ZnO nanowires used 

in DSSCs, has been examined using TR-2PPE.19 It was found that there is an 

exponentially decreasing density of defect-derived surface states within the band gap 

which may be responsible for the carrier trapping observed in the electron transport in 

ZnO nanowires.19 Thus, studying the rutile TiO2 (110) face with TR-2PPE, might suggest 

whether defect-derived surface states are responsible for the lower collection efficiency 

in the rutile TiO2 nanowires as compared to ZnO nanowires. This may help to answer the 

fundamental question of whether or not single crystal rutile TiO2 nanowires will be able 

to increase the efficiency of DSSCs.  

The research and findings described in this thesis have furthered the 

understanding of TiO2 and ZnO nanowire synthesis techniques. This understanding may 

be used in the future to create high surface area nanowires for DSSCs. However, there are 

still many research paths to pursue, and challenges to overcome, to significantly increase 

the efficiency of DSSCs.  Nevertheless, other nanowire based excitonic solar cells have 
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different requirements for the nanowire film, which may be met more easily. For 

example, the nanowire based quantum dot solar cell only requires that the nanowires 

provide fast electron transport and does not require a high surface area nanowire film. 

Thus, an improvement to the QDSC efficiency by incorporating ZnO nanowires has been 

recently achieved.20     
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Appendix 1: Derivation of ZnO Nanowire Growth Mechanism    
                      Model 
 

 Referring to Figure 5.10 in Chapter 5 the following differential equations describe  

the depletion of Zn2+, HMT, Zn-HMT2+, and Zn-HMT-Zn4+ ,  
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Assuming a pseudo steady-state of the Zn-HMT2+ and Zn-HMT-Zn4+ intermediates  (i.e. 

equations A.3 and A.4 are equal to zero) the Zn-HMT-Zn4+ can be written as function of 

Zn-HMT2+ and Zn2+ and the Zn-HMT2+ can be written as a function of Zn2+ and HMT, 
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Substituting these into the equations A.1 and A.2 and then after some mathematical 

manipulation the depletion rate of Zn2+ and HMT can be written as. 
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Where, 
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