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ABSTRACT OF DISSERTATION 

 

SYNTHESIS OF TITANIA THIN FILMS WITH CONTROLLED 

MESOPORE ORIENTATION: NANOSTRUCTURE FOR ENERGY 

CONVERSION AND STORAGE 

  

This dissertation addresses the synthesis mechanism of mesoporous titania thin films with 

2D Hexagonal Close Packed (HCP) cylindrical nanopores by an evaporation-induced self-

assembly (EISA) method with Pluronic surfactants P123 and F127 as structure directing 

agents, and their applications in photovoltaics and lithium ion batteries. To provide 

orthogonal alignment of the pores, surface modification of substrates with crosslinked 

surfactant has been used to provide a chemically neutral surface. GISAXS studies show 

not only that aging at 4 °C facilitates ordered mesostructure development, but also that 

aging at this temperature helps to provide orthogonal orientation of the cylindrical micelles 

which assemble into an ordered mesophase directly by a disorder-order transition. These 

films provide pores with  8-9 nm diameter, which is precisely the structure expected to 

provide short carrier diffusion length and high hole conductivity required for efficient bulk 

heterojunction solar cells. In addition, anatase titania is a n-type semiconductor with a band 

gap of +3.2 eV. Therefore, titania readily absorbs UV light with a wavelength below 387 

nm. Because of this, these titania films can be used as window layers with a p-type 

semiconductor incorporated into the pores and at the top surface of the device to synthesize 

a photovoltaic cell. The pores provide opportunities to increase the surface area for contact 

between the two semiconductors, to align a p-type semiconductor at the junction, and to 

induce quantum confinement effects. 

 

These titania films with hexagonal phase are infiltrated with a hole conducting polymer, 

poly(3-hexylthiophene) (P3HT), in order to create a p-n junctions for organic-inorganic 

hybrid solar cells, by spin coating followed by thermal annealing. This assembly is 

hypothesized to give better photovoltaic performance compared to disordered or 

bicontinuous cubic nanopore arrangements; confinement in cylindrical nanopores is 

expected to provide isolated, regioregular “wires” of conjugated polymers with tunable 

optoelectronic properties, such as improved hole conductivity over that in bicontinuous 

cubic structure.  The kinetics of infiltration into the pores show that maximum infiltration 

occurs within less than one hour in these films, and give materials with improved 

photovoltaic performance relative to planar TiO2/P3HT assemblies. These oriented 

mesoporous titania films are also used to develop an inorganic solar cell by depositing 

CdTe at the top using the Close Spaced Sublimation (CSS) technique. A power conversion 

efficiency of 5.53% is measured for heterostructures built using mesoporous titania films, 

which is significantly enhanced relative to planar TiO2/CdTe devices and prior reports in 

the literature. These mesoporous titania films have a great potential in inorganic solar cell 

development and can potentially replace CdS window layers which are conventionally used 

in inorganic CdS-CdTe solar cells. The last part of the dissertation addresses layer-by-layer 



  

synthesis to increase the thickness of mesoporous titania films with vertically oriented 2D-

HCP nanopores, and their use in lithium ion batteries as negative electrodes because of 

advantages such as good cycling stability, small volume expansion (~3%) during 

intercalation/extraction and high discharge voltage plateau. The high surface area and small 

wall thickness of these titania films provide excellent lithium ion insertion and reduced ion 

diffusion length, resulting in stable capacities as high as 200-250 mAh/g over 200 cycles. 

 

KEYWORDS: Mesoporous, self-assembly, orthogonal alignment, solar cells, lithium ion 

battery 

 

                                                                                                                Suraj R. Nagpure 

                                                                                                             08/11/2016



 

SYNTHESIS OF TITANIA THIN FILMS WITH CONTROLLED 

MESOPORE ORIENTATION: NANOSTRUCTURE FOR ENERGY 

CONVERSION AND STORAGE 
 

 

 

By 

 

Suraj R. Nagpure 

 

 

 

 

 

 

 

 

 

 

 

                                                                                           Dr. Stephen E. Rankin 

                                                                                           Director of Dissertation 

                                                                                           Dr. Thomas D. Dziubla 

                                                                                              Director of Graduate Study 

                                                                                              Date: 08/11/2016 



iii 
 

ACKNOWLEDGEMENTS 

First and foremost, I would like to express my deepest gratitude to my advisor, Dr. 

Stephen E. Rankin for his continuous encouragement and support during my doctoral 

research. He is one of very few inspiring people with profound knowledge and a subject 

matter expert in his field. He always had the patience to listen to me and guide me whenever 

I approached him with new ideas. During my research I failed several occasions but he 

never lost his patience and always advised me to find the solution. Most important of all, 

he taught me how to be “Accountable” for my own actions and decisions in life and this 

teaching from him will help me throughout my life. He influenced me a lot in developing 

systematic research and development approach and problem solving skills. In a sentence, 

without his consistent scholarly guidance and support throughout these years, this research 

work and this dissertation would have never existed. I am really thankful to him for being 

my advisor. Above all he is very nice person by heart and I have a lot of respect for him as 

a person. 

I am also extremely grateful to my committee members, Dr. Barbara Knutson, Dr. 

Vijay Singh, and Dr. Yang-Tse Cheng for their precious time and valuable suggestions. 

I would like to thank Nicholas Briot and Dali Qian of the Electron Microscopy 

Facility for their valuable time in training me to operate electron microscopes 

independently, which were crucial tools for characterizing my samples. I would also like 

to thank Mr. Jason Backus of Kentucky Geological Survey for training and help with using 

their XRD instrument. I would also like give my thanks to Dr. Joseph W Strzalka at 

Argonne National Laboratory for his help to analyze my samples through GISAXS. I 

would also like to thank Dr. James Browning at Oak Ridge National Laboratory for his 

help to analyze neutron reflectometry data. I would also like to thank my friend Sai Guduru 

Dr. Vijay Singh for teaching me fundamentals of semiconductor fabrication techniques. I 

would like to thank Qinglin Zhang and Jiagang Xu for electrochemical characterization. I 

would also like to thank all my previous and current lab members, especially Dr. Suvid 

Joshi, Dr. Ravinder Garlapalli, Dr. Saikat Das and Syed Zahadul Islam, for their continuous 

support.  

I am extremely grateful for the support and encouragement from my parents 

Ramkrushna Nagpure and Kiran Nagpure, my grandparents Shriram Nagpure and Sarubai 

Nagpure, my sister Poonam Nagpure and Brother Sagar Nagpure for their perennial love 

and support throughout my entire life. My friends are a special part of my life. My special 

thanks go to all my childhood friends from Nagpure, friends from UDCT and Gazette Gang 

especially Raghav, Purujit, Suvid, Pratik, Anwesha, Prachi, Sonam, Srishti, Amit, Sumesh, 

Ravinder, Saket, Rutooj, Vinod for making my stay in Lexington special. 

Finally, this work was supported by the U.S. Department of Energy under grant 

number DE-FG02-07ER46375 and National Science Foundation ESPCoR grant number 

1355438. The work at the Argonne National Laboratory was supported by the U.S. 

Department of Energy, Office of Science, Office of Basic Energy Science, under contract 

No. DE-AC02-06CH11357. I am thankful for the financial support from DOE, NSF and 

the Chemical and Materials Engineering Department at the University of Kentucky. 



iv 
 

TABLE OF CONTENTS 
 

ACKNOWLEDGEMENTS………………………………………………...iii 

TABLE OF CONTENTS…………………………………………………...iv 

LIST OF TABLES…………………………………………………………vii 

LIST OF FIGURES……………………………………………………….viii 

Chapter 1. Overview of Mesoporous Titania Thin Films and their Applications for 

Energy Conversion and Storage…………………………………………………………...1 

1.1. Soft-templating method……………………………………………………………3 

1.2. Titania Thin Films with Orthogonally Oriented 2D-Hexagonal Close Packed 

(HCP) Cylindrical Nanopores……………………………………………………10 

1.3. Characterization of Titania Thin Films…………………………………………..13 

1.3.1. Grazing-incidence Small Angle X-ray Scattering (GISAXS)……………...13 

1.3.2. X-ray Diffraction…………………………………………………………..16 

1.3.3. Electron Microscopy………………………………………………………18 

1.3.4. Solar Cells…………………………………………………………………21 

1.3.4.1.  p-n junctions…………………………………………………………..22 

1.3.4.2.  Photovoltaic Effect……………………………………………………23 

1.3.4.3. Thin Film Solar Cells………………………………………………….24 

1.3.4.4. Solar Cell Characterization……………………………………………25 

1.3.5. Electrochemical Characterization…………………………………………27 

1.4. Dissertation Outline……………………………………………………………...30 

Chapter 2. In Situ GISAXS Investigation of Low-Temperature Aging in Oriented 

Surfactant-Mesostructured Titania Thin Films………………………………………….36 

Reproduced with permission from Nagpure, S., Das, S., Garlapalli, R., Strzalka, J., Rankin, 

S. E., Journal of Physical Chemistry C, 2015, 119, 22970-22984………………………36 

2.1. Summary…………………………………………………………………………36 

2.2. Introduction………………………………………………………………………37 

2.3  Experimental Section…………………………………………………………….41 



v 
 

2.4. Results and Discussion…………………………………………………………...43 

2.5. Conclusions………………………………………………………………………60 

Chapter 3. Incorporating Poly(3-hexyl thiophene) into Orthogonally Aligned Cylindrical 

Nanopores of Titania for Inorganic-Organic Hybrid Solar Cells………………………..73 

3.1. Summary…………………………………………………………………………73 

3.2. Introduction………………………………………………………………………74 

3.3. Experimental Section……………………………………………………………77 

3.4. Results and Discussion…………………………………………………………...80 

3.5. Conclusions………………………………………………………………………87 

Chapter 4. Nanoporous n-TiO2/p-CdTe Heterojunction Solar Cells with Enhanced 

Response in the Near-UV Region of the Solar Spectrum………………………………..97 

4.1. Summary…………………………………………………………………………97 

4.2.Introduction……………………………………………………………………….98 

4.3.Experimental Section……………………………………………………………101 

4.4.Results and Discussion………………………………………………………….104 

4.5.Conclusion………………………………………………………………………111 

Chapter 5. Layer-by-layer Synthesis of Thick Mesoporous Titania Films with Vertically 

Oriented 2D-HCP Nanopores and Their Application as Negative Electrodes in Lithium 

Ion Batteries…………………………………………………………………………….119 

5.1. Summary………………………………………………………………………..119 

5.2. Introduction……………………………………………………………………..120  

5.3. Experimental Section……………………………………………………………124 

5.4. Results and Discussion………………………………………………………….126 

5.5. Conclusion……………………………………………………………………...133  

Chapter 6. Conclusions and Future Work………………………………………………143 

6.1. Conclusions……………………………………………………………………..143 

6.2. Future Work…………………………………………………………………….148 

APPENDIX A. Nafion-Titania Polymer Hybrids for Solid State Batteries……………159 

A.1. Introduction…………………………………………………………………….159 



vi 
 

A.2. Experimental Section…………………………………………………………...161 

A.3. Results and Discussion…………………………………………………………162 

A.4. Conclusion……………………………………………………………………...165 

APPENDIX B. Electrochemical Impedance Spectroscopy (EIS) Characterization of 

Titania Films with Controlled Pore Orientation and Incorporation of Lipid Bilayers into 

the Nanopores of Titania………………………………………………………………..170 

B.1. Introduction…………………………………………………………………….170 

B.2. Experimental Section…………………………………………………………...172 

B.3. Results and Discussion…………………………………………………………173 

B.4. Conclusion……………………………………………………………………...176 

APPENDIX C. Supporting Information of Chapter 2………………………………….182 

References……………………………………………………………………………...186 

Vita……………………………………………………………………………………..211 

 

 

 

 

 

 

 

  

  

 

 

 

 



vii 
 

LIST OF TABLES 
Table 2.1. Parameters found by fitting the Avrami equation to each of the films aged at 4 

°C and high relative humidity……………………………………………………………72 

Table 3.1. Characteristics of layers obtained by fiting a multilayer model to the neutron 

reflectivity profile of P3HT infiltrated into the nanopores of titania after annealing at 200ο 

C for 30 minutes………………………………………………………………………….96 

Table 3.2. Characteristics of layers obtained by fiting a multilayer model to the neutron 

reflectivity profile of P3HT infiltrated into the nanopores of titania after annealing at 200ο 

C for 60 minutes………………………………………………………………………….96 

Table 4.1. Photovoltaic parameters and results from Mott-Schottky analysis of nanoporous 

TiO2/CdTe and planar TiO2/CdTe Solar Cell…………………………………………...118 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

LIST OF FIGURES 
Figure 1.1. Orientations of a p6mm hexagonal mesophase (above) and the corresponding 

predicted diffraction patterns (below). (a) mesophase with channels perpendicular to the 

substrate, (b) channels parallel to substrate and 100 face parallel to the surface. Adapted 

from Hillhouse et al.1 (c) 2D-GISAXS pattern for mesophase with channels perpendicular 

to the substrate. Adapted from Das et al. 2………………………………………………...32 

Figure 1.2. Cross-section of a solar cell………………………………………………….33 

Figure 1.3. A typical current–voltage characteristic of a solar cell in the dark and under 

illumination………………………………………………………...…………………….34 

Figure 1.4. (a) Controlling profile of a CV test. (b) An example of CV of TiO2 vs. Li...35 

Figure 2.1. Scattering geometry for in situ dip coating GISAXS measurements.   For each 

experiment, a vertically oriented sample slide is raised from a resevoir at a controlled rate.   

X-rays are incident on the sample at an angle αi and specularly reflected at angle αf in the 

horizontal plane, normal to the plane of the sample.   The projection of the scattering angle 

onto the vertical plane is 2θ, and the wave-vector transfer components qz and qy are 

perpendicular and parallel to the sample plane, respectively…………………………….63 

Figure 2.2. 2D GISAXS patterns showing the evolution of mesostructure for thin (~60 

nm thick) titania film on modified substrate after aging at 4 °C and ~80% RH for a) 10 

min b) 15 min c) 20 min and d) 75 min after coating……………………………………64 

Figure 2.3. Waterfall plot showing the evolution of the mesostructure for thin titania film 

on modified substrate during aging 4 °C for the first 30 minutes. The plots were generated 

by integrating slices from the 2D GISAXS patterns for qz values from 0.025 to 0.03 Å-1..65 

 

Figure 2.4. Evolution of the integrated intensities of the (100) peak of the o-HCP structure 

vs. time for (a) thin titania film on modified substrate, (b) thin titania film on unmodified 

substrate, (c) thick titania film on modified substrate, and (d) thick titania film on 

unmodified substrate during aging at 4 °C at 13.5 mm above the bottom of the coating or 

at a set of four other points (averaged).  The error bars represent the standard deviation of 

the intensity of the four points excluding the measurement at 13.5 mm…………………66    

Figure 2.5. FWHM (full width at half maximum) for (a) thin titania film on modified 

substrate, (b) thin titania film on unmodified substrate, (c) thick titania film on modified 

substrate, (d) thick titania film on unmodified substrate at 13.5 mm above the bottom of 

the coating or at a set of four other points (averaged). The error bars represent the standard 

deviation of the FWHM of the four points excluding the measurement at 13.5 mm……...67  

Figure 2.6. The linearized Avrami equation fit to data for (a) thin titania film on modified 

substrate, (b) thin titania film on unmodified substrate, (c) thick titania film on modified 

substrate, and (d) thick titania film on unmodified substrate during aging at 4 °C.  The filled 

symbols were fit and the open symbols were not, either because they were measured during 

the induction period (for early data) or because they were measured after significant 

radiation damage was observed (for late data)……………………………………………68 



ix 
 

Figure 2.7. Selected representative 2D GISAXS patterns collected during the aging of a 

thin P123-templated titania film on a modified substrate during aging at 23 °C for aging 

times of (a) 5 min, (b) 8 min, (c) 10 min and (d) 15 min…………………………………69 

Figure 2.8. Top view SEM images of thin titania films on modified substrate aged at (a) 4 

°C and (c) 23 °C after calcination at 400 °C for 10 minutes using a ramp rate of 25 °C/min; 

and GISAXS patterns after 30 minutes of aging at (b) 4 °C or (d) 23° C……………….70 

Figure 2.9. (a) Evolution of the integrated intensity of the diffraction peak vs. time for thin 

titania film on modified substrate during aging at 23 °C at a point 13.5 mm above the 

bottom of the coating or at a set of four other points (averaged).  The error bars represent 

the standard deviation of the intensity of the four points excluding the measurement at 13.5 

mm. (b) The linearized Avrami equation fit to data for thin film on modified substrate 

during aging at 23 °C.  The filled symbols were fit and the open symbols were not, because 

they were measured during the induction period (Induction period = 2 min, Avrami 

parameters, n = 2.0, k = 0.00388 min-2)…………………………………………………..71 

Figure 3.1. Representative plan view SEM images of mesoporous titania films prepared 

on (a) plain glass and (b) F127-modified glass prepared from sols containing 1.26 g F127  

and 30 g of ethanol, aged at 4 °C and calcined at 400 °C at the rate of 25 °C/min……...89 

Figure 3.2. (a) GISAXS pattern of nanoporous titania film prepared on modified glass after 

calcination at 400° C at a rate of 25 °C/min and (b) the corresponding 1D linecut derived 

by integrating along the qz direction from 0.08-0.1 Å-1………………………………….90  

Figure 3.3. UV-vis absorption spectra of (a) regioregular P3HT and (b) regioregular P3HT 

infiltrated into titania films with thickness of 120 nm after annealing under vacuum for the 

indicated times at 200° C (The data has been shifted in part (b) for absorbance values)..91  

Figure 3.4.  (a) Blue shift of P3HT UV-vis absorbance maximum as a function of annealing 

time and (b) optical density of embedded P3HT after infiltration for varying periods of 

time at 200 °C under vacuum…………………………………………………………….92 

Figure 3.5. Neutron reflectivity profile of P3HT infiltrated into the nanopores of titania 

after annealing at 200ο C for 30 minutes. The inset shows that scattering length density 

(SLD) profile of the fitted model…………………………………………………………93 

Figure 3.6. Neutron reflectivity profile of P3HT infiltrated into the nanopores of titania 

after annealing at 200ο C for 60 minutes. The inset shows that scattering length density 

(SLD) profile of the fitted model………………………………………………………....94 

Figure 3.7. (a).PL spectra for P3HT infiltrated into nanoporous TiO2 by spin coating 1 

wt% P3HT solution followed by annealing at 200 °C for the indicated time and comparison 

with as spun P3HT, and (b) integrated PL intensity for P3HT infiltrated into nanoporous 

TiO2 as a function of annealing time. The error bars represent the standard deviation of the 

PL intensity of three different samples…………………………………………………...95 



x 
 

Figure 4.1. (a) Device structure for CdTe/nanoporous-TiO2 solar cells, and (b) Device 

structure for CdTe/planar-TiO2 solar cells c) Band alignment diagram for CdTe- TiO2 

system. Eg is energy band gap, φ is electron affinity, EF is fermi level, Evac is vacuum EC 

and EV are edges conduction and valence bands, δ is energy band offset………………..112 

Figure 4.2. (a)  SEM image (b) SAXS pattern (c) SAED pattern, and (d) HRTEM of titania 

film on modified glass from sols prepared using F127 with M= 0.01 and 30 g of ethanol, 

aged at 4° C and calcined at 400° C at the rate of 25°/min………………………………..113 

Figure 4.3. Cross-sectional SEM image of (a) Titania film with vertically oriented 

cylindrical nanopores (b, c) CdTe infiltrated into the nanopores of titania at low 

magnification (b) and at high magnification (c)………………………………………..114 

Figure 4.4. GISAXS Pattern of titania thin films with o-HCO microstructure after CdTe 

Sublimated from CdTe-titania samples………………………………………………...115 

Figure 4.5. Solar cell performance of (a) CdTe-nanoporous TiO2 solar cell, and (b) Cdte-

planar TiO2 solar cell……………………………………………………………….......116 

Figure 4.6. (a) Mott-schottky analysis of Planar TiO2/CdTe and porous TiO2/CdTe on a 

semi-log scale, and (b) External quantum efficiency of porous TiO2/CdTe solar cell...117  

Figure 5.1. (a) Top view SEM image of a single-layer nanoporous titania film prepared on 

F127-modified titanium foil prepared from sols containing 1.26 g F127 and 18.43 g of 

ethanol, aged at 4 °C and calcined at 400 °C at the rate of 25 °C/min and (b) Cycling 

performance for titania thin films with different pore orientation and its comparison with a 

nonporous titania film up to 200 cycles at C/3 rate……………………………………..135 

Figure 5.2. Thickness of films as a function of number of layers measured using 

profilometry. The error bars represent standard deviation in thickness values for three 

samples………………………………………………………………………………….136 

Figure 5.3. XRD patterns of calcined titania films on unmodified glass and modified 

glass for three different thicknesses from sols prepared using 1.26 g F127 and 18.43 g of 

ethanol, aged at 4° C and calcined at 400° C at the rate of 25°/min…………………….137 

Figure 5.4. Top-view SEM images of titania thin films after (a) one layer and (b) three 

layers from sols prepared using 1.26 g F127 and 18.43 g of ethanol, aged at 4° C and 

calcined at 400° C at the rate of 25°/min. The thicknesses of titania film measured using 

profilometry were around 186 nm and 434 nm respectively……………………...……138 

Figure 5.5. Cross-sectional SEM images of titania thin films after (a) one, (b) three, (c) 

five, or (d) eight layers were deposited from sols prepared using 1.26 g F127 and 18.43 g 

of ethanol, aged at 4° C and calcined at 400° C at the rate of 25°/min………………….139 

Figure 5.6. Cyclic voltammetry of (a) one layer for five cycles and (b) multilayer titania 

films for indicated layers for the first cycle, measured in 1 M LiPF6 salt in an equal 

volume mixture of ethylene carbonate and dimethyl carbonate……………………….140 



xi 
 

Figure 5.7.  Cycling performance of titania films with vertical pore orientation for 

indicated thicknesses up to 200 cycles at C/3 rate…………………………….………..141 

Figure 5.8. XPS spectra of TiO2 thin films before electrochemical characterization and 

after the completion of the 200th discharging cycle…………………………………….142 

Figure 6.1. Energy level diagram for TiO2+N719+P3HT system……………………..156 

Figure 6.2. Schematics for incorporation of Sn/Si into the nanopores of titania for lithium 

ion battery applications…………………………………………………………………157 

Figure 6.3. Chemical structure of dopamine…………………………………………...158 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

Chapter 1. Overview of Mesoporous Titania Thin Films and their Applications for 

Energy Conversion and Storage 

 

Titania is an important material for applications in various fields including 

medicine3, environmental remediation4-5 and energy storage and conversion6-7. It is non-

toxic, photoactive and has unique optical, physical and chemical properties. Titania (TiO2) 

is a highly biocompatible material8 and used as a drug host for controlled release over a 

long period of time9. Titania has excellent photocatalytic performance10-11 and has been 

widely used in environmental and waste water applications for oxidation of a large variety 

of living cells and organics12-15. Grätzel and co-workers have highlighted that 

nanocrystalline titania thin films can be used as electrodes for photoelectrochemical cells 

and have potential applications in the areas of electrochromic devices, photocatalysts, 

sensors, etc16-17. Titania has excellent charge transport properties which can be utilized to 

synthesize liquid electrolyte dye-sensitized solar cells16. In general, titania based systems 

have great advantages such as high efficiency, low cost, chemical inertness, and 

photostability which makes them useful for these and other applications11.  

Anatase titania is a n-type semiconductor with the valence and conduction bands 

located at +3.1 and -0.1 eV relative to the Fermi level, thus giving a band gap of +3.2 eV. 

Therefore, titanium dioxide readily absorbs UV light with a wavelength below 387 nm18-

19. Because of this property, titania films can be used as a window layer with a p-type 

semiconductor incorporated into the pores and at the top surface of the device to synthesize 

a photovoltaic cell. Mesoporous TiO2 has been considered as a suitable photoanode 

material for dye sensitized solar cells since it could provide rapid electron transport, large 

surface area for superior contact with other semiconductors, and close electrical contact 

with the redox electrolyte20-21. This puts TiO2 in a position to potentially address the 
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utilization of solar energy as a substitute for nonrenewable fossil fuel resources22-23. 

Another important potential application of titania is in the field of energy storage, such as 

in lithium ion batteries. Nanoporous titania can be used as anode materials in lithium ion 

batteries because of advantages including small volume expansion (~3%) during 

intercalation/extraction of Li+ ions24, good cycling stability25 and high discharge voltage 

plateau (~1.7 V)26. A significant amount of work has recently been done in this area using 

titania27-29. In this and other applications, introduction of well-defined pores into titania can 

significantly enhance the effectiveness of charge transport, adsorption and catalysis at the 

interface between titania and other media.  An established approach to achieving this is by 

surfactant templating. 

Structured mesoporous titania was first reported by Antonelli and Ying in 199530. 

Since then, different mesoporous structures of titania have been synthesized including 2D 

hexagonal, 3D cubic, lamellar, hollow-sphere, wormhole-like, rice-like, sphere-like, tube-

like, sponge-like, spindle-like, and bipyramidal Wulff-shape TiO2 using various methods 

such as sol-gel, hydrothermal, solvothermal, microwave, and sonochemical approaches31-

45. Liu et al. synthesized spindle shaped mesoporous TiO2 by using an aqueous 

peroxotitanium solution with polyacrylamide33. Da Silva et al. prepared truncated 

bipyramidal Wulff-shaped mesoporous TiO2 that exhibited superior photocatalytic activity 

by using a non-aqueous sol-gel approach35. Guo et al. prepared three-dimensional 

mesoporous TiO2 microsphere catalysts via a one-step solvothermal process without 

templates40. Yu et al. prepared trimodally sponge-like macro-/mesoporous titania by 

hydrothermal treatment of precipitates of tetrabutyl titanate (Ti(OC4H9)4) in pure water31. 

Wang et al. developed mesoporous spherical aggregates of anatase nanocrystals with 



3 
 

wormhole-like framework using cetyltrimethylammonium bromide (CTAB) as structure 

directing agent32. Han et al. synthesized a lamellar titania microstructure using  

cetyltrimethylammonium  bromide (CTAB) as ionic template and ammonium titanyl 

oxalate as titania precursor45. We have previously synthesized mesoporous titania thin 

films with cubic miscostructure44 and orthogonally oriented 2D-hexagonal close packed 

(HCP) cylindrical nanopores41-43 using an evaporation induced self-assembly (EISA) 

technique with Pluronic surfactants (P123 and F127) as structure directing agents and 

titanium tetrachloride and titanium ethoxide as titania precursors. Thus, various 

mesostructures of titania can be obtained using different synthesis routes and precursors. 

This chapter will provide an overview of soft templating method along with relevant 

characterization techniques and an outline of the dissertation. 

1.1. Soft-templating method 

The soft-templating method usually occurs by a co-assembly process of the 

precursors (silica, metal oxides, polymers, etc.) and surfactant templates or other self-

assembling species46. Since the success in the synthesis of periodic mesoporous silicates47-

48, there has been a tendency to extend this methodology to more chemically and 

electronically active transition metal oxides. Since the soft-templating method is based on 

the co-assembly of reacting metal oxide precursors with surfactants, the chemistry of the 

precursors needs to be understood and controlled to give the best chance of producing a 

desired material. Titania precursors (e.g. titanium (IV) ethoxide and titanium tetrachloride) 

are more reactive than silica precursors such as tetraethoxysilane.  In these precursors, the 

oxidation state of the metal is smaller than its preferred coordination number. To increase 

its coordination number the metal uses its vacant d orbitals to accept lone pairs from 

nucleophiles, such as oxygen atoms of water.  In addition, transition metals can form M-
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OH-M bridges through olation reactions, leading to rapid precipitation of hydroxyl species 

under uncontrolled conditions. Thus, titania precursors can be very difficult to work with 

if care is not taken in the design of the synthesis procedure.  

In 1995, Antonelli and Ying first reported the synthesis of mesoporous TiO2 (named 

as Ti-TMS1), which has been accomplished through a modified sol-gel process involving 

titanium isopropoxide as a precursor and an alkylphosphate surfactant as the template30. 

Acetylacetone was used to decrease the hydrolysis and condensation rate of titanates and 

reduce the size of their oligomers to obtain a strong interaction with the phosphate head 

groups of a tetradecylphosphate surfactant in an aqueous solution. However, a significant 

amount of phosphorus remained after the surfactant template was removed leading to 

relatively low photocatalytic activity because of poisoning of active catalytic sites due to 

residual phosphorus. In 1999, Antonelli et al. reported the synthesis of nonphosphated 

mesoporous TiO2 by using dodecylamine as the template combined with a dry aging 

technique49. However, the obtained materials were found to have poor thermal stability. It 

was not possible to synthesize thermally stable mesoporous titania with active catalytic 

sites by the approach developed by Antonelli. Also, controlling the hydrolysis and 

polymerization of titania precursors was shown to be essential to obtain high 

mesostructural regularity over large domains. A significant breakthrough in controlled 

formation of mesoporous films and particles was realized when Brinker and co-workers 

developed the evaporation-induced self-assembly (EISA) method to prepare mesoporous 

silica thin films50. Because of its versatility, this approach was almost immediately adopted 

as an efficient strategy to synthesize mesoporous TiO2
51-53. 
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In EISA, dip coating of substrates from a solution containing inorganic precursors, 

surfactant and solvent accompanied by rapid evaporation of volatile solvents (ethanol and 

water) drives the formation of an ordered mesoporous structure. One important advantage 

of EISA for the preparation of mesoporous transition metal based thin films is that the pH 

of the initial sol can be adjusted to stabilize the coating sol, and to favor a final material 

with desired properties. In order to  inhibit rapid olation and condensation of the titania 

precursors to allow self-assembly to occur,  protons (H+ ions) have been used as inhibitors 

54. Although different ligands (such as acetylacetonate) can also be used as inhibitors of 

the hydrolysis and condensation of metal alkoxides, they can interfere in the interactions 

between titanium species and surfactants, so it is common to use H+ as inhibitors in the 

synthesis of surfactant templated mesoporous titania films55-58. We generally start with a 

highly acidic sol to prevent uncontrolled condensation of transition metal precursors to 

promote slow formation of the inorganic network within the liquid crystal mesophases 

formed after coating. Gradual elimination of the acid by evaporation provides a way to 

control the polymerization of the inorganic components while allowing a fully cured 

inorganic network to form59. 

Many researchers have investigated the titanium hydrolysis process and 

interactions of transition metal ion with organic templates. Livage et al.60 reviewed the sol-

gel chemistry of most of the transition metal oxides and found that the hydrolysis reaction 

mechanism of the metal ions depends on several factors including the electron affinities, 

sizes and the charges of metal ions and alkoxy groups, and the size and number of the 

alkoxy groups. Kim et al.61 proposed two kinds of mechanisms for the hydrolysis of 

titanium alkoxides. One is an associative mechanism, in which the entering group enters 
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into a complex with the metal first, then a detectable intermediate of expanded coordination 

number is formed. The other mechanism is an interchange associative (Ia) mechanism in 

which the transition state is reached mostly through formation of the bond of the entering 

group. In this mechanism, the bond weakening of the leaving group also takes place in the 

course of reaching the transition state. An associative (A) mechanism is most appropriate 

to describe the hydrolysis of Ti(OEt)4, whereas the transition states for the hydrolysis for 

Ti(OnPr)4 and Ti(OnBu)4 are reached through the interchange associative (Ia) mechanism. 

Sanchez and coworkers53 studied the role of water in the hydrolysis reaction in the presence 

of Pluronic surfactants and found that during anhydrous or low water conditions, there are 

strong Ti-polymer interactions which hinder the assembly of the template, leading to a final 

wormlike structure. In contrast, a high water / high acid environment hinders Ti-polymer 

interactions, which allows the micelles to assemble into well-ordered mesoporous 

structures. Henry et al.62 studies the mechanistic aspects of the hydrolysis and condensation 

of titanium alkoxides complexed by tripodal ligands and found that bridging positions for 

OR groups are sites of preferential attack for substitution by OH and/or OX groups and  the 

basic structure of the Ti4O16 core can be conserved upon hydrolysis and can be used as a 

building block for building complexes of higher nuclearity. 

In addition to precursor chemistry, the choice of the surfactant template as structure 

directing agent is an important parameter to control the final mesostructure in mesoporous 

titania films55, 63. For example, by using titanium isopropoxide as inorganic precursor, films 

with an anisotropic 2D-hexagonal mesostructure are obtained using the Pluronic surfactant 

P123 (a triblock copolymer with average formula EO20PO70EO20, where EO is ethylene 

oxide and PO is propylene oxide), while cubic mesostructure arrangement of spherical 
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micelles is favored with Pluronic F127 (EO106PO70EO10)
64. In addition to the template 

itself, the molar ratio (M) of surfactant template to the titania precursor also influences the 

type of mesostructure formed51, 55, 63. Changing M changes the amount of inorganic 

precursors incorporated with the hydrated PEO head groups and the number density of 

micelles after coating. In other words, increasing M increases the packing parameter (P) of 

the micelles, which is defined as P=V0/(Ae*L0), where V0 is the surfactant tail volume, Ae 

is the equilibrium area per molecule at the aggregate interface and L0 is the surfactant tail 

length.  Films with cubic, hexagonal and lamellar phase can be obtained by varying M. 

Crepaldi et al.51 synthesized mesoporous titania films using TiCl4 as titania precursor using 

various surfactants and found that for P123, titania films with 2D hexagonal phase are 

obtained for M values in between 0.05-0.09 and lamellar phase is obtained for higher values 

of M. With F127 as template, a cubic phase is obtained for M values in between 0.003-

0.006 and 2D hexagonal phase is obtained for M in between 0.008-0.01. Consistent with 

this idea, Alberius et al.55 showed that the final mesophases in surfactant-templated 

materials can often be predicted based on the volume fraction of surfactant (Φ), which is 

defined as the ratio of the volume of surfactant in the dried film to the volume of the 

nonvolatile (polar) components in the final film. They predicted based on the observed 

phase behavior of P123 in water that for titania films synthesized using P123 as the 

surfactant and titanium ethoxide as the titania precursor, the mesophase should be cubic, 

2D hexagonal or lamellar for Φ in the ranges from 29%-36%, 38%-55% or 61%-75% 

respectively. Wu et al.65 reported the synthesis of titania films using P123 and Ti(OEt)4 for 

M ratios between 0.006 and 0.012, which is expected to correspond to Φ in the range from 

26% to 41% 65. The mesostructure should vary from 2D hexagonal, to a cubic mesophase 
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of undefined symmetry, to a disordered micellar solution sequentially, as the molar ratio 

(M) decreases from 0.0122 to 0.01, 0.008 and 0.006 according to Alberius et al.55. 

However, Wu et al.65 found  for a P123 to Ti ratio as low as 0.006, a stable well-ordered 

mesostructure is still obtained, which is similar to the results obtained by Crepaldi et al.51 

and unlike Alberius et al.55. This might be because the formation mechanism of the 

mesoporous titania-based thin films is influenced by many factors besides the templates 

and precursor volume fractions, including aging temperature, aging time, relative humidity 

of atmosphere51, 66, the acidity of the solution51, 66, etc. Most of these factors have been 

ignored by Alberius et al.55.  

Low temperature aging during high relative humidity (RH) plays a vital role for 

mesostructure self-assembly. The objectives of using a low temperature are to slow 

titanium precursor condensation and to provide a driving force for mesophase formation, 

similar to the subambient temperatures used by Alberius et al.55. A highly humid 

environment is important during the aging of these films to slow down the evaporation of 

the water from the films (to provide sufficient time for reorientation and ordering of the 

mesostructure) and also to control the mesoscopic ordering of the surfactant56, 58, 67-69. 

Crepaldi et al.51 provided a thorough discussion of the complete synthesis and 

characterization procedures to obtain ordered mesoporous titania films and discussed all 

important chemical and processing parameters important for reproducible construction of 

mesoporous titania thin films and explained that humidity during aging determines the 

water content in the coatings. This water content determines the fluidity of deposited 

coating and the possibility of occurrence of the disorder-to-order transition. The continuous 

exchange of water between the film and the atmosphere during the first hour of aging after 
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deposition allows the condensation of the organic framework around micellar aggregates 

and controls the final mesophase. Jang et al.66 studied the effects of pH of the coating sol 

as well as the humidity of the curing environment on the mesostructure of titania films 

obtained. They suggest an optimum pH (~ -0.6) and humidity (~ 80% RH) values to 

synthesize highly organized mesoporous titania films. In this work, we have used aging at 

4 °C at slightly higher humidity (~ 94%) as higher humidity is better to prevent 

condensation of inorganic precursor (Chapter 2-5).   

In the last stage of their processing, calcination of titania film after aging removes 

surfactant molecules, stabilizes the coating, causes structural contraction and induces 

anatase crystallization from the initially amorphous titania structure formed during the sol-

gel process51. These mesoporous titania films are stable up to a certain level of thermal 

treatment, but as the time and temperature used for calcination increase, they begin to lose 

mesopore order. This is because high temperatures induce the nucleation and growth of 

anatase nanocrystallites, which can destroy mesopore ordering due to extensive atomic 

rearrangement and modification of the oxidation state of the titanium by redox reactions57.  

Kirsch et al.56 studied the crystallization kinetics of mesoporous titania thin films using in-

situ x-ray diffraction and found that short calcination times at high temperatures are better 

to produce crystalline films with minimal loss of mesoporous order. However, the exact 

time and temperature required vary for different synthesis procedures. Das et al.42 

investigated the effects of pore orientation on the mesostructural stability for 2D-hexagonal 

close packed (HCP) cylindrical nanopores of titania and found that films with pores 

oriented orthogonal to the substrate at the top surface retain their long-range pore order at 

higher calcination temperatures (500 °C) as compared to the films with pores oriented 
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parallel to the substrate. The reasons for this difference are ascribed to greater resistance to 

anisotropic stress during heating of the orthogonally oriented pores and titania 

crystallization nucleation at the top surface of the films with orthogonally oriented pores. 

Consequently, activation energy for mesostructure loss of orthogonally oriented 

mesostrucutre is greater than that for films with mixed orientation (mixture of parallel and 

orthogonal orientation)43. Nearly perfect orthogonal orientation contributes to the larger 

activation energy by supporting the anisotropic stresses that develops orthogonal to the 

films during annealing. In the next section, we will shine some light over the mesopore 

alignment, advantages and applications of 2D-hexagonal close packed (HCP) cylindrical 

nanopores.  

1.2. Titania Thin Films with Orthogonally Oriented 2D-Hexagonal Close Packed 

(HCP) Cylindrical Nanopores 

 

Using highly acidic conditions, mesoporous titania films with several 1D, 2D and 

3D pore geometries have been synthesized66, 69-71. Of all these pore geometries, the 2D 

Hexagonal Close Packed (HCP) arrangement of cylindrical nanopores is an important 

geometry  because it provides non-interconnecting pores beneficial for some applications 

and as model systems for well-defined convection, diffusion and reactions in these pores. 

This particular geometry is especially important for infiltration of electronically conductive 

organic polymers (such as P3HT) because several studies have shown that the transport, 

absorption, and emission properties of these polymers can be tuned to great advantage 

inside of HCP pores72-73. The problem with this structure is that HCP structures cast onto 

hydrophilic oxide surfaces (such as those of titania or fluorinated tin oxide that might be 

present in bulk heterojuction materials) usually align parallel to the surface because of the 
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preferential interactions between the polar substrate surface and polar surfactant 

headgroups. Orthogonal alignment of the HCP phase with accessible pores is essential to 

utilize the films for all applications. This problem can be solved by surface modification 

of the substrates in order to provide equal interactions with polar and nonpolar components 

(which we call “neutral” surfaces) prior to the coating of titania sols.  

By analogy with surface chemistry strategies used to orient block copolymer films 

74-79, the Rankin group has reported the synthesis of mesoporous titania thin films with o-

HCP cylindrical nanopores using EISA with P123 as structure directing agent and 

titanium(IV) ethoxide as titania precursor80-81. The hypothesis underlying this approach is 

that orthogonal alignment of the HCP mesophase can be achieved in EISA-derived ceramic 

film by modifying the substrate surface so that it interacts equally with both blocks of the 

P123 template, making it chemically “neutral” towards the template surfactant. By cross 

linking a layer of Pluronic surfactant on the substrate surface and using this modified 

surface to coat titania films, we can eliminate all preferential interactions between the 

substrate surface and surfactant molecules, resulting in orthogonal alignment of HCP 

mesophases templated using the same Pluronic surfactant80, 82-83. Monte Carlo simulations 

84-85 have shown that this is the expected outcome for mixtures of surfactants and small 

molecules, and not just for neat block copolymers78.  A related epitaxial orientation 

procedure was demonstrated recently by Tolbert and coworkers, where HCP film was cast 

onto a cubic template film to induce orthogonal alignment86.   

In addition to surface modification, the synthesis procedure for o-HCP TiO2 films 

includes aging after coating in a refrigerator at 4 °C under high relative humidity (approx. 

94%). Even though this aging procedure has been found to be an essential part of o-HCP 
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TiO2 film formation, little is known about the o-HCP mesostructure formation mechanism 

other than what has been inferred by characterization of the films before and after 

calcination2. Grosso et al. analyzed the mechanisms involved in the formation of 2D-

hexagonal templated SiO2 and TiO2 mesostructured films during dip coating using Brij-58 

as surfactant and found that the self- assembly leads to the formation of organized phase at 

the final stage of the drying process and involves the formation of an intermediate 

disorganized phase52. The disorder to order transition took place on the order of 2-3 minutes 

after the start of coating for TiO2 under the conditions studied. Other reports have shown 

that for dip-coated thin films, the mesostrucutre generally forms through a disorder-to-

order transition which may involve intermediate hybrid mesophases that are related to the 

concentration gradient 87-89. Previous studies show that the formation of vertically oriented 

cylindrical channels by transformation of a cubic phase and merging of the pores normal 

to the film also showed diffraction spots consistent with the cubic phase prior to thermal 

treatment71, 90-91. However, according to Koganti et al.80, vertical channels simply form due 

to reorientation of the HCP phase in response to the modification of the surface of the 

substrate with a chemically neutral crosslinked P123 layer. Thus, it is essential to study 

growth mechanism of vertically oriented cylindrical channels during low-temperature 

aging which will be a significant investigation and accomplishment of this dissertation 

(Chapter 2). 

One important application area for the mesoporous titania films with 2D HCP 

cylindrical nanopores, and one which motivates the present study is in photovoltaic 

materials. Because TiO2 is an n-type semiconductor, infiltrating the pores with a p-type 

organic semiconductor can be done to synthesize an organic-inorganic hybrid bulk 
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heterojunction solar cell92. These are ideal components for improved photovoltaics based 

on the principle of Grätzel cells16,  and can serve as high-surface area components of 

photoelectrochemical (PEC) cells93. They feature a continuous pathway for electron 

transport through the TiO2 and tremendous surface areas (> 250 cm2 of pore surface / cm2 

of substrate for a 240 nm thick film) for photo- generation of electron/hole pairs or 

reactions. These surfaces can be readily functionalized by post-synthesis attachment of 

sensitizer dyes94-95 or deposition of semiconductor particles/wires96-97. They provide short 

carrier diffusion length and high hole conductivity for charge carriers98.  A hole conducting 

polymer such as poly-3-hexylthiophene (P3HT) when loaded into perpendicular 2D 

hexagonal close-packed (HCP) channels conduct holes 5 orders of magnitude faster than 

in interconnected cubic channels92, 99. Confinement in cylindrical nanopores provides 

isolated, regioregular “wires” of conjugated polymers with tunable optoelectronic 

properties. These titania films with vertically aligned cylindrical nanopores are ideal 

material for improved photovoltaics. This property of 2D-HCP films will be explored in 

chapter 3 which is dedicated incorporation of polymer P3HT into the nanopores of titania. 

1.3. Characterization of Titania Thin Films 

1.3.1. Grazing-incidence Small Angle X-ray Scattering (GISAXS) 

One important aspect of the work being conducted for this dissertation is the 

investigation of growth mechanism for orthogonally oriented hexagonal close packed (o-

HCP) mesostructures during aging of surfactant-templated titania thin films using in-situ 

grazing incidence small-angle X-ray scattering (GISAXS) in a controlled-environment 

chamber. Chapter 2 will be dedicated to this study. GISAXS is a suitable technique to 

characterize the structure of thin mesoporous films since the angle of incidence of the x-
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ray beam can be adjusted to provide scattering information near the top surface of the film 

or across the entire film. Using GISAXS, information about the orientation, the anisotropy 

of the mesostructure and the coexistence of several mesophases can be determined. These 

techniques also typically employ a 2D CCD detector, thus providing more information 

about the full symmetry and geometry of a film. GISAXS experiments with high intensity 

x-ray sources are also widely used for in-situ studies of the mesostructured formation 

mechanism and mesophase transformation in thin films (e.g. uniaxial contraction and/or 

crystallization of inorganic walls)71, 100-103. This technique is well suited to directly 

determining the orientation of mesopores in thin ceramic films.  

Grosso et al. analyzed the mechanisms involved in the formation of 2D-hexagonal 

templated SiO2 and TiO2 mesostructured films during dip coating using Brij-58 as 

surfactant and found that the self-assembly leads to the formation of organized phase at the 

final stage of the drying process and involves the formation of an intermediate disorganized 

phase52. The disorder to order transition takes place on the order of 2-3 minutes after the 

start of coating for TiO2 and SiO2 under the conditions studied.  Other reports have shown 

that for dip-coated thin films, the mesostrucutre generally forms through a disorder-to-

order transition which may involve intermediate hybrid mesophases that are related to the 

concentration gradient87-89. Doshi et al. studied the self-assembly of surfactant templated 

thin-film silica mesophases synthesized using surfactants cetyltrimethylammonium 

bromide (CTAB) and Brij-56 and found that 2D HCP mesostructure (p6mm) forms from a 

lamellar mesophase through a correlated micellar intermediate104. Gibaud et al. studied 

EISA of silica mesophases synthesized using surfactant CTAB and found that the final 

structure of the film is strongly influenced by the rate of evaporation, which presumably 
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governs the concentration gradient inside the film105.  While in situ SAXS studies of EISA 

have provided magnificent insights, most have been restricted to the dip-coating process 

itself and the time span on the order of seconds after the coating process. Also, most of the 

studies have been done for mesoporous silica films synthesized with small surfactant 

molecules (CTAB and Brij surfactants) and very few studies have been done for TiO2 films. 

Thus, it is not known to what extent their findings can be extrapolated to the conditions 

used to synthesize o-HCP titania films. Grosso and coworkers discuss in reviews of the 

fundamentals of mesostructuring through EISA, a tunable steady state (TSS) occurs in 

some cases, during which the inorganic framework is still flexible and susceptible to 

modification by changing aging conditions106-107. The TSS helps to explain why the 

structure of EISA-derived films can be tuned by adjusting variables such as the humidity 

of the vapor108-110, the sol aging time (which affects the time scale for condensation after 

coating)110-111,  the pH of the film112-114, the presence of solvent vapors115, and confining 

the coating using materials of different surface energy116-120.  Generally for silica, this TSS 

lasts from a few seconds at low humidity to 10 minutes at high humidity121. However, for 

TiO2 system, the condensation of titania oligomers has been proposed to be triggered by 

evaporation of HCl. Because HCl departs very slowly, TSS for some TiO2 sol compositions 

of more than 1 hour duration have been observed106
.  Because the TSS plays an important 

role in the formation of o-HCP TiO2 films, studying the process in situ will provide novel 

insights into how to engineer and tune EISA films for new applications requiring an active 

oxide component. 

 In this dissertation, the GISAXS technique was performed to investigate the 

mechanism of forming orthogonally oriented hexagonal close packed (o-HCP) 
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mesostructures during aging of surfactant-templated titania thin films. GISAXS data were 

obtained at the Advanced Photon Source at Argonne National Labs on beamline 8-ID-E.  

Unlike the usual scattering geometry for GISAXS at Beamline 8-ID-E, the vertical sample 

meant the scattering plane was horizontal. A small piece of tungsten, 1 × 2 × 15 mm3 

attached horizontally to the end of the GISAXS beamstop served as the beamstop for the 

in situ dip coating GISAXS measurements. Samples for in situ dip coating were prepared 

within a sealed chamber with inner dimensions 5 × 5 × 6.5 in3 with aluminum side walls 

and copper lid and base plate. The sol prepared as explained above was contained in a 

plastic container, (the lid of a 50 mL Falcon tube) approximately 10 mm deep, resting on 

a copper block in thermal contact with a thermoelectric element so that its temperature 

could be changed independently. The specific apparatus and scattering geometry is 

explained in more detail in chapter 2. The analysis of the GISAXS data in this dissertation 

was done using the GIXSGUI package for Matlab developed by our collaborators at 

Argonne National Lab122. Generally the presence of the o-HCP cylindrical mesophase is 

indicated by two intense rods parallel to the scattered beam, located on both sides of the 

beam stop indexed to the (100) plane of the HCP structure as shown in Figure 1.1c2. 

GISAXS patterns were collected for increasing aging times and the intensity of (100) 

diffraction peak has been used to show the effect of surface modification, film thickness 

and aging temperature over the o-HCP mesostructure developement. Detailed data analysis 

for these experiments have been described in chapter 2. 

1.3.2. X-ray Diffraction 

1D X-ray diffraction (XRD) is the most widely accepted technique to assess the 

structure of the mesoporous thin films due to its widespread availability. X-rays are 
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produced by bombarding a metal target (Cu in our case) with a beam of electrons emitted 

from a hot filament (often tungsten). The incident beam will ionize electrons from the K-

shell (1s) of the target atom and X-rays are emitted as the resultant vacancies are filled by 

electrons dropping down from the L (2P) or M (3p) levels. This gives rise to Kα and Kβ 

lines which prove the most definitive structural information about the material. We 

generally select a monochromatic beam of single wavelength by using nickel filter for 

copper metal target. In this dissertation, most samples were characterized by the 1D XRD 

technique by employing a Bruker D8 diffractometer using Kα radiation and copper source 

with a wavelength of 1.54 Å (Cu Kα = 1.54 Å). 

Because the pore spacings are on the order of a few nanometers, the diffracted 

reflections appear at low angles. The geometry used to obtain 1-D XRD patterns is known 

as the Bragg-Brentano geometry, where both the incident beam and the detector move 

simultaneously to develop the XRD pattern of the film. According to Braggs’s law, 

constructive wave interference, and hence the appearance of diffraction peaks occurs when 

the following equation is satisfied: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                                                           (1.1) 

Where λ is the wavelength of the x-rays, n is an integer, d is the spacing between planes of 

objects (in this case pores), and θ is the angle between the incident beam and the detector. 

Depending on the pore symmetry, we will observe peaks from different planes in the 

ordered structure. Based on the relationship between the d-spacings of these peaks, the pore 

symmetry and unit cell parameter can be determined. For instance, the 2D hexagonal phase 

(p6mm symmetry group) of nanoporous material is identified by well resolved Bragg 

reflections with the ratio of 1/d-spacing values 1:√3:2:√7:3:… that can be indexed to the 
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(100), (110), (210), (300) ,… reflections, respectively. However, 1D XRD in the Bragg-

Brentano geometry is not sufficient to determine the symmetry of all phases, especially 

when mesophases are oriented with respect to the substrate. Because of the weak 

diffraction occurring from mesophases, only a few reflections can be observed even for 

well-ordered samples. Therefore, even for phases that are not intentionally aligned, 

preferential orientation with respect to the substrate can lead to an even smaller number of 

reflections that are difficult to assign. Fortunately, Hillhouse et al.1 described an alternate 

way to verify the orientation of HCP channels by observing films in several x-ray 

diffraction (XRD) modes. For ordered HCP mesoporous films, reflections corresponding 

to (100) and (200) lattice planes can be observed in the powder XRD mode when the 

mesostructure is oriented with the (100) plane parallel to the substrate (Fig. 1.1b). 

However, in the Bragg-Bentano geometry used for XRD, diffraction in the plane of 

substrate is not detected1. When the mesopores are aligned orthogonally to the substrate, 

most of the diffraction will take place in the plane of the substrate (Fig. 1.1a). Thus, 

completely orthogonally tilted mesophase should not yield any XRD diffraction intensity 

or the intensity should decrease for more orthogonal structure. This particular property 

makes XRD a very effective tool to study pore orientation. The combination of top view 

and cross-sectional SEM along with XRD will be shown to be a powerful approach to 

assess the orientation of mesochannels for multilayered titania films in chapter 5.  

1.3.3. Electron Microscopy 

Scanning Electron Microscopy (SEM) is a powerful characterization technique to 

provide direct information about the surface of films. Unlike TEM, this technique does not 

require extensive sample preparation (such as scraping samples from substrates) to create 
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an electron-transparent sample. This makes SEM an ideal technique to obtain orientation 

information because the mesoporous film structure is undisturbed by sample preparation. 

Electrons are produced at the top of the column, accelerated down and passed through a 

combination of lenses and apertures to produce a focused beam of electrons which hits the 

surface of the sample. The sample is placed on the SEM sample stage in the chamber area 

and both the column and chamber are evacuated by a combination of pumps. The sample 

is then is scanned with electron beam. The position of the electron beam on the sample is 

controlled by scan coils situated above the objective lens. These coils allow the beam to be 

scanned over the surface of the sample. As a result of electron-sample interaction, a number 

of signals are produced. The signals form the scattering of electrons from the surface are 

detected by appropriate detectors (such as CCD) and are measured to obtain the image. We 

used secondary electron detection by CCD detector to produce an SEM image.  

However, because of the poor electrical conductivity of a semiconductor such as 

titania, the accumulation of charge on the surface of samples always results in the 

deterioration of image quality. Therefore, to improve the electrical conductivity, the edges 

of the sample were coated with colloidal graphite (isopropanol base, Ted Pella, Inc.) to 

increase conductivity by keeping the top surface in electrical contact with the lower 

surface. The samples were aged at 120 °C overnight (approx. 12 hours) to evaporate all the 

solvent from the colloidal graphite solution. Using SEM we could characterize the 

uniformity of the films down to a size scale of approximately 10-20 nm. Scanning Electron 

Microscope (SEM) images were subsequently collected with a Hitachi S-4300 microscope 

at 3kV for plan-view imaging of the pore accessibility (Chapter 2-5). We also performed 

cross-sectional SEM imaging to check the thickness and orientation of mesopores and to 
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study the incorporation of CdTe into the nanopores of titania (Chapter 4). Cross-sectional 

SEM was also performed to evaluate the texture and thickness of thicker titania films 

synthesized using a layer-by-layer approach (Chapter 5). To observe the cross-section of 

the films, samples were prepared on silicon wafer and mechanically fractured by bending 

before mounting onto the stage. For CdTe-taiania samples on FTO coated glass slides, 

samples were fractured on the back uncoated side of FTO coated slides using diamond 

cutter. Using a special SEM stub, the samples were mounted vertically facing towards the 

inner side of the stub attached with carbon tape to the stub. The outer side and the edges of 

the sample were coated with colloidal silver (isopropanol base, Ted Pella, Inc.) to increase 

conductivity by keeping the top surface in electrical contact with the lower surface.  

Transmission electron microscopy (TEM) is also a powerful imaging technique to 

image features down to the nanometer range. In this work we use JEOF 2010F (field 

emission) microscope. Unlike in SEM, TEM the imaging is done using the electrons 

transmitted through the sample. Therefore, this requires the sample to be electron 

transparent and also for the sample to hang in space in the path of the electrons. To achieve 

this, Cu grids are typically used to suspend an electron transparent sample. The sample is 

then transported onto the grids and this grid is placed in the path of the electrons. Since 

glass slides or even thinner cover slips are electron opaque, typical sample preparation 

requires scraping off the film from the glass slides and suspending the scraped powder onto 

the Cu grid, which is then observed in the microscope. This sample preparation technique 

obscures the orientation information of the mesochannels because the pieces of film 

removed by scraping are randomly oriented on the grid. With this sample preparation 

procedure, we only learn about the long-range order of the sample by observing projections 
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of the 2D HCP structure. To preserve the orientation information, conventional TEM 

sample preparation would require thinning the substrate from the back side by polishing, 

dimpling, and ion milling. Instrumental difficulties made this not possible. However, TEM 

combined with XRD can give insights into the long range order of the mesopores. Also, it 

is an essential technique to study crystallinity of the materials and to identify various phases 

of the crystalline materials using scanning area electron diffraction (SAED) technique and 

obtaining high resolution transmission electron microscopy (HRTEM) images123. Use of 

electrons in this case allows one to obtain crystallinity information for smaller regions and 

smaller crystallites than can be measured by x-ray diffraction, and their indexing is similar 

to 2-D XRD. Obtaining data from a smaller region allowed us to prove the presence of 

crystalline titania walls even though the crystallite size and small film thickness gives rise 

to broad, weak features that cannot be readily observed using XRD (Chapter 4). 

1.3.4. Solar Cells 

A solar cell or photovoltaic cell is a device which converts sunlight into electricity. 

Light shining on the solar cell produces both a current and a voltage. When light strikes 

the cell, a certain part of it is absorbed in the semiconductor materials which ionizes crystal 

atoms, thereby creating free, negatively charged electrons and positively charged ions. If 

these ions are created from the basic crystal atoms, then their ionized state can be 

exchanged readily to a neighbor from which it can be exchanged to another neighbor and 

so forth. In other words, this ionized state is mobile and it is called a hole. It has properties 

similar to a free electron except that it has the opposite charge. These holes are reduced by 

electron donation from a counter electrode and the circuit gets completed by electron 

migration through the external load and work is done or electricity is generated. This 
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process requires a material to absorb light and raise electrons to a higher energy state, and 

the transport of this higher energy electron from the solar cell into an external circuit. Then, 

electrons dissipate their energy in the external circuit and returns to the solar cell. Figure 

1.2 shows the cross section of a solar cell124. Photovoltaic energy conversion often uses 

semiconductor materials and inorganic-organic materials in the form of p-n junctions. 

1.3.4.1. p-n junctions 

In a typical photovoltaic cell, p-n junctions are formed by joining n-type with p-

type semiconductor materials. Since the n-type region has a high concentration of electrons 

and the p-type region has a high concentration of holes, electrons diffuse from the n-type 

side to the p-type side. Similarly, holes diffuse from the p-type side to the n-type side. If 

the electrons and holes were not charged, this diffusion process would continue until the 

concentration of electrons and holes on the two sides were the same, as happens if two gases come 

into contact with each other. However, in a p-n junction, when the electrons and holes diffuse 

to the other side of the junction, they leave behind exposed charges on dopant atom sites, 

which are fixed in the crystal lattice and are unable to move. On the n-type side, positive ion 

cores are exposed. On the p-type side, negative ion cores are exposed. An electric field forms 

between the positive ions in the n-type material and negative ions in the p-type material. 

This region is called the depletion region since the electric field quickly sweeps free carriers 

out, hence the region is depleted of free carriers. A built-in potential Vbi due to electrical 

field of depletion region is formed at the junction, which is a difference between the electric 

potential at the edges of the depletion layer125. The electric field at depletion region creates 

an energy barrier that prevents electrons from diffusing into p-type side, and similarly, 

prevents holes from diffusing into n-type side. Most of electrons in the n-type region are 

unable to move into the p-type side because they cannot have enough energy to overcome 
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the energy barrier at the p-n junction. On the other hand, any electron from the p-type 

region as minority carriers can move into the n-type region, because there is no any barrier 

to stop it. Because they are minority carriers, the concentration of these electrons is very 

small, however, and it is sufficient to produce transitions of electrons from the p-type to 

the n-type side that exactly compensate for the diffusion current in the opposite direction. 

1.3.4.2. Photovoltaic Effect  

The collection of light-generated carriers does not by itself give rise to power 

generation. In order to generate power, a voltage must be generated as well as a current. 

Voltage is generated in a solar cell by a process known as the photovoltaic effect 126. The 

collection of light-generated carriers by the p-n junction causes movement of electrons to 

the n-type side and holes to the p-type side of the junction. Under short circuit conditions, 

there is no build-up of charge, as the carriers exit the device as light-generated current. 

However, if the light-generated carriers are prevented from leaving the solar cell, then the 

collection of light-generated carriers causes an increase in the number of electrons on the n-

type side of the p-n junction and a similar increase in holes in the p-type material. This 

separation of charge creates an electric field at the junction which is in opposition to that 

already existing at the junction, thereby reducing the net electric field. Since the electric 

field represents a barrier to the flow of the forward bias diffusion current, the reduction of 

the electric field increases the diffusion current. A new equilibrium is reached in which a 

voltage exists across the p-n junction. The current from the solar cell is the difference 

between light-generated current and the forward bias current. Under open circuit 

conditions, the forward bias of the junction increases to a point where the light-generated 

current is exactly balanced by the forward bias diffusion current, and the net current is zero. 
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The voltage required to cause these two currents to balance is called the open-circuit 

voltage Voc.  

1.3.4.3. Thin Film Solar Cells 

For thin film solar cells, due to the close proximity to the surface with its high 

surface recombination rate, electron-hole pairs recombine rapidly near the surface, 

resulting in low quantum efficiencies. Since electron-hole pairs should not be generated in 

this layer, it must have a large energy gap. It is referred to as a window layer, through 

which photons should pass unimpeded, but which is able to protect electrons and holes 

from recombining at the front contact. The interface between the window layer and the 

absorber should have a low density of interface states in order to prevent recombination at 

the interface and enhance photocurrent. A disadvantage of many materials with direct 

transitions and favorable energy gaps, is that they can’t be doped equally well as n-type 

and p-type semiconductors. Thus, the structure required for solar cells demands 

heterojunctions. Cadmium sulfide (CdS) has been used a window layer because it has a 

wide bandgap (2.41 eV) and is able to protect electrons and holes from recombining at the 

front surface. CdS can be natively n-doped and the interface between the CdS window 

layer and the absorber has a low density of interface states. Heterojunction solar cells with 

window layers and absorbers include n-type CdS/p-type CdTe, n-type CdS/p-type CIGS, 

and n-type CdS/p-type CZTS (CIGS stands for cadmium indium gallium selenide and 

CZTS for cadmium zinc tin sulfide).  

However, when trying to maximize device performance, improvements have been 

hindered by the loss of photocurrent caused by light absorption in the n-type cadmium 

sulfide (CdS) window layer. A significant amount of radiation in the solar spectrum, with 
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wavelength less than 512 nm, gets absorbed by CdS and does not contribute to the collected 

photocurrent. The resulting loss in photocurrent is estimated to be 7 mA/ cm2 127. Also, 

forming a thinner layer of CdS to reduce its absorption has significant challenges of its 

own, such as formation of pinholes in the CdS which can cause the p-type semiconductor 

to come into direct contact with the transparent electrode forming micro-junctions and 

micro-shunts which degrade cell performance128. This problem of CdS absorption can be 

effectively solved by replacing CdS with titanium dioxide (TiO2) as a window layer. 

SinceTiO2 has higher energy band gap than CdS (3.2 eV), it is expected to improve the 

spectral response at low wavelengths, especially in the 400-500 nm range, thereby 

improving quantum efficiency129-131. This hypothesis will be explored in chapter 4 where 

we will use nanoporous titania thin films as window layer to improve the performance of 

CdTe-TiO2 solar cell and will show an expansion in photoactive window as compared to 

CdS-CdTe solar cells. 

1.3.4.4. Solar Cell Characterization 

Typical current–voltage (J–V) curves of a solar cell in the dark and under 

illumination are shown in Figure 1.3. Power is generated when the cell operates in the 

fourth quadrant of the graph where voltage is positive and current is negative. The solar 

cell operates in the fourth quadrant. Under illumination, the dark curve will be shifted by 

the photogenerated current density (JL). The light has the effect of shifting the J-V curve 

down into the fourth quadrant where power can be extracted from the diode. Illuminating 

a cell adds to the normal "dark" current density in the diode as described mathematically 

by Equation 2 

                 𝐽 = 𝐽𝑜 [exp (
𝑞𝑉

𝑛𝑘𝑇
) − 1] − 𝐽𝐿

                                             (
 (2) 
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Where Jo = Reverse saturation current density; JL = Light generated current density; n = 

Diode ideality factor; V = applied voltage across the terminals of the diode; q = absolute 

value of electron charge; k = Boltzmann's constant; and T = absolute temperature (K). 

The primary parameters that describe the performance of a photovoltaic device 

are the short-circuit current density (Jsc), open-circuit voltage (Voc), fill–factor (FF) and 

power conversion efficiency (η). 

The short circuit current Jsc is the current density that flows through the junction 

under illumination at zero applied bias. In the ideal case, Jsc equals the photogenerated 

current density (JL). Therefore, the short-circuit current is the largest current which may be 

drawn from the solar cell. The short-circuit current mainly depends on the quantum 

efficiency and spectrum of the incident light (the number of photons). 

The open-circuit voltage Voc is the maximum voltage available from a solar cell when the 

current through the junction is zero, and can be expressed in Equation 3. 

                     𝑉𝑜𝑐 =  
𝑛𝑘𝑇

𝑞
ln(

𝐽𝐿
𝐽𝑜

+ 1)                                                       (3) 

 

Eq. 3 shows that Voc depends on the saturation current of the solar cell and the light-

generated current. The reverse saturation current density Jo, plays in a key role in Voc. Jo 

depends on the recombination rate and energy band structure of the solar cell. Open-circuit 

voltage can identify the amount of recombination and junction quality in the device. 

The short-circuit current density and the open-circuit voltage are the maximum 

current density and voltage respectively from a solar cell. However, at both of these 

operating points, the power from the solar cell is zero. The point on the J–V curve that 

yields the maximum power is referred to as the maximum power point; the corresponding 

http://www.pveducation.org/pvcdrom/appendicies/constants
http://www.pveducation.org/pvcdrom/appendicies/constants
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current density and voltage are maximum current Jmp and maximum voltage Vmp. The fill 

factor (FF) is a parameter which determines the maximum power from a solar cell. The FF 

is defined as the ratio of the maximum power from the solar cell to the product of Voc and 

Jsc. The FF is a measure of the squareness of the J–V curve and is also the area of the 

largest rectangle which will fit in the J-V curve. The FF is given by 

         𝐹𝐹 =
𝑉𝑚𝑝𝐽𝑚𝑝

𝑉𝑜𝑐𝐽𝑠𝑐
                                                                     (4)   

 

The power conversion efficiency (η) is the most commonly used parameter to 

compare the performance of a solar cell. The efficiency of a solar cell is defined as the ratio 

of the maximum output power Pmax to the input power (incident power) Pinc, and can be 

expressed as 

                     𝜂 =
𝑉𝑜𝑐𝐽𝑠𝑐𝐹𝐹

𝑃𝑖𝑛𝑐
                                                                      (5) 

The efficiency depends on the spectrum and intensity of the incident sunlight and 

the temperature of the solar cell. Therefore, conditions under measurement of efficiency 

need to be carefully controlled. Terrestrial solar cells are measured under AM1.5 

conditions and at a temperature of 25 °C.  

1.3.5. Electrochemical Characterization 

Electrochemical characterization techniques can provide useful fundamental 

information about electrochemical systems, including equilibrium potential of reactions 

and types of reactions occurring in electrodes, reaction kinetics, thermodynamics, and 

lithium diffusion in electrodes and electrolytes. Typically, electrochemical techniques 

require static or dynamic control of voltage or current while monitoring the change of both 

voltage and current.  
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Cyclic voltammetry (CV) is one of the most commonly used electrochemical 

techniques to investigate chemical reactions, Nernstian (reversible) or non-Nernstian 

(irreversible) behavior of redox couples, formation potentials, and reaction mechanisms. 

CV is convenient and efficient in obtaining qualitative information, though it is usually not 

a good technique for quantitative studies. In a CV test, the potential of the system is swept 

linearly towards a peak position, and then returned to the initial value linearly. The 

procedure can be repeated multiple times. During the potential sweep, current is monitored 

by a potentiostat. An illustration of a CV controlling profile is shown in Figure 1.4 (a)132. 

The result of CV experiments is usually plotted as current vs. applied potential. An example 

of the CV curve of TiO2 vs. Li is shown in Figure 1.4 (b). In chapter 5, the electrochemical 

performance of titania films was tested in CR2025 coin cells using  titania foils as the 

working electrodes (WE) and pure Li metal foils as the counter electrodes (CE). Cells were 

fabricated in an Ar-filled glovebox (MBraun), where the oxygen and moisture levels were 

below 0.1 ppm. The electrolyte was 1 M LiPF6 salt dissolved in an equal-volume mixture 

of ethylene carbonate and dimethyl carbonate (Novolyte).  CV has been used to study 

insertion and extraction process of lithium ions into and from mesoporous anatase titania 

anode according to the following equation: 

                 TiO2 + xLi+ + xe-                LixTiO2                                          (6) 

We can clearly see one pair of redox peaks when scanning between 1 and 3 V vs. 

Li+/Li at various cycles, around 1.7 and 1.95 V. These correspond to the insertion and 

extraction process of lithium ions into and from mesoporous an anatase titania anode 

according to equation (6). One more interesting observation is the broadening of peaks at 

the lower potentials. According to previous studies, this broadening indicates the presence 
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of amorphous titania133. These results further indicate that these sol-gel titania films contain 

a combination of anatase and amorphous titania. More CV tests were performed for 

increasing number of cycles and different thickness of titania films which can be found in 

chapter 5 of the dissertation. 

Galvanostatic cycling is a very important electrochemical technique for LIB 

research, which provides charging and discharging profiles for LIBs under practical 

applications. In a galvanostatic cycling test, a cell is charged and discharged 

galvanostaticlly (at constant current) between upper and lower voltage limits. The upper 

and lower voltage limits are determined by the Gibbs free energy of the electrode materials 

and their products during lithiation. For alloy-type negative electrodes, the lower limits are 

typically 10 to 50 mV, and the upper limits are typically 1 to 2 V, depends on the type of 

alloys. The lower limits are chosen to be higher than 0 V vs. Li/Li+ because at low potentials 

lithium tends to deposit on electrode surface, which eventually causes the growth of lithium 

dendrites, causing safety issues. The applied current is directly related to the power output 

of the electrode. Usually “C rate” is used to define the cycling rate of LIBs, where xC is 

defined as 1/x hours per charge or discharge of the full capacity of the battery. Practically 

C/10 or C/5 is considered slow cycling, though it is non-equilibrium. There are three ways 

of plotting the results of galvanostatic cycling, namely potential capacity profiles, 

differential potential-capacity profiles, and cycling performance. From galvanostatic 

cycling, we can obtain information about phase transformations in electrodes under 

different kinetics, rate performance, structure of the intermetallics during lithiation 

(crystalline or amorphous), potential range for practical use, and cycle life of LIBs. We 

mainly performed these electrochemical characterization techniques to study the 
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applications of multilayer titania films as negative electrodes in lithium ion batteries in 

chapter 5. Experimental details will be given in chapter 5.  A battery capacity as high as 

254 mAh/g has been obtained after 200 cycles for titania film with vertical pore orientation. 

The effect of porosity, pore orientation and thickness of titania films have been investigated 

in chapter 5 using galvanostatic cycling. 

1.4 Dissertation Outline 

The dissertation is organized as follows. Chapter 2 will describe a study of the 

mechanism of forming orthogonally oriented hexagonal close packed (o-HCP) 

mesostructures during aging of surfactant-templated titania thin films using in situ grazing 

incidence small-angle x-ray scattering (GISAXS) in a controlled-environment chamber. 

The effect of surface modification, film thickness and aging temperature on the growth of 

orthogonally oriented micelles will be studied. Chapter 3 will focus on incorporating hole 

conducting polymer poly(3-hexyl thiophene) into orthogonally aligned cylindrical 

nanopores of titania for inorganic-organic hybrid solar cells. Chapter 4 will be dedicated 

to fabricate nanoporous n-TiO2/p-CdTe heterojunction solar cell with enhanced response 

in the near-UV region of the solar spectrum as compared to conventional CdS-CdTe solar 

cells. In chapter 5, the layer-by-layer synthesis of thick mesoporous titania films with 

vertically oriented 2D-HCP nanopores and their application in lithium ion batteries as 

negative electrodes will be described and the effect of pore orientation and film thickness 

over cycling performance will be discussed. Chapter 6 will include a summary of the 

dissertation and recommendations for future work. 

This dissertation primarily focuses on understanding a few limited aspects of the 

formation and use of nanoporous titania thin films, especially the growth mechanism of 
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surfactant templated sol-gel thin films formed using the EISA process and the applications 

of these ceramic films in the energy conversion field as window layers and energy storage 

field as electrodes for lithium ion batteries. The most significant impacts of this dissertation 

are expected to be: i) guidance in methods to investigate the crystal growth mechanisms 

for different metal oxides  and use this information for materials design; ii) new design 

ideas for the fabrication of inorganic solar cells and inorganic-organic hybrid solar cells 

using nanoporous titania thin films as window layers; iii) development and application of 

methods to characterize materials with nanoporous features; and iv) demonstration for 

application of these titania thin films in energy storage. In addition to the significance of 

the findings reported here for titania thin film formation, the methods developed can also 

be used to develop future studies of surfactant templated titania thin films and their 

applications. 
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Figure 1.1. Orientations of a p6mm hexagonal mesophase (above) and the corresponding 

predicted diffraction patterns (below). (a) mesophase with channels perpendicular to the 

substrate, (b) channels parallel to substrate and 100 face parallel to the surface. Adapted 

from Hillhouse et al.1 (c) 2D-GISAXS pattern for mesophase with channels perpendicular 

to the substrate. Adapted from Das et al.2 

 

 

 

 

 

 

 

 



33 
 

 

 

 

Figure 1.2. Cross-section of a solar cell. Adapted from 124 
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Figure 1.3. A typical current–voltage characteristic of a solar cell in the dark and under 

illumination.  

 

 

 

 

 

 

 

 

 

 



35 
 

 

 

Figure 1.4. (a) Controlling profile of a CV test and (b) An example of CV of TiO2 vs. Li 

 

Copyright © Suraj R. Nagpure 2016 

 

 

 

   



36 
 

Chapter 2. In Situ GISAXS Investigation of Low-Temperature Aging in Oriented 

Surfactant-Mesostructured Titania Thin Films 

 

Reproduced with permission from Nagpure, S., Das, S., Garlapalli, R., Strzalka, J., Rankin, 

S. E., Journal of Physical Chemistry C, 2015, 119, 22970-2298441 

2.1. Summary 

The mechanism of forming orthogonally oriented hexagonal close packed (o-HCP) 

mesostructures during aging of surfactant-templated titania thin films is elucidated using 

in situ grazing incidence small-angle x-ray scattering (GISAXS) in a controlled-

environment chamber.  To promote orthogonal orientation, glass slides are modified with 

crosslinked Pluronic P123, to provide surfaces chemically neutral towards both blocks of 

mesophase template P123. At 4 °C and 80% RH, the o-HCP mesophase emerges in thin 

(~60 nm) films by a direct disorder-to-order transition, with no intermediate ordered 

mesophase. The Pluronic/titania o-HCP GISAXS intensity emerges only after ~10-12 

minutes, much slower than previously reported for small-molecule surfactants. The Avrami 

model applied to the data suggests 2D growth with nucleation at the start of the process 

with a half-life of 39.7 minutes for the aging time just after the induction period of 7 

minutes followed by a period consistent with 1D growth kinetics. Surprisingly, films that 

are thicker (~250 nm) or cast on unmodified slides form o-HCP mesophase domains, but 

by a different  mechanism (2D growth with continuous nucleation) with faster and less 

complete orthogonal alignment.  Thus, the o-HCP mesophase is favored not only by 

modifying the substrate, but also by aging at 4 °C, which is below the lower consolute 

temperature (LCST) of the poly(propylene oxide) block of P123.  Consistent with this, in 

situ GISAXS shows that films aged at room temperature (above the LCST of the PPO 

block) have randomly oriented HCP mesostructure. 
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2.2. Introduction 

The Evaporation Induced Self Assembly (EISA) process134 is a rapid, scalable 

approach to preparing surfactant-templated ordered mesostructured silica films by 

evaporation of solvents during spin135-137 and dip coating138.  Because of the well-defined 

structure of these engineered nanostructured thin films, EISA has been adopted for a wide 

variety of applications107, 139-142 including protective films143-144, low-k dielectrics145-147, 

sensors148-153, nanomaterial templates96, 154-160 and membranes161-169. Titania is of particular 

interest for its optical, electronic and chemical properties170-179 and by using highly acidic 

conditions, mesoporous titania films with several pore geometries have been synthesized66, 

69-71. However, of all possible structures, films with hexagonally close packed pores 

oriented orthogonal to the film (o-HCP architecture) are desirable because they provide an 

accessible array of nonintersecting channels for rapid transport of reactants or charge 

carriers180-185, for creating devices with confinement-induced properties186-190, and for 

templating of nanowire arrays191-195. Related orthogonally oriented TiO2 nanotube arrays 

prepared by anodizing titanium196 have been used to demonstrate some of these 

advantages197-202, but contain relatively large pores (>25 nm diameter) and do not have the 

processing flexibility provided by the EISA method.  TiO2 films with bicontinuous cubic 

pores also provide accessible, nm-scale pores without requiring special alignment 

procedures203-204, but interconnected pores are not desired for some applications.  Also, 

with some templates, cubic films form over narrow composition ranges205 and are fragile 

because of their high porosity. 

By analogy with surface chemistry strategies used to orient block copolymer 

films74-79, the Rankin group has reported the synthesis of mesoporous titania thin films with 
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o-HCP cylindrical nanopores using EISA with P123 (a triblock copolymer with 

composition HO(CH2CH2O)x(CH2CH(CH3)O)y(CH2CH2O)xH, where on average x = 20 

and y = 70) as structure directing agent and titanium(IV) ethoxide as titania precursor80-81. 

The hypothesis underlying this approach is that orthogonal alignment of the HCP 

mesophase can be achieved in a EISA-derived ceramic film by modifying the substrate 

surface so that it interacts equally with both blocks of the P123 template, making it 

chemically “neutral” towards the template surfactant.  Monte Carlo simulations84-85 have 

shown that this is the expected outcome for mixtures of surfactants and small molecules, 

and not just for neat block copolymers78.  A related epitaxial orientation procedure was 

demonstrated by Tolbert and coworkers, where HCP film was cast onto a cubic template 

film to induce orthogonal alignment86.  In addition to surface modification, the synthesis 

procedure for o-HCP TiO2 films includes aging after coating in a refrigerator at 4 °C under 

high relative humidity (approx. 94%).  The objectives of using a low temperature are to 

slow titanium precursor condensation and to provide a driving force for mesophase 

formation, similar to the subambient temperatures used by Alberius et al.55 Even though 

this aging procedure has been found to be an essential part of o-HCP TiO2 film formation, 

little is known about the o-HCP mesostructure formation mechanism other than what has 

been inferred by characterization of the films before and after calcination2. 

To understand the mesostructure evolution of thin films during EISA, several 

groups have used a wide range of techniques including grazing incidence small angle x-

ray scattering (GISAXS), transmission electron microscopy and time resolved Fourier 

transform infrared spectroscopy (FTIR)87-88, 104-106, 206-212. Among these techniques, 

GISAXS is most relevant here because it can be conducted in situ, and it provides insight 
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into mesostructure development and organization during the formation of self-assembled 

particles213 and EISA thin films210 . Grosso et al. analyzed the mechanisms involved in the 

formation of 2D-hexagonal templated SiO2 and TiO2 mesostructured films during dip 

coating using Brij-58 as surfactant and found that the self- assembly leads to the formation 

of organized phase at the final stage of the drying process and involves the formation of an 

intermediate disorganized phase52. The disorder to order transition takes place within 2-3 

minutes after the start of coating for TiO2 and SiO2 under the conditions studied.  Other 

reports have shown that for dip-coated thin films, the mesostrucutre generally forms 

through a disorder-to-order transition which may involve intermediate hybrid mesophases 

that are related to the concentration gradient87-89. Doshi et al. studied the self-assembly of 

surfactant template thin-film silica mesophases synthesized using surfactants 

cetyltrimethylammonium bromide (CTAB) and Brij-56 and found that 2D HCP 

mesostructure (p6mm) forms from a lamellar mesophase through a correlated micellar 

intermediate104. Gibaud et al. studied EISA of silica mesophases synthesized using 

surfactant CTAB and found that the final structure of the film is strongly influenced by the 

rate of evaporation which itself governs the concentration gradient inside the film105.  

While in situ SAXS studies of EISA have provided magnificent insights, most have been 

restricted to the dip-coating process itself and the time span on the order of seconds after 

the coating process. Also, most of the studies have been done for mesoporous silica films 

synthesized with small surfactant molecules (CTAB and Brij surfactants) and very few 

studies have been done for TiO2 films.  Thus, it is not known to what extent their findings 

can be extrapolated to the conditions used to synthesize o-HCP films. 
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One surprising finding for o-HCP TiO2 films is that, while most prior in situ 

GISAXS studies of EISA suggest that the final mesostructure forms during (or within 

seconds after) dip coating, mesophase orientation can be controlled by sandwiching ~250 

nm thick films with a second chemically neutral slide well after the coating process is 

complete (on the order of up to 20 minutes)80, 119. However, this type of post-coating 

modification is not unprecedented; as Grosso and coworkers discuss in reviews of the 

fundamentals of mesostructuring through EISA, a tunable steady state (TSS) occurs in 

some cases, during which the inorganic framework is still flexible and susceptible to 

modification by changing aging conditions106-107.  The TSS helps to explain why the 

structure of EISA-derived films can be tuned by adjusting variables such as the humidity 

of the vapor108-110, the sol aging time (which affects the time scale for condensation after 

coating)110-111,  the pH of the film112-114, the presence of solvent vapors115, and confining 

the coating using materials of different surface energy116-117, 119-120, 214. Generally for silica, 

this TSS lasts from a few seconds at low humidity to 10 minutes at high humidity121. 

However, for TiO2 system, the condensation of titania oligomers has been proposed to be 

triggered by evaporation of HCl.  Because HCl departs very slowly, TSS for some TiO2 

sol compositions of more than 1 hour duration have been observed106
.  Because the TSS 

plays an important role in the formation of o-HCP TiO2 films, studying the process in situ 

will provide novel insights into how to engineer and tune EISA films for new applications 

requiring an active oxide component. 

Here, in situ GISAXS is used to monitor the formation of the o-HCP mesophase in 

P123 templated TiO2 films during a relatively long time frame as the films age (which 

corresponds to the TSS). The objective is to directly test the hypothesis that o-HCP 
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structure develops during film formation due to modification of the surface with 

crosslinked P12380-81. A possible alternative hypothesis is that the o-HCP structure emerges 

via anisotropic merging of pores in a precursor Im3̅m phase, which has been observed by 

other researchers in TiO2 films with accessible vertical pores90-91, 106. The measurements 

will be made using a linear actuator enclosed in a controlled-environment chamber to 

withdraw a coated film and to monitor its evolution by GISAXS during aging.  Results will 

be compared for thin (~60 nm) films on modified and unmodified glass surfaces, thicker 

films, and as a function of aging temperature. The kinetics of the mesostructure evolution 

will be modeled using the Avrami equation and will be compared to relevant o-HCP 

structures in block copolymer films. 

2.3 Experimental Section 

NoChromix powder (Godax Laboratories, Inc.), concentrated sulfuric acid (95-

98%, Sigma Aldrich), P123 (poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) with Mn ~ 5800, Sigma-Aldrich), 1,6-diisocyanatohexane (98%, 

Sigma Aldrich), glycerol (99+%, Sigma Aldrich), titanium ethoxide (Technical grade, 

Sigma Aldrich), HCl (36 wt%, EMD Chemicals), ethanol (200 Proof, Decon Laboratories) 

and acetone (Fisher Scientific) were all used as received.       

The sol required for titania film synthesis was prepared based on the procedures of 

Koganti et al.80  Prior to depositing any material, borosilicate glass slides (1 in × 2 in) were 

cleaned with a NoChromix glass cleaning solution in sulfuric acid prepared according to 

the manufacturer’s instructions. To modify slides with crosslinked P123 (when this was 

done), cleaned glass slides were dip coated using an acetone-based solution containing 

equimolar amounts (0.415 mM) of Pluronic surfactant P123 and 1,6-diisocyanatohexane.  

To this solution, a single drop of glycerol was added to serve as a cross-linker so that the 
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films would be stable. The slides with modifying coating were aged at 120 °C overnight to 

drive the cross-linking reaction to completion. The thickness of cross-linked P123 as 

measured using profilometry was ~30 nm with surface roughness of 4-5 nm. This cross-

linked P123 layer is expected to be removed completely after calcination at 400 °C as 

shown previously81. Titania sols were prepared by adding 2.1 g of titanium ethoxide to 1.53 

g concentrated HCl, stirring for 10 min and adding 0.65 g of P123 dissolved in variable 

amount of ethanol.  32 g of ethanol was used for thin films and 6 g for thick films.   

In situ aging GISAXS experiments were done at the Advanced Photon Source 

(APS) at Argonne  National Labs on beamline 8-ID-E  using an x-ray beam 100 μm (H) x 

50 μm (V)  with wavelength of 1.6868 Å 215. The APS operated in top-up mode, i.e. at 

constant storage ring current, during the measurements. Figure 2.1 shows the chamber and 

scattering geometry for in situ GISAXS experiment. Samples for in situ dip coating were 

prepared within a sealed chamber with inner dimensions 5 × 5 × 6.5 in3 with aluminum 

side walls and copper lid and base plate. Unless otherwise noted, the base plate was in 

thermal contact with a circulating chiller maintained at 4 °C. Helium gas bubbled through 

saturated potassium sulfate solution into the chamber to maintain constant relative 

humidity. A digital hygrometer (VWR model 35519-050) with probe inserted in the lid 

monitored the relative humidity inside the chamber, typically RH > 80%.   The sol prepared 

as explained above was contained in a plastic container, (the lid of a 50 mL Falcon tube) 

approximately 10 mm deep, resting on a copper block in thermal contact with a 

thermoelectric element so that its temperature could be changed independently.   A small 

translation stage raised a glass slide out of the solution at about 15 mm/min.  X-rays entered 

the chamber through a mica window and were incident on the sample several mm above 
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the surface of the solution. Scattered x-rays exited the chamber through a Kapton window.   

Unlike the usual scattering geometry for GISAXS at Beamline 8-ID-E, the vertical sample 

meant the scattering plane was horizontal with the phi-circle of the diffractometer 

controlling the incident angle. A small piece of tungsten, 1 × 2 × 15 mm3 attached 

horizontally to the end of the GISAXS beamstop served as the beamstop for the in situ dip 

coating GISAXS measurements. The distance from the sample to the detector (Pilatus 1M, 

Dectris) was 1474 mm.  The analysis of the GISAXS data was done using the GIXSGUI 

package for Matlab216.  Consideration of the scattering geometry shows that corrections for 

the instrumental resolution are negligible compared to the experimentally observed peak 

widths described below217. 

To understand the effect of aging temperature on mesostructure development and 

orientation, scanning elecron microscopy (SEM) was performed using a Hitachi S-4300 at 

3 kV. The films after in situ GISAXS were calcined in a muffle furnace (Vulcan 3-550) at 

400° C for 10 minutes after heating at a ramp rate of 25° C/min followed by rapid cooling. 

SEM samples were prepared by cutting the glass slide to the desired shape using a glass 

cutter and then mounting exactly at the center of an SEM stub coated with carbon tape. The 

edges of the sample were coated with colloidal graphite (isopropanol base) to increase 

conductivity by keeping the top surface in electrical contact with the lower surface.  SEM 

samples were aged at 120o C overnight (~12 h). 

2.4 Results and Discussion 

The thickness of the thin titania films in this study (prepared using 32 g of ethanol) 

was determined by ellipsometry to be ~60 nm after aging, which has previously been found 

to be thin enough to give orthogonally oriented pores without sandwiching the films with 
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a second neutral surface80, 82.  In situ GISAXS patterns were recorded for this sample in 

intervals of 1 minute from the start of the aging process until 30 minutes of aging time at 

one spot on the film, located 13.5 mm above the bottom of the coated section.  The 

sampling geometry of the sampling is shown schematically in Figure 2.1 and described in 

more detail in the Experimental Section.  After this period, patterns were collected with the 

beam at this spot and four additional spots to determine spot-to-spot variability and to test 

for beam damage, at 45 min, 60 min and 75 min of aging. Figure 2.2 shows selected 2D 

GISAXS patterns at representative times during the evolution of the mesostructure for a 

thin titania film on modified substrate during aging at 4 °C.  Generally the presence of the 

o-HCP cylindrical mesophase is indicated by two intense rods parallel to the scattered 

beam, located on both sides of the beam stop.  These rods can be indexed to the (100) plane 

of the HCP structure and their rod shape can be attributed to the finite cylindrical shape of 

the micelles (Kiessig fringes are most likely not observed because of a distribution of rod 

lengths and orientations)81. The GISAXS patterns show that in the first 10 minutes of aging 

(Fig. 2.2a), there is no indication of mesostructure development as we do not see any spots 

or rods in the pattern. After 15 minutes (Fig. 2.2b), faint spots can be seen on both sides of 

the beam stop due to diffraction in the plane of the film, which indicates that mesostructure 

started developing even though it is still not well defined. After 20 minutes of aging (Fig. 

2.2c), clear vertical rods are visible on both sides of the beam stop indicating that the 

orthogonally oriented cylindrical micelles started developing. The intensity of the vertical 

rods further increases for longer aging times (for example, the pattern at 75 min, Fig. 2.2d).   

While only selected time points are shown in Fig. 2.2, no distinct out-of-plane 

diffraction spots (which indicate parallel alignment of micelles or a mesophase with 3D 
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symmetry) are visible at any other time points.  Other studies that showed the formation of 

vertically oriented cylindrical channels by transformation of a cubic phase and merging of 

the pores normal to the film also showed diffraction spots consistent with the cubic phase 

prior to thermal treatment71, 90-91. The absence of out-of-plane diffraction spots is consistent 

with the hypothesis underlying the work of Koganti et al.80 that vertical channels simply 

form due to reorientation of the HCP phase in response to the modification of the surface 

of the substrate with a chemically neutral crosslinked P123 layer. The o-HCP structure is 

the first ordered mesophase formed, and it emerges slowly by a disorder-order transition 

consistent with the TSS proposed for highly acidic TiO2 sols106-107.  The slow mesophase 

formation and long TSS may also be accentuated by the use of P123 as a template218. 

Many more GISAXS patterns were collected than those shown in Fig. 2.2, but it is 

not easy to discern the quantitative variation in the intensity of the (100) rods by direct 

inspection of the 2D patterns. Therefore, linecuts were generated by integrating the 2D 

patterns for qz values covering the Yoneda band from 0.025 to 0.03 Å-1. Figure C.1a 

(Appendix C) shows a representative 2D GISAXS pattern along with the region of 

integration for the linecut shown using vertical lines. The resulting linecut is shown in 

Figure C.1b on a semilog scale.  The high intensity peaks at qy = ±0.0425 Å-1 are the 

orthogonally oriented (100) diffraction peaks.  Note that the beamstop was asymmetrically 

positioned to optimize the view at low qy values on the positive side of the beamstop (a gap 

in the CCD array was positioned to the left of the beamstop). 

Figure 2.3 shows a waterfall plot illustrating the evolution of the 1D linecut patterns 

on a log-log scale for a thin titania film on modified substrate during aging at 4 °C and 

~80% RH. The Yoneda band includes a shoulder at low qy values whose intensity increases 



46 
 

for the first 10 minutes and then reaches a plateau with very little change afterwards, either 

in amplitude (see Apendix C Figure C.2a) or position (Figure C.2b). The growth of this 

shoulder shows that there is no indication of beam damage to the sample prior to 

mesostructure development. For the first few minutes of aging, the intensity of the (100) 

diffraction peak is very low, indicating that the development of an ordered mesostructure 

has not begun.  After an induction period on the order of several minutes, (100) diffraction 

peaks appear symmetrically and grow in intensity until 25 minutes of aging.  However, 

after 25 min, the intensity of the peak decreases until the end of the 30 min initial kinetic 

period (see below). Throughout the kinetic measurement, the shape of the diffraction 

pattern and the position of (100) diffraction peak does not change significantly, indicating 

growth of a mesophase with constant structure. A similar disorder-to-order transition was 

reported during the formation of vertically oriented cylindrical block copolymer 

mesophases  during solvent annealing219 and thermal treatment220, although detailed 

kinetics were not reported.  To quantify the kinetics in the present case, the integrated 

intensity of the (100) peak in the linecuts (after baseline correction) was used as a measure 

of the extent of development of the o-HCP phase with respect to time during aging.   

Figure 2.4a shows the evolution of o-HCP ordering in a thin film on modified 

substrate during aging at 4 °C.  The measured integrated intensity at a fixed position (13.5 

mm above the bottom of the slide) is shown with filled circles starting from 1 minute to 75 

minutes of aging. The trend in these detailed data is consistent with the qualitative 

description of Figure 2.2. The intensity initially is close to zero, and increases little for the 

first 7 minutes of aging.  The mesophase transformation then accelerates in accordance 

with a disorder-order transition, with a maximum rate of intensity increase at about 16 
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minutes, and continued slow mesostructure development up to 25 minutes.  The intensity 

then decreases somewhat for the remainder of the period of frequent GISAXS scanning.  

This most likely is a result of accumulated radiation damage due to frequent exposure of 

the same spot on the sample to the high intensity x-ray beam. Note that this is the first and 

only indication of beam damage during sampling and suggests only mild deformation of 

the long-range order of an assembling mesostructure since P123 mesophases in water melt 

at temperatures ranging from 45 to 85 °C221. We attribute this accumulated radiation 

damage to the kinetics/thermal effect described previously by Malfatti et. al222 during 

mesophase transitions. Consistent with this explanation, the intensity increases again at 

later times, when the frequency of scanning decreases. This shows that the damage is 

reversible, although the extent of reversibility is limited by ongoing polycondensation of 

titania. The increase in intensity is accompanied by a decrease in the width of the peak 

consistent with continuous mesophase nucleation and growth (see below).    

Varying the vertical positon of the sample allowed us to measure fresh parts of the 

sample that were not exposed to the x-ray beam during the earlier time series (at z = 13, 

13.3, 14 and 14.2 mm, as compared to z = 13.5 mm for the initial time series. Note that the 

vertical size of the beam was 0.05 mm). The patterns obtained were qualitatively the same, 

only differing in the intensity of the features, indicating that the material curing away from 

the beam evolves to the same structure as the part of the sample where the evolution was 

observed with the series of x-ray exposures at short times. Performing similar integrations 

and plotting the intensities shows that the intensity can be smoothly interpolated between 

the initial part of the time-resolved series at small t (t< 25 minutes) and the intensity from 

fresh regions of the sample at later times (open symbols in Figure 2.4a).  From this study, 
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it appears that 45 minutes is the minimum aging time to develop the o-HCP mesostructure 

close to its full extent at 4 °C.    

To understand the role of surface modification in the development of the o-HCP 

mesostructure, a GISAXS study was conducted during aging at 4 °C for a thin titania film 

on unmodified substrate. According to the hypothesized effect of the substrate surface 

chemistry, this would have been expected to give out of plane diffraction consistent with 

the HCP mesophase oriented parallel to the glass slide. Instead, the same type of pattern 

developed as in Fig. 2.2, corresponding to an o-HCP mesophase. This surprising result 

indicates that the orthogonal orientation is promoted not only by the surface modification, 

but also by the temperature and humidity of the system during aging. Unlike prior studies 

in which the films were coated at room temperature and then transferred to a refrigerator 

for aging80, 223, here the films were coated and aged at the same low temperature. This is 

significant because of the temperature-dependent behavior of P123. A comprehensive 

study of Pluronic surfactants (triblock copolymers of poly(ethylene oxide)-b-

poly(propylene oxide)-b-poly(ethylene oxide) (EOxPOyEOx) in water by Wanka et al.221 

showed that significant thermotropic behavior occurs in Pluronics because of changes in 

the solubility of the poly(propylene oxide) (PPO) blocks.  In a temperature range from 15-

20 °C, P123/water mixtures were reported to transition from ordered mesophase (at high 

temperature) to isotropic mixtures and from micelles to dissolved monomers (depending 

on the concentration)221. Thus, at 4 °C, the contrast in hydrophilicity between PPO and 

poly(ethylene oxide) (PEO) is reduced and the polymer may find hydrophilic surfaces to 

be "neutral". However, the titanate species mixed with the PEO blocks still provide 

sufficient driving force for mesophase formation by increasing the Flory-Huggins 
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interaction parameter of the system leading to microphase separation224, as a result of 

which orthogonal alignment of the cylindrical micelles occurred on an unmodified 

substrate also. The high relative humidity during aging may also contribute to the 

orthogonal alignment; a recent self-consistent field study by Fredrickson and coworkers 

showed that orthogonal cylinders are favored by slow evaporation and weak block 

segregation when a good solvent for both blocks is used225. This contradicts the trend in 

many solvent-annealed block copolymer hexagonal films, but the solvent used for 

annealing usually has a strong preference for one block226. Here, both volatile species 

(ethanol and water) are good solvents for PEO and PPO at 4 °C, so slow evaporation due 

to the low temperature and high RH are expected to favor the o-HCP phase. 

Figure 2.4b shows the evolution of the intensity of the (100) peak on unmodified 

substrate during aging at 4 °C at 13.5 mm above the bottom of the slide, along with the 

average intensity curve with the error bars as standard deviation. The same procedure was 

followed as for the film on modified substrate for measurement and analysis. In the 

beginning, the mesostructure development takes place more rapidly as compared to the 

film on modified glass. However, the values for average maximum intensity at steady state 

are lower than those observed for the modified substrate. The maximum average intensity 

for unmodified substrate is 0.34± 0.066 which is half as compared to the average maximum 

intensity of 0.68± 0.073 for the film on a modified substrate. This large difference in 

intensity indicates that even though vertical alignment of cylindrical micelles occurs for 

unmodified substrate after aging at 4 °C, it is only partial; a larger amount of material with 

well-ordered o-HCP domains is found with glass modification. 
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Because a contrast in orientability has been found in the past between thin films 

(<100 nm) and thicker films, thick films (thickness ~ 250 nm) were also studied by 

GISAXS by preparing films with less ethanol (6 g).  According to Koganti et al.80, for thick 

films, complete orthogonal HCP orientation is best achieved by sandwiching the films 

between two modified surfaces. This sandwiching is thought to be necessary because the 

orthogonal orientation from one modified surface does not propagate across the entire film. 

Thin films are advantageous because they do not need to be sandwiched between two 

modified surfaces in order to fully orient the HCP phase orthogonal to the substrate. Figures 

2.4c and d show the evolution of the (100) Bragg rod of thick films on modified and 

unmodified substrates, respectively, during aging at 4 °C at a fixed position (13.5 mm 

above the bottom of the coating) along with the average intensity at four other positions at 

later times where error bars represent standard deviations among those four points. For 

thick films, orthogonal domains were observed even without sandwiching them between 

two modified surfaces (sandwiched films were not studied here due to difficulty focusing 

the beam on a sandwiched film). However, the average maximum intensity observed was 

significantly lower than for the thin film on modified substrate, which indicates that the 

degree of o-HCP mesophase formation is less. While this is surprising (again) relative to 

prior observations of the effects of film thickness80, 223, coating and aging the films at 4 °C 

from the outset may have favored the o-HCP structure due to weak segregation between 

PPO and PEO and slow evaporation of ethanol and water225. 

Evolution of the sample structure is also evident in the changing width of the 

diffraction peak. Figure 2.5 shows the full width at half maximum (FWHM) of the (100) 

peak for different titania films at 13.5 mm above the bottom of the coating or at a set of 
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four other points (averaged).  The error bars represent the standard deviation of the FWHM 

of the four points excluding the measurement at 13.5 mm. The FWHM for the thin titania 

film on modified substrate (Fig. 2.5a) changes continuously during the aging process, as 

does the size of ordered domains217. Scherer grain-size analysis can estimate the average 

number of layers contributing to the diffraction peak, N=qhkl/Δqhkl.
217  When the peak first 

appears, N < 2, then increases to N~ 8 as FWHM decreases over the first 25 minutes of 

aging. The narrowing of the peak corresponds to the increase in intensity in Fig. 2.4a, 

suggesting that both nucleation and growth of ordered domains occurs during the first 25 

minutes of aging. After 25 minutes, the FWHM begins increasing as the (100) intensity 

decreases. Correspondingly, N decreases, probably due to radiation damage, and then 

returns to N~8 when the scanning frequency decreases. All of the other titania films follow 

the same trends as in Fig. 2.4 (Figs. 2.5b-d). The average FWHM values for the films was 

estimated using four spots not subject to high-frequency sampling and are shown in Fig. 

2.5 by unfilled diamonds. The mean FWHM is generally smaller for the thin titania film 

on modified substrate relative to unmodified and thicker substrates, although the only 

statistically significant difference is between the thin film on modified substrate and the 

thick film on unmodified substrate. 

Further quantitative insight into the kinetics of mesostructure development was 

gained by fitting the (100) peak intensity vs. time data to the Kolmogorov-Johnson-Mehl-

Avrami (KJMA) model, more simply known as the Avrami equation227-230. The Avrami 

equaton is used to understand the kinetics of phase transformation when nucleation and 

growth give rise to a sigmoidal curve. The kinetic curves shown in Fig. 2.4 for all films 
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during aging at 4 °C have a sigmoidal form, so the KJMA equation was applied. The 

simplest form of the Avrami equation is 

𝑓(𝑡) = 1 − exp(−𝑘𝑡𝑛)                                                           (2.1) 

where f(t) is fraction of transformation that has happened at time t, k is the rate coefficient 

and n is the Avrami index. This form of the Avrami equation was derived assuming that 

(a) nucleation occurs randomly and homogeneously over the entire untransformed portion 

of the material, (b) the growth rate does not depend on the extent of transformation, and 

(c) growth occurs at the same rate in all directions consistent with the dimensionality 

implied by the Avrami index231. The Avrami equation in linearized form is rewritten as: 

𝑙𝑛 [𝑙𝑛 (
1

1 − 𝑓(𝑡)
)] = ln (𝑘) + 𝑛𝑙𝑛(𝑡)                                         (2.2) 

Eq. 2.2 allows us to determine constants n and k from by linear regression from a plot of 

ln[ln(1/(1-f(t))] vs. ln(t). If the transformation follows the Avrami equation, the data on this 

plot should follow a single straight line for a given set of conditions. In our case, the value 

of f(t) has been calculated by dividing the actual intensity of the (100) diffraction by the 

maximum average intensity observed. For example, the average maximum intensity for a 

thin titania film on modified substrate (Fig. 2.4a) was approximately 0.68 using the value 

obtained at large time from freshly exposed regions of the sample in order to remove the 

effects of radiation damage late in the kinetics of transformation. The intensity of the 

diffraction peak depends on the electron density contrast between the titania walls and the 

mesophase, which may be influenced by the degree of polycondensation of the mesophase. 

However, the polycondensation rate of the inorganic matrix is not expected to be 

significantly affected by film thickness or surface modification. Therefore, any effects of 
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polycondensation on the Avrami parameters should be consistent between samples at a 

given temperature. 

Figure 2.6 shows the Avrami equation fit for the evolution of each of the titania 

films during aging at 4 °C. For each sample, a straight line was observed for the filled 

symbols, indicating that the Avrami equation could be applied over this range of times. 

However, the unfilled data points did not follow the Avrami eqution.  The early data (before 

~7 minutes for the thin film on modified substrate during aging at 4 °C) represent an 

induction period during which formation of the micelles is likely to be occurring232 

(indicated by the increase in scattered intensity at low angles233, Fig. C.2a) but not giving 

rise to noticeable diffraction. Once sufficient radiation damage accumulated in the samples 

(e.g. after 25 min for thin film on modified substrate), a net decrease in f(t) was observed 

and the Avrami equation was no longer applied.  

Table 2.1 summarizes the Avrami equation parameters found for each of the titania 

films. The induction time is highest for the thin film on modified substrate (7 min) as 

compared to all other films (3 min), which indicates relatively slow mesostructure growth 

in this sample. This can also be seen from Fig. 2.4 where the thin film on modified substrate 

has a longer low-intensity initial period. We can clearly see from Fig. 2.6a that for thin film 

on modified substrate, there are two distinct linear regions over which the Avrami equation 

can be applied. The first is for aging times between 8 to 14 minutes and the other one from 

16 to 25 minutes. The value of n in the Avrami equation reflects the nature of 

transformation and is associated with the mechanism of crystal growth. An Avrami index 

of 3 is usually interpreted as three-dimensional growth of nuclei formed instantaneously or 

two-dimensional growth with a constant nucleation rate, whereas an Avrami index of 2 is 
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interpreted as two-dimensional growth with nucleation at the start of the process234-235. The 

value of n in Table 2.1 is  approximately 2 (within the estimated uncertainty) for the titania 

thin film on modified substrate until 14 minutes of aging which is interpreted as two-

dimensional growth with nucleation at the start of the process. An Avrami index of value 

1 might indicate one dimensional growth for later (16-25 mins) aging times for titania thin 

film on modified substrate. The value of the Avrami index for the thin film on unmodified 

substrate is calculated to be 3, which indicates two-dimensional growth with a constant 

nucleation rate since the films are confined in one dimension and the o-HCP phase would 

be expected to grow laterally in the plane of the films. Thus there is a clear difference in 

mesostructure growth mechanism for thin films on modified and unmodified substrate. 

This may be because a better oriented mesophase on modified substrate requires nucleation 

during the transformation process, whereas less oriented mesophase for thin film on 

unmodified substrate grows throughout the film from randomly oriented nuclei present at 

the end of the micelle formation process. The values of the Avrami index for thicker films 

are estimated to be 3, indicating two-dimensional growth with constant nucleation rate. 

The rate constant k for different films can be calculated from the y-intercept of the Avrami 

fit.  Direct comparison of rate constants might be misleading, as they have different units. 

However, the kinetics of different films can be compared by calculating the half-life (t1/2) 

for different films. In this case t1/2 will be defined as the time required for the 

mesostructured development to evolve to half of its final value (f(t) = 0.5 at t1/2). Half-life 

can be calculated from Eq. 2.2 as: 

𝑡1/2 =  (
𝑙𝑛2

𝑘
)

1/𝑛

                                                      (2.3) 
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Table 2.1 summarizes half-lives for different titania films. For thin titania film on 

modified substrate, the half-life (39.7 min for parameters found during aging between 8 to 

14 min and 24.7 min for aging between 16 to 25 min) is higher than for the thin film on 

unmodified substrate, which further indicates that the transformation is slower for the thin 

film on modified substrate. The half-lives for thick films on both modified and unmodified 

substrates are also comparable to the value for thin films on unmodified substrates. 

However, the maximum average intensity is highest for the thin film on modified substrate 

(  ̴0.68 ± 0.073), which indicates that even though the evolution of orthogonal orientation 

is slower for thin film on modified substrate, it is the most complete and well-defined for 

these films. In fact, hindered diffusion of micelles (or surfactants) in a well-oriented thin 

film is most likely responsible for the relatively slow kinetics of mesostructure 

development for the thin film on modified substrate. Films which are not as well oriented 

show faster evolution of the phase, whether the cause is the thickness of the film or the 

surface chemistry234-235. 

To verify the hypothesis that orthogonal orientation is favored (even in thin films 

on unmodified substrates or thick films) by aging at 4 °C due to weak segregation between 

PEO and PPO and slow solvent evaporation, GISAXS studies were also performed at room 

temperature (23 °C). The relative humidity in the aging chamber was in the range of 90-

95% during these measurements. Figure 2.7 shows selected 2D GISAXS patterns showing 

how the mesostructure of thin titania film on modified substrates evolves during aging at 

23 °C.  Here, no evidence of correlated scattering is observed during the first 5 min of 

aging (Fig. 2.7a). After 8 min of aging (Fig. 2.7b), a diffuse ring pattern appears 

surrounding the beam stop and scattered beam. The intensity of the diffuse ring further 
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increases and it becomes more distinct with increasing aging time (Fig. 2.7c/d). However, 

unlike all of the patterns collected at 4 °C, no rods suggesting in-plane diffraction were 

observed at any point in the aging process.  Instead, the diffuse ring indicates that randomly 

oriented HCP domains form in the films, with no preferred orientation. 

 To confirm and to better understand the effects of aging temperature on 

mesostructure orientation, ex situ SEM characterization was done. The samples used for in 

situ GISAXS were calcined at 400 °C for 10 minutes after heating at a rate of 25 °C/min.  

Figures 2.8a and 2.8c show representative SEM images for P123-templated titania thin 

films aged on modified substrates aged at 4 °C and 23 °C, respectively.  For the film aging 

at 4 °C (Fig. 2.8a), a very well-ordered, accessible porous structure was observed 

everywhere indicating vertical alignment of the cylindrical micelles, which is consistent 

with the corresponding 2D GISAXS pattern collected after 30 minutes of aging  (Fig. 2.8b), 

which shows (100) diffraction peak on either sides of the beam stop. When a film of the 

same composition deposited onto the same type of modified slide was aged at 23 °C (Fig. 

2.8c), randomly oriented parallel stripes were observed everywhere at the top surface of 

the film, indicating that the cylindrical micelles were arranged parallel to the substrate but 

with no preferred in-plane orientation. To verify that the difference is not caused by a 

change in adhesion of the titania film due to removal of the organic layer during calcination, 

a low magnification plan view SEM image (Appendix C Figure C.3) shows no cracks or 

defects in the film on modified substrate. Also, x-cut adhesion (ASTM standard D3359) 

ratings of 4A (out of 5) were measured for films with and without the crosslinked P123 

layer, revealing no difference in adhesion. From the 2D GISAXS pattern collected after 30 

min of aging (Fig. 2.8d), it is clear that the overall mesostructure during aging at 23 °C has 



57 
 

random orientation throughout the film, but with some degree of parallel orientation near 

the film surface (Fig. 2.8c). This suggests that there may be a gradient in the mean 

orientation of the micelle domains, with domains near the surface aligned parallel to the 

substrate, domains near the thin film/substrate interface oriented orthogonal to the 

substrate, and domains in the interior of the thin film randomly oriented, combining so that 

overall a powder diffraction ring is obtained due to the range of orientations of the HCP 

domains.  

In order to test this hypothesis, SEM images were collected of the base of the films 

(at the film / substrate interface). To do this, one side of a glass slide was covered with 

masking tape after cleaning. Both sides were coated with the crosslinking P123 solution 

and cured, and then both sides were coated with titania sol and aged for 2 h in the 

refrigerator (4 °C) or at room temperature (23 °C). Before calcining as usual, the tape from 

one side was peeled off and remounted upside down on another glass slide. The tape was 

completely removed during calcination, thus allowing the underside of the coating to be 

visualized. The plan view SEM images (Appendix C Figure C.4) show that for the film 

aging at 23 °C (Fig. C.4a), the mesostructure at the underside of the film consists of poorly 

ordered accessible pores consistent with local orthogonal orientation. In contrast, the film 

aged at 4 °C (Fig. C.4b) exhibits ordered, accessible mesopores indicating orthogonal 

orientation throughout the film. This additional SEM characterization is consistent with 

random average orientation of the HCP mesophase throughout films aged at 23 °C, but 

domains predominantly parallel to the film/vapor interface and orthogonal to the 

film/substrate interface. This type of mixed orientation has been predicted in mesoscopic 
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simulations of surfactants confined between flat surfaces with significantly dissimilar 

interactions with the mesophase components236. 

As suggested above, the reason for the difference in orthogonally oriented domains 

for films aged at 4 °C and 23 °C might have to do with the temperature dependence of 

hydrophobic behavior of the PPO block of the surfactant P123. Since Wanka et al.221 

showed that significant thermotropic behavior occurs in Pluronics because of changes in 

the hydrophilicity of the PPO blocks at around 15-20 °C, for films aged at 4 °C, the 

"contrast" between hydrophobic PPO and hydrophilic PEO is expected to be small and the 

polymer may find hydrophilic surfaces to be "neutral". This would be expected to promote 

orthogonal alignment of the mesophase during low temperature aging. On the other hand, 

at 23 °C, PPO becomes hydrophobic and the usual contrast mechanisms return. A study of 

Pluronic F127 [EO106PO70EO106] in water by FTIR agrees with the conclusion that there is 

a hydrophilic/hydrophibic transition of PPO somewhere near 20 °C237.  

To quantify the evolution of thin titania film on modified substrate during aging at 

23 °C, the intensity was integrated along the polar coordinate in the detector plane, φ, for 

30° < φ < 40°  and over the range of total q from 0-0.1 Å-1. Figure 2.9a shows evolution of 

the integrated intensity of the diffraction peak vs. time for thin titania film on modified 

substrate during aging at 23 °C at 13.5 mm above the bottom of the coating or at a set of 

four other points (averaged).  The error bars represent the standard deviation of the intensity 

of the four points. The intensity changes slowly for the first five minutes, and then increases 

almost linearly until 15 min of aging. The average intensity of the spots not exposed to 

repeated x-ray doses is just slightly higher than the intensity at 13.5 mm and the difference 

is not significant. Figure 2.9b shows the fit of the Avrami equation to the (100) peak 
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intensity data for the thin titania film on modified substrate during aging at 23 °C. A good 

fit was found for the filled data points, but the unfilled data points did not follow the Avrami 

equation. The early data (before ~2 minutes ) represent an induction period during which 

formation of the micelles is likely to be occurring but not giving rise to noticeable diffracted 

intensity.  The rate constant k for thin titania film on modified substrate at 23 °C is 0.00388 

min-2. The value of Avrami Index n is 2.0 at 23 °C, which is interpreted as two-dimensional 

growth with nucleation at the start of the process234-235. Thus there is no clear difference in 

mesostructure growth mechanism for thin films on modified substrates at different aging 

temperatures. Also, there is no significant difference in the d-spacing for different aging 

conditions, suggesting that the primary effects of temperature are to change the rate and 

degree of orientation of the structure. The half-life t1/2 calculated from equation 3 for aging 

at 23 °C comes out to be 13.3 min, which is less than that calculated for thin titania film on 

modified substrate during aging at 4 °C. This result further indicates that randomly oriented 

structure allows faster evolution of the mesophase. 

The observations made here both confirm the hypothesis that o-HCP films are 

formed directly by a disorder-order transition for P123-templated films cast onto P123-

modified glass slides, and suggest unexpectedly important roles of the environment of the 

film on the formation of the orthogonally aligned phase. These observations are consistent 

with modification of the film inducing orthogonal alignment at the substrate/film interface. 

However, the results also are consistent with orthogonal alignment at the vapor/film 

interface when the films are aged at 4 °C, and parallel alignment when the films are aged 

at 23 °C.  This leads to the strongest orthogonal alignment when both factors are combined 

and the films are thin (thin films on modified substrates aged at 4 °C) and random 
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orientation consistent with parallel HCP at the top / orthogonal HCP at the bottom when 

thin films on modified surfaces are aged at 23 °C. When we compare these results to prior 

results where the films started aging for a few minutes at 23 °C before being placed in a 4 

°C environment, it seems that some degree of parallel micelle alignment may have begun 

before the films were placed in the refrigerator, which led to a mixed orientation for films 

on plain glass and fully orthogonal alignment for films on modified substrates. The long 

TSS observed in the present study helps to explain why orthogonal HCP mesostructures 

could be obtained by aging at 4 °C shortly after film formation, with sandwiching of thick 

films to help reorient random domains that may have started to form initially. 

2.5 Conclusions 

The development of mesostructure and orientation during low temperature aging at 

4 °C under high humidity in surfactant-templated titania films was investigated using in 

situ GISAXS.  Modification of glass slides with crosslinked template (Pluronic surfactant 

P123) was used to control surface chemistry to enhance orthogonal orientation of the 

hexagonal close packed (HCP) mesophase. For a thin (~60 nm) titania film on modified 

substrate, orthogonally oriented HCP cylindrical micelles start developing after a 7 minute 

induction period and the intensity evolution followed Avrami kinetics with an index of 2, 

most likely indicating a mechanism of two dimensional growth of the o-HCP mesophase 

with  nucleation at the start of the process. At the end of the aging period, intense vertical 

rods due to scattering in the film were observed on both sides of the beam stop, indicating 

that only the o-HCP phase forms. Unlike prior GISAXS studies based on small molecule 

surfactant templates71, 90-91, no intermediate phase was observed during the development of 

the o-HCP cylindrical micelles; it formed directly by a disorder-order transition. This 

observation is consistent with the expected effect of modifying the surface to give an 
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interface equally attractive towards the PEO and PPO blocks of the template, and therefore 

to reorient the HCP phase orthogonal to the solid substrate. The half-life for o-HCP 

development in this film after the induction period was about 39.7 min, and led to a well-

ordered mesostructure within an hour. Although radiation damage interfered with the 

GISAXS intensity observed during repeated sampling of a single spot, the intensity 

recovered when the sampling frequency decreased and was found to be increased in regions 

of low sampling frequency.  

Similar in situ GISAXS experiments at 4 °C were performed for three additional 

samples: thin films on unmodified slides and thicker films (~250 nm) on both modified and 

unmodified slides. Using plain glass and thicker films were both anticipated to reduce the 

degree of orthogonal orientation of the HCP phase. Surprisingly, only the o-HCP phase 

was observed in the GISAXS patterns of all of these samples. No evidence for HCP 

domains oriented parallel to the substrate or randomly could be found, although the 

ultimate intensity of these three samples was less than for the thin film on modified 

substrate (for example, the intensity was about half for the thin film on unmodified 

substrate than for the modified substrate). The finding of only an o-HCP GISAXS pattern 

contradicted prior studies which showed randomly oriented HCP patterns for thin films on 

unmodified substrates80 or thick films without sandwiching with a second modified 

slide.223 This was attributed to the low temperature and high relative humidity used from 

the start of the coating process (in prior studies, films were cast at room temperature and 

moderate RH prior to being transferred to a refrigerated high RH box for aging). The low 

temperature (4 °C) is below the temperature where PPO blocks have been shown in 

previous studies to exhibit a thermotropic shift from hydrophobic (high temperature) 
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behavior to hydrophilic. Also, by analogy with solvent annealing mechanisms of 

orthogonally orienting HCP block copolymer phases225,135, the high RH may contribute to 

an orthogonal orientation at the film/vapor interface. For all three samples at 4 °C, a similar 

Avrami coefficient was found (n ~ 3) indicating two-dimentional growth with constant 

nucleation rate. Thus there is a clear difference in crystal growth mechanism for thin film 

on modified substrate and other films. Also the induction period was reduced to ~3 min 

with increased rate of the mesostructure evolution. Also the half-life for thin film on 

modified substrate is higher than other three films indicating better orthogonal structure 

develops slowly. To confirm the temperature effect, aging a thin film sample on a modified 

substrate at 23 °C was found to lead to randomly oriented HCP channels.   

The results obtained here suggest that the most well-defined orthogonally aligned 

HCP mesophase is obtained by a direct disorder-to-order transition during the transient 

steady state period after the coating has been deposited. However, the results indicate that 

aging at low temperature (4 °C) at high RH also contributes substantially to orthogonal 

orientation of the HCP phase, and that while the order and orientation may not be as 

complete, these conditions alone can induce partial o-HCP formation for thin films on 

unmodified slides or thick films. Thus, a temperature below the thermotropic transition 

temperature of the block copolymer template and a high relative humidity are suggested to 

be essential to forming orthogonally oriented block copolymer template films, while 

modifying the substrate for chemical neutrality towards the templating surfactant gives 

more complete orthogonal orientation across the entirety of the film.  
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Figure 2.1. Scattering geometry for in situ dip coating GISAXS measurements.   For each 

experiment, a vertically oriented sample slide is raised from a resevoir at a controlled rate.   

X-rays are incident on the sample at an angle αi and specularly reflected at angle αf in the 

horizontal plane, normal to the plane of the sample.   The projection of the scattering angle 

onto the vertical plane is 2θ, and the wave-vector transfer components qz and qy are 

perpendicular and parallel to the sample plane, respectively. 
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Figure 2.2. 2D GISAXS patterns showing the evolution of mesostructure for thin (~60 

nm thick) titania film on modified substrate after aging at 4 °C and ~80% RH for a) 10 

min b) 15 min c) 20 min and d) 75 min after coating. 

  

(a) (b) 

(c) (d) 
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Figure 2.3. Waterfall plot showing the evolution of the mesostructure for thin titania film 

on modified substrate during aging 4 °C for the first 30 minutes. The plots were generated 

by integrating slices from the 2D GISAXS patterns for qz values from 0.025 to 0.03 Å-1. 
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Figure 2.4. Evolution of the integrated intensities of the (100) peak of the o-HCP structure 

vs. time for (a) thin titania film on modified substrate, (b) thin titania film on unmodified 

substrate, (c) thick titania film on modified substrate, and (d) thick titania film on 

unmodified substrate during aging at 4 °C at 13.5 mm above the bottom of the coating or 

at a set of four other points (averaged).  The error bars represent the standard deviation of 

the intensity of the four points excluding the measurement at 13.5 mm.    
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Figure 2.5. FWHM (full width at half maximum) for (a) thin titania film on modified 

substrate, (b) thin titania film on unmodified substrate, (c) thick titania film on modified 

substrate, and (d) thick titania film on unmodified substrate at 13.5 mm above the bottom 

of the coating or at a set of four other points (averaged).  The error bars represent the 

standard deviation of the FWHM of the four points excluding the measurement at 13.5 mm.    
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Figure 2.6. The linearized Avrami equation fit to data for (a) thin titania film on modified 

substrate, (b) thin titania film on unmodified substrate, (c) thick titania film on modified 

substrate, and (d) thick titania film on unmodified substrate during aging at 4 °C.  The filled 

symbols were fit and the open symbols were not, either because they were measured during 

the induction period (for early data) or because they were measured after significant 

radiation damage was observed (for late data). 
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Figure 2.7. Selected representative 2D GISAXS patterns collected during the aging of a 

thin P123-templated titania film on a modified substrate during aging at 23 °C for aging 

times of (a) 5 min, (b) 8 min, (c) 10 min and (d) 15 min. 

 

 

 

 

 

 

 

 

 

 

  

(a) (b) 

(c) (d) 



70 
 

 

  

 

Figure 2.8. Top view SEM images of thin titania films on modified substrate aged at (a) 4 

°C and (c) 23 °C after calcination at 400 °C for 10 minutes using a ramp rate of 25 °C/min; 

and GISAXS patterns after 30 minutes of aging at (b) 4 °C or (d) 23° C. 

  

(b) 

(d) 
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Figure 2.9. (a) Evolution of the integrated intensity of the diffraction peak vs. time for thin 

titania film on modified substrate during aging at 23 °C at a point 13.5 mm above the 

bottom of the coating or at a set of four other points (averaged).  The error bars represent 

the standard deviation of the intensity of the four points excluding the measurement at 13.5 

mm. (b) The linearized Avrami equation fit to data for thin film on modified substrate 

during aging at 23 °C.  The filled symbols were fit and the open symbols were not, because 

they were measured during the induction period (Induction period = 2 min, Avrami 

parameters, n = 2.0, k = 0.00388 min-2). 
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Table 2.1. Parameters found by fitting the Avrami equation to each of the films aged at 4 

°C and high relative humidity. 

Sample 

Maximum 

Average Intensity 

(A.U.) 

Induction  

Time 

(min) 

n 

 

k 

(min-n) 

 

Half Life  

( min) 

Thin film on modified substrate 0.68± 0.073 7 2.07 ± 0.22 

0.97 ± 0.05 

0.00044 

0.028 

39.7 

24.7 

Thin film on unmodified substrate 0.34± 0.066 3 3.08 ± 0.11 0.00017 14.8 

Thick film on modified substrate 0.32± 0.038 2 3.33 ± 0.32 0.00038 9.5 

Thick film on unmodified substrate 0.40± 0.030 3 3.63 ± 0.30 0.000075 12.3 

 

Copyright © Suraj R. Nagpure 2016  
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Chapter 3. Incorporating Poly(3-hexyl thiophene) into Orthogonally Aligned 

Cylindrical Nanopores of Titania for Inorganic-Organic Hybrid Solar Cells 

 

3.1. Summary 

 The incorporation of hole conducting polymer poly(3-hexyl thiophene) (P3HT) into the 8-

9 nm cylindrical nanopores of titania is investigated using films with a unique orthogonally 

oriented hexagonal close packed mesostructure.  The films are synthesized using 

evaporation induced self-assembly (EISA) with Pluronic triblock copolymer F127 as the 

structure directing agent. The orthogonally oriented cylindrical nanopore structure was 

chosen over a cubic structure because confinement in uniform cylindrical channels is 

hypothesized to enhance hole conductivity of P3HT by inducing local polymer chain 

ordering. Orthogonal orientation of the cylindrical nanopores is achieved by modifying the 

substrate (FTO-coated glass slides) with crosslinked F127. After thermal treatment to 

remove organic templates from the films, P3HT is infiltrated into the nanopores by spin 

coating a 1 wt% P3HT solution in chlorobenzene onto the titania films followed by thermal 

annealing under vacuum at 200 °C. The results show that infiltration is essentially complete 

after 30 minutes of annealing, with little or no further infiltration thereafter. A final 

infiltration depth of ~14 nm is measured for P3HT into the nanopores of titania using 

neutron reflectometry measurements. Photoluminescence measurements demonstrate that 

charge transfer at the P3HT-TiO2 interface improves as the P3HT is infiltrated into the 

pores, suggesting that an active organic-inorganic heterojuction is formed in the materials.  
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3.2. Introduction 

Inorganic-organic hybrid bulk heterojunction solar cells have attracted considerable 

attention in recent years due to advantages such as low cost, tunable design, and simple 

fabrication processes that can be scaled for large-area devices238-243. In such bulk 

heterojunction solar cells, the active layer consists of an interdigitated or interpenetrating 

network of a conjugated polymer such as poly(3-hexylthiophene) (P3HT) as the donor 

material and an inorganic semiconductor (such as TiO2, ZnO, CdS) as the electron 

acceptor. Out of all the inorganic-organic hybrid systems, TiO2 is among the most widely 

used inorganic semiconductor in hybrid donor-acceptor blends because of advantages such 

as high availability, low toxicity and low cost. One major problem in hybrid solar cells, 

especially those composed of soft materials, is that the propensity for phase segregation 

leads to poor blending and morphological instability. This represents a significant hurdle 

to making good devices since enforcing acceptor and donor domain sizes on the order of a 

few nm is critical for good charge separation efficiency. One creative strategy to get around 

the phase segregation problem is to use templated inorganic hosts with nanoscale 

dimensions and backfill these with conjugated polymers. This approach has been used by 

many researchers using TiO2-P3HT bulk heterojunctions  with different morphologies of 

titania including nanotubes244-249, nanoparticles250, nanorods250-256, pompons245, and 

spherical nanoparticles257. All of these morphologies have dimensions of the range of 50-

200 nm which is significantly higher than the diffusion length for P3HT (~5-20 nm72, 258-

259). Therefore there is a significant likelihood of recombination of electrons and holes 

generated in the P3HT before reaching the respective electrodes, which would be expected 

to lead to the poor efficiency. Thus, it is hypothesized that electron donor P3HT must be 
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intermixed with titania that has features defined on the 10 nm length scale in order to obtain 

a high charge separation yield.  

As a transparent and n-type semiconductor, TiO2 is a promising metal oxide for 

photovoltaic and opto-electronic devices260-261 and has been used previously by many 

researchers to play different roles in photovoltaic devices such as antireflection coating262-

263, the interlayer in organic solar cells264, as electron transport material in dye-sensitized 

solar cells and hybrid solar cells21, 265. However, little attention has been paid to the 

influence of the nanostructure of TiO2 on the performance of heterojunction solar cells. 

McGehee and coworkers studied infiltration of P3HT into cubic nanopores of titania of 

approx. 10 nm diameter72, 99, 266 and obtained a power conversion efficiency of 0.5 % after 

infiltration of P3HT into the nanopores of titania to a depth of 40 nm. They attributed the 

low efficiency to the polymer chain being able to coil within cubic nanopores rather than 

forming aligned chains where π-stacking would enhance charge carrier mobility. McGehee 

and coworkers have suggested that the hole conductivity of P3HT in the nanopores could 

be significantly enhanced if the chains were aligned by confinement by the surface of 

straight pore walls266. With this in mind, an ideal architecture for an inorganic-organic 

hybrid photovoltaic material is hypothesized to consist of P3HT infiltrated into vertically 

oriented cylindrical nanopores of titania with a pore diameter of ~10 nm. 

The present work is the first to begin to address the infiltration of P3HT into 

vertically oriented cylindrical nanopores of titania with the long-term goal of increasing 

the efficiency of inorganic-organic hybrid photovoltaics based on these materials. The 

nanostructure employed here consists of continuous titania films with vertically aligned 2D 

hexagonal close packed (HCP) cylindrical nanopores with pore diameter of 8-9 nm. These 
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films have a pore diameter less than the diffusion length of P3HT, but two well-defined 

phases for conduction of charge carriers to each electrode266. In addition, the uniform 

cylindrical channels in these films are hypothesized to conduct holes 5 orders of magnitude 

faster than in interconnected cubic channels by confining polymer chains as regioregular, 

isolated wires rather than free coiled chains likely to be found cubic pores99, 266. Because 

of these features, films with orthogonally aligned HCP (o-HCP) channels are expected to 

be ideal components for improved solid state inorganic-organic hybrid photovoltaics. 

The specific strategy employed to prepare the titania films uses evaporation 

induced self-assembly (EISA)164 with Pluronic surfactant F127 as the structure-directing 

agent. F127 is a non-ionic triblock copolymer with molecular formula EO106PO70EO106, 

where EO is ethylene oxide and PO is propylene oxide, and has average molecular weight 

of 12,500 Da. Titania films with o-HCP phase using Pluronic surfactant P123 (MW = 

5800) have previously been synthesized2, 65, 80. The hypothesis behind using F127 to 

synthesize titania films is that since F127 has higher molecular weight than P123, it 

should produce larger pores than P123. Titania films with different morphologies and 

phases have been synthesized previously using F127 including cubic51, 267-270, hexagonal 

51, 271-274, and nanowire microspheres275. The most important factor determining the final 

mesostructure is the molar ratio of F127 to titania precursor (M). According to Crepaldi 

et al.51, titania films with hexagonal phase are obtained for M = 0.008 to 0.01 using 

titanium tetrachloride as titania precursor, ethanol as the solvent and F127 as the structure 

directing agent. A very well ordered hexagonal phase was found to be obtained for M = 

0.0151 but because conventional oxide substrates were employed, the hexagonal films 

were oriented parallel to the solid surface. The new synthetic development reported here 
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is the synthesis of o-HCP cylindrical nanopores using F127 and TiCl4 by modifying the 

glass substrate with cross-linked F127 prior of dip coating. The o-HCP oriented 

mesophase has been shown to form by a direct disorder-to-order transition for P123-

templated TiO2 films on glass slides modified with crosslinked P12341, and a similar 

mechanism is expected with F127. Very well ordered contrasting SEM images will be 

obtained for films cast onto plain glass and F127-modified glass indicating that glass 

modification works to provide vertical orientation of the nanopores. After confirming the 

o-HCP mesostructure, the infiltration of P3HT into the nanopores will be studied using 

UV-visible spectroscopy and neutron reflectometry, and the interactions between the two 

materials will be studied using photoluminescence measurements. 

3.3. Experimental Section 

NoChromix powder (Godax Laboratories, Inc.), sulfuric acid (95-98%, Sigma 

Aldrich), F127 (Mn ~ 12,500 Da, Sigma-Aldrich), 1,6-diisocyanatohexane (98%, Sigma 

Aldrich), glycerol (99+%, Sigma Aldrich), TiCl4 (99.9%, Acros Organics), ethanol (200 

Proof, Decon Laboratories), acetone (histological grade, Fisher Scientific), 

chlorobenzene (anhydrous 99.8%, Sigma-Aldrich), and regioregular P3HT (MW ~ 

54,000-75,000 Da, Sigma-Aldrich) were all used as received. 

Commercially available borosilicate glass slides were cleaned using NoChromix 

solution in concentrated sulfuric acid and modified based on the method of Koganti et 

al.80 using F127 as the Pluronic surfactant. The solution was prepared by first adding 

0.696 mmol/L of F127 and a drop of glycerol as a cross-linker to 100 ml acetone. An 

equal number of moles of 1,6-diisocyanatohexane was added dropwise to the mixture in 

a nitrogen-filled glove bag. The freshly prepared solution was then dip coated onto glass 

slides and the slides were aged at 120 °C overnight (approx. 12 hours) to drive the 
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isocyanate-hydroxyl cross-linking reaction to completion. Titania films with F127 as the 

structure directing agent have been synthesized according to the procedure of Crepaldi et 

al. with a modified thermal treatment51. The coating solution was prepared by adding 0.01 

mole (1.93 g) of TiCl4 to a solution of 1.26 g F127 (M = 0.01) in 30 g anhydrous ethanol 

in a nitrogen-filled glove bag. To this solution, 0.1 mole (1.8 g) of water was slowly added 

and the sol was allowed to react for 10 minutes before coating. Films were prepared by 

dip coating glass substrates with the sol at room temperature. Titania films were aged 

after coating at a temperature of 4 °C for 2 hours at a relative humidity of approx. 94%.  

Titania films were then calcined by transferring them directly from the refrigerator to a 

muffle furnace and increasing the temperature at 25 °C/min to 400 °C and holding for 10 

min followed by rapid cooling. Films were not only coated onto plain glass, but also onto 

modified glass in order to provide orthogonal alignment of cylindrical nanopores. 

Vertically oriented mesoporous titania films were then used to study the infiltration 

mechanism of P3HT into the nanopores. 1 wt% P3HT solution was prepared in 

chlorobenzene with continuous stirring at 100 °C in a water bath to ensure complete 

dissolution. The P3HT solution (0.5 ml) was spin coated onto titania films using spin coater 

(Laurell Technologies Corporation, Model WS-400BZ-6NPP/LITE) at 1500 rpm for 45 

seconds. In order to increase the infiltration of P3HT into pores, these films were then 

annealed at 200 °C in a vacuum oven at a pressure of 20 mm Hg for variable time. 

Annealing was done under vacuum because P3HT is sensitive to ambient air and can 

degrade in the presence of air or moisture. 

For plan-view imaging of pore structures, scanning electron microscopy (SEM) 

was performed using a Hitachi S-4300 at 3 kV. SEM samples were prepared by cutting the 
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glass slide to the desired shape using a glass cutter and then mounting them exactly at the 

center of SEM stubs coated with carbon tape. The edges of the sample were coated with 

colloidal graphite (isopropanol base, Ted Pella, Inc.) to increase conductivity by keeping 

the top surface in electrical contact with the lower surface. The samples were aged at 120 

°C overnight (approx. 12 hours) to evaporate all the solvent from the colloidal graphite 

solution. The GISAXS pattern of a representative titania film was collected at the 

Advanced Photon Source at Argonne National Labs on beamline 8-ID-E in order to 

confirm vertical orientation of the pores.  

Infiltration of P3HT into the pores of titania was characterized using UV-visible 

spectroscopy with an Ocean Optics Jaz Spectrometer in transmission mode. Glass slides 

coated with thin films were positioned exactly vertically so that the spectrophotometer 

beam passed through glass slide and film in sequence. In order to quantify infiltration 

depth, neutron reflectometry experiments were performed at the Liquids Reflectometer 

(beamline 4B) at the Spallation Neutron Source (SNS) at Oak Ridge National Lab (ORNL). 

The reflectivity R(Q), was measured as a function of perpendicular wave vector transfer, 

Q = (4π/λ)sin θ, where λ is the neutron wavelength and θ the angle between neutron beam 

and sample surface 276. With the neutron spectrum covering wavelengths from 2.5 to 17.5 

Å and three incident angles of θ = 0.30°, 0.8°, and 1.8°, neutron reflectivity (NR) data were 

collected in time-of-flight mode. The films were prepared on 5 mm thick circular silicon 

wafers with a diameter of 50 mm by the same modification and dip coating procedures 

described above. All reflectivity measurements were performed at room temperature and 

atmospheric pressure. Photoluminescence (PL) spectra were measured using a Renishaw 

inVia Raman microscope (Model: RE02) operating at room temperature. The PL of P3HT 
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infiltrated into nanoporous TiO2 was measured at steady state by excitation using 442.1 nm 

light generated using a blue (HeCd) laser. 

3.4. Results and Discussion 

Figure 3.1 shows representative SEM images of F127-templated films on plain 

glass and crosslinked F127-modified glass prepared with M = 0.01 and 30 g of ethanol. 

The thickness of the titania films was estimated using ellipsometry of films cast onto silicon 

wafers to be 120 nm. For films on plain glass (Fig. 3.1a), most of the time (approx. 8 out 

of 10 times that a region was sampled), parallel stripes were observed in SEM images, 

which is consistent with cylindrical pores primarily aligned parallel to the substrate. For 

films on modified glass, the contrast between titania wall and the empty pore is much 

better, and as Fig. 3.1b illustrates, very well ordered, accessible pores are observed, 

suggesting that orthogonal alignment of mesopores has been increased for films cast onto 

modified glass. However, these pores are not 100% orthogonally oriented and thus we also 

see parallel stripes in some SEM images for the film on modified glass with M = 0.01. 

However, the frequency of parallel stripes was less than for unmodified glass, having been 

observed 3 out of 10 times. These SEM images suggest that a 2D HCP microstructure is 

formed with a pore diameter of about 8-9 nm for orthogonal pores. The unit cell parameter, 

which here corresponds to the distance between the center of consecutive pores, is 14.5 

nm.  

Figure 3.2a shows the GISAXS pattern of a TiO2 film on modified glass after 

calcination at 400° C and Figure 3.2b the corresponding 1D linecut derived by integrating 

along the qz direction from 0.08-0.1 Å-1. The GISAXS pattern clearly shows two intense 

vertical rods located on both sides of the beam stop, qy = ±0.042 Å-1 indexed to the (100) 

plane of the HCP structure. The d-spacing calculated from the GISAXS pattern is 15 nm. 
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Also from the linecut (Fig. 3.2b), we can see a diffraction peak of low intensity 

approximately at qy = 0.083Å-1, with a d-spacing of 7.55 nm, indexed to the (200) plane of 

the HCP structure. No distinct out of plane diffraction spots are visible. The presence of 

the vertical rods and absence of out of the plane diffraction spots clearly indicate that 

orthogonally oriented HCP pores are indeed present for the titania film prepared on 

modified glass. 

Our initial hypothesis was that F127 should produce pores of larger diameter than 

those obtained using P123, as it has higher molecular weight than P123. However, when 

measured, the pore diameter for these mesoporous films was the same as obtained using 

P123 (8-9 nm)2. The difference between F127 and P123 is that F127 (EO106PO70EO106) 

has longer hydrophilic PEO (polyethylene oxide) blocks than P123 (EO20PO70EO20). The 

likely reason that longer PEO blocks of F127 do not expand the pore size is that PPO 

(polypropylene oxide) blocks dictate the pore size while PEO mixes with titania matrix. 

The (100) diffraction peak for P123 templated titania films is observed at qy = 0.048 Å-1 

2 corresponding to a d-spacing of 13 nm. The d-spacing using F127 (15 nm) is slightly 

larger, indicating that mixing of PEO blocks with TiO2 precursor leads to thicker walls 

when F127 is used as the template. Similar results were reported by Feng et al. who 

reported a 2.4 nm increase in wall thickness for F127-tempalted silica films compared to 

P123-templated films, while the pore size remained the same277. Although F127 did not 

produce larger diameter pores than films made using P123, the characterization results 

demonstrate that the synthetic strategy reported by Koganti et al.80 can be generalized to 

generate o-HCP titania films using other Pluronic surfactants. The thicker walls may 

impart stability to the films for further processing, although this advantage is not within 
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the scope of the current study. 

After titania films with o-HCP nanopores were successfully synthesized using 

F127, the pores were infiltrated with the hole conducting polymer P3HT in order to begin 

the process of creating a bulk heterojunction for hybrid solar cells. To do this, the o-HCP 

films were spin coated using a 1 wt.% P3HT solution in chlorobenzene followed by 

annealing at 20 mm Hg and 200 °C for variable time periods. To rule out the posibility of 

P3HT undergoing degradation during annealing because of oxidation of alkyl side chains 

or the thiophene ring (which disrupts the π-conjugation and reduces the intensity of the 

absorption band accompanied with a blue shift278), a control experiment was performed 

with regioregular P3HT cast onto cleaned plain glass followed by annealing under the same 

conditions as the P3HT on o-HCP titania films. Figure 3.3a shows UV-vis absorption 

spectra of regioregular P3HT during annealing at 200 °C for times from 15 min to 5 hour. 

No changes in the absorption spectra of regioregular P3HT are observed with increasing 

annealing time, indicating that the polymer remains stable at this temperature and pressure. 

The absorption spectrum of P3HT features a maximum at ~520 nm which is attributed to 

the electron transition from the valence band (HOMO) to the conduction band (LUMO) of 

P3HT. The absorption spectrum also features two shoulder peaks at 550 nm and 600 nm, 

which are attributed to inter-chain absorption coming from locally ordered domains, i.e., 

interstrand π-conjugation279. The presence of absorption peaks of the same intensity with 

no blue shift throughout the annealing time demonstrates no change in chain structure or 

interactions simply due to annealing and cooling back to room temperature. 

Figure 3.3b shows UV-vis absorption spectra of P3HT infiltrated into o-HCP titania 

films at 200 °C. The spectra of infiltrated P3HT are compared with the absorption spectrum 
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of regioregular P3HT on glass in Fig. 3.3b.  According to Brown et al.279, when P3HT is 

infiltrated into the nanopores of titania, a blue shift relative to regioregular P3HT is 

observed, due to reduced π-π stacking of polymers confined within the pore. This blue shift 

with respect to regioregular P3HT is consistent with infiltration of P3HT into the pores of 

titania and is taken as preliminary evidence that infiltration is occurring. The as-spun P3HT 

on a mesoporous titania film displays little or no blue shift with respect to regioregular 

P3HT, as expected prior to incorporation. As the annealing time increases, the P3HT 

absorbance band displays a monotonic blue shift consistent with gradual infiltration into 

the titania pores. The magnitude of this blue shift increases with annealing time up to a 

plateau of about 7-8 nm after 60 min of annealing, consistent with previous reports of P3HT 

infiltration72, 280.  

A plot of blue shift of the maximum absorbance as a function of annealing time 

(Figure 3.4a) indicates a rapid increase during the first 30 min, followed by a plateau from 

60 min on. Along with the blue shift, the intensity of the shoulder peak at 600 nm due to 

interstrand π-conjugation decreases during infiltration. The most likely reason for change 

is that the infiltration reduces the degree of inter-chain order in the microcrystalline 

domains of P3HT, as P3HT is confined into the nanopores of titania. According to Kim et 

al.280, this reduction in intensity of the shoulder peak at 600 nm is consistent with the 

infiltration of the polymer. However, the shoulder peak does not vanish completely, which 

suggests that all the P3HT might not have been infiltrated into the porous titania film. P3HT 

which has not been infiltrated might have formed an overlayer at the top surface that gives 

rise to the shoulder peak after infiltration. 
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The rate of P3HT infiltration was also studied by measuring optical density of the 

infiltrated polymer after removing unincorporated polymer from the top of the film by 

ultrasonicating the films in toluene for 20 minutes (Figure 3.4b). The optical density 

increases with time from a small background value with no annealing, up to a plateau of 

~0.2 from 60 min of annealing onwards. However, it is unreliable to estimate infiltration 

depending upon the optical density of the embedded polymer since it is possible that the 

P3HT overlayer might not have been rinsed off completely. Thus, we need a different 

technique to directly determine the infiltration depth of the polymer.  

In order to quantify the infiltration depth, neutron reflectometry was performed. 

Reflectivity (R) data were obtained as a function of the wave vector transfer, Q for films 

with varying times of annealing and the data were analyzed using Motofit281 software as 

implemented in Igor Pro. After analyzing the data, the model was fitted to the R vs. Q 

resulting in a multilayer neutron scattering length density (NSLD) profile as a function of 

normalized film depth. A materials’ SLD relates its chemical composition and density 

according to the relationship as follows: 

                                NSLD=
Naρm

M
∑ bi

n
i=1                                                       (3.1) 

where M is molecular weight of the compound, Na is Avogadro’s number, ρm mass density 

and bi the bound coherent scattering length of ith atom comprising the material276. These 

are calculated using the SLD calculator in Motofit. The theoretically calculated NSLD for 

nonporous titania is 2.34×10-6 Å-2 based on the mass density of 3.78 g/cm3 for anatase 

titania. From the top view SEM image, the porosity calculated for titania films with 

vertically oriented cylindrical nanopores is 45-47% (based on pore diameter of 8-9 nm and 

unit cell parameter of 14.5 nm), which would give a NSLD of 1.24×10-6 Å-2. The 
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theoretically calculated NSLD for P3HT is 0.68×10-6 Å-2 based on the mass density of 1.1 

g/cm3 for bulk P3HT. Previously, Rawolle et al. studied the infiltration of polymer hole-

conductor into mesoporous titania and reported the NSLD of  0.705×10-6 Å-2 for a compact 

P3HT layer and NSLD of 1.67×10-6 Å-2 for P3HT infiltrated into the nanopores of titania 

with 41% porosity 282. Considering the porosity of the mesoporous films and NSLD of each 

material, the NSLD of P3HT infiltrated into the nanopores of titania is expected to be a 

volume-weight average value of 1.6-1.7×10-6 Å-2.  

Figure 3.5 shows the neutron reflectivity profile of P3HT infiltrated into the 

nanopores of titania after annealing at 200ο C for 30 minutes, with a NSLD profile in the 

inset. The model matches very well with the experimental data. The NSLD profile that fits 

the data has four distinct layers: a bottom silica substrate, a nanoporous titania layer near 

the substrate, an interfacial P3HT layer infiltrated into the nanopores, and a top uniform 

P3HT layer. Attempting to fit the data with only three layers led to a significantly worse 

fit. The NSLD values of different layers obtained after fitting match very well with the 

theoretically calculated NSLD values. The best-fit parameters including the thickness, 

NSLD and surface roughness of each layer are summarized in Table 3.1 for 30 min of 

annealing. The profile clearly indicates the infiltration of P3HT about 14 nm into the 

nanopores of titania. Thus, the blue shift obtained in UV-Vis spectroscopy studies was 

indeed because of the infiltration of the polymer and neutron reflectivity confirms the 

infiltration.  

Figure 3.6 shows the neutron reflectivity profile of P3HT infiltrated into the 

nanopores of titania after annealing at 200ο C for 60 min. The fitting results are similar to 

those for Figure 3.6, and there is not much change in the infiltration depth of the polymer 
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after increasing annealing time. Even after 2 hours of annealing, an infiltration depth of 14 

nm is still observed (data not shown but similar to Fig. 3.6). Thus, the plateau in blue shift 

and shoulder intensity decrease in Fig. 3.4 were, as expected, a result of having reached a 

maximum level of infiltration of the polymer into the pores. The infiltraton depth is lower 

than that obtained in previous studies72, 99, which reported a maximum infiltration depth of 

40 nm or more for cubic mesoporous titania. However, a monotonic decrease in the 

external quantum efficiency was reported in those studies as the infiltration depth 

increased, which indicates that charge generation mostly occurs near the top of the TiO2 

film99, 266. Thus, the holes generated below 10-20 nm below the top of TiO2 film might 

undergo recombination with the electron from TiO2 before escaping the P3HT-TiO2 region 

since polymer chains located in the bottom of TiO2 might act as the filter layer which 

prevents light from reaching the top of the interface283. Therefore, an infiltration depth of 

14 nm may be sufficient for efficient solar cell performance. The reason for higher 

infiltration of P3HT within the first 30 minutes might be that the solvent chlorobenzene 

that we used to make the P3HT solution evaporated with increasing annealing time. The 

rate of evaporation of chlorobenzene is likely to be higher than the rate of infiltration of 

the polymer. After the one hour of annealing time, all the chlorobenzene should have 

evaporated. After this time, the infiltrated, solidified P3HT blocked the pores as a result of 

which, there is no further infiltration of P3HT with increasing annealing time. Another 

related reason for the reduced infiltration of P3HT into cylindrical channels is entropic; in 

order to enter into the pores, the chains are forced to adopt an elongated configuration less 

entropically favorable than the coiled configuration found in solution and in free melts.  

Polymers confined within anodized alumina membrane pores have been shown to form a 
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layer of reduced mobility near the pore wall, and alteration in crystallinity has been 

observed under extreme confinement284.  These effects would be expected to inhibit the 

transport of neat P3HT into the pores. 

The efficiency of electron transfer at the interface between P3HT and nanoporous 

TiO2 can be investigated indirectly by means of photoluminescence (PL) quenching (Figure 

3.7)244, 285. The PL spectrum of regioregular P3HT shows a characteristic emission pattern 

with two peaks in the 550-740 nm wavelength range286. While the spectra exhibit 

significant noise because the films are so thin, the intensity of the PL spectrum decreases 

considerably as the P3HT-TiO2 interface develops. The decrease in intensity is thought to 

be a result of quenching due to energy or charge transfer. As observed for the other 

measurements above, the PL intensity decreases most rapidly during the first 30 min of 

annealing, followed by a plateau in quenching (Fig. 3.7b). This is also consistent with the 

UV-Vis spectroscopy data indicating that infiltration occurs over the first 30 minutes of 

annealing and plateaus thereafter. Thus, infiltration correlates with the charge transfer at 

the interface, which suggests that an active p/n heterojunction is present in these systems 

which can be developed in future studies to understand photovoltaic performance and the 

effect of polymer confinement on organic-inorganic hybrid solar cells. Even though the 

infiltration depth is smaller than the previous reports72, 99, 266, the infiltration depth is 

consistent with the active layer reported previously and the nanowire architecture of the 

incorporated polymer is expected to provide higher hole mobility of P3HT chains in the 

nanopores, which would improve the performance of P3HT-TiO2 hybrid solar cells. 

3.5. Conclusions   

We have synthesized titania thin films with vertically oriented 2D-HCP cylindrical 

nanopores using Pluronic triblock copolymer surfactant F127. The pore size of F127 
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templated titania films is the same as that of P123-templated titania films because both 

surfactants have the same content of hydrophobic block (PPO) and but F127 provides a 

higher wall thickness because of its larger hydrophilic block (PEO). Regioregular P3HT 

has been incorporated into the vertically oriented cylindrical nanopores of the resulting 

films. An infiltration depth of ~14 nm is obtained after 30 minutes of annealing at 200 °C 

under vacuum and for higher annealing times, there is no further improvement in the 

infiltration depth. This infiltration is measured directly by neutron reflectivity, and causes 

a corresponding blue shift in the absorbance of the P3HT.  The infiltration depth is lower 

than that reported in previous studies, most likely because of the higher cost of confinement 

of P3HT chains into straight cylindrical nanopores. The charge transfer across the P3HT-

TiO2 interface is significant and correlates with the degree of infiltration of P3HT. In the 

future, these results can be used to fabricate efficient solar cells by using the knowledge 

gained about the optimal conditions for incorporation of P3HT into the pores of orthogonal 

HCP titania films and comparing the performance with cubic nanopore arrangement of 

titania and planar titania.    
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Figure 3.1. Representative plan view SEM images of mesoporous titania films prepared 

on (a) plain glass and (b) F127-modified glass prepared from sols containing 1.26 g F127  

and 30 g of ethanol, aged at 4 °C and calcined at 400 °C at the rate of 25 °C/min. 
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Figure 3.2. (a) GISAXS pattern of nanoporous titania film prepared on modified glass after 

calcination at 400° C at a rate of 25 °C/min and (b) the corresponding 1D linecut derived 

by integrating along the qz direction from 0.08-0.1 Å-1.  
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Figure 3.3. UV-vis absorption spectra of (a) regioregular P3HT and (b) regioregular P3HT 

infiltrated into titania films with thickness of 120 nm after annealing under vacuum for the 

indicated times at 200° C (The data has been shifted in part (b) for absorbance values).  
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Figure 3.4.  (a) Blue shift of P3HT UV-vis absorbance maximum as a function of annealing 

time and (b) optical density of embedded P3HT after infiltration for varying periods of 

time at 200 °C under vacuum. 
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Figure 3.5. Neutron reflectivity profile of P3HT infiltrated into the nanopores of titania 

after annealing at 200ο C for 30 minutes. The inset shows that scattering length density 

(SLD) profile of the fitted model. 
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Figure 3.6. Neutron reflectivity profile of P3HT infiltrated into the nanopores of titania 

after annealing at 200ο C for 60 minutes. The inset shows that scattering length density 

(SLD) profile of the fitted model. 
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Figure 3.7. (a).PL spectra for P3HT infiltrated into nanoporous TiO2 by spin coating 1 

wt% P3HT solution followed by annealing at 200 °C for the indicated time and comparison 

with as spun P3HT, and (b) integrated PL intensity for P3HT infiltrated into nanoporous 

TiO2 as a function of annealing time. The error bars represent the standard deviation of the 

PL intensity of three different samples. 
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Table 3.1. Characteristics of layers obtained by fiting a multilayer model to the neutron 

reflectivity profile of P3HT infiltrated into the nanopores of titania after annealing at 200ο 

C for 30 minutes. 

Layer Thickness (Ǻ) SLD (*10-6 Ǻ-2 ) Roughness (Ǻ) 

P3HT 1035 0.72 27 

Interface 139 1.7 19 

Mesoporous TiO2 1078 1.25 11 

SiOx 30 3.78 2 

 

Table 3.2. Characteristics of layers obtained by fiting a multilayer model to the neutron 

reflectivity profile of P3HT infiltrated into the nanopores of titania after annealing at 200ο 

C for 60 minutes. 

Layer Thickness (Ǻ) SLD (*10-6 Ǻ-2 ) Roughness (Ǻ) 

P3HT 1072 0.7 26 

Interface 137 1.7 19 

Mesoporous TiO2 1118 1.25 14 

SiOx 27 3.4 3 
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Chapter 4. Nanoporous n-TiO2/p-CdTe Heterojunction Solar Cells with Enhanced 

Response in the Near-UV Region of the Solar Spectrum 

 

4.1. Summary 

Solar cells utilizing TiO2 with highly ordered cylindrical, 8 nm diameter nanopores for the 

window layer and p-CdTe for the absorber layer were fabricated, characterized and 

analyzed.  Power conversion efficiency values as high as 5.53% were achieved, with an 

open circuit voltage of 700 mV, short circuit current of 19.2 mA/cm2 and a fill factor value 

of 0.41. The solar cell performance is approximately 3 times higher for cells using 

nanoporous titania film as compared to the cells using planar titania film; this is attributed 

to the large surface area of nanoporous titania. CdTe deposited inside the nanopores of 

TiO2 exhibits improved interface (reduced interface state density and higher open-circuit 

voltage) characteristics than the interface obtained when CdTe is deposited on a planar 

TiO2 film. This is confirmed by the C-V measurements, which yield low doping 

concentration and higher depletion width in CdTe near the interface in case of nanoporous 

titania. These cells have a strong response to sunlight photons in the wavelength range of 

380-850 nm, which represents an expansion in the photoactive window compared to the 

traditional CdS / CdTe photovoltaic cells.  To our knowledge, a PCE value of 5.53% is the 

highest reported using this combination of semiconductors.  
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4.2 Introduction  

Solar cells based on heterojunctions generally consist of a wide-band 

semiconductor “window” and a solar radiation “absorber”. One well known example is the 

highly studied and commercialized inorganic solar cell based on the CdS/CdTe structure130, 

287-289, where CdTe is the absorber and CdS acts as the window layer. CdTe is a nearly 

perfect material for PV application due to its direct band gap of 1.5 eV, which is closely 

matched to the terrestrial solar spectrum. However, when trying to maximize device 

performance, improvements have been hindered by the loss of photocurrent caused by light 

absorption in the n-type cadmium sulfide (CdS) window layer. A significant amount of 

radiation in the solar spectrum, with wavelength less than 512 nm, gets absorbed by CdS 

and does not contribute to the collected photocurrent. The resulting loss in photocurrent is 

estimated to be 7 mA/ cm2 127. Also, forming a thinner layer of CdS to reduce its absorption 

has significant challenges of its own, such as formation of pinholes in the CdS which can 

cause the p-type semiconductor to come into direct contact with the transparent electrode 

forming micro-junctions and micro-shunts and degrading cell performance128.  

The above problem of CdS absorption can be effectively solved by replacing CdS 

with titanium dioxide (TiO2) as a window layer. SinceTiO2 has higher energy band gap 

than CdS (3.2 eV), it is expected to improve the spectral response in lower wavelength 

region, especially in the 400-500 nm range, thereby improving quantum efficiency129-131. 

Both TiO2 and CdTe, due to their electrical, optical and operational properties, are well 

suited to be the “window” and “absorber” materials, respectively290-292. The feasibility of 

ТіО2/CdTe heterojuctions for photoelectrical conversion has been shown in a number of 

works129, 293-297. The CdTe conduction band lies approximately 0.7 eV above the TiO2 

conduction band298; as a result, electron transfer from CdTe to TiO2 is energetically 
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favored, while hole transfer across this interface is prevented by an efficient barrier of more 

than 2 eV297. Photosensitive heterojunctions of n-TiO2/p-CdTe were fabricated by Brus et 

al.129 by dc reactive magnetron deposition of TiO2 planar thin films which exhibited an 

open circuit potential of Voc = 0.69 V, a short-circuit current of Jsc = 6 mA/cm2 and a fill 

factor (FF) of  0.42. Ernst et al.297 prepared a CdTe-TiO2 solar cell using a highly structured 

porous TiO2 on a micrometer scale  and found that the porous device outperforms the planar 

device. The reason for this was hypothesized to be that in the microporous configuration, 

the light has the possibility to travel not only perpendicularly, but also laterally with respect 

to the TiO2/CdTe interface, so that even the longer wavelengths are absorbed near to the 

junction, resulting in higher collection efficiency299. In contrast, long wavelength light is 

expected to be absorbed far from the junction in planar TiO2, resulting in low collection 

efficiency. The interface between planar anatase TiO2 and CdTe is also characterized by a 

strong dipole of about 0.9 eV (in contradiction to the electron affinity rule) which suggests 

that planar titania-CdTe interface might not be ideal for high conversion yields 298. 

Consistent with this, Ernst el al.297 observed a higher photocurrrent of about 8.9 mA/cm2 

using porous TiO2 substrate, which further improved to 15 mA/cm2 after alloying CdTe 

with Hg. However, the fill factor was very poor (̴ 20%) which was attributed to large band 

offset between CdTe and TiO2. Yang et al.295 obtained an open circuit voltage  of 1.03 V 

for TiO2/CdTe solar cell using titania nanotubes and CdTe quantum dots, however the 

efficiency was limited because of poor fill factor and low current density. Yue et al.300 

studied quantum dot sensitized solar cells employing Pt/C60 as the counter electrode and 

obtained an efficiency of 2.06 % for  Pt/C60-TiO2-CdTe-ZnS configuration. 
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TiO2-CdTe solar cell systems have been studied extensively, mostly in the form of 

quantum dot sensitized solar cells (QDSSCs)300-302. Even though QDSSCs have a wide 

range of advantages, such as tunability of effective band gap303, high absorption 

coefficient304 and the potential for multiexciton generation305-306, the efficiencies of most 

reported QDSSCs are less than 2.0%, mainly because of electron loss occurring through 

charge recombination at TiO2-electrolyte and QD-electrolyte interfaces, a narrow range of 

absorption wavelengths in the solar spectrum, and non-radiative decay307-311. These 

limitations can be overcome by using CdTe in the form of thin film rather than QDs. CdTe 

thin films have an absorption coefficient as high as 105 cm-1, and 99% of photons with 

energy greater than the band gap can be absorbed within several micrometers of a CdTe 

film312. Another advantage of CdTe as a thin film is the flexibility in manufacturing 

technologies to fabricate high quality polycrystalline thin films131, 313-314. The closed space 

sublimation (CSS) has been used to deposit  CdTe thin films because of its high throughput 

and efficient material utilization313. 

The nanostructure employed here consists of continuous titania films with 

vertically aligned 2D hexagonal close packed (HCP) cylindrical nanopores with pore 

diameter of 8-9 nm. The pores of these films can be filled with p-type semiconductors to 

provide two well-defined phases for conduction of charge carriers to each electrode 266. 

These nanoporous titania films are less ordered in terms of crystallinity and might have 

unknown impact on interfacial properties and dipole moment could be less as compared to 

planar anatase titania as observed by Tiefenbacher et al.298. In this study, we investigated 

the effect of nanoporous titania with vertically oriented 2D-HCP cylindrical nanopores on 

the photovoltaic performance of TiO2/CdTe solar cell. 
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4.3 Experimental Section  

To fabricate solar cells and to study the photovoltaic performance, fluorine-doped 

tin oxide (FTO) coated glass slides were used as substrates which also served as the bottom 

electrode. Before coating, all of the substrates were cleaned with deionized water, acetone 

and isopropanol. These FTO substrates were then treated in a UV-ozone cleaner for 20 

minutes to remove any organic contaminants. The substrates were then modified based on 

the method of Koganti et al with F127 as the Pluronic surfactant (Sigma-Aldrich)80. The 

solution for surface modification was prepared by first adding 0.696 mmol/L of F127 and 

a drop of glycerol as a cross-linker (99+%, Sigma-aldrich) to 100 ml acetone (histological 

grade, Fisher Scientific). An equal number of moles of 1,6-diisocyanatohexane (99+%, 

Acros Organics) was added dropwise to the mixture in a nitrogen-filled glove bag. The 

freshly prepared solution was then dip coated onto glass slides and the slides were aged at 

120 °C overnight (approx. 12 hours) to drive the isocyanate-hydroxyl cross-linking 

reaction to completion.  

Before preparing mesostructured films, planar titania films were prepared on FTO 

substrate to prevent short-circuit during solar cell characterization by adding 1.8 g of water 

to the solution of 0.01 mole (1.93 g) of TiCl4 in in 18 g anhydrous ethanol. After dip coating 

glass substrates with the sol at room temperature, films were then calcined by transferring 

them directly from the refrigerator to a muffle furnace and increasing the temperature at 25 

°C/min to 400 °C and holding for 10 min followed by rapid cooling. The thickness of planar 

titania measured using profilometry is 60 nm. Nanoporous titania films with vertically 

oriented 2D HCP nanopores were synthesized according to the procedure of Crepaldi et al. 

with a modified thermal treatment using F127 as the structure directing agent51. The sol-

gel required for nanoporous titania was prepared by adding 0.01 mole (1.93 g) of TiCl4 
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(99.9%, Acros Organics) to a solution of 1.26 g F127 (M = 0.01) in 30 g anhydrous ethanol 

(200 proof, Dacron Laboratories, Inc.) in a nitrogen-filled glove bag.  To this solution, 0.1 

mole (1.8 g) of water was slowly added. Films were prepared by dip coating glass 

substrates with the sol at room temperature. Titania films were then aged at a temperature 

of 4 °C for 2 hours at a relative humidity of approx. 94%. Titania films were then calcined 

by transferring them directly from the refrigerator to a muffle furnace and increasing the 

temperature at 25 °C/min to 400 °C and holding for 10 min followed by rapid cooling.  

In order to fabricate solar cells, p-type CdTe was deposited using a closed-space 

sublimation system based on procedures in the literature288, 315. First, the source and 

substrate were ramped together to 550 °C. Then the source temperature was increased to 

630 °C and substrate temperature to 575 °C and held there for 2 min at 16-18 torr of He 

(with 5% O2, as background gas) pressure. For these conditions, the thickness of CdTe 

deposited is around 15 µm (see below). After CdTe deposition, the cells were treated with 

1.5 wt % CdCl2 solution in methanol for 15 min and were annealed at 385 °C for 30 min 

under 100 sccm flowing Argon. This annealing of CdTe in the presence of cadmium 

chloride was essential for achieving good performance in terms of open circuit voltage and 

fill factor of the photovoltaic device. Several mechanisms for these improvements have 

been proposed. These include the elimination of fast- recombination centers in the CdTe316, 

reduction of recombination centers in the junction315 and the elimination of small grains317. 

Because of the high electron affinity of CdTe, a metal with a work function > 5.7 eV is 

needed to form an Ohmic contact on p-type CdTe. Since such metals are not available, the 

general strategy to overcome the naturally existing Schottky barrier is to create a heavily 

p-type doped CdTe surface by chemical etching and apply a buffer layer of high carrier 
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concentration between CdTe and the metal318-319. To do this, cells were etched in a mixture 

of nitric acid and phosphoric acid (1% HNO3, 88% H3PO4, 35% DI water) for 35 s to form 

a thin tellurium rich (Te) layer320. Then a thin layer of copper, 5 nm in thickness, was 

sputtered using RF sputtering onto the surface of CdTe at the back contact area sites. Cu-

based back contacts have become popular because Cu forms reasonably good Ohmic 

contacts with p–CdTe321. This allows a beneficial band alignment which decreases the 

barrier width at the back contact interface. The tunneling barrier formed in this way is 

quasi-ohmic which should not exhibit a roll-over in the IV-characteristics at high forward 

bias322. This was followed by the application of graphite paste–silver paste electrodes. 

Figure 4.1a shows the schematics of the fabricated solar cells of both types along with 

charge transfer mechanism in Figure 4.1b. 

For plan-view imaging of pore structure, scanning elecron microscopy (SEM) was 

performed using a Hitachi S-4300 at 3 kV. SEM samples were prepared by cutting the 

glass slide to the desired shape using a glass cutter and then keeping exactly at the center 

of SEM stub coated with carbon tape. The edges of the sample were coated with colloidal 

graphite (Isopropanol base, Ted Pella, Inc.) to increase conductivity by keeping the top 

surface in contact with the lower surface. The samples were aged at 120o C overnight 

(approx. 12 hours) to evaporate all the solvent from the colloidal graphite solution. The 

GISAXS pattern of the titania film was collected at the Advanced Photon Source at 

Argonne National Labs on beamline 8-ID-E in order to confirm vertical orientation of the 

pores. To directly examine the pore morphology, films were scraped from selected glass 

slides and dispersed into ethanol by using an ultrasonic cleaner (Cole-Parmer 8848). A 

drop of this solution was then placed onto a copper TEM grid and dried before analysis. 
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Transmission electron microscopy was performed at 200 kV with a JEOL 2010F high-

resolution transmission electron microscope with field emission. I–V characteristics were 

measured using a solar simulator in the dark and under illumination intensity of 100 

mW/cm2. The solar simulator was calibrated with a standard light meter and with a 

standard crystalline silicon solar cell. C–V characteristics were measured with an Agilent 

4284A capacitance meter (Agilent Technologies; 20 Hz to 1 MHz) at a frequency of 1 

MHz. 

4.4 Results and Discussion 

Figure 4.2a shows SEM image of a titania film cast onto a glass slide modified with 

crosslinked P123, after calcination at 400° C using a ramp of 25 °C/min. The thickness of 

the film as measured using ellipsometry is 120 ± 5 nm. The SEM image clearly shows a 

well ordered, accessible porous structure consistent with either orthogonal alignment of 

HCP mesopores or a globular (e.g. cubic) mesostructure. Direct analysis of the SEM image 

indicates that the diameter of the pores at the top of the film is 8-9 nm, and the distance 

between the centers of the closest neighbors is  ̴ 13-14 nm. To differentiate between 

possible pore structures, the GISAXS pattern of the TiO2 film cast onto modified glass 

after calcination at 400° C was measured (Fig. 4.2b). The pattern clearly shows two intense 

vertical Bragg rods located on both sides of the beam stop, at qy = 0.042 Å-1.  These Bragg 

rods are observed because of an orthogonally tilted HCP phase, and the absence of out-of-

plane diffraction spots rules out the possibility that the structure is Im3m cubic or another 

globular mesostructured81. The Bragg rods were indexed to the (100) plane of the HCP 

structure. The d-spacing calculated from the GISAXS pattern using the formula d = 2π/q 

is 15 nm giving pore to pore distance of 17.3 nm. GISAXS pattern also features a 

diffraction peak of low intensity approximately at qy = 0.083Å-1, with the d-spacing of 7.55 
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nm. Since (200) plane has almost the half of the d-spacing as that of (100) diffraction peak, 

this peak can be assigned as (200) plane of the HCP structure. The SAED pattern of titania 

films (Fig. 4.2c) shows two concentric rings with d-spacings of 0.19 nm and 0.146 nm 

which are indexed to the (200) and (204) crystallographic planes of the anatase structure81. 

The anatase phase is also confirmed by HRTEM image (Fig. 4.2d), which shows lattice 

fringes with a d-spacing of 0.19 nm corresponding to the (200) crystallographic plane of 

anatase TiO2. However, it should be noted that these films are X-ray amorphous since it 

did not show any higher order diffraction peaks for titania. The films are thus a combination 

of amorphous titania and anatase polycrystalline titania. The porosity of the films as 

measured using software ImageJ comes out to be 43 ± 3 %. 

When we see cross-sectional SEM image of these nanoporous titania films (Fig. 

4.3a), we can clearly see vertically oriented cylindrical channels indicating that pores are 

indeed oriented vertically after surface modification. In order to determine whether CdTe 

has been incorporated into the nanopores, cross-sectional SEM imaging was performed 

after CdTe deposition. Figure 4.3b,c shows cross-sectional SEM images for CdTe 

deposited into the nanopores of titania using CSS system at the mentioned above. From the 

low-magnification image (Fig. 4.3b), we can clearly see the bulk CdTe layer of thickness 

14.6 µm onto nanoporous titania layer. Also we can see that the texture of this bulk CdTe 

is different from the CdTe deposited near the interface. At higher magnification (Fig. 4.3c), 

we clearly see a 430 nm thick uniform film with a different texture near the substrate 

interface. We could not see any cylindrical channels of titania near the interface as in Fig. 

4.3a. Considering 120 nm thickness of porous titania film, it might indicate that the pores 

are completely infiltrated with CdTe. After the infiltration into the nanopores, CdTe just 



106 
 

formed an overlayer at the top surface. These images also indicate that quality of CdTe 

grown near the interface and into the nanopores of titania might be different from the bulk 

CdTe. 

In order to confirm that o-HCP Structure of nanoporous titania is stable after CdTe 

deposition into the nanopores, we have resublimated CdTe from CdTe-titania samples 

keeping the samples as source with the source temperature as 620 °C. Figure 4.4 shows 

GISAXS Pattern of titania thin films with o-HCO microstructure after CdTe Sublimated 

from CdTe-titania samples. The pattern clearly shows two vertical Bragg rods located on 

both sides of the beam stop, at qy = 0.042 Å-1. These Bragg rods are observed because of 

an orthogonally tilted HCP phase confirming o-HCP structure is stable after CdTe 

deposition into the nanopores. However the intensity of these rods reduced a little which 

might be because of residual CdTe into the pores or slight loss of mesoporous order because 

of high temperature.  

Figure 4.5a shows current-voltage (J-V) characteristic of CdTe-nanoporous titania 

solar cell indicating a short-circuit photocurrent density (JSC), open-circuit voltage (VOC), 

and fill factor (FF) of 19.2 mA/cm2, 700 mV, and 0.41, respectively, leading to a power 

conversion efficiency (PCE) of 5.53%. In order to observe the effects of the nanoporous 

structure of titania, the performance of the solar cell was compared with one without 

surfactant templates, i.e. CdTe-planar titania (Figure 4.5b), which shows JSC, VOC, and FF 

of 8.47  mA/cm2, 576 mV, and 0.37, respectively, leading to a PCE of 1.8%. Thus, power 

conversion efficiency for nanoporous titania is 3 times higher than that for planar titania. 

This is the highest ever reported efficiency for CdTe- TiO2 solar cell. The previous reported 

efficiencies are in the range between 0.07-1.87 %129, 293, 296, 300-302, 323-324. Similar effects of 
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nanostructure on photovoltaic efficiency have been obtained by Yella et al.325, who 

reported 13.7% PCE for nanocrystalline TiO2/CH3NH3PbI3 based solar cells as compared 

to 3.7% PCE for planar TiO2/CH3NH3PbI3.  

One reason for better performance with nanotubes is the formation of an intimate 

junction of large interfacial area between the nanoporous TiO2 and CdTe layer, resulting 

in better extraction of photo-generated electrons than in the planar TiO2 film. Based on the 

average thickness of 120 ± 5 nm and average porosity of 43 ± 3 % and considering that 

CdTe infiltrates into the nanopores of titania completely, the heterojunction area of 

nanoporous titania solar cell calculated comes out to be 22 ± 2 times the planar 

heterojunction solar cell. In general, a large junction area is indispensable for a high-

performance photoelectrode326-327 because more optically generated electron–hole pairs 

would separate in the space charge region present at the interface. The biggest 

improvement after using mesostructured device is in the photocurrent which is attributed 

to the improved carrier collection of the device296.  The photocurrent increased  to 2.3 times  

after using porous structure which supports the hypothesis of improved charge collection 

for solar cell fabricated using nanoporous titania. Another reason is the reduced 

recombination at the interface. Recombinations might take place at the defect sites at the 

interface between TiO2 and CdTe. The large concentration of the surface states at the 

interface induces higher concentration of such defect sites in the case of planar titania129 

and leads to relatively high series resistance. In addition, in case of planar titania, 

recombination may be enhanced by the non-ideal band offset at the p–n interface junction, 

giving rise to an alteration of the charge carrier transport298. Consistent with this, the 

quantum efficiency of the solar cells based on the porous structure of titania had been found 
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higher than planar titania297. As we can see from SEM images (Fig. 4.3), there is 

incorporation of CdTe into the nanopores of titania. Previous studied also showed that the 

quantum confinement effect of the uniform morphology leads to nanostructures with 

different optical properties than conventional bulk materials and leads to blue shift of the 

absorption edge of CdTe nanocrystals into titania matrix consistent with strong quantum 

confinement theory328.  

These solar cells were further characterized by measuring capacitance (C) as a 

function of bias voltage (V) at a high frequency signal. This data enables using Mott-

Schottky plots to determine important parameters including the dopant concentration of the 

device material and depletion length. Figure 4.6a shows Mott-Schottky plots of the 

nanoporous TiO2/CdTe solar cell and planar TiO2/CdTe solar cell. A linear region is 

obtained for both solar cells in the region with negative potential which can be used to 

calculate the density of defect states (p-doping in CdTe) derived from the slope by means 

of the Mott-Schottky relation (Eq. 4.1): 

                                            𝐶−2 =
2(𝑉𝑓𝑏−𝑉)

𝑞ɛɛ0𝑁
                                   (4.1) 

Where q is the charge of one electron, ɛ
0
 is the permittivity of the vacuum, ɛ is the dielectric 

constant of CdTe, Vfb is flat band potential, N is the dopant concentration in p-CdTe at the 

interface and equals to hole concentration in p-CdTe. Table 4.1 shows the parameters 

calculated for different solar cells using Mott-Schottky analysis under dark conditions. 

These calculations are based on the interfacial area. As discussed above, interfacial area in 

case of nanoporous titania is 22 ± 2 times than planar heterojunction solar cell. The total 

concentration of dark hole density for nanoporous TiO2/CdTe is 1.7*1013/cm3, whereas it 
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is 4.5*1015/cm3 for planar TiO2/CdTe solar cell. Thus, both active layers are not doped to 

the same extent. From the data shown in Table 4.1, we deduce that the defect density (and 

the hole concentration, space charge density) in CdTe in nanoporous TiO2 case is almost 2 

orders of magnitude lower than the CdTe deposited onto planar TiO2 film. Lower defect 

density in case of nanoporous titania reduces loss of current caused by the tunneling of 

electrons from TiO2 to the defect centers in CdTe. This results in a lower effective reverse 

saturation current and a higher Voc.  Also, the zero bias depletion length was calculated 

using the formula Wdep = A*ɛ/C (where A is the junction area, and ɛ is the dielectric 

constant of CdTe) from C-V measurements. The zero bias depletion layer width is higher 

for nanoporous titania 15.7± 1.4 µm where uncertainties are in the form of standard 

deviation. Thus, we can say that the entire 15 µm thickness of CdTe in case of nanoporous 

titania is depleted. Electric field exists in the entire CdTe layer and the solar cell acts like 

a p-i-n device. Because of this electric field, all light generated electons in the CdTe 

absorber layer are efficiently collected. This leads to higher Jsc than the planar TiO2 where 

depletion width is only 1.85 µm and electrons generated farther away than 1.85 µm from 

the interface are not efficiently collected. To summarize, CdTe growing vertically as it 

deposits into the nanopores of titania is of higher quality (lower defect/trap density) than 

the CdTe grown on top of the TiO2 surface leading to higher Jsc and Voc. 

The spectral response of nanoporous TiO2/CdTe solar cell is shown in Figure 4.6b 

in the form of incident photon to converted electron (IPCE) ratio as a function of 

wavelength. No response is obtained below 380 nm, which is the bang gap edge of titania 

(3.2 eV). The results show that around 82-95 % photon efficiency is obtained for 

wavelengths between 380 and 500 nm, 70-80 % between 500 and 700 nm, 55 to 70 % in 
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the 700-820 nm wavelength range, and a sharp decrease above 820 nm. The location of 

long-wave edge of the spectral response is well correlated with the band gap energy of 

CdTe (1.5 eV). The short-wave edge spectrum is not measured effectively because of the 

ultraviolet limit (below 380 nm) of the Xenon-arc lamp used in the spectrophotometer. In 

spite of that, a very good photoresponse in 380-500 nm wavelength range was observed 

representing an expansion in the photoactive window compared to CdS/CdTe 

photovoltaics.  

Even though the efficiency observed here is the highest ever reported for a CdTe-

titania solar cell, it is still lower than the conventional CdS-CdTe solar cells. The biggest 

improvement that can still be done is in the design and execution for the top contact, which 

affects fill factor and thus power conversion efficiency. The fill factor reported here is only 

0.4 which is very low in comparison with high efficiency solar cells and needs to be 

improved. In previous works, a lot of investigations of back contact and top contact 

materials like Cu/Au315, 319, Cu doped ZnTe329-330 with Au or Ni metallization, Cu/Mo331 

or just Au332 has already been done. Fill factors in excess of 0.7 can be achieved using these 

contacts. Even though all the studies have been done in case of CdS/CdTe solar cells, they 

can be effectively applied to TiO2/CdTe solar cells. Also optimizing the thickness of CdTe 

will be crucial in order to reduce series resistance. Some of these approaches to improve 

power conversion efficiency in TiO2/CdTe heterojunctions, will be the subjects of our 

investigation in the near future. 

It is worth noticing that the main purpose of this study was to observe the effect of 

the porous TiO2 layer, not the effect of the contacts and this study clearly indicated what 
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we intended for even though better fabrication techniques can be utilized to further improve 

the efficiency. 

4.5 Conclusion 

Nanoporous titania thin films with vertically oriented 2D HCP cylindrical 

nanopores with 8-9 nm pore diameter have been used as window layers for the fabrication 

of inorganic TiO2-CdTe bulk heterojunction solar cell.  The power conversion efficiency 

for nanoporous titania comes out to be 5.53 % which is almost three times higher than 

using planar titania as window layer (1.8%). The higher efficiency in case of nanoporous 

titania is attributed to the high surface area than planar titania leading to the formation of 

an intimate junction of large interfacial area between the nanoporous TiO2 and CdTe layer 

which results in more effective extraction of photo-generated electrons than the planar TiO2 

film. Also, a better interface for nanoporous TiO2/CdTe leads to lower defect density as 

compared to planar titania which in turn lead to higher Voc. Further, all of the CdTe in case 

of nanoporous titania has been depleted leading to higher Jsc. The results are consistent 

with the previous work in the literature where the efficiency is higher in case of 

mesostructured materials as compared to planar structure. These solar cells have a good 

response in the wavelength range of 380-500 nm, unlike the case in traditional CdS-CdTe 

solar cells. Although the efficiency of these solar cells is much lower than traditional CdS-

CdTe solar cells, this study suggests that nanoporous titania can be effectively used as 

window layer in inorganic solar cells. In future, we will try to improve the efficiency of the 

solar cell by using a better combination of back contact and top contact. 
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Figure 4.1. (a) Device structure for CdTe/nanoporous-TiO2 solar cells, and (b) Device 

structure for CdTe/planar-TiO2 solar cells c) Band alignment diagram for CdTe- TiO2 

system. Eg is energy band gap, φ is electron affinity, EF is fermi level, Evac is vacuum EC 

and EV are edges conduction and valence bands, δ is energy band offset. 
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Figure 4.2. (a)  SEM image (b) SAXS pattern (c) SAED pattern, and (d) HRTEM of titania 

film on modified glass from sols prepared using F127 with M= 0.01 and 30 g of ethanol, 

aged at 4° C and calcined at 400° C at the rate of 25°/min 
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Figure 4.3. Cross-sectional SEM image of (a) Titania film with vertically oriented 

cylindrical nanopores (b, c) CdTe infiltrated into the nanopores of titania at low 

magnification (b) and at high magnification (c) 
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Figure 4.4. GISAXS Pattern of titania thin films with o-HCO microstructure after CdTe 

Sublimated from CdTe-titania samples 
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Figure 4.5. Solar cell performance of (a) CdTe-nanoporous TiO2 solar cell, and (b) Cdte-

planar TiO2 solar cell 
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Figure 4.6. (a) Mott-schottky analysis of Planar TiO2/CdTe and porous TiO2/CdTe on a 

semi-log scale, and (b) External quantum efficiency of porous TiO2/CdTe solar cell  
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Table 4.1. Photovoltaic parameters and results from Mott-Schottky analysis of 

nanoporous TiO2/CdTe and planar TiO2/CdTe Solar Cell 

Solar Cell 
Voc 

(mV) 

Jsc 

(mA/cm2) 
FF 

PCE 

(%) 

Zero bias 

capacitance 

(F/cm2) 

Charge 

carrier 

density (cm-3) 

Zero bias 

depletion 

length (µm) 

Nanoporous 

TiO2/CdTe 
700 19.2 0.41 5.53 5.25*10-10 1.7*1013 15.7± 1.4   

Planar 

TiO2/CdTe 
576 8.47 0.37 1.8 4.86*10-9 4.5*1015 1.85 

 

Copyright © Suraj R. Nagpure 2016 
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Chapter 5. Layer-by-layer Synthesis of Thick Mesoporous Titania Films with 

Vertically Oriented 2D-HCP Nanopores and Their Application as Negative 

Electrodes in Lithium Ion Batteries  
 

5.1. Summary 

Titania films of varying thickness with vertically oriented 2D Hexagonal Close Packed 

(HCP) 8-9 nm cylindrical nanopores have been synthesized using an evaporation-induced 

self-assembly layer-by-layer technique. The hypothesis behind the approach is that the 

vertically oriented mesostructured from one layer provides a surface patterned with the 

hydrophobic poly(propylene) blocks of the Pluronic surfactant template to epitaxially 

induce vertical orientation of micelles in the next deposited layer. Characterization using a 

combination of x-ray diffraction and electron microscopy indicates that the pores are 

oriented vertically even in relatively thick films (up to ~800 nm) after multiple layers of 

deposition. These films contain a combination of amorphous and nanocrystalline anatase 

titania in a nanostructured matrix of potential value for electrochemical energy storage. As 

proof of concept, these films have been successfully applied as negative electrode in 

lithium ion batteries. A battery capacity as high as 254 mAh/g has been obtained after 200 

cycles for titania film with vertical pore orientation. The results showed higher capacity for 

vertical pore orientation as compared to parallel pore orientation and a nonporous titania 

film, which is attributed to high accessible surface area and reduced lithium ion diffusion 

length into the solid material. Films with vertically oriented pores but greater thickness 

have reduced battery capacity at a fixed rate of charging compared to thin films, which is 

attributed to reaching a thickness large enough that lithium diffusion within the pores limits 

the lithiation near the base of the film. These results confirm the hypothesis that epitaxial 

alignment occurs in multilayer sol-gel films with cylindrical HCP structure, and suggest 
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that further progress towards their use in battery applications is possible by lowering 

barriers to electrolyte diffusion within the oriented pore 

5.2. Introduction  

Lithium ion batteries (LIBs) are of great interest as energy storage systems due to 

their safety, stable cycle life, and relatively low cost333-334. LIBs function by a conceptually 

simple electrochemical process consisting of the extraction and insertion of Li ions 

between two electrodes with simultaneous removal and addition of electrons store or 

release electrical energy335. However, the performance of LIBs depends strongly on the 

composition, structure and chemistry of its primary components including the negative and 

positive electrodes and the electrolyte. Currently, the negative electrode (called the “anode” 

in the battery community) of commercially available LIBs is graphite. Although many 

alternative high capacity LIB anode materials are available including Si, Ge, and Sn, they 

cannot be used in bulk form for practical applications due to their low range of operating 

voltage, high stress generated by intercalation of lithium, and the formation of unstable 

solid-electrolyte interface (SEI) on the electrode surface by the decomposition of organic 

lithium salt based liquid electrolytes333.  

TiO2 is a suitable candidate for negative electrodes in LIBs with high discharging 

potentials in which the electrolyte solution is stable336. Although the theoretical capacity 

of TiO2 (330 mAh/g337) is lower than that of Sn, Si, or graphite, TiO2 anode offers better 

safety, which is one of the major criteria for practical use of batteries. TiO2 also provides 

a high discharge voltage plateau of about 1.7 V, stable cycling performance, and small 

volume expansion (ca. 3%) during lithiation/delithiation333. The relatively high lithium 

insertion/extraction voltage of TiO2 avoids the formation of solid-electrolyte interphase 

layers and electroplating of lithium during cycling338. TiO2 possesses “zero-strain” 
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characteristics what makes it less susceptible to structural deformation during 

electrochemical processes. However, the major barrier to using bulk TiO2 as an anode is 

its poor lithium ionic and electrical conductivities which limit the charge/discharge rate. 

Several studies have been carried out to improve the morphology of TiO2, which 

determines the lithium intercalation activity and cycling stability of the batteries334. Among 

these studies, the use of porous TiO2 has been proven to be effective for the improvement 

in kinetics of lithium ion insertion/de-insertion since the pore structure provides the 

materials with more ion transport paths and a large surface area for charge transfer 

reactions336, 339-340. Also it has been found that an ordered mesoporous structure could 

decrease the polarization and enhance performance at high rates341. Among several TiO2 

polymorphs, anatase-type TiO2 nanostructures have been studied extensively and have 

been generally considered the most electroactive Li intercalation host 340, 342-344. These 

anatase TiO2 nanostructures can facilitate the intercalation/deintercalation of Li ion 

charge/discharge because of their open crystal structure, which originates from the stacking 

of zigzag units that consist of highly distorted edge-sharing TiO6 octahedra345-346. 

To improve the performance of LIBs with TiO2 anode by reducing the lithium 

diffusion length, nanostructured TiO2 materials such as nanosized anatase titania, 

nanospheres,  nanotubes, TiO2-B nanowires and mesoporous rutile have been studied333, 

347-353. Wang et al. prepared anodes composed of titania nanotubes with mesoporous wall 

structures for LIBs336 and obtained an enhanced capacity of 162 mAh/g for current density 

of 1A/g after 100th discharge cycle and attributed it to the 3D network structure of the 

mesoporous nanotubes. These nanostructures provide both electron pathway and lithium 

ion pathway which are essential for high rate rechargeable lithium ion battery. Wu et al. 
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reported the preparation of LIBs with TiO2 nanotube anode by anodizing pure Ti foil 333 

and showed stable capacities of 130-230 mAh/g and 520-880 mAh/cm3 up to 200 cycles. 

Generally, Li insertion into bulk rutile TiO2 is negligible at room temperature. However, 

Kubiak et al.354 demonstrated that Li can be reversibly inserted into nanosized rutile TiO2. 

Even though the capacity for nanosized rutile is somewhat lesser than anatase titania, the 

results obtained by Kubiak et al. are a futher example of advantages of nanostructure 

materials in the field of lithium ion batteries. Wang et al.353 prepared anatase TiO2 

nanowires with minor TiO2-B phase and found a high rate capacity of 280 mAh/g after 40 

cycles and ascribed the improved performance to a shorter diffusion length for both 

electron and Li+, and a larger electrode/electrolyte contact area. However, one problem 

with the use of TiO2 nanoscale materials such as nanospheres, nanowires and nanotubes is 

that the intrinsic aggregation of TiO2 nanoparticles inevitably causes decreases of the 

electrochemical property with time355. To keep TiO2 nanoparticles from aggregating, TiO2-

based mesoporous materials have been proposed. Mesoporous thin films are expected to 

have high accessible surface area for the introduction of lithium into the solid matrix, a 

short Li+ diffusion path length in the solid phase, and good electrical connectivity to the 

current collector. 

Despite the advantages demonstrated in the literature of TiO2 in LIBs, few have 

reported on the use of surfactant-templated ordered mesoporous TiO2 thin films for anodes 

in LIBs.  Kavan et al. studied the lithium ion electrochemistry in surfactant-templated 

mesoporous anatase TiO2 films templated by P123 block copolymers28. However, these 

titania films were thermally and mechanically unstable and the electrochemical study was 

only restricted to cyclic voltammetry. Fattakhova-Rohlfing et al. studied lithium insertion 
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into highly organized mesoporous TiO2 films with 3D cubic pore arrangement using 

evaporation induced self-assembly (EISA) and pluronic P123 as templates356. However, 

the films prepared using Pluronic P123 collapsed at higher calcination temperature above 

500 °C. In our group, we have successfully synthesized thermally and mechanically stable 

titania thin films with vertically oriented 2D Hexagonal Close Packed (HCP) cylindrical 

nanopores using evaporation induced self-assembly technique with a pore diameter of 8-9 

nm. These films are highly resistant to thermal degradation and retain their mesostructural 

order even after calcination temperature of 600 °C43. The vertical orientation of the pores 

has been achieved using surface modification technique as shown in our previous work2, 

41, 43. The vertically oriented cylindrical mesoporous channel would be a facilitated path for 

Li+ ion transfer; and small TiO2 grains in the matrix would effectively reduce the diffusion 

length for Li+ ion insertion/extraction. The small pores will provide higher surface area 

than in TiO2 nanotube arrays prepared by anodization for lithium ion insertion, and the 

small wall thickness will reduce the Li+ diffusion length. The surfactant-templated 

synthesis approach is also more readily scalable and adaptable to a variety of substrates, so 

this would represent a more commercially viable technology than batch anodization of 

titanium. In this work, we have applied ordered mesoporous TiO2 thin film as an anode 

material in LIBs and studied the effect of pore orientation on the electrochemical 

performance. Another unique accomplishment of this work is successful development of 

thicker titania films using layer-by-layer technique accompanied with evaporation induced 

self-assembly (EISA) while retaining vertical pore orientation. This is a novel strategy to 

prepare continuous cylindrical channels across multiple layers. After the successful 
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synthesis of multilayer films, we have investigated the effects of film thickness on 

electrochemical transport and battery performance. 

5.3. Experimental Section 

Titania films were prepared by deposition onto titanium foil for Li-ion batteries. 

After cleaning with ethanol and water, titanium foil was modified (if modification was 

used) based on the method of Koganti et al.80 using F127 as the Pluronic surfactant. The 

solution was prepared by first adding 0.696 mmol/L of F127 and a drop of glycerol as a 

cross-linker to 100 ml acetone. An equal number of moles of 1,6-diisocyanatohexane was 

added dropwise to the mixture in a nitrogen-filled glove bag. The freshly prepared 

solution was then dip coated onto titanium foil and the slides were aged at 120 °C 

overnight (approx. 12 hours) to drive the isocyanate-hydroxyl cross-linking reaction to 

completion.  

Titania films with F127 as the structure directing agent were synthesized 

according to the procedure of Crepaldi et al. with a modified thermal treatment51. The 

coating solution was prepared by adding 0.01 mole (1.93 g) of TiCl4 to a solution of 1.26 

g F127 (M = 0.01) in 18.43 g anhydrous ethanol in a nitrogen-filled glove bag.  The HCl 

produced by esterification acted as a catalyst to drive the hydrolysis reaction while also 

controlling condensation to prevent uncontrolled precipitation.  To this solution, 0.1 mole 

(1.8 g) of water was slowly added and the sol was allowed to react for 10 minutes before 

coating. Films were prepared by dip coating glass substrates with the sol at room 

temperature. Titania films were aged after coating at a temperature of 4 °C for 2 hours at 

a relative humidity of approx. 94%. The high relative humidity environment was provided 

by placing the samples in a sealed chamber with two beakers containing deionized water. 

To prepare multilayer films, freshly coated and aged layers underwent heat treatment for 
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1 h at 120 °C for 1 hour to stabilize the titania network, after which the coating and aging 

process was repeated. After all layers were deposited, titania films were calcined by 

transferring them directly from the refrigerator to a muffle furnace and increasing the 

temperature at 25 °C/min to 400 °C and holding for 10 min followed by rapid cooling. 

Films were coated not only onto modified titanium foil but also onto plain titanium foil 

to see the effect of pore orientation on battery performance. In order to compare the effect 

of porosity over the battery performance, electrochemical characterization was also 

performed for nonporous titania. These nonporous films were prepared by adding 1.8 g of 

water to the solution of 0.01 mole (1.93 g) of TiCl4 in in 18 g anhydrous ethanol. After 

dip coating titanium foil with this sol at room temperature, films were then calcined by 

transferring them directly from the refrigerator to a muffle furnace and increasing the 

temperature at 25 °C/min to 400 °C and holding for 10 min followed by rapid cooling. 

The thickness of nonporous titania was measured using profilometry to be 60 nm. 

The thickness of the films was also measured using profilometry. X-ray diffraction 

(XRD) analysis using Cu Kα (λ = 1.5406 Å) radiation was employed to determine the 

titania film pore orientation. Measurements were conducted directly on the thin films in 

Bragg−Brentano geometry using a Bruker D8 Advance diffractometer. For plan-view 

imaging of pore structures, scanning electron microscopy (SEM) was performed using a 

Hitachi S-4300 at 3 kV. SEM samples were prepared by cutting the glass slide to the 

desired shape using a glass cutter and then mounting them exactly at the center of SEM 

stubs coated with carbon tape. The edges of the sample were coated with colloidal silver 

(isopropanol base, Ted Pella, Inc.) to increase conductivity by keeping the top surface in 

electrical contact with the lower surface. The samples were aged at 120 °C overnight 
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(approx. 12 hours) to evaporate all the solvent from the colloidal graphite solution. To 

observe the cross-section of the films, samples were prepared on silicon wafer and 

mechanically fractured by bending before mounting onto the stage. 

The electrochemical performance of titania films was tested in CR2025 coin cells 

using titania foils as the working electrodes (WE) and pure Li metal foils as the counter 

electrodes (CE). Cells were fabricated in an Ar-filled glovebox (MBraun), where the 

oxygen and moisture levels were below 0.1 ppm. The electrolyte was 1 M LiPF6 salt 

dissolved in an equal-volume mixture of ethylene carbonate and dimethyl carbonate 

(Novolyte). Coin cells were galvanostatically cycled between 1.0 and 2.7 V at a rate of 

C/3, which was controlled by a multichannel potentiostat (VMP3, Bio-Logic). This 

corresponds to 3 h charge/discharge cycles at a current of roughly 10 μA. X-ray 

photoelectron spectroscopic (XPS) analysis was conducted using a ThermoScientific K-

Alpha photoelectron spectrometer using monochromatic Al K-α radiation with photon 

energy of 1486.6 eV. Prior to XPS characterization, samples were cleaned with ethanol to 

remove dust from their surface. 

 5.4. Results and Discussion 

Before looking at multilayer films, the effects of pore accessibility on LIB 

performance was assessed using single-layer films.  Figure 5.1a shows top view SEM 

image of a single-layer nanoporous titania film prepared on F127-modified titanium foil 

prepared from sols containing 1.26 g F127 and 18.43 g of ethanol, aged at 4 °C and calcined 

at 400 °C at the rate of 25 °C/min. The thickness of these mesoporous films as measured 

using profilometry to be 186 ±32 nm, where uncertainties are shown in the form of standard 

deviation of measurements at multiple points. A very well ordered, accessible porous 
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structure is observed, suggesting that orthogonal alignment of mesopores for films cast 

onto modified glass.  

Figure 5.1b shows cycling performance for the same after coin cell fabrication 

using titanium foils as the working electrodes (WE) and pure Li metal foils as the 

counterelectrodes (CE). The battery cycle testing was performed up to 200 cycles at C/3 

rate. The mass of active materials was estimated by estimating the volume fraction of  pores 

on each sample and taking the density of the solid phase to be 3.8 g/cm3 in the calculation. 

To study the effect of porosity and the effect of pore orientation, the performance of these 

films is compared with nonporous titania and titania with parallel HCP pores (cast onto 

cleaned titanium foil without modification with crosslinked F127). For vertically oriented 

nanoporous structures, a capacity as high as 254 mAh/g was observed after 200 cycles. 

However, for nonporous titania, the capacity was only 191 mA/g after 200 cycles. The 

higher capacity of the former is attributed to reduced lithium ion diffusion length into the 

solid phase and the high surface area of vertically oriented nanoporous titania. HCP pores 

cast onto hydrophilic oxide surface without modification by crosslinked F127 simply lead 

to parallel orientation of pores as shown previously2, 41, 43. The battery capacity for films 

with parallel HCP pores fades rapidly to about 202 mAh/g, which close to that of the 

nonporous film. This suggests that the high capacity and stability towards capacity loss in 

the films with vertical HCP pores is due to their mesostructural stability. We have shown 

in the past that vertically oriented nanopores are more stable than parallel pores towards 

anisotropic stress associated with thermal treatment and crystallization2, 43. After 200 

cycles, the parallel pores most likely collapse to a significant extent, causing those films to 
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behave like the nonporous films, while the films with vertical HCP pores retain a high 

capacity due to their mechanical resilience. 

The long-term stable capacity of the films with vertically oriented HCP pores is 

77% of the theoretical capacity of titania.  This is comparable to, but somewhat greater 

than the capacity reported for titania nanotube arrays prepared by anodization (up to 230 

mAh/g after 200 cycles at C/3 rate333), most likely due to the thin walls of the present self-

assembled structures. This is a significant finding because it demonstrates the promise of 

vertically aligned HCP films prepared by surfactant templating as a stable platform for 

high-capacity LIBs.  However, the thickness of a single sol-gel film (186 nm) does not 

provide a high absolute capacity. Considering the average thickness of 186 nm, 45% 

porosity and mass density of 3.8 g/cm3 for anatase titania, the mass loading is 0.042 

mg/cm2.  

In order to improve the mass loading and to exploit the properties of vertically 

oriented cylindrical nanopores, a strategy was developed to prepare thicker films with 

controlled pore orientation.  Directly preparing thicker films with a single coating is not a 

viable strategy because the vertical orientation of micelles propagates a limited distance 

into the film80.  Instead, thickness was increased using a layer-by-layer technique. After 

aging at 4 °C for 2 hours, rather than calcining, these films were provided with intermediate 

heating at 120 °C for 1 hour. This temperature is high enough to dry the films without 

damaging the surfactant micelles. The hypothesis tested here is that the surfactant micelles 

in new layer will align epitaxially with micelles from the layer underneath, thereby proving 

continuous orthogonal cylindrical nanopores in a multilayered film.  This is a novel 

strategy in preparing continuous cylindrical channels across multiple layers.  The only 
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comparable example of this approach in the literature was from Richman et al., who 

reported vertical orientation of 2D HCP mesostructures cast onto films with a cubic 

mesophase357. Figure 5.2 shows thickness of films as a function of number of layers 

measured using profilometry. The error bars represent standard deviation in thickness 

values for multiple samples. The thickness values are also summarized in table SI1 of the 

supporting information (SI). As we expected, thickness varies linearly with the number of 

layers. Films as thick as 1050 nm were developed after 8 layers of deposition.  

In order to characterize pore orientation, XRD and plan-view SEM were performed. 

Figure 5.3 shows low angle XRD patterns of calcined titania films on unmodified glass and 

modified glass for three different thicknesses. According to Hillhouse et al.1, for ordered 

HCP mesoporous films, reflections corresponding to (100) and (200) lattice planes can be 

observed in Bragg-Brentano XRD when the mesostructure is oriented with the (100) plane 

parallel to the substrate. We see a single peak in the XRD pattern for film on unmodified 

glass. According to Kirsch et al.56, the unit cell parameter of surfactant-templated films are 

typically above 10 nm. The (100) reflection corresponding to this unit cell parameter 

should have a d-spacing of 8.6 nm and would appear near 2θ = 1°, which below the 

detection limit of the instrument.  At best, this reflection would be obscured by background 

scattering of the direct x-ray beam.  Thus, the reflection observed in the XRD pattern of all 

samples is indexed as the high-order (200) peak of the 2D hexagonal phase. The presence 

of this XRD reflection indicates that after aging at a temperature of 4 °C, a well-organized 

F127/titania composite mesostructure forms which is preserved during subsequent heating 

and removal of the template. We did not observe any XRD peaks in the range of 2θ values 

associated with anatase crystallites. This is because a calcination temperature of only 400 
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°C was used to avoid mesopore deformation, which also expected to gives crystallites only 

a few nanometers in diameter. Broadening of the diffraction from such small crystallites is 

so great that they cannot be observed by XRD in our thin films.  

As seen in Figure 5.3, the (200) reflection is absent in case of films formed on 

modified surfaces for multilayer films. In the Bragg-Bentano geometry used for XRD, 

diffraction in the plane of substrate is not detected1. Thus, completely orthogonally tilted 

mesophase should not yield any XRD diffraction intensity, and the intensity should 

decrease for more orthogonal structure. Therefore, the loss of intensities in the XRD 

patterns for films on modified glass is consistent with reorientation of the pores 

orthogonally with respect to the modified substrate. However, the reduction in XRD 

intensity might also be due to the loss of mesostructural order for thicker films. When we 

see top-view SEM images (Figure 5.4), we can clearly see that thicker films prepared by 

layer-by-layer technique have well-ordered accessible porous structures, which indicates 

that the reduction in XRD intensity is not because of the loss of mesoporous order. This 

shows that the orthogonal alignment of the pores is retained for thicker films after 

modification of the glass substrate and casting one layer onto another. However, the 

porosity of these films reduced after multiple layers. The porosity of these films were 

calculated by analyzing top-view SEM images using software ImageJ. The porosity 

reduced from 51% for a single layer to 44% after four layers which might be because of 

shrinking of the mesostructure as a result of intermediate heating.   

Figure 5.5 shows cross-sectional SEM images for films with different thicknesses. 

We can clearly see vertically oriented cylindrical channels in figure 5.5a for films with 

thickness 186 ± 32 nm confirming orthogonal alignment of the pores and is consistent with 
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the XRD data. However, for thicker films, the magnification was not quite enough to 

directly visualize the nanopores. Nonetheless, thicknesses calculated from cross-sectional 

SEM images match very well with the profilometry data.  The anisotropic fractured texture 

of the multilayer films is also consistent with a continuous vertically oriented porous 

structure, and there are no indications of boundaries between layers in the cross sectional 

images. These results clearly indicate that thicker titania films with vertically oriented 2D 

HCP cylindrical nanopores can be successfully synthesized using a layer-by-layer 

technique. 

The cyclic voltammetry of a titania film electrode of thickness 186 ± 32 nm in 1 

mol/l LiPF6 solution of DEC/EC for the first 5 cycles is shown in figure 6a. The Li+ ion 

insertion/extraction reaction in TiO2 can be expressed as: 

        TiO2 + xLi+ + xe-              LixTiO2                               (5.1) 

 Where x is the insertion coefficient. From Figure 5.6a, We can clearly see one pair 

of redox peaks when scanning between 1 and 3 V vs. Li+/Li at various cycles, around 1.7 

and 1.95 V. These correspond to the insertion and extraction process of lithium ions into 

and from mesoporous an anatase titania anode according to equation (5.1), which has been 

reported in both single crystal358-359 and polycrystalline anatase titania360-363. Only very 

small intensity and voltage position changes can be observed with increasing cycles, 

suggesting good reversibility. In addition, the ratio of anodic to cathodic peak current is 

about 1, which can further demonstrate the redox electrode process of titania is relatively 

stable and reversible. One more interesting observation is the broadening of peaks at the 

lower potentials. According to previous studies, this broadening indicates the presence of 

amorphous titania133. These results further indicate that these sol-gel titania films contain 
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a combination of anatase and amorphous titania. We did not see any other pairs of redox 

peaks in cyclic voltammetry as seen by other researchers for porous anatase titania28, 340. 

Kavan et al.28 found two peculiar  cathodic/anodic peaks at around 1.5 V and 1.6 V 

respectively, which are absent in the ordinary anatase phase.  They termed these S-peaks, 

and attributed their presence to a surface confined process and an indication of the 

structural perfection of the nanotextured framework. The absence of these peaks in our 

case indicate that the Li-electrochemistry is controlled only by a bulk insertion into the 

anatase lattice, as the system exhibits the “normal” behavior of anatase. The absence of S-

peaks in larger anatase nanocrystals persists even if these nanocrystals are mesoscopically 

ordered via self-organization364. We see the similar results for multilayer films (Figure 

5.6b) indicating stable mesoporous anatase structure for multilayer films. 

The cycling performance of titania films with vertically oriented cylindrical 

nanopores of varying thicknesse is shown in Figure 5.7. After 200 cycles, the discharge 

capacity remains as high as 254 mAh/g for single layer titania film and decreases to 243 

and 201 mAh/g after two and three layers respectively. The capacity differences among 

multilayer titania films is primarily due to the variation of thickness and porosity of the 

film. As the length of the pores increases in thicker films, it is reasonable that diffusion of 

lithium through the pores becomes a limiting factor, and material at the end of the pores 

remains less lithiated during cycling. This suggests that even though the film thickness 

increases after multiple layers, only a part of that film is available for the lithium diffusion 

and thus electrochemical reaction. Similar results were obtained by Wu et al.333 for titania 

nanotubes. However, the cycle capacity obtained here is higher than other morphologies of 

titania such as nanotubes333, 336, nanoparticles354, nanowires349 and other polymorphs of 
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titania such as rutile354 and TiO2-B. These titania films show excellent retention of capacity 

on cycling essential for a promising anode material for high-power lithium ion batteries. 

Figure 5.8 shows XPS spectra of TiO2 thin films before electrochemical 

characterization and after the completion of 200th discharging cycle. Two peaks are 

observed associated with the Ti 2p state365 and only a small shift by about 1.0 eV towards 

higher binding energies is observed after 200th cycle. A peak associated with the formation 

of Ti3+ upon Li intercalation has been observed by Södergren et al.366 at 456 eV. However, 

no peaks are seen at this energy in figure 8 which indicates that after the discharging cycle, 

almost all of titania structure is still intact and the process is reversible in terms of lithium 

intercalation/de-intercalation even after 200 cycles. The stable reversible capacity and 

stable cyclability of titania nanotube may be attributed to the intrinsic low volume 

expansion of titania during lithium-ion insertion and extraction367 and the hollow structure 

of titania nanopores which accommodates volume expansion and diffusion-induced 

stresses (DISs)333. We can also clearly see that the intensity of the Ti 2p peaks reduce after 

200 cycles. Since XPS only measures TiO2 on the surface, this might indicate that after 

cycling a surface layer of residual electrolyte salt deposited on top of titania pores which 

also made it difficult to study the effect pore morphology after cycling using SEM. 

5.5. Conclusion  

Surfactant-templated titania films with vertically oriented 8-9 nm 2D Hexagonal 

Close Packed (HCP) cylindrical nanopores and variable thickness were synthesized using 

evaporation induced self-assembly and layer-by-layer deposition. The surfactant micelles 

in newly deposited layer align epitaxially with micelles from the layer underneath, thereby 

providing continuous orthogonal cylindrical nanopores in multilayered films. These films 

have been successfully applied as negative electrode in lithium ion batteries. The results 
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showed higher capacity for vertical pore orientation as compared to parallel pore 

orientation and nonporous structure which is attributed to the high surface area and reduced 

lithium ion diffusion length in the vertical structures. The redox electrode process of titania 

is relatively stable and reversible and battery capacity remains stable even after 200 cycles. 

A battery capacity as high as 254 mAh/g has been obtained after 200 cycles for titania film 

for single layer with vertical pore orientation and reduced somewhat for thicker films, most 

likely due to limited lithiation near the base of the films. These titania films show excellent 

retention of capacity on cycling, which makes them promising anode materials for high-

power lithium ion batteries. Thus, titania films with surfactant-templated nanopore arrays 

having thin walls and small pore diameters are promising application in LIBs with high 

capacity and long cycle life.  Overcoming the axial diffusion limitation in the cylindrical 

pores would be the next challenge to address to move towards these materials, for example 

by expanding the pores using a hydrophobic swelling agent or hydrothermal treatment. 
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Figure 5.1. (a) Top view SEM image of a single-layer nanoporous titania film prepared on 

F127-modified titanium foil prepared from sols containing 1.26 g F127 and 18.43 g of 

ethanol, aged at 4 °C and calcined at 400 °C at the rate of 25 °C/min and (b) Cycling 

performance for titania thin films with different pore orientation and its comparison with a 

nonporous titania film up to 200 cycles at C/3 rate. 
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Figure 5.2. Thickness of films as a function of number of layers measured using 

profilometry. The error bars represent standard deviation in thickness values for three 

samples. 
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Figure 5.3. XRD patterns of calcined titania films on unmodified glass and modified glass 

for three different thicknesses from sols prepared using 1.26 g F127 and 18.43 g of ethanol, 

aged at 4° C and calcined at 400° C at the rate of 25°/min 

. 
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Figure 5.4. Top-view SEM images of titania thin films after (a) one layer and (b) three 

layers from sols prepared using 1.26 g F127 and 18.43 g of ethanol, aged at 4° C and 

calcined at 400° C at the rate of 25°/min. The thicknesses of titania film measured using 

profilometry were around 186 nm and 434 nm respectively. 
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Figure 5.5. Cross-sectional SEM images of titania thin films after (a) one, (b) three, (c) 

five, or (d) eight layers were deposited from sols prepared using 1.26 g F127 and 18.43 g 

of ethanol, aged at 4° C and calcined at 400° C at the rate of 25°/min 
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Figure 5.6. Cyclic voltammetry of (a) one layer for five cycles and (b) multilayer titania 

films for indicated layers for the first cycle, measured in 1 M LiPF6 salt in an equal 

volume mixture of ethylene carbonate and dimethyl carbonate 
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Figure 5.7.  Cycling performance of titania films with vertical pore orientation for 

indicated thicknesses up to 200 cycles at C/3 rate. 
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Figure 5.8. XPS spectra of TiO2 thin films before electrochemical characterization and 

after the completion of the 200th discharging cycle. 
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Chapter 6. Conclusions and Future Work 

 

6.1. Conclusions 

This dissertation addressed the synthesis mechanism of mesoporous titania thin 

films with 2D Hexagonal Close Packed (HCP) cylindrical nanopores by an evaporation-

induced self-assembly (EISA) method with Pluronic surfactants P123 and F127 as structure 

directing agents, and the application of these films in photovoltaics and lithium ion 

batteries.  

In chapter 2, we investigated the development of mesostructure and orientation 

during low temperature aging at 4 °C under high humidity in surfactant-templated titania 

films using in situ GISAXS. Modification of glass slides with crosslinked template 

(Pluronic surfactant P123) was used to control surface chemistry to enhance orthogonal 

orientation of the hexagonal close packed (HCP) mesophase. For a thin (~60 nm) titania 

film on modified substrate, orthogonally oriented HCP cylindrical micelles started 

developing after a 7 minute induction period and the intensity evolution followed Avrami 

kinetics with an index of 2, most likely indicating a mechanism of two dimensional growth 

of the o-HCP mesophase with nucleation at the start of the process.  At the end of the aging 

period, intense vertical rods due to scattering in the film were observed on both sides of 

the beam stop, indicating that only the o-HCP phase forms.  Unlike prior GISAXS studies 

based on small molecule surfactant templates71, 90-91, no intermediate phase was observed 

during the development of the o-HCP cylindrical micelles; it formed directly by a disorder-

order transition.  This observation is consistent with the expected effect of modifying the 

surface to give an interface equally attractive towards the PEO and PPO blocks of the 

template, and therefore to reorient the HCP phase orthogonal to the solid substrate. The 
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half-life for o-HCP development in this film after the induction period was about 39.7 min, 

and led to a well-ordered mesostructure within an hour. Although radiation damage 

interfered with the GISAXS intensity observed during repeated sampling of a single spot, 

the intensity recovered when the sampling frequency decreased and was found to be 

increased in regions of low sampling frequency.  

Similar in situ GISAXS experiments at 4 °C were performed for three additional 

samples: thin films on unmodified slides and thicker films (~250 nm) on both modified and 

unmodified slides. Using plain glass and thicker films were both anticipated to reduce the 

degree of orthogonal orientation of the HCP phase. Surprisingly, only the o-HCP phase 

was observed in the GISAXS patterns of all of these samples. No evidence for HCP 

domains oriented parallel to the substrate or randomly could be found, although the 

ultimate intensity of these three samples was less than for the thin film on modified 

substrate (for example, the intensity was about half for the thin film on unmodified 

substrate than for the modified substrate). The finding of only an o-HCP GISAXS pattern 

contradicted prior studies which showed randomly oriented HCP patterns for thin films on 

unmodified substrates80 or thick films without sandwiching with a second modified 

slide223. This was attributed to the low temperature and high relative humidity used from 

the start of the coating process (in prior studies, films were cast at room temperature and 

moderate RH prior to being transferred to a refrigerated high RH box for aging).  The low 

temperature (4 °C) is below the temperature where PPO blocks have been shown in 

previous studies to exhibit a thermotropic shift from hydrophobic (high temperature) 

behavior to hydrophilic. Also, by analogy with solvent annealing mechanisms of 

orthogonally orienting HCP block copolymer phases225, the high RH may contribute to an 



145 
 

orthogonal orientation at the film/vapor interface. For all three samples at 4 °C, a similar 

Avrami coefficient was found (n ~ 3) indicating two-dimentional growth with constinuous 

nucleation. Thus there is a clear difference in mesostructure growth mechanism for thin 

film on modified substrate and other films. Also the induction period was reduced to ~3 

min with increased rate of the mesostructure evolution. Also the half life for thin film on 

modified substrate is higher than other three films indicating better orthogonal structure 

develops slowly.  To confirm the temperature effect, aging a thin film sample on a modified 

substrate at 23 °C was found to lead to randomly oriented HCP channels.   

Thus, the results obtained here suggest that the most well-defined orthogonally 

aligned HCP mesophase is obtained by a direct disorder-to-order transition during the 

transient steady state period after the coating has been deposited.  However, the results 

indicate that aging at low temperature (4 °C) at high RH also contributes substantially to 

orthogonal orientation of the HCP phase, and that while the order and orientation may not 

be as complete, these conditions alone can induce partial o-HCP formation for thin films 

on unmodified slides or thick films.  Thus, a temperature below the thermotropic transition 

temperature of the block copolymer template and a high relative humidity are suggested to 

be essential to forming orthogonally oriented block copolymer template films, while 

modifying the substrate for chemical neutrality towards the templating surfactant gives 

more complete orthogonal orientation across the entirety of the film. 

We also synthesized titania thin films with o-HCP structure using Pluronic 

surfactant F127 (non-ionic triblock copolymer with molecular formula EO106PO70EO106, 

where EO is ethylene oxide and PO is propylene oxide, and has average molecular weight 

of 12,500 Da). The hypothesis behind using F127 to synthesize titania films is that since 
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F127 has higher molecular weight than P123, it should produce larger pores than P123. . 

However, when measured, the pore diameter for these mesoporous films was the same as 

obtained using P123 (8-9 nm)2. The difference between F127 and P123 is that F127 

(EO106PO70EO106) has longer hydrophilic PEO (polyethylene oxide) blocks than P123 

(EO20PO70EO20). The likely reason that longer PEO blocks of F127 do not expand the 

pore size is that PPO (polypropylene oxide) blocks dictate the pore size while PEO mixes 

with titania matrix. The (100) diffraction peak for P123 templated titania films is observed 

at qy = 0.048 Å-1 corresponding to a d-spacing of 13 nm. The d-spacing using F127 (15 

nm) is slightly larger, indicating that mixing of PEO blocks with TiO2 precursor leads to 

thicker walls when F127 is used as the template. Although F127 did not produce larger 

diameter pores than films made using P123, the characterization results demonstrate that 

the synthetic strategy reported by Koganti et al.80 can be generalized to generate o-HCP 

titania films using other Pluronic surfactants. The thicker walls may impart stability to 

the films for further processing, although this advantage is not within the scope of the 

current study.  

Regioregular P3HT was incorporated into the vertically oriented cylindrical 

nanopores of the resulting films in order to develop a bulk heterojunction for inorganic-

organic hybrid solar cells. An infiltration depth of ~14 nm is obtained after 30 minutes of 

annealing at 200 °C under vacuum and for higher annealing times, there is no further 

improvement in the infiltration depth. This infiltration was measured directly by neutron 

reflectivity, and causes a corresponding blue shift in the absorbance of the P3HT.  The 

infiltration depth is lower than that reported in previous studies, most likely because of the 

higher entropic cost of confinement of P3HT chains into straight cylindrical nanopores. 
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The charge transfer across the P3HT-TiO2 interface was significant and correlated with the 

degree of infiltration of P3HT. In the future, these results can be used to fabricate efficient 

solar cells by using the knowledge gained about the optimal conditions for incorporation 

of P3HT into the pores of orthogonal HCP titania films and comparing the performance 

with cubic nanopore arrangement of titania and planar titania.    

These thin films with vertically oriented 2D HCP cylindrical nanopores with 8-9 

nm pore diameter have also been used as window layers for the fabrication of inorganic 

TiO2-CdTe bulk heterojunction solar cell in chapter 4.  The power conversion efficiency 

for nanoporous titania comes out to be 5.53 % which is almost three times higher than 

using planar titania as window layer (1.8%). The higher efficiency in the case of 

nanoporous titania was attributed to the high surface area than planar titania leading to the 

formation of an intimate junction of large interfacial area between the nanoporous TiO2 

and CdTe layer, which results in more effective extraction of photo-generated electrons 

than in the planar TiO2 film. Also, a better interface for nanoporous TiO2/CdTe leads to 

lower defect density as compared to planar titania which in turn lead to higher Voc.  Further, 

all of the CdTe in the case of nanoporous titania is within the depletion layer, leading to 

higher Jsc. The results are consistent with the previous work in the literature where the 

efficiency is higher in case of mesostructured materials as compared to planar structure. 

These solar cells have a good response in the wavelength range of 380-500 nm, unlike the 

case in traditional CdS-CdTe solar cells. Although the efficiency of these solar cells is 

much lower than traditional CdS-CdTe solar cells, this study suggests that nanoporous 

titania can be effectively used as a window layer in inorganic solar cells.  
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Finally, in chapter 6, we synthesized thick titania films with o-HCP nanostructure 

using an evaporation induced self-assembly layer-by-layer technique. The surfactant 

micelles in a new layer align epitaxially with micelles from the layer underneath, thereby 

proving continuous orthogonal cylindrical nanopores in a multilayered film. These films 

have been successfully applied as negative electrodes in lithium ion batteries. The results 

showed higher capacity for vertical pore orientation after extended cycling as compared to 

parallel pore orientation and planar structure which is attributed to high surface area and 

reduced lithium ion diffusion length. The redox electrode process of titania is relatively 

stable and reversible and battery capacity remains stable even after 200 cycles. A battery 

capacity as high as 254 mAh/g has been obtained after 200 cycles for titania film for single 

layer with vertical pore orientation and reduced a little for thicker films which is attributed 

to limitation to lithiation near the base of the film. These titania films show excellent 

retention of capacity on cycling, which makes them a promising anode material for high-

power lithium ion batteries. This study of surfactant-templated electrode arrays with thin 

wall and small pore diameter to find high capacity and long cycling life is of significant 

importance for the design of lithium-ion batteries with superior electrochemical 

performance and provide further examples of the advantages of nanostructured materials 

in the field of lithium ion batteries. 

6.2. Future Work 

In chapter 2, we have shown the effect of aging temperature, surface modification 

and film thickness over the development of o-HCP nanostructure development. However, 

the effect of humidity was not yet investigated. After deposition of the sol on glass 

substrates, the relative humidity (RH) of the environment in which these films are aged 

have been shown to play a vital role in mesostructure development. A highly humid 
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environment is important during the aging of these films to slow down the evaporation of 

the water from the films (to provide sufficient time for reorientation and ordering of the 

mesostructure) and also to control the mesoscopic ordering of the surfactant56, 58, 67-69. 

Crepaldi et al.51 explained that humidity during aging determines the water content in the 

coatings. This water content determines the fluidity of deposited coating and the possibility 

of occurrence of the disorder-to-order transition. The continuous exchange of water 

between the film and the atmosphere during the first hour of aging after deposition allows 

the condensation of the organic framework around micellar aggregates and controls the 

final mesophase. Jang et al.66 studied the humidity of the curing environment on the 

mesostructure of titania films and suggested humidity of ~ 80% RH values to synthesize 

highly organized mesoporous titania films. In our study, we have used a slightly higher 

humidity (~ 94%) as humidity is thought to prevent rapid condensation of the inorganic 

precursor. However, the limits and effects of RH are not completely known for the 

development of the o-HCP structure. In future, it will be of interest to carry out in-situ 

GISAXS with varying RH (45% and 90% RH) for F127-templated TiO2 films cast onto 

modified glass (the goal being to promote o-HCP orientation) and onto plain glass (to 

promote parallel HCP structure) to observe the importance and role of this parameter in the 

formation of the vertically aligned pore structure. 

 In chapter 6, we have developed thicker films with o-HCP nanostrucutre using a 

layer-by-layer approach for applications requiring more TiO2, and scaled the film thickness 

up to 1000 nm. To fully utilize the materials, the pores need to be accessible across the 

film. The pore accessibility and vertical pore orientation has been confirmed by SEM and 

XRD. However, electrochemistry indicates that there may be mass transport limitations in 
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cylindrical channels of such large aspect ratio and small diameter (9 nm diameter × 1000 

nm long). In-situ GISAXS studies can shine more light onto the development of 

nanostructure using the layer-by-layer technique. Furthermore, in-situ GISAXS with 

varying incident angle should be performed to determine if the pores are orthogonally 

oriented throughout the thickness of multilayer films. GISAXS studies as a function of 

layer number are recommended to better understand the nature of the epitaxial alignment 

process. Expanding pore size as a way to enhance transport of electrolytes is also 

recommended in future studies. 

In chapter 3, the hole conducting polymer poly(3-hexyl thiophene) was 

incorporated into orthogonally aligned cylindrical nanopores of titania in order to fabricate 

inorganic-organic hybrid solar cells. However, when measured, the power conversion 

efficiency was very poor as compared to previous reports. The main reason for low power 

conversion efficiency might be poor absorption of photons in the visible region and 

recombination of charge carriers before reaching the respective electrodes. Thus, there is 

need for some interfacial modification for these titania-P3HT system. One possible 

modification titania films is with dye N719 before coating of P3HT, which improves 

chemical incompatablility, accelerates charge separation and reduces charge 

recombination368. Previous work reported that N719 dye improves photovoltaic 

performance of P3HT:TiO2 solar cells synthesized using titania nanorods368, nanotubes369-

370 and nanofibers371-372.  Modification of surfaces with this dye has been reported to 

enhance performance of the devices by improving carrier life time373 and reducing 

defects372 at the interface of TiO2/P3HT. It has been shown that interface modification by 

N719 dye can promote exciton dissociation between the two components, reduce 
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interfacial charger combination, and form a dipole layer at the interface that modulated the 

interface energy level to enhance the open circuit voltage and short circuit current374. The 

surface modification of titania by N719 and the resultant effect on device performance has 

also been reported using other window layers like ZnO375 and CdS374. N719 dye can also 

act as a bridge enhancing the charge transport between the two components as shown in 

the energy band diagram in Figure 6.1. It can possibly mediate charge transfer 

unidirectional charge transport from P3HT to TiO2 resulting in more efficient charge 

separation due to cascading energy levels374. 

In chapter 4, we fabricated highly efficient nanoporous n-TiO2/p-CdTe 

heterojunction solar cells. Even though the efficiency observed here is the highest ever 

reported for a CdTe-titania solar cell, it is still lower than the conventional CdS-CdTe solar 

cells. The biggest improvement that can still be done is in the design and execution of the 

top contact, which affects fill factor and thus power conversion efficiency. The fill factor 

reported here is only 0.4 which is very low in comparison with what is possible in solar 

cells.  In previous works, many investigations of back contact and top contact materials 

including Cu/Au315, 319, Cu doped ZnTe329-330 with Au or Ni metallization, Cu/Mo331 or just 

Au332 has already been done. Fill factors in excess of 0.7 can be achieved using these 

contacts. Even though all the studies have been done in case of CdS/CdTe solar cells, they 

can be effectively applied to TiO2/CdTe solar cells. If the fill factor can be improved, an 

efficiency of as much as 9.7% is anticipated with no further engineering of the titania 

material. Also optimizing the thickness of CdTe will be crucial in order to reduce series 

resistance. Some of these approaches to improve power conversion efficiency in 
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TiO2/CdTe heterojunctions, will are recommended as subjects of investigation in the near 

future. 

As shown in chapter 5, titania thin films with o-HCP nanopores have great potential 

in lithium ion batteries. Though TiO2 has several advantages shown in that chapter, one of 

the major drawbacks of TiO2 as a negative electrode in LIBs is its low capacity which is 

330 mAh/g theoretically376. The capacity of TiO2 can be increased by making a hybrid of 

TiO2 and high capacity anode materials. Silicon and tin are known to be high-capacity 

materials but on their own, they are prone to damage and loss of capacity upon cycling. 

Silicon has a theoretical capacity of 4200 mAh/g. The major drawback of Si for anodic use 

in LIBs is the capacity loss due to the volume expansion during lithiation/delithiation 

process377. Making a composite of TiO2 and Si can be a viable strategy to overcome the 

limitations of Si of short life cycle and TiO2 of low capacity. Several studies have been 

performed to make a composite of Si and TiO2 to control the expansion of Si378-380. 

Recently, Lotfabad et al. reported the preparation of Si nanotubes surrounded by a thin 

layer of TiO2
380. The capacity of 1.5 nm thick TiO2 coated Si nanotubes was 1700 mAh/g 

after 200 cycles whereas Si nanotubes alone showed 1287 mAh/g. Though, the TiO2/Si 

nanotubes composite showed relatively lower structural damage compared to pure Si 

nanotubes, about 7% degradation took place in this composite in between 100 – 200 cycles. 

The hypothesis suggested to be explored is that the expansion of the Si can be controlled 

even better by depositing the Si into the pores of TiO2 thin films. Our ordered mesoporous 

TiO2 thin films can accommodate Si in the pores of 8 nm diameter. The pore wall of 5-6 

nm is expected to withstand the stress generated by Si during lithiation/delithiation. The 
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extended portion of the Si may come out of the pores but it will be prevented from fracture 

and the loss of initial capacity.  

Tin (Sn) is another high capacity LIBs material381-385. The theoretical capacity of 

Sn is 990 mAh/g383. Sn like Si has the low cycling performance due to the colossal volume 

changes during the lithiation/delithiation process, leading to severe mechanical stress and 

eventually failure. As already mentioned, TiO2 has very small volume expansion during 

lithiation/delithiation. Sn/ TiO2 composite can be made to address the issues of capacity 

loss of Sn after short cycle life. Zhao et al. prepared LIBs capacity on cycling for 

lithiation/delithiation was found to be 312 mAh/g after 50 cycles which is higher than that 

for individual Sn and TiO2 nanotubes386. Wei et al. reported the synthesis of Sn/ TiO2 

composites by electroless deposition of Sn nanoparticles in the interspace of rutile TiO2 

nanowires prepared by solvothermal procedure387. The Sn nanoparticles decorated TiO2 

nanowires showed improvement in the capacity and cycling performance and the capacity 

retention is 62.3 % after 300 cycles. However, instead of depositing Sn nanoparticles, the 

capacity and cyclic performance can be improved by continuous and homogeneous Sn 

deposition in the pores of mesoporous TiO2 thin film. Mesoporous TiO2 thin films with o-

HCP microstructure can accommodate Sn in the pores of 8 nm diameter. The pore wall of 

5-6 nm is expected to withstand the stress generated by Sn during lithiation/delithiation. 

The extended portion of the Sn may come out of the pores but it will prevent fracture and 

eventually avoid the loss of initial capacity. Sn can be deposited using various methods 

such as chemical bath deposition and electrodeposition382, 387-389. Electrodeposition method 

might provide a better control on depositing Sn in the pores of mesoporous TiO2 thin films. 

If tin is incorporated into the pores of the titania films (~50% porosity) and all materials 
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retain their pure-component capacities, a capacity as high as ~725 mAh/g is possible for a 

composite film. This would approximately double the specific capacity of the negative 

electrode, while allowing for safer operation due to the low operating voltage of TiO2 (1.7 

V). Figure 6.2 shows the schematics for incorporation of Sn/Si into the nanopores of titania 

for lithium ion battery applications. 

One final new direction to take this work would be to investigate the interactions 

and applications of dopamine at the titania surface. Dopamine (DA) is an important 

neurotransmitter in mammalian central nervous systems. DA (Figure 6.3) is an enediol 

ligand and has a large affinity for under-coordinated surface sites, restoring the 

coordination of Ti atoms to the octahedral geometry and forming ligand-to-metal charge-

transfer complexes390. Formation of these charge-transfer complexes on TiO2 has been 

shown to enhance interfacial electron-transfer rates391-392. In addition, because of its large 

band gap (Eg = 3.2 eV), TiO2 absorbs mainly UV photons. Also the derivates of dopamine 

can sensitize TiO2 nanoparticles to improve the absorption in the visible region making 

them useful for photocatalysis and solar energy conversion393. DA is one of the major 

sources of reactive oxygen species (ROS)394. When DA is exposed to the daylight, it is 

oxidizes very easy due to its chemical instability. DA contains an unstable catechol moiety 

with respect to its molecular structure; it can oxidize spontaneously in vitro, free radicals 

and quinones395-397. In addition, in the human substantia nigra, the oxidation products of 

DA may polymerize to form neuromelanin which may also be a highly cytotoxic 

substance398. The encapsulation of the DA into the nanoporous non-toxic TiO2 matrix has 

been found to retard its oxidation process in order to maintain the stability of the drug399. 

It is also a good molecule to introduce amine functional groups into titania. It has a 
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benzenediol group (which binds strongly to titanium through chelation) and an amine, so 

it may be perfect. In future, it is recommended to develop dopamine-nanoporous titania 

composites and characterize these films for structural and functional properties by 

spectroscopy and electrochemical measurements. There might be three future directions 

for DA-TiO2 composite films: (1) Amine functionalization of titania films, (2) The effect 

of TiO2 matrix to reduce DA oxidation in visible light and (3) To improve light absorptions 

of TiO2 in the visible region.  

DA will be encapsulated into the TiO2 matrix using simple sol-gel method 

accompanied with evaporation-induced self-assembly (EISA) described in chapters 1-5. 

After the preparation of TiO2 sol, the DA will be added in the final stage and the sol will 

be stirred for 15 min at room temperature under darkness399. All the other steps will be the 

same for EISA as described in chapters 1-5. The incorporation of DA into TiO2 matrix, the 

introduction of amine functional groups into titania and effect of TiO2 matrix over DA 

oxidation will be studied using FTIR spectroscopy. In Appendix A, we have successfully 

functionalized TiO2 with amine functional groups using 3-aminopropyltriethoxysilane 

(APTS). The amine functionalization of TiO2 will be compared for DA and APTS. The 

amine functionalized DA sensitized TiO2 will be used to develop nafion-titania composite 

films for potential applications in solid state batteries as already explained in appendix A. 

The effect of DA over the visible light absorption of TiO2 will be studied using UV-Vis 

spectroscopy and photoconductivity measurements. Once we confirm that DA improves 

visible light absorption of TiO2, these composite films will be effectively used for 

photocatalysis and solar energy conversion applications. 
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Figure 6.1. Energy level diagram for TiO2+N719+P3HT system (adapted from Xia et 

al.368) 
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Figure 6.2. Schematics for incorporation of Sn/Si into the nanopores of titania for lithium 

ion battery applications. 
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Figure 6.3. Chemical structure of dopamine 
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APPENDIX A Nafion-Titania Polymer Hybrids for Solid State Batteries 

 

A.1. Introduction 

In recent years, lithium-ion batteries have been intensively studied in order to meet 

the requirements of ever-growing global energy demand400-409. Most present commercial 

lithium-ion batteries use liquid electrolytes. Compared with the liquid electrolytes, polymer 

electrolytes are particularly attractive because they can provide flexible, compact, 

laminated solid-state structures free from leaks and available in different geometries400. 

However, because of their low ionic conductivities at room temperature and poor 

electrochemical stability, solid polymer electrolytes have not been widely used in 

commercial lithium-ion batteries410. In principle, the ideal polymer electrolytes for lithium-

ion batteries must satisfy several basic requirements: (i) ionic conductivity higher than 10-

4 S cm-1 at room temperature, (ii) good thermal, chemical and mechanical stability, (iii) a 

lithium transport number close to unity, and (iv) compatibility with the electrodes408. 

However, until now there is no “perfect” polymer electrolytes satisfying all of the demands 

of the ideal polymer electrolytes mentioned above. 

The use of lithiated perfluorinated sulfonic ion-exchange membranes might be a 

promising approach to the development of future polymer electrolytes411. The 

perfluorinated backbone provides high chemical and thermal stability while the charged 

species are bound to the side chains of the polymer. Under applied electric field and an 

appropriate solvent, these free charges are forced to migrate in the direction of the electric 

field. Since the anions are bound to the polymer, the only mobile species are Li+ ions, 

resulting in a transference number of unity. More importantly, these polymers do not 

require the addition of lithium salts into the electrolyte, which is advantageous because the 
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salts used in lithium-ion batteries are relatively expensive and often both thermally and 

hydrolytically unstable (LiPF6, LiBF4, LiAsF6, etc.). Therefore, these perfluorinated 

sulfonic ion-exchange membranes can serve as both a separator and an electrolyte in 

lithium-ion batteries. However, there has been little work on the application of perfluoro-

ionomers in lithium batteries due to low conductivities observed in nonaqueous media412. 

Thus, before lithiation of nafion membranes is approached, it is important to improve ionic 

conductivity and proton conductivity of Nafion membranes. 

One interesting approach for modification of Nafion membrane is to impregnate 

nanostructured hygroscopic metal oxide or ceramic materials in the membrane. It has been 

shown in the past that ionic conductivity of polymer electrolytes can be significantly 

improved by adding ceramic fillers410. Composite or nano-composite polymer electrolytes, 

in which inorganic (ceramic) particles are introduced into a polymer electrolyte have been 

studied previously to be useful as efficient polymer electrolyte system413-415. Among the 

nanostructured hygroscopic inorganic materials applied in polymer electrolyte membranes, 

nanostructured titania is of special interest because of its large surface area and unique 

physicochemical properties416-419. Already shown in Chapter 5, titania itself of great 

interest as an electrode material on its own, which perhaps can be incorporated into an all-

solid-state battery architecture. The vertically oriented cylindrical mesoporous channel 

would be a facilitated path for Li+ ion transfer; and small TiO2 grains in the matrix would 

effectively reduce the diffusion length for Li+ ion insertion/extraction. The small pores will 

provide higher surface area for lithium ion insertion, and the small wall thickness will 

reduce the Li+ diffusion length. So, the idea developed here is to use nanostructured titania 

with o-HCP structure as an anode along with lithiated nafion in all-solid-state battery 
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architecture. However, the incompatibility between Nafion and titania could induce the 

defect and cracks of the formed composite membrane, which might limit charge carrier 

transfer at the interface and affect ion conductivity.    

This has led our attention to surface modification of titania film for enhancing their 

compatibility with ionically conductive polymers419. In this study, surface modification of 

titania with amine groups has been explored enhance the interfacial compatability between 

Nafion and titania, with the hypothesis that the positive charge of amines will improve the 

strength of the interfacial interaction and lower mass transfer resistance. In addition, amino 

groups grafted onto surfaces undergo a similar behavior toward proton to that of water, i.e. 

they can accept proton to form NH3
+ and the formed NH3

+ can further act as proton donor 

during the proton transport process. Thus, the existence of amino groups can enhance the 

proton conduction at relatively low water content.  

A.2. Experimental Section 

For this study, titania films were prepared onto conductive titanium foil substrates. 

Titania films with vertically oriented 2D-HCP cylindrical nanopores and nonporous titania 

films were prepared the same way as reported in chapter 4. Titania thin films on titanium 

foil were functionalized with 3-aminopropyltriethoxysilane, APTS (Sigma-Aldrich, 99%). 

A 1 vol% solution of APTS was prepared in isopropyl alcohol (Fisher Scientific, HPLC 

grade) and titania films were immersed into the solution for 1 hour with heating at 100 °C 

using a water bath. The excess APTS on the surface of titania was removed by rinsing with 

isopropyl alcohol.  Nafion films were coated onto functionalized titania films and bare 

silicon wafers by spin coating 5 wt% Nafion® perfluorinated resin solution (Sigma-

Aldrich, 5 wt. % in lower aliphatic alcohols and water, contains 15-20% water)  at 1000 
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rpm for 20 secs. Gold was used as the top contact by depositing a 60 nm thick layer onto 

the Nafion layer using RF sputtering.  

Fourier transform infrared (FTIR) spectroscopy was performed based on the 

principle of Reflection-Absorption Infrared Spectroscopy (RAIRS). An Agilent 680 with 

an MCT detector was employed, with a universal sampling accessory for grazing angle 

analysis of thin coatings on metal surfaces. Spectra were collected using 100 scans using 

clean titanium foil as a background. 

In order to perform interfacial characterization and to calculate ionic conductivity, 

a conventional AC impedance method was used with two electrodes. The impedance was 

measured with a Solartron 1255B Frequency Response Analyzer interfaced with an 

Electrochemical Interface Solartron 1287 operating in the frequency range of 100 Hz–100 

KHz. Two blocking stainless steel (SS) electrodes were employed. After collecting the 

data, an equivalent circuit model was fitted to the data using the software Zview to calculate 

parameters such as mass transfer resistance and mass transfer capacitance. 

A.3. Results and Discussion 

Figure A1 shows RAIRS spectra for a mesoporous titania thin film and APTS 

functionalized titania thin film. For bare mesoporous titania thin film, a peak is observed 

around 824 cm-1 which can be assigned to Ti-O vibrations420. However, this peak is absent 

after APTS functionalization, we might indicate that Ti-O bonds are actively reacting with 

amines. After amine functionalization, can clearly see peaks for different functional 

groups. The peak at 1123 cm-1 is attributed to Si-O twisting421. In general, the N-H bending 

band appears in the region of 1500-1600 cm-1 (to be precise at 1560 cm-1)422. The presence 

of the band around 1560 cm-1 indicate that amine groups are present on the surface of APTS 
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modified titania films. Also a peak is observed for N-H stretching at around 3434 cm-1. 

Also, for APTS modified titania films, a peak is observed around 1620 cm-1. According to 

the literature, a band around 1625 cm-1 appears due to the asymmetric deformation of NH3+, 

that is hydrogen bonded to the unreacted surface hydroxyl groups, forming TiO--NH3
+ 

zwitterions419, 423. These spectra clearly indicate that amine functional groups are present 

on the surface. Scheme A1 shows a possible mechanism for amine functionalization of 

titania thin films using APTS. 

After successfully functionalizing titania films with amines, we coated these films 

with Nafion to develop polymer/titania hybrid composite films. Nafion films were coated 

onto functionalized titania films and bare silicon wafers by spin a coating 5 wt% 

Nafion® perfluorinated resin solution (Sigma-Aldrich, 5 wt. % in lower aliphatic alcohols 

and water, contains 15-20% water) at 1000 rpm for 20 secs. Figure A2 shows RAIRS 

spectra after Nafion coating. We can clearly see from figure A2a that Nafon coated onto 

unfunctionalized titania does not change the chemical structure of titania as there is no 

change in peak positions as compared to a pure Nafion film. For pure Nafion and Nafion 

coated onto unfunctionalized titania, peaks are observed at 980 cm-1 (C-O-C sym stretch), 

1060 cm-1 (SO3
- Sym stretch), 1164 cm-1 (C-F Sym Stretch),  1272 cm-1 (SO3

- Asymmetric 

stretch) and 1316 cm-1 (CF3 Asymmetric stretch). 

However, when Nafion is coated onto amine functionalized nanoporous titania, 

changes in peak positions and peak intensity can be seen, as seen in Figures A2b and A2c. 

Figure A2b shows that the intensity of the N-H bending and N-H stretching bands reduce 

significantly after depositing a Nafion layer, while the intensity of the C-H band remains 

the same. This indicates that amine groups on the surface of titania form strong hydrogen 
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or ionic bonds with the sulfonate functional groups of Nafion. For Nafion, the peak position 

for C-F symmetric stretching was observed to shift from 1164 to 1150 cm-1, and for SO3
- 

Sym stretching from 1060 to 1053 cm-1 after coating onto amine-functionalized titania. The 

intensity of these peaks significantly decreases, which is consistent with a strong 

interaction with amine functional groups. 

In order to estimate the kinetic parameters of the electrode process, AC impedance 

tests were performed. Fig. A3 shows Nyquist plots for different Nafion-containing films. 

The Randles equivalent circuit model, as shown in the inset in Fig. A3, was used to fit the 

experimental data424.  In this model, R1 represents the bulk resistance of the electrolyte, 

separator and electrode; R2 is related to the charge transfer resistance at the Nafion-titania 

interface; and CPE is a constant phase element representing the interfacial capacitance of 

the Nafion-titania interface. Table A1 gives values for these parameter obtained by fitting 

the Randles model using the software Zview. The value of mass transfer resistance, R2, is 

especially important because it provides insight into the interface between materials. A 

lower R2 indicates a better interface in terms of mass transfer and conductivity.  In order to 

see the effect of the porous titania layer, AC impedance spectroscopy was performed for 

Nafion coated onto amine-functionalized (nonporous) planar titania (Fig. A3a) and Nafion 

coated onto amine-functionalized nanoporous titania (Fig. 3b). As indicated in Table A1, 

R2 is one order of magnitude less for nanoporous titania, indicating a better interface for 

charge transfer. In order to see the effect of amine functionalization and the enhancement 

in interfacial compatability that it provides, AC impedance spectroscopy was also 

performed for Nafion coated onto nonfunctionalized nanoporous titania (Fig. A3.3). R2 is 

found to be one order of magnitude less for amine functionalized nanoporous titania than 
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nonfunctionalized nanoporous titania, which again indicates a better interface after amine 

functionalization. These results indicate that the interface between titania and nafion can 

be improved using a combination of nanoscale structuring using surfactant-templated 

pores, and amine functionalization to provide more intimate contact between the sulfonate 

groups of Nafion and the titania surface. The next step in this research will be to lithiate 

these Nafion-titania polymer hybrids to more completely understand the potential to apply 

them in solid state lithium ion batteries. 

A.4. Conclusion 

In this work, we aimed at improving interfacial compatability between Nafion and 

nanoporous titania using amine functionalization. Amine functional groups were 

successfully grafted onto the surface of titania using 3-aminopropyltriethoxysilane (APTS) 

as indicated by FTIR spectroscopy. Strong interactions between Nafion and functionalized 

titania were indicated by reductions in peak intensity for both Nafion and amine groups. 

AC spectroscopy showed that nanoporous titania exhibits reduced mass transfer resistance 

at the interface with Nafion, which is consistent with greater area for interaction between 

the materials. The enhancement in interaction with Nafion induced by amine 

functionalization is also shown to translate to reduced mass transfer resistance by an order 

of magnitude, to 3.93×10-6 , at the nanoporous titania / Nafion interface. 
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Figure A.1. Reflection Absorption Infrared (RAIRS) spectra for mesoporous titania thin 

film and APTS functionalized titania thin film 
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Figure A.2. Reflection Absorption Infra-red spectra for the indicated samples. 

 

 

 

 

 



168 
 

 

 

 

Figure A.3. AC impedance spectrum and equivalent circuit model fir for (a) Nafion and 

amine functionalized nonporous titania (b) Nafion and amine functionalized nanoporous 

titania (c) Nafion and nonfunctionalized nanoporous titania. 
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Table A1. Mass transfer capacitance (CPE1) and mass transfer resistance (R2) for different 

films obtained by equivalent circuit model fitting to AC impedance spectroscopy data 

shown in Figure A3 

Sample CPE1(F) R2(Ω) 

Nanoporous Titania + APTS + Nafion 1.9E-10 3.93E6 

Nanoporous Titania + Nafion 1.54E-10 3.9E7 

Planar Titania + APTS + Nafion 1.81E-10 4.58E7 

 

 

Scheme A1. Amine Functionalization of Titania Thin Films using APTS 
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APPENDIX B Electrochemical Impedance Spectroscopy (EIS) Characterization of 

Titania Films with Controlled Pore Orientation and Incorporation of Lipid Bilayers 

into the Nanopores of Titania 

 

B.1. Introduction 

As the barriers between cells and external environment, biological membranes 

exhibit highly selective permeability that is maintained by their main component, 

amphipathic lipid molecules. Supported lipid bilayers on mesoporous materials material 

offer biomimetic approaches to highly selective separations in dilute aqueous systems.  The 

pore walls of mesoporous materials provide stability to the membrane and the pores are 

hypothesized to result in a desirable lipid environment425. The properties of mesoporous 

materials, such as pore size, pore geometry, and surface chemistry, can be tailored, which 

allows us to precisely design the support for a target application426. Our previous 

investigation of lipid bilayer interactions with mesoporous silica particles demonstrated 

both lipid bilayer enveloping and pore filling by the lipids as a function of pore size through 

vesicle fusion and evaporation deposition, respectively427.  Similar to silica, titania (TiO2) 

is also a highly biocompatible material8 which makes it a popular choice in medical 

implants428. Also the high refractive index of titania makes it ideal for optics based sensing 

applications428.  

Recent work has developed strategies to form planar lipid bilayers on titanium 

oxide by using positively or negatively charged vesicles, suggesting the importance of 

electrostatic interactions429-430. TiO2 can tightly adsorb PC liposomes because of the lipid 

phosphate interacting directly with the TiO2 surface, forming a chemical bonds via bridging 

oxygens431. This interaction is much stronger compared to that with silica, where hydrogen 

bonding or electrostatic interactions with quaternary ammonium components of 
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phosophocholine headgroups dictates the interaction. Supported lipid bilayers on TiO2 

represents an attractive platform for a number of applications including medical implants432 

and biosensors433. However, the fundamental characterization of the substrate’s interaction 

with lipid vesicles has only recently received attention433.  

Here, Electrochemical Impedance Spectroscopy (EIS) has been used to characterize 

porous titania films and incorporated lipid bilayers into the nanopores of titania. This 

methodology is based on complex impedance measurements at a wide range of frequencies. 

Important parameters to analyze using EIS are the capacitance and resistance of the 

membrane. Previously, this technique has been used to characterize self-assembled 

nanoporous silica thin films434 and to monitor the bilayer incorporation of a ligand gated 

ion channel protein and the modulation of its channel activity by the selective binding of 

an antibody435-436. For these tests, a periodic voltage signal of variable frequency is applied 

to the electrodes. The absolute value of the current response of the system is analyzed in 

terms of the complex impedance and the phase shift. The theoretical analysis of EIS data 

by fitting to a model representing an equivalent electrical circuit allows the understanding 

of processes associated with the interface between biomaterials and functionalized 

electrodes437. Previously Lundgren et al.438 studied the formation of bilayers made from 

lipid POPC on SiO2 using EIS. In this preliminary study, we will mainly show the effect 

of porosity, pore orientation and film thickness of titania thin films with o-HCP cylindrical 

nanopores affect ion mass transport and lipid bilayer formation. 
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B.2. Experimental Section 

For this study, titania films were deposited onto conductive FTO glass substrate 

which acts as the working electrode. Multilayered titania films with vertically oriented 2D-

HCP cylindrical nanopores were prepared the same way as reported in chapter 5. A lipid 

bilayer solution was prepared by our collaborator Shanshan Zhou form Dr. Barbara 

Knutson’s group at the University of Kentucky. 10 mg of dipalmitoylphosphatidylcholine 

(DPPC) was dissolved in 1 ml chloroform, then the lipid was blown with air for 1 hour and 

was further dried under vacuum at room temperature for at least 2 hours. The dried lipid 

was then rehydrated in 1 mL PBS to form multilamellar vesicles. The resulting mixture 

was then extruded at 45°C through a polycarbonate filter with 200 nm diameter pores 21 

times, which produces small unilamellar vesicles with a mean diameter of 200 nm.  Small 

unilamellar vesicles of DPPC in PBS prepared through extrusion were placed in contact 

with mesoporous titania films for 15 min, followed by rinsing with PBS to wash off excess 

lipid. 

Electrochemical Impedance Spectroscopy (EIS) was performed according to the 

procedure described by Wei et al.434. A standard three-electrode cell connected to a 

potentiostat was used for all electrochemical experiments. Samples of calcined nanoporous 

titania films with vertically oriented pores (up to 4 layers) or parallel pores on FTO were 

used as the working electrode, with a platinum counter electrode and an Ag/AgCl reference 

electrode. All potentials reported are with respect to the Ag/AgCl reference electrode 

reaction. The electrolyte was composed of 1 mM 1,1’-ferrocenedimethanol (FDM) redox 

couple with 1 M KCl and 0.01 M HCl supporting electrolyte such that pH ̴ 2. The formal 

reduction potential for the FDM+/FDM redox couple ranged from 0.21 to 0.23 V. A dc bias 

equal to the measured formal potential was first applied. While maintaining this dc bias, a 
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small amplitude sinusoidal ac bias (10 mV rms) of a given frequency (f) was then applied 

about this equilibrium potential. The impedance of the cell was measured at each frequency 

over the range 0.1 Hz to 100 kHz. All experiments were carried out at room temperature. 

After collecting the data, an equivalent circuit model was fitted to the data using the 

software Zview to calculate parameters such as mass transfer resistance and mass transfer 

capacitance. 

B.3. Results and Discussion 

The equivalent circuit model, as shown in the inset in Fig. B1, namely the Randles 

model was adopted for EIS data analysis424. It depends on three parameters, R1 represents 

the bulk resistance of the electrolyte, separator and electrode; R2 representing the charge 

transfer resistance; and CPE, a constant phase element which represents the double-layer 

capacitance of the electrolyte-sample interface. In particular, the value of mass transfer 

resistance R2, as the name suggests, provides insight into behavior at the interface and mass 

transport. Lower values of R2 indicate better interface with the electrolyte in terms of mass 

transfer and ion conductivity.  For lipid bilayer formation, this mass transfer resistance is 

an indicator of bilayer quality. Higher values of R2 suggest formation of a more defect-free 

lipid bilayer, which creates a barrier for mass transport across the membrane.  

Figure B2 compares AC impedance spectra of a bare FTO electrode, dense titania 

on FTO electrode, and nanoporous titania with either parallel or vertical mesopore channels 

on FTO electrodes. The corresponding parameters obtained by equivalent circuit model 

fitting are shown in Table B1. R2 is very low for bare FTO electrode, consistent with direct 

contact with the electrolyte. When a dense layer of titania is deposited onto FTO, R2 

increases by over an order of magnitude, indicating dense titania acts as an effective barrier 

for mass transfer of FDM. However, R2 values are reduced for nanoporous titania thin films 
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as compared to dense titania because of the ability of FDM to be transported through 

accessible pores. In order to see the effect of pore orientation, EIS spectra were measured 

for titania thin films with parallel and vertical pore orientation of HCP naopores. The 

vertical pore orientation was achieved by using surface modification technique as indicated 

in chapters 3-5. As indicated in Table B1, mass transfer resistance is lower for vertical pore 

orientation as compared to parallel pore orientation indicating that vertical pore orientation 

provides an accessible porous structure for FDM consistent with the expected effect.  The 

mass transfer of films with parallel pores is not as high as a dense TiO2 layer because of 

either the presence of defects near the surface that make a fraction of pores accessible, or 

to FDM transport directly through micropores within the Pluronic-templated structure. 

Despite this small complication, the EIS measurements provide further confirmation of the 

hypothesis that pores are oriented vertically after surface modification.  

In order to see the effects of the thickness of TiO2 film with orthogonal 2D 

hexagonal close packed (o-HCP) cylindrical nanopores on mass transport, EIS was also 

performed for multilayered titania films. Figure B3 shows AC impedance spectra for 

multilayered nanoporous titania films on FTO electrodes with up to 4 o-HCP layers. The 

corresponding parameters obtained by equivalent circuit model fitting are shown in table 

B2.  It was reported in chapter 5 that thick titania films with o-HCP nanopores can be 

successfully synthesized using evaporation induced self-assembly combined with a layer-

by-layer technique.  The vertical pore orientation and increased thickness were confirmed 

using SEM and XRD. With EIS, mass transfer resistance was found to increase somewhat 

with increasing film thickness, indicating either that porosity is reduced slightly for 

multilayered films, or that the length of the pore channels decreases the ease with which 
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FDM can reach the electrode surface. However, a reduction in porosity was indicated in 

plan-view SEM images reported in chapter 5. The porosity reduced from 51% for one layer 

to 44% after four layers, which might be because of micelle shrinkage during heating on 

intermediate layers. However, for all of the multilayered films, R2 has lower value as 

compared to films with parallel mesopores, indicating that even though porosity reduced 

after multilayer film synthesis, most of the pores are oriented vertically providing ordered, 

an accessible porous structure for mass transport.  

Figure B4 shows AC impedance spectra for lipid bilayers deposited onto various 

titania films on FTO electrodes, and the corresponding parameters obtained by equivalent 

circuit model fitting are shown in Table B3. The equivalent circuit model used is formally 

the same as that used for the bare FTO and titania films. It should be noted that now the 

mass transfer resistance resistance R2 of the supported system covered with lipid combines 

contributions to resistance from both the lipid bilayer and the titania coated FTO electrode 

(calculated previously and shown in Table B1). The lipid film increased the mass transfer 

resistance quite markedly, showing the formation of a lipid bilayer membrane. However, 

as compared to previous studies, the resistance is low and capacitance is very high which 

points towards a fairly leaky membrane437, 439-441. Defects may be present in the bilayers 

either because DPPC is slow to anneal out imperfections at room temperature due to its 

high gel/fluid transition temperature, or because the porous support may pin parts of the 

bilayer in place, which act as sites for defect nucleation. Nonetheless, the increase in mass 

transfer resistance indicates that nanoporous titania films can be used as substrates for lipid 

bilayer formation. These are just preliminary experiments towards lipid bilayer formation, 

and there is room to improve the deposition conditions. In future, many more experiments 
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need to be performed in order to develop more densely packed lipid bilayers on nanoporous 

titania thin films. Experiments should be designed to observe the effects of porosity and 

pore orientation of titania films on lipid bilayer formation. Also, lipid bilayers of varying 

composition and deposited by different methods can be studied to see which method gives 

the most densely packed lipid bilayer. 

B.4. Conclusion 

In this work, preliminary electrochemical impedance spectroscopy (EIS) studies 

were conducted of ionic mass transport across titania films with controlled pore orientation, 

and with incorporation of lipid bilayers onto the nanopores of titania. Mass transfer 

resistance was observed to be reduced for nanoporous titania thin films as compared to 

dense titania, consistent with their porous nature. Mass transfer resistance was lower for 

vertically oriented pore channels as compared to parallel pores, which is consistent with 

previous observations of vertical alignment to give an aligned, ordered accessible porous 

structure for the electrolyte. Mass transfer resistance increased somewhat for multilayered 

titania films with o-HCP cylindrical nanopores which is more consistent with a small 

reduction in porosity due to processing, while retaining continuous pore paths from the 

electrolyte to the electrode interface. After lipid bilayer incorporation, mass transfer 

resistance increased indicating the formation of lipid bilayers. However, as compared to 

previous studies of lipid bilayers on nonporous electrode surfaces, the resistance is low and 

capacitance is high, which points towards leaky membranes and the presence of defects in 

the lipid bilayers. There is room to improve the quality of the lipid bilayers by tuning their 

composition, deposition conditions, and postdeposition processing. 
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Figure B.1. Randles Equivalent Circuit Model used for fitting EIS data. 
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Figure B.2. EIS Spectra for (a) bare FTO electrode (b) dense titania on FTO electrode (c) 

nanoporous titania with parallel pore orientation on FTO electrode, and (d) vertically 

oriented 2D-HCP nanoporous titania thin film on FTO electrode. 

 

 

 

 



179 
 

 

 

Figure B.3. EIS Spectra for multilayered nanoporous titania films on FTO electrode with 

o-HCP nanopores after (a) one layer (b) two layers (c) three layers or (d) four layers 
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Figure B.4. EIS Spectra for lipid bilayers deposited onto (a) bare FTO electrode (b) dense 

titania on FTO electrode, (c) nanoporous titania with parallel pore orientation on FTO 

electrode, and (d) vertically oriented 2D-HCP nanoporous titania thin film on FTO 

electrode. 
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Table B.1. Parameters obtained by equivalent circuit model fitting to AC impedance 

spectroscopy data shown in Figure B2 

 

Sample R1(Ω) CPE1(F) R2(Ω) 

Bare FTO 29.75 0.0003 87.71 

Dense TiO2 17.9 0.000195 1574.5 

Nanoporous TiO2 with parallel pore orientation 20.43 0.000175 697.3 

Nanoporous TiO2 with vertical pore orientation 31.74 0.000095 268.1 

 

Table B.2. Parameters obtained by equivalent circuit model fitting to AC impedance 

spectroscopy data for titania films on FTO electrode with o-HCP nanopores for indicated 

number of layers as shown in Figure B3 

No. of layers R1(Ω) CPE1(F) R2(Ω) 

1 31.74 0.000095 268.1 

2 21.48 0.000141 392.2 

3 13.97 0.00025 344.45 

4 15.42 0.000156 432.76 

 

Table B.3. Parameters obtained by equivalent circuit model fitting to AC impedance 

spectroscopy data for lipid bilayers on different films as shown in Figure B4. 

Sample R1(Ω) CPE1(F) R2(Ω) 

Lipid Bilayer + Bare FTO 51 0.000124 399.65 

Lipid Bilayer + Dense TiO2 51.69 0.0002 1804.5 

Lipid Bilayer + Nanoporous TiO2 with parallel 

pore orientation 

28.48 0.0001 1691 

Lipid Bilayer + Nanoporous TiO2 with vertical 

pore orientation 

20 0.00008 628.7 
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APPENDIX C Supporting Information of Chapter 2 

 

 

 

 

Figure C.1. Low magnification (*350 Magnification) SEM image of titania thin film on 

modified substrate aged at 4 °C after calcination at 400 °C for 10 minutes using a ramp rate 

of 25 °C/min. We do not see any cracks or defects indicating that the adhesion of the titania 

film is not affected by the removal of organic layer after calcination 
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Figure C.2. (a) Representative 2D GISAXS pattern with the region used for linecuts 

shown by vertical white lines and (b) the corresponding 1D linecut derived by integrating 

along the qz direction from 0.025-0.03 Å-1.  
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Figure C.3. (a)  Evolution of the integrated intensities of the shoulder region, qymin <  qy 

< qymax, for thin titania film on modified substrate during aging at 4 °C at 13.5 mm 

above the bottom of the slide  (b) Shoulder position as a function of aging time 
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Figure C.4.  Top view SEM images of thin titania films near the modified substrate aged 

at (a) 23 °C and (b) 4 °C after calcination at 400 °C for 10 minutes using a ramp rate of 

25 °C/min  

Copyright © Suraj R. Nagpure 2016 
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