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Preface

As the title of this book implies, we examine the fabrication, properties, and
different applications of highly ordered vertically oriented TiO, nanotube arrays
made by Ti anodization. Since the first report of the highly ordered TiO, nanotube
arrays by Gong et al. (J Mater Res 16:3331-3334, 2001), the field has grown so
rapidly as to make it difficult to summarize the scope of all related work. Built upon
a suite of synthesis chemistries that enable significant differences in nanotube
morphologies, the TiO, nanotube arrays have demonstrated remarkable properties
that have successfully given rise to a large number of diverse applications that
include, but are certainly not limited to, super capacitors, solar cells, drug eluting
surfaces, hydrogen sensors, biofiltration membranes, and photoelectrochemical
cells for the solar generation of hydrogen. It appears, for the moment, impossible
to completely canvas the field as it moves more rapidly than one can report on it. Be
that as it may we have tried to at least touch on key aspects of the field, reviewing
the contributions made by various research groups to the fabrication, and applica-
tion of the nanotube arrays, and apologize to those authors of significant work we
may have overlooked.

The book is intended for researchers in the field, which could encompass
undergraduate students, graduate students and beyond. It is meant as both an
introductory work as well as a reference to the field. While the book could be
read cover to cover by those having such energy and interest, the individual
chapters are self-contained per their specific topic. Chapter 1 considers nanotube
array synthesis techniques. Chapter 2 summarizes the structural, elemental, optical,
mechanical, and electrical properties of the TiO, nanotube arrays. Chapter 3
examines use of TiO, nanotube arrays as hydrogen gas sensors. Chapter 4 considers
use of the material architecture for photoelectrochemical water splitting. Chapter 5
considers application of TiO, nanotube arrays to dye-sensitized solar cells and
polymer-based solid state heterojunction solar cells. Chapter 6 discusses the use of
Ti0O, nanotubes in biological applications, including their use as a base for biosen-
sors, drug eluting surfaces, osseointegration, biotemplating, enhanced blood
clotting, and as biofiltration membranes.
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Introduction

Highly ordered, vertically oriented TiO, nanotube-arrays fabricated by potentio-
static anodization of titanium constitute a material architecture that offers a large
internal surface area without a concomitant decrease in geometric and structural
order. The precisely oriented nature of the nanotube arrays, see Figs. 1 and 2, makes
them excellent electron percolation pathways for vectorial charge transfer between
interfaces. TiO, nanotube arrays have been found to possess outstanding charge
transport and carrier lifetime properties enabling a variety of advanced applications,
including their use in sensors [1-9], dye sensitized solar cells [10—14], hydrogen
generation by water photoelectrolysis [15-22], photocatalytic reduction of CO,
under outdoor sunlight [23], and supercapacitors [24]. Furthermore, the nanotube
arrays have demonstrated great utility in biomedical related applications including
biosensors, molecular filtration, drug delivery, and tissue engineering [25-31]. In
this introduction we briefly consider some aspects of material synthesis and, as a
means to motivate reading of this book, touch-on some of the interesting applica-
tions of this material architecture.

The application of TiO, nanotube arrays to hydrogen gas sensing serves to
illustrate their remarkable, and readily measurable, properties. At room tempera-
ture, in response to 1,000 ppm hydrogen TiO, nanotube arrays ~1 um in length
demonstrate an unprecedented change in electrical resistance of 8.7 orders of
magnitude, or 50,000,000,000% [6, 7]; this is the largest known sensitivity of any
material, to any gas, at any temperature. In their use as hydrogen sensors, the TiO,
nanotube arrays possess such excellent photocatalytic properties that they are able
to self-clean from even extreme contamination with exposure to ambient UV light,
see Fig. 3, regaining their gas sensing properties [8, 9].

The self-organized architecture allows for the precise design and control of the
geometrical features, allowing one to achieve a material with specific light absorp-
tion and propagation characteristics [11, 37-39]. The nanotube array geometry
appears to be an, if not the, ideal architecture for water photoelectrolysis where

Xiii
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Fig. 1 (Left): FESEM cross-sectional image of titanium oxide nanotube array sample reported by
Gong and co-workers in 2001 [32], achieved by anodization of a Ti foil sample in 0.5% wt HF
solution at 20 V for 20 min. Use of the HF aqueous electrolyte limited nanotube array length to less
than a micron. (Right): Illustrative FESEM image of a TiO, nanotube array, mechanically
fractured, made by anodization of Ti foil in an aqueous KF containing electrolyte, reported by
Cai and co-workers in 2005 [33]. The pore size is approximately 30 nm, wall thickness 13 nm. Use
pH controlled KF or NaF aqueous baths extended nanotube array lengths to several microns
enabling new applications

WD 4.0mm  100nm

Fig. 2 Tllustrative top and cross-sectional FESEM images of titania nanotube arrays synthesized
by anodization of Ti films in an ethylene glycol electrolyte [20, 34-36]

under UV-spectrum illumination (320400 nm) nanotube arrays ~30 um long
demonstrate a photoconversion conversion efficiency of 16.25% [10, 20]. Consid-
ering such remarkable properties, it appears that TiO, nanotube arrays are more
than worthy of careful consideration by the scientific community.
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Fig. 3 Time variation of resistance change before and after self-cleaning from a layer of motor oil,
that completely extinguished the gas sensing capabilities of the sensor, with UV exposure. The
semi-log plot shows that the sensor regains the original hydrogen sensitivity [8]

Gong and co-workers [32] reported first generation titania nanotube arrays of up
to 500 nm length by electrochemical oxidation of titanium in a HF aqueous
electrolyte, see Fig. 1. Recently, changing the cathode material from Pt to Fe
Allam et al. reported nanotube arrays to 2.5 um using aqueous based electrolytes
[40]. In the second synthesis generation Cai and co-workers [34, 35] adjusted the
pH of both KF and NaF aqueous electrolytes to reduce the chemical dissolution of
the oxide, increasing the nanotube length to several microns with a growth rate of
approximately 0.25 um/h. The third synthesis generation of titania nanotube arrays,
initially reported by Paulose and co-workers [20], used organic electrolytes such as
ethylene glycol (EG), di-ethylene glycol, formamide (FA), N-methylformamide
(NMF), and dimethyl sulfoxide (DMSO) in combination with HF, KF, NaF, NH4F,
BuyNF, or BnMe;NF to provide fluoride ions to achieve nanotube arrays of up to
1,000 pum in length with growth rates of up to 15 um/h [34-36, 40—43]. Figure 4
shows illustrative FESEM images of nanotube arrays made using an ethylene glycol
electrolyte containing 0.25 wt% NH4F at an anodization potential of 60 V. Nano-
tube arrays greater than several tens of microns in length are mechanically robust
enough that they can be made in the form of self-standing membranes [36, 44]. The
ability to fabricate nanotube array membranes with long range order between the
nanotubes, manifested in hexagonal close packing, offers an exciting potential for
application of the material as a photonic waveguide, photocatalytic nanotemplate,
or filter. Allam et al. reported a fourth synthesis generation, fabrication of nanotube
arrays by Ti anodization using non-fluorine bearing species, notably HCI [45, 46]
and HCI in combination with H,O, [47].
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Fig. 4 Illustrative FESEM cross-sectional, bottom, and top images of a nanotube array sample
grown at 60 V in an ethylene glycol electrolyte containing 0.25 wt% NH4F [20, 34-36]

It is now well established that the properties of the nanotube arrays are depen-
dent upon their specific architecture, including length, wall thickness, wall rough-
ness, pore diameter, and tube-to-tube spacing. The geometrical features of the
nanotube arrays are controlled by a variety of parameters that are not specific to
one geometrical feature, including anodization potential, electrolyte composition
and properties thereof (conductivity, viscosity), as well as anodization time and
temperature. Virtually identical tubes can be obtained in dissimilar electrolytes by
the control of different anodization variables. Control of fabrication parameters
[48-50] has enabled variation of pore size from 12 to 350 nm, outer diameters from
48 to 256 nm, wall thicknesses from 5 nm to, while still a discernable wall 34 nm
(ananoporous topology can obtained in TiO, like that of alumina where there are no
definable walls between the pores), and tube-to-tube spacing from adjacent to
microns. Anodization of the starting metal films has now been used to achieve
self-organized nanotube arrays of alumina [51], zirconia [52, 53], tantala [54, 55],
and recently iron oxide [56].

Most commonly, the nanotube arrays have been made from a titanium thick film
or foil, in which case the resulting nanotubes rest upon an underlying Ti substrate
as separated by a barrier layer. This barrier layer, after thermal annealing for
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crystallization, is rutile, with the nanotube arrays themselves being anatase. The
nanotube arrays have also been fabricated from titanium thin films sputtered onto
a variety of substrates [5, 57], of particular interest glass substrates coated with
transparent conductive layers, e.g., fluorine doped tin oxide (FTO), for use in dye
sensitized or heterojunction solar cells. The major fabrication steps needed to
achieve transparent nanotube array films, made by anodization of titanium films
sputter-deposited onto FTO coated glass substrates are illustrated in Fig. 5. The
films are anodized to a point at which the remaining Ti film is so thin as to become
discontinuous, at which time the sample is removed from the anodization bath and
rinsed to remove the fluorine ions. The initially amorphous nanotube-array film is
then oxygen annealed at =~450°C, whereupon the residual Ti islands oxidize and the
sample becomes transparent. Figure 5 shows visual images of: (a) a deposited Ti
film, (b) the film upon anodization, and (c) the film upon subsequent anneal. Also
shown in Fig. 5 are FESEM images of the resulting nanotube array films.

The formation of nanotube arrays in a fluoride containing electrolyte is the result
of three simultaneously occurring processes [59]: (1) field assisted oxidation of Ti
metal to form titanium dioxide, (2) field assisted dissolution of Ti metal ions in the
electrolyte, and (3) chemical dissolution of Ti and TiO, due to etching by fluoride
ions. In general, it appears that the key to successfully achieving very long titania
nanotube arrays using polar organic electrolytes is to minimize water content to a
few percent [20]. With organic electrolytes the donation of oxygen is more difficult
in comparison to water and results in a reduced tendency to form oxide, while the
reduction in water content allows for thinner or lower quality barrier layers through
which ionic transport may be enhanced. Shankar and co-workers [42] demonstrated
how the electrolyte cation strongly influences both the nanotube growth rate and
resulting nanotube length, with the length and aspect ratio of the nanotubes

i A FTO
TNTAIFT#
! |

Fig. 5 (Left): Key stages in fabrication of a transparent TiO, nanotube-array film (illustrated on
FTO coated glass): (a) Deposition of a Ti film of desired thickness; (b) anodization of resulting
film, and (c) heat treatment to crystallize tubes and oxidize remaining metallic islands. (Center,
right): FESEM images of transparent nanotube array films on FTO coated glass synthesized using
a DMSO electrolyte [58]
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increasing with increasing cation size. Under similar conditions, electrolytes con-
taining a tetrabutylammonium cation resulted in the longest nanotubes (~94 um),
while the shortest nanotubes (~3 pm) were obtained when H' ions were the sole
cationic species in the anodization electrolyte. The difference in growth character-
istics was attributed to the inhibitory effect of the quarternary ammonium ions that
restrict the thickness of the interfacial (barrier) oxide layer; a thinner interfacial
oxide layer facilitates ionic transport, thus, enhancing nanotube growth. Tables 1
and 2 are illustrative of some of the inherent nanotube array fabrication variables.
It is important to note that a tube is not necessarily a tube; nanotube array forma-
tion in aqueous electrolytes, and under certain conditions using organic electro-
lytes, is purely a subtractive process: one starts with a titanium film of thickness X
and achieves a nanotube array having a thickness less than X. In contrast, in some
polar organic electrolytes, one can begin with a titanium film of thickness Y and
achieve a nanotube array of thickness greater than Y with material removed from
the pores going into wall formation. It appears that a comparative study on the
electrical properties of the TiO, nanotubes as a function of their fabrication
conditions has yet to be reported, and would be a most interesting and valuable
contribution to the field.

As initially fabricated, the nanotube arrays are amorphous, crystallizing with a
high temperature anneal [60]. Higher temperature anneals improve the crystallinity
of the anatase nanotube walls. For nanotube arrays made from, and resting upon, an
underlying titanium layer higher annealing temperatures increase the thickness of
the barrier layer and the rutile content in the barrier layer. There are clues that
indicate control of the anodization process may possibly enable one to directly
achieve crystalline nanotube arrays [41]. We note the work of Allam et al. [61] that

Table 1 Effect of anodization potential and molar F~ concentration on maximum
nanotube array length, in microns, that can be obtained in a NH4F and formamide
bath. The time to maximum length is a function of the F~ concentration as well as
anodization voltage, with the nanotubes reaching this maximum sooner at lower
potentials [49]

F~ Concentration (M) 20V 35V
0.11 24 44
0.14 28 58
0.22 32 72
0.27 38 76
0.37 42 78

Table 2 Effect of NH4F concentration and H,O concentration in ethylene glycol
electrolyte on the nanotube array length (um); 60 V anodization potential, 17 h
duration [49]

Volume% H,0 0.25 Wt% NH4F 0.3 wt% NH,F 0.50 wt% NH,F
1 139 156 45
2 177 220 107

3 80 160 142
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directly synthesized crystalline nanotube arrays a few microns in length by
anodization of chemically oxidized Ti films.

TiO, nanotube array films are readily converted into sensors by sputter deposition
of platinum electrodes onto their top surface, to which electrical connections can be
made by wire-bonding. Figure 6 shows the typical response of a 1 um long, 30 nm
pore size TiO, nanotube array sample, crystallized by oxygen anneal at 480°C, on
switching the ambient atmosphere between air and 1,000 ppm hydrogen in nitrogen
(a standard test of a hydrogen sensor) at room temperature [6]. On exposure to
hydrogen, a reduction in resistance of 8.7 orders of magnitude is observed, with no
measurement hysteresis and a minimal baseline low-level drift over approximately
12 h. In response to 20 ppm hydrogen, a variation in electrical resistance of 7.2
orders of magnitude is seen. With drift compensation [2], the low-level linear
sensitivity indicates the ability to detect hydrogen at 200 ppt [7]. Longer nanotube
arrays show less sensitivity with significantly longer response/recovery times [62].
The hydrogen sensors have been successfully used in clinical trials as an indicator of
neonatal necrotizing enterocolitis, measuring transcutaneous hydrogen concentra-
tions of a few ppm from an un-heated skin temperature (=37°C) sensor [7]. Within
the auspices of a hydrogen economy, the described sensors would be of great
utility in monitoring hydrogen concentrations, including the presence of unwanted
hydrogen leaks.

TiO, nanotube arrays are essentially all surface and no bulk. High hydrogen
sensitivity in the absence of oxygen indicates that direct chemisorption of hydrogen
on the nanotubes is the dominant mechanism leading to the tremendous resistance
reduction in the nanotubes [6, 7], while the presence of oxygen facilitates the
removal of the chemisorbed hydrogen. Hydrogen activation appears to occur on
the walls of the undoped nanotubes at highly active surface states. The dissociated
hydrogen species form OH groups with the surface oxygen accompanied by
electron transfer to the titania conduction band and formation of an electron rich
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region within the nanotube walls. The adsorption of oxygen in air takes place on
either side of the nanotube walls creating an electron depletion region. The width of
the space charge layer L is given by L=Lp [2¢V/KT] 12 where Lp= [.soskT/ZezND] 12ig
the Debye length, eV is the barrier height, kT is the thermal energy, and N, the ionized
donor density. In metal oxides, the space charge layer extends to a few tens of
nanometers [63]. If the nanotube wall half-thickness #/2 is significantly greater than
the width of the space charge region, as shown in Fig. 7a, oxygen removal by
hydrogen and subsequent hydrogen chemisorption will have little effect on device
resistance, hence, high sensitivity cannot be expected. In contrast, when #/2 is com-
parable to or less than the space charge region, the shift in the electrical resistance on
exposure to hydrogen can be very high (Fig. 7b, ¢), with a flat-band condition existing
when the wall thickness is less than the width of the space charge region. The
nanotube array samples showing the highest sensitivity had a wall thickness
of ~13 nm, corresponding to the geometry of Fig. 7b. The inter-wall connecting
points also appear to play a significant role in enabling the ultra-high hydrogen
sensitivity. The oxygen adsorption and its removal by hydrogen atoms as well as
chemisorption of hydrogen at these constricted points, Fig. 7d, regulate the current
passing from nanotube to nanotube. Extension of the material architecture to other
metal oxides should enable dramatically improved broad-spectrum gas sensing
materials.

Figure 8a shows the measured photocurrent density of nanotube array samples,
~20 um in length with an outer diameter of 205 nm, fabricated in an electrolyte of
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Fig. 7 The influence of nanotube wall thickness on band bending due to oxygen chemisorption:
(a) When nanotube wall half-thickness (#/2) is much greater than the space charge layer, (b) when
comparable, and (¢) when #/2 is less than the width of the space charge region. (d) Schematic
illustration of nanotubes, top view, and the tube-to-tube connecting points corresponding to case
shown in (a)
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Fig. 8 (a) Photocurrent density and (b) corresponding photoconversion efficiency of nanotube
array samples fabricated in an electrolyte of 1.2 g of NH4F in a solution of 5 ml de-ionized water+
95 ml formamide at 35 V. The samples were annealed at indicated temperatures for 1 h in oxygen
prior to measurement. The resulting nanotube array samples were 30 um in length, with an outer
diameter of 205 nm [10, 20]. The samples were measured under 320 to 400 nm 100 mW/cm?
illumination in a 1 M KOH solution

1.2 g of NH,4F in a solution of 5 ml de-ionized water +95 ml formamide at 35 V,
measured at room temperature under 320 to 400 nm 100 mW/cm? illumination in a
1 M KOH solution [10, 20]. The samples were annealed at 525°C and 580°C for 1 h
in oxygen prior to measurement. Figure 8b shows the corresponding photoconver-
sion efficiency of the two samples; the 580°C annealed sample demonstrated a
sustained hydrogen evolution rate via photoelectrolysis of approximately 106 mL/
W h (energy time normalized). When the nanotube length exceeds several microns,
the great majority of the charge carriers are photogenerated in the nanotube
walls [37]; hence, nanotube photoelectrochemical properties are significantly im-
proved by increased crystallinity of the nanotube walls. In the temperature regime
500-620°C, a trend is observed whereby higher photoconversion efficiencies are
obtained for nanotubes annealed at the higher temperatures. However the annealing
temperature cannot be increased indefinitely since oxide growth below the nano-
tube layer during a high temperature anneal eventually distorts and finally destroys
the nanotube array layer [60].

A key aspect of Fig. 8 is that results were obtained under UV illumination, which
makes up but a small fraction of the incident solar spectrum energy. Hence,
nanotube arrays of lower bandgap materials, including o-Fe,O3 [48, 56, 64], Cu—
Ti—O [16] as well as Fe-Ti-O ternary oxides [15], are a focus of ongoing research
with an aim toward achieving materials capable of efficiently responding to visible
spectrum light while maintaining the outstanding charge transport properties
demonstrated by the TiO, nanotube arrays.

As a further example of the remarkable photocatalytic properties of the nanotube
arrays, Varghese and co-workers [23] recently reported efficient solar conversion of
carbon dioxide and water vapor to methane and other hydrocarbons using titania
nanotube arrays, with a wall thickness low enough to facilitate effective carrier
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transfer to the adsorbing species, surface-loaded with nano-dimensional islands of
co-catalysts platinum and/or copper (subsequently oxidized to copper oxide). All
experiments were conducted in outdoor sunlight at University Park, PA. Intermedi-
ate reaction products, hydrogen and carbon monoxide, are also detected with their
relative concentrations underlying hydrocarbon production rates and dependent
upon the nature of the co-catalysts on the nanotube array surface. Using
outdoor global AM 1.5 sunlight, 100 mW/cm?, a hydrocarbon production rate of
111 ppm cm 2 h™', or ~160 ul/g h, is obtained when the nanotube array samples
are surface decorated with both Cu and Pt nanoparticles. This rate of CO, to
hydrocarbon production obtained under outdoor sunlight is at least 20 times higher
than previously published reports, which were conducted under laboratory condi-
tions using UV illumination [23]. Taking into account both hydrogen and hydro-
carbons, the production rate was 273 ppm cm > h™'. Figure 9 depicts one exciting
prospect offered by such remarkable photocatalytic properties, a high-rate flow
through photocatalytic membrane for CO, reduction.

In photocatalysis and photoelectrolysis application of the nanotube arrays, there
are of course an optimal length and geometric area where the absorption of the
incident light is balanced by recombination of the photogenerated electron-hole
pairs. Too short a nanotube array and the light is not fully absorbed [37]; too long a
nanotube array, that is a length greater than that needed for full light absorption, and
the photoconversion efficiency suffers from recombination of the photogenerated
electron-hole pairs. A larger geometric surface area entails the availability of a
larger number of active sites for chemical reactions to occur and allows photo-
generated holes to access a large number of solution ions. Greater nanotube length
enables higher absorption of incident photons and results in a larger surface area for
fixed nanotube pore size and outer diameter. The maximum photocurrent is a

CH: + 20 = CO: + 2H:0
& 00 0o &

¥
000 .
9?10I
¥ ooo ©00
o ooo ¥
000 5O
D o
0o ©00
o
90
o ¥ coo

29902 o
po

Q s 0D 0o &b
CH., H:,0: CO:,H:O

Copper oxide catalyst particles

Fig. 9 Depiction of co-catalyst loaded flow-through nanotube array membrane for high rate
photocatalytic conversion of CO, and water vapor into hydrocarbon fuels [23]
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measure of the generation, and subsequent collection of charge carriers and corre-
lates well with the surface area of the nanotubes [10]. In contrast, the photoconver-
sion efficiency also depends on the separation processes of the photogenerated
electron-hole pairs, that is its recombination characteristics, which for the nanotube
arrays are a complex function of the temperature and duration of crystallization,
the wall-thickness of the nanotubes, barrier-layer thickness, and the incorporation
(if any) of dopants from the electrolyte during anodization.

While back-side illuminated dye sensitized solar cells can be readily constructed
using nanotube arrays easily fabricated from thick-film foil Ti samples [65, 66] the
geometry is not optimal, with the photoconversion efficiency of such devices
significantly decreased due to unwanted reflection of light from the counter elec-
trode and unwanted light absorption by the electrolyte. Gratzel and co-workers
report [67] an absolute difference in dye-sensitized solar cell photoconversion
efficiency between back-side illumination (through the cathode), and front-side
illumination (through the photoanode) of 4%. Hence, it is of significant interest
that Shankar and co-workers [10] reported a back-side illuminated dye sensitized
solar cell comprised of a 20 um long nanotube array, on a Ti foil substrate,
with 6.89% photoconversion efficiency under (NREL calibrated) AM 1.5 illumina-
tion (N719 dye, J;.=12.72 mA/cm?, Voc=0.82 V, fill factor=0.663). Frank and
co-workers [39] used intensity-modulated photocurrent and photovoltage spectros-
copy of nanotube array films on Ti substrates to determine that the electron
recombination time constants of nanotube array films were an order of magnitude
greater than those of nanoparticle films of equal thickness, with calculations
indicating that the charge-collection efficiency of the nanotube array films is 25%
larger than that of nanoparticulate films, implying that nanotube arrays can be made
much thicker than the nanoparticulate films for a given recombination loss allowing
for a higher light-harvesting efficiency [39].

For use in a heterojunction solar cell, an optically transparent nanotube array
film, see Fig. 5, serving as the photoanode as seen in Fig. 10 [57, 58], is desired to
achieve maximum photoconversion efficiency [67]. Transparent nanotube array
films up to 32 um in length have recently been reported by Varghese and co-
workers [58], and used in the fabrication of dye sensitized solar cells of 7.8%
efficiency.

All said, highly ordered TiO, nanotube arrays demonstrate remarkable behaviors
that warrant further study, underlying the large number of researchers now working
in this field as well as the motivation for this book. Chapter 1 considers nanotube
array synthesis techniques detailing the different synthesis generations. Chapter 2
summarizes the structural, elemental, optical, mechanical, and electrical properties
of the TiO, nanotube arrays. Chapter 3 examines the use of TiO, nanotube arrays
as hydrogen gas sensors. Chapter 4 considers the use of the material architecture
for photoelectrochemical water splitting [22, 68], including efforts at bandgap
engineering through doping, by the combination with low bandgap materials, and
fabrication of ternary oxide nanotube arrays. Chapter 5 considers the application of
TiO, nanotube arrays to dye sensitized solar cells (DSCs) and polymer based solid
state bulk heterojunction solar cells. Chapter 6 discusses the use of TiO, nanotubes
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in biological applications, including their use as a base for biosensors, drug
eluting surfaces, osseointegration, biotemplating, enhanced blood clotting, and as
biofiltration membranes.
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Chapter 1

Fabrication of TiO, Nanotube Arrays by
Electrochemical Anodization: Four Synthesis
Generations

1.1 Introduction

One-dimensional (1-D) nanowire and nanotube systems with high surface-
to-volume ratios have been found to possess significant, useful, and unique proper-
ties. The synthesis of highly ordered 1-D materials using localized chemical disso-
lution with controlled, field-assisted oxidation and dissolution reactions is
particularly noteworthy for it permits achievement of a precisely ordered, nanoscale
self-assembly. Comparative studies show that ordered arrays of TiO, outperform
colloidal TiO, for photocatalytic applications [1-5], sensing [6-9], photoelectroly-
sis [10-16], polymer-based bulk heterojunction photovoltaics [17-19], dye-sensi-
tized solar cells [20-26], biofluids filtration, drug delivery and other biomedical
applications [27-30]. Initial investigations indicate that they also may be useful for
energy storage devices such as Li-ion batteries and supercapacitors; these applica-
tions of TiO, nanotube arrays are among those discussed in the subsequent chapters.

TiO, nanotubes and arrays thereof have been produced by a number of methods.
These include: using a template of nanoporous alumina [31-34], sol-gel transcrip-
tion processes using organo-gelator templates [35, 36], seeded growth mechanisms
[37], and hydrothermal techniques [38—40]. None of these methods, however, offer
superior control over the nanotube dimensions than does the anodization of titani-
um in a fluoride-based electrolyte [41-48].

In 1999, Zwilling and co-workers achieved self-organized porous TiO, by
anodizing a Ti-based alloy in an acidic, fluoride-based electrolyte [49, 50]. In
2001, Gong and co-workers fabricated self-organized, highly uniform TiO, nano-
tube arrays by anodizing Ti in an aqueous dilute HF electrolyte [41, 42]. Maximum
nanotube lengths in this first synthesis generation were approximately 500 nm. In
subsequent work, the second-generation, the nanotube array length was increased to
approximately 7pum by proper control of the anodization electrolyte pH thereby
reducing the chemical dissolution of TiO, during anodization [43, 46]; the pH
should be high but remain acidic. In later work, the third-generation, TiO, nanotube
arrays with lengths of up to approximately 1000pm were achieved using

C.A. Grimes and G.K. Mor, TiO, Nanotube Arrays, 1
DOI 10.1007/978-1-4419-0068-5_1, © Springer Science+Business Media, LLC 2009
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a non-aqueous, polar organic electrolyte such as formamide, dimethylsulfoxide,
ethylene glycol or diethylene glycol [44, 51-54]. We suggest the fourth synthesis
generation is that of non-fluoride-based anodization chemistries.

In this chapter, we review the contribution of different research groups to the
fabrication of the titania nanotube arrays, and we discuss a mechanistic growth
model for nanotube array formation.

1.1.1 The Electrochemical Anodization Process

Anodization is an electrolytic process that creates a protective or decorative oxide
film over a metallic surface. Anodization typically increases both the thickness and
density of the oxide layer that forms on any metal surface exposed to the earth’s
atmosphere. To accomplish it, the conducting piece undergoing anodization is
connected to the positive terminal of a dc power supply and placed in an electrolytic
bath where it serves as the anode. The cathode is commonly a plate or rod of
platinum, although materials such as carbon are sometimes used. When power is
applied electrons are forced from the electrolyte to the positive anode. The process
leaves surface metal atoms exposed to oxygen ions within the electrolyte. The
atoms react and become an in situ integral part of the oxide layer. The electrons
travel through the power source and return to the cathode where, if an appropriate
electrolyte pH is present, they react with hydrogen ions and the combination
bubbles off as hydrogen gas.

Since the metal oxide partially dissolves in any electrolyte, it is necessary to use
only those electrolytes for which the oxide forms more rapidly than it dissolves. The
electrolyte composition is also the primary determinant of whether the oxide film is
porous or if it forms a barrier layer. Oxide barrier layers grow in those neutral or
slightly alkaline solutions in which titanium dioxide is largely insoluble. Porous
oxide layers grow in acidic electrolytes with fluoride or chloride ions in which
oxide forms and then rapidly dissolves. The acid cations also affect the resulting
nanotube array structures.

A depiction of an electrochemical anodization cell is shown in Fig. 1.1. With a
titanium anode and a platinum cathode immersed in an aqueous electrolyte of dilute

Power supply

Fig. 1.1 Depiction of a
electrochemical cell in which
the Ti samples are anodized. Ti foll (anode)
Fabrication variables include

temperature, voltage, pH and

electrolyte composition Electrolyte

Pt foll (cathode)
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acid to which a small dc voltage is applied the surface layer is sufficiently resistive
to prevent current flow. Increasing the applied voltage produces no additional
current flow until a threshold level is reached where the electric field intensity
within the barrier is sufficient to force oxygen ions to diffuse across it, producing an
ionic current. These oxygen ions react with the metal and increase the thickness
and/or density of the oxide barrier. This process of high-field ionic conduction is
central to anodization. Of course, the same process liberates hydrogen gas from the
cathode. Since the electric resistance of the layer increases in proportion to its
thickness and since the rate of oxide growth is proportional to the current density,
the thinner portions of the layer carry more current than the thicker ones. Hence,
a thin section grows faster than a thick one, creating an even more uniform layer. As
the layer thickens the applied voltage necessary to maintain a constant current
increases. The process continues until, for each bath composition and temperature,
a maximum applied voltage is reached above which other, non-desired reactions
become manifest, for example: oxygen evolution, solute oxidation, or sparking due
to electron avalanche through the oxide.

Fabrication of TiO, nanotube arrays via anodic oxidation of Ti was first reported
in 2001 [41]. Later studies focused on precise control and extension of the nanotube
morphology [42], length and pore size [43], and wall thickness [55]. Illustrative
TiO, nanotube array morphologies, as grown by Ti anodization, are shown in
Fig. 1.2; these vertically oriented nanotubes are firmly attached to the substrate
with an open top and a bottom closed by a barrier layer of metal oxide. The use
of different electrolytic solvents permits control of the architecture from well-
separated, stand-alone nanotubes to densely packed arrays. A typical nanotube’s
wall thickness ranges from 5 to 30 nm, the pore size from 20 to 350 nm, and the
length from 0.2 to 1000pum. The aspect ratio, defined as the nanotube length-
to-outer diameter ratio, can be controlled from about 10 to approximately 20,000
by selection of appropriate anodization variables.

1.2 Nanotube Array Synthesis Using Aqueous Electrolytes:
The First Generation

1.2.1 HF-Based Electrolytes

Anodization of titanium foil (note, the titanium sample does not have to be planar)
were conducted in a two-electrode electrochemical cell at a constant-applied
voltage and with a platinum foil cathode. Anodization experiments were conducted
at room temperature with magnetic stirring of electrolyte. Stirring reduces the
thickness of the double layer at the metal/electrolyte interface and ensures uniform
local current density and temperature over the surface of the Ti electrode [56]. Foils
were anodized in 0.5 wt% HF aqueous solution at anodizing voltages of: 3, 5, 10
and 20 V [41, 57-61]. At low anodization voltages, the film morphology is similar
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Tum

Fig. 1.2 TiO, nanotube array morphologies achieved by Ti anodization. The upper images are the
architecture resulting from Ti anodization in an ethylene glycol bath; the lower image is the
architecture resulting from Ti anodization in an aqueous KF bath

to that of porous (sponge-like) alumina [62], with a typical pore sizes from 15 to
30 nm. At somewhat higher applied voltages, the surface becomes nodular in
nature. Increasing the voltage to 10 V removes the particulate appearance and
replaces it with discrete, hollow, cylindrical tube-like features. Nanotube samples
prepared in this manner but using anodization voltages of 10, 14 and 20 V have,
respectively, inner diameters of 22, 53 and 76 nm; wall thickness of 13, 17 and
27 nm; and lengths of 200, 260 and 400 nm. After anodizing the samples for 45 min,
a uniform nanotube array grows atop the titanium foil together with an electrically
insulating barrier layer between the nanotubes and the underlying (unanodized)
titanium foil. The nanotube structure is lost at anodizing voltages greater than 23 V
and replaced by a sponge-like, randomly porous structure. Adding acetic acid to the
0.5% HF electrolyte in a 1:7 ratio results in more mechanically robust nanotubes
without changing their shape or size [7, 63].

To examine the efficiency of nanotube formation we determined the fraction of
the titanium converted into soluble products and into nanotubes [57]. A titanium
foil was weighed before and after anodization in a 0.5% by weight HF solution and
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held at 20 V for 2 h; the average weight loss was 8.3 x 10~*g/cm?. Estimating a tube
length of 250 nm, pore size of 100 nm, and a wall thickness of 10 nm we calculated
the fraction of the area occupied by nanotubes to be 0.23. The TiO, nanotube array
volume is 5.75 x 10~°cm? per each cm? of foil surface area, giving 2.208 x 10°g
of TiO, (density 3.84 g/cm’) formed in each cm” surface area. Since oxygen
increases the mass of the barrier layer, if TiO, formation was the only process
inherent to anodization a mass gain would be observed, not a mass loss. Analysis of
the used anodization solution via Inductively Coupled Plasma Mass Spectrometry
(ICMS) revealed that most of the mass loss is the loss of titanium as it is dissolved
into the solution; only about 2% of the titanium was converted into nanotubes and
the underlying barrier layer.

1.2.2 Tapered Conical Shape Nanotubes

A constant anodization voltage produces straight nanotubes. Sweeping the anodi-
zation voltage produces tapered, conical shaped nanotubes. In 0.5% hydrofluoric
acid solution, pH~1.0, and with an applied voltage between 10 and 23 V, nano-
tubes of well-defined shape are obtained; the length and diameter are proportional
to the applied voltage. The anodization voltage was ramped up from 10 to 23 V at
rates from 0.43 to 2.6 V/min to achieve conical nanotubes with a continuously
increasing pore size from top to bottom [42]. Two sets of samples were prepared: in
Set-1 the voltage increased linearly from 10 to 23 V and then held constant at 23 V
for a total anodization time of 40 min, in Set-2 the voltage was held constant at 10 V
for 20 min and then ramped up at 0.5 V/min, in one case, and 1.0 V/min in another.
The voltage was then held constant at 23 V for 2 min (a total anodization time of
35 min for the 1.0 V/min ramp, and 47 min for the 0.5 V/min ramp); Fig. 1.3 shows
field emission scanning electron microscope (FESEM) images of the resulting

Fig. 1.3 FESEM cross-sectional views of tapered nanotubes obtained: (a) by ramping the anodi-
zation voltage from 10 to 23 V over a 30 min period, 0.43 V/min, then holding the voltage at 23 V
for 10 min, (b) by initially anodizing the sample at 10 V for 20 min then increasing the voltage at
1.0 V/min to 23 V then held constant at 23 V for 2 min, (c) straight nanotubes obtained by applying
a constant 23 V for 45 min. Here, d denotes diameter of the conical apex, and D diameter of conical
base [42]
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tapered nanotubes. Figure 1.3a shows the nanotube arrays resulting from a 0.43 V/
min anodization voltage ramp of 30 min followed by a constant 23 V anodization
for 10 min. Figure 1.3b shows the nanotubes fabricated by anodizing the sample for
20 min at 10 V followed by ramping the voltage at the rate of 1.0 V/min, and finally
holding the voltage at 23 V for 2 min. For comparison, Fig. 1.3c shows nanotubes
prepared using a constant 23 V anodization. In all cases the average outer-diameter
of the base of the tube is about 166 nm, a value nearly equal to that of a tube
fabricated using a constant 23 V anodization voltage. It is difficult to determine the
inner-diameter of the bottom of the tube bottom that requires tube cleavage. The
average inner diameters of the tapered end of the tubes in Set-1 are approximately
70, 80, 85, and 100 nm, respectively, for sweep rates of 0.43, 0.65, 0.87 and 2.6 V/
min. The average inner diameters of the tubes from Set-2 are approximately 36 and
42 nm, respectively, for the 0.5 and 1.0 V/min ramps. A sweep-rate greater than
1.0 V/min leads to the collapse of the nanotubes. Tapered nanotubes did not result
from sweeping the anodization voltage from 23 to 10 V followed by a constant 10 V
anodization for a total of 40 min anodization time; the fabricated tubes were straight
with a constant 22 nm inner diameter and 200 nm long. These dimensions equal
those achieved using a constant 10 V anodization.

1.2.3 Wall Thickness Variation

Chemical dissolution and electrochemical etching are critical factors in the growth
of nanotube arrays via anodic oxidation of titanium. Varying the electrolyte bath
temperature changes the rate of both etching processes [55]. Nanotube arrays were
grown with a constant 10 V anode potential and a titanium foil anode in an
electrolyte of acetic acid plus 0.5% HF mixed in 1:7 ratio and kept at each of
four different electrolyte bath temperatures: 5°C, 25°C, 35°C and 50°C. Figure 1.4

Fig. 1.4 FESEM images of 10 V nanotube arrays anodized at: (a) 5°C showing an average wall
thickness of 34 nm, and (b) 50°C showing an average wall thickness of 9 nm. The pore size is
~22 nm for all samples [55]
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shows FESEM images of TiO, nanotubes fabricated by anodization at 10 V at (a)
5°C and (b) 50°C. The pore diameter of 22 nm is essentially the same for the 10 V
anodized TiO, nanotube arrays fabricated at the different temperatures, but the wall
thickness changes by an approximate factor of four and the tube-length by an
approximate factor of two. With decreasing anodization temperature the wall
thickness increases from 9 nm at 50°C to 34 nm at 5°C and the voids in both the
interpore areas and tubes become more interconnected; the discrete tube-like
structure approaches a nanoporous structure in appearance. Also, with decreasing
anodization bath temperature, the length of the nanotubes increases from 120 nm at
50°C to 224 nm at 5°C. Table 1.1 shows the variation in 10 V wall thicknesses and
tube length as a function of anodization temperature. FESEM images of TiO,
nanotubes fabricated by anodization at 20 V and (a) 5°C and (b) 25°C. The inner
pore diameter of 76 nm shows that the nanotube wall thickness increases from
17 nm at 25°C to 27 nm at 5°C, confirming the trend of increasing nanotube wall-
thickness with lower anodization temperature [55].

1.2.4 Using HNOs;/HF

During anodization of titanium foil in a 2.5% HNOj; plus 1% HF water solution an
initial application of a 20 V anodization potential resulted in high current densities
in which dielectric breakdown prevented formation of an oxide coating, both with
or without addition of boric acid. The applied anodic potential was next ramped
from 0 to 20 V at a rate of 0.1 V/s and then held constant at 20 V for 4 h [44].
Figure 1.5 shows the current density for electrolytes with and without boric acid as
a function of anodization time after the potential reached 20 V. In an HNO3;—HF
electrolyte without boric acid, the current density rapidly decreases with formation
of the barrier layer, then slightly increases with formation of a partially porous
structure, and then remains relatively constant. In contrast, for boric acid (0.5M)
containing HNO3;—HF electrolyte the current densities decrease relatively slowly to
a minimum and then slowly increase until reaching a plateau after approximately
110 min.

The surface morphology of a nanotube-array sample anodized in an electrolyte
containing 2.5% HNOj; and 1% HF at 20 V for 4 h showed a uniform, clean, regular
structure with the nanotubes having an average pore size of about 100 nm and a wall
thickness of about 20 nm [44]. The length of nanotubes was found to be about

Table 1.1 Average wall-thickness and tube-length of 10 V TiO, nanotube arrays anodized in HF
aqueous electrolyte at different bath temperatures [55]

Anodization temperature Wall thickness(nm) Tube-length (nm)
5°C 34 224

25°C 24 176

35°C 13.5 156

50°C 9 120
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Fig. 1.5 Time variation of titanium electrode etching current density for a nitric acid—hydrofluoric
acid electrolyte, and a boric acid/nitric acid/hydrofluoric acid electrolyte [44]

400 nm. The TiO, nanotube-array anodized in an electrolyte of 0.5M H3;B0O3;-2.5%
HNO;-1%HF at 20 V for 4 h was found to have a precipitate layer ~400 nm thick.
The precipitate layer could be removed by washing with a dilute HF solution. In
these samples, there is a pore irregularity with sizes ranging from 10 to 120 nm. The
average wall thickness is 20 nm and the length is about 560 nm.

1.2.5 Using HSO,/HF

Titanium foils were anodized in 1M H,SO, electrolytes containing HF (0.15 wt%);
nanotube arrays 500 nm long were formed [64, 65] using a potential ramp of
50 mV/s from the open-circuit potential to 20 V, followed by a constant 20 V
anodization for 2 h. Macak and co-workers used the same recipe to obtain nano-

tubes by anodizing 500 nm thick Ti film ion-beam sputter deposited on a silicon
wafer [66].

1.2.6 Using H,Cr,0,/HF

Zwilling and co-workers anodized Ti and Ti—6Al-4V alloy in an electrolyte con-
taining 0.5 mol/l chromic acid and 0.095 mol/l HF [49, 50]. Anodization was
conducted using a static potential at room temperature in a two-electrode cell
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with 4 cm electrode separation. The procedure was to increase the potential from
0 V up to the final voltage of 5 or 10 V by five equal steps spaced 1 min apart. The
sample was then held at the final voltage for a time between 1 and 55 min. The
resulting films were described as a self-organized porous layer with a thin oxide
under layer. Pore size increased with voltage. At all potentials the pores were found
to be smaller on the Ti substrate than on the TA6V alloy substrate. A typical porous
structure obtained in Ti-6Al-4V is shown in Fig. 1.6. A maximum film thickness of
155+£20 nm was determined, with pore sizes of 75+£20 nm for the Ti-6Al-4V
substrate when anodized at 10 V for 20 min. In the growth and pore formation
process, it was suggested that a poison-antidote competition controlled the growth —
dissolution similar to one suggested for the random porous structure seen for Li in
SiOCl, [67].

1.2.7 Using CH;COOH/NH F, H,SO /NH ,J

Formation of TiO, nanotubes was observed by electrochemical anodization of
99.6% impurity free 0.1 mm thick Ti foil samples in nearly anhydrous CH;COOH,
0.2% water, containing 0.5% NH4F at potentials of 10 to 120 V [68]. The applied
potential was continuously increased from the open-circuit potential to several fixed
values at several different scan rates and then held at a fixed potential for several
hours. FESEM images of the TiO, nanotubes formed at 30 V in CH3;COOH
containing 0.5 wt% NH4F showed the pore diameter to be approximately 10 nm

Fig. 1.6 High-resolution scanning electron micrograph of anodized TA6V in chromic acid/HF
solution and held at 10 C for 20 min. The arrows point to possible protrusions ([50]; Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission)
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and tube length about 200 nm. The tube diameter increases slightly from top to
bottom of the porous structure; pore widening is presumed to be caused by changes
in the local chemistry within the pores while it was growing. At potentials higher
than 50 V the layer exhibited some “morphology burst,” where a local morphology
different that the rest of the surface was obtained with the “burst” area resembling a
coral reef. This burst morphology was quite different from layers formed at
potentials lower than 50 V. The fraction of surface area showing burst-locations
increased with increasing potential up to 120 V, while outside the burst areas a
uniform surface coverage with tubes 20 nm diameter was obtained similar to those
formed at lower applied potentials. Using other electrolytes, 40 nm diameter tubes
were reported in phosphate-based electrolyte [70] and 100 nm diameter tubes were
reported sulfate-based electrolytes [45], indicating again that electrolyte character-
istics can control details of the tube geometry. Using 0.24 mol/l H,SO,4 in 0.5 wt%
NH,F, a well-ordered TiO, nanotube array with an inner diameter of about 120 nm
and length of about 300 nm was obtained at an anodization voltage of 20 V [71].

1.2.8 USing H3P04/HF, H3PO4/NH4F

Ti anodization at constant 10 V for 2 h in 1M H3;PO, with fluoride ion concentra-
tions between 0.1-0.4 wt%, yielded self-organized nanotube structures with 50 nm
pore diameters. Optimized conditions for self-organized pore formation occurred at
0.3 wt% HF in 1M H;PO,4, with both tube length and pore diameter potential
dependent. From 1 to 25 V, measured with respect to the reference Ag/AgCl
electrode, self-organized porous nanotubes with diameters ranging from 15 to
120 nm and length from 20 nm to 1.1 um were achieved.

Using an electrolyte with pH of 4.5 and consisting of [72] 1M H;PO4+1M
NaOH+0.5 wt%, anodizing Ti foil at 20 V for 2 h, and with an initial voltage ramp
rate of 0.5 V/s from open circuit potential to 20 V, nanotube arrays were achieved
with a diameter of 100+ 10 nm, length 14-0.1 um, and tube wall thickness of 10+
2 nm [70]. Using the same electrolyte, Premchand et al. obtained self-organized
nanotube arrays of TiO, by anodizing sputter-deposited titanium films 1.9 pm thick
on p-type Si(100) substrates [73]. An average tube length of 560 nm, diameter of
about 80 nm, wall thicknesses of about 20 nm were achieved. Yu and co-workers
fabricated nanoporous/nanotube array films by anodizing sputter-deposited Ti films
in 0.1-2 wt% HF between 3 and 20 V [74].

1.2.8.1 Effect of Different Cathode Metals

Overvoltage is the excess potential required for the discharge of an ion at an
electrode over and above the equilibrium potential of the electrode. In metal
anodization, both anode and cathode selectively influence the rates of certain
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reaction steps and hence overvoltage. For example, hydrogen evolution reaction
(HER) rates differ by several orders of magnitude among possible cathodes
[75, 76]. Thus, the overpotential influences the morphology, dimensions as well
as growth rate of the nanotubes. Although platinum is commonly used as the
cathode material for anodization due to its high catalytic activity and hence low
overpotential losses in addition to its high stability, it may not provide the desired
nanotube morphology. Therefore, to investigate the most suitable electrode system
for Ti anodization, as well as to develop an alternative to Pt based cathodes, Allam
et al. selected a variety of cathode materials and investigated their effects on the
morphology of the resulting TiO, nanotubes, using both aqueous and ethylene
glycol electrolytes that contained NH4F and H3;PO, [77]. Anodization was per-
formed using a two-electrode cell with titanium foil as the working anode and foil
samples of Pt, Pd, Ni, Fe, Co, Cu, Ta, W, Sn, Al, and a Carbon rod as the cathode.
Anodization were carried out for 10 h at a constant applied voltage of 20 V at room
temperature (about 22°C) in either: (A) 0.2M NH4F+0.1M H3PO, aqueous electro-
lyte, or (B) ethylene glycol (EG) containing 0.2M NH4F+0.1M H3PO4+2% H,O
electrolyte. Table 1.2 lists the cathode materials tested, grouped according to their
position in the periodic table, with the average diameters and lengths of the nanotube
arrays fabricated using these cathode materials. The tube dimensions were compiled
after detailed examination of the resulting morphologies using FESEM.

Ni and Pd, both Pt-group metals, produced architectures similar to those
obtained using Pt. Within the transition metals, Fe, Co and Cu cathodes produced
well-aligned nanotubes of lengths, respectively: 2.5, 1.9 and 1.27um. Pore dia-
meters of Fe — 9 nm, Co — 135 nm, and Cu — 81 nm were not correlated with length.
The pore size with Pt was 105 nm; Ta produced the largest pore size of 140 nm.
Nanotube arrays produced using a W cathode were the shortest. Of the non-
transition metals, although arrays fabricated using C and Sn showed comparable

Table 1.2 The cathode materials tested, grouped according to their position in the periodic table,
with the average diameters and lengths of the nanotube arrays fabricated using these cathode
materials, 10 h anodization duration, in both aqueous and EG electrolytes [77]

Group Cathode  Fabricated nanotubes in aqueous Fabricated nanotubes in EG
material  electrolytes electrolytes
Average Average Average Average
diameter £5-7  length 10 diameter £5  length +10
(nm) (nm) (nm) (nm)
Pt-group Ni 143 1200 65 1510
Elements Pd 134 1435 61 2500
Pt 105 1520 65 1725
Non-Pt Fe 99 2470 68 2000
transition Co 135 1900 143 2100
Elements Cu 81 1265 83 1130
Ta 140 1175 70 1300
w 91 690 114 2400
Non-transition C 143 1300 81 1220
Elements Al 96 570 85 1600

Sn 147 1220 90 1060
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dimensions arrays produced using a C cathode were more uniformly aligned. Al
cathodes produced the shortest nanotubes of all: 0.57um and with relatively poor
uniformity.

FESEM images of Ti foil samples anodized in EG electrolytes containing 0.2M
NH4F+0.1M H3PO, at 20 V using Ni and Pt cathodes produced TiO, nanotube
array surfaces covered with precipitate debris. In contrast, nanotube arrays fabri-
cated using a Pd cathode had no such debris. Cross-sectional images show the Pd
fabricated nanotube arrays were more highly aligned than those fabricated using
either Pt or Ni. FESEM micrographs of nanotube arrays synthesized using a Fe
cathode showed no surface debris. Although cross-sectional views of the nanotubes
fabricated using Co, Cu, Ta and W cathodes showed well-organized nanotube
arrays, top view micrographs showed that the tubes were clogged with debris.
Nanotube arrays fabricated using C, Sn and Al cathodes showed the formation of
well-aligned structures with very little debris.

The results confirm that the nature of the cathode material plays a significant role
in the appearance of surface precipitate. The overpotential of the cathode is a
critical factor that affects the dissolution kinetics of the Ti anode and, in turn, the
activity of the electrolyte and morphology of the architectures. Different cathode
materials lead to different morphologies that appear to result from overvoltages
within the electrolyte.

1.3 Nanotube Array Synthesis Using Buffered Electrolytes:
The Second Generation

Cai and co-workers first fabricated nanotube arrays several microns long using
either KF or NaF electrolytes of variable pH [43, 96]. A summary is presented in
Table 1.3. They obtained the desired pH by adding NaOH, sulfuric acid (pH 1-2),
sodium hydrogen sulfate, or citric acid (pH 2.5-7.5) to the electrolyte before adding
KF. The F~ concentration was held fixed at 0.1 mol/L. In the 0.1 mol/L F~ and
1 mol/L H,SO4 medium, the potential window for nanotube formation is between
10 and 25 V (Samples 01 to 08); outside this potential range no nanotubes were
formed. Sample 01 was produced with an applied voltage of 5 V; the electrochemi-
cal etch rate was slow and only a few pits appear on the sample surface. Sample 08
was produced with an applied voltage of 30 V; the electrochemical etch is fast
enough to prevent nanotube formation and only a highly disturbed porous structure
was obtained [43]. The nanotube pore size was found to be proportional to the
potential applied (Samples 02 to 05) and independent of the anodization time
(Samples 04 and 07) and electrolyte concentration (Samples 04 and 08). Increasing
the potential from 10 to 25 V increased the diameter of the resulting nanotubes from
40 to 110 nm. No significant difference was observed in the pore size for anodiza-
tion times of 1 h (Sample 04) and 6.5 h (Sample 07) or for electrolyte concentrations
1 mol/L H,SO4 (Sample 04) and 2 mol/L H,SO,4 (Sample 08).
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Table 1.3 Electrolyte pH and composition, anodization conditions, and size of the resulting
nanotubes [43]

No.  Elecrolyte®® pH® VvV t D L Q°
F~ SO, POS~ Cit (V) () (nm) (pm)
01 01 1.0 - - <1 5 1 1042 - No NT
02 01 1.0 - - <l 10 1 40+5 0.2840.02 NT
03 01 1.0 - - <1 15 1 80+9 - NT
04 01 1.0 - - <1 20 1 100411 048+0.03 NT
05 01 1.0 - - <1 25 1 110£12  0.56+0.04 NT
06 01 1.0 - - <l 30 1 - - No NT
07 01 1.0 - - <l 20 65 100+11 043+0.03 NT
08 01 20 - - <l 20 1 100£11  045+0.03 NT
09 01 1.0 - 02 13 10 20 30+5 0.3240.03 NT
10 01 1.0 - 02 28 10 20 3045 0.594+0.05 NT
11 01 10 - 02 28 15 20 5045 1.004£0.05 NT
12 01 1.0 - 02 28 25 20 115+10 1.50+0.04 NT
13 01 1.0 - 02 38 10 20 30+5 0.80+£0.06 NT
14 01 1.0 - 02 38 10 60 30+5 1.80+0.06 NT
15 01 1.0 - 02 38 10 90 30+5 230+0.08 NT
16 01 1.0 - 02 45 10 20 3045 1.05+0.04 NT
17 01 1.0 - 02 45 25 20 11545  440+0.10 NT
18 01 1.0 - 02 50 10 20 30+5 1.404£0.06 NT
19 01 1.0 - 02 50 25 20 11545  6.00+£040 NT
19 01 1.0 0.1 02 64 10 24 - - No NT
20 - 2.0 - - <1 10 24 - - No NT

“Electrolyte components are in mol/L

pr< 1 represents a 1.0 or 2.0 mol/L H,SO4 medium

“Quality Q of resulting nanotubes. NT: nanotubes uniformly across substrate. No NT: no nano-
tubes or partly developed nanotube/porous structures

dCit citrate; ¢ time; D inner diameter of nanotube; L length of nanotube

°S0,>~ is from addition of H,SO, or NaHSO,; PO,>~ is addition of potassium hydrogen phosphate
K,HP;0,; Cit denotes citric acid from its salt, HO(CO,Na)(CH,CO,Na),*2H,0O

Electrolyte pH affects both the behavior of the electrochemical etch and the
chemical dissolution due to the hydrolysis of titanium ions. With increasing pH the
hydrolysis content increases and it, in turn, slows the rate of chemical dissolution.
As shown in Fig. 1.7 (Samples 10 and 13 for 10 V and 12 and 17 for 25 V) and
Table 1.3, longer nanotubes are formed in higher pH solution. With a potential of
25 V and with pH increasing from strong acidity (Sample 05, pH< 1) to weak
acidity (Sample 17, pH 4.5), nanotube length increased from 0.56 to 4.4 pum; for
10 V equivalent sample lengths increased from 0.28 um (Sample 2, pH<1) to
1.4pum (Sample 18, pH 5.0). At a specific pH value, the length increases with
applied potential (Samples 10-12 and 16—17). When the potential increased from
10 to 25 V the length increased from 0.59 to 1.5um for pH=2.8 and from 1.05 to
4.4um for pH=4.5. Also, at a specific pH, the pore size of the nanotubes increases
with anodization potential; this is shown in the inset of Fig. 1.7 (Samples 10, 11, and
12). However, at a specific applied voltage, the pore size was independent of pH.

Samples 04 and 07 illustrate that increasing the anodization time does not
increase the nanotube length in highly acidic electrolytes, i.e., pH< 1. Samples 13
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Fig. 1.7 Lateral view of the nanotubes formed in different pH solutions (pH>1). The anodization
conditions for each sample are listed in Table 1.3. Inset to Samples 10 and 12 show variation of
pore size with anodization potential for a pH 2.8 electrolyte [43]
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to 15 show that nanotube length is time-dependent in weakly acidic electrolytes, see
Fig. 1.7; increasing the anodization time from 23 to 90 h increases the length from
0.8 to 2.3 um. At increased pH values the hydrolysis content increases and that, in
turn, produces a significant amount of hydrous titanic oxide as a precipitate on the
nanotube surface. The best pH values for formation of longer nanotubes appeared
between three and five; lower pH values produced shorter but clean nanotubes and
higher pH values produce longer tubes with unwanted precipitates. Alkaline solu-
tions are not favorable for self-organized nanotube formation. In the case of Sample
19, see Table 1.3, the anodization was done in pH 6.4 with 0.1 mol/L PO43* with no
nanotubes produced, rather a dense layer of hydrous TiO, salts; in the presence of
phosphate ions a more acidic electrolyte is required to avoid titanic phosphate
precipitate. No nanotube array formation has been achieved without F~, even in
2 mol/L H,SOy solutions, see sample 20.

1.3.1 Step-by-Step Procedure: Solution Preparation, Mixing
and pH Adjustment

With anodic oxidation of titanium in a KF bath, titanium foil 0.25 mm thick 99.7%
purity from Aldrich is used as the anode, and platinum as the cathode. Anodization
performed at 25 V in a KF bath pH of 6.0 for 17 h results in 6 um long, amorphous
titania nanotube array film.

1.3.2 Solution Set Preparation

S1 Using sodium hydrogen sulfate monohydrate (Reagent grade from Alfa Aesar,
Formula weight — 138.07), make 2.0M solution (to make 500 ml solution, add
138.07 g of NaHSO, in D.I. water).

S2 Using sodium citrate tribasic dihydrate (ACS reagent >99% from Sigma
Aldrich, Formula weight — 294.1), make 1.0M solution (to make 250 ml solution,
add 73.625 g of sodium citrate in D.I. water).

S3 Using sodium hydroxide (anhydrous, 97% from Alfa Aesar), make a
saturated solution adjusting solution pH.

S4 Using potassium fluoride (ACS reagent from Alfa Aesar, Formula weight —
58.1), make 2.0M solution (to make 250 ml solution, add 29.05 g of KF in D.I.
water).

We mix 1.0M sodium hydrogen sulfate (§7), 0.2M sodium citrate (S2) and 0.1M
potassium fluoride (S4) solution to prepare KF buffer solution. The steps for making
100 ml KF buffer solution of pH 5.0 are as follow:

Step 1 Take 50 ml solution from S/ and mix with 20 ml solution S2.
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Step 2 Measure pH of the solution (it will be less than 1). Add S3 solution until
pH becomes 4.5. (Note: Adding NaOH to acid solution results in a warm solution;
let it stand normalized to room temperature for 2 h).

Step 3 Once solution temperature equates to room temperature, add S3 solution
to make pH close to 4.85. Add D.I. water to make the total volume 90 ml.

Step 4 Add a few drops of S3 solution to make the pH 5.0. (Note: at this stage,
even a single drop of saturated NaOH solution can make a great change in pH).

Step 5 Add D.I water to make volume 95 ml.

Step 6 Add 5 ml of S4 solution, bringing total volume to 100 ml. Mix the solution
in a Nalgene (or plastic) beaker.

When titanium foil is anodized in a KF electrolyte, the solution sometimes wicks
(travels) up the sample and touches the clips holding the Ti foil. This problem can
be avoided by making an electrical contact to Ti foil with a copper wire, typically
using a conducting epoxy, and covering the rest of the area with non-conducting
epoxy. There should be 2—4 cm separation between the anode and cathode during
anodization. The size of the foil sample exposed to the bath should be chosen to
avoid electrolyte heating and its resulting affect upon the growth and morphology
of nanotube arrays. When anodization is completed leave the applied voltage on the
sample, but remove the sample from the bath and drop it into D.I. water, thoroughly
washing it. A white precipitate on the top surface will occur if the pH of the bath is
>6.0; the precipitate can be removed by applying ultrasonic agitation to the sample
in D.I. water for 10-15 s, followed by a subsequent wash and nitrogen dry.

To achieve high-aspect-ratio growth of TiO, nanotubes, Macak and co-workers
sought to adjust the dissolution rate of TiO, by localized acidification at the pore
bottom while a protective environment was maintained along the pore walls and at
the pore mouth [45, 69, 97, 98]. Localized acidification at the pore bottom follows
from the oxidation and hydrolysis of elemental titanium. Using a buffered neutral
solution as electrolyte and choosing the proper anodic current value, acid can be
created at the pore bottom while higher pH values are established at the pore mouth
as a result of migration and diffusion effects. A voltage-sweep was applied to
achieve a steady current and to establish the desired pH profile. For this purpose,
Ti foil 0.1 mm thick with 99.6% purity was anodized in a 1.0M (NH4),SO4
electrolyte containing 0.5 wt% NH,4F, using a potential sweep from open-circuit
potential to 20 V with a sweep rate 0.1 Vs~ . The resulting self-organized nanopor-
ous TiO, had a thickness of about 2.5 um and pore diameters in range between 90
and 110 nm. Higher sweep rates resulted in wider pores [97].

1.3.3 Anodization with Constant Current Density

Anodization of Ti foil using a constant current density of 0.5-1 mA/cm?” in 1.0M
(NH4)>S04+40.5 wt% NH4F electrolyte resulted in a tubular structure [99]. Sam-
ples anodized at 1 mA/cm?® resulted in a 950 nm thick tubular layer, with a tube
diameter ranging from 60 to 90 nm. It was found that for current densities lower
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than 1 mA/cm? the cell voltage rapidly increases and then plateaus. For currents
densities ranging from 1 to 2 mA/cm?, after a slight delay voltage oscillations begin
that result in layered structures. For an anodic current density of 1 mA/cm?, voltage
oscillations begin at about 90 min. Damped oscillations were observed in all
experiments with anodic current densities between 2 and 4 mA/cm?. For higher
current densities, the delay time decreases strongly and often is less than 5 min for
anodization currents of 4 mA/cm?. Ti samples anodized at 0.5 mA/cm? are porous
and have a layer thickness of 500+ 100 nm, with the layer consisting of individual
tubes with a tube diameter of 40+ 10 nm. Samples anodized at 0.75 mA/cm? show a
900 nm thick tubular layer with tube diameters of 60+ 10 nm. For anodization at 1
orl.1 mA/cmz, where no potential oscillations were detected, the thickness and the
tube diameter are, respectively, 950 nm and 75+15 nm. It is evident from the
potential vs. time curves that the “steady” potential amplitude before oscillations
occur depends only weakly on the current, i.e. a value of about 11 V is observed for
0.75, 1, 1.1 mA/cm?. In all cases nanotube array films about 900 nm thick with
60 nm pore diameters are obtained. Results suggest that, indeed, to a large extent
potential determines the tube diameter.

The potential vs. time behavior was observed in constant current density anodi-
zation experiments on Ti in 1.0M (NH,4),SO4+0.5 wt% NH4F electrolyte [99]. A
voltage maximum in the first few minutes is ascribed to the growth of a compact
layer. After the initial peak the voltage decreases, indicating the onset of the first
breakdown events due to the presence of F~ ions. At the breakdown sites the pores
nucleate and deepen; the longer electrolyte path causes the potential necessary to
drive the same current to slightly increase. In the oscillation-free cases, a steady
state situation is eventually attained where the chemical dissolution and growth
rates balance and the layer thickness remains unchanged.

The difference in electrolyte pH, which in turn determines oxide dissolution rate,
leads to significant variation in tube length and pore diameter. Anodizing the
titanium foil at a constant potential of 20 V after a potential ramp of 0.1 V/s in
1M Na,SO, electrolyte with 0.5 wt% NaF for about 6 h resulted in a highly ordered
porous TiO, layer of a maximum 2.4 um thickness and typical pore diameters of
100 nm [100]. However, in 1M (NH4)H,PO, containing 0.5 wt% NH4F TiO,
nanotubes formed at 20 V had a maximum length of 4 um with a pore diameter of
100 nm after 40 h of anodization. The nanotube length and pore diameter are, 500
and 50 nm, respectively, for IM H3PO4+0.5 wt% HF, and 4pum and 100 nm in 1M,
respectively, for (NH4)H,PO4+0.5 wt% NH,F [69, 70, 101, 102]. DC magnetron
sputtering of titanium films, less than a micron in thickness, on silicon substrates at
a substrate temperature during deposition of 500°C were shown to form nanotube
arrays upon anodization in 1M Na;SO4+0.2M citric acid with the addition of 0.4 wt
% NaF in the potential range from 10 to 20 V [103, 104]. At 20 V, the length and
average tube outer diameter of the arrays were, respectively, 458 and 100 nm.

Efforts were made to study different cations in neutral sulfate-containing elec-
trolytes and compare their influence on the pore morphology and thickness of
nanoporous oxide films grown on titanium [105]. In each electrolyte, both the
anionic fluoride and sulfate ions are coupled to identical cations of ammonium,
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cesium, and potassium or sodium. A three-electrode configuration was used for
anodic oxidation at 20 V. Top views of samples formed in 0.2M Cs,SO4+0.5 wt%
CsF show a non-uniform structure with some small patches of pores between large
non-porous areas. Samples fabricated in 0.2M K,SO4+0.5 wt% KF showed some-
what organized pores covering almost all the entire area (~99%) were coated with a
precipitated whisker-like layer of insoluble salts. The porous structure formed by
anodization in 1M Na,SO4+0.5 wt% NaF and 1M (NH4),SO4+0.5 wt% NH4F
solutions resulted in far more homogenous tubular structures; after an anodization
of several hours, the nanotube layers were uniform and regular, with little precipi-
tate. Cross-sectional images of the self-organized nanotubes formed in Cs* and K*
electrolytes revealed that the nanotubes were covered with a precipitate layer; the
layer interfered with the continuity and uniformity of the ion flow. Nanotube array
lengths of about 500 nm were achieved [105]. When anodizing in Na*- or NH,*-
electrolytes the resulting structure consisted of self-organized, vertically standing,
and well-adhered nanotube array layers on the Ti substrate [105]. For anodization
times of 2 h or more there was little indication of debris or precipitates. The
maximum nanotube length achieved in sulfate-based electrolytes was 2.4 pm
with addition of NaF [47], and 2.5 um with the addition of NH4F [45].

1.4 Synthesis of Nanotube Arrays Using Polar Organic
Electrolytes: The Third Generation

1.4.1 Using Formamide and Dimethyl formamide electrolyte

Figure 1.8 shows nanotubes nearly 70 pm long grown in a formamide (FA) based
electrolyte, 48 h anodization at a constant potential of 35 V [51]. The average outer
diameter of the nanotubes is approximately 180 nm, resulting in an aspect ratio of
~390; the average and wall-thickness is about 24 nm. The key to successfully
growing long nanotube arrays is to keep the water content of the anodization bath
below 5%. With organic electrolytes, compared with water, the reduced availability
of oxygen reduces oxide formation [106]. At the same time reduced water content
decreases the chemical dissolution of the oxide in fluorine-containing electrolytes
thus aiding formation of longer nanotubes. Illustrative formamide electrolyte com-
positions include formamide (99%) and/or N-methylformamide (NMF; 99%) solu-
tions containing 1-5 wt% of deionized water and 0.3-0.6 wt% NH4F (98%) [51, 53,
107]. Nanotubes with a smaller pore diameter but approximately 10% longer were
obtained using a NMF electrolyte. Lower anodization potentials generally result in
shorter nanotubes with smaller diameters. The increase in nanotube length with
anodization voltage is attributed to the increased driving force for ionic transport
through the barrier layer at the bottom of the pore, in turn resulting in faster
movement of the Ti/TiO, interface into the Ti metal. As seen for the aqueous and
buffered aqueous electrolytes, pore diameter increases with anodization voltage.
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68.9 micrometers

100nm

Fig. 1.8 FESEM images of TiO, nanotubes grown in FA based electrolyte at 35 V for 48 h
showing: (a) cross-section at lower magnification, (b) cross-section at high magnification, and
(c) top surface image [51]
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The range of applied anodization potentials over which nanotube arrays are
obtained in FA/NMF based electrolytes, 10 to 50 V, is significantly larger than
aqueous KF or NaF electrolytes, 10 to 29 V. With FA/NMF based electrolytes
anodization at 60 V is unstable with sharp fluctuations in the current; anodization at
voltages below 10 V was not attempted. The anodization duration is also important
since lengths increase with time up to a maximum length, beyond which they
shorten, presumably due to dissolution-induced cleaving of the tubes. For example,
with a 35 V anodization potential and duration of 48 h the average length was
70 um, after 88 h it was 30 um and after 164 h it was only 10 pm. The time to
maximum length is a function of the anodization voltage, and the lower the voltage
the sooner the maximum is reached.

Shankar and co-workers [53] used formamide-water mixtures containing fluo-
ride ions to study the effect of five different cationic species on TiO, nanotube array
formation. Cation choice is a significant factor both in nanotube growth rate and its
length. Under similar conditions, electrolytes containing the cation tetrabutylam-
monium (from tetrabutylammonium fluoride BuyNF) produced the longest nano-
tubes, about 94 um. The shortest nanotubes, about 3 pm, grew when H* ions were
the only cationic species in the electrolyte. This length difference is attributed to the
inhibitory effect of the quaternary ammonium ions that restrict the thickness of the
barrier oxide layer; a thinner interfacial oxide layer facilitates ionic transport and
thus enhances nanotube growth. The aspect ratio of the resulting nanotubes is also
voltage dependent with the highest aspect ratio, about 700, obtained at an anodizing
voltage of 20 V in an electrolyte containing tetrabutylammonium ions. Table 1.4

Table 1.4 Effect of cation type, cation concentration, and anodization duration on the morpho-
logical features of TiO, nanotube arrays, at a fixed potential. In every case the electrolytes contain
5% water in formamide and anodization was performed at room temperature, 22°C. The anodiza-
tion duration is the approximate time required to obtain maximum nanotube length [53]

Cation Molar (M) cation Anodization Outer Wall Nanotube
concentration duration (h) diameter (nm) thickness  length (um)
(nm)

Anodization voltage 35 V

H* 0.14 101 256 21 5.6
H* 0.27 48 214 20 7.3
NHs®  0.14 88 208 17 29.2
NH, 027 30 159 15 374
Na* Saturated solution 43 48 18 9.6
(~0.04)

BuN* 027 48 190 22 68.9
Anodization voltage 20 V

H* 0.27 48 99 22 29
NH,;*  0.14 55 90 19 144
NHs® 027 24 90 17 19.6
BuN"  0.27 34 90 16 352
Anodization voltage 15 V

NH,* 0.14 110 81 29 8.2
BuN* 027 46 80 15 20.0

BnMe;" 0.27 42 70 18 2082
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summarizes the effect of different cations and cation concentrations on the nano-
tube morphology for formamide-based electrolytes containing 5% water at differ-
ent anodization potentials. A trend of decreasing wall-thickness at higher fluoride
ion concentrations is attributed to increased chemical etching by higher F~ concen-
trations. At larger anodization voltages, the driving force for ionic transport through
the barrier layer at the bottom of the pore is greater and results in faster movement
of the Ti/TiO, interface into the Ti metal. This enhanced pore deepening resulted in
greater nanotube lengths obtained at larger anodization voltages. Figure 1.9 shows,
respectively, the real time constant potential anodization behavior of Ti anodized at
20 V in 95% formamide+5% water solutions containing 0.27M of NH4F, (C4H7),
NH4F, HF and C¢Hg(CH3); NH4F. Figure 1.10 shows the real time anodization
behavior of Ti foil anodized at 20 V in electrolytes containing an identical concen-
tration of NH4F (0.27M) but with different amounts of water, ranging from 100%
water (no formamide) to 2.5% water+97.5% formamide. For a given electrolyte
we observe an increase in the nanotube diameter as the anodization voltage is
increased [41, 108]. At anodization potentials from 10 V to about 20 V the nanotube
length increases faster than nanotube diameter, i.e. increasing voltage results in an
increased aspect ratio. At potentials larger than 20 V the increase in length was less
dramatic and generally matched by the increasing pore diameter. Consequently,
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for the electrolytes investigated the highest aspect ratio nanotubes are obtained at a
potential of 20 V.

Maximum nanotube length was obtained with a shorter anodization period,
implying a faster growth rate. We attribute this behavior to: (a) a thinner interfacial
oxide layer promotes faster migration of the oxide-metal interface into the metal,
(b) a decrease in the rate of chemical etching, and (c) the higher conductivity and
smaller solvation shell of the BuyN™ ion that enables a greater amount of charge to
enter. Quaternary ammonium salts effectively inhibit the acid corrosion of metals in
the presence of halide ions [109]. The inhibitory effect of quaternary ammonium
salts is explained by structuring the solvent in the diffuse part of the electrical
double layer and by decreasing the mobility of hydronium ions in the near-electrode
layer [110]. The inhibiting action of organic compounds containing polar groups
such as nitrogen and sulfur is also based on the adsorption ability of the molecules
where the resulting adsorbed film protects the metal from corrosion.

1.4.2 Dimethyl Sulfoxide Electrolytes

In 2005, Ruan and co-workers reported synthesis of titania nanotube arrays by Ti
anodization in an electrolyte comprised of a fluorinated dimethyl sulfoxide
(DMSO) and ethanol mixture [111], with the addition of ethanol limiting nanotube
array length to ~2.5 um. Nanotube arrays of extended length from DMSO electro-
lytes were reported by Paulose and co-workers in 2006 [51]. Ti foils were anodized
at different DC voltages in a two-electrode electrochemical cell using an electrolyte
containing DMSO (99.6%) and hydrofluoric acid (HF, 48% aqueous solution). The
anodization voltages were varied from 10 to 70 V, HF concentration varied from
1 to 6%, and anodization duration from 20 to 90 h [51, 112]. To effectively template
the surface, some samples were pre-anodized in a 0.5% HF aqueous solution at
20 V before anodizing in a 2.0% HF-DMSO solution at 40 V. Electrode spacing was
maintained at 1 cm. All experiments were conducted at room temperature, approxi-
mately 22°C. Voltage affects pore size, wall thickness, and length of the nanotubes,
as shown in Table 1.5. After anodizing at 40 V the wall thickness was in the range
of 8—17 nm, the variation was because of fluctuations in dissolution of the titanium
metal. An average wall thickness of about 15 nm increased to approximately 30 nm
with crystallization; as a result the inner diameter of the annealed nanotubes

Table 1.5 Effect of anodization voltage on the morphology of the resulting TiO, nanotube arrays,
for a 70 h 2% HF-DMSO anodization [112]

40 V anodized sample 60 V anodized sample
Pore size (nm) ~120 ~150
Bottom size (nm) ~250 ~400
Wall thickness (nm) ~15 (8=17 nm variation) ~50
Length (um) 45 (after sonication) 93

Calculated geometrical surface area ~1800 ~3200
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reduced from about 120 to 105 nm. The nanotube array packing appears to be very
nearly an ideal hexagonal close packed arrangement. Figure 1.11 shows FESEM
images of samples prepared in the 2.0% HF-DMSO solution and anodized at 40 V
(images a,c,e) and 60 V (images b,d,f) for 70 h [51, 112]. The surface of the as-anodized
nanotube samples are covered with unwanted debris, precipitate from solution that can
be removed by ultrasonic agitation. The vertical alignment of the nanotubes and the
general morphology are independent of the voltage, and the nanotube arrays are
separated from the underlying titanium foil by a dense barrier layer.

Fig. 1.11 FESEM images of a TiO, nanotube array sample grown from a 2.0% HF-DMSO
electrolyte for 70 h at: (a,c,e) 40 V and (b,d.f) 60 V. Top surface images are seen in (a,b), cross
sectional images in (c,d), and tube bottom view images, removed from the underlying barrier
layer, are seen in (e,f) [51, 112]
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Anodization parameters include voltage, HF concentration, electrolyte water
content, and anodization time. Each plays a key role in determining the nanotube
length of the resulting nanotubes. In Fig. 1.12a the length of nanotubes formed on
samples with and without a pre-anodization treatment, in effect making a template
of the Ti foil surface, is seen to increase with anodization voltage. A maximum
length is achieved at 60 V, a dramatically decreased length is achieved at 70 V, and
at 80 V the Ti foil sample dissolved into the electrolyte after 24 h. Titanium foils
that were pre-anodized in 0.5% HF in water at 20 V for 20 min followed by
anodization in 2.0% HF containing DMSO electrolyte showed superior growth
rates. The maximum length obtained was 101 um upon anodizing a pre-anodized
sample in 2.0% HEF-DMSO at 60 V for 70 h.

To increase nanotube length it is necessary to reduce the chemical dissolution of the
oxide at the pore mouth while maintaining active growth at the bottom of the pore.
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Fig. 1.12 Variation of TiO, nanotube array length as a function of (a) applied voltage for a 70 h
anodization using 2%HF-DMSO electrolyte with and without a pre-anodization step to template
the surface; (b) HF concentration in DMSO for 40 and 60 V 70 h anodization; (c¢) variation of
nanotube length obtained from a 2.0% HF-DMSO electrolyte containing different deionized water
concentrations (40 V, 40 h); and (d) duration for a 40 V anodization in 2.0% HF-DMSO
electrolytes with 0%, 3% and 5% deionized water content [112]
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DMSO, being protophilic, accepts a proton from HF that, in turn, reduces its activity.
DMSO modifies the space charge region in the pores and thereby avoids lateral
etching. This leads to steady pore growth and decreased chemical etching of the
nanotube walls. Figure 1.12b shows the effect of HF concentration on nanotube
length. A 2.0% HF DMSO electrolyte yielded the maximum nanotube length at
applied voltages of 40 and 60 V. HF concentrations more than 2.0% appear to result
in faster etching of the TiO,. At HF concentrations below 2%, the nanotube growth
rate is so small that extended anodization durations are required to achieve the similar
tube lengths.

While adding water to the electrolyte ensured field-assisted etching of the Ti foil
at the pore bottom, water also assisted chemical dissolution that opened the pore
mouth, resulted in thinner nanotube walls, and dissolved the end of the nanotube.
Figure 1.12c summarizes the length of the nanotube arrays obtained as a function of
water content in 2.0% HF-DMSO electrolytes anodized at 40 V for 40 h. It shows a
decreased tube length accompanies increased water content. Addition of water to
the electrolyte greatly improved adhesion between the nanotubes and underlying
oxide barrier layer, alleviating a problem common to nanotube arrays synthesized
in DMSO electrolytes. Figure 1.12d indicates the lengths achieved at 40 V in
electrolytes containing 0%, 3% and 5% water as a function of anodization duration.
A duration of 70 h yielded tubes of maximum length. Anodization duration also
affects the top-surface features of nanotube arrays. Anodization times less than 40 h
usually produces tubes clogged with surface debris, that is solution precipitate.
Longer anodization times result in more titanium dissolution in the electrolyte,
which leads to higher electrolyte conductivity that, in turn, helps prevent precipita-
tion from occurring on the top surface of the nanotubes.

In common with the electrodeposition of ZnO nanostructures using DMSO, as
reported by Choi [113, 114], the use of previously used electrolytes affects the
length and pore size of the TiO, nanotubes achieved by anodization. The most
important advantage offered by “used” electrolytes was greatly improved adhesion
between the nanotubes and the underlying oxide barrier layer. The conductivity of
2.0% HF-DMSO used for anodization of one Ti sample, 40 V for 70 h, is approxi-
mately 100.6puS/cm in comparison with 8.76 uS/cm for a fresh electrolyte. The
electrolyte conductivity increases with extended anodization durations because
more titanium ions dissolve in the electrolyte; it was 160.1uS/cm for a 140 h
duration anodization. Compared with fresh electrolytes, previously used electro-
lytes usually yielded nanotubes of shorter length. For example a fresh 2.0% HF-
DMSO electrolyte resulted in 53 um long nanotubes after a 40 V 24 h anodization
and then using the same solution again for a subsequent 40 V 70 h anodization gave
nanotubes 50 pum in length.

The higher conductivity of used electrolytes is useful in initiating nanotube
growth; therefore, we observed faster initial rates of nanotube formation in used
electrolytes. Also, nanotubes obtained from used electrolytes do not suffer from
debris, and have open, unclogged pores: there is no need for surface cleaning by
sonication. This is probably because a slightly higher chemical etching rate dom-
inates the reaction. Tubes grown from used electrolytes also have thicker walls,
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approximately 100 nm, that are much rougher, and pore sizes of about 70-90 nm,
compared with 120 nm for nanotubes obtained using fresh electrolytes.

1.4.3 Ethylene Glycol Electrolytes

Using ethylene glycol (EG) electrolytes, TiO, nanotube arrays were prepared at
anodization voltages ranging from 20 to 65 V, with NH4F concentration ranging
from 0.1 to 0.5 wt%, and with H,O content ranging from 1 to 4% [51, 54]. Table 1.6
summarizes the observations for NH4F concentrations ranging from 0.25 to 0.5 wt%,
and H,O concentrations from 1 to 3 vol% for a 17 h anodization at 60 V as obtained
using a fresh solution and a solution that had been used once under the same
conditions. We found that: (i) the length increases with increasing NH4F concentra-
tion up to 0.3 wt%:; (ii) for NH4F concentrations up to 0.3% wt the nanotube length
increases with increasing H,O concentration up to 2 vol%; and (iii) between 0.1 and
0.3 wt% NH,4F and 1-2 vol% H,O the used solution, in comparison to use of a fresh
solution, exhibited an increase in nanotube length ranging from 15 to 70 um for the
same applied potential and duration. While used solutions result in sharply higher
growth rates for anodization potentials of 60 V and above, at the lower anodization
potentials of 2040 V the fresh and used solutions produced similar growth rates.
Nanotube lengths obey a power law dependence on applied voltage between 20
and 60 V for the same anodization duration. Table 1.7 shows, for a 17 h anodiza-
tion, the length produced at 20, 40, 50, 60 and 65 V in a fresh electrolyte mixture of
0.3 wt% NH,4F and 2 vol% H,O in ethylene glycol were, respectively, 5, 30, 45, 165

Table 1.6 Summary of nanotube length, in pm, obtained by varying the H,O concentration from
1.0 to 3.0 vol% and NH4F from 0.1 to 0.50 wt% in ethylene glycol (anhydrous) with respect to
fresh and once-used solution [54]

0.1% wt 0.3% wt 0.5% wt
NH4F NH,F NH4F

1% vol Fresh 5470 67 47

H,0 Used 70 156 115

2% vol Fresh 8570 165 10

H,O Used 70 220 45

3% vol Fresh - 136 8

H,O Used - 100 66

Table 1.7 Summary of the nanotube inner diameter, outer diameter, and length obtained at
different voltages for a 17 h anodization in a fresh, un-used ethylene glycol electrolyte containing
0.3 wt% NH4F and 2 vol% H,0 [54]

Voltage (V) Inner diameter (nm) Outer diameter (nm) Length (um)
20 45 65 5

40 70 115 30

50 90 140 45

60 105 155 165

65 135 185 105
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and 106 um. At 80 V potential and 22°C, with a variety of electrolyte combinations
the Ti foil sample simply corroded. The FESEM images of Fig. 1.13 illustrate the
remarkable self alignment exhibited by the nanotube arrays, in bottom, Fig. 1.13a,
top, Fig. 1.13b, and side, Fig. 1.13c and Fig. 1.13d, views of an illustrative sample
anodized in 0.3 wt% NH4F and 2% H,O in ethylene glycol for 17 h.

The current-time behaviors during fixed-potential anodization of Ti samples in
ethylene glycol electrolytes, e.g. fresh 0.3 wt% NH,F, 2 vol% H,0, are broadly
similar. All exhibit initially stable or near-stable anodization current followed by a
rapidly decreasing current until the current reaches a well-defined plateau and then
slowly decreases. During the initial high current period gas evolution at the anode is
observable. Since gas evolution requires electronic charge transfer, this is indicative
that electronic conduction dominates early in the process. After initial formation of
an insulating oxide layer the current drops rapidly; in this region electronic con-
duction decreases blocked by the formed oxide and ionic conduction through the
TiO, increases. Once the oxide layer is completed over the entire exposed anodic
surface electronic conduction through the TiO, barrier layer becomes negligible
and all conduction is ionic.

Fig. 1.13 Tllustrative FESEM images showing topology of a Ti sample anodized in an electrolyte
comprised of 0.3 wt% NH,4F and 2 vol% H,O in ethylene glycol at (a—c) 60 V, and (d) 65 V
[51, 54]



28 1 Fabrication of TiO, Nanotube Arrays by Electrochemical Anodization

The reaction rate was examined by anodizing titanium foil samples at 60 V in a
fresh (un-used) solution of 0.3% wt NH4F and 2 vol% H,O in ethylene glycol for
different durations. The samples anodized for 4 h, 17 h, 21 h, 48 h and 96 h
exhibited, respectively, lengths of about 58, 160, 188, 289 and 360 um. The lengths
obtained at intervals up to 21 h are proportional to the charge passed during those
time intervals and indicate the current efficiency is constant. After accounting for
the porosity of the structure and the titanium dioxide dissolved during the formation
of the nanotube structure, the effective current efficiency for TiO, formation is
nearly 100%. This indicates almost no side-reactions occurred during the anodiza-
tion process; there was negligible bulk chemical dissolution of formed TiO,
nanotube arrays. The proportionality between the charge passed and the length of
formed TiO, nanotubes, when adjusted for the porosity factors, also held for
anodization potentials lower than 60 V; current efficiency decreased at larger
voltages. Figure 1.14 shows cross sectional FESEM images of the samples. The
as-anodized samples show surface debris, which is easily removed by ultrasonic
cleaning in D.I. water for 15-30 s.

Approximately 1 min of ultrasonic agitation resulted in separation of the nano-
tube array film from the underlying Ti substrate, resulting in a self-standing
membrane of close-packed, vertically oriented TiO, nanotubes. Figure 1.15

Fig. 1.14 Cross sectional FESEM images showing the titania nanotube array lengths achieved as a
function of anodization duration (60 V, ethylene glycol containing 0.3 wt% NH4F and 2 vol% H,0) [54]
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Fig.1.15 FESEM images of different magnifications showing the bottom and partial cross-section
of a self-standing nanotube array film, synthesized by 60 V fixed-potential anodization of a Ti
sample in an ethylene glycol electrolyte containing 0.3 wt% NH4F and 2 vol% H,O in ethylene
glycol [54]

Fig.1.16 FESEM images of a 720 um thick membrane synthesized using a fixed 60 V potential for
complete, double-sided anodization of a Ti sample after 96 h [54]

shows the back-side FESEM images of such a self-standing membrane array as
synthesized in 0.3% wt NH4F and 2 vol% H,O ethylene glycol at 60 V; the outer
tube diameter is 165 nm. The nanotube arrays, 360pm long and 165 nm outer
diameter, have an aspect ratio of approximately 2,200. During a double-sided
anodization process, with both sides of the starting Titanium foil exposed to the
anodizing electrolyte, the 250 um thick Ti foil is becomes fully anodized at about
96 h into a 720 um thick nanotube film, see Fig. 1.16.
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A maximum nanotube growth rate was observed at 60 V with ethylene glycol
electrolytes. The optimum water concentration for the highest growth rates with
different NH4F concentrations follows the pattern shown in Fig. 1.17. Within a given
range of NH4F and H,O concentrations the anodic dissolution due to the increased
wt% NH4F is compensated by the increase in H,O concentration and results in
greater growth rates and hence longer nanotubes. Figure 1.17 shows the range of
H,0 and NH4F concentrations for which complete anodization of 0.25 and 0.5 mm
Ti foil samples were achieved. From 0.1 to 0.5 wt% NH4F with 2% water, 0.25 mm
foil samples were completely anodized and produced two 320 to 360 um nanotube
arrays separated by a thin barrier layer. The longest tubes were obtained in a solution
containing 0.3 wt% NH,4F and 2% H,0 in EG for 96 h. After anodizing 0.5 mm foil
in an identical electrolyte for 168 h (7 days), the maximum thickness was about 380 .
m. This suggests the active electrolyte species was completely utilized. Complete
anodization of a 0.5 mm foil was achieved in an electrolyte containing 0.4-0.6%
NH4F and 2.5% H,0 in EG (Fig. 1.17); the length of nanotube array on each side was
538 um and it was achieved by completely anodizing 0.5 mm foil at 60 V for 168 h in
0.4 wt% NH4F and 2.5% water in EG. As shown in Fig. 1.18, a maximum individual
nanotube array length of 1005 pum was obtained upon anodizing 2.0 mm thick Ti foil
at 60 V for 216 h (9 days!) in 0.5 wt% NH4F and 3.0% water in EG. The foil, which
was simultaneously anodized on both sides, formed the self-standing nanotube
membrane shown in Fig. 1.19; it is over 2 mm thick.

1.4.3.1 Membrane Fabrication

By controlling the various anodization parameters it is possible to vary the tube-to-
tube connectivity and hence packing density of the nanotubes within an array.
Maximum nanotube packing density is achieved using an ethylene glycol electro-
lyte; the nanotube coordination number is usually six, i.e. each nanotube is sur-
rounded by six others, with strong bonding between adjacent tubes. This structure
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Fig. 1.18 FESEM image of the top half of a completely anodized 2.0 mm thick Ti foil sample. The
maximum individual nanotube array length of 1005um was obtained by anodizing the Ti foil
sample at 60 V for 216 h in 0.5 wt% NH,4F and 3.0% water in ethylene glycol [115]

Fig. 1.19 Cross sectional view of self-standing titania membrane over 2 mm thick achieved by
anodizing a 2.0 mm thick Ti foil sample at 60 V for 216 h in 0.5 wt% NH4F and 3.0% water in
ethylene glycol [115]

is most useful for achieving a mechanically robust, i.e. non-fragile, membrane of
uniform pore size suitable for use in filtration applications [115, 116].

We used an electrolyte composition of 0.3 wt% ammonium fluoride and 2 vol%
water in ethylene glycol for membrane fabrication. Anodization was done at room
temperature with a platinum foil cathode. A nanotube about 220 um long with pore
size 125 nm and standard deviation of 10 nm, resulted when anodization was
performed at 60 V for 72 h. The as-anodized samples were then dipped in ethyl
alcohol and subjected to ultrasonic agitation until the nanotube array film separated
from the underlying Ti substrate. The compressive stress at the barrier layer-metal
interface facilitates detachment from the substrate. Figures 1.20a, b show FESEM
images of the membrane top and bottom surface at varying degrees of
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Fig. 1.20 FESEM images of: (a) Top side of nanotube array film. (b) Back-side or barrier layer
side of nanotube array film. (c,d) Cross sectional image of mechanically fractured nanotube array
film showing its tubular nature [115]

magnification, while Fig. 1.20c, d are cross-sectional images of a mechanically
fractured sample.

Figure 1.21a shows the backside, i.e. the barrier layer side of an as-fabricated
nanotube array film, see Fig. 1.20, after it is opened with a dilute hydrofluoric acid/
sulfuric acid solution treatment. Figure 1.21b shows a partially opened back-side;
the acid rinse is repeated until the pores are completely opened as seen in Fig. 1.21c,
after which the membrane is ultrasonically cleaned to remove any etching asso-
ciated debris.

The planar membranes, perfectly flat while wet, significantly curl after removal
from the liquid and dried in air, Fig. 1.22, making them unsuitable for filtering
applications. Since the surface tension forces of the solution acting on the mem-
brane were mainly responsible for this behavior, rinsing with low surface tension
liquids facilitates their drying flat. Alternatively, critical point drying can be used in
which the membrane flatness is preserved, see Fig. 1.23. The figure shows a 200 um
thick membrane after critical point drying. We note the surface of the membrane
after drying in this way occasionally shows a nanofiber surface; it can be removed
by subjecting the membrane to ultrasonic agitation. Similar to the situation where
TiO, nanowires are grown by hydrothermal treatment of TiO, particles [29],



1.4 Synthesis of Nanotube Arrays Using Polar Organic Electrolytes: The Third Generation 33

Fig. 1.21 FESEM image shows: (a,b) bottom of the nanotube array partially opened by chemical
etch at different levels of magnification; (c) fully opened array bottom [115]

Fig. 1.22 If dried in air the TiO, membrane curls and shatters into shards, as shown above after
about 24 h of air drying in air; the diameter of Petri dish is 90 mm [115]

we believe that TiO, nanoparticles occasionally detach from nanotubes forming
wires in the high pressure and temperature conditions used for critical point drying.

In another report [5], 145um thick TiO, nanotube array films, fabricated by
anodization in fluoride-containing ethylene glycol solvent, are separated from the
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Fig. 1.23 A stable, mechanically robust nanotube array membrane after critical point drying. The
200 um thick membrane, 120 pore diameter, is about 2.5 cm x 4.5 cm [115]

Ti substrate by selectively dissolving the Ti by treating in a water-free CH;0H/Br,
solution. To open the closed bottoms of the resultant freestanding nanotube layer,
the wet nanotube film was exposed (bottom side down) for 30 min to HF vapors.
This procedure leads to preferential HF gas condensation at the tube bottoms,
causing etching of the backside layer.

1.4.4 Diethylene Glycol Electrolytes

To achieve highly ordered and discrete nanotube arrays, i.e. completely separate
and unconnected, without bundling and without suffering from unwanted precipi-
tate on the top surface, Yoriya and co-workers reported the use of diethylene glycol
(DEG) for nanotube array synthesis [117]. They investigated tube formation and in
particular the dependence of tube separation and crystallization, to be discussed in
Chapter 2, in the DEG-based electrolytes. The free self-standing characteristic of
the nanotubes offers facile detachment from the underlying oxide barrier layer that
is useful for specific applications, such as drug delivery where the tube pores are
filled with a drug prior to dispersing them toward a final target [27, 28].
Anodization electrolytes were prepared using 99.7% DEG in combination with
either a 48% hydrofluoric acid, a 98% ammonium fluoride, or a tetrabytylammo-
nium fluoride trihydrate (BuyNF). Figure 1.24a shows the top view image of
nanotube arrays prepared in a DEG+2%HF electrolyte anodized at 40 V for 48 h.
The nanotubes are ~3pm long with an inner pore diameter of about 140 nm and
outer diameter of about 240 nm. The vertically oriented nanotubes are clearly
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Fig. 1.24 FESEM images of
a TiO, nanotube array grown
from a DEG-2% HF
electrolyte after anodizing for
48 hat: (a)40 V, (b) 60 V,
and (c¢) 100 V. Inset shows the
cross-sectional views of
nanotubes [117]

separated and the pores fully open. Figure 1.24b shows FE-SEM images of nano-
tube arrays prepared in a DEG+2%HF electrolyte anodized at 60 V for 48 h. In
comparison with the tubes of Fig. 1.24a there is greater tube separation and a slight
increase in the pore diameter to about 150 nm with the higher anodization voltage;
the tube length remains at about 3pum. The pore mouths of the as-fabricated tubes
are free of precipitate. A further increase of the anodization voltage to 100 V with
the DEG+2%HF electrolyte increases the average nanotube pore size to about
190 nm and the length to about 7.5um. The tube-to-tube separation is similar for
100 and 60 V samples, as shown in Fig. 1.24c.

Changing the fluoride-bearing species influences the topology of the resulting
nanotubes. Figure 1.25 is an illustrative FESEM image of nanotubes obtained from
a DEG electrolyte containing 0.3 wt% NH4F+2% H,0 anodized at 80 V for 48 h.
The tubes have a distinct pyramidal shape, a tube length of about 3.5um, and an
average top pore diameter of about 120 nm. The as-synthesized nanotubes from
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Fig. 1.25 FESEM images of a TiO, nanotube array samples grown from DEG-0.3 wt% NH,F+
2%H,0 electrolyte at 80 V for 48 h [117]

DEG electrolytes containing HF and NH4F show a noticeable pyramidal shape. We
attribute pyramidal shape to change in fluoride ion, F~, concentration and the
thereby changed solution conductivity during anodization. Typically, the electro-
Iyte F~ concentration decreases and electrolyte conductivity increases with anodi-
zation duration due to field- and chemical-assisted titanium dissolution. As the
electrolyte conductivity increases with anodization duration, a larger fraction of the
applied DC potential appears across the oxide layer. Hence, the actual potential
applied across the oxide increases with anodization duration. Since the nanotube
pore diameter increases with increasing applied potential, the tubes initially show a
comparatively small tube diameter that increases with time, thereby producing
somewhat pyramidal tubes. Increasing the NH4F concentration in the electrolyte
up to 0.9 wt% yielded only titania flakes. The solubility of such high NH4F
concentrations in DEG is poor, hence water was added to the electrolyte to facilitate
NH,F dissolution. Figure 1.26 shows a nanotube array of about 21 um obtained in a
7 wt% BuyNF (tetrabutylammonium fluoride)+DEG electrolyte, 48 h at 80 V. The
pore diameter and the wall thickness are in range of 136—151 nm and 14-19.6 nm,
respectively. The general topology of open-pore, smooth, tightly packed nanotubes
is similar to that obtained using ethylene glycol electrolytes [51].

The electrolyte containing the largest cation, BuyN*, yielded the longest nano-
tubes; shorter nanotubes resulted from using the smaller cations NH," and H". The
weaker surface charge of the larger cation results in less cation—anion interaction,
hence they are more favorable for ionic transport during anodization, which facil-
itates rapid tube growth. Furthermore, in comparison to H* and NH,*, chemical
etching is lower with the BuyN" cation due to the comparatively lower ability of
Bu,N* to donate a proton for the etching process [53]. The larger BuyN" cation
clearly affects the tube-to-tube spacing and results in a tightly packed tube mor-
phology, see Fig. 1.26. The distinctive morphology of the nanotubes, e.g. shape,
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Fig. 1.26 FESEM images of a TiO, nanotube array grown from a DEG electrolyte contaiing
0.3 wt% BuyNF electrolyte at 80 V for 48 h [117]

surface roughness, tube-to-tube separation and length, are due to several synthesis
variables including cation size and their solvent interactions, electrolyte composi-
tion, anodization potential, and temperature [118].

1.4.5 Using Glycerol and NH

During anodization of Ti foil in aqueous electrolytes (first generation) and buffered
solutions (second generation), regular current oscillations occur that correlate with
distance between periodic ridges on the nanotube walls. It was hypothesized that a
current transient is produced by a pH burst at the pore tip where the sudden increase in
acidity leads to a temporarily increased dissolution rate. It is known that diffusion
affects local acidification [45]. A lower diffusion rate, achieved by using a highly
viscous, glycerol-based electrolyte, reduces current fluctuations and produces smo-
other walls. Smooth-wall TiO, nanotubes about 6—7um long with an average inner
diameter of 40-50 nm were produced using a glycerol electrolyte with 0.5 wt% NH4F
[46, 48]. At extended anodization periods tube length increased almost linearly for
some 18 hto about 6.1 um, and then plateaus. Although it was found that the higher the
temperature the larger the diameter and longer the tubes, no regular and mechanically
stable nanotube structures were produced at bath temperatures higher than 40°C.

A pulse waveform between 20 V with dwell time of about 5 min, and 4 V with a
dwell time of about 30 s, successfully produced nanotubes in 0.36M NH4F in
glycerol containing 1% water [119]. In another study, the pH of 75% glycerol
and 25% water electrolyte containing 0.5 wt% NH4F was modified using H,SO,
[120]. If the pH was adjusted to 5.6 by adding H,SO, the resulting nanotube length
was 950 nm. With addition of 0.1M sodium acetate while maintaining the pH at 5.6,
4.16 um nanotubes were obtained after anodizing at 20 V for 8 h.
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1.4.6 Methanol, Water, and HF

During anodization, hydrogen bubbles are produced on the surface of the cathode.
In aqueous solutions these bubbles become relatively large remaining on the
electrode surface until they have sufficient buoyancy to break free and rise to the
surface. The forming and freeing of large bubbles causes current density fluctua-
tions [121] that are reduced with the addition of methanol to the electrolyte [122].
Since the surface tension of water and pure methanol at 303.15K and atmospheric
pressure are, respectively, 71.4x 107> and 21.7x 10 °N/m [123] the reduced
bubble size appears to be due to a methanol-induced reduction in surface tension.

TiO, nanotubes were grown using galvanostatic anodic oxidation in a methanol
water electrolyte with 1 wt% HF [121] for 30 min and current densities between 10
and 30 mA/cm?. The inner diameter of the nanotubes increased with current density
from about 30 to about 145 nm. The use of methanol was also investigated at a
current density of 10 mA/cm?. Nanotubes fabricated in 50 vol% methanol were
tightly packed but increasing the methanol concentration to more than 80 vol%
dramatically reduced the nanotube density; spacing between nanotubes increasing
by 300%, as shown in Fig. 1.27. The length of the nanotube arrays was approxi-
mately 400 nm. Methanol content affects formation of Ti and F hydrate complexes
[43, 44], with a higher methanol content lowering the dissolution rate.

1.5 Nanotube Array Synthesis Using Non-Fluoride Based
Electrolytes: The Fourth Generation

In 2005, Nakayama et al. reported the formation of TiO, nanotube bundles, i.e.
clumps of tubes rather than arrays, by anodization in a perchloric acid solution [78].
In 2007, Richter grew similar nanotube bundles in 0.5M oxalic acid, 0.5M formic
acid, and 0.05M sulfuric acid with 0.3-0.6M NH,Cl added in each case. The
nanotubes were found to contain about 20 at.% carbon [79] with less than 5%
chlorine, suggesting that the role of chlorine in tube formation was mostly catalytic.
It was thought that tubes might be achieved using acids other than oxalic. To
investigate this hypothesis, Richter and co-workers anodized Ti foil in electrolytes
containing chlorine salts in combination with oxalic, formic, trichloroacetic, glu-
conic, hydrochloric, and sulfuric acid [80]. Ti foil samples were anodized in a
solution with a pH of around 1.5 and a 0.4M chlorine ion content. To compare
results relative to the carbon content of the nanotubes, a 0.5M acid concentration for
the organic acids was used. Samples were anodized in a standard solution for each
of the acids at fixed voltages between 8 and 20 V. For all solutions, anodization at
voltages less than about 11 V yielded no nanotubes. For voltages above that
threshold, however, TiO, nanotubes formed in each of the acids: oxalic, formic,
trichloroacetic, gluconic, hydrochloric, and sulfuric. There were no significant
morphological differences between the nanotube bundles produced in the different
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Fig. 1.27 FESEM images of TiO, nanotubes anodized at 10 mA/cm? for 30 min in: (a) methanol
and water mixture (50 vol% methanol, 1 mass% HF) (b) methanol and water mixture (90 vol%
methanol, 1 mass% HF) ([121]; Copyright 2007. Reprinted with permission from Elsevier)

acids; they were typically observed in various “attack areas,” i.e., edges or holes
that were etched through the surface of the anodized foils. The samples were rapidly
etched by the formation of nanotubes in these areas, with bundles of nanotubes
continuously released into the electrolyte. The tubes themselves were either arrayed
in bundles up to 60pm long or within irregular agglomerations. There was no
obvious dependence of nanotube diameter upon voltage; all tubes diameters were
between 15 and 35 nm and with wall thickness of about 5 nm. The length appeared
to be more a function of where the rapidly forming tube bundles break off from the
substrate, than of anodization time, acidity, or voltage. A significant amount of
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carbon was found in nanotubes fabricated within each of the organic acids. Tubes
grown in trichloroacetic acid contained about 45% carbon but tubes grown in other
acids contained about 20% carbon.

Hahn et al. formed bundles of high aspect ratio TiO, nanotubes with 10 nm tube
walls using anodization of Ti foil under high voltage conditions in perchlorate
electrolytes [81]. The bundles of TiO, nanotubes consisted of separated tubes with
diameters of 20 to 40 nm. TiO, nanotubes prepared in 0.1M HCIO, at 30 V for 60 s
were 32.9um long. Again, growth occurred locally at specific surface locations
such as edges or local etching sites (i.e. surface pitting).

1.5.1 Using HCI

Mao and co-workers formed TiO, nanotubes [82] using electrolyte solutions
between 0.22 and 1.1 wt% (0.05-0.3M) HCI. The anode was titanium foil, the
cathode copper. The voltage was increased manually and then cycled twice be-
tween a fixed voltage and zero before being left at the fixed voltage, typically 10 V,
for periods between 30 min and 2 h. Organized nanotubes with inner diameters of
about 1020 nm were formed in solutions of 0.55 wt% HCI (0.15M); the TiO,
nanotubes were a few hundred nanometers long. Both lower and higher electrolyte
concentrations tended to increase the nanotube diameter but produced less devel-
oped and less aligned structures. The diameters of the TiO, nanotubes formed in
0.06M, 0.15M and 0.3M HCI were, respectively, about 80, 10 and 30 nm. Allam
et al. reported producing TiO, nanotubes using a 3.0M HCl electrolyte with applied
voltages ranging between 9 and 13 V [83]. The complexity of the reaction of Ti in
HCI resulted in a limited window for successful processing [84]. In later work
Allam reported efforts to establish a wider processing window by adding H,O, to
the electrolyte [85]. They reported measurements using three electrolytic condi-
tions: (1) 10M H,0, aqueous electrolyte with applied voltages of 60 and 80 V, (2)
0.5M HCI1+0.1-0.5M H,0, aqueous electrolytes with applied voltage in the range
5-25 V and (3) 0.5M HCI+0.1-0.5M H,0, in ethylene glycol electrolytes contain-
ing 2 vol% H,0O with applied voltage between 5 and 20 V [85].

1.5.2 H,0, Aqueous Electrolytes

Hydrogen peroxide, H,O,, is a powerful oxidant (E=1.77 V). It increases the
oxidation reaction rate and consequently thickens the oxide layer in those cases
where the formation potential (Ur) mainly determines the film thickness (L) [86]:

L=dy+k (U — Ug) (1.1)
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dy is the initial, or native, oxide thickness, k is the film formation constant d/dU,
U, is the potential of the oxide, —0.86 V for TiO,. Hydrogen peroxide introduced
into an acidic Ti(IV) solution initially produces an intense yellow color that
slowly changes first to green and then to purple. Samuni suggested that the
reaction mechanism of Ti with H>O, involves reaction between more than one
H,0, molecules with one Ti(IV) ion [87]. Activation energy analysis suggests
that two H,O, molecules meet and react at the metal—titania interface, thereby
producing a titania layer. Recent theoretical work by Sever and Root postulated
that the energy required to bind one H,0, molecule to a Ti(IV) ion is about
0.17 eV [88].

Figure 1.28 shows an FESEM micrograph of a Ti sample anodized in 10M
H,0, aqueous solution for 4 h at 80 V. The result is a porous, amorphous titania
layer similar to that reported by Wu [89]. Arabatzis and Falaras reported the
fabrication of porous TiO, using H,O, [90]. Luiz and Costa reported that the main
effect of the oxidant occurs on the barrier layer, which they attributed to defect
generation [91]. Haber suggested a two-electron model to describe oxide dissolu-
tion and reformation at the Ti/TiO, surface that may explain the porous-like
structure [92]:

2TiO; + H,O, +2e~ — Ti,O3 + H,O + O, (1.2)

Ti,O3 + H,O, — 2TiO, + H,O + 2e™ (1.3)

WD 4.0mm  100nm

Fig. 1.28 Illustrative FESEM image of titania surface achieved by Ti anodization for 4 h using an
aqueous electrolyte of 10M H,0, at 80 V [85]
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1.5.3 HCI/H,0, Aqueous Electrolytes

Initial investigations into the use of HCI as an electrolyte for Ti anodization
showed that the nanotube architectures could not be at achieved at anodization
potentials other than 13 V and with HCI concentrations below 3M [83]. In order to
establish a wider processing window for achieving nanotube arrays, H,O, was
added to the HCI electrolytes. Ti foil samples were anodized in aqueous solutions
containing 0.5M HCI with different H,O, concentrations (0.1-0.5M) over the
voltage range 5-25 V. For a single anodization step, porous structures or nanotu-
be arrays below 8 V were not obtained; nanoporous structures started to form at
8 V and nanotube arrays at 10 V. However, using a series of anodization treatments
of the same sample in new (i.e. fresh, unused) electrolytes, nanotube arrays could
even be obtained at 5 V.

Figure 1.29 are FESEM images showing illustrative morphologies of the nano-
tube arrays achieved by anodization using an aqueous electrolyte of 0.5M HCl+xM
H,0, at 10 V for a 1-h anodization; (a) x=0.1M, (b) x=0.4M. The nanotube
morphology is starting to form in Fig. 1.29a, while Fig. 1.29b shows a nanotube
array architecture having the morphology commonly obtained using fluoride-based
electrolytes [93]. We note the “fuzzy” layer atop the tubes is due to precipitation of
a chloride layer on the sample surface [80, 81]. The anodization current-time
response at 10 V, for 0.5M HCI aqueous electrolytes containing variable H,O,
content is essentially identical to that seen when nanotube arrays are achieved via
anodization of Ti in aqueous HF solutions [93]. Figure 1.30 is an illustrative
FESEM image of nanotube arrays fabricated at 20 V and anodized 1 h in the
presence of 0.5M HCI and 0.4M H,O,; the nanotube array architecture is clearly
evident. H,O, concentrations above 0.4M, or anodization voltages of 30 V or more
resulted in sample corrosion. Figure 1.31 summarizes the increase in nanotube
length for a 1-h anodization as a function of H,O, concentration and voltage

SEI 50KV  X85000 WD39mm 100nm SEI 5.0kV

Fig. 1.29 FESEM images of titania nanotube arrays achieved by anodization using an aqueous
electrolyte of 0.5M HCl1+xM H,0, at 10 V; (a) x=0.1M, (b) x=0.4M [85]
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SEI 50kV  X20,000 WD 4.1mm 1um

Fig. 1.30 FESEM image of a TiO, nanotube array surface achieved by Ti anodization using
aqueous electrolytes of 0.5M HC1+0.4M H,0, at 20 V [85]
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Fig. 1.31 Average TiO, nanotube length as a function of H,O, concentration, with anodizing at
10 V for 1 h in aqueous electrolytes containing 0.5M HCI and 0.1-0.5M H,0, [85]

(10 V, 20 V; 0.5 HCI). The dissociation of H,O, to HO,™ and H" ions is a pH
dependent acid-base equilibrium:

H,0, <> HO, +H* (1.4)
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It has been suggested, but not confirmed, that HO; ions form a peroxide
complex with titanium [94] as:

Ti +HO; +30H™ < Ti(OH),0; + H,0 + 4e” (1.5)

The Ti(OH),0, complex hydrolyses to H,O, and Ti(OH),4 and the latter detaches
from the metal surface. The Ti(OH),0, complex may also react with HO; ions to
form soluble HTiO5 ions. Thus, the concentration of HO; is critical during Ti
oxidation in H,O,-containing electrolytes [94]. Nanotubular architectures are
formed using electrolytes containing low H,O, concentrations with chloride ions.
This result is in agreement with Richter and co-workers who studied the formation of
small diameter (/=30 nm outer diameter) nanotube bundles in a mixture of oxalic
acid and chloride-containing electrolytes; they reported that chloride was essential
for nanotube formation [80, 95]. However H,0O, itself plays an active role and should
not be neglected: Hahn and co-workers studied the formation of TiO, nanotube
arrays in chloride containing electrolytes (HCIO4 and NaClQ,), in the absence of
H,0,, and reported that the breakdown of TiO, in chloride-containing electrolytes
requires potentials of several tens of volts [81]. In contrast, with HC1+H,0, elec-
trolytes Allam formed TiO, nanotube arrays at 10 V [85] suggesting a possible
synergism between the H>O, and chloride ions to enhance the formation process.

1.6 Fabrication of Transparent TiO, Nanotubes Arrays

Methods have been developed for fabrication of TiO, nanotube arrays from thin
films of Ti atop substrates compatible with photolithographic processing. The result

GLASS

TNTA FTO GLASS

Fig. 1.32 Key stages in
fabrication of a transparent —
nanotube array, TNTA, films: [r— - -"‘——-"j
(top) sputter deposition of a

high quality Ti film; (middle)

an%)di(iatior?,of resulting film, TNTA lFTd GLASS
and (bottom) heat treatment to 1 '|

oxidize remaining metallic
islands [22]




1.6 Fabrication of Transparent TiO, Nanotubes Arrays 45

is a transparent nanotube array structure, illustrated in Fig. 1.32 that is promising for
a variety of applications, such as anti-reflection coatings, heterojunction solar cells,
photoelectrochemical diodes, and hydrogen sensors. Deposition of a high-quality Ti
film [124—126] suitable for transformation into a nanotube array is critical to the
success of thin-film TiO, nanotube array devices [127].

Anodization of single-layer titanium films was not successful because the metal
layer at the air-electrolyte interface etched rapidly away and broke electrical
contact with the submerged portion of the film undergoing anodization before
nanotubes could be formed. It appears the non-uniform electric field distribution
at the metal-air-electrolyte interface enhances the chemical etching rate relative to
the field-assisted oxidation of the metal. Therefore, a bilayer-film scheme was
adopted for thin film deposition and anodization. The first layer, of the desired
thickness, was deposited over the entire substrate and then a second layer at least
400 nm thick was deposited atop the first layer over the interface region. Anodiza-
tion to form nanotube arrays was successfully accomplished by keeping the single
layer region completely immersed in the electrolyte and the double-layer region at
the air—electrolyte interface. The greater thickness of the film in contact with the
electrolyte surface ensured the sustained anodization of the submerged single layer
to the desired specifications.

Figure 1.33 shows the typical time-anodization current behavior of a 400 nm Ti
thin film deposited by rf sputtering and anodized at 10 V in an HF based electrolyte.
At a fixed F~ concentration the dimensions of the tube depend upon the applied
voltage; for a fixed anodization potential the dimensions vary with respect to
electrolyte F~ concentration. For example, at a concentration of 0.5% HF aqueous
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Fig. 1.33 Real time observation of anodization current behavior for a 400 nm Ti thin film at 10 V
in the HF based electrolyte of acetic acid with 0.5 vol% HF mixed in ratio of 1:7. Inset shows a
typical current density vs. time response observed for a Ti foil with one face protected with
polymer coating and anodized at the same potential and electrolyte [127]
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electrolyte nanotubes were formed at potentials between 10 and 15 V. The anodi-
zation voltage window for successfully achieving the thin film transparent nanotube
arrays is 6 to 10 V for 0.25% HF concentration and 10 to 18 V for 1% HF
concentration.

Referencing the anodization current of Fig. 1.33, for a 400 nm Ti thin film
anodized at 10 V in an HF-based electrolyte, about 25 s after application of the
voltage the measured current density reduced from >15 mA/cm? to a local-mini-
mum of 1.25 mA/cm?, point P1 on the plot. The reduced current density resulted
from the field-assisted oxidation of the Ti metal surface. The structure of the film at
point P1 of Fig. 1.33 is shown in Fig. 1.34a, which shows fine pits or cracks form on
the oxide surface that act as pore nucleation sites. These pits and cracks arise from
chemical and field-assisted dissolution of the oxide at local points of high energy.
The reduced oxide layer thickness at these points decreases the current density;
Fig. 1.34b corresponds to point P2 on the plot where the crack/pit density reached
saturation and produced a current maximum. Beyond this point the current gradu-
ally drops with a corresponding increase in porous structure depth. The porous
structure, point P3, is clearly seen in Fig. 1.34c, with pore diameters of about 20 nm.
Figure 1.34d, point P4, shows the transition between the porous and nanotube
structures. Figure 1.34e, point P5, shows the resulting nanotube-array with pore
diameters of 20-30 nm. Nanotube-array length increases to point P4, after about
360 s, as evident from the decrease in the current. Between P4 and P5 the nanotube
array length remains essentially constant.

As the anodization proceeds the metal below the oxide barrier layer is progres-
sively consumed. Beyond a certain stage the metal layer becomes thin or discon-
tinuous enough to create highly resistive electrical current pathways. Hence beyond
P5 (Fig. 1.33) the current drastically reduces, finally dropping to zero as the metal
film becomes completely discontinuous. We make note that only a small dip in
current can be seen at P5 as the sample was taken out of the anodization bath at this
point. Keeping the sample inside the anodization bath beyond point P5 destroys the
nanotube structure due to the its chemical dissolution in HF electrolyte. Real-time
observation of the current enabled us to remove samples from the anodization bath
as soon as the dip in the current plateau region, just beyond PS5, was observed.
FESEM images of samples kept beyond point P5 showed the nanotube layer to be
severely damaged or completely eliminated. Thus, strict process control is neces-
sary to obtain intact nanotube-arrays without an underlying metal layer. However,
if there is a need to keep a continuous metal layer underneath the nanotubes the
samples should be removed from the anodization bath at a point between P4 and P5.
Close monitoring of the electric current response during potentiostatic anodization
helps determine the optimum anodization parameters and serves as a process
control tool.

The inset of Fig. 1.33 shows a typical current vs. time plot obtained during
anodization (same conditions as thin film) of a 250 um thick Ti foil with one face
protected with a polymer coating. It can be seen that the current-time behavior is no
different from that of the thin films. We note that if both sides of the foil are exposed
to anodization, the current behavior will be significantly different from that seen in
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Fig. 1.34 FESEM images of samples taken at points P1, P2, P3, P4, and P5 of Fig. 1.33 [93]

Fig. 1.33. In this case, the changes in the current after the initial dip cannot be
discerned due to the anodization process progressing at different rates on both sides
of the sample, due to one side directly facing the cathode and the other turned away
from it. It was noticed in both thin films and metal foils (Fig. 1.33) that current
shows periodical fluctuations of a small magnitude between point P2 and P5;
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similar fluctuations were observed by others [45, 128]. Macak and co-workers
predicted that these current transients causing inhomogeneities on tube wall are
due to pH burst at the pore tip that can suppressed by decreasing the diffusion
constant of the electrolyte [47].

In strongly acidic aqueous solutions (pH < 1) both the nanotube growth rate and
dissolution rate are increased, therefore increasing the anodization time does not
appear to increase the nanotube length. For short nanotubes, achieved at 10 V
potential, the time required to form the nanotubes is about 6 min. Further increasing
the anodization time results in a more uniform nanotubular structure both in shape
and size, but with not much change in the nanotube length. Increasing the pH
decreases the chemical dissolution rate, and apparently prolongs the time needed to
reach equilibrium between the rate of nanotube growth and the dissolution rate; in
weak acid electrolytes, therefore the nanotube length appears to be time dependent.
In such solutions, even for double-sided anodization of a Ti foil sample, we still
observed the same general pattern in current vs. time plot as shown in Fig. 1.33
[129]. However, anodization has to be continued to point P4 for obtaining a
complete nanotubular structure. In an aqueous pH 5.0 KF solution, anodization
voltage 25 V, the time required to reach point P4 is 17 h and the resulting nanotube
length is 6.0pum [130].

1.7 Mechanistic Model of Nanotube Array Formation
by Potentiostatic Anodization

The key processes responsible for anodic formation of nanoporous alumina [131—
138] and TiO, [49, 50, 139—142] appear to be the same, and are fundamental to the
formation of TiO, nanotube arrays. The key processes are: (1) oxide growth at
the metal surface due to interaction of the metal with O*“or OH ™~ ions [132]. After
the formation of an initial oxide layer, these anions migrate through the oxide layer
reaching the metal/oxide interface where they react with the metal. (2) Metal ion
(Ti*" migration from the metal at the metal/oxide interface; Ti** cations will be
ejected from the metal/oxide interface under application of an electric field that
move toward the oxide/electrolyte interface. (3) Field-assisted dissolution of the
oxide at the oxide/electrolyte interface [132, 133]. Due to the applied electric field
the Ti—O bond undergoes polarization and is weakened promoting dissolution of the
metal cations. Ti** cations dissolve into the electrolyte, and the free O* anions
migrate toward the metal/oxide interface, process (1), to interact with the metal
[142, 143]. (4) Chemical dissolution of the metal, or oxide, by the acidic electrolyte.
Chemical dissolution of TiO, in the HF electrolyte plays a key role in the formation
of nanotubes rather than simple nanoporous structures.

To help understand the process of nanotube formation, FESEM images of the
surface of the samples anodized at 20 V for different durations were taken and
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analyzed [42]. As the anodization started, the initial oxide layer [143], formed due
to interaction of the surface Ti** ions with oxygen ions (O%") in the electrolyte, can
be seen to uniformly spread across the surface. At the anode oxidation of the metal
releases Ti** ions and electrons, shown as [102]:

Ti + H,O = TiO, + 2H" + 4e~ (1.6)
At the cathode hydrogen evolution occurs:
8H™ + 8¢~ — 4H, 1.7)
The overall process of oxide formation is given by:
Ti + 2H,0 — TiO; + 2H, (1.8)
Fluorine ions can attack the oxide and hydrated layer; or, the ions being mobile

in the anodic layer under the applied electric field, react with Ti** as described by
[144]:

TiO, + 6F +4H" — TiF>~ + 2H,0 (1.9)
Ti(OH), 4+ 6F~ — TiF~ +40H" (1.10)
Ti*" 4+ 6F — TiF%" (1.11)

In the initial stages of the anodization process field-assisted dissolution dominates
chemical dissolution due to the relatively large electric field across the thin oxide
layer [141]. Small pits formed due to the localized dissolution of the oxide;
represented by the (1.9), act as pore forming centers, after which these pits convert
into pores with increasing pore density, uniformly, over the surface. The pore
growth occurs due to the inward movement of the oxide layer at the pore bottom
(barrier layer) [143, 145]. The Ti** ions migrating from the metal to the oxide/
electrolyte interface dissolve in the HF electrolyte [131, 142, 143]. The rate of
oxide growth at the metal/oxide interface and the rate of oxide dissolution at the
pore-bottom/electrolyte interface ultimately become equal, thereafter the thickness
of the barrier layer remains unchanged although it moves further into the metal
increasing the pore depth. FESEM images show the formation of small pits in the
inter-pore regions, which eventually lead to pore-separation and tube formation.
The thickness of the tubular structure ceases to increase when the chemical disso-
lution rate of the oxide at the mouth of the tube (nanotube array surface) becomes
equal to the rate of inward movement of the metal/oxide boundary at the base of the
tube. Higher anodization voltages increase the oxidation and field-assisted dissolu-
tion and hence, a greater nanotube layer thickness can be achieved before equili-
brating with chemical dissolution.
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With anodization onset a thin layer of oxide forms on the titanium surface
Fig. 1.35a. Small pits originate in this oxide layer due to the localized dissolution
of the oxide Fig. 1.35b making the barrier layer at the bottom of the pits relatively
thin which, in turn, increases the electric field intensity across the remaining barrier
layer resulting in further pore growth, Fig. 1.35c. The pore entrance is not affected
by electric field assisted dissolution and hence remains relatively narrow, while the
electric field distribution in the curved bottom surface of the pore causes pore
widening, as well as deepening of the pore. The result is a pore with a scallop shape
[140, 146]. As the Ti—O bond energy is high (323 kJ/mol), in the case of TiO, it is
reasonable to assume that only pores having thin walls can be formed due to the
relatively low ion mobility and relatively high chemical solubility of the oxide in
the electrolyte, hence un-anodized metallic portions can initially exist between the
pores. As the pores grow deeper the electric field in these protruded metallic regions
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Fig. 1.35 Schematic diagram of nanotube evolution at constant anodization voltage: (a) Oxide
layer formation, (b) pit formation on the oxide layer, (c) growth of the pit into scallop shaped
pores, (d) the metallic region between the pores undergoes oxidation and field assisted dissolution,
(e) fully developed nanotubes with a corresponding top view [42]
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increases, enhancing field assisted oxide growth and oxide dissolution, hence
simultaneously with the pores well-defined inter-pore voids start forming
Fig. 1.35d. Thereafter, both voids and tubes grow in equilibrium. The nanotube
length increases until the electrochemical etch rate equals the chemical dissolution
rate of the nanotube top surface. After this point is reached the nanotube length will
be independent of the anodization duration, as determined for a given electrolyte
concentration and anodization potential.

Chemical dissolution, the key for self-organized formation of the nanotube
arrays, reduces the thickness of the oxide layer (barrier layer) keeping the electro-
chemical etching (field assisted oxidation and dissolution) process active. No
nanotubes can be formed if the chemical dissolution is too high or too low. The
electrochemical etch rate depends upon anodization potential as well as electrolyte
concentrations. If the electrochemical etch proceeds faster than chemical dissolu-
tion the thickness of the barrier layer increases, which in turn reduces the electro-
chemical etching process to the rate determined by chemical dissolution. The
chemical dissolution rate is determined by the F~ concentration and solution pH.
With increasing F~ and H* concentrations chemical dissolution increases. Investi-
gations have shown that for aqueous electrolytes only in a certain F~ concentration
range can nanotube arrays be achieved. The anodic potential at which nanotubes are
formed is related to the F~ concentration, with higher potentials requiring electro-
lytes of higher F~ concentration.

In organic electrolytes (like FA, NMF, DMSO and EG), water is usually the
source of oxygen in anodizing solutions [147]. While the exact mechanism by
which water contributes oxygen to an anodic oxide film is not well-understood,
strong evidence has been found for hydroxyl ion injection from the electrolyte into
the anodic oxide film during anodization [147, 148]. When more water is present,
hydroxyl ions are injected into the body of the oxide layer and affect the structure
sufficiently to impede ion transport [149] through the barrier layer, which is
necessary for further movement of the metal-oxide interface into the metal. When
less water is present, the difficulty in extracting oxygen and/or hydroxyl ions from
the solution limits the rate of growth of the overall oxide film. Also, the barrier
oxide layer exhibits increased ionic conductivity caused by the non-stoichiometry
induced by the reduced hydroxyl ion availability to the oxide [150]. The amount of
hydroxyl ion injection is dependent on the solvent structure. It is no coincidence
that the solvents where high growth rates of nanotubular TiO, films have been
obtained, [51-54] namely formamide (~2 um/min), N-methylformamide(~3 pm/
min) and ethylene glycol (~15 pm/min) possess a high degree of structuring.
Ethylene glycol has a clearly pronounced spatial net of hydrogen bonds. In
DMSO [52], which is not as structured, final nanotube lengths as large as 100 pm
are obtained but the growth rates are much slower (<1.5 um per minute). For
similar electrolytic compositions, the growth rates are also much smaller in
Dimethylformamide (DMF), which is unstructured. When the solvent structure
provides an environment in which titanium ions in the surface of the oxide bond
to oxygen ions produced at the oxide surface, minimal hydroxyl ion injection
occurs and ionic transport through the barrier layer is relatively rapid. With the
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highly polar FA and NMF electrolytes the dramatically increased nanotube-array
length appears to be due to an accelerated rate of nanotube growth from the
substrate. The dielectric constant of FA and NMF are, respectively, of 111 and
182.4, much greater than that of water, which has a dielectric constant of 78.39
[151]. For a given potential, higher electrolyte capacitance induces more charges to
be formed on the oxide layer improving extraction of the Ti** ions, while the higher
electrolyte polarity allows HF to be easily dissolved facilitating its availability at
the TiO,-electrolyte interface.

In fluoride ion containing formamide electrolytes, the starting anodization cur-
rent does not drop instantly as observed for aqueous electrolytes, while gas evolu-
tion, which is indicative of electronic conduction, is observed at the anode. The
anodization current drops steeply thereafter due to the initial formation of an
insulating oxide layer, see Figs. 1.14 and 1.15. In this region, electronic conduction
decreases due to the blocking action of the formed oxide, and ionic conduction
increases. Once the oxide layer is completely formed over the entire exposed
surface of the anode electronic conduction becomes negligible, and ionic conduc-
tion dominates the mechanistic behavior. Nanotube formation reduces the surface
area available for anodization with a correlated decrease in current density, while
deepening of the pore occurs.

TiO, nanotube growth was studied in fluoride bearing electrolytes containing
different cations while maintaining similar, and in some cases identical molar
concentrations of the chemical specie. This ensured that each electrolyte had the
same concentration of fluoride ions thus allowing us to observe the effect of the
cations on nanotube growth. Figure 1.14 shows the real- time potentiostatic anodi-
zation behavior of Ti, anodized at 20 V, in 95% formamide+5% water solutions
containing 0.27M of NH,4F, BuyNF, HF and BnMe;NF . The ionic radius of the
cationic species [109] increases in the order

H" < Na® < NH; < BuyN* < BnMe;N™
The conductivities of the various electrolytes increased in the order:
H'* < Na* < BuN" < NH; < BnMe;N*

The Stokes radius of an ion in solution provides information about the solvation of
the respective ion and is given by [151]

2

= LFO (1.12)
6NN A;

where z is the charge on the ion, F is the Faraday constant and N is Avogadros’

number. Equation (1.12) shows the Stokes-law radii r; of ions to be inversely

related to the product of the viscosity n and the limiting equivalent conductance

2 of the ion. Replacing 6 by 4 in the denominator of (1.12) yields the
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hydrodynamic radius of the ion. While we have not calculated the limiting equiva-
lent conductance of the electrolytes, a qualitative trend may be established by
reviewing the viscosity and conductivity information gathered in Table 1.4. It
was also found that the benzyltrimethylammonium fluoride solution is the most
conductive among the electrolytes investigated. The solution viscosities increase
with the size of the cationic species, with solutions containing BusN" and BnMe;N*
exhibiting much higher viscosities than solutions of the remaining cations. The
electrolyte-containing NH4F has a lower viscosity than the one containing Buy,NF
but is more conductive resulting in a similar value for the viscosity-conductivity
product. The NaF electrolyte has a much lower concentration than the other
electrolytes and is hence excluded from this comparison. The product of the
viscosity and conductivity increases in the following order for the strong electro-
lytes:

H* < NH;,BuyN" < BnMe;N*

Thus, the resulting stokes radii and hydrodynamic radii may be expected to
decrease in the following order:

H* > NH; , BiuN" > BnMe;N*

Thus, we observe that the specie with smallest ionic radii (H and NH,*) have the
largest Stokes radii as well as hydrodynamic radii. This suggests that the H" and
NH," cations have larger solvation shells than BuyN* and BnMe;N™ ions. This is
understandable considering that formamide is a polar protophilic solvent with good
hydrogen bond donating ability [151], whereas small cations, such as H" and Na*
are strongly solvated; due to the hydrogen bond donating ability of formamide the
F~ ions are strongly solvated as well. From the solvent-berg model, the solvent
molecules immediately adjacent to the ion are rigidly bound to it and thus the ion
moves as a kinetic unit [151]. Consequently, the conductivity of HF in the form-
amide—water mixture is limited by the solvent molecule mobility and the anodiza-
tion currents are relatively small. On the other hand, larger ions such as Buy,N* and
BnMe;N* are weakly solvated and their higher ionic mobility translates into a
higher anodization current. However, at high cation concentrations the viscosity of
the solution increases, with a corresponding decrease in solution conductivity. For
large cations such as BuyN* and BnMe;N™, the Stokes radii are independent of
solvent and Walden’s rule [152] is obeyed whereby:

A e 1 = constant (1.13)

A% is the limiting molar conductivity of the cation in the solution and 7 is the
viscosity.

The conductivity of the electrolytes also plays a role in controlling nanotube
array growth. Ethylene glycol containing 2% water and 0.35% NH4F has a
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conductivity of ~460 pS/cm, much lower than the conductivity of the formamide
based electrolytes (>2000 pS/cm) [54]. The total applied anodization voltage is the
sum of the potential difference at the metal-oxide interface, the potential drop
across the oxide, the potential difference at the oxide-electrolyte interface, and
the potential drop across the electrolyte, which is non-negligible for the ethylene
glycol based electrolytes. Therefore, the maximum nanotube length obtained at
lower voltages (say 20 V) in a formamide bath could only be achieved at higher
voltages in an EG bath. In contrast, with DMSO electrolytes, with relatively small
electrolyte conductivities, the increased nanotube-array length appears to be largely
due to limited chemical dissolution of TiO, by the hydrofluoric acid. For a given
rate of pore formation the chemical dissolution of the oxide at the pore mouth by F~
determines the tube length. To control this dissolution reaction, the H" ion concen-
tration was reduced by limiting the water content to the level of water contained in
the HF containing solution. This water ensured the field-assisted etching of the Ti
foil, at the pore bottom, and, additionally, protophilic DMSO accepts a proton from
HF reducing its activity. This allowed the DMSO nanotubes to grow deep into the
titanium foil without any significant loss from the pore mouth.

Figure 1.36 shows typical anodization current behavior during anodic oxidation
of titanium (both sides of the foil sample are being anodized simultaneously) at
40 V in 2.0% HF-DMSO and 4.0% HF-DMSO electrolytes. The anodization
current density is less than 2 mA/cm?, considerably smaller than the anodization
currents seen for any other aqueous or polar organic electrolytes that can initially be
several tens of mA/cm?. The slight increase in anodization current in the 4% HF
curve (Fig. 1.36) after about 10 h indicates relatively stronger chemical etching
compared to that observed in 2.0% HF-DMSO and hence comparatively shorter
nanotube lengths. We do not understand the fluctuations seen in the current density,
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Fig. 1.36 Current density vs. time behavior during anodization of a Ti foil sample at 40 V using a
DMSO electrolyte containing 2.0% HF, and 4.0% HF [46]
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other than to say they are due to a combination of changes in oxide thickness,
electrolyte conductivity, and resulting change in potential drop across the TiO,-
electrolyte interface during anodization. Fresh DMSO electrolytes have low con-
ductivities that increase with anodization duration due to chemical and field assisted
dissolution of titanium into the electrolyte. Hence, initially the applied potential
drop occurs primarily across the electrolyte between the two electrodes. As the
electrolyte conductivity increases with anodization duration the drop in the applied
DC potential shifts from the electrolyte to the oxide layer, increasing the rate of
oxide formation, resulting in the first “hump” seen in the current density-time
curves of Fig. 1.36. A local minimum in the current density is obtained with
formation of an oxide layer upon the exposed Ti surface. Then due to non-uniform
chemical etching of the oxide layer, i.e. pitting, the anodization current increases
until somewhat uniform oxide layer begins to form. Thereafter, the current decreases
until an equilibrium is reached between the rate of field assisted oxide growth, field
assisted oxide dissolution, and chemical etching. The chemical dissolution is very
low in DMSO vs. aqueous electrolytes. Therefore, we expect and observe higher
tube lengths from DMSO electrolytes with specific details dependent upon a combi-
nation of factors including anodization duration, voltage, HF concentration, and
electrolyte condition (fresh or previously used for an anodization).

For nanoporous alumina obtained by anodization, the gradual decrease of the
ionic current with time was attributed to diffusion controlled mass-transport of
oxygen containing anionic species from the bulk reservoir to the oxide/metal inter-
face [153]. Macak and co-workers [48] claimed that diffusion of the reactants from
the pore-tip or of reaction products away from the pore tip was the dominant growth-
limiting factor in the anodic formation of TiO, nanotubes in viscous electrolytes. A
problem with the mass transport explanation is the strong dependence we observe of
the nanotube growth rate on anodization voltage. Furthermore, mass transport theory
does not account for the higher growth rate in used solutions. Anionic oxygen bearing
anionic species consumed during the formation of TiO, are depleted in the used
electrolyte. Further, the conductivity of the used solution is significantly lower than
that of fresh solutions, and the viscosity of used solutions almost the same as fresh
indicating reactant diffusion to be similar or lower in the used electrolyte. In a
previous report [53],we observed that the higher viscosity solutions of bulkier cations
such as tetrabutylammonium exhibited higher nanotube growth rates compared to
lower viscosity solutions of smaller cations such as ammonium and sodium. Also,
when the concentration of tetrabutylammonium fluoride was increased no new
sources of oxygen bearing anionic species were added to the electrolyte; the viscosity
of the solution increased and the growth rate increased as well [53]. Further, we
observe that a 4 cm? piece of Ti foil, 250pum thick in 100 mL of EG electrolyte was
completely converted into TiO, after anodization for 4 days. Thus any mass-transport
effects, should they be significant, are likely to occur much later in the anodization
process, while a potential dependent process dominates earlier stages of the nanotube
synthesis process.

For voltage-controlled processes, the growth rate depends on whether the rate-
limiting step is solid state transport of ions through the oxide barrier layer or the
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availability of ionic specie at the oxide-electrolyte interface. Hypotheses assuming
that the film growth rate is limited by migration of ionic species through the film
under the effect of a high electric field constitute the High Field Model (HFM).
When a potential dependent interface reaction is assumed to be rate determining,
the Interface Model (IFM) results.

The movement of the Ti-TiO, interface into the Ti metal involves ion transport
under the influence of an electric field, either by transport of metal cations in the
direction of the solution, or oxygen ions (and probably some incorporated anions) in
the direction of the metal. For valve metals, under the high field approximation, the
ionic current i is related to the anodization potential and the thickness of the barrier
layer by an equation of the form [154—156]:

iAexp(ﬂAU)

X barrier

(1.14)

where AU is the potential drop across the oxide layer, Xpapmicr 1S the thickness of the
barrier layer and A and f are constants.

Macdonald and co-workers have proposed diagnostic criteria to distinguish
between different film growth regimes [157]. For conditions with significant disso-
lution under a constant polarization, the HFM was shown to give the relation:

_di
,lid':kl | — kInA 1.1
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where i is the anodization current, 9 is the dissolution current, and A is the high field
pre-exponent term from (1.14); k is given by:

1 [VxRT
k_nF ohfsU (1.16)
where n is the valence, F is Faraday’s constant, V,, is the oxide molar volume, R is
the ideal gas constant, T is the temperature, U is the applied potential, s is the high
field half-jump distance and o is the high field symmetry factor [158]. The
dissolution current 9 is itself a function of the Ti thickness and is hence not constant
but varies sufficiently slowly with time that it is considered a constant during the

anodization period of 30 h and is taken to be the anodization current at the end of
30 h of anodization. Equation (1.15) results in a linear relationship with a positive

slope when the function f(i, ') = \/i(z?%é) is plotted against Ini.

For interfacial kinetics, where a potential dependent interface reaction is as-
sumed to be the rate-determining step, the corresponding equation is:

—di

I

TR A (1.17)
i RT
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where E is the electric field in the barrier layer and o is a fit parameter for interfacial
kinetics. The right hand side of (1.17) is a constant, therefore a horizontal line

—di
results when f(i,i’):@ is plotted against Ini. Figure 1.37 shows

1

f, i) = % vs. Ini providing an excellent diagnostic for identifying the rate-
limiting step. The dashed colored lines represent the values of /{7, i’) while the solid
black lines are linear fits to the same (R2=0.99). At constant potential, in the current
decay phase, the points in the f{i, i’) vs. Ini are essentially a straight line and indicate
the high field model to be applicable.

At higher potentials, the slope is much smaller than at lower potentials. Since the
slopes in the f(i, i’) vs. In (i) plot equate to half-jump distances in the high field
model [157, 158] and since anionic incorporation can cause the half-jump distance
to vary by a factor of two [159], the slope in Fig. 1.37 may be expected to vary by a
factor of two. However, in our case, the slope is clearly varying by a factor of three
with a consistent trend of lower slopes at higher anodization potentials indicating
that interfacial reactions are becoming more significant. However, it is the faster
ionic transport at higher potentials [given by the exponential dependence on
potential per (1.14)] that allows the interface reaction to become rate-determining.
The interface reactions are still not solely rate-determining during the first 30 h of
the anodization process, considering the presence of a clear positive slope even at
60 and 65 V. However, as the Ti film becomes increasingly thinner the Ti** ions
will find themselves pulled in opposite directions under the action of the prevailing
electric field and diffusive transport of the ions inside the barrier layer may become

60
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Fig. 1.37 f (i, i/) = \/% vs. Ini for potentiostatic anodization of Ti in ethylene glycol based
electrolyte [54]



58 1 Fabrication of TiO, Nanotube Arrays by Electrochemical Anodization

the rate-limiting step. A change with time of the governing mechanism as the
overall reaction rate decreases is likely.

Water is usually the source of oxygen in anodizing solutions [147]. While the
exact mechanism by which water contributes oxygen to an anodic oxide film is not
well-understood, strong evidence has been found for hydroxyl ion injection [147,
148] from the electrolyte into the anodic oxide film during anodization. When more
water is present, hydroxyl ions are injected into the body of the oxide layer and
affect the structure sufficiently to impede ion transport [149] though the barrier
layer, which is necessary for further movement of the metal-oxide interface into the
metal. When less water is present, the difficulty in extracting oxygen and/or
hydroxyl ions from the solution limits the rate of growth of the overall oxide
film. Also, the barrier oxide layer exhibits increased ionic conductivity caused by
the non-stoichiometry induced by the reduced hydroxyl ion availability to the oxide
[141]. Thus an optimum water content exists for a maximum nanotube growth rate.
A small amount of water is absorbed by the electrolyte from the ambient due to the
hygroscopic nature of ethylene glycol. At ammonium fluoride concentrations lower
than 0.3%, the reaction rate is low and the water absorbed from the ambient
sufficient to meet the demand for oxygen arising from the TiO, nanotube formation.
NH4F concentrations greater than 0.3% wt without water addition resulted in
corrosion of the foil. For all NH4F concentrations (0.1-0.5% wt) an increase in
nanotube array length as well as a sustainable (non-corroding) reaction rate was
obtained by adding D.I water to the NH4F and EG mixture. For ethylene glycol
solutions containing 0.3% NH,F, the optimum water content for a fast growth rate
is 2% as shown in Table 1.6. The amount of hydroxyl ion injection is dependent on
the solvent structure. In formamide, chain structure and ring-dimer structure are
combined with hydrogen bonding to form three dimensional networks [150]. In
NMF, linear but short chain structures predominate while ethylene glycol has a
clearly pronounced spatial net of hydrogen bonds [151, 160]. We suggest that it is
no coincidence that the organic solvents where high growth rates of nanotubular
TiO, films have been obtained [51, 52], namely formamide (~2 pm/h), N-methyl-
formamide (~3 pm/h) and ethylene glycol (~15 pum/h) possess a high degree of
structuring [161]. For similar electrolytic compositions, the growth rates are much
smaller in Dimethylformamide (DMF), which is unstructured. When the solvent
structure provides an environment in which titanium ions in the surface of the oxide
bond to oxygen-bearing ions at the oxide surface, minimal hydroxyl ion injection
occurs and ionic transport through the barrier layer is relatively rapid [159].

The conductivity of the electrolytes also plays a role in controlling nanotube
array growth. Ethylene glycol containing 2% water and 0.35% NH,4F was found to
have a conductivity of 460 puS cm™ "> which is much lower than the conductivity of
the formamide-based electrolytes (>2000 pS cm ™). The total applied anodization
voltage is the sum of the potential difference at the metal-oxide interface, the
potential drop across the oxide, the potential difference at the oxide-electrolyte
interface, and the potential drop across the electrolyte, which is non-negligible for
the ethylene glycol-based electrolytes. Since the anodization current decreases
monotonically with time, the potential drop across the solution, given by IR,
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where [ is the anodization current and Rj is the solution resistance, also drops with
time. Assuming the interface potential remains the same, this results in potential
increasing across the oxide layer with time and serves to counteract the decrease in
electric field in the oxide layer due to thickening of the barrier layer, thus extending
the time-window where rapid nanotube growth occurs.
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Chapter 2

Material Properties of TiO, Nanotube Arrays:
Structural, Elemental, Mechanical, Optical,
and Electrical

2.1 Introduction

In this chapter, we examine the structural, elemental, crystallization, optical,
electrical, and mechanical properties of the anodization-synthesized titania nano-
tube arrays.

2.2 Structural and Elemental Characterization

It is known that the as-fabricated nanotube arrays have an amorphous crystallo-
graphic structure. Upon annealing at elevated temperatures in an oxygen ambient,
the nanotube walls transform into anatase phase, and a layer of metal underneath
the nanotubes converts into rutile [1-9]; the observed crystalline phases are poly-
crystalline. We make note of a publication where the authors mistook the diffrac-
tion pattern of a selected small area, determined using transmission electron
microscopy (TEM), as representing a single-crystal nanotube [10]. Titania proper-
ties depend on the crystallinity and isomorph type, and hence the utility of their
application also varies. For example, anatase phase is preferred in charge-separat-
ing devices such as dye-sensitized solar cells (DSCs) and in photocatalysis, while
rutile is used predominantly in gas sensors and as dielectric layers. Of the titania
polymorphs, rutile has minimum free energy, and hence given the necessary
activation energy, other polymorphs including anatase transform into rutile through
a first-order phase transformation. The temperature at which metastable anatase
converts to rutile depends upon several factors including the presence of impurities,
feature size, texture, and strain. Hence with sintering, porosity and/or surface area
reduction occur due to nucleation-growth type of phase transformations [11-13].
Glancing angle X-ray diffraction (GAXRD) patterns of a 20 V HF aqueous
electrolyte sample annealed at different temperatures in dry oxygen are shown in
Fig. 2.1 [1]. The anatase phase begins to appear at 280°C. As the sample annealed at
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250°C was amorphous, only reflections from the titanium support can be seen, but it
is clear that the sample begins to crystallize in anatase phase at a temperature
between 250 and 280°C. At a temperature near 430°C, the rutile phase appears in
the X-ray diffraction pattern. Beyond this temperature, the rutile (110) peak grows,
whereas the anatase (101) peak from the nanotube arrays, only a few hundred
nanometers long, diminishes. Complete transformation to rutile occurs in the
temperature range 620—680°C. It can also be seen from Fig. 2.1 that the reflection
from the titanium support is reduced at temperatures between 430 and 580°C, as the
rutile barrier layer develops, fully vanishing at around 680°C.
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Fig. 2.1 GAXRD patterns of the nanotube samples annealed at temperatures ranging from 230 to
880°C in dry oxygen ambient for 3 h. A, R, and T represent anatase, rutile, and titanium,
respectively [1]
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The anatase grain size initially increases with temperature, decreasing between
~480 and 580°C, then again increasing beyond 580°C. The rutile grain size
progressively increases with temperature after its nucleation. For a 3 h anneal, at
430°C a rutile fraction of 31% compared to anatase was formed, increasing to 75%
at 480°C, and 92% at 580°C. For nanotube arrays atop Ti foil, 20 V HF aqueous
electrolyte, the nanotube array structure was found to be stable up to around 580°C
(for a slightly shorter 10-V sample, it is about 500°C). No discernible change in the
pore diameter or wall thickness was observed even after annealing for 3 h at this
temperature. Depending upon the sample, it was observed that at temperatures
between 550 and 580°C, small protrusions, due to underlying oxide growth, come
out through the porous structure. A 20-V sample was annealed in oxygen ambient to
820°C at a heating and cooling rate of 10°C/min; the tubular structure was disturbed,
but porosity remained with the walls of the nanotubes coalesced to form a worm-like
appearance. High-resolution TEM (HRTEM) images of the walls indicated a crys-
tallite length of between ~35 and ~12 nm width; all wall crystallites were found to be
anatase. On comparing energy dispersive X-ray spectra (EDS) of the as-synthesized
nanotubes, and nanotubes fired at 580°C in an oxygen ambient, the relative intensity
of oxygen peak with respect to titanium Ko peak increased on annealing in presence
of oxygen, indicating improvement in the sample stoichiometry [1].

We find that thin-film samples with a continuous metal layer underneath the
nanotubes behave in a way similar to that of the foil samples, with both rutile and
anatase phases coexisting at 480°C. Thin-film samples with a discontinuous metal
film underneath the tubes, e.g., taken out of the anodization bath at P5 of Fig. 1.33,
generally show rutile but may not be as dependent upon the amount of remaining
metal. These results indicate that rutile phase grows at the interface between the
barrier layer and titanium metal, where the metal is thermally oxidized. The
physical constraints imposed by the size of the nanotube walls make it difficult
for the anatase crystals situated there to undergo phase transformation to rutile.

X-ray patterns of samples obtained in H;BO3;-HNO;—HF and HNO;—HF baths,
annealed at 550°C for 6 h with a heating and cooling rate of 1°C/min in oxygen
ambient, are similar to the one observed for short nanotubes obtained via HF
aqueous bath [14]. After annealing, the phase-structure of the architecture can be
viewed as an anatase nanotube array atop a rutile barrier layer. In comparison, a
TiO, film made by 550°C thermal annealing is primarily rutile phase with traces of
anatase phase. The normalized reference intensity ratio (RIR) method was used to
estimate the weight fraction of anatase, rutile, and titanium in the resulting samples
[15]. The calculated RIR result of the H3BO;—HNO;—HF prepared sample is
anatase 33.6%, rutile 58.7%, and titanium 7.7%. The calculated RIR result of the
HNO;-HF-prepared sample is anatase 1.7%, rutile 66.5%, and titanium 31.7%.
Considering a similar X-ray sampling depth for both samples, the higher weight
percentage of titanium in the HNO;—HF-anodized sample indicates a thinner barrier
layer and shorter nanotube-array length.

X-ray photoelectron spectroscopy (XPS) was used to characterize the stoichi-
ometry of as-prepared titania nanotube arrays, anodized at 20 V in an aqueous 0.5%
HF electrolyte. Figure 2.2 shows the XPS spectra of Ti 2p and O 1s on the nanotube
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Fig. 2.2 High-resolution XPS spectra of the Ti 2p and O 1s region of as-synthesized nanotube
array anodized at 20 V ([16]; Reprinted by permission of ECS —The Electrochemical Society)

array surface. Ti 2ps;, and 2p;, peaks were observed at 459.3 and 465.1 eV,
respectively [16], indicating Ti** [17]. The O Is peak has a slightly asymmetric
tail on the high-binding-energy side, which might be attributed to hydroxyl groups
at the outermost surface as well as the adsorbed water resulting from moisture
adsorption in air [16, 18].

A XPS scan for the HNO3;-HF sample, after 550°C annealing, indicated the
elements Ti (23.0%), O (64.3%), N (1.0%), F (0.5%), and C (8.0%). For the
H3;BO3;-HNO;—HF electrolyte sample, 550°C annealed, XPS indicated Ti
(27.4%), O (65.3%), N (0.3%), F (0.8%), and C (4.7%). Both carbon and some of
the oxygen can be viewed as surface contaminates, while the small amounts of N
and F originate from the anodization electrolytes. XPS analysis of the H;BO;—
HNO;-HF sample before annealing specifies Ti (26.9%), O (60.2%), N (1.7%), F
(6.6%), and C (4.5%). Chemical state analysis indicates that the sample is com-
prised of Ti** bonded with oxygen (TiO,), contaminated with N, F, and C com-
pounds. The O1s spectra of the samples (in boric acid bath) showed a single peak at
530.8 eV. However, in the HNO;—HF sample there is an indication of a second peak
at 532 eV, revealing the presence of two forms of oxygen [14]. The Ti2p;/, peak has
a binding energy of 459.0 eV for both samples, indicating that Ti present in the
samples is in the form of TiO,. For these measurements, the sampling depth of the
X-rays is 8 nm, and therefore the Ti substrate cannot be detected. The position of
2ps,» peak is consistent with the formation of a crystalline TiO, [19, 20].

GAXRD patterns of 6-pum nanotube array samples fabricated using KF (or NaF,
the two acids result in equivalent architectures) based electrolytes, with sodium
hydroxide used to adjust the pH, and annealed at temperatures up to 700°C are
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shown in Fig. 2.3 [2, 5, 21]. Crystallization occurs in the anatase phase at a
temperature near 280°C, the same as for nanotube samples prepared using an HF
electrolyte [1]. Electrolyte concentration and/or pH appear to have no influence on
the crystallization temperature of the nanotubes. The rutile phase appears at 530°C,
with the signal increasing with annealing temperature. No sign of nanotube disrup-
tion was observed in the field emission scanning electron microscopy (FESEM)
images of the samples annealed at 580°C. This is in contrast with shorter nanotubes,
HF grown at pH < 1, which started disintegrating at this temperature [1]. Yang and
coworkers made similar observations during the crystallization of 4.2-pm-long
nanotubes (pore size of 80 nm) in the temperature range 300-800°C [9], with the
length and average diameter of the nanotubes showing no discernible changes after
calcination up to 500°C. However, the nanotube length decreased to 3pum after
calcination at 550°C. After calcination at higher temperatures, 600 and 700°C, the
length of the nanotubes decreased to 2.8 and 1.5um, respectively, and at the same
time a thick oxide layer grew between the titanium substrate and the nanotube
arrays. At 700°C, small protrusions emerged through the nanotubes, resulting in
their cracking. The nanotubular structure of the samples annealed 800°Ccompletely
collapsed.

A TEM image of a single nanotube grown from a sample prepared at pH 5.0 and
annealed at 600°C, see Fig. 2.4, indicates the presence of anatase, but no rutile, phase
in the walls [21, 22]. The TEM data in conjunction with the GAXRD patterns
confirm the crystallization model proposed in our earlier work on short nanotubes
prepared using HF electrolyte [1, 3]. According to this model, anatase crystals are
formed at the nanotube-Ti substrate interface as a result of elevated temperature
metal oxidation. The rutile crystallites originate in the oxide layer (formed by the
oxidation of titanium metal) through phase transformation of anatase crystallites
existing in the region. The constraints imposed by the nanotube walls prevent anatase
crystallites in the nanotube walls from transitioning to the rutile phase [2, 21, 23].
Therefore, nanotubes, annealed at temperatures between 530 and 580°C, can be
considered as anatase crystallites stacked in cylindrical shape on a rutile foundation.
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Fig. 2.4 TEM image of a single nanotube from a sample prepared at pH 5.0 and annealed at
600°C, with corresponding diffraction pattern [21]

200 nm

Fig. 2.5 High-resolution TEM images of DMSO 40-V nanotube sample: (a) as-prepared, and (b)
after 550°C anneal in oxygen for 6 h. The corresponding selected area diffraction patterns are
given in the insets [24]

Figure 2.5 shows HRTEM images of a portion of a nanotube~45 pum long grown
at 40 V in DMSO containing 2% HF [24]. Figure 2.5a is an image of an as-prepared
nanotube, and Fig. 2.5b that of a nanotube annealed at 550°C in oxygen. The
corresponding diffraction patterns from the nanotubes are given in the inset. Clearly,
the as-prepared nanotubes are amorphous. Consistent with the earlier studies regard-
ing the nanotube array crystallization [1], the sample annealed at 550°C shows only
the anatase phase in the nanotube’s walls. GAXRD analysis confirms the TEM
studies that the as-anodized samples are amorphous. Figure 2.6 is GAXRD of a 40-V
ethylene glycol, 14-um-long 4-h 580°C annealed nanotube array sample exhibiting
anatase peaks [24, 25]. While the barrier layer underlying the nanotube array
remains rutile [1], no rutile can be seen in the spectra since the tubes are of such
great length. Identical GAXRD spectra are obtained for any of the nanotube array
samples fabricated using the polar organic electrolytes described in Chap. 1.
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Fig. 2.6 GAXRD pattern of a nanotube array sample anodized at 40 V in an ethylene glycol
electrolyte containing 0.25% wt NH4F, annealed in oxygen at 580°C for 4 h [24]

2.2.1 Anodic Formation of Crystalline Metal Oxide Nanotubes

Highly crystalline structures offer unique advantages over amorphous architectures
by providing a direct and rapid pathway for charge transport, thus decreasing the
carrier path length, which in turn reduces recombination losses [27, 28]. The need
for high-temperature crystallization limits the use of nanotube arrays with temper-
ature-sensitive materials, such as polymers. One approach to achieving crystalline
nanotube arrays is to start with a crystalline layer, and then anodize the film to
achieve crystalline nanotubes [26]. Titanium foil samples were first treated with an
oxidizing agent-containing electrolyte, e.g., H,O, at 80°C or (NH,4),S,05 at 120°C,
then anodized at constant voltage in a fluoride-containing electrolyte [26]. A
schematic of this two-step process is shown in Fig. 2.7. The two steps are not
symmetrical; treating as-synthesized amorphous TiO, nanotube arrays with the
oxidizing agent-containing electrolyte destroys the nanotubes.

After the initial treatment of the Ti foil sample in a peroxide electrolyte at 80°C,
the resulting films were then anodized in aqueous solutions containing NH4F [26].
Figure 2.8 shows the GAXRD results for an as-anodized sample. The inset of
Fig. 2.8 shows an FESEM top-view image of the nanotube array architecture.
Figure 2.9a shows a TEM micrograph for a similarly fabricated nanotube array
sample, and Fig. 2.9b the corresponding diffraction pattern which indicates a best fit
to anatase. Figure 2.9¢ gives the intensity from a rotationally averaged pattern with
expected Bragg lines from anatase [26].

The 80°C peroxide pretreatment of the Ti foil produces a crystalline oxide
layer~1.2um thick. Subsequent anodization in a fluoride-containing electrolyte
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Fig. 2.8 GAXRD pattern of well-developed nanotube arrays formed by anodizing a peroxide-
treated Ti foil sample in an aqueous electrolyte containing 0.25 M NH4F+0.1 M H;P0O5+0.05 M
H,0,;the inset shows a FESEM top-view image of this same sample [26]

initially produces a crystalline nanotube array structure by structuring of the
crystalline oxide layer. As the anodization continues with time, due to field-assisted
oxidation and dissolution, as well as chemical dissolution, the Ti—oxide interface
gradually moves deeper into the Ti metal and the outer surface dissolves. Therefore,
with increasing anodization duration (longer than 3 h) the nanotube growth
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Fig. 2.9 (a) TEM image of nanotubes formed by described technique; (b) corresponding selected
area diffraction pattern; and (c) intensity from rotationally averaged pattern compared with
expected Bragg lines for anatase [26]

proceeds through the crystalline oxide layer initially present, and is then replaced
with an amorphous nanotube array structure; hence the GAXRD-observed crystal-
linity of the nanotube arrays decreases for extended anodization durations. This
anodization time restriction limits the crystalline tube length to about 800 nm.
Strategies to overcome this limitation include the use of stronger oxidizing agents
to produce a thicker crystalline oxide layer, which is then converted into nanotub-
ular architecture by subsequent anodization. To this end, we immersed Ti foil
samples in ammonium persulfate, (NH4),S,0g, which is a stronger oxidizing
agent, at 120°C for 3 h. The 120°C ammonium persulfate pretreatment of the Ti
foil produces a crystalline oxide layer approximately 1.6um thick; temperatures
lower than 120°C resulted in thinner films, and higher temperatures resulted in an
insulator-like film which we were unable to anodize. Subsequent anodization of the
resulting samples in aqueous solutions containing NH4F enables fabrication of
nanotube arrays 1.4 um in length. Figure 2.10 shows the GAXRD results for an
as-anodized persulfate sample, indicating that the nanotube arrays are largely
anatase, and the inset of Fig. 2.10 shows an FESEM top-view image of the nanotube
array architecture achieved with the persulfate sample [26].
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Fig. 2.10 GAXRD pattern of well-developed nanotube array sample formed by anodizing a
persulfate-treated Ti foil sample in an aqueous electrolyte containing 0.25 M NH4F+0.1 M
H3PO5+0.05 M H,O,; inset shows FESEM top-view image of similar sample [26]

2.2.2 Improved Crystallization via Solvothermal Treatment

Thin-wall nanotube array architectures offer high surface area, facile diffusion of the
photogenerated holes to the electrolyte, and directed charge transfer of the photo-
generated electrons to the back contact for hydrogen evolution [29]. A high degree of
crystallization appears a prerequisite for useful photocatalytic materials, with crys-
tallinity playing a key role in charge separation and transport [30, 31]. In general,
higher crystallinity implies fewer amorphous regions and grain boundaries, and
hence a lower density of trap states. The anodically grown titania nanotube arrays
are amorphous and hence exhibit negligible photocatalytic activity. High-temperature
crystallization anneals, in an oxygen ambient to maintain stoichiometry, result in the
growth of a dense rutile layer from the metal film underlying the nanotube arrays,
introducing a significant series resistance that hinders transport of the photogenerated
electrons to the back contact [4]. Solvothermal methods are well known for crystal
size enhancement [32, 33]. Reactions take place in a closed system under autogeneous
pressure, which can be varied by choice of solvent, reaction temperature, and volume
filling of the reaction vessel [34, 35]. When solvothermal treatments were performed
on water-immersed titania nanotube array samples, we observed disorientation of
the vertically aligned nanotubes and detachment of the tubes from the underlying
substrate. These problems were eliminated when ethanol [36, 37]was used instead of
water, with the samples exposed to the resulting ethanol vapor rather than keeping
them in physical contact with the liquid medium.

The ethanol vapor treatment was carried out in a 23-ml Teflon-lined stainless
steel chamber. Optimal enhanced crystallization conditions were found with a



2.2 Structural and Elemental Characterization 77

Fig. 2.11 GAXRD of (a) 24 T T T T T T 5
ethanol vapor-treated titania o Anatase
nanotube array sample; (b) 20 L o o # Timetal -

as-anodized amorphous
titania nanotube array sample

Intensity (A.U)

1L . ;led.l.hl.....u. kil
20 25 30 35 40 45 50 55
2 Theta
Fig. 2.12 GAXRD pattﬁtms. w0k O I ]
of (a) 580°C annealed titania B Rutile

nanotube array sample
without solvothermal 150 + 8
treatment; (b) sample
thermally annealed and then
subjected to ethanol vapor
treatment

Intensity (A.U)

reaction temperature of 140°C and 25% filling volume, corresponding to a reaction
chamber pressure of approximately 50 psi. Hence for the treatment of all samples,
6 ml of ethanol was placed within the Teflon beaker, with the nanotube array
sample mounted on the top of a grooved Teflon stub to avoid direct contact with
the liquid medium. The sealed chamber was then kept at 140°C for 18 h.

Figure 2.11 shows the GAXRD patterns of an as-anodized titania nanotube array
sample and a similar sample after being subjected to the ethanol vapor treatment. It is
evident that the 140°C vapor treatment results in some minimal degree of crystal-
lization. Figure 2.12 shows the GAXRD patterns of a thermally annealed sample and
a vapor-treated, thermally annealed sample (samples of the same dimensions and
identical instrument conditions were used for recording the spectra). The patterns
from both samples show identical peak positions and the presence of both anatase
and rutile phases. All major reflections from the vapor-treated, thermally annealed
sample are stronger than those of the untreated sample, indicating a significant
increase in the degree of crystallization with the ethanol vapor treatment.
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2.2.3 Partially Crystalline Anatase Phase Nanotubes
by Anodization

As-synthesized nanotube arrays are commonly amorphous. Hence Fig. 2.13, which
is the GAXRD pattern of an as-anodized sample prepared from DEG+0.5 wt%
NH4F+2% H,0 electrolyte anodized at 80 V for 48 h at room temperature, is of
considerable interest since the anatase (101) peak indicates partial crystallization of
the tubes [38]. The anatase (101) intensity significantly increases with an increase
of NH,4F concentration to 0.9 wt%, with a distinct anatase (004) peak, see Fig. 2.14.
However, at this higher NH4F concentration, the electrolyte is not able to maintain
the nanotube structure, and only flakes are obtained.

To achieve the nanotube structure in crystalline form, optimization of a combi-
nation of anodization parameters is required. Crystallization is strictly determined
by migration of Ti** outward from the substrate and O* /OH ™ inward to form
crystalline oxide in a ratio that favors crystal growth [39]. Additionally, because
crystallization of anodic titania can be correlated with ionic transport during the
film growth [40, 41], it appears that the chemical properties of the solvent
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diethylene glycol, such as inter- and intra-molecular hydrogen bonding [42, 43],
and its physical properties, such as viscosity, play an as yet undetermined role.

2.3 Characterization of Doped Titania Nanotubes

Titania nanotube arrays appear a useful catalyst, under bandgap illumination, for
water photoelectrolysis [44—48]. Semiconducting TiO, (3.2 eV bandgap) absorbs
UV light, which comprises only~4% of the solar energy spectrum. Means to shift
the absorption properties of TiO, have historically focused on sensitization of the
TiO, with low bandgap semiconductors having suitable energy level positions with
respect to that of TiO,, or by doping with foreign elements such as C, N, F, B, P, and
S [49-53].

2.3.1 Carbon Incorporation Within the Nanotubes

Park et al. prepared carbon-doped titania (TiO,_,C,) nanotubular arrays by reduc-
tion of carbon monoxide [45]. Raja et al. reported TiO,_,C, nanotubular arrays
prepared by acetylene reduction [46]. Hahn et al. treated the nanotubes at 500°C
under a mixed flux of N, and acetylene to incorporate carbon [49]. Mohapatra and
coworkers reported carbon-doped titania nanotube arrays prepared by the sonoe-
lectrochemical anodization method using an ethylene glycol-ammonium fluoride
solution and annealing the as-anodized sample under reducing atmosphere (H,),
which converts the amorphous nanotube arrays to photoactive anatase phase as well
as helps in doping of the carbon (from the reduction of ethylene glycol) to give the
TiO,_,C,-type photoanode [50, 54]. Shankar and coworkers subjected nanotube
arrays to a flame annealing process [55]; an XPS scan of these samples revealed the
presence of carbon in all samples; a summary of the carbon content and carbon state
information is provided in Table 2.1 [55]. Fluorine was present in all samples, at

Table 2.1 Carbon content and chemical state information (from XPS) of flame annealed TiO,
nanotube arrays [56]

Sample Depth (nm) Total C (atom%) Cc-C Cc-O0 COO
Short NT 0 0.7 — - -
100 0.3 - - -
Flame-annealed short NT 0 3.3 2.5 0.4 0.5
100 2.8 1.9 0.6 0.3
Flame-annealed long NT 0 5.6 39 0.8 0.9
100 52 3.8 0.9 0.6
Long NT 0 35 2.3 0.5 0.7
100 3.0 1.9 0.6 0.5
Flame-annealed Ti foil 0 4.0 2.7 0.6 0.7

100 3.8 2.5 0.7 0.5
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a surface concentration of nearly 2 atomic%, decreasing to about 0.2 atom% in the
interior [56]. Based on the analysis of the C1s peak, incorporated carbon was present
in C-C (285.3 eV), CO (286.5 V), COO (289.0 eV), and C-N bonds. The Ti—-C
signal at 281.9 eV was not observed. The carbon content of the short nanotubes,
which is initially quite small, becomes appreciable upon flame annealing [55]. A
significant amount of carbon (~3%) is present in the long nanotube sample even prior
to flame annealing, which is attributed to the presence of a large number of organic
ions such as citrate and tetrabutylammonium in the anodizing bath. In long nano-
tubes, flame annealing introduces additional carbon into a structure where carbon
pre-exists in appreciable quantities. Hence, flame-annealed long nanotubes have the
highest carbon content (>5%) of the samples studied. While these various routes,
and those mentioned below, are able to dope the titania nanotube arrays, the resulting
photocurrents offer no significant improvement beyond TiO,.

2.3.2 Nitrogen Incorporation Within the Nanotubes

Substitutional N-doping has been suggested as a route for lowering the bandgap of
titania [56-59]. Nitrogen ions substitute oxygen atoms in the TiO; lattice and thus
the corresponding N(2p) states are located above the valence band edge. Mixing of
N(2p) states with O(2p) states results in a reduction of the bandgap of the N-doped
TiO,. Common approaches to achieving N-doped TiO, nanotubes are N,/H, gas
plasma treatment, annealing in ammonia gas, N-ion bombardment, N-ion doping
during the fabrication of nanotubes via anodization, etc. [52, 60—63].

Efforts have been made to nitrogen dope nanotube arrays in situ during the
growth and fabrication of nanotubes [63]. Titanium foils were potentiostatically
anodized at 25 V in an electrolyte of pH 3.5 containing 0.4M ammonium nitrate
NH4NOj; and 0.07M HF acid; with reference to Fig. 2.15, Sample A was removed
after 17 s of anodization, while Sample B was anodized for 240 s. Sample C was

N T T T
[ N1s
F TiO,. Ny E
3L ]
\:SS/
= Sample A 7
a P x = 0.23
s )
= r Sample B x = 0.09
Fig. 2.15 N 1s XPS spectra - Sample C A x = 0.02
for samples A—-C with 410 405 400 395 390

respective nitrogen doping

levels [63] Binding Energy (eV)



2.3 Characterization of Doped Titania Nanotubes 81

anodized for 6 h at 20 V in an electrolyte of pH 3.5 containing 2.5M NH4NOsand
0.07M HF. Such anodization chemistry restricts the electrolytic ions to nitrogen and
fluorine bearing species, allowing control of the possible elements that can be
incorporated into the anodic titania films. The potential and pH regimes chosen
were such as to facilitate nanotube array formation. The maximum current at the
onset of the anodization was limited by the compliance of the power supply used to
perform the anodization. In the first 25 s after application of the voltage, the
measured current density reduced from 4,120 mA/cm? to a local minimum between
15 and 25 mA/cm?, with the field-assisted oxidation of the Ti metal surface
reducing the current. In the potential range under consideration, this behavior is
typical for the anodization of Ti in fluoride ion-containing acidic electrolytes;
however, the magnitude of the anodization currents is much greater. The larger
anodization currents are attributed to the stronger oxidizing and etching action of
the nitrate ion-containing electrolyte. High-resolution N 1s XPS spectra of Samples
A (x=0.23), B (x=0.09), and C (x=0.02) (see [63])are shown in Fig. 2.15. XPS
data confirm that all the incorporated nitrogen is substitutional on the oxygen site.
The nitrogen peak at 396.8 eV was observed and assigned to atomic B—N, indicating
a chemically bound N~ state [64, 65]. Fluorine was present in the amorphous as-
anodized samples, with the final concentration of incorporated F~ sensitive to the
annealing conditions. Annealing processes (in air) lasting longer than 6 h at
temperatures above 600°C resulted in fluorine atoms being completely resubsti-
tuted by oxygen. The depth profile of a 250-nm-thick film with a surface nitrogen
concentration x=0.05 (the sample was anodized at 20 V for 120 s in a pH 4.5
electrolyte containing 0.4 M ammonium nitrate and 0.07 M hydrofluoric acid then
annealed per the other samples) indicated that the nitrogen doping is inhomoge-
neous with the maximum nitrogen being incorporated close to the surface, and then
linearly decreasing with increasing depth inside the film. The precise reactions
involving the decomposition of ammonium ions and nitrate ions at the anodic
surface to form N-doped titania are unclear. However, the anodization of aluminum
in nitric acid has been studied previously and is known to be relatively complex
[66]. A study of the interaction of aluminum with nitrate ions in thin oxide films
formed in nitrate ion-containing electrolytes indicated that the adsorption of nitrate
ions on the oxidized surface of aluminum was followed by their reduction inside the
oxide film [67]. Parhutik and coworkers [68] reported the incorporation of electro-
lyte anions in the anodic film formed by anodization of Al in HNOj solution.
Furthermore, it was reported that the anion concentration in the growing oxide
reaches a maximum value at the moment when intensive pore growth starts and the
oxide is thin, i.e., when the anodizing time is very brief [66, 68]. Similar behavior
was observed for Ti anodization, with maximum nitrogen incorporation occurring
in a film anodized for a mere 17 s (Sample A). Thus, a trade-off exists between the
morphology and the level of nitrogen doping. Shorter anodization periods result in
higher concentrations of incorporated nitrogen, whereas longer anodization periods
are required for evolution of the nanotube-array architecture.

Nitrogen doping by ion implantation of self-organized anodic titania nanotubes
combined with a subsequent anneal to remove induced defects has been
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investigated [61, 62, 69]. Ochsner et al. [69] formed nanotube array films in a
H,SO4/HF electrolyte, which were then annealed to an anatase structure,
implanted with nitrogen using ion bombardment at 60 keV and a nominal dose
of 1x10'® ions/cm?, and then finally re-annealed to anatase. Images do not show
any detectable morphological difference with the different steps. XRD results
presented for the films before doping, after nitrogen implantation, and after
re-annealing showed that ion implantation leads to amorphization of the struc-
ture and that re-annealing at 450°C for 3 h recovers the structure to anatase [61].
XPS spectra of the implanted TiO, tubes exhibited N 1s peaks in the implanted
and annealed nanotube layer (annealed at 450°C for 3 h) after 20 nm by Ar*
sputtering [61]. Two peaks were distinguished: one at 400+0.2 eV and another
one at 396+0.2 eV. The peak detected at 400 eV is assigned to a well-screened
v—N state (essentially adsorbed N), and the one detected at 396 eV is assigned to
an atomic B-N state such as TiN [70].Therefore, one can deduce from XPS
results that nitrogen is successfully implanted in the structure in a chemically
bonded state.

2.3.3 Boron-Doped Nanotubes

Boron doping was reported by use of electrodeposition, where the anodized nano-
tube sample was subjected to a current density of 10 pA/cm? for 27 min in a 0.1 M
H3BO; electrolyte [53, 71]. XPS spectrum showed B 1s peak at 191.4 eV for the
boron-doped sample. According to the standard B 1s binding energies in TiB,
(187.5 eV, Ti-B) and B,O5 (193.0 eV, B-0O) [72], the B 1s binding energy of
191.4 eV might be assigned to the mixed state Ti—-O-B of TiB, and B,0O3, which is
consistent with the published value of the B 1s signal for boron-doped TiO, in XPS
analysis [71-73].

2.3.4 Organic Bath

XPS was used to determine the elemental composition of the nanotube array samples
fabricated in an organic anodization bath, and results are summarized in Table 2.2
[74]. The nanotube array samples are predominately titanium and oxygen, with
traces of fluorine and sulfur due to solvent incorporation in the anodic films. It was

Table 2.2 XPS results of titanium etched in fluorinated 1:1 DSMO and ethanol at 20 V for 48 h,
one of the samples annealed at 550°C for 6 h [74]

Atomic con. (%) Ti (0] F N C S

Nanotubes 239 534 13.7 0.9 6.8 1.1
Annealed nanotubes 26.6 64.3 1.6 0.5 5.8 1.2
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believed that surface contamination is the likely source for the nitrogen and carbon
found in the samples. Chemical state analysis for titanium indicates that the sample
is Ti** bonded with oxygen (TiO,). Compared with samples fabricated in aqueous
electrolytes, the atomic concentration of fluorine (13%) is considerably increased
using the organic electrolyte [74]. However, the fluorine concentration is dramati-
cally reduced in the annealed samples, falling to 1.6%; GAXRD gives no indication
of TiO,F, or TiO,S, in the samples. Hence, while the results of XPS and XRD
indicate a considerable amount of solvent is trapped in the amorphous anodic films,
the trapped elements such as F, C, and S do not enter the rutile or anatase lattice.

2.3.5 C(CdS-Coated Nanotubes

In the GAXRD pattern of CdS-coated TiO, nanotube array films (HF fabricated, a
few hundred nanometers in length) annealed at 350°C for 1 h, Chen and coworkers
[75] observed a prominent TiO, Bragg peak along with weak Bragg reflections at
20 values of 26.55, 30.75, 44.04, 52.16, and 54.67°, corresponding to the (111),
(200), (220), (311), and (222) Bragg reflections of cubic CdS, respectively. The
general scan spectrum of XPS of CdS-TiO, electrodes showed sharp peaks for Ti,
0, Cd, S, and also C. The Cd 3d core level XPS spectrum has two peaks at 405.3 eV
(3 ds;) and 411.9 eV (3 d3.), which are in good agreement with published values
[76]. The S 2p core level spectrum indicated that there are two chemically distinct
species in the spectrum. The peak at 161.9 eV is for sulfide, the structure occurs
because of a split between 2p3,, and 2p; »; the split is near 1.18 eV and the area ratio
is 2:1, in excellent agreement with published values of the S 2p signal for CdS [14].
Measured atomic concentrations of the as-prepared samples suggest that when the
sulfate/O ratio is 1, the sulfide/Cd ratio is 0.86; this means that the CdS nanopar-
ticles obtained are slightly Cd rich, which is expected for CdS under normal
synthesis conditions [77].

2.4 Optical Properties of Titania Nanotubes Arrays

2.4.1 Finite Difference Time Domain Simulation of Light
Propagation in Nanotube Arrays

Titania nanotube arrays can be grown over a wide range of pore diameters, wall
thicknesses, and lengths, and with each topology showing different light absorption
and photocatalytic properties leading to different values of photoconversion effi-
ciency [78, 79]. Knowledge of the light absorption properties of the various
nanotube-array geometries prior to sample fabrication would be desirable. There-
fore, the electromagnetic computational technique known as finite difference time
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Fig. 2.16 Geometry of two-dimensional FDTD models used for determining the propagation of a
transverse electromagnetic (TEM) wave through: (a)aself-standing titania nanotube array film
(Type-I), and (b) titania nanotube array film on titanium substrates (Type-II) [81]

domain (FDTD) was used to simulate the light-absorbing properties of the nanotube
arrays as a function of feature size and wavelength [80, 81]. The simulations were
performed for titania nanotube array films with no metal layer underneath the
nanotubes (transparent, Type-I) and also for the nanotubes grown on titanium foil
(opaque, Type-II). Note that in the former case, Type-I, the glass substrates were
not included in the simulations and hence the nanotube film can be considered self-
standing. Figure 2.16 shows, respectively, the two models used to represent self-
standing titania nanotube array films (transparent, Type-I) and nanotube array films
on titanium foil (opaque, Type-II). The distance between two adjacent tubes was
taken as 10 nm. The FDTD space was terminated with an absorbing boundary
condition (ABC) made of a uniaxial perfect matching layer [82] to eliminate the
reflection of any fields from these boundaries. The Type-II (Fig. 2.16b) model
contains a perfect electrical conducting layer at the bottom of the nanotube array to
represent the titanium layer. Therefore, in the case of Type-I, transmittance and in
the case of Type-II, reflectance are used to determine the absorbance of light by the
nanotube array. In all simulations reported to date, the distance between two
adjacent tubes was taken as 10 nm. The validity of the FDTD simulations were
established by comparison of the calculated and experimentally measured transmit-
tance of a Type-I film of different porosities, see Fig. 2.17.

The measured absorbance spectrum of a titania nanotube array (200 nm length,
22 nm pore, 13 nm wall thickness, and 100 nm barrier layer thickness) was compared
with the simulated results [83]. Both curves were found similar, except that the
absorption edge of measured spectra is shifted slightly to the higher wavelength
region compared to the simulated spectra. This is due to the fact that the barrier layer
has rutile crystallites and the nanotube walls consist of anatase crystallites. The
bandgap of the rutile is lower (3.0 eV) compared to the anatase (3.2 eV). The rutile
phase at the barrier layer leads to the shifting of the absorption edge to higher
wavelength, a property not taken into account by the FDTD simulations.
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Fig. 2.17 Measured and FDTD calculated transmittance of a Type-I film made using different
anodization voltages. The 10-V sample is 200 nm long, and the 20-V sample is 360 nm long [81]

As an informative demonstration, Fig. 2.18 shows the propagation of a trans-
verse electromagnetic (TEM) wave through a titania nanotube array on Ti foil
(Type-II). A derivative Gaussian wave (center frequency =8 x 10'*Hz, bandwidth
=2x10""Hz) is used as the excitation source. The tube length, pore diameter, wall
thickness, and barrier layer thickness are, respectively, 1,000, 100, 20, and 100 nm.
Figure 2.18a shows the wave originating from the source and moving towards the
nanotubes. When the wavefront hits the top surface of the nanotube array,
Fig. 2.18b, most of the incident energy is transmitted into the nanotubes, with a
negligible portion reflecting back. The reflected wave can be seen in Fig. 2.18b, c as
a faint horizontal line on the top of the nanotubes. The wave dissipates as it travels
through the nanotube array to reach the barrier layer, Fig. 2.18c. Figure 2.18d—f
shows the wave reflecting back from the conducting Ti layer at the bottom of
the nanotube array. Note that the reflected wave contains multiple wavefronts, as
the derivative Gaussian pulse contains radiation over a wide frequency range; the
individual frequencies travel at different velocities through the barrier layer and
nanotube array due to the frequency-dependent variation in the titania permittivity.

With respect to the applied properties of Type-II samples, it should be noted that
to induce crystallinity the nanotube array samples are annealed at elevated tem-
peratures in an oxygen environment. The diffusion of oxygen into Ti foil is
consistent with the Fick’s second law, and hence a gradient in the oxide composi-
tion exists from the top of the barrier layer to the Ti metal [83]. Consequently, there
is a gradient in the complex permittivity spectrum of the oxide layer underneath the
nanotubes and hence light is bent before it is reflected back from the metal. This
gradient was considered during the simulation process by linearly increasing the
permittivity values of the barrier layer; so the permittivity at the bottom of barrier
layer is 10 times larger than at the top. Hence when light is reflected back from the
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Fig. 2.18 Propagation of light through Ti-foil backed titania nanotube array at (a) 4.67, (b) 9.34,
(c) 11.68, (d) 14.01, (e) 16.35, and (f) 17.51 fs (femtoseconds). The variation in field strength is
represented by the different shades of gray [81]

metal, it is more readily absorbed, and therefore the intensity of the rejected light is
very low, on a unit length basis, compared to that of the transmitted wave in Type-I
samples. As a result, a clear difference in the absorbance can be seen between the
Type-1I samples (Fig. 2.19) and the Type-I samples (Fig. 2.20) [81]. The increased
light absorption in Type-II samples makes them more suitable for water photolysis
experiments, while the Type-I samples are better suited for application in solar cells.

The transmittance of light through self-standing TiO, nanotube array films
(Type-I) is calculated as a function of tube length while keeping wall thickness,
pore diameter, and barrier layer thickness constant. Figure 2.21 plots the transmit-
tance of the film as a function of excitation wavelength and tube length for
nanotubes of length 200 nm, pore size 22 nm, and barrier layer thickness 100 nm.
The transmittance reaches a value over 95% at wavelengths greater than 380 nm.
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The spacing between the interference patterns, created by the interaction of the
transmitted wave and the wave reflected back from the top of the nanotubes,
reduces with increasing nanotube length [84-86]. In the region below about
330 nm, the absorption is so high that the nanotube length has little influence.
Here the light is completely absorbed by the nanotubes within a path length of a few
tens of nanometers. Above this wavelength region, the transmitted fields depend on
the nanotube length. It was found that for a given nanotube length, wall thickness,
and barrier layer thickness, the transmittance increases slightly with increasing pore
size. With the increase in porosity, the air column volume increases and the solid
material volume decreases, yielding reduced effective refractive indices.

2.4.2 Measured Optical Properties

Figure 2.22 shows the transmittance spectrum of a transparent titania nanotube
array film on a glass substrate [3]. The optical behavior of the TiO, nanotube arrays
are quite similar to those reported for mesostructured titanium dioxide [87—-89]. The
difference in the envelope magnitude encompassing the interference fringe maxima
and minima is relatively small compared to that observed in titania films deposited
by rf sputtering, e-beam, and sol-gel methods [90-92].

The absorbance (or optical density) of the films were estimated from the
transmittance T using the relation: A=—log(7). Here, we assumed that all the
incident light is either transmitted or absorbed, with reflection or scattering being
negligible. The Napierian absorption coefficient of the sample was calculated using
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Fig. 2.22 Transmittance spectra of glass (Corning 2947) substrate, and 450°C annealed nanotub-
ular titania film atop the same glass (Corning 2947) substrate [3]
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Lamberts law, where d is the thickness of film, which can be determined using the
relation

Mo

[Pan(A1) — Zan(dy)]

d= 7 (2.1)

where 4, and 4, are the wavelengths corresponding to the two adjacent maxima or
minima, and n(4;) and n(4,) are the refractive indices at 4, and 4,, respectively. The
refractive indices of the titania nanotube film were calculated using the transmit-
tance spectrum in the range 380-1,100 nm by employing Manifacier’s envelope
method [93]:

n(A) = \/S +1/8% — n3(A)n3 () (2.2)

2.3)

where ng and ng are the refractive indices of air and film, respectively, Tp,ax is the
maximum envelope, and T,;, is the minimum envelope. From the transmittance
spectrum, the refractive index of glass is calculated as a function of wavelength
using the relation

-1 (2.4)

where T is the transmittance of glass.

Figure 2.23 shows the refractive index of the thin-film titania nanotubes and, for
comparison, the glass substrate, calculated using (2.3) and (2.4) [3]. The optical
behavior of the TiO, nanotube arrays is quite similar to that reported for mesos-
tructured titanium dioxide. The average refractive index of the nanotube array
(450°C annealed) was found to be 1.66 in the visible range, 380—800 nm. The
thickness, as calculated by inserting the values of refractive indices and the wave-
length corresponding to two consecutive maxima or minima (Fig. 2.23) in (2.2), was
found to be 340 nm. This agrees with the value of 300 nm for the total thickness of
the nanotube array including the barrier layer, determined from FESEM images.

The porosity of the nanotube array architecture was determined from the relation
[94]

2
Porosity(%) = {1 -0 1] % 100 (2.5)
f'ld —

where n (=1.66) and nyq (= 2.5) are the refractive indices of the nanotube structure
(annealed at 450°C) and nonporous anatase films, respectively. The porosity of the
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Fig. 2.23 Refractive index variation of 450°Cannealed nanotubular titania film and, for compari-
son, a glass (Corning 2947) substrate, in the range 380—1,050 nm. The TiO, film has an average
refractive index in the visible range of 1.66

nanotube structure was calculated as 66.5%, which is close to the calculated value of
67% for nanotube arrays grown on titanium foil using a 10-V anodization potential
[3, 95]. The low refractive index is due to the high porosity of the nanotube
architectures, with nanotube diameters much less than the wavelength of light in
the visible range, which reduces the light reflection from the surface of the array. The
absorption coefficient o and the bandgap E, are related through the equation [96]

(ahv)’ = hv — E, (2.6)

where v is the frequency, % is Plank’s constant, and s=0.5 for indirect bandgap
material. The Tauc plot, v/ahv vs.hv, obtained after substituting the value of o in this
equation is shown in Fig. 2.24 [3]. The optical bandgap, obtained by dropping a line
from the maximum slope of the curve to the x-axis, is 3.34 eV. XRD results showed
only anatase phase in the transparent titania nanotube array film. The reported
bandgap value of anatase phase in bulk is 3.2 eV [97]. A slight blue shift in the
value might be due to a quantization effect in the nanotubular film where the wall
thickness is about 12 nm. A band tail to 2.4 eV is observed. The degree of lattice
distortion is likely to be relatively higher for nanotube array films, thus causing
aggregation of vacancies acting as trap states along the seams of nanotube walls
leading to a lower band-to-band transition energy.

As seen from the structural studies, nanotube array films that retain an underly-
ing metal layer have anatase-phase nanotube walls and a rutile-phase barrier layer.
The absorbance spectra of these opaque films were compared with those of nano-
tube array films grown on metal foils (both annealed at 480°C) in the wavelength
range 320-800 nm, as shown in Fig. 2.25 [3]. Although there is no significant
difference between the behavior of thin film and foil samples, the shift in the
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Fig. 2.24 /ofiw vs.ho plot of a 450°C annealed nanotube array film. An indirect bandgap of
3.34 eV and band tailing up to 2.4 eV is observed in the film [3]
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Fig. 2.25 Diffuse reflectance spectra of thin film (with a significant underlying Ti layer) and bulk
metal samples, as-anodized (amorphous) and 480°C annealed. Both film and foil samples were
prepared in the same electrolyte and annealed under identical conditions [3]

absorption edge towards higher wavelengths on annealing the samples is evident
from this figure. The presence of rutile phase, which has a bandgap of ~3.0 eV,
makes the absorption edge close to 400 nm [97].

The UV-vis spectra of the electrochemically doped nitrogen and fluorine-doped
TiO, thin films revealed that the presence of fluorine did not result in a discernable
change in optical absorption, whereas N-doping exhibited slightly higher optical
absorption in the wavelength range from 400 to 510 nm [63]. The optical absorption



92 2 Material Properties of TiO, Nanotube Arrays

0.8

0.6
0.4

0.2

0 [y I )

400 420 440 460 480 500 520 540
Wavelength (nm)

Normalized Reflectance

Fig. 2.26 Normalized visible reflectance spectra of CdS-TiO, nanotube array electrodes. (a):
TiO, nanotube array electrode; (b) 20 min —0.5 V electrodeposited CdS-modified TiO, nanotube
array electrode, as fabricated; (c) electrode of (b) after annealing at 350°C for 60 min in N, [75]

is a function of both film thickness and nitrogen concentration. The film with the
highest nitrogen concentration, Sample A with x=0.23, is also the thinnest film
owing to the fact that it was anodized for only 17 s [63]. The improvement in optical
absorption is manifested most clearly for films of similar thickness. All N-doped
films exhibited a shift in the primary absorption threshold, with the magnitude of
this shift increasing with the concentration of incorporated nitrogen.

Normalized visible reflectance spectra of a plain TiO, nanotube array electrode
as well as CdS-modified TiO, nanotube array electrodes are shown in Fig. 2.26
[75]. The reflectance onset was determined by linear extrapolation from the inflec-
tion point of the curve toward the baseline. The CdS coating on nanotube array has
red-shifted the absorption edge into the visible region, with the absorption tail
extending to 500 nm; the bandgap calculated from this reflectance edge is about
2.53 eV [75]. After annealing (N,, 350°C, 1 h) its absorption behavior has further
red-shifted, with the reflectance tail extending to 515 nm, with a calculated bandgap
edge of 2.41 eV, the absorption edge corresponds to a nanoparticle size of approxi-
mately 10 to 20 nm [98, 99]. With annealing, the CdS particles aggregate and cause
the spectrum to red-shift, a behavior previously attributed to the formation of
valence-band tail states [100].

2.4.3 Ellipsometric Measurements

Ellipsometric methods have been used to study the growth process of TiO, nano-
tube array films [101]. Changes in ellipsometric parameters (A,'¥) were measured
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Fig. 2.27 Experimental A—¥ curve for growth of TiO, film on Ti at 20 V in 0.5 wt%NH,F, and
theoretical A-¥ curves ([101]; Reprinted by permission of ECS —The Electrochemical Society)

as a function of time during anodization of Ti at 20 V in 0.5 wt%NH/F. Figure 2.27
shows the experimental A,V plot in 0.5 wt%NH4F and three theoretical A-¥ curves
A, B, and C calculated for the growth of single-layer films [101]. The experimental
A-Y plot starts at an initial point determined by the air-formed film and traces out a
circular curve that passes repeatedly near the initial point. The experimental A—¥
point for the initial anodization period of 60 s moves at a high speed through the first
cycle and fits the theoretical A—¥ curve A calculated for a film with N, =2.02-0.06i.
This indicates that a single-layer film grows rapidly in this period. Beyond 60 s, the
experimental A—¥ plot deviates from the theoretical curve A, moving inside
theoretical curve A. The experimental A—¥ plot of the next three cycles does not
fit a theoretical curve for growth of a single-layer film having a fixed optical
constant, but is close to the theoretical curve B calculated for a film with N,=
1.80-0.031, which is small compared to the N, value used for the calculation of the
theoretical curve A (N,=2.02-0.06i). The experimental A—¥ plot of the fifth cycle
deviates from that of the antecedent four cycles, spiraling inward. The experimental
plot in this cycle cannot fit a theoretical curve for the growth of a single-layer film
but may be simulated by a model in which the refractive index of the film decreases
as low as that used for the calculation of the theoretical curve C (N,=1.42-0.031).

An optical model was suggested to compare the theoretical A—¥ curves for
growth of anodic TiO, nanotube layers with the experimental A—¥ curves [101].
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Fig. 2.28 Schematic structure and optical models of TiO, nanotube layers formed on Ti in NH4F
solutions ([101]; Reprinted by permission of ECS —The Electrochemical Society)

Figure 2.28a shows a four-layer optical model employed to calculate the theoretical
curves for the films growing in Stage II. Nanoporous and nanotube layers are
modeled as a mixture of TiO, and voids, which are filled with electrolytes. The
optical constants of these two layers can be calculated as a function of the void
fraction f, by using the Bruggeman effective medium approximation (EMA) [102].
Because a barrier layer at the bottom of nanotubes is scalloped, this layer can be
divided into upper and lower parts, which are called the pure barrier layer and
interface barrier layer, respectively [103]. The pure barrier layer is regarded as
pure TiO, and the interface barrier layer as a mixture of TiO, and substrate material
(Ti). The optical constant of the interface barrier layer can be calculated using the
EMA model for a given Ti fraction fr;. In the Bruggeman EMA, the effective
dielectric functione of a layer consisting of two materials A and B is given by
solving the following equations [104]:

[f" <(+_ zgsﬂ * {f <(+_ z%] B &7

fatfe=1 (2.8)
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Fig. 2.29 (a) Thickness vs. time and (b) void fraction vs. time relationships used for model
calculation, and (c) the resulting calculated A—¥ curve ([101]; Reprinted by permission of ECS —
The Electrochemical Society)

where €4 and g5 are the dielectric functions of constituents A and B, respectively. f4
and fp represent the volume fractions of these constituents. The dielectric function
can be related to the optical constantN by the following simple equation: e=N?. The
films in the last growth Stage IV can also be expressed by the four-layer optical
model as shown in Fig. 2.28b [101]. In this case, the nanotube layer is separated into
two layers with different void fractions fy u¢.ou and fy nt.in-

Figure 2.29 exhibits a set of thickness vs. time relations (top), and void fraction
vs. time relations (middle) used in a model calculation, and the resulting calculated
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A-Y trajectory (bottom) [101]. The following assumptions were used for the
calculation: (i) the initial TiO, barrier layer grows to 70 nm; (ii) the optical constant
of TiO, material is 2.20-0.00i; (iii) the void fraction of the nanoporous layerf, ,,
increases linearly from 0 to 0.91 with decreasing thickness of this layerd,,;, from 70 to
0 nm; (iv) the void fraction of the nanotube layer f, ,, increases linearly from 0.22 to
0.56 with increasing thickness of this layer d,, from 0 to 520 nm; (v) the dissolution of
the nanotube mouths becomes significant when a certain period of time passes after the
surface nanoporous layer disappears and the void fraction of the resulting outer
nanotube layerf, , oue increases linearly from 0.56 to 0.91 with time; (vi) the thick-
nesses of the pure and interface barrier layers increase with time in the initial period of
oxidation and then remain constant at 50 and 5 nm, respectively; and (vii) the Ti
fraction of the interface layer fr; is kept constant at 0.25. The calculated A-¥
trajectory (Fig. 2.29c¢) is similar to the experimental A-¥ plot shown in
Fig. 2.27 [101].

2.4.4 Raman Spectra Measurements

The different phases of titanium dioxide, i.e., anatase, rutile, and brookite, have
characteristic Raman peaks, and hence Raman spectra can be used to demonstrate
the effects of calcination temperature on the phase of nanotube array on the Ti
substrate. Figure 2.30 shows the Raman spectra of titania nanotube arrays after
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Fig. 2.30 Raman spectra of the TN array calcined at various temperatures, where the peaks
representing anatase and rutile are labeled A and R, respectively ([16]; Reprinted by permission
of ECS — The Electrochemical Society)
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calcination at temperatures ranging from 300 to 600°C [16]. Peaks representing the
anatase and the rutile form of TiO, are labeled A and R, respectively. Amorphous
TiO, has no Raman peaks. When the sample was calcined at 300°C, the typical
peaks 144, 197, 400, 515, and 640 cm ™' corresponding to anatase phase appeared
[105]. When the calcination temperature was increased from 300 to 450°C, the peak
intensity of anatase increased, which is ascribed to the gradual growth of crystallites
and increase in the degree of crystallization. While the temperature was increased to
above 450°C, the anatase phase began to transform to the more stable phase of
rutile. The Raman spectra showed that rutile (143, 235, 447, and 612 cmfl) became
the main phase at 600°C [105]. On observing the Raman spectra of the three
samples prepared by different voltages and calcined at 450°C, it was found that
the intensity ratio of the anatase peak to the rutile peak increased with the increase
in anodization voltage, indicating that the content of anatase phase prepared at 20 V
is higher than that of the other two samples [16].

2.5 Electrical Property Measurements

2.5.1 Photocurrent Transient Measurements

The electronic properties of TiO, nanotube layers were characterized using photo-
current transient measurements [106]. Generated photocurrent transients, the shape
of which depends on the crystal state, were recorded when a light pulse at a
wavelength of 350 nm was applied for 10 s [106]. For the annealed nanotube
layer, an initial rapid increase of the current is recorded, followed by a gradual
decrease of the photocurrent with time. The same transient behavior can be
observed on compact layers. This behavior was described in terms of a classical
onset of recombination. The simplest kinetic approach is based on an exponential
law [106]

Loy (t) = {Lpn(t = 0) — Ly, (t = 00) } exp (—kt) + L, (t = 00) (2.9)

where k denotes a rate constant. By fitting (2.9) to the experimental data points, the
rate constants yield k=0.315,0.393 and 0.14 s ' for the as-anodized compact layer,
the annealed compact layer, and the annealed nanotube layers, respectively. The
rate constant for the annealed compact layer is comparable to that for the as-formed
compact layer, contradicting what one might anticipate. For the as-anodized nano-
tube layer, the photocurrent continuously increases with time during illumination; it
appears trap-filling results in a photocurrent increase. A number of localized states
are introduced in the TiO, bandgap after anodization, which act as recombination or
trap sites. The as-anodized nanotube layer could contain deeper traps due to
fluoride-induced etching of the formed oxide. When trap-filling behavior is domi-
nant, during illumination over time the traps are filled with photogenerated charge
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carriers, which can enhance charge carrier lifetimes. Therefore, the photocurrent
gradually increases as the number of filled traps increases. The process may be
described by the following kinetic equation [106]:

Ly (1) = {1 —exp (=kt)} - {Ipn(t = 00) =Ly (t =0)} + L, (t=0)  (2.10)

where k denotes a rate constant. Upon fitting (2.10) to the observed data points, the
rate constants yield k=0.49 s~ for the as-anodized nanotube layer.

2.5.2 Capacitance Measurements

The semiconducting properties of TiO, nanotube array/electrolyte interfaces were
analyzed by means of impedance spectroscopy near the flat band potential. Three
different samples were used; compact layers: 1 M H3PO,4 (10 V, 10 min, oxide
thickness~25 nm); short e-tubes: 1 M H3;PO4+0.3% HF (10 V, 2 h, thickness
~500 nm, pore size 75 nm); and long e-tubes: 1 M NaH,PO,+0.5% HF (20 V,
2 h, thickness ~1 pm, pore size 150 nm) [107, 108]. Thermal annealing of the oxide
layers was carried out at 450°C in air during 3 h using a heating and cooling rate of
20°C/s. Acetate and borate buffer solutions of pH 2.73 — 9 were used for the
capacitance analysis. Figure 2.31 shows that the cathodic polarization curves
performed on compact and porous oxides are characterized by a current plateau
followed by an exponential increase at U< —0.5 V [107]. This behavior change
may be ascribed to the disappearance of the Schottky barrier control with the onset
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Fig. 2.31 Polarization curves obtained in acetate buffer solution of pH 6 on compact and porous

oxides, with a voltage sweep rate of v=5 mVs~'([107]; Copyright 2007. Reprinted with permis-
sion from Elsevier)
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of a kinetic-controlled electron transfer. However, the presence of an anodic current
at potentials between 0.5 and 1 V indicates the start of oxygen evolution promoted
by hole injection from the valence band. A marked difference between the
current densities of the compact and porous oxides can be observed at a potential
U< —0.5 V, which is mainly related to the larger active area of the nanotubes.
However, practically no differences can be discerned at U>—0.5 V, indicating a
common controlling step in the charge-transfer mechanism. It is suggested that
these features are probably a consequence of a two-film structure, a compact base
oxide and a nanotube array overlayer [107].

2.5.2.1 Mott-Schottky Plots: Analysis of Interfacial Properties

The Mott—Schottky equation is a common tool used for characterization of the
semiconductor/electrolyte interface [109]. The flat band potential Uy, and the donor
concentration Np in a specific electrochemical system can be determined by
plotting Cy. 2 vs. potential U according to

2 kT
C2= U-—Up—— 2.11
s¢ <8806‘ND) ( fo e > ( )

where C. represents the differential capacitance of the space charge layer. The
presence of a high concentration of multiple donor levels in the bandgap promotes
indirect tunneling of electrons through the semiconductor layer, resulting in a
variation of the slope of (2.11) with frequency. This frequency dependence is
determined by the distribution of relaxation times for electron emission, which in
turn depends on the position of the states relative to the conduction band [110]. At
sufficiently low frequencies, the response of a large fraction of the frequency
dependent donors is expected, avoiding interferences arising from the double
layer response at higher frequencies. Figure 2.32 shows the Mott—Schottky plots
obtained at f=3 Hz, where two main features can be seen [107, 108]. First, all
curves show a marked change of slope, which is associated with band state ioniza-
tion. Then, the porous oxides show a marked shift of the linear extrapolation to
C~?=0 towards more positive values as compared with the compact oxide. Accord-
ing to (2.11), values of Ug,=—0.725 V and U, =—0.33 V can be calculated for the
compact oxide layer and the 1-pum long nanotube layer, respectively [107]. Donor
concentrations Np=4.19x 10"cm 2 and Np=1.63 x 10*°cm >(referenced to the
geometrical area) for the compact and the 1-pm long tubes oxide layers, respec-
tively, were estimated from the slope near the flat band potential. Typical values
reported for the donor concentration are within 10'°~10**cm ™ as dependent on
sample preparation conditions [111-113]. In spite of very different surface areas,
similar slopes are found in both the compact and nanotube array layers, reflecting
the concept of a porous oxide layer as two oxide films of different capacitance, the
lower of which dominates the total response.
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Fig. 2.32 Mott—Schottky plots obtained on compact and porous oxides in acetate buffer solution
of pH 6. f=3 Hz; U; =1 V ([107]; Copyright 2007. With permission from Elsevier)

The width of a depletion layer in a semiconductor is given by

1 1

2eco\ 2 kT\ 2

Lp = <ﬂ> (U — Up — —> (2.12)
eNp e

where ¢ is the dielectric constant of TiO,, taken as 42. This expression predicts a
space charge layer thickness of 7 nm at the crossover potential for the 50-nm-thick
compact layer formed at 20 V [107]. An alternative interpretation of the impedance
responses seen for the anodic semiconductor oxides was introduced by application
of amorphous semiconductor theory [114, 115]. According to this model, the
capacitance will be given by

1 U4
Cl=——rw-—ms
© VegeNp  Yc

where /gis the band bending and /¢ corresponds to the maximum polarization for
which states still respond. Figure 2.33 shows the inverse of capacitance
corresponding to compact and porous oxides [107]; expression (2.13) (solid lines)
accurately simulates experimental results after adopting the following values: for
compact oxide Np=3.1 x 10*°cm 2eV !, Up=—0.85 V and Yc=0.15V; for short
tubes Np=6.5x 10>°cm eV ™!, Up=—0.72 V and =0.30 V; for long tubes
Np=6.5x10"cm eV ™", Up=—0.50 V and c=0.27 V [107]. It was noted that
only the bottom of the porous film responds to the perturbation, and that the pore
walls present a highly conducting medium with rather a large contribution due to
surface effects (potential drop at the oxide/solution interface). The amorphous-
semiconductor theory works well for annealed TiO, layers which points to a large

(2.13)
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Fig. 2.33 Potential dependence of the inverse of capacitance for annealed compact and porous
oxides obtained in acetate buffer solution at f=3 Hz. (—) Fitting curves after (5.5) for the amor-
phous semiconductor theory ([107]; Copyright 2007. Reprinted with permission from Elsevier)

number of bandgap states, which may be related to mobile defects at U>Upg,.
Boschloo and coworkers [116, 117] reported the presence of electron traps approx-
imately 0.5 eV below the conduction band as a means to explain the appearance of a
photocurrent maximum on zinc-porphyrin-sensitized TiO, electrodes. Since the
electrode has a large internal area consisting of numerous interconnected nanocrys-
tallites, a high electron trap density is expected at the oxide/electrolyte interface and
grain boundaries. Although the chemical origin of these traps is not known, it was
suggested that they arise from an incompletely coordinated Ti surface [118].

Interfacial properties of the oxide were further analyzed by the potential depen-
dence of the surface capacitance of compact and porous layers obtained under
different solutions and illumination conditions [107]. Without illumination, the
Mott—Schottky plots were shifted to more positive potentials with decreasing pH.
The pH-dependence of the flat band potential is commonly related to the potential
drop at the double layer as a consequence of acid—base reactions

TiO2 surface + H" TIO(OH) surface (214)
TiO(OH) surface + H' < TiO(OHz)surface (2.15)

In the absence of surface states and adsorbed ions, the following pH dependence of
the flat band potential is expected:
Ut = Upjep — 2.3kT (pH — pHicp) (2.16)

where Ug, i, and pHie,, are the flat band potential and the pH at the isoelectric point,
respectively, which was found to be 5.8 for anatase [116]. As can be seen in Fig. 2.34,
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Fig. 2.34 pH dependence of the flat band potential for the different oxides obtained by extrapola-
tion of the low band-bending parts to C~>=0 ([107]; Copyright 2007. Reprinted with permission
from Elsevier)

this point defines two zones with large deviations of (2.16) at pH < pHiep,. Slope values
of 105 and 166 mV/pH for tube layers 0.5 and 1pum in length, respectively, are
observed, indicating a strong influence of the surface chemistry [107]. Surface charg-
ing of TiO, surfaces in aqueous electrolytes involves not only chemistry of the
terminal oxo and hydroxo groups, (2.14) and (2.15), but also the uptake of protons
at the band edge trap sites near the flat band potential [119, 120]. Thus, it is feasible
that the value of the flat band potential will be mainly determined by equilibration of

the conduction band with the trap-based redox couple, which can be written as
Ti*"O, + H" + e~ — Ti*"O(OH) (2.17)

The displacement towards more positive pH values for the porous layers was
interpreted as the natural consequence of a larger density of surface charge and the
related Fermi level shift caused on the pore bottoms. It was suggested that the different
slopes observed around the isoelectric point were related to pH-dependent surface
charging [107], which is related to hydrogen loading in the subsurface region with the
formation of incompletely coordinated Ti** surfaces [121], and interstitial proton and

hydroxyl bonds (Ti—O-H) whose formation is favored at pH < pHjep,.

2.5.2.2 Surface State Model

The pH dependence of the Mott—Schottky plots showed different slopes near the
isoelectric point, which may be related to the nature of the surface states, see
Fig. 2.34 [107]. It was suggested that surface state formation is related to
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incomplete coordination of surface Ti atoms [114], which seems to be favored at
pH <pHje,. The change of solution pH also affects the donor concentration as can
be inferred from the pH dependence of the Mott—Schottky plot slopes. This effect is
more pronounced in regions of high band bending, and even more pronounced for
oxide layers comprised of short nanotubes [107]. This effect cannot be associated
with the reductive effects of hydrogen intercalation, which is observed at a potential
more negative than the flat band condition with a consequent marked increase of the
donor concentration [116, 117];hence it appears the effects of pH are largely related
to modifications of the surface chemistry [107].

The impedance behavior of the porous structures were interpreted by use of a
two-oxide-layer model, with an underlying layer whose behavior can be considered
similar to the compact oxide, and where the wall of the oxide tubes presents a
higher donor concentration with a consequent higher electronic conductivity than
the underlying layer, see Fig. 2.35 [108]. According to this model, with the system
under electronic equilibrium, the introduction of the pore walls with a higher donor
concentration will shift the energy levels of the compact layer toward higher
energies. This, in turn, is reflected by a positive shift of the observed flat band
potential [108]. The total capacitance of the oxide will be given by [108]

1 1 1
L + (2.18)
Cox Csc(bot[om) Csc(walls)

aoubie layer
wallfelectrolyte

Fig. 2.35 Equivalent circuit C Hwdlb
representing the impedance

response of the porous TiO,

layers ([108]; Copyright

Springer-Verlag 2006. With

kind permission from

Springer Science+Business

Media) Ric bottorn RH wals
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Taking into account that Cy. is proportional to (Np) in the depletion region, and
that Nyais => Npowom, the observed capacitance response will be dominated by the
underlying oxide [108]. Due to the high conductivity of the polycrystalline walls,
they can be regarded as an electronic conductor connecting the base semiconductor
with the double layer (in solution) [108]. Therefore, the observed response corre-
sponds largely to that of the bottom oxide layer, while the influence of the nanotube
arrays is manifest in enhanced surface chemistry effects. The annealing process
decreases the defect concentration, and as a consequence the flat band potential
shifts toward more positive potentials [108].

The presence of a porous structure on the pH dependence of the flat band
potential can also be related to the double-layer semiconductor structure [108].
Here, it is expected that the shift of the Fermi level of the compact oxide will be
controlled by the surface chemistry of the pore walls. Thus the noticeable
potential shift at pH< 6 in the porous oxide (cf. Fig. 2.34) can be explained in
terms of the acid—base reactions of the —OH groups on the surface of the pore
walls and the fact that the potential drop seen by the underlying oxide is given
by [108]

_ AqA pores
CA bottom

Ag (2.19)

since part of the surface charge generated in the pore walls must be compensated in
the bottom oxide. The presence of these groups would lead to the formation of
surface states, the charging of which results in Fermi level pinning.

2.5.2.3 Photoeffects

Surface states lead to trap site formation. Therefore, depending on the relative
rates at which the surface states charge and discharge, an additional capacitive
element will be built at the interface giving rise to the appearance of a capaci-
tance peak [107]. Electrochemical and spectroscopic experiments have indicated
the presence of two intraband surface states in nanotube array films acting as
electron traps [116, 118, 121]. These are, respectively, related to adsorbed
peroxy or peroxide radicals (located at midgap) and to incomplete coordinated
surface Ti atoms in the solid lattice (found to be about 0.8 eV below the
conduction band edge). The enhancement of photocurrent after hydrogen loading
was observed by Weber et al. [122] on sputtered TiO, films,which was attrib-
uted to the filling of electronic traps by reduction of H™ at the electrode/
electrolyte interface. Reductive processes involving hydrogen intercalation
were observed at potentials more negative than the flat band condition, with a
consequent marked increase of the donor concentration [107, 116, 123, 124].
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2.6 Mechanical Properties

The mechanical properties of a material are critical to its successful application
[125-127]. This is particularly true in bone-implant materials, where long-term
in vivo structural stability is crucial. Here, bone resorption occurs due to the
mismatch in mechanical properties, such as elastic modulus, between bone and
the implant material, causing implant loosening and eventual failure [128]. Consid-
ering the drug elution properties of the nanotube array surfaces, discussed in
Chap. 6, it is important to characterize the mechanical behavior of these materials
for potential use as implants. Furthermore, it is important to establish the relation-
ships between microstructure and mechanical behavior in an effort to elucidate
deformation mechanisms.

Mechanical characterization of thin coatings is challenging because of the small
length scales involved. In this regard, nanoindentation is an appropriate technique
for these materials because of its low load (1pN) and small displacement (1 nm)
resolution [129]. Nanoindentation is an effective technique for probing mechanical
properties of thin (<10pm) coated systems including soft coatings on hard sub-
strates [130, 131], hard coatings on soft substrates [132—134], and multilayered
systems [132, 135, 136]. This technique has also been used to investigate the
mechanical response of TiO, with nanophase microstructure [137, 138] and of
thin TiO, coatings on Ti substrates [133, 134]. Crawford and coworkers carried out
a systematic investigation of the microstructure and mechanical behavior of nano-
tube array films [125], focusing on the relationship between microstructure charac-
terization and deformation behavior by nanoindentation of TiO, nanotube array
films on Ti substrate. Ti foil was anodized for 2 h in NaF-containing electrolyte
(0.1 mol/1 F™), at a pH of 4.5, and constant potential of 20 V. A uniform structure of
thin-walled TiO, nanotubes was obtained with tube diameters ranging between 35
and 70 nm, tube wall thicknesses between 10 and 18 nm, and tube lengths between
230 and 670 nm [125].

Figure 2.36a shows representative load vs. displacement curves for the samples
with varying anodization time [125]. Figure 2.36b shows the extracted apparent
Young’s modulus and hardness, respectively, obtained from the continuous stiff-
ness measurement (CSM) system [125]. From inspection of Fig. 2.36b, total
nanoindentation depth is much larger than the thickness of the coating. In order
to gain insight into the underlying deformation mechanisms, SEM of the indenta-
tions was conducted. It was noted that coating delamination occurred on unloading
only in thin coatings (230-250 nm) and did not occur in thicker coatings (600—
650 nm). An additional characteristic of indentations in thicker coatings was wear
markings on the indentation surface. These markings suggest some degree of
frictional sliding between the indenter and the TiO, surface. From FESEM micro-
graphs and the indentation data, two main deformation processes were suggested,
densification of the porous nanotube structure and wear of the dense surface.

The deformation mechanisms were correlated to the measured modulus as a
function of depth [125], in which three distinct regions were identified [125].
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Fig. 2.36 Characteristic (a) load and (b) apparent Young’s modulus vs. nanoindentation displace-
ment (depth) for Ti samples anodized in NaF-containing electrolytes (0.1 mol/l F ), at pH 4.5, and
constant potential of 20 V for various times ([125]; Copyright 2007. Reprinted with permission
from Elsevier)

Region I was characterized by a linear increase in modulus with increasing time. In
this region, the increasing modulus is primarily due to increased densification of the
TiO, nanotubes. A parabolic increase in the indentation modulus was observed in
Region II. In this region, the indentation depth is comparable to the thickness of the
TiO, coating. Thus, increases in modulus were considered as the result of an
increasing contribution from the substrate. In addition, there are minor contribu-
tions of densification of the outer regions of the indentation and wear between the
indenter surface and the dense TiO, surface. As the TiO, coating under the indenter
becomes increasingly dense, the modulus increases. Finally, Region III described
the region where the coating has become nearly fully dense. This region was
characterized by a plateau in indentation modulus and termed as the composite
modulus, as it is a combination of moduli of the dense coating and the Ti substrate.
Assuming the volume fraction of pores in the coating of about 72% (estimated from
image analyses) and a modulus for dense amorphous TiO, of 130-150 GPa (for
the tubes themselves) [139], theYoung’s modulus for the TiO, nanotubes was
calculated to be approximately 36-43 GPa [125].
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Chapter 3
TiO, Nanotube Arrays: Application
to Hydrogen Sensing

3.1 Introduction

In this chapter we consider application of TiO, nanotube arrays to hydrogen gas
sensing. Hydrogen, a combustible, widely used industrial gas has great potential for
use as a carbon-free chemical fuel. The use of hydrogen, or where hydrogen is an
undesired contaminant, requires a monitor suitable for detection of meaningful
concentrations. Furthermore, quantification of ppm — ppb hydrogen gas concentra-
tions has medical relevance as an indicator of lactose intolerance [1-3], fructose
malabsorption [4—8], microbial activity [9], bacterial growth [10—12], fibromyalgia
[13], diabetic gastroparesis [14—16], and neonatal necrotizing enterocolitis (NEC)
[17-21]. The pathogenesis of neonatal NEC results in the production of hydrogen
gas, which accumulates as bubbles in the sub-mucosal area of the bowel wall [18].
Hydrogen is absorbed into the blood stream and excreted transcutaneously, as well
as via the lungs into the exhaled breathe [19-21]. For monitoring of NEC in pre-
term infants, it appears a clinically useful hydrogen sensor must be capable of
detecting transcutaneous hydrogen at levels of approximately 25 ppm to 1 ppm,
while the sensitivity of the infants’ skin requires the use of unheated sensors.

In 2003, Varghese and co-workers [22, 23] reported high-temperature hydrogen
sensing using TiO, nanotube arrays a few hundred nm in length, anodized in HF
aqueous electrolytes [24-26]. In this early work it was noted that due to chemisorp-
tion of molecular hydrogen, the electrical resistance of the TiO, nanotubes was
highly sensitive to hydrogen as well as fully reversible; for example, for short tubes
of 76 nm pore size, there is a variation in measured resistance of 10° upon exposure
to 500 ppm hydrogen at 290°C. It was found that the hydrogen sensitivity of the
nanotubes was highly dependent upon nanotube diameter, with 22 nm pore size
nanotubes being about 200 times more sensitive than 76 nm pore size nanotubes,
although the smaller pore size nanotubes have a larger surface area by only 30%.
The nanotube morphology and the wall thickness are found to invoke unique
responses, as the wall thickness is comparable to the Debye length. Thus, the
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space charge layers are strongly modified by the dimensional features and the
charge transfer associated with the chemisorptions at such length scales.

The demand for highly sensitive, selective and stable hydrogen sensors has
increased in recent years. Various types of hydrogen sensor technologies [27]
such as Schottky junction [31-38], fiber optic [32-34], catalytic [35-37], electro-
chemical [38—41], field effect transistor (FET) [42—44], oxide semiconductor [45—
47] and combinations of these, are being developed, or have been developed. Oxide
semiconductor gas sensors are relatively simple and, hence, involve lower costs.
However, they are commonly operated at elevated temperatures, typically several
hundred degrees Celsius, to enhance gas sensitivities and enable fast and reversible
reactions. Elevated operating temperatures are not favorable for many applications,
such as those involving flammable environments, biomedical applications, and
those requiring low-power operation. Only a few efforts employing metal oxide
semiconductors for room temperature hydrogen sensing can be found in the litera-
ture [48-55].

A critical concern of any sensor platform is the potential for unwanted contami-
nation, or poisoning, which introduces spurious measurements and generally ends
its useful lifetime. A sensor used in a noncontrolled environment faces potential
contamination from, for example, volatile organic vapors. An important advance in
sensor technology would be a sensor able to self-clean, thereby extending its useful
lifetime and minimizing the potential for spurious measurements. To that end, the
effect of contamination on the TiO, nanotube array hydrogen sensors is overcome
by ultraviolet (UV) illumination of the nanotube array surface [56]. TiO, is a
semiconductor characterized by a filled valence band and an empty conduction
band. When a photon with energy hv matches or exceeds the bandgap energy an
electron — hole pair are produced. The valence band holes are powerful oxidants,
while conduction band electrons are good reducers. Most organic photodegradation
reactions utilize the oxidizing power of electron holes, either directly or indirectly,
generally producing CO, and H,O without production of potentially toxic side
products [57]. Factors improving photocatalytic efficiency are (i) the presence of
electron-hole pairs on the surface, (ii) longer electron-hole recombination lifetimes,
(iii) geometries providing higher surface-to-volume ratios, and (iv) a predominance
of the anatase crystalline phase. Items (i)—(iii) are directly related to the material
architecture [58], while crystallinity (iv) is controlled through subsequent annealing
of the initially amorphous nanotubes. Room temperature TiO, nanotube array
hydrogen sensors were used to demonstrate the self-cleaning capabilities [53, 59].
Their photocatalytic properties are such that the hydrogen-sensing capabilities of
the sensors are largely recovered by UV light exposure after being completely
extinguished by the rather extreme means of sensor contamination: Coating of the
sensor in motor oil.

Metal oxide semiconductors do not have the ability to selectively respond to a
particular gas from a mixture and hence, chemical modification, such as doping
or surface functionalization, must be used [60-64]. With the advent of nanotech-
nology, various nanostructures of functional metal oxides have been developed for
environmental sensing, and it has become evident that nanoscale architectural
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features have the ability to yield superior and often unexpected gas-dependent
electrical behavior [65—74]. TiO, nanotube arrays of up to a few microns in length,
pore diameters from 22 to 110 nm, and wall thicknesses from 9 to 34 nm show an
unprecedented change in electrical resistance in response to low levels of hydrogen
at room temperature [75, 76]. Results demonstrate the ability of nanodimensional
structures to possess extraordinary properties that micro/macroscale structures have
never exhibited, which can open new avenues in nanotechnology [77].

The ability to measure low hydrogen concentrations from an unheated, room
temperature sensor enables a variety of new applications, of particular interest to
the authors measurement of transcutaneous gas concentrations. Transcutaneous gas
monitoring has been used as a means for diagnosing disease, as well as monitoring
treatment effectiveness. For example, transcutaneous carbon dioxide is routinely
monitored for bronchopulmonary dysplasia, apnea, upper airway obstruction, and
respiratory problems associated with hypercapnia [78]. TiO, nanotube arrays were
used for the measurement of transcutaneous hydrogen concentrations [79] as
indicators of lactose intolerance [80-82]. Currently, lactose intolerance is diag-
nosed with the Lactose Tolerance Test [83, 84], where a patient’s blood samples are
taken over a 2-h period to measure the blood glucose levels after consumption of
lactose to indicate how well the body is able to digest lactose. Alternatively, the
Hydrogen Breath Test [80] can be performed to measure the amount of hydrogen
present in the patient’s breath since undigested lactose in the colon is fermented by
bacteria and produces various gases including hydrogen, that are absorbed from the
intestines, carried through the bloodstream to the lungs, and exhaled. As indicated
by the enabling work of Gerlach [85], a portion of hydrogen in the bloodstream is
released through the skin, thus allowing hydrogen detection with a noninvasive,
transcutaneous hydrogen sensor.

3.2 High Temperature Sensors using TiO, Nanotube Arrays

TiO, nanotube arrays were grown by anodization of Ti foil using an aqueous
electrolyte of 0.5% hydrofluoric acid [22, 24]. Nanotube samples were prepared
using 20, 14 and 10 V anodization voltages having, respectively, pore sizes of 76,
53 and 22 nm; wall thicknesses of 17, 15 and 13 nm; and tube lengths 400, 260 and
200 nm. Prior to electrical measurements, all samples were annealed at S00°C for
6 h in oxygen ambient. The samples under test were placed within a quartz tube
furnace. Two platinum contact pads were deposited on the nanotube array. Before
measurements, the test chamber was evacuated and then nitrogen gas was passed
while the sample under test was heated to the desired temperature. The test gases
examined, oxygen, carbon dioxide, ammonia, carbon monoxide and hydrogen,
were mixed in appropriate ratios with nitrogen to create the desired test gas
ambient. No appreciable variation in the electrical resistance of the nanotubes
was observed due to either carbon monoxide or ammonia. In the presence of
oxygen, the conductance of the nanotubes decreased by a factor of approximately
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Fig. 3.2 Normalized change in electrical conductance of TiO, nanotube arrays of 76, 53, and
22 nm pore size to 1,000 ppm hydrogen at 290°C [22]

two; original values were not regained even after several tens of hours in a nitrogen
environment.

Fig. 3.1 shows the normalized change in electrical conductance of a 76 nm pore
size nanotube array as a function of temperature, as it is switched from a nitrogen
ambient to a nitrogen plus 1,000 ppm hydrogen ambient and then back to nitrogen.
With reference to Fig. 3.1, G, is the conductance in the presence of the test gas and
Gy the base conductance associated with a nitrogen atmosphere. The magnitude of
the conductance variation increases with temperature, starting from a marginal
variation at 180°C to a variation of 3 orders of magnitude at approximately
400°C. The variation in electrical conductance of 76, 53, and 22 nm diameter
TiO, nanotube arrays with exposure to 1,000 ppm hydrogen at 290°C is shown in
Fig. 3.2. It is clear that the conductance variation is more prominent at smaller
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Fig. 3.3 Electrical resistance of 22 nm pore size TiO, nanotube array when exposed to different
hydrogen concentrations at 290°C. The nanotube response is completely reversible without
hysteresis or drift [22]

nanotube diameters. The 22 nm diameter nanotube sample shows over a four order
of magnitude change in conductance, a factor of 10 greater than the maximum
hydrogen sensitivity limit previously reported of 1,400 [47]. Assuming the density
of the nanotube is 90% that of single crystal TiO,, the calculated surface area of the
76 nm diameter nanotube array is approximately 19 m*/g, and that of the 22 nm
array 38 m?/g. While reduction of nanotube diameter from 76 to 22 nm increases
the surface area by a factor of two the hydrogen sensitivity is increased by
approximately a factor of 125. Fig. 3.3 shows the variation in resistance of a
22 nm diameter nanotube sample at 290°C when the hydrogen concentration is
cycled from 0 to 500 ppm in discrete steps of 100 ppm. A three order of magnitude
variation in the resistance is seen with exposure of only 100 ppm hydrogen. It is
clear from Fig. 3.3 that the nanotubes respond without hysteresis.

The results indicate that the mechanism behind this unusual enhancement of
conductance in the TiO, nanotubes with hydrogen exposure is neither the reduction
of the TiO, lattice [86, 87] nor removal of chemisorbed oxygen from the nanotube
surface by the hydrogen [88]. The platinum electrodes suggest the availability of
hydrogen atoms (H"), ions (H*) and various other forms of hydrogen such as H™
ions and Hj on the surface of the nanotubes due to the well known spill-over
mechanism of hydrogen by platinum [89, 90]. Although the diffusion of the
“spilt” hydrogen atoms into the TiO, interstitial positions and their subsequent
ionization would enhance the conductivity [91], the fast response and lack of
measurement hysteresis suggest that this mechanism does not contribute signifi-
cantly to the overall changes in nanotube resistivity. It appears the dominant
mechanism behind the observed electrical behavior of the nanotubes is chemisorp-
tion of the spilled-over hydrogen atoms [24, 89] on the nanotube surface, which
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Fig. 3.4 Conductance isotherms of 76, 53, and 22 nm diameter samples at 290°C. The open circles
represent experimental data and lines the isotherm fit given by (3.1) [22]

make a partial charge transfer to the TiO,, thereby creating an electron accumula-
tion layer on the nanotube surface that enhances the electrical conductance.

Fig. 3.4 shows the conductance isotherms of the 76, 53 and 22 nm pore size
samples measured at 290°C. The open circles represent measured values and the
lines curve fits from a hydrogen “spill-over” model [89]. As shown, the electrical
conductance of the nanotubes is sensitive to hydrogen concentrations ranging from
10 ppm, the lower limit measured, to 1%. The curve fit of the data in Fig. 3.4 relates
the maximum (saturated) conductance variation to hydrogen concentration using:

Go — G, kbP,
G,  1+0bP,

(3.1

Gy denotes the saturation conductance value for a given concentration, P,
denotes partial pressure, b is a fitting parameter, and k a real-number scaling factor.
Equation (3.2.1) closely resembles the Langmuir isotherm modified to include only
chemisorption associated with charge transfer [89]. Assuming that the catalytic
activity of platinum and the potential barrier for the spilt-over hydrogen to diffuse
onto the TiO, remain constant with varying hydrogen concentration fitting param-
eter b can be written as:

) aP,  eFus VKT | 4 2p(Er—Eien—eVo)/AT 15
- m ett Osites e*(EcﬁLEi}]em)/kT (3.2)

where o is the probability that a gas molecule that has arrived at an adsorption
center on the surface will be adsorbed, m the mass of the adsorbed species, EY;; is
the adsorption energy of neutral species, V|, is the surface potential created by the
adsorbed hydrogen, . is the rate constant of desorption, gg.s is the surface

density of adsorption sites, Er. is the Fermi energy of TiO,, E¥,, is the energy of
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chemisorbed charged species, Eg is the band gap of TiO,, T is the temperature in
Kelvin, and £ is Boltzmann’s constant.

The modified Langmuir isotherm of (3.2.1) was developed for hydrogen desorp-
tion in atomic form, hence the resemblance with this isotherm suggests the same
phenomenon in the TiO, nanotubes. Hydrogen dissociation takes place at the
platinum electrodes and at crystal defects on the nanotube surface [91, 92]. From
the electrodes the dissociated species travel upon the nanotube surface a distance on
the order of mm. During chemisorptions, hydrogen acts as a surface state having an
energy level near the TiO, conduction band; electron transfer from hydrogen to the
TiO, creates a space charge layer of potential V|, at the surface reducing the
electrical resistance of the nanotube. The band bending and creation of the surface
space charge layer continues until the Fermi level of TiO, equilibrates with the
energy level of the surface H" adsorbate layer. Hydrogen desorption, in atomic
form, takes place by transferring an electron back to the adsorbate with a
corresponding increase in electrical resistance.

Calculations based upon FESEM images indicate a factor of two increase in
surface area with reduction in nanotube pore size from 76 to 22 nm, which is not
enough to explain the factor of ~125 change in hydrogen sensitivity. It was
believed that the nanotube wall thickness, and the number of contact points between
the nanotubes are additional factors that play a role in determining the nanotube
sensitivity. For example with reduction of the wall thickness to less than the Debye
length, the space charge layer can extend throughout the wall resulting in a signifi-
cant reduction in resistance consistent with observations in nano-crystalline TiO,
[93]. The nanotubes are in contact with each other providing a high resistance path
for electron travel. On the creation of the space charge layer due to hydrogen
adsorption, the neck points become highly conductve relative to the rest of the
nanotube (see Fig. 3.7). For a constant conductivity with nanotube diameter, the
greater the number of contact points the greater will be the resistance change upon
exposure to hydrogen. Therefore, the smaller diameter tubes, with thinner walls and
a greater number of contact points will exhibit higher sensitivities than their larger
diameter counterparts.

3.3 Self-Cleaning Room-Temperature Hydrogen Sensors

TiO, nanotube-array sensors (/250 nm in length, 22 nm pore size, 13 nm wall
thickness) were prepared by anodizing a titanium sheet at 10 V in a 1:7 acetic acid
and 0.5% hydrogen fluoride electrolyte solution [53, 59]. The addition of acetic acid
to the predominately HF solution results in more mechanically robust samples
without changing the shape or size of the resulting nanotubes. The as-prepared
nanotubes were then annealed at 500°C for 6 h in oxygen. The sensor measurement
geometry is shown in Fig. 3.5. The sensors have one electrical contact on their
surface, a rf-sputtered platinum pad about 2.0 mm in diameter, and an electrical
contact to the underlying titanium foil. A 3.0 mm diameter aluminum disk was
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Fig. 3.5 Schematic diagram of the set up used for investigating the self-cleaning capability of
TiO, based room temperature hydrogen gas sensor [53]

placed approximately 3.0 mm directly above the platinum contact, shading it from
the UV illumination to prevent degradation of the electrical contact. All measure-
ments were done at room temperature, i.e., 24°C.

The self-cleaning sensor experiments were performed in a 60 cm® Plexiglas test
chamber, with an opening for introducing the contaminant, in this case motor oil,
onto the sensor surface, and a quartz window for passing the UV illumination onto
the sensor surface. Different grades of motor oil, 20W-50, 20W-40, 5SW-30 and
10W-40 were used as sensor contaminants representing a rather extreme challenge
to the sensor. The contaminated sensors were uniformly illuminated by 365 nm UV
light, directed from the source (Hoya Schott, Model-HLS 210U, 150W mercury
xenon lamp) to the sensor surface through the use of a fiber optic waveguide to
eliminate the possibility of heating the sensor surface. The intensity of the 365 nm
UV light measured at the sensor surface was 270 mW/cm?. The electrical resistance
of a sensor was measured using a computer-controlled multimeter. A mass flow
controller was used to regulate the H>+N, gas mixture and compressed air flow
through the test chamber. Stearic acid and cigarette smoke were also examined as
sensor contaminates, with the sensor able to self-clean from these challenges in a
fashion similar to that seen for the motor oil contamination. A drop of motor oil
upon the sensor was able to extinguish the hydrogen-sensing capabilities of the
sensor on a repeatable basis.

Fig. 3.6 shows the real-time electrical resistance of an illustrative hydrogen
sensor operated at room temperature in response to different atmospheres, contam-
ination, and UV light exposures. After flushing the test chamber with compressed
air at a flow rate of 1,000 sccm, the sensor was then exposed to a hydrogen-nitrogen
mixture of 1,000 ppm hydrogen. After reaching the saturation resistance, the
gas was switched back to air with the sensor returning to its original state, see
Fig. 3.6(a). Prior to sensor contamination, Fig. 3.6(a), a 175,000% change in sensor
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Fig. 3.6 A plot of real time variation of resistance change before, during and after cleaning the
contaminant, motor oil 10W30, with UV exposure. The plot, broken into four parts for clarity,
shows: (a) The original sensor behavior from time 10 to 1,000 s. (b) Behavior of sensor over time
100 to 6,000 s during which the sensor is contaminated with oil losing its hydrogen sensing
capabilities, and is initially exposed to UV light. (¢) The behavior of sensor from time 5,000 to
45,000 s. At time 7,000 s the UV is turned off, with the sensor regaining its nominal starting
resistance of approximately 100 k€2, at which point it is exposed to 1,000 ppm hydrogen and shows
relative change in resistance of approximately 50. The sensor is then again exposed to UV, from
roughly time 15,000 to 29,000 s. After this second UV exposure the sensor is again exposed to
1,000 ppm hydrogen, showing an approximate factor of 500 change in electrical resistance. The
sensor is once again exposed to UV, from time 36,000 s. (d) Sensor behavior from time 45,000 to
70,000 s continues with UV exposure of the sensor to time 52,000 s, after which the sensor is
repeatedly cycled between air and 1,000 ppm hydrogen showing a relative change in impedance of
approximately 1,000. Compared to the hydrogen sensitivity of a non-contaminated sensor, the
relative response of the “recovered” sensor is with-in a factor of two [59]

resistance was observed upon exposure to 1,000 ppm hydrogen. While in air, see
Fig. 3.6(b), the sensor was then contaminated with an approximately 0.06 mm layer
of 10W30 (Penzoil) motor oil after which the sensor demonstrated virtually no
change in electrical resistance with hydrogen exposure over a period of about
10 min, see Fig. 3.6(b) at time /1,600 s. The described TiO, nanotube hydrogen
sensors are able to accurately measure hydrogen concentrations in electrical trans-
former oil, an application useful for prediction of transformer failure [94], and that
the solubility of hydrogen in oil is approximately 7% by volume. However, in
actual practice, it is very challenging to achieve hydrogen levels in oil above a few
tens of ppm. Hence, while hydrogen can diffuse into oil where it would then — at
least conceptually, be measured, with the oil-contamination of the sensor held in a
hydrogen environment little change in the sensor resistance was seen from 1,600 to
2,200 s. The oil-contaminated region on the sensor, Fig. 3.6(b), was uniformly
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illuminated with UV light in the presence of air. The recovery of the hydrogen-
sensing capability of the sensor after UV illumination of 1 h duration can be seen in
Fig. 3.6(b-c), 8 h duration in Fig. 3.6(b), and 10 h duration in Fig. 3.6(c-d). As seen
from Fig. 3.6(d), at the end of the UV-driven sensor-cleaning period the measured
relative change in electrical resistance with exposure to 1,000 ppm hydrogen
was 100,000%. The clean and recovered sensor have similar resistance values
with exposure to air; the recovered sensor has a 1,000 ppm hydrogen resistance
value of approximately 100Q compared to the 60Q value of the sensor prior to
contamination.

The electrical resistance of the sensor was noted to drop rapidly with UV
illumination due to photogeneration of charge carriers; yet, after the UV light
source is turned off, a relatively long time is required for resistance to be regained.
The light source has a shutter that closes when the light source is turned off, and
charge carrier lifetimes do not run into the minutes, so another mechanism underlies
the relatively slow recovery in electrical resistance when the UV illumination ends.
It was suggested that adsorbed oxygen plays a major role in manipulating the
conductivity. On UV illumination, the chemisorbed oxygen must be desorbed
increasing the conductivity. Hence, the conductivity increase with UV exposure
is partly due to the photogenerated current, and partly to the electrons donated by
the desorbed oxygen. On removing the UV illumination, oxygen will be re-
adsorbed and hence, the electrons will be extracted from the sensor. However, the
process of oxygen re-adsorption is slow, in the order of several minutes; hence, it
takes a relatively long time to regain the original sensor resistance after the UV
illumination is removed.

Multiple experiments were performed using 20W40, 10W40, and 5W30 grade
motor oils as sensor contaminates. The approximate thickness of the oil layer
required to completely extinguish the sensor response to hydrogen was found to
be approximately 0.03, 0.06 and 0.09 mm respectively corresponding to oil grades
20W40, 10W40 and SW30. The stepwise recovery of the sensors contaminated with
different oil grades is shown by plotting relative resistance change (R,;,/Ry) vs. UV
exposure duration in Fig. 3.7; the data points represent the average of three different
sensors contaminated with the same grade oil. Here, R,; is the resistance of the
clean sensor in air, generally equivalent to that of the contaminated sensor in air,
and Ry is the steady state resistance of the sensor exposed to 1,000 ppm hydrogen.
The value R,;,/Ry of the clean sensor is displayed at time equal — 1 h, that of the
contaminated sensor is shown at time equal zero. The plot clearly demonstrates the
successive recovery of the R, /Ry value towards that of the clean sensor with
incremental UV exposure. It was also found that sensor poisoning by the lower
weight oil, 5SW30, requires a longer exposure duration to achieve recovery, possibly
due to the relatively thicker film required to contaminate the sensor. However, the
gas-sensing properties of sensors poisoned by commercially available light-weight
spray oil, WD-40 (San Diego, CA), could not be recovered with UV exposure. It is
possible the WD-40 spray-oil contained products, such as phosphorous or sulfur,
that formed oxidation products, which, in turn, deactivated the photo-oxidation
capabilities of TiO, [95].
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Fig. 3.7 A semi-log plot showing the stepwise improvement in sensor response with UV illumi-
nation of sensors contaminated with 20W40, 10W30, 10W40, and SW30 motor oils. Here the
relative change in resistance of a sensor is measured with respect to 1,000 ppm hydrogen as a
function of duration of UV exposure. The fresh sensor is shown at arbitrary time while the dirty
sensor is at 0 h. The data points represent the average response of five different sensors exposed to
each contaminate (grade of motor oil) [59]

It is well established that the presence of oxygen and water plays a crucial role in
the photocatalytic cleaning of TiO, [96], hence the sensor was exposed to air during
UV exposure to facilitate removal of the oil from the sensor surface. In fact, it
should be noted that the UV exposure with the sensor kept in a nitrogen atmosphere
did not result in sensor recovery. If the relevant redox potential of the contaminant
does not lie within the bandgap of TiO,, the organic contaminants cannot be
oxidized by photogenerated electron-hole pairs on the surface of TiO,. However,
since the potential of water and oxygen exists within the bandgap of TiO,, the
photo-generated holes in the valence band can oxidize water to produce a highly
reactive hydroxyl radical and the photo-generated electrons in the conduction band
can reduce oxygen to form highly reactive super-oxide ions, see (3.3-3.5), which
then assist in oxidizing the organic species.

TiO, + hv — ht + ™ (3.3)
H,0 + h*—,0H + H* (3.4)
0,+¢ — O, (3.5)

The overall quantum efficiency for steady-state photolysis depends on the
interfacial charge transfer determined in the competition between charge carrier
recombination and interfacial charge transfer. An increase in either the charge
carrier recombination lifetime or the interfacial electron transfer rate is expected
to result in higher quantum efficiencies of the photodegradation reactions. Earlier
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work [97] has shown that Pd clusters on TiO, facilitate separation of photogener-
ated charge carriers thereby increasing their recombination life time, and increases
the rate of electron transfer to oxygen [97-99]. Wang and co-workers [100]
reported an increase in photocatalytic activity with a decrease in TiO, particle
size from 21 to 11 nm; however, the photocatalytic activity decreased when the size
was further reduced to 6 nm. The results indicate that, depending upon the nano-
architecture, there exists an optimal particle in nanocrystalline TiO, for maximum
photocatalytic activity. Zhang and co-workers [101] explained these observations
by correlating an increase in the rate of interfacial charge carrier transfer with
decrease in particle size; on reaching a certain limiting particle size, surface
recombination exceeds the interfacial charge transfer process and therefore, the
photocatalytic activity is reduced.

3.4 Room-Temperature Hydrogen Sensors of Enhanced
Sensitivity

3.4.1 TiO, Nanotube Arrays on Ti Foil

Nanotube arrays were fabricated by anodizing a titanium foil in an electrolyte
solution consisting of 13 volume% acetic acid and 0.5 volume% hydrofluoric
acid (~50% concentration) in water [24, 54]. Sample crystallization was achieved
by annealing amorphous as-anodized nanotubes at 500°C for 6 h, with a heating and
cooling rate of 1°C/min, in oxygen ambient. For hydrogen-sensing measurements
the annealed samples were coated with a palladium layer of thickness 10 nm
deposited by thermal evaporation. Platinum electrodes with 40 nm thickness and
about 2.0 mm in diameter were then sputter-coated onto the sample. Copper leads
were attached to the platinum electrodes by silver epoxy. A schematic diagram of
the measurement setup is given in Fig. 3.8. There is a difference in the measurement
of this sensor from the self-cleaning sensors. Here, hydrogen sensing occurs
through observing the change in resistance of a vertical stack of nanotubes,
connected through barrier layer and also through adjacent tubes somewhere along
the length, lying between two platinum pads whereas in the self-cleaning sensors,
the change in resistance upon hydrogen exposure represents the change in resis-
tance of nanotubes along their length and of the barrier layer lying between
platinum pad and titanium (i.e., underneath the barrier layer). Experiments were
conducted by alternately passing air and a mixture of N, and H, at the desired
concentration levels. Sensing measurements were performed in a sealed Plexiglas
chamber of volume ~110 cm?®. The total gas flow rate was kept constant at
500 scem for all experiments.

The typical behavior of these sensors on exposure to 20—1,000 ppm H, concen-
trations is shown in Fig. 3.9; measurements were done by keeping the ambient
switching intervals the same for all concentrations. As the response time at low
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Fig. 3.8 Schematic diagram of experimental set-up used for gas sensing experiments [54]

Hydrogen concentration in ppm

PULE T

Resistance (£2)

PRETITITI MR RTTT! BECRETTIT MR MR RTTIT | BRI BRI

._.
=
R L e e e

4

% 'Tair ﬁl'l tli'; "T?ir' ITa‘irl T.u} 'Tail:

410° 610° 810° 110* 1.210% 1.410*
Time (Sec)

10t e
10

L
3

o
=N
(]

Fig. 3.9 Typical sensor response at 25°C to hydrogen concentrations in the 20-1,000 ppm range
[54]

hydrogen concentrations was slightly higher than the one at high concentrations, the
sensor resistance in the low concentration range did not reach the saturation value
before switching back to air from hydrogen ambient. As seen in this plot, the initial
resistance is in the order of 10°Q, and falls to below 10°Q when exposed to
1,000 ppm H,. Typical 90% response times are ~15 s. The sensor recovers
completely after H, flow is terminated in each case; no detectable drift was
observed. The sensitivity increases quite rapidly with H, concentration in the
<200 ppm regime; this behavior is plotted in Fig. 3.10. Thereafter, the change in
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Fig. 3.10 Sensitivity of the sensor at 25°C to different hydrogen concentrations [54]

sensitivity with a further increase in concentration is relatively less. Thus the
dynamic range can be said to extend to approximately 1,000 ppm. Fig. 3.10 reveals
that the sensitivity S, §=(G,—Gy)/Gy where G, and G, are the conductance in air
and N, +H, mixture respectively, approaches 10* at 100 ppm H,. The points for this
plot were collected by noting the saturation resistance of the sensor at each
hydrogen gas concentration. The measured hydrogen sensitivities are superior to
any reported in the literature for resistive type metal oxide semiconductors at room
temperature. Fonash et al. [48], used a Pd/TiO,/Si heterostructure for H, sensing
and obtained a sensitivity of 10* for 400 ppm hydrogen, with the TiO, layer
deposited on silicon by low-pressure chemical vapor deposition. Basu and Dutta
[102] observed a three-order of magnitude variation in resistance for 2,000 ppm of
hydrogen in Pd/ZnO/Zn heterojunctions. Recently, Nakagawa et al. [51] used
nanocrystalline tungsten trioxide with Pt catalyst to achieve a sensitivity of 10°
for 1% hydrogen; however, 85% humidity and elevated temperatures between
100°C and 150°C were required for the sensor to completely reverse within a
reasonable time interval.

To confirm that measurement-drift is indeed minimal, as suggested by Fig. 3.9,
the sensor was subjected to repeated cycling between air and a 1,000 ppm N,—H,
mixture. The results are shown in Fig. 3.11. As seen, there is no significant drift in
resistance (both initial and final) with repeated exposure to a high concentration of
hydrogen. Furthermore the sensor did not show any measurable resistance variation
in the presence of 2,000 ppm carbon monoxide and 10% carbon dioxide atmo-
spheres.

One motivation for development of an ambient temperature hydrogen gas sensor
is application in the biomedical field per transcutaneous measurements. Conse-
quently, the performance of the sensors was tested at 36°C, roughly body tempera-
ture. As shown in Fig. 3.12, a slight increase in sensitivity was observed at 36°C in
comparison to 25°C results. The sensitivity to 20 ppm H, at 36°C (Fig. 3.12) is
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Fig. 3.12 Response of the sensor to 20 ppm hydrogen at room temperature (25°C) and ~body
temperature (36°C). The response time and sensitivity of the sensor are enhanced at 36°C, while
the recovery time is approximately the same [54]

more than three orders in magnitude, confirming the utility of these sensors for
biomedical applications where hydrogen concentrations are generally present in the
low ppm range.

The catalytic properties of palladium for hydrogen dissociation as well as its
hydrogen adsorption-desorption characteristics are well known [103]. Palladium
and platinum form a Schottky barrier with TiO, as the work function of Pd
(5.12 eV) and Pt (5.65 eV) [104] are higher than that of TiO, (x4.6 eV) [105].
For a sensor in air, oxygen is chemisorbed on the surface of these metals increasing
their work function, in turn further increasing the barrier height [106]. Thus, the



130 3 TiO, Nanotube Arrays: Application to Hydrogen Sensing

150_""|"" LBELIN LB LN B LN L LN L LN B

100 - .

Lh
(=]
T
[

Current (LA)

_100-...-I... g g a boas s e b 59 Vg o9 55 5.5
-1 -0.5 0 0.5 1 15

Voltage (V)

[S8]
)
th

Fig. 3.13 I-V plot of the sensor in air. The supporting Ti foil and Pt contact were used as the
electrodes. The diode-like behavior confirms the presence of Schottky barriers at metal-semicon-
ductor interfaces [54]

nanotube samples exhibit a higher resistance in air. The room temperature current—
voltage (I-V) characteristics of the nanotubes in air are shown in Fig. 3.13, obtained
using a scanning probe microscope. For this measurement, the titanium substrate
was taken as one electrode as titanium (work function ~4.33 e¢V) forms an ohmic
contact with TiO, and the Pt electrode deposited on the nanotubes was taken as the
other. A diode type I-V behavior can be seen in Fig. 3.13, which shows the presence
of Schottky barrier at the electrode nanotube contact region. It is well known that Pd
dissociates hydrogen into atomic form [106, 107]. The activated hydrogen removes
adsorbed oxygen, and is adsorbed onto the Pd and Pt surfaces [107] of the sensor.
Hydrogen adsorption reduces the Pd and Pt work functions. Therefore, the height of
the potential barrier at the metal-TiO, interface is lowered, which in turn reduces
the electrical resistance of the sensor. In this manner, Pd and Pt enhance the H,
sensitivity of the nanotubes.

Close inspection of Fig. 3.11 reveals that the sensor resistance decreases to a few
tens of ohms on exposure to 1,000 ppm hydrogen. This result implies that the
intrinsic resistance of TiO, is changing in the presence of hydrogen, and that the
change in barrier height at the metal-semiconductor interface is not the only factor
that controls the resistance response of the sensor. Thus it can be concluded that the
dissociated hydrogen gets adsorbed directly onto the nanotube walls and inter-
tubular contact regions exposed to the ambient. The adsorbed hydrogen creates an
electron space charge layer on the walls and the tube-to-tube contact regions,
reducing the resistance of the tubes significantly [45, 89]. The effect is quite
pronounced in the present case since the small thickness (~13 nm) of the nanotube
walls may result in the overlap of neighboring space charge regions; thus the entire
volume of the inter-tubular region may experience low resistivity.
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3.4.2 Transparent Hydrogen Sensors

Transparent TiO, nanotube arrays films, 22 nm pore size, were fabricated on glass
substrates by anodizing 400 nm thick rf sputter deposited Ti films in a HF and acetic
acid electrolyte, and then annealing them at ~450°C in oxygen for 6 h [55]. A
10 nm discontinuous palladium layer was evaporated atop the nanotube-array
surface. The total thickness of the nanotube-array oxide structure is 300 nm, with
200-220 nm long nanotube arrays over a thermally oxidized layer of Ti of 80—
100 nm. The typical room temperature behavior of this device on exposure to
1,000 ppm H; is shown in Fig. 3.14. In this resistance versus time plot, the initial
resistance is of the order of 10°Q in nitrogen, and drops to about 10°Q when
exposed to 1,000 ppm of hydrogen. The response time, that required to reach
10% of the initial resistance value upon gas exposure, is about 30 s. The sensor
completely recovers after H, flow is terminated. It is interesting to note that the
resistance change upon hydrogen exposure (10%) is not as large as that observed in
sensors having a metal (Ti) layer underneath the nanotubes (107, see [108]),
presumably due to the thinner rutile barrier layer underlying the nanotube
array film.

The palladium overlayer helps in lowering the nascent operating temperature of
the sensor from 290°C to room temperature. Palladium is known to dissociate
hydrogen molecules into atomic form, which immediately diffuses into the nano-
tube walls. The absorbed hydrogen creates an electron space charge layer on the
walls and the tube-to-tube contact regions, reducing the resistance of the tubes [89].
The thin-film, transparent hydrogen sensors are mechanically robust, not at all
susceptible to shock, and have successfully been operated between 25°C and
250°C. These sensors show negligible change in resistance to the reducing gases
including carbon monoxide, methane and ammonia [108]. They can also measure
hydrogen concentrations accurately in transformer oil, an application useful for
prediction of transformer failure.
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3.5 Extreme Hydrogen Gas Sensitivities at Room Temperature

TiO, nanotube-arrays were prepared by anodization of titanium foil in an electro-
lyte containing 1.0 M sodium hydrogen sulfate monohydrate, 0.1 M potassium
flouride and 0.2 M sodium citrate tribasic dihydrate, with electrolyte pH adjusted by
addition of sodium hydroxide [77]. Nanotube lengths varied from 380 nm to 6 um
and pore diameters from 30 to 110 nm as dependent on the electrolyte pH (1.11 to 5)
and the anodization potential (10-25 V); the anodization was conducted for 17 h for
all samples. The samples were crystallized by annealing at temperatures ranging
from 370°C to 630°C in oxygen for 6 h. For the electrical measurements platinum
circular electrodes (500 um diameter, 100 nm thick, 1 mm edge-to-edge spacing)
were sputter coated onto the nanotube-array samples; increasing the electrode
separation increases the baseline resistance, but does not affect sensitivity. After
fixing the samples to TO-8 steel headers (Electrovac GesmbH, Klosterneuberg,
Austria), gold wire (1 mil) was bonded on the platinum pads with a Mech-E1-907
ultrasonic wire bonder (Mech-El Industries, Woburn, MA).

A 10 V anodization in pH 1.1 results in a nanotube array of 350 nm length and
30 nm pore diameter. A 25 V anodization in pH 5.0 results in a nanotube array of
6.5um length with a 110 nm pore diameter. The greatest hydrogen sensitivities are
achieved with the 30 nm pore diameter samples fabricated at 10 V, consequently
the majority of our discussion is focused on these samples. Table 3.1 summarizes
the maximum room temperature hydrogen sensitivity, log(S), of the 30 nm pore
diameter nanotube arrays in response to 1,000 ppm hydrogen, as a function of
length which, in turn, is determined by electrolyte pH. It was found that in crystal-
lizing the initially amorphous nanotube array samples maximum hydrogen sensi-
tivity was achieved with a 480°C annealing. It can be seen from Table 3.1 that the
highest resistance variation, 8.7 orders of magnitude, was obtained for nanotube
samples prepared using electrolyte pH 4.0 (length ~1pum, pore diameter ~30 nm
and wall thickness ~13 nm). To the knowledge of the authors this is the largest
change in electrical resistance of any material, to any gas, at any temperature [77].
Assuming a 10Q measurement resolution, linear extrapolation of the sensitivity
indicates the ability of the nanotube-array to detect hydrogen at 20 ppt (parts per
trillion). The lower limit of our test chamber is about 20 ppm, at which 7.2 orders of
magnitude variation in electrical resistance to 20 ppm hydrogen was seen.

Table 3.1 Summary of the nanotube dimensions under different voltage and pH conditions and
their maximum resistance variation to 1,000 ppm H, at room temperature [77]

pH 10 V (30 nm pore size)
Length (nm) Log(S) no Pd Log(S) with Pd
1.1 350 7.2 7.3
3.0 730 8.0 8.7
4.0 990 8.7 8.3
4.5 1,400 8.0 8.3

5.0 2,000 - —
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Fig. 3.15 Variation in hydrogen sensitivity S of 30 nm pore diameter nanotube-array samples as a
function of electrolyte pH [77]

Fig. 3.15 shows the variation in hydrogen sensitivity of the 10 V samples as a
function of electrolyte pH; note the pH 5.0 sample was not tested, as nanotube array
formation occurs on only ~25% of the film. The typical response of a pH 4.0
sample on switching the ambient atmosphere between air and 1,000 ppm hydrogen
in nitrogen is shown in Fig. 3.16. On exposure to hydrogen a rapid reduction in
resistance is observed; there is no indication of measurement hysteresis. Sensitivity
S is not greatly influenced by nanotube length; for the 10 V samples a sensitivity
shift of 7 orders to 8.7 orders is found with an increase in length from 380 nm to
I pm. It was found that 6um long samples (25 V, pH 5.0) showed less sensitivity,
with significantly longer response/recovery times due to the time required for
hydrogen to diffuse inside the longer pores. The sensitivity of the nanotube-arrays
is in stark contrast to the hydrogen sensitivity of a crystalline TiO, film made by
thermal oxidation of a Ti film which demonstrates, to 1,000 ppm hydrogen at room
temperature, a resistance variation of ~400%. As palladium is known to help
hydrogen detection in metal oxide materials, some nanotube array samples were
coated with a 10 nm Pd layer and their response to hydrogen tested. The Pd layer
degraded the sensitivity of the highly sensitive samples due to a drop in the base
resistance; samples of relatively lower performance typically saw a modest sensi-
tivity increase (Table 3.1).

It behoves to consider how hydrogen interacts with the TiO, nanotube architec-
ture, a material which is essentially all surface and no bulk, to achieve such
remarkable changes in electrical resistance. At room temperature there is little
reduction of the surface or bulk oxide [109, 110], while the fast response and
recovery without hysteresis (Fig. 3.16) rules out a significant contribution from
diffusion of hydrogen into the TiO, lattice [111]. Oxygen in air may be
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Fig. 3.16 Room temperature resistance variation of a nanotube-array sample prepared in a pH 4.0
electrolyte using 10 V (30 nm pore diameter), annealed at 480°C, alternately exposed to air and
1,000 ppm hydrogen in nitrogen [77]

chemisorbed in the form of O, on the nanotube surface by trapping electrons from
its conduction band leading to an enhanced base resistance [112, 113]. Hydrogen
can remove this chemisorbed oxygen thus reducing the resistance [114]. To under-
stand the role of chemisorbed oxygen, initially air was passed through the test
chamber, then nitrogen, then a hydrogen-nitrogen mixture, and finally nitrogen. It
was observed that nitrogen reduced the 1,000 ppm hydrogen sensitivity to approxi-
mately six orders of magnitude while only slightly reducing the base resistance, and
greatly extended the needed recovery time. The high sensitivity in the absence of
oxygen indicates that direct chemisorption of hydrogen on the nanotubes is the
dominant mechanism leading to the tremendous reduction in nanotube electrical
resistance, while the presence of oxygen facilitates removal of the chemisorbed
hydrogen. Platinum is known to be a catalyst that activates hydrogen by adsorbing
and dissociating hydrogen molecules which are then spilled over to the semicon-
ducting material for chemisorption [89, 115]. Replacing the Pt electrodes with gold
reduced the 1,000 ppm sensitivity of the pH 4.0 10 V nanotube sample to ~5 orders
of magnitude with a considerably slower response time. While it is evident that the
platinum electrodes facilitate the high sensitivity by providing spilt-over hydrogen
for chemisorption, it is not the only cause of observed nanotube response.
Hydrogen activation appears to occur on the walls of the undoped nanotubes at
highly active surface states provided by nanoscale surface defects. The dissociated
hydrogen species form OH groups with the surface oxygen accompanied by
electron transfer to the TiO, conduction band and formation of an electron rich
region within the nanotube walls. To ensure that the nanotube samples were
undoped, samples annealed at 480°C were studied using XPS. In addition to the
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Fig. 3.17 Hydrogen sensitivity (1,000 ppm) of a 10 V nanotube-array sample prepared in a pH 4.0
electrolyte as a function of relative humidity. The sensitivity of the sample to carbon monoxide
and methane in dry ambient is also shown [77]

Ti and O peaks, the XPS spectra showed a weak carbon (C 1s) peak. Depth-profiling
showed carbon was present inside the sample at low concentrations. The carbon
peak is believed to come from adventitious carbon or hydroxyl and carboxyl
groups. This study, however, does not show any effect of C on the hydrogen
sensitivity. Fig. 3.17 shows the response of 1pum length and 30 nm pore diameter
nanotubes to 1,000 ppm hydrogen in humid ambients. In humid conditions physi-
sorption of water molecules takes place on a layer of initially chemisorbed OH
radicals at the nanotube surface which reduces the nanotube base resistance [116].
The adsorbed water molecules block the active sites where hydrogen chemisorption
occurs, thus reducing sensitivity. Fig. 3.17 also shows the response of the nanotube
sample to 1,000 ppm carbon monoxide and 1,000 ppm methane; although both
gases are strongly reducing, the sensitivity to these gases is negligible.

It was believed that the crystallized nanoscale walls and inter-tubular connecting
points play critical roles in determining the remarkable hydrogen sensitivities of the
TiO, nanotube arrays. The adsorption of oxygen in air takes place on either side of
the nanotube walls creating an electron depletion region. The width of the space
charge layer L is given by L=Lp, [2eV/kT)"?, where Lp=[eekT/2¢°Np]"? is the
Debye length, eV is the barrier height, kT is the thermal energy and Np, the ionized
donor density. In metal oxides the space charge layer extends to a few tens of
nanometers [117]. If the nanotube wall half-thickness #/2 is significantly greater
than the width of the spacecharge region, as shown in Fig. 3.18(a), oxygen removal
by hydrogen and subsequent hydrogen chemisorption will have little effect on
device resistance and hence, high sensitivity cannot be expected. In contrast,
when #/2 is comparable to or less than the space charge region the shift in the
electrical resistance on exposure to hydrogen can be very high, Fig. 3.18(b,c), with
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Fig. 3.18 The influence of nanotube wall thickness on band bending due to oxygen chemisorption:
(a) When nanotube wall half-thickness (#/2) is much greater than the space charge layer; (b) when
comparable; and (c) when #/2 is less than the width of the space charge region; (d) Schematic
illustration of nanotubes, top view, and the tube-to-tube connecting points corresponding to case
shown in (a); [77]

a flat-band condition existing when the wall thickness is less than the width of the
space charge region. The nanotube sample showing the highest sensitivity had a
wall thickness of ~ 13 nm, corresponding to the geometry of Fig. 3.18(b). The inter-
wall connecting points also appear to play a significant role in enabling the ultra-
high hydrogen sensitivity. The oxygen adsorption and its removal by hydrogen
atoms as well as chemisorption of hydrogen at these constricted points, Fig. 3.18(d),
regulates the current passing from nanotube to nanotube.

3.6 Transcutaneous Hydrogen Monitoring using TiO,
Nanotube Arrays

It can be seen from Fig. 3.16 that the highest hydrogen sensitivity, 8.7 orders of
magnitude in response to 1,000 ppm hydrogen at room temperature, was obtained
for nanotube samples prepared using electrolyte pH 4.0 (length ~1pm, pore
diameter ~30 nm and wall thickness ~13 nm). These samples were crystallized
at 480°C for 6 h in oxygen ambient. These sensors were used for transcutaneous
hydrogen measurements. Since metal oxides, to some extent, respond to a variety of
environmental parameters, i.e., demonstrate unwanted cross-sensitivities, it is nec-
essary to use other sensors, and cross correlate the responses of these different
sensors to obtain an absolute measurement of the target gas from within a complex
environment. Therefore, we incorporated a humidity-temperature sensor along
with the hydrogen sensor. The packaged sensor array is displayed in Fig. 3.19.
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Fig. 3.19 (a) Packaging of the sensor, comprised of a hydrogen sensor and a humidity-temperature
sensor. The connector twists onto the adhesive-backed ring. (b) Vent holes (not visible) on the side
prevent the accumulation of water vapor and gases in the housing [79]

The hydrogen sensor and humidity-temperature sensor (SHT15 from Sensorian Inc)
are safely secured in a white plastic housing, which is secured to the adhesive-
backed ring that is attached to the skin of the patient undergoing the test.

A further complicating factor was the baseline resistance of the nanotube array
sensors. The baseline resistance of metal oxides can be well over 100 GQ, an
impedance so large that it is virtually impossible to make interface electronics. A
post-anodization acid rinse could be used to controllably reduce the thickness of the
oxide barrier layer between the nanotubular region and the underlying metal
substrate, thus lowering the baseline resistance of the sensor. A robust electronic
interface suitable for handling sensor resistances from 50 G( to the metallic range
was developed. Fig. 3.20 shows a block diagram of the sensor interface electronics.
For sensor measurement, a constant current / is applied to the sensor and the
resulting dc voltage V' is measured. The sensor resistance R is then calculated by
R=VI/I. In order to track the sensor resistance over a wide range (from 0 to 50 GQ),
the microcontroller is programmed to precisely and automatically tune the dc
current value as well as the amplifier gain for optimal measurement accuracy.
The measured data, including resistance of the hydrogen sensor and the humidity
and temperature measurements (a digital humidity and temperature sensor that
directly sends digitized measurements to the microcontroller), are sent to a PC for
storage and processing. Fig. 3.21 shows the transcutaneous hydrogen measurement
system.

3.6.1 Cross Interference and Calibration

To determine which parameters affect the resistance of the hydrogen sensor,
applied for measurement of transcutaneous hydrogen, the sensor was placed inside
the test chamber and the test environment (humidity, a variety of interfering gases,
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Fig. 3.20 Block diagram of the sensor interface electronics. The system generates a constant
current to the hydrogen sensor, and measures the resulting voltage to determine the resistance. The
response of a humidity-temperature sensor is also measured [79]

and temperature), was varied to observe the change in the sensor resistance. The
parameters tested were temperature, humidity, oxygen, carbon dioxide, carbon
monoxide, and methane.

Temperature: As shown in Fig. 3.22, temperature has a large impact on the
resistance of the hydrogen sensor. Nevertheless, in practice, the operating tempera-
ture of the transcutaneous sensor is near or at body temperature. As indicated in the
Fig. 3.22, the change in the sensor sensitivity is only =0.08 order of magnitude
(from 3,800 to 4,600) from 25° to 37°C. As a result, although the temperature of the
hydrogen sensor was also measured during the experiments, no calibration was
performed.

Humidity: Fig. 3.17 shows the effect humidity has on sensor performance at
1,000 ppm hydrogen. Between relative humidity of 3% and 56%, the sensitivity
of the hydrogen sensor varies from 2.5 x 10® to 7x 10%, a change of more than 3
orders of magnitude. Therefore, to ensure measurement integrity, the humidity level
inside the sensor package was also measured and used for calibration.

Oxygen: The addition of oxygen into the test environment reduces the sensitivity
of the sensor as indicated in Fig. 3.23. However, results show that the difference in
the sensor sensitivity is only about 1 order of magnitude between zero (a pure
nitrogen environment) and 20% oxygen (atmospheric condition). As a result,
variations in oxygen concentration do not represent a significant cross-sensitivity
to the measurement since the hydrogen sensor was usually exposed to a near-
atmospheric condition, with vent holes in the transcutaneous sensor housing allow-
ing for the free flow-through of gases.

Carbon Dioxide: The resistance of the hydrogen sensor did not change when it
was switched from a pure nitrogen environment and nitrogen with 10% CO,. This is
expected because carbon dioxide is neither a strong reducing gas nor a strong
oxidizing gas.
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Fig. 3.21 Photos showing packaged sensor with cable connecting sensor to electronics, as well as
internal view of sensor electronics [79]

Carbon Monoxide: Fig. 3.24 plots the change in the sensitivity when the sensor
is exposed to 1,000 ppm carbon monoxide. Results show the sensitivity of the
sensor varies less than two orders of magnitude when exposed to 1,000 ppm of
carbon monoxide. This is more than four times smaller than hydrogen, which can
result in a change of 8.7 orders of magnitude. The response of the sensor towards
carbon monoxide does not cause any concern for transcutaneous measurements,
since it is highly unlikely for carbon monoxide to be released by a patient.

Methane: Fig. 3.24 plots the sensitivity of the sensor when it was exposed to
1,000 ppm of methane. Results show that 1,000 ppm of methane causes a change in
electrical resistance of about a half order of magnitude, much smaller than the effect
of hydrogen.

Evaluating the performance of the hydrogen sensor against various gases and
operating conditions, it was concluded that for transcutaneous hydrogen measure-
ments the only potentially interfering parameter of significance is humidity.
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Hence, a calibration lookup table was generated to compensate for the effect of
humidity. Before use, the resistance of the same sensor was measured as a function
of humidity and hydrogen concentration, and the results were stored in a database.
When taking a measurement, the operating software first obtained the humidity and
hydrogen sensor measurements (resistance) from the microcontroller. It then deter-
mined the closest humidity and resistance values by going through the lookup table,
and found the corresponding hydrogen concentration [79].

3.6.2 Transcutaneous Hydrogen and Lactose Intolerance

The transcutaneous hydrogen sensor was initially evaluated in the Pediatric Gas-
troenterology Clinic of the Penn State Children’s Hospital. The transcutaneous
hydrogen sensor was placed on the forearm of children and adult volunteers who
were referred for breath hydrogen testing for the evaluation and diagnosis of
possible lactose intolerance. In these patients, the sensor has documented the
transcutaneous excretion of hydrogen. Moreover, in those patients with documen-
ted lactose intolerance, there is a good correlation between the transcutaneous
sensor readings and the exhaled breath hydrogen levels as measured by the
commercial gas chromatography instrument (Quintron Instrument Company,
Milwaukee, Wisconsin). Negative results in some patients helped to reassure
them that the novel hydrogen sensor is not responding to some volatile molecule
that might be excreted through the skin. Fig. 3.25 shows illustrative measurement of
transcutaneous hydrogen levels using the described transcutaneous sensor, note the
sensor measurement is continuous in operation, and the hydrogen levels (ppm) in
exhaled breath as measured using a gas chromatograph, from a lactose-intolerant
adult volunteer who drank a small sample of milk. Fig. 3.26 shows the decrease in
the sensor measurement, which indicates an increase in transcutaneous hydrogen,
coincides with an increase in exhaled breath hydrogen concentration.
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A transcutaneous hydrogen sensor of such great sensitivity offers the potential
for monitoring the onset of other diseases such as NEC, a devastating disease of
uncertain etiology and pathogenesis that causes high levels of mortality and mor-
bidity in about 10% of preterm infants in neonatal intensive care units throughout
the world [118]. Elevated levels of exhaled breath hydrogen gas have been shown to
precede the onset of the clinical and radiographic signs of NEC [19, 119]. However,
from a practical standpoint, it is difficult to measure gas levels in exhaled breath of
preterm infants because of their small tidal volumes and rapid respiratory rates. In
neonatal intensive care units, the use of endotracheal tubes, nasal CPAP systems
and nasal cannula flow systems are all barriers to the successful collection of
undiluted end expiratory gas samples for gas analysis. Therefore, transcutaneous
measurement of hydrogen gas, using the sensors described within this chapter, in
preterm infants has the potential to facilitate the early identification of NEC, and
hence its treatment.
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Chapter 4
TiO, Nanotube Arrays: Application to
Photoelectrochemical Water Splitting

4.1 Introduction

The key to a hydrogen economy is a means to generate hydrogen efficiently and
inexpensively on a renewable basis, that is, without the use of fossils fuel. While
there are different means to generate hydrogen, photoelectrolysis is often seen as a
technique by which we might put the hydrogen in the hydrogen economy. A
photoelectrochemical (PEC) system combines the harvesting of solar energy with
electrolysis of water. When a semiconductor of proper characteristics is immersed
in an aqueous electrolyte and irradiated with sunlight, sufficient energy is generated
to split water into hydrogen and oxygen. However, there are three major challenges
for the solar production of hydrogen: (1) Stability. Metal oxides are the most
photochemically stable semiconductors in aqueous solution, but their band gaps
are either too large (~3 eV) to absorb a significant fraction of incident solar energy,
or their semiconductor characteristics (e.g., charge transport) are poor. (2) Band-
gap. Considering the water splitting energy of 1.23 eV and overpotential losses, the
semiconductor(s) should have a bandgap greater than 1.7 eV. However, semicon-
ductors with such relatively low bandgaps have been found to lack stability during
water splitting. (3) Energy levels. Even though a semiconductor electrode may
generate sufficient energy to drive an electrochemical reaction, the band edge
positions may prevent it from doing water splitting. For spontaneous water splitting,
water oxidation and reduction potentials must lie between the valence and conduc-
tion band edges. Materials known to do this, for example, StTiOj3, have such large
bandgaps they absorb only in the UV region.

In this chapter, we describe the use of TiO, nanotube arrays as photoanodes for
water photoelectrolysis. The nanotube array architecture possesses high surface to
volume ratios, which enables a large internal surface area to be in intimate contact
with the electrolyte, and excellent charge transfer properties [1-3]. However, TiO,
is responsive to UV light, which accounts for only a small fraction (=4%) of the
sun’s energy. Visible light comprises approximately 45% hence any shift in the
optical response of TiO, from the UV to the visible spectral range while
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maintaining the intrinsic properties of TiO,, for example the excellent charge
transfer properties and photocorrosion stability, will have a positive impact on the
photocatalytic and photoelectrochemical utility of the material. Modifying the band
structure of TiO, to make it more responsive to visible wavelengths has been an
enduring activity and, to date, an unsuccessful effort. Compositional doping of
TiO, has been the approach generally taken for bandgap engineering. When
employing dopants to change the optical response of a material, it is desirable to
maintain the integrity of the host material crystal structure while changing its
electronic structure. The crystal structure of the material is directly related to the
ratio of cation and anion size in the crystal lattice. It appears to be relatively easier
to replace Ti** in TiO, with any cation than to substitute O>~ with any other anion
due to the difference in the charge states and ionic radii. While several authors have
reported that transition metal ion doping decreases the photothreshold energy of
TiO,, there is also an increase in thermal instability and a decrease in charge carrier
lifetimes [4, 5] which limits overall photoconversion efficiencies. In this chapter,
we review efforts in nanotube array bandgap engineering to absorb visible light
with, of course, application to water splitting. Anionic doping of TiO, consists of
the substitution of a nonmetal atom, such as nitrogen [6-8], carbon [9, 10], sulfur,
and fluorine [11], for oxygen. A large part of the existing literature agrees that
anionic doping produces enhancement in the visible light absorption properties of
TiO, photocatalysts. Yet as far as the photoelectrochemical response of anionically
doped TiO, is concerned, the improvement of the visible photocurrent response is at
best modest in such reports [12—15]. We also consider coupling of the TiO,
nanotubes with low band gap materials, such as CdS, CdTe, and CdSe, as another
approach to enhance visible light absorption. We then discuss a strategy of com-
bining TiO, with semiconducting metal oxides with smaller band-gaps that are
processing compatible with TiO, as a means to improve the visible response.
Presently, we have focused our attention on a-Fe,O5 and copper oxides (CuO and
Cu,0) forming ternary oxide (Cu-Ti-O and Fe-Ti-O) nanotube architectures. In
these architectures, TiO, confers both structural support and chemical stability to
the narrow band-gap oxide material. Even when the two oxide phases are
segregated, the ternary oxide nanotube architecture shows good photoelectrochem-
ical response in the visibility, likely due the lower recombination resulting from the
fast capture of photogenerated charge carriers by close-lying solution ions.

4.2 Photoelectrolysis Cell

Photoelectrolysis is the general term used to describe semiconductor-based water
splitting by the use of a photoelectrochemical cell (PEC) [1], as depicted in Fig. 4.1.
One approach is to couple a photovoltaic system and an electrolyzer as a single
system. Photovoltaic cells can be combined in series to generate the potential needed
to split water and then connected to H, and O, producing electrodes. With semicon-
ductor—liquid junctions, the water splitting potential is generated directly at the
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Fig. 4.1 The schematic Photoelectrolysis Approaches
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semiconductor—liquid interface. The ability of a semiconductor photoelectrode to
drive either the oxidation of water to O,, or the reduction of water to H,, or the entire
water splitting reaction is determined by its band gap and the position of the valence
and conduction band edges relative to the water redox reactions [1]. Besides band
edge positions, the semiconductor has to be active over a broad spectral range, and,
upon light absorption, the material should efficiently separate the generated charges.
Moreover, the immersed semiconductor has to be stable in the electrolyte.

In this chapter, we consider semiconductor liquid junctions in application to
water splitting [1] with the photoelectrolysis cell consisting of TiO, nanotube arrays
on a conducting substrate. Contact between the two electrodes through an aqueous
electrolyte, where there is no illumination, results in charge transfer from the TiO,
anode having a lower work function to the platinum cathode having a higher work
function resulting in band bending. Under illumination, the photoanode surface
potential and the (H*/H,) water reduction potential are each lowered, but the (H*/
H,) water reduction potential still remains above the cathode Fermi level. Anodic
bias is thus needed to elevate the Fermi level of cathode above the water reduction
potential, making the water splitting process feasible. This applied bias provides
overvoltage at the metal cathode necessary to sustain the current flow, and increases
the semiconductor band bending to maintain the required electric field driven charge
separation in the semiconductor. The bias can be provided either by an external
voltage (power) source, or by immersing the anode in a basic solution and the
cathode in acidic solution. In the first report on water photoelectrolysis by Fujishima
and Honda [16] using an n-type TiO, anode and Pt cathode, it was observed that
an additional bias voltage of 0.25-0.50 V was required to achieve simultaneous
oxygen evolution at the TiO, electrode and hydrogen evolution at the Pt cathode.
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Several oxide semiconductors have flat band potentials above the H*/H, level;
therefore, no external bias is needed to produce H, and O,. Unfortunately, these
oxide semiconductors have relatively large bandgap energies that result in low
optical absorption and hence low visible spectrum photoconversion efficiencies.

The photoelectrochemical (PEC) reaction separates the oxidation and reduction
processes into half-cell reactions; the half-cell reactions with their corresponding
standard reduction potential E° with respect to the standard hydrogen electrode
(SHE) are shown. The negative AE° indicates that water splitting is not a thermo-
dynamically spontaneous process; for the reaction to proceed, 1.23 V must be
externally provided.

Oxidation : 2H,0 — O, +4H" +4e~ E° =1.23V vs. SHE 4.1)
Reduction : 2H" +2¢~ — H, E° =0.00V vs. SHE 4.2)
Overall : 2H,O — O, +2H, AE° = —1.23V 4.2)

The bandgap E, of the material determines its light harvesting ability. There are
inherent losses associated with any solar energy conversion process involving
materials [17-20]. Consider, since any absorbed energy higher than the bandgap
is lost as heat, only a partial fraction of the excited state energy can be converted
into electrical energy or stored as chemical energy, and losses occur due to
spontaneous emissions. Other losses include those due to electron transport within
the electrode during charge separation, transport of electrons from photoanode to
platinum electrode, transport of electrons/holes to the photoelectrode/electrolyte
interface, Joule heating due to the electron flow through the external circuit, and the
cathodic and anodic overpotentials. Overvoltage losses associated with electrodes
are the functions of current density, electrode structure and surface properties,
temperature, electrolyte composition, etc. [21]. In practical systems, energy losses
can be greater than 0.8 eV. Considering this, a bandgap of =~ 2.0 eV appears optimal
for semiconductor photoelectrodes applied to water splitting.

A photoelectrolysis cell can have two illuminated semiconductor—liquid junc-
tions, with an n-type semiconductor used for O, evolution through use of the
photogenerated holes, and a p-type semiconductor for H, generation through use
of the photogenerated electrons [1]. Two semiconductors with smaller band gaps
can be utilized since each needs only to provide part of the water splitting potential.
The smaller band gap means more absorption in the visible region of the solar
spectrum. The majority carriers of each photoelectrode, electrons formed in the
n-type semiconductor (photoanode) and holes formed in the p-type semiconductor
(photocathode), combine at an ohmic contact. This is theoretically possible only if
the valence band of the photocathode is positive (higher electrochemical potential)
with respect to the conduction band of the photoanode [1]. Proper selection of both
semiconductor electrodes ensures that the energy necessary for water photoelec-
trolysis is gathered entirely from the illumination.



4.2 Photoelectrolysis Cell 153

4.2.1 Water Splitting Efficiency

The usefulness of a water photoelectrolysis cell is primarily determined by the
efficiency with which it converts light energy into chemical energy, which is stored
in the form of hydrogen. In the case of water splitting, the redox properties of the
electrolyte are fixed, and hence the light harvesting and utilization properties of the
photoelectrode decide cell efficiency. The overall photoconversion efficiency is
defined as the ratio of the maximum energy output that can be obtained from the
final products, hydrogen and oxygen, to the energy supplied in the form of light to
produce them.

4.2.1.1 Two Electrode Configuration

Photoelectrolysis cells consist of two electrolyte immersed electrodes, with the bias
voltage, if any, applied between them; the overall chemical reaction in such a cell is
made of two independent half-reactions [22]. The photoconversion efficiency (solar
conversion efficiency if sunlight is used) in these practical cells is calculated as:

 AG°Ry,

P, (4.4)

o

where Ry is the rate of production (mol/s) of hydrogen in its standard state per
unit area of the photoelectrode. The standard Gibbs energy AG®=237.2 kJ/mol at
25°C and 1 bar, and P, is the power density (W/m?) of illumination.

Equation (4.4) is based on the assumption that the free energy AG” can be
completely retrieved in an ideal fuel cell run by the products from the photoelec-
trolysis cell for which the relation is applied. Instead of the free energy AG®, the
enthalpy (heat) of water splitting AH|, also has been used in some cases. Here, it is
assumed that the heat of water splitting is completely retrieved by burning hydro-
gen. At 25°C and 1 bar, AHy = 285 kJ/mol. However, the thermodynamic definition
of “efficiency” involves work, and hence it is appropriate to use AG". Using AH
gives exaggerated values for efficiency. If  is the current density responsible for the
generation of hydrogen at the rate of Ry, in (4.4), then under 100% Faradaic
conversion, Ry, =1I/nF, where n, which is the number of moles of electrons
used for generating 1 mol of hydrogen, is 2 and F, the Faraday constant, is
96,485 C. Therefore, the voltage corresponding to the Gibbs energy is V., =
AG/nF=1.229 V.

g0 = 1'229[P/P[ 4.5)

where the constant is expressed in volts (1.229 V), I, in A/m? and P in W/m?.
Spontaneous water splitting upon illumination requires semiconductors with
appropriate electron affinity and flat band conditions. The flat band positions shift
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with electrolyte pH. Hence, an external bias needs to be applied between the
electrodes in most cases to effect water splitting. The external bias can be either
electrical or chemical. This external bias contribution should be subtracted from
(4.4) or (4.5) to obtain overall photoconversion efficiency. In the case of an external
electrical bias, the efficiency can be defined as:

Energy stored as hydrogen — Energy input from power supply

¢ (efficiency) = Light energy input

AGORy, — Viias]
6o = ( H-P bislp) (4.62)
t

which simplifies to

1.229V — Viigs )1
g0 = ¢ 5 bia )l (4.6b)
t

with all units in SI. The basis of this definition is that a fuel cell run by the products
of the photoelectrolysis cell supplies a part of its output to the photoelectrolysis cell
as electrical bias [23, 24].

4.2.1.2 Three-Electrode Configuration

In laboratory water photoelectrolysis experiments, a three-electrode geometry is
commonly used to measure photocurrent. This geometry involves a working elec-
trode (photocathode or photoanode), a counter electrode that is generally platinum,
and a reference electrode. The internationally accepted primary reference is the
standard hydrogen electrode (SHE) or normal hydrogen electrode (NHE) which has
all components at unit activity [(P/H, (a = 1)/H* (a = 1, aqueous)]. However,
using such an electrode is impractical, and hence other reference electrodes, such as
silver—silver chloride (Ag/AgCIl/KCl) and saturated calomel electrodes (SCE) (Hg/
Hg,Cl,/KCl), are generally used. Their potentials may then be converted in terms of
NHE potential. The potential of an Ag/AgCl electrode is 0.197 V versus NHE and
that of saturated calomel electrode is 0.242 V versus NHE [25]. Equations (4.6a)
and (4.6b) give a thermodynamical measure of efficiency and should be applied, in
general, to all cases involving an electrical bias irrespective of the electrode
configuration (two- or three-electrode) used. Note that in the case of a three-
electrode configuration V4, should be measured between the working and counter
electrodes [26]. The reference electrode in the three-electrode geometry does not
draw any current and the current flows between the working and counter electrodes
[27-29]. Here, we will consider two common approaches used which avoid the use
of a comparative noble metal electrode and neglect overpotential losses at the
electrodes. In this method, the potential applied at the hydrogen (or oxygen)
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electrode (in a three-electrode configuration) is compared with the potential gen-
erated at an ideal fuel cell anode (or cathode). In the case of an n-type semiconduc-
tor photoanode:

& = (Vgx - VHPP)IP/Pt (Oxygen evolution using photoanodes) 4.7a)

OR
g = (Vapp - ng)lp / P, (Hydrogen evolution using photoanodes) (4.7b)

VO and ng represent, respectively, the standard potentials of oxygen and
hydrogen electrodes. Vgx takes a value of +0.401 V versus NHE in alkaline
electrolytes (pH = 14) and +1.229 V versus NHE in acidic electrolytes (pH = 0).
The corresponding values of Vl(_)[2 are —0.828 V versus NHE and O V versus NHE.

Another form of this definition has sparked much debate in the scientific
community [30-35]. In this approach, V,, (or Vi) is taken as the absolute
value of the difference between the potential at the working electrode measured
with respect to a reference electrode (V ,.as) and the potential of the photoelectrode
under open circuit conditions measured with respect to the same reference electrode
in identical conditions (in the same electrolyte solution and under the same illumi-
nation). In the case of a semiconductor photoanode where oxygen evolution takes
place, the efficiency is calculated as:

gp = (V?ev _F!Vappl)lp _ (V?ev — |Vm;as - Va00|)1p (4.8)
t t

VO =1.229V is the standard state reversible potential for the water splitting
reaction and V,,. is the anode potential measured with respect to the reference
electrode at open circuit conditions. The term V.5 — Vaoc arises from the fact that
Voc (the open circuit voltage of the cell which may be obtained from V,..)
represents the contribution of light toward the minimum voltage needed for water
splitting potential (1.229 V) and that the potential of the anode measured with
respect to the reference electrode V,..s has contributions from the open circuit
potential and the bias potential applied by the potentiostat (i.e., Vineas = Vapp +
Vaoe)- The term Vi eas — Vaoe makes relation (4.8) independent of the electrolyte pH
and the type of reference electrode used. Thus the use V2, in (4.8) instead of V2, or
ng as in the case of relation (4.7a) or (4.7b) is justified. Although this approach has
received wide attention and is commonly being used, it is suggested that the relation
(4.8) may give exaggerated photoconversion efficiency values. For both two- or
three-electrodes, the voltage measured between the working and the counter elec-
trodes gives the actual applied bias voltage V,pp [0r Vi, in (4.62) and (4.6b)]. This
voltage multiplied by the cell current gives the electrical energy supplied by the
electrical power supply. But in practice, where a potentiostat is used to apply an
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external bias to the photoelectrode, this actual voltage V,p, (between the working
and counter electrodes) may slightly exceed the bias voltage measured as V,p, =
Vimeas — Vaoc With respect to the reference electrode [36]. Thus, the use of the latter
term in relation (4.8) can show a higher efficiency value than when the term V,
measured between the counter and working electrodes, is directly used as in the
case of relation (4.6a) and (4.6b).

4.2.1.3 Efficiency Comparison Determined Using Two- and Three-Electrode
Configurations

Figure 4.2 is plotted to demonstrate the difference in the efficiency values calcu-
lated by different approaches represented by relations (4.6), (4.7a), and (4.8) [37]. A
two electrode geometry was used for photocurrent measurements and efficiency
calculation using relation (4.6) and a three-electrode geometry was employed for
relations (4.7a) and (4.8). A 6-um long TiO, nanotube array film (polycrystalline)
on titanium foil was used as the photoanode. Platinum served as the counter
electrode and the 1 M KOH solution as the electrolyte. In the three-electrode
configuration, an Ag/AgCl reference electrode was used to measure the photoanode
potentials. As the TiO, bandgap is 3.0-3.2 eV (depending upon whether the
crystalline phase is rutile or anatase), a near UV light illumination (320-400 nm)
from a 50 W metal-hydride lamp was used. For the two electrode geometry, a
Keithley source meter and for the three-electrode geometry a potentiostat was used
to apply the bias. The x-axis of the plot (Fig. 4.2) shows the voltage measured
between the working (TiO, nanotube array) and counter electrodes for relation (4.6)
and the potential at the photoanode anode measured with respect to Ag/AgCl
reference electrode for relations (4.7a) and (4.8).

9

o 15+

:é‘ — relation 4.6 (two electrode)
= —e— relation 4 .8 (three electrode)
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Fig. 4.2 Efficiency under
near UV illumination of a
photoelectrochemical cell
comprised of a TiO, nanotube
array photoanode and Pt
counter electrode. For the
calculation of efficiency using
(4.6), a two-electrode
geometry was used while for
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the calculation using (4.7a) Volts (for relati
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geometry was used [37] Volts vs Ag/AgCl (for relation 4.7a, 4.8)
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It can be seen from Fig. 4.2 that the relation (4.8) yielded the highest efficiency
of about 9.5% whereas the efficiency calculated using relation (4.6) employing a
two-electrode geometry has a maximum value of about 7%. Although the relative
values may vary with respect to the experimental setup and measurement condi-
tions, this exercise demonstrates that a certain degree of exaggeration could occur
in the efficiency values calculated using (4.8) in a three-electrode geometry.

4.2.2 Quantum Efficiency Calculation

A very useful parameter for evaluating the performance of a photoelectrolysis cell
is the incident photon to current conversion efficiency (IPCE). This is a measure of
the effectiveness in converting photon’s incident on the cell to photocurrent flowing
between the working and counter electrodes. IPCE is also called the external
quantum efficiency [38].

_ LA
IPCE = o5 (4.92)
_ (he\ (I,(4)
IPCE = (?) <P o 2) (4.9b)
_ 1040 (%)
IPCE = 1240, o1 (4.9¢)

I(4) is the photocurrent density at wavelength A. The IPCE becomes 100%
when all photons generate electron-hole pairs. However, in practical situations,
the IPCE is always less than 100% due to the losses corresponding to the
reflection of incident photons, their imperfect absorption by the semiconductor
and recombination of charge carriers within the semiconductor, etc. IPCE is
calculated by measuring the current in a cell when a particular wavelength or a
small group of wavelengths (band pass, usually up to 12 nm) with a known
power density P(1) incident on it. It is usually measured at a bias voltage
corresponding to the maximum power point (voltage corresponding to the
peak efficiency). The IPCE enables the estimation of the total photocurrent as
well as efficiency of a photoelectrolysis cell under any type of illumination, say
for example global sunlight [39]. If /,(4) is the current density corresponding to
wavelength 4, the photocurrent spectrum corresponding to a particular energy
distribution can be obtained by multiplying the IPCE with the photon flux
density of that distribution.

I,(2) = IPCE F(4)d). = IPCE P()).. (hi) (4.10)

C
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The total photocurrent that can be obtained from this electrode is:

o]

I = /Ip()v)dx @.11)

Amin

Another parameter of interest, used mainly in photoelectrochemical solar cells, is
the absorbed photon to current conversion (APCE) efficiency, also called the internal
quantum efficiency. APCE is defined as the number of electrons (or holes) collected
per absorbed photon. It is calculated after considering the losses in the incident
photons like reflection, scattering, absorption, etc. APCE and IPCE are related by [40]:

IPCE(2) = LHE(L) 1 (4.12)

LHE is the light harvesting efficiency or absorptance, defined as LHE =
1 — 10~ where A is the absorbance, (inj 18 the quantum yield of charge injection,
and 7 is the efficiency of transporting injected electrons in to the external circuit.
Equation (4.12) can be written as:

IPCE

4.3 Photoelectrolysis Using Unmodified TiO, Nanotubes

Figure 4.3 depicts the experimental setup for water photoelectrolysis measurements
with the nanotube arrays used as the photoanodes from which oxygen is evolved.

Potentiostat

Electrolyte

4

‘ Platinum Roference
T|02 nanotube Electrode

array anode

Fig. 4.3 Depiction of experimental set-up for hydrogen generation by water photoelectrolysis [58]
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4.3.1 Short Nanotubes

TiO, nanotubes were grown by potentiostatic anodization of titanium foil at 10 V in
an electrolyte of 0.5% HF + acetic acid mixed in a 7:1 ratio [41, 42]. Four different
electrolyte bath temperatures, 5°C, 25°C, 35°C, and 50°C were tried to vary the
nanotube wall thickness and length. The /-V characteristics of the TiO, nanotube-
array electrodes, photocurrent density versus potential, measured in 1 M KOH
electrolyte as a function of anodization bath temperature under UV (320—400 nm,
100 mW/cm?) illumination are shown in Fig. 4.4. At 1.5 V, the photocurrent density
of the 5°C anodized sample is more than three times the value for the sample
anodized at 50°C. The lower anodization temperature also increases the slope of the
photocurrent—potential characteristic. On seeing the photoresponse of a 10 V 5°C
anodized sample to monochromatic 337 nm 2.7 mW/cm? illumination, it was found
that at high anodic polarization, greater than 1 V, the quantum efficiency is larger
than 90%.

The TiO, nanotube array architecture results in a large effective surface area in
close proximity with the electrolyte, thus, enabling diffusive transport of photo-
generated holes to oxidizable species in the electrolyte. Separation of photogener-
ated charges is assisted by action of the depletion region electric field [43, 44].
Minority carriers generated within a “retrieval” length from the material surface,
that is, a distance from the surface equal to the sum of the depletion layer width and
the diffusion length, escape recombination and reach the electrolyte [45]. The
relevant structure sizes of the TiO, nanotube arrays, that is, half the wall thickness,
are all smaller than 20 nm which is less than the retrieval length of crystalline TiO,
[46]; hence, bulk recombination is greatly reduced and the quantum yield enhanced
[46]. Because of the light scattering within a porous structure incident photons are
more effectively absorbed than on a flat electrode [47]. However, while bulk
recombination is reduced by the nanotube architecture, photogenerated minority
carriers can be trapped by surface states [46, 48]. The photoconversion efficiency
as a function of potential for the different photoanodes is shown in Fig. 4.5.
A maximum conversion efficiency of 6.8% is obtained for nanotubes anodized
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Fig. 4.4 The photocurrent
density versus potential [vs.
Ag/AgCl] for 10 V samples
anodized at four anodization
bath temperatures, that is,
5°C, 25°C, 35°C, and 50°C ’ )
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Fig. 4.5 Photoconversion
efficiency as a function of 3 5°%C
measured potential [vs. Ag/
AgCl] for 10 V samples
shown in Fig. 4.4 [41]
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at 5°C. For this sample, gas chromatographic analysis verified that the volume ratio
of the evolved hydrogen and oxygen was 2:1, which confirmed water splitting. With
the nanotube array photoanodes held at constant voltage bias, determined by the
peak position in the photoconversion efficiency curve with respect to the Ag/AgCl
electrode, during 1,800 s of exposure, 48 umol of hydrogen gas was generated.
Normalizing this rate to time and incident power, we find a hydrogen generation
rate of 960 umol/hW, or 24 mL/hW. Oxygen bubbles evolving from the nanotube-
array photoanode do not remain on the sample; hence, the output remains stable
with time irrespective of the duration of hydrogen production.

Under UV (320400 nm, 100 mW/cmz) illumination, a maximum photocon-
version efficiency of 7.9% was obtained for nanotube arrays, up to 600 nm in
length, anodized in boric acid contained electrolyte [49], with a hydrogen genera-
tion rate of 42 mL/hW. Under full spectrum illumination (AM 1.5, 100 mW/cm2),
a photoconversion efficiency of 0.45% was obtained. The significant photore-
sponse of the boric acid anodized sample may be due to boron incorporation
into the nanotube array structure. It is possible that boron, which is difficult to
identify by XPS, remains inside the TiO, matrix and affects its charge transfer
properties [50].

Figure 4.6 shows the photocurrent as a function of applied voltage for 500°C
annealed TiO, nanotube electrodes prepared at 10, 18, or 20 V anodization poten-
tials in aqueous or ethylene glycol (EG) solutions containing 0.5 HCI and
0.4 M H,0,, under AM 1.5 simulated sunlight in 1.0 M KOH [51]. The dark current
was less than 5 pA/cm? for all samples over the displayed potential range [38, 52].

Nanotube arrays of 570 nm length and 70 nm pore size were synthesized on
titanium foil in 0.15 M HF-0.5 M HNO; [53]. Samples were then annealed at
450°C for 2 h. The photocurrent and photoelectrochemical current response were
measured in 0.01 M Na,SO, under 0.68 mW/cm? UV illumination. The photocur-
rent density (measured at 0 V vs. SCE) increased from almost zero in the dark to
0.105 mA/cm2 under UV illumination. The photoelectrochemical current of TiO,
nanotube array films is compared with that of porous TiO, in Fig. 4.7. The higher
electrochemical current density of the nanotube array samples was ascribed to the
higher surface area.
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Fig. 4.7 Measured current of crystallized porous and nanotubular TiO,/Ti electrodes under
linearly swept potential from 0 to 3,500 mV vs. SEC [53]. Reprinted from Materials Letters,
Vol. 60, Xie Y, Zhou LM, Huang H, Enhanced photoelectrochemical current response of titania
nanotube array, 3558-3560, Copyright 2006, with permission from Elsevier

4.3.2 Medium Length Nanotubes

The photoelectrochemical properties of nanotube arrays ~ 2 pm in length, tube
diameter 100 nm, and wall thickness of 10 nm anodically grown on titanium
samples at 20 V Ag/AgCl in 1 M (NHy4),SO4 + 0.5 wt% NH4F, were investigated
in 0.1 M Na,SO, using a 1,000 W Xe lamp [54]. In the UV range, the IPCE of these
annealed nanotubes (450°C for 3 h) was found to be about three to four times higher
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than that of compact annealed TiO, films, with an enhanced photocurrent over the
entire potential range. However, at potentials close to the flat band (the optical flat-
band potential Ey, is about at —0.1 to —0.2 VAg/AgCl), the absolute photocurrent
response for the nanotubes found to be 10 to 20 times higher than for the compact
oxide. At higher anodic potentials (>1 V), a saturation of the photoresponse was
observed for the nanotubes, while the compact oxide still showed an increasing
behavior.

Figure 4.8(a) shows the I-V characteristics of 6 um nanotube arrays prepared in
KF buffer bath [55] (on foil), annealed at different temperatures, under UV (320 nm
to 400 nm) illumination with an intensity 100 mW/cmZ; the dark current in all cases
is approximately 1077 to 107® A/cm? [56]. The photocurrent increases with
increasing annealing temperature to 675°C, after which it reduces with samples
annealed at 700°C showing a low photocurrent (~10~* A) due to the disruption of
the nanotube-array architecture. The corresponding light energy to chemical energy
conversion (photoconversion) efficiencies is shown in Fig. 4.8(b). The highest
efficiency of about 12.25% was obtained for samples annealed in the range
580°C to 620°C. The increase in photocurrent and efficiency is due to the increased
crystallinity of the nanotube-walls, with the reduction of the amorphous regions and
grain boundaries in turn reducing the number of charge carrier recombination
centers. However, at temperatures near 675°C, the densification of the bottom
part of the nanotubes starts isolating the undestroyed nanotubes from the metal
electrode reducing the number of charge carriers reaching the electrode.

The photoresponse increases with nanotube-array length, saturating when the
light is fully absorbed [57]; in our experiments, we found this saturation with length
to occur at approximately 20 pm; however, this is dependent on the nanotube array
density and hence optical absorbance. On exposing a 6 um nanotube-array samples
annealed at 600°C to individual wavelengths of 337 nm (3.1 mW/cmz) and 365 nm
(89 mW/cmz), the quantum efficiency was calculated as 81% and 80%,
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Fig. 4.8 (a) Photocurrent generated from 6 pm long nanotube-arrays (in 1 M KOH solution) with
respect to annealing temperature, and (b) the corresponding photoconversion efficiencies [S6]
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Fig. 4.9 (a) Visible light (AM 1.5) photocurrent generated from 6 pm long nanotube-arrays with
respect to annealing temperature, and (b) the corresponding photoconversion efficiencies [58]

respectively. For a 6 um nanotube array annealed at 600°C, the hydrogen evolution
rate is approximately 76 mL/hW.

Figure 4.9 shows the I-V characteristics under UV filtered AM 1.5 illumination
of 6-um long nanotube arrays annealed at different temperatures [58]. The photo-
current increases with increasing annealing temperature to approximately 620°C,
after which it reduces with samples annealed at 700°C, in which the nanotube array
geometry is destroyed by the growth of the underlying oxide layer from the Ti foil
substrate, showing a low photocurrent (~10~* A). The highest AM 1.5 full spectrum
efficiency of about 0.6% was obtained for samples annealed in the range 580°C to
620°C. For a 6 um nanotube array annealed at 600°C, the hydrogen generation rate
is 1.75 mL/Wh.

We note that the unique, highly ordered TiO, nanotube array structure enables
the conductive electrolyte to permeate the entire internal and external surfaces;
hence, there is a constant electrostatic potential along the length of the tubes.
Therefore, long-range electron transport is dominated by diffusion rather than
drift. In this case, for a nanotube array of length d, the diffusion driving force is
nearly constant and approximately equal to 2kgT/d [59]. The nanotube-array archi-
tecture, with a wall thickness of 20 nm, ensures that the holes are never generated
far from the semiconductor-electrolyte interface. Furthermore, since half the wall
thickness is significantly less than the minority carrier diffusion length L, ~20 nm
in TiO, [60], charge carrier separation takes place efficiently. The increased
crystallinity of the samples annealed at elevated temperatures reduces the number
of grain boundaries, improves connectivity between grains, and eliminates any
amorphous regions that provide defects acting as carrier recombination centers.
The width of the anatase crystallites in the walls is restricted by the wall thickness,
to approximately 10 nm. The potential drop within the wall can be represented as:

A¢y = kTr /6eL, (4.14)
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where 1y is half the width of the wall, T is the temperature, and L is the Debye
length given by

Lp = [60ekT /2¢*Np]'/? (4.15)

where Np is the number of ionized donors per cm® [61]. This potential drop across
the wall thickness may not be enough to separate the photogenerated electrons and
holes; however, because of the nanoscale dimensions of the walls, the holes can
reach the surface through diffusion, which takes place on a scale of picoseconds
[42-44, 47-61]. Minority carriers generated within a “retrieval” length from the
material surface, that is a distance from the surface equal to the sum of the depletion
layer width and the diffusion length, escape recombination and reach the electrolyte
[43]. The relevant dimensional features of the TiO, nanotube arrays, that is, half the
wall thickness, are all smaller than the crystalline TiO, retrieval length of 10 nm
[44]; hence, bulk recombination is greatly reduced and the quantum yield enhanced
[44, 60, 62, 63]. It is noted that van de Lagemaat et al. observed a substantial
enhancement of the quantum yield in SiC made nanoporous by anodic etching in
HF solution [43]. Furthermore, charge carriers near the electrolyte-nanotube inter-
face region are readily accessible to the electrolyte species due to overlapping wave
functions [61, 64].

4.3.3 Long Nanotubes

Figure 4.10(a) shows the measured photocurrent density of nanotube array samples
fabricated using a formamide electrolyte, 0.56 g of ammonium fluoride in a solution
mixture of 5 mL de-ionized water + 95 mL formamide, at 15V, 20 V, and 25 V
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Fig. 4.10 (a) Photocurrent density and (b) corresponding photoconversion efficiency, of nanotube
array samples fabricated using a formamide solvent (K1 bath). All samples were annealed at
525°C for 1 h in oxygen [65]
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anodization potentials [65]. All samples were annealed at 525°C for 1 h in oxygen.
Figure 4.10(b) shows the corresponding photoconversion efficiency of the three
nanotube array samples. The use of different anodization voltages resulted in
variation of nanotube array length and tube outer diameter (hence packing fraction):
15 V resulting in a nanotube array 8.2 um long, 80 nm outer diameter; 20 V
resulting in a nanotube array 14.4 um long, 94 nm outer diameter; 25 V resulting
in a nanotube array16 pm long, 140 nm outer diameter. The 20 V sample, 14.4 um
long with 94 nm outer diameter, achieves a photoconversion efficiency of 14.42%.
A trade-off exists between nanotube length and internal surface area. Thus, the 15V
nanotubes have a relatively large internal surface area, but their optical absorption
is limited by their shorter length while the 25 V nanotubes are longer but have less
surface area. The maximum conversion efficiency is obtained for nanotubes ano-
dically formed at 20 V. Figure 4.11(a) shows the I-V characteristics of 30 um long
205 nm diameter nanotube arrays fabricated in an electrolyte of 1.2 g of NH,F in a
solution of 5 mL deionized water 4+ 95 mL formamide at 35 V. The samples were
annealed at 525°C and 580°C for 1 h in oxygen prior to measurement. The 580°C
annealed sample had an open circuit voltage Ve of —0.925 V (vs. Ag/AgCl); the
525°C annealed sample had an open circuit voltage Voc of —0.80 V (vs. Ag/AgCl).
Figure 4.11(b) shows the corresponding photoconversion efficiencies of the two
samples.

Figure 4.12(a) shows the measured photocurrent density of nanotube array
samples fabricated in an EG electrolyte, 0.25 wt% NH4F and 1% H,O at 60 V for
6 h [65]. The resulting nanotube array samples were approximately 24 pm in length,
with an inner pore diameter of 110 nm and outer diameter of 165 nm. The samples
were annealed at 625°C, 580°C, and 525°C for 1 h in oxygen prior to measurement.
Figure 4.12(b) shows the corresponding photoconversion efficiencies of the two
samples.
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Fig. 4.11 (a) Photocurrent density and (b) corresponding photoconversion efficiency of nanotube
array samples fabricated in an electrolyte of 1.2 g of NH4F in a solution of 5 mL deionized
water 4+ 95 mL formamide at 35 V. The resulting nanotube array samples were 30 um in length,
with an outer diameter of 205 nm [65]
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Fig. 4.12 (a) Photocurrent density and (b) corresponding photoconversion efficiency of nanotube
array samples fabricated in an EG electrolyte, 0.25 wt% NH4F and 1% H,O at 60 V for 6 h. The
samples were annealed at indicated temperatures for 1 h in oxygen prior to measurement. The
resulting nanotube array samples were ~24 um in length, with a pore size of 110 nm and wall
thickness 25 nm [65]
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Fig. 4.13 (a) Idealized unit cell of TiO, nanotube array with inner diameter D, wall-thickness W,
and @ = D + W. (b) Calculated geometric roughness factor as a function of nanotube length. The
solid, versus dashed lines, denote nanotube array lengths considered in this work [65]

4.3.4 Roughness Factor

The roughness factor, that is, the physical surface area of the film per unit
projected area, measures the internal surface area of the electrode and is of crucial
significance in applications such as sensing and catalysis. Assuming an
idealized nanotubular structure shown in Fig. 4.13(a) with inner diameter D,
wall-thickness W, and tube-length L, the purely geometric roughness factor is
calculated as [65, 66]
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4nL(D + W)

Va(D +2W) (10

Equation (4.3) assumes all surfaces of the nanotubes to be perfectly smooth. In
reality, the surfaces are not smooth, and the actual roughness factor is higher due to
the ridging effect associated with fluctuations in voltage, and/or local pH of the
anodizing solution. Figure 4.13(b) is a plot of the calculated geometric roughness
factor for nanotubes with three different geometries. The plot shows that higher
surface area is more easily obtained with nanotubes of smaller pore size. Table 4.1
displays the roughness factor of nanotubes formed in different electrolytes, deter-
mined using dye desorption measurements. The table shows that nanotubes formed
in formamide electrolytes have the highest roughness factors per unit length, which
also correlates with the high photocurrents and conversion efficiencies obtained

Table 4.1 Surface area of nanotubes determined by dye desorption measurements

Electrolyte Anodic Inner Length Surface  Effective  Geometric
potential (V) diameter (pm) dye roughness roughness
(nm) coverage factor factor
(nmol/
cmz)

Aqueous 0.5% HF 10 22 0.2 5.25 52 38

Aqueous 0.5% HF 10-23
(Nanocones) - 0.4 1.75 17 -

Aqueous buffered 25 110 6.6 50 496 252
0.1 M KF (pH~5)

0.1 M NH4F in 1:1 15 Porous - - 30 296 136
DMF:H,0

0.I5SMNH,F+5% 10 12 3.6 55 546 325
H20 in
Formamide

0.I5SMNH4,F+5% 15 29 54 79 784 390
H,O in
Formamide

0.ISMNH,F+5% 20 70 144 181 1,797 778
H20 in
Formamide

022 MNH,F+5% 35 180 30 277 2,750 928
H,O in
Formamide

027 MNH,F+5% 20 65 19.6 304 3,019 1,224
Hzo in
Formamide

0.3% NH4F in 30 45 9 57 566 544
EG + 1% H,0

0.3% NH,4F in 40 70 12 66 655 609
EG+ 1% H,O

0.3% NH,4F in 65 135 30 116 1,152 1,018

EG + 1% H,O
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with nanotubes formed in this electrolyte. Anodization variables and annealing
conditions impact the photoresponse of the resulting TiO, nanotubes [67—70].

4.3.5 Effect of Electrolyte Additives

Irrespective of the morphology and method of preparation, TiO, is known to
contain defects [71] that act as charge carrier traps and recombination centers,
which reduce the photoactivity of the material. Recombination losses can be
reduced by utilizing the holes before they recombine by addition of sacrificial
organic compounds, such as methanol, propanol and EG, to the electrolyte
[72-77]. Further, these alcohols modify the energy levels of the electrolyte in
comparison to the O,/H,O energy level [78, 79]. For metal oxide semiconductors,
electron-hole recombination losses are high in alkaline aqueous solutions. Adding a
sacrificial organic to the alkaline aqueous solution helps facilitate separation of the
photogenerated electrons and holes. An organic additive reacts with the hole in the
presence of water to generate protons and CO,. Protons are then potentially driven
to the cathode where they are reduced to evolve hydrogen. Mohapatra et al.
investigated the effects of various additives on the photoactivity of TiO, nanotube
array photoanodes [80]. TiO, nanotube samples were made in 0.5 M H;PO,4 + 0.14
M NaF (pH 2.1) solution and crystallized at 500°C for 6 h in oxygen ambient. The
photoelectrochemical measurements of these samples were carried out in various
solutions such as 1 M KOH; 1 M KOH + 5 vol% methanol; 1 M KOH + 1-10 vol%
EG; and 1 M KOH + 5 vol% glycerol. A 300 W solar simulator with AM 1.5 filter
in the front was used as a light source. The intensity of the illumination on the
surface of photoanode was set to 87 mW/cm?.

Figure 4.14 shows the photocurrent generated by the TiO, nanotubes in 1 M
KOH solution with variable EG concentration. The maximum photocurrent density
obtained in 1 M KOH solution was 0.87 mA/cm?. Upon adding 1 vol% EG, the
photocurrent increased by more than 150%. The value of photocurrent density
reached to 3.97 mA/cm” at 0.2 V versus Ag/AgCl for 10 vol% EG. In case of
1 and 2 vol% EG addition, the photocurrent saturated at potentials more anodic than
—0.6 V versus Ag/AgCl. The increase in the photocurrent density could be corre-
lated to the photo induced open circuit potential which became more negative with
the addition of EG, see Table 4.2.

Figure 4.15 demonstrates the effect of other organic additives in 1 M KOH
solution over the photocurrent values of TiO, nanotubes tested under solar
simulated 1 sun condition. Addition of 5 vol% methanol moved the photocurrent
onset potential of TiO, to —1.02 V versus Ag/AgCl and increased the photocurrent
density to 2.43 mA/cm?®. Addition of 5 vol% of glycerol shifted the photocurrent
onset potential to a more negative value (—1.26 V versus Ag/AgCl) and showed a
photocurrent density of 2.55 mA/cm?. It was found that all three alcohols acted
effectively to enhance the photoactivity of the TiO, nanotubes. Other hydroxyl
organic additives, such as ethanol (2.1 mA/cmz), isobutyl alcohol (2.6 mA/cmz),
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Fig. 4.14 Potentiodynamic plot of TiO, photoanode in 1 M KOH solution containing (a) without
any organic additives, (b) 1% EG, (¢) 2% EG, (d) 5% EG and (¢) 10% EG as organic additive [80].
Reprinted with permission from Journal of Physical Chemistry C 2008, 112, 11007-11012.

Copyright 2008 American Chemical Society

Table 4.2 Electrochemical measurements of TiO, with and without the addition of EG as organic

additive [80]

conditions Np®* Ug® OCP* Jp
(Vag/agc)) (Vag/ager) (mA/cm?)*

1 M KOH dark 8.91 x 107 —0.725 —-0.04 0.001

1 M KOH bright 1.92 x 10" —0.725 —0.93 0.87

1 M KOH + 5 vol% EG dark 6.01 x 10°° —1.34 -0.36 0.0012

1 M KOH + 5 vol% EG bright 1.54 x 10** —1.34 —1.38 3.40

Reprinted with permission from American Chemical Society, copyright 2008, ref. [80]
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Fig. 4.15 Potentiodynamic plot of TiO, photoanode in 1 M KOH solution containing (@) without
organic additives (b) 5% methanol, (¢) 5% glycerol and (d) 5% EG as organic additive [80].
Reprinted with permission from Journal of Physical Chemistry C 2008, 112, 11007-11012.
Copyright 2008 american Chemical Society
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Fig. 4.16 Photocurrent-time characteristics of TiO, nanotubes electrode in (a) supporting electro-
lyte, (b) 100 mM methanol and (¢) 1 M methanol. Conditions: 0.5 M Na,SO, as supporting
electrolyte, illumination with light of 253.7 nm, photocurrent collected at 0.6 V [85]. Reprinted
from Journal of Electroanalytical Chemistry, Vol. 610, Zhang Z, Yuan Y, Fang Y, Liang L,
Ding H, Shi G, Jin L, Photoelectrochemical oxidation behavior of methanol on highly ordered
TiO, nanotube array electrodes, 179-185, Copyright 2007, with permission from Elsevier

and sucrose (2.25 mA/cmz) showed photocurrent densities lower than EG at 0.2
VAg/AgCl. The effect of various organic additives on the reduction of the electrons
and holes recombination losses depends on their redox potential and reactivity in a
particular solution [81-84]. As seen in Fig. 4.16, the effect of methanol addition to
0.5 M Na,SO, was also investigated as a water photoelectrolysis electrolyte, as a
means to improve the photocurrent generated by illuminated TiO, nanotubes
(253.7 nm illumination) [85].

4.4 Photoelectrolysis Using Anionic and Cationic Doped
TiO, Nanotubes

4.4.1 N-Doped TiO, Nanotubes

Shankar et al. reported an electrochemical method to incorporate anionic dopants,
specifically nitrogen, by an anodization process that allows simultaneous nanos-
tructuring and doping of the anodic TiO, film [12]. Titanium foils were anodized in
electrolytic solutions containing 0.07 M HF and varying concentrations of NH4;NO3
from 0.2 to 2.5 M, with NH4,OH added to adjust the pH to 3.5. Such anodization
chemistry restricted the electrolytic ions to nitrogen and fluorine bearing species to
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be incorporated into the anodic TiO, films. Sample A was removed after 17 s of
anodization, while Sample B was anodized for 240 s in 0.4 M NH4NO; and
0.07 M HF. Sample C was anodized for 6 h at 20 V in an electrolyte containing
2.5 M NH4NOj3 and 0.07 M HF. XPS confirmed the presence of N doping in TiO,
matrix, maximum concentration of nitrogen was found in Sample A. The doping of
nitrogen was found to be inhomogeneous with the maximum nitrogen being
incorporated close to the surface, then linearly decreasing with increasing depth
inside the film. Diffuse reflectance measurements exhibited optical absorption in
the wavelength range 400-510 nm for N-doped samples; however, the magnitude
change was small due to small thickness of sample A and B. Figure 4.17 shows the
photocurrent-potential characteristics of the nitrogen doped TiO, samples A, B, and
C in 1 M KOH aqueous solution under 1 sun (AM 1.5, 100 mW/cm?). Higher
nitrogen doping levels resulted in superior electrode photoactivity. The photocur-
rent onset potentials are —0.85 V versus Ag/AgCl for Samples A and B and
—0.95 V for Sample C.

A similar approach for nitrogen doping in TiO, was adopted by Li and co-
workers where titanium foils were anodized at 20 V with a platinum cathode in an
electrolyte of 0.5 wt% HF, 02 M Na,SO;+0.5 wt% NaF, and 1 M
H,SO4+0.15 wt% HF, containing different concentrations of CgH,Ny4 (0.3—
0.6 M) and CH3;CN (0.01-1 M) as the nitrogen source [86—88]. The total concen-
tration of N was found to be 2.7 at.% using XPS. Figure 4.18 shows a comparison of
photocurrent spectra for annealed N-doped and undoped TiO, nanotube layers on
Ti substrate in 0.2 M Na,SO, solution. The N-doped sample (curves a, b, c) had a
significantly enhanced absorption to the visible wavelength with a broad absorption
maximum centered in 550 nm at bias potentials of 300 mV, 1 V, and 3 V,
respectively. For the pure TiO, nanotube films (curve d), no photocurrent response
to the visible light could be observed at the same given bias potentials.
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Fig. 4.17 Photocurrent generation of Samples A, B and C under AM 1.5 illumination [12]
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Fig. 4.18 Comparison of photocurrent spectra of N-doped (curves a, b, ¢), and those without
N-doping (curve d), TiO, nanotube films recorded under the different bias voltages: (@) 1 V,
(b)3V,(c)300mV, (d) 3 V[88]. Li Y, Yun H, Lin CJ, Journal of The Electrochemical Society,
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C631-C636. Reprinted by permission of ECS—The Electrochemical Society

Kim and co-workers formed N-doped TiO, nanotubes by anodizing nitrogen-
containing titanium alloy slices (5 at.% of N) in a glycerol 4+ water (50:50 vol
%) + 0.27 M NH4F mixture at 20 V for 2 h [89]. The amorphous nanotubes were
converted to anatase by annealing them at 450°C for 1 h with a heating and cooling
rate of 30°C/min. Photocurrent spectra of TiO, xNx sample acquired in
0.1 M Na,SO, at 500 mV showed increased photoresponse in the visible light.

N-doping of TiO, nanotubes was also carried out using ion implantation [90,
91]. Here, nanotube arrays were formed in a H,SO,4/HF electrolyte, annealed at
450°C for 3 h, implanted with nitrogen using ion bombardment at 60 keV accel-
erating energy at a nominal dose of 10'® ions/cm?, and then again annealed to
remove the defects. Photoelectrochemical measurements were carried out with a
150 W Xe arc lamp. Photocurrent spectra of the nanotube layers (a) after formation
and annealing, (b) after nitrogen implantation, (c) and after the subsequent rean-
nealing step were measured [90]. The photocurrent spectra were acquired in 0.1 M
Na,SO, at a potential of 500 mV (Ag/AgCl). The implantation step resulted in a
significant drop in the photocurrent magnitude. It was also noted that thermal
annealing of the sample after implantation leads to an enhancement of the photo-
current in the visible light and in the UV range, with this reannealing step increasing
the UV response to values larger than those for the undoped samples.

In another method of nitrogen doping of TiO, nanotubes, thermal annealing
was performed in pure ammonia gas [92, 93]. Samples were treated in a pipe
furnace with a quartz glass tube with an ammonia flow of 32 ccm/h through the
tube at temperatures of 300—700°C and durations of 10 min to 3 h. Temperatures
higher than 600°C resulted in structural damage and collapse of the nanotube
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array structure. The photocurrent action spectra recorded at 2 V Ag/AgCl for an
NH;-treated (at 600°C) sample in 0.1 M Na,SO, showed significantly higher
photocurrents in the visible range than the undoped samples. It was evident that
N-doping also enhanced the UV light photoresponse.

For making N, B, or F doped TiO, nanotubes [94-96], Su et al. first anodized Ti
foil at 20 V for 1 h in 0.08 M C,H,0,42H,0 containing 0.5 wt% NH4F, dried in a
stream of dry nitrogen at 300°C for 30 min. The sample was then annealed, 400°C
or 600°C, while exposed to a compositional gas stream, nitrogen passing a (2.5 wt%
NaF + 2.5 wt% H;BO5 solution heated at 80°C) at a rate of 3,300 mL/min. To make
fluorine doped samples, a precursor solution containing 2.5 wt% NaF was used; for
B-doped sample, a 2.5 wt% H;BOj; solution was used as the precursor. Experiments
were carried out under visible light irradiation (300 W Xe lamp) using a UV filter
[97, 98] in 0.1 M Na,SO, electrolyte. N-F doped TiO, nanotubes made at 600°C
showed modestly improved photocurrents. Chen et al. reported fabrication of P-F
doped TiO, nanotubes by anodizing the Ti foil in 0.5 M H3PO, containing a small
amount of HF (0.2 wt%) [99].

Beranek and co-workers reported nitrogen and carbon surface-modified
TiO, nanotubes by heating TiO, in a gaseous atmosphere of urea pyrolysis
products at 400°C [100]. The TiO, nanotube array samples were made using
1 M H,S0,4+ 0.16 M HF, glycerol/water (50:50 vol%) + 0.27 M NH,F, glycerol
+0.14 M NH4F, and EG+0.27 M NH,F electrolytes and then annealed at
450°C for 3 h in air. For surface modification [101, 102], the electrodes were
placed into a 170 mL Schlenk tube connected via an adapter with a 70 mL
round bottom flask containing 1 g of urea and heated in a muffle oven for
30 min at 400°C. Photocurrent measurements were carried out in a 0.1 M
LiClO4+ 0.1 M KI electrolyte. The photocurrent wavelength dependence was
measured at a constant potential of 0.5 V versus Ag/AgCl using a tunable
monochromatic light source provided with a 1,000 W Xenon lamp. The authors
suggest that the nanotube walls are chemically modified by covalently bound
nitrogen-containing species, having their occupied electronic states lying ener-
getically above the valence band edge of neat TiO,. The electronic coupling of
these states with the electronic continuum of TiO, valence band states yields a
band of surface states from which electrons can be optically excited into the
conduction band also by low-energy visible light irradiation [101, 102]. These
surface states act also as efficient trapping sites for photogenerated holes, so that
most photogenerated holes relax deep into these states before they can react
with hole-scavenging species in the electrolyte. Since the reacting holes are not
positive enough to induce efficient one-electron oxidation of water (E~2.0 V vs.
NHE at pH = 7 for one electron process) enhanced recombination was observed
in aqueous electrolytes unless a more readily oxidizable reducing agent (such as
iodide, E=1.3 V vs. NHE) [101-104] was present. Figure 4.20 shows IPCE
action spectra recorded for both unmodified and modified TiO, nanotubes of
various lengths in iodide-containing electrolytes. When compared with unmodi-
fied TiO, nanotubes (Fig. 4.19a), the IPCE of the UV wavelengths decreased
significantly, a behavior which can be attributed to enhanced recombination.
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Fig. 4.19 Photoaction spectra recorded in 0.1 M LiClO4+0.1 M KI electrolyte at 0.5 V vs. Ag/
AgCl for electrodes with unmodified (a) and surface-modified (b) nanotubes of different lengths
[100]

4.4.2 Carbon Doped TiO, Nanotubes

Bard and coworkers reported fabrication of C-doped TiO, nanotubes [10]. TiO,
nanotube arrays with 3 pm length, 70 nm pore diameter, and 20 nm wall thickness
were grown by anodization of titanium foil at 15 V in an electrolyte of 1 M (NH,)
H,PO,4 + 0.5 wt% NH4F [10]. Anodized samples were then annealed at 450°C in
oxygen for 1 h with heating and cooling rates of 2°C/min. To introduce carbon, the
nanotube arrays were subsequently annealed at high temperatures (500-800°C)
under controlled CO gas flow with no significant morphological changes observed.
It was reported that the doping concentration of carbon in the TiO, nanotube
array could be controlled between 8% and 42% (as determined from the XPS
peaks) depending on the CO annealing temperature [10]. Figure 4.20 shows the
measured photocurrent density of a TiO,_,C, nanotube array under visible light in
1 M KOH electrolyte. The proposed model for visible-light absorption in doped
TiO, is due to substitution of oxygen by another atom, such as N or C, which results
in a mix of N, C2p, and O2p states [15, 105]. The linear portion of the curve in their
(jphhv)l/2 versus /v plot indicated a transition above an optical band-edge and an
intercept of about 2.22 eV, corresponding to the bandgap energy of the TiO,_C,
nanotube array. This energy is slightly larger than the earlier reported value of
~2 eV [106]. The gases collected at the TiO, and Pt counter electrode during the
photoreaction showed a 2.1:1 volume ratio of hydrogen and oxygen.

Hu et al. incorporated carbon in TiO, by annealing as-formed nanotubes in a
continuous flow of Ar and acetylene gases, then investigated the photocatalytic
activity by evaluating the photodegradation of aqueous methyl blue under sunlight
illumination [107]. Hahn et al. performed carbon doping by annealing the TiO,
nanotubes in N, and acetylene gas mixture at 500°C [108]. Raja et al. prepared
carbon modified TiO, nanotubes by annealing them in a carbonaceous gas mixture at
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Fig. 4.20 Current-potential characteristics of the TiO,_,C, nanotube array prepared at 600°C in
the dark, and under both visible and white-light illumination [10]. Reprinted with permission from
Nano Letters, 2006, 6, 24-28. Copyright 2006 American Chemical Society

650°C for 5-20 min [109]. Flame annealing was used for carbon doping, IPCE, and
optical absorption measurements indicated that the impurity levels induced by
carbon doping were located deep in the gap, rather than a modification of the band
gap itself [110]. Xu et al. pursued carbon doping of TiO, nanotubes by annealing in
air at 500°C for 1 h, and natural gas flame oxidation at 820°C for 18 min, with no
significant change found in their quantum efficiency over the visible range [111].
Mohapatra et al. reported carbon-doped TiO, nanotubes by producing nanotubes
from EG using a sonochemical method [112, 113]. Murphy has reported an excellent
study revisiting the various reports on different methods of carbon doping in TiO,
nanotubes, and their resulting photocurrents [114]. As Murphy indicates [114], clear
demonstration of successful carbon doping requires accurate IPCE data.

4.4.3 Sulfur-Doped TiO, Nanotubes

Based on calculations using a two-unit supercell, Umebayashi et al. found that
mixing of the S3p with O2p orbitals on the upper edge of the valence band helps
promote visible light activity of the material [115]. Yamamoto et al. reported a
theoretical study on S-doped rutile TiO,, and Tian et al. on S-doped anatase TiO,
[116, 117]. Since sulfur has a larger ionic radius compared to nitrogen and carbon,
Tang and Li expected that sulfur could considerably modify the electronic structure
of TiO, and, thus, influence its photocatalytic properties [118]. For fabricating
S-doped nanotubes, first TiO, nanotubes were produced by anodization at 60 V
for 12 h in EG electrolyte containing 0.25 wt% NH4F and 2 vol% water. Then, the
as-prepared titania nanotube arrays were annealed at 380°C for 14 h in a tube
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Fig. 4.21 Photocurrent versus applied potential of the annealed and the sulfur-doped TiO,
nanotube arrays under visible light illumination in a 0.1 M Na,SO, solution. The inset shows
the transient photocurrent generated under pulse visible light illumination at a fixed bias potential
of 0.1 V (SCE) for the sulfur-doped TiO, nanotube arrays [118]. Reprinted with Permission from
Journal of Physical Chemistry C, 2008, 5405-5409. Copyright 2008 American Chemical Society

furnace, heating/cooling rate of 0.75°C/min, exposed to a H,S flux of 10 mL/min.
For comparison, an otherwise identical undoped TiO, nanotube array sample was
annealed in air but otherwise identical thermal conditions. FESEM imaging indi-
cated nanotube arrays 36 pm in length, with a roughness factor (the real surface area
per unit geometric surface area) of 960 (tubular packing, 140 nm inner diameter,
10 nm wall thickness) and a length-to-width aspect ratio of 250. XPS spectra
confirmed the presence of S in the TiO, nanotubes. XRD showed an increase in
lattice parameters, implying that oxygen ions in the TiO, lattice were replaced by
larger radii ions. Diffuse reflectance spectra exhibited absorption, of small magni-
tude, up to 650 nm. The photoelectrochemical properties of the sulfur-doped TiO,
nanotubes were measured in 0.1 M Na,SO, solution. A 50 W fiber optic illuminator
(model 190, Dolan-Jenner Industries, Inc.) was used as the light source with a cutoff
filter used to remove any radiation below 400 nm to ensure illumination only by
visible light. The photocurrent transient was measured at fixed bias potential, 0.1 V
versus SCE, with a light pulse of 100 s under visible light illumination. Figure 4.21
shows the photocurrent of the S-doped sample.

4.4.4 Boron-Doped TiO, Nanotubes

The preparation of B-doped TiO, nanotube arrays through use of a sol-gel tech-
nique was reported [119, 120]. Ruan et al. observed photocurrent enhancement for
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nanotube arrays fabricated in boric acid containing HNO;/HF electrolyte [49].
Nanotube samples, approximately 1.4 um long, were prepared by anodization in
an electrolyte containing 0.625 to 1.25 mM NaBF, [121, 122], with XPS confirming
the presence of boron. The amount of boron within the TiO, nanotube arrays was
found to vary linearly as a function of NaBF, concentrations below 1.25 mM. All
B-doped samples exhibited red shifts in the absorption edge, with a sample contain-
ing 3.1 at.% boron having the largest red shift of ~30 nm. The photocurrent
densities as a function of applied potential for B-doped and undoped TiO, nanotube
array electrodes, in a 1 M KOH electrolyte, under simulated sunlight irradiation
(80 mW/cm?), are shown in Fig. 4.22. Clearly, the photocurrent densities of the
B-doped samples are higher than the undoped samples. The photocurrent density of
the sample with 3.1 at.% boron is the highest of the samples, approximately 1.17
times that of the undoped TiO, nanotube arrays.

4.4.5 Silicon-Doped TiO, Nanotubes

Embedding silicon in the TiO, matrix was found to induce new structural and
physicochemical properties such as high thermal stability and good surface
wettability [123, 124], with which Su et al. demonstrated an improved photo-
activity [125]. TiO, nanotubes were anodized at 20 V for 2 h in 0.5 wt%
NH,F+1 M (NH4),SO, aqueous solution. The electrolyte pH was adjusted
close to 6 by a solution of 2 M H,SO4+ 0.5 wt% NH4F. After anodization,
the sample was rinsed with deionized water, dried in a N, stream then annealed
at 450°C in air for 3 h with heating and cooling rates of 2°C/min. For incorporating
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Fig. 4.23 [-V characteristics of Si-doped and undoped TiO, nanotube array electrodes in 1 M
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silicon, tetraethylorthosilicate (TEOS) was admitted to the tube furnace carried by
argon gas, Si concentration 156 mg/L, with controlled gas flow at 500°C for 15 min,
after which the sample was annealed at 650°C for 30 min. For comparison, undoped
TiO, nanotubes were prepared under identical thermal conditions in air. The length
of the resulting nanotubes was 1 um and pore size of 50-65 nm. XRD patterns
revealed that the rutile fraction in Si-doped TiO, nanotube arrays was lower than
that of undoped TiO, nanotube arrays annealed at 650°C [124, 126, 127]. XPS
results showed the presence of silicon within the anatase TiO, nanotubes and the
formation of Si-O-Ti cross-linking bonds. Photocurrent densities were measured
using 1 M KOH purged with N,, and a 300 W high-pressure mercury lamp with a
principal wavelength of 365 nm. Figure 4.23 shows I-V characteristics of Si-doped
TiO, and undoped TiO, nanotube array electrodes. For both samples, the dark
currents are negligibly small, in the range of 10 °A.

4.5 Photoelectrolysis Using Surface-Sensitized TiO, Nanotubes

4.5.1 CdS Sensitized TiO, Nanotubes

The I-V characteristics of CdS-sensitized TiO, nanotube electrodes are presented in
Fig. 4.24 for an illumination intensity of 1 sun (AM 1.5, 100 mW/cm?, wavelengths
below 400 nm removed by use of filter) [128]. Measurements were conducted
in 1.0 M Na,S solution, an efficient hole scavenger for CdS in which the electrodes
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Fig. 4.24 Photocurrent versus voltage in 1 M Na,S under AM 1.5 (1 sun), 100 mW/cm? illumina-
tion: (a) bare TiO, nanotube electrode. (b) As-prepared electrodeposited CdS film (—0.5 V,
30 min.) upon TiO, nanotube-array electrode. (¢) CdS (—0.5 V, 30 min.)-TiO, electrode after
annealing at 350°C in N, for 60 min. (d) CdS (—0.5 V, 30 min.)-TiO, electrode after annealing at
400°C in N, for 1 h [128]

are stable. For the as-prepared CdS-TiO, electrode, photocurrent onset occurs at
—1.30 V versus Ag/AgCl, a —0.60 V negative shift compared to a TiO, nanotube-
array electrode. In comparison to the plain TiO, nanotube-array electrode, addition
of the CdS film increased the photocurrent from 0.16 to 0.55 mA/cm? [129-131].
The photocurrent response is sensitive to the annealing temperature, as discernable
in Fig. 4.24. The sample annealed at 350°C, trace (c), reaches ~ 1.42 mA/cmz; the
400°C annealed sample, trace (d), reaches ~2.51 mA/cmz, respectively 9 and 16
times higher than that of bare TiO, nanotube array electrode of trace (a). The I-V
curves of these samples gradually lose their well-defined photocurrent saturation as
the annealing temperature increases. Higher temperature annealing may result in
pore blockage due to sintering of the CdS nanoparticles, reducing the area accessi-
ble to the hole scavenging electrolyte solution.

Recently, Sun et al. sensitized TiO, nanotube array films with CdS quantum dots
(QDs) ranging in size from 2 to 10 nm [132]. Highly ordered TiO, nanotube
arrays prepared in NH4F organic electrolyte were coated with CdS QDs by the
use of sequential chemical bath deposition [133]. Photocurrents were measured in
1 M Na,S under AM 1.5 at 138.4 mW/cm? illumination. The current-voltage
characteristics measured from an as-synthesized nanotube array photoelectrode
(tube length about 19.2 um) showed that the open-circuit photovoltage V. is
0.94 V versus Ag/AgCl electrode for the plain TiO, nanotube film electrode, and
for the as-prepared CdS deposited TiO, nanotube film electrode V. is about 1.27 V.
The generated photocurrent increased from 0.22 for the plain TiO, nanotubes to
7.82 mA/cm? for the CdS modified. The cell efficiency was determined to be 4.15%
with a fill factor of 0.578 for the as-modified CdS-TiO, nanotube film.
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4.5.2 CdSe Sensitized TiO, Nanotubes

For sensitization of the nanotube arrays with CdSe QDs, TiO, nanotube array films
were prepared by anodizing a 150 um thick titanium foil in 0.5% HF for 30 min
[134], followed by a 450°C anneal in air for 3 h. The nanotube samples were dipped
into an acetonitrile solution of thioglycolic acid (HOOCCH,SH) for 12 h, and then
washed with both acetonitrile and toluene before being transferred to a glass vial
containing a CdSe QD toluene solution. TiO; has a strong affinity for the carboxyl-
ate (-COOH) group [39], while the thiol group binds strongly to CdSe [135].
Therefore, HOOCCH,SH was used as a bifunctional linker to attach CdSe QDs
onto the TiO, films. After being immersed in the CdSe solution for 12 h, the
samples were washed with toluene and dried in vacuum. The CdSe QDs were
from 3 to 4.5 nm in diameter as measured by TEM. Fluorescence emission spectra
showed that the CdSe particles exhibit band edge emission (480 nm excitation) at
567 nm (3 nm) and 609 nm (4.5 nm), respectively.

Kongkanand and co-workers assembled CdSe quantum dots, 2.3 nm to
3.7 nm diameter, onto TiO, nanotube arrays using a bifunctional linker molecule
[136]. Here, they used 8 um long TiO, nanotube arrays with an average outer
diameter of 90 nm and a wall thickness of 12 nm, prepared by anodization of Ti
foil at 20 V in 0.27 M NH4F in formamide (containing 5% water). After
annealing (400°C for 1 h), the TiO, electrodes were immersed in a 1 M
mercaptopropionic acid+ 0.1 M sulfuric acid acetonitrile solution for 12 h.
The electrodes were then rinsed with acetonitrile and toluene before being
transferred to the CdSe QD solution (toluene) for 3 days to ensure saturated
adsorption of the QD onto the TiO, electrodes. The photoaction spectra of TiO,
nanotube array samples sensitized with different sized QDs exhibited a maxi-
mum [PCE of 45% in the visible range tested in 0.1 M Na,S solution. Results
indicate two major findings: (a) the ability to tune the photoelectrochemical
response and photoconversion efficiency via size control of the CdSe quantum
dots, and (b) improvement in the photoconversion efficiency by facilitating the
charge transport through TiO, nanotube architecture [136].

4.5.3 CdTe Sensitized TiO, Nanotube Arrays [137]

Transparent nanotubes were formed on FTO glass by potentiostatic anodization of
500 nm thick titanium films at an applied bias of 14 V in a 0.5 vol% HF solution.
The resultant amorphous tubes were crystallized to anatase TiO, by annealing at
450°C in oxygen ambient for 2 h. Nanotubes had an average inner pore diameter
near 50 nm, wall thickness of approximately 13 nm, and were 250-300 nm in
length. A conventional three-electrode set-up in an undivided cell was used for
cathodic deposition of CdTe films BHT + Cd*t + HTeO," +6e~ — CdTe + 2
H,0) [138-140]. Counter electrodes were prepared by e-beam evaporation of
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200 A of Ti followed by 1,000A of Pt on cleaned glass slides. The reference
electrode used was an Ag/AgCl electrode in 3.8 M KCI solution. Either FTO or
TiO, nanotube arrays prepared on FTO substrates were used as the working
electrodes. Deposition was carried out potentiostatically at —-0.4 V versus the
reference electrode. The aqueous deposition solutions consisted of 0.1 M CdSO,
and 0.1 mM TeO, at pH 1.4 (H,SO,) and were maintained at 85°C throughout the
deposition. Newly made films were rinsed with DI water and dried under a stream
of nitrogen. Annealed films were heated to 300°C for 45 min, with a ramp of 2°C/
min. Some films were treated with CdCl, before annealing. This treatment com-
posed of a 2 min immersion in a saturated CdCl,/methanol solution.
Photoelectrochemical properties of CdTe/TiO, electrodes were characterized
by measuring short-circuit photocurrent using a 0.6 M Na,S solution with pH
adjusted to 12. A UV filter was used to expose the samples only to visible light.
This effectively eliminated the photocurrent contribution from the TiO, nano-
tubes and allowed the examination of the photocurrent generated by only the
CdTe layer. The best photocurrents were obtained from CdTe/TiO, electrodes
that were subjected to CdCl,-treatment and a 300°C thermal anneal. This is
expected since the crystallinity of the CdTe layer is significantly improved by
annealing the sample at 300°C for 45 min in air. Furthermore, the CdCl,-
treatment is known for promoting recrystallization and CdTe grain growth during
the annealing process as well as passivating defects [141-144]. This process can
effectively passivate defects and increase minority carrier lifetimes, thereby,
improving device characteristics of the CdTe-based solar cells (e.g., open circuit
voltage and fill factor) [144—147]. Consequently, the crystallinity of the CdTe
films was further improved by dipping the CdTe layer in a methanol solution
saturated with CdCl, before annealing. In order to make the best use of the
nanotubular structures of TiO,, it is critical that the internal area of each tube is
sufficiently covered with CdTe before the entrances can become clogged. The
challenge of depositing CdTe in the TiO, pores is that the bottom of the pores is
no more conductive than the entrance of the pores, while diffusion makes
deposition at the bottom of the pores less favorable than deposition at the
entrance of the pores. This process can result in the deposition of a thick CdTe
layer at the entrance of the pores before a significant portion of the internal area is
covered with CdTe. To overcome this problem, the pores of the TiO, tubes were
filled with an electrolyte containing Cd*" and HTeO, " ions, utilizing capillary
forces by dipping TiO, tubes in the plating solution, and then moved the TiO,
electrode into a new medium that contains only an inert supporting electrolyte
without Cd*" and HTeO," ions. Immediate electrodeposition in this medium
resulted in deposition of CdTe only within the pores. This procedure was repeated
until a desired amount of CdTe is deposited in the pores. The process is depicted
in Fig. 4.25(a, b) [137]. For building a photoelectrochemical cell, incomplete
filling of TiO, nanotubes with CdTe was desired so that the electrolyte could
penetrate into the pores, increasing the electrolyte/electrode junction area. A
CdTe/TiO, junction prepared with 20 cycles of the dipping and deposition
method (sample I) was found optimal in achieving the highest photocurrent [137].
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All CdTe/TiO, electrodes (as-deposited, annealed, and annealed after CdCl,-
treatment) commonly generated anodic short-circuit photocurrent, indicating the
presence of an upward band bending at the electrode/electrolyte interface. In this
case, holes are consumed at the electrode/electrolyte surface to oxidize S?~ jons to
polysulfide (S,)* ions (e.g., S,27) while electrons are injected into the TiO,con-
duction band, transferred to the counter electrode, and used to reduce water or
polysulfide ions to hydrogen or sulfide ions, respectively [137]. When a CdTe film
was deposited directly onto an FTO substrate, it generated a cathodic photocurrent
[137]. This indicated that the CdTe layer prepared using our electrodeposition
condition is p-type, forming a downward band bending at the electrolyte/CdTe
junction [137, 140]. However, when p-CdTe is deposited on n-TiO,, the upward
band bending formed at the p-CdTe/n-TiO, junction is steeper than the downward
band bending formed at the p-CdTe/electrolyte junction, making the CdTe/TiO,
electrode exhibits the overall behavior of a photoanode.

An important difference between CdTe/TiO, and CdTe electrodes is the photo-
stability of the CdTe layer [137]. The photocurrent generated by a CdTe layer
deposited directly on an FTO substrate gradually diminishes over time. This is
most likely due to photocorrosion, which involves the anodic formation of
Te (CdTe +20H 4 2p" —HCdO, 4 H' +Te) and/or the cathodic formation
of Cd (CdTe +2e~ — Cd + Te*") [148]. In contrast, the steady state photocurrent
observed by the CdTe/TiO, electrode was stable and no sign of photocorrosion was
observed [137]. It was believed that this is because of the more efficient hole
consumption at the electrolyte/CdTe junction and electron transfer at the CdTe/
TiO, junction (from the CB of CdTe to CB of TiO,) achieved by enhanced
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Fig. 4.26 Short-circuit photocurrent measured under visible light illumination of CdTe coated
TiO, nanotube arrays using 20 cycles of dipping & deposition method (solid line) and a regular
deposition method for 30 min (dotted line) [137]

electrolyte/CdTe/TiO, junction areas, which kinetically suppresses photocorrosion
of the CdTe layer. Figure 4.26 [137] shows that although sample I showed a photon
absorption slightly lower than sample II, the steady state photocurrent generated by
sample I (0.44 mA/cm?) was significantly higher than sample II (0.19 mA/cm?).
This difference in photocurrent appears due to the reduced electron-hole recombi-
nation achieved in sample I, resulting from the formation of a more intimate CdTe/
TiO, junction by the new deposition technique. Thinner and more even CdTe
coatings on the TiO, tubes allowed for more efficient electron transfer at the
CdTe/TiO; junction and hole transfer at the CdTe/electrolyte junction, minimizing
electron-hole recombination in the CdTe layer.

4.5.4 WOj; Coated TiO, Nanotubes

WO; as a photoanode material for water splitting offers a relatively small band gap
(2.5 eV) and corrosion stability in aqueous solutions [149, 150], although reported
quantum yields are still low [151, 152]. TiO, nanotube arrays, 2 pm length, 80 nm
pore diameter, and 20 nm wall thickness, were coated with WOj3 using electro-
chemical deposition [153]. Peroxotungstic acid sol (WO;_, - nH,O) was synthe-
sized by dissolving 1 g of tungsten powder in an ice-cooled beaker containing a
5 mL of 30% H,0, aqueous solution and then diluting the solution using a water
and 2-propanol mixture (100 mL, volume ratio of 5:2). WO; was deposited on
nanotube array films by electrophoresis (—400 mV versus Ag/AgCl reference
electrode, Pt mesh counter electrode) from the solution for 5 min and then annealed
at 450°C for 30 min in air. Photoelectrochemical measurements were carried out in
a three-electrode system by illuminating the xenon lamp (150 mW/cm?). The
electrolyte solution used for the water splitting reaction was 1 M HCIO,.
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Fig. 4.27 Photocurrent density vs applied potential for the WO3/Ti foil, TiO, nanotube arrays, and
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TiO, nanotube: 0.31 V. Inset: Normalized UV-visible diffuse reflectance spectra of the TiO,
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00, Kim S, Photoelectrochemical water splitting at titanium dioxide nanotubes coated with
tungsten trioxide, Applied Physics Letters, 89, 16, 163106. Copyright 2006, American Institute
of Physics

Figure 4.27 shows photocurrent-potential plot for TiO, and the WO5 coated TiO,
nanotube array samples; the photocurrent of the WO3/TiO, nanotube array sample is
higher due to additional light absorption in the visible range. The photocurrent
density of the WO3/Ti0, nanotube array sample was significantly higher than that of
a WO3/Ti planar foil photoanode of similar thickness. This suggests that the TiO,
nanotube structure can harvest solar light more effectively than photoanodes with a
nanocrystalline structure under the same illumination. Collection of evolved gases
at the WO3/TiO, nanotube photoanode and the Pt counter electrode during the
photoreaction found a 2.2:1 volume ratio of hydrogen and oxygen.

4.5.5 Pt Sensitized TiO, Nanotubes

TiO, nanotubes with a length of 200-650 nm, an inner diameter of 50—180 nm and a
wall thickness of about 15-35 nm were prepared by anodizing Ti foil in 0.5-5 vol%
HF solution and subsequently annealed at 450°C for 3 h in air. Platinum was
deposited on the nanotube films [154] by e-beam evaporation. Photocatalytic
hydrogen evolution was performed in a small Pyrex glass closed vessel [154].
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The Pt coated nanotubes were set on the bottom of the reactor and 0.01 M KOH
solution used as the electrolyte with 1 mM KI as a redox mediator; the solution was
purged with argon gas for 30 min. A 400 W metal halide lamp was used as the light
source for water splitting. The evolved H, gas was analyzed by gas chromatography
every 30 min. Without Pt sensitization very little hydrogen was evolved even for
extended periods of UV irradiation. Activity increased with Pt content, reaching a
maximum at 1.13 wt% Pt, and then decreased with any further increase in Pt
content. The maximum hydrogen generation rate reported for 1.1 wt% Pt loaded
TiO, was 70-72 pmol/cm?® per 6 h of UV irradiation. It appears that a small amount
of Pt facilitates the hydrogen evolution; however, as the amount of Pt on the TiO,
surface increases, it acts to block the photosensitive TiO, surface, thus decreasing
the surface concentration of electrons and holes available for the reaction. It has
also been suggested that at higher metal loadings the deposited metal particles may
act as recombination centers for photoexcited electrons and holes [155]. It was also
reported that conformal Pt coated TiO, nanotubes exhibited higher O, reduction
initiating potential, promising it as a cathodic oxygen reduction catalyst for fuel cell
applications [156]

4.6 Other Approaches

4.6.1 Polyoxophosphotungstate Encapsulated in TiO, Nanotubes

Polyoxometalates (POMs) are photocatalytically active materials with unique
physicochemical properties, in terms of molecular and electronic versatility, reac-
tivity, and stability [157—-161]. A variety of organic substrates can be oxidized
photocatalytically by either POMs or TiO, under UV illumination [162, 163], with
POMs acting in a manner analogous to photocatalytic TiO,. A comparison of the
photocatalytic oxidation of organic compounds by POMs (such as phosphotung-
state, phosphomolybdate) and TiO, were reported [164—166]. Studies indicated that
the immobilization of POMs on solid supports, such as silica and zeolite, can induce
a faster photocatalytic reaction than POMs alone [167, 168]. As a kind of Keggin-
type POM, phosphotungstic acid is used as an original chemical modifying reagent,
as well as a coupled catalyst with TiO,. Integrative polyoxophosphotungstate—TiO,
/titanium (POW-TiO,/Ti) hybrid electrodes were synthesized by a soft-chemical
approach to encapsulate POW aggregates inside the TiO, nanotubular channels
[169—-171]. A galvanostatic—potentiodynamic anodization was initially performed
in an aqueous 0.5 M H5;PO,4 + 0.1 M HF solution to form an ultra thin oxide layer at
a constant current density of 1.2 mA/cm? with a continuous increase in the anode-
to-cathode voltage to 20 V. The following potentiostatic—galvanodynamic anodiza-
tion was maintained at 20 V, to a final current density of 2.5 mA/cm?”. Multiporous
microstructure TiO, samples were made by high-voltage anodization (at 120 V) in
aqueous 1.5 M H,SO4 + 0.3 M H3PO4 + 0.3 M H,O, + 0.03 M HF solution.
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Fig. 4.28 Photocurrent responses of TiO,/Ti and POW-TiO,/Ti electrodes in 0.01 M Na,SO,
electrolyte solution under UV pulse illumination (the working electrode potential was constant at
3.0 V). (a) Microstructured TiO,; (b) nanotubular TiO,; (¢) microstructured POW-TiO,; (d)
nanotubular POW-TiO, [169]. Xie YB: Photoelectrochemical Reactivity of a Hybrid Electrode
Composed of Polyoxophosphotungstate Encapsulated in Titania Nanotubes. Advanced Functional
Materials, 2006, 16, 1823-1831. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission

Figure 4.28 shows the photocurrent—time profiles of TiO,/Ti and POW-TiO,/Ti
electrodes under pulsed UV irradiation [169]. A medium-pressure mercury lamp
acted as the UV-light source (main wavelength of 365 nm and irradiation intensity
of 0.68 mW/cm?). The measurements were performed at an applied constant
potential of +3.0 V to TiO,/Ti or POW-TiO,/Ti electrodes, in 0.01 M Na,SO,
solution. The weak dark current (below 0.04 mA) at an anodic potential of 3.0 V
resulted only from pure electrochemical reaction on TiO,/Ti or POW-TiO,/Ti
electrodes. Two functionalized POW-TiO,/Ti electrodes showed much higher
photocurrent intensities than the pure TiO,/Ti electrodes. The sharp increase in
current intensity with light illumination was ascribed to the fast transfer of the
photogenerated electrons on the surface of the functionalized electrodes. Under UV
irradiation and applied positive potential, the photoelectrons from the TiO,/Ti or
POW-TiO,/Ti photoanode moved to the counter electrode forming an external
current circuit. Therefore, the overall photocurrent responsive is attributed to a UV-
induced polarization current, with a minor anodic electrochemical reaction current.

4.6.2 Light Sensitized Enzymatic System with TiO, Nanotubes

The light sensitized enzymatic (LSE) system is a way of producing hydrogen by
coupling an inorganic semiconductor with enzymes in a photoelectrochemical cell
configuration [172—-175]. The system uses the intrinsic proton reduction ability of
hydrogenase enzyme in tandem with an anodic compartment where the electron
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donors, such as water, undergo oxidative reaction on a light sensitized photoanode.
The generated electrons are separated and moved to the cathodic compartment
through an external circuit and used to reduce protons into hydrogen on the active
enzyme sites. Here, oxidized ions move to the cathodic compartment through an ion
bridge. In the solar cell-applied enzymatic hydrogen production system, the light-
sensitized anodized tubular TiO, was taken as the photoanode, and the anodized
tubular TiO, electrode as a cathode. Nanotubes were grown by anodization of
titanium foil at 20 V in 0.5 M H3PO,+0.14 M NaF+0.1 M NaNO; [174]. A
0.05 M Tris—HCI buffer was used as a cathodic electrolyte. Purified hydrogenase
(Pyrococcus furiosus, “Pfu’), whose activity assay (21,834 U/mL) was much higher
than that of Clostridium butyricum (1,442 U/mL) and Thiocapsa roseopersicina
(1,704 U/mL), was used. One unit of hydrogenase activity catalyzes the production
of 1 umol of Hy/min.

Experiments were conducted in a two-compartment reactor, with the compart-
ments connected through a polyamide “Nanofiltration” (NF) membrane (SU-210,
Toray, Japan), as shown in Fig. 4.29. The cylindrical shaped anodic compartment
contained an aqueous solution of 1.0 M KOH for water oxidation. The cathodic
compartment was a water jacketed, cylindrical-shaped cell with Tris—HCI
buffer sealed with a silicone rubber gasket. Prior to reaction, the mixture was
bubbled with argon gas for 20 min. In the LSE H, production system, replacing
the Pt cathode with TiO, did not affect the rate of H, production. The light source
used was a 1,000 W xenon lamp (Oriel, USA), filtered through a 10 cm IR water
filter. The irradiated light intensity was measured as ca. 6873.4 mW/cm?, further
reduced by reflection and absorption at the chamber window and electrolyte.

1.0V solar cell

light

._Anodized tubular
Fig. 4.29 Schematic view of ' TiO, electrode
the reactor with anodized
tubular TiO, photoanode,
solar cell, and NF membrane
for hydrogen production
[174]. Reprinted from Solar
Energy Materials & Solar
Cells, Vol. 92, Bae S, Shim E,
Yoon J, Joo H, Enzymatic
hydrogen production by light-
sensitized anodized tubular
TiO, photoanode, 402-409,
Copyrlzght 2008, with NF membrane
permission from Elsevier
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Fig. 4.30 Time-coursed profile of enzymatic hydrogen evolution with the anodized tubular TiO,
photoanode (1.0 M KOH in anodic compartment, Tris—HCI buffer in cathodic compartment,
irradiated photoanode area 1.0 cm?, ~68 mW/cm? intensity with Xe lamp) [174]. Reprinted
from Solar Energy Materials & Solar Cells, Vol. 92, Bae S, Shim E, Yoon J, Joo H, Enzymatic
hydrogen production by light-sensitized anodized tubular TiO, photoanode, 402—409, Copyright
2008, with permission from Elsevier

Enzymatic hydrogen evolution with oxygen in the anodic compartment was per-
formed with an external bias (~1.0 V) applied by a solar cell (100 cm?, crystalline
silicon) to the TiO, nanotube anode with respect to the platinum mesh cathode
[174]. The solar cell and photoanode were both illuminated to increase the Fermi
level and photogenerate charge carriers. With the Pfu amount optimized at 10.98
units (Fig. 4.30), this system configuration led to the stoichiometric evolution of H,
and O, (H,:0, = 2:1). Without any electron donor in the anodic compartment,
oxygen was produced at a rate of about 20 pmol/h.cm? and hydrogen was produced
in the cathodic compartment at a rate of about 43 pmol/h cm” when one of the TiO,
nanotube (20 V/1 h/5°C in 0.5 wt% HF-650°C /5 h) was used. Without any KOH,
the TiO, nanotube and Pfu system showed much lower activity in the H, and O,
evolution [174]. If the rate of hydrogen production was about 40 pmol/h.cm?, that
is, ca. 9 1/h.m?, a rough calculation suggests that with 6.5 h sunlight 585,000 L of H,
could be evolved over an area of 10* m? (100 m x 100 m).

4.7 Self-Biased Photoelectrochemical Diodes Using Cu-Ti-O
Ternary Oxide Nanotubes

CuO is a p-type semiconductor with a band gap of 1.2-1.4 eV commonly studied
for its photoconductive properties while Cu,O is a p-type semiconductor with a
direct band gap of approximately 2 eV, which makes it a promising material for the
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conversion of solar energy [176—178]. CuO and Cu,O films have traditionally been
prepared by thermal oxidation of copper metal, offering limited control over the
resulting material structure [179]. The abundance of copper and the non-toxicity of
copper oxides offer added advantages [180]. While semiconductor materials with
bandgaps suitable for capturing a significant fraction of incident solar spectrum
energy typically suffer UV induced photocorrosion [181-183], the stability of CuO,
Cu,0 and heterojunctions, thereof, are significantly altered by the material it is
coupled with. For example, Cu,O heterojunctions with In,O3;, SnO,, ZnO are
reported to be unstable while Cu,O-CdO junctions are relatively stable [184,
185]. Siripala and coworkers reported that depositing a thin layer of TiO, on
p-type Cu,O successfully protects the Cu,O film against photocorrosion [186],
suggesting that TiO, may be one of the best candidates to couple with CuO or
Cu,0 to enhance photocorrosion stability.

Morphology also affects copper oxide stability, with rapid removal of the
photon-generated electrons and holes from the copper oxide significantly improv-
ing its stability [187, 188]. Since the properties of nanoarchitectured materials are
greatly influenced by their shape and dimensional constraints, the synthesis of the
copper oxide into ordered one-dimensional structures, such as nanotubes or nano-
wires, could enhance its intrinsic characteristics. Many recent efforts have been
directed toward the fabrication of nanostructural CuO to enhance its performance in
currently existing applications. To date, well-defined CuO nanostructures with
different dimensionalities such as nanoparticles, nanowires, nanowhiskers, nano-
leaves, nanorods, nanotubes, and nanoribbons have been obtained successfully by a
series of wet chemical routes, electrochemical deposition techniques and vapor-
phase processes [189-191]. Of these different synthesis techniques, anodic oxida-
tion is distinct in providing a strategy for the top-down growth of self-organized
structures with a robust interface to the underlying substrate [65, 66, 192, 193].

Despite the excellent light harvesting potential of low band-gap CuO, its perfor-
mance as a photoelectrode for water photoelectrolysis is rather poor due to the
presence of recombination centers in the band gap and its chemical instability [194,
195]. By incorporating copper oxide inside a TiO, nanotube array matrix, we
attempted to extend the unique benefits of the nanotube array architecture to the
ternary Cu-Ti-O semiconductor system in the fabrication of photocorrosion stable
p-type Cu-Ti-O nanotube array semiconductor electrodes by anodization of Cu-Ti
films [196]. Unlike the easily anodized valve metals, the anodization of copper to
simultaneously achieve oxidation with morphological control has proven quite
difficult. In this regard, Ti is used as a supporting matrix to provide chemical
resistance and mechanical support during the anodic oxidation of copper.

4.7.1 Fabrication of p-Type Copper Rich Cu-Ti-O Nanotubes

Ti-Cu films of various compositions were deposited on FTO coated glass substrates,
maintained at 300°C, by simultaneous cosputtering from titanium and copper
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targets. The composition of the films was determined by Energy Dispersive X-ray
Spectroscopy. To form the nanotube array structure, the Ti-Cu films were poten-
tiostatically anodized at 30 V in EG containing 0.25 wt% NH4F and 1.0 vol%
deionized water. The real time variation of the anodization current is similar to that
observed for pure Ti films [197]; however, the final saturation current value is quite
high. An initial drop in anodization current due to oxide formation is followed by an
increase in the current due to pitting of the oxide layer by the fluoride ions. The
current then gradually decreases to a steady state value, at which stage the nanotube
structure has been fully formed. From this point forward, maintaining the samples
in the anodization bath results in an increase in the nanotube length. Anodization of
the Cu-Ti metal film is stopped just prior to reaching the FTO substrate, hence in the
as-anodized films a thin discontinuous film of Cu-Ti remains between the Cu-Ti-O
nanotube array film and substrate. A summary of film parameters is given in
Table 4.3. FESEM views of as-anodized films are shown in Fig. 4.31.

Figure 4.32 shows the GAXRD spectrum of a sample 60 and sample 74 oxygen
annealed at 450°C for 2 h with a ramp up/down rate of 2°C/min. The predominant
peaks observed in the samples at 20 = 36.4° and 202 = 38.8° correspond to the
(111) and (002) reflections of CuO. The residual presence of a Cu,Ti; alloy phase is
detected. The formation of Cu-Ti-O films with superior photoelectrochemical
properties require a higher degree of crystallization, however, two parameters

Table 4.3 Summary of film properties used in photoelectrochemical diode [196]

Sample Film Composition (%) Tube length, pore, Semiconducting Light
name thickness determined using & wall thickness  behavior of absorption
(nm) EDS (nm) crystallized films range (nm)
74 1,500 74% Cu-26% Ti 1,000, 65,35 p-type 350-885
60 1,000 60% Cu—40% Ti 850, 65, 35 p-type 350-885
TiO, 600 Pure Ti 600, 30, 7 n-type 300400

Sample name denotes the copper content of the start Cu-Ti metal film

PSUMCL 5 WO 3.0mm 1:I'.'r;

Fig. 4.31 SEM images of lateral and top views of Cu-Ti-O nanotube array films [196]
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change with annealing, the film crystallization and the resistivity of the 15 Q/0 FTO
layer underlying the Cu-Ti-O films. At elevated temperatures, the FTO layer will
diffuse into the Cu-Ti-O film, with a corresponding decrease in FTO conductivity,
hence optimal sample performance is a trade-off between crystallization and sheet
resistance of the underlying FTO film. Oxygen annealed temperatures greater than
450°C significantly increase the sheet resistance of the FTO layer, a behavior not as
pronounced with vacuum (20 Torr with oxygen background) annealing. Figure 4.33
shows the GAXRD spectrum of samples 74 annealed in vacuum at 500°C, 550°C,
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and 600°C. All samples were annealed for 2 h. The predominant peaks observed in
the samples at 20 = 36.4° and 20 = 38.8° correspond to the (111) and (002)
reflections of CuO. The samples annealed by both methods do not indicate the
formation of Cu,O. Samples vacuum annealed at 500°C and 550°C show the
reflections of Cu,Tiz, most likely present in the barrier layer separating the tubes
from the FTO substrate; as the annealing temperature is increased to 600°C oxygen
diffuses deeper into the barrier layer converting Cu,Ti; to CuO.

4.7.2 Photoelectrochemical Properties

The optimum band gap of an effective semiconductor for water photoelectrolysis
should be in the range of 1.7-2.0 eV, higher than a theoretical minimum water
splitting energy of 1.23 eV per photon to compensate for overpotential losses [198].
Since the energy needed to split methanol into H, and CO, is 0.7 eV [199], and CuO
is unstable in aqueous alkaline electrolytes, we initially used a 1:1 water and
methanol solution to study the photoelectrochemical properties of the samples,
with a 5:5:2 methanol:water:diethylamine solution providing the largest photocur-
rent amplitudes due to the relatively higher solubility of diethylamine compared
with other amines in the methanol-water mixture and increased electron transfer
from CuO to the added molecules. The global AM 1.5 current versus voltage
behavior of a sample 74 annealed in vacuum at 500°C (2 h) and 550°C (1 h, 2 h),
tested in 5:5:2 methanol/water/DEA solution (pH = 8) is shown in Fig. 4.34. No
significant degradation in the photoresponse of these p-Cu-Ti-O samples was
observed in this electrolyte during a continuous 24 h monitoring and under periodic
testing over several weeks thereafter. The FTO sheet resistance of the 500°C
annealed sample is 15 Q/0O. For the 550°C sample, increasing the anneal duration
from 1 to 2 h increased the measured FTO film sheet resistance from 60 to 1.2kQ/0J,
with a significant drop in the measured photocurrent. For 600°C vacuum annealed
samples the measured sheet resistance is approximately 32kQ/0, with a measured
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photocurrent of only a few pA/cm?. Photocathode bias assists in separation of the
electron-hole pairs, thereby, enhancing photocurrent values. The photocurrent
values obtained for this sample in a potential scan are in close agreement with the
values obtained by integration of the measured photon flux values (jtA/cm?*/nm) at
three applied bias values of —0.2, —0.4 and —0.65 V versus Ag/AgCl. The IPCE is
shown in the inset of Fig. 4.35. For an applied potential of —0.65 V Ag/AgCl, we
typically see IPCE values of 10-11% in the UV range and 1-7% in the visible
range.

4.7.3 Self-Biased Heterojunction Photoelectrochemical Diodes

The use of a self-biased pn junction, a so called photoelectrochemical diode, for
solar water-splitting was first reported by A. J. Nozik in 1977 [35], motivating
subsequent efforts [200—204]. In a manner analogous to photosynthesis, photoelec-
trochemical diodes require as input only sunlight for the creation of a portable
chemical fuel is this case hydrogen by splitting of the water molecule, with
hydrogen evolved from the p-side and oxygen from the n-side of the photoelec-
trochemical diode. That useful photoelectrochemical diodes have not been realized
is largely due to the lack of a suitable p-type semiconductor resistant to photo-
corrosion.

A depiction of the n-TiO,:p-Cu-Ti-O coupled photoelectrochemical diode sys-
tem is shown in Fig. 4.36. The photoresponse of this system under global AM 1.5
illumination is shown in Fig. 4.37. The n-TiO, nanotube array film was made by
sputtering a Ti film upon a FTO coated glass substrate, then performing an anodi-
zation [197] to achieve a TiO, nanotube array structure approximately 600 nm long,
30 nm pore size, with wall thickness of about 7 nm; the initially amorphous sample
was oxygen annealed at 450°C for 1 h. The p-Cu-Ti-O sample is that of sample 74,
550°C vacuum annealed for 1 h, nanotube array length 1 pum, pore size ~ 65 nm,
wall thickness ~ 35 nm, see Table 4.3. The films, atop FTO coated glass substrates,
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Fig. 4.36 Illustration of photoelectrochemical diode for water splitting comprised of n-type TiO,
and p-type Cu-Ti-O nanotube array films, with their substrates connected through an ohmic
contact. The oxygen evolving TiO, side of the diode absorbs UV light, passing the visible light
to the hydrogen evolving Cu-Ti-O side [196]
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Fig. 4.37 Photocurrent from self-biased photochemical diode comprised of an n-type TiO,
nanotube array — p-type Cu-Ti-O nanotube array under global AM 1.5 illumination (geometry
shown in Fig. 4.36). Light is incident upon the oxygen evolving TiO, side of the diode, with the
visible portion of the spectrum passing to the Cu-Ti-O side. The n-TiO, side of the diode is kept
immersed in a 1 M KOH aqueous solution, the p-Cu-Ti-O side is kept in 0.1 M Na,HPO, with a
salt bridge linking the two sides solution [196]

were mounted by use of epoxy into a glass sheet that allowed separate collection of
the evolved gases. The TiO, nanotube array side of the diode was kept in 1 M KOH,
and the Cu-Ti-O side kept in 0.1 M Na,HPO, with a salt bridge linking the two
sides. Keeping the Cu-Ti-O side in KOH solution resulted in significantly greater
photocurrents, ~20x; however, the performance decayed with time as the CuO
turned into copper. The AM 1.5 illumination was incident upon the TiO, side of the
diode, which absorbs Ultraviolet photons while passing visible light to the Cu-Ti-O



4.8 Visible light responsive Ti-Fe-O ternary oxide nanotubes 195

side, thus minimizing any UV-assisted photocorrosion of the low bandgap material.
A photocurrent density of approximately 0.25 mA/cm? is achieved corresponding
to a photoconversion efficiency of 0.30% not taking into account potential effects of
chemical bias. An overall energy conversion efficiency of 0.48% was determined
for sample 74 vacuum annealed at 550°C for 1 h using a two-electrode photoelec-
trochemical measurement. After 4 to 5 h of operation, only a minimal amount of
photocathode photocorrosion was seen for such samples in 0.1 M Na,HPO, elec-
trolyte.

4.8 Visible light responsive Ti-Fe-O ternary oxide nanotubes

4.8.1 Benefits of nanostructuring hematite

Hematite, a-Fe,O5 or iron(Il) oxide, is a n-type semiconductor with a ~2.2 eV
bandgap [205] that is sufficiently large for water splitting but small enough to
collect a significant fraction, ~ 40%, of solar spectrum energy. However, iron oxide
suffers from low electron mobility, generally in the range of 0.01 cm?/Vs [206] to
0.1 cm?/Vs [207] resulting in a rapid electron-hole recombination, and an insuffi-
ciently negative flat band potential as needed for spontaneous water splitting [208].
Therefore, a-Fe,O; solar spectrum photoconversion efficiencies reported to date
are far from the theoretical maximum value of 12.9% for a material of this band-gap
[26]. Because of its visible spectrum bandgap, widespread availability, and non-
toxicity iron (III) oxide nanostructures are of considerable interest for achieving
efficient, cost effective and durable photoelectrochemical solar cells. Various
techniques have been investigated for the synthesis of Iron (III) oxide nanostruc-
tures as it has proven to be a promising route to overcome low charge carrier
mobility and high bulk recombination losses while offering large surface areas
[209]. For example, Duret [210] demonstrated photocurrents in the mA range
under 1.5 AM solar illumination from mesoporous hematite thin films consisting
of 5-10 nm thick nanoleaflets synthesized via ultrasonic spray pyrolysis. Recently,
silicon doped a-Fe,O3; photoanodes were reported by Gratzel and coworkers [211],
while Ingler and Khan recently reported an o-Fe,O3 based self-biased photoelec-
trochemical cell [212].

We first review the synthesis of self-aligned nanoporous iron(Ill) oxide formed by
electrochemical oxidation of Fe foil samples to achieve an amorphous nanoporous
film and subsequent conversion to crystalline hematite by annealing [213]. Then, we
review our efforts to achieve high solar energy photoelectrochemical properties by
combining the charge transport and photocorrosion properties of the TiO, nanotubes
with the bandgap of a-Fe,O; [52]. Since both Ti and Fe can be anodized in a fluoride
ion containing EG solution, the possibility exists for obtaining highly-ordered, verti-
cally oriented Ti-Fe oxide nanotube arrays, the material architecture we desire for
application to water photoelectrolysis, by anodization of Ti-Fe metal films.
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4.8.2 Self-Aligned Nanoporous Iron (III) Oxide

Pure iron foil (99.9%) of 0.25 mm thickness was anodized in a two-electrode
cell with iron foil as the anode and platinum foil as the counter electrode.
The anodization bath temperature was controlled by placing the electrolytic assem-
bly within a recirculating water cooler. After the removal from the anodization bath
the samples were thoroughly rinsed with deionized water and isopropyl alcohol,
and then blow-dried with 99.99% pure nitrogen. Electrolytes having lower diffu-
sion coefficients are known to prevent local acidification at the oxide—electrolyte
interface [214]. Glycerol is a highly viscous solvent, where ions diffuse slowly.
Hence, when we began our studies of nanoporous hematite formation, we used
glycerol as the electrolytic medium. Random self-organized nanopores were
obtained in electrolytes under a narrow window of processing conditions. The
electrolytes consisted of 1 vol% HF+0.2-0.6 wt% NH4F+0.1-0.2% 0.1 M
HNO;3 in glycerol (pH 3) at temperatures ranging from 5(C to 15(C at anodization
voltages of 40-90 V for anodization durations ranging from 30 min to 2 h. It was
found that the overall thickness of the oxide layer was greatly dependent on the
amount of HF and HNOj added while the anodization bath temperature and NH4F
concentration were the primary parameters in controlling the sample morphology.
Prakasam et al. provide a more extensive discussion of the processing window in
glycerol necessary to obtain nanoporous Fe,O5; and of the resulting morphologies
[213]. EG is a viscous organic solvent containing two alcoholic hydroxyl groups as
opposed to glycerol’s three hydroxyl groups. When an electrolyte comprised of
0.3% wt NH4F (99.8% purity, Sigma Aldrich) in EG was used to anodize Fe foil at a
potential of 40 V at 10°C, a highly-ordered nanoporous structure was obtained, with
clearly defined channels similar to those seen in the nanoporous alumina [215].
Figure 4.38 shows the corresponding FESEM images. Using an electrolyte held at
10°C, the pore depth was found to be around 2.5 pm in 15 min and~3 pm in 1 h,
with 180-nm thick oxide barrier layer underneath the nanoporous layer. At 10°C,
the structure remained nanoporous for an anodization duration up to~70 min
beyond which the pores collapsed. Room temperature anodization in the same
electrolyte exhibited similar nanoporous surface, depth~2 pm in 10 min and
2.2 pm in 15 min, with the nanoporous structure collapsing for anodization of
30 min duration or beyond. Independent of the anodization bath temperature, the
resulting pore diameters are ~ 30 nm at 40 V and ~ 60 nm at 60 V.

Owing to the fact that iron forms wires, rods, flakes and ribbons [216, 217] in the
process of thermal oxidation, the samples were subjected to relatively brief anneals in
anitrogen atmosphere. The extent of pore filling due to oxide growth from the barrier
layer is a function of annealing time and temperature, which limited the extent of
sample crystallization. Samples were annealed at temperatures ranging from 150°C
to 600°C. We observed that longer annealing periods and higher temperatures
resulted in a greater fraction of magnetite and pore filling. Thus, a balance between
structural stability and crystallization is achieved by annealing the samples at 400°C
for 30 min, with a ramp rate of 10°C/min, in nitrogen atmosphere. Figure 4.39
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Fig. 4.38 FESEM images of Fe sample anodized in 0.3 wt% NH4F in EG at40 V, 10°C for 15 min.
(a—c) show cross-sectional images of a mechanically fractured sample, while (d) shows the
underside (barrier layer) of the highly-ordered nanoporous Fe,O3 [213]
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Fig. 4.39 SEM images of a sample annealed at 400°C for 30 min showing: (a) the uniformity of
the pore formation across the sample (inset shows the pore diameter after annealing); (b) cross-
sectional image showing the pore depth as 383 nm, pore diameter as about 100 nm, and the barrier
oxide thickness as ~600 nm [213]
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shows an FESEM image of a sample anodized at 90 V in an electrolyte containing 1%
HF + 0.3 wt% NH4F + 0.2% 0.1 M HNOs in glycerol (pH 3) at 10°C and annealed at
400°C for 30 min. From Fig. 4.39(a) we see that a crystalline nanoporous structure has
been achieved with excellent uniformity, while the insert to Fig. 4.39(a) demonstrates
that the pore geometry has been retained. The cross-sectional image of Fig. 4.39(b)
shows the extent of the pore depth (~ 380 nm) and the barrier layer thickness
(~ 600 nm) of the annealed sample.

4.8.3 Photoelectrochemical Properties of Self-Aligned
Nanoporous Iron (I1l) Oxide

In photoelectrochemical measurements, the unanodized part of the iron foil under-
neath the nanoporous array and the barrier layer serves as the conducting substrate
to transport the photogenerated electrons. Figure 4.40 shows the current-potential
response of an illustrative annealed 90 V sample, 115 nm pore diameter, 400 nm
pore depth, with potential measured relative to Ag/AgCl standard electrode under
dark and 1.5 A.M simulated solar illumination. The sample was anodized in a
HNO;, HF, and NH4F bath at 10°C. Figure 4.40(a) shows the photoelectrochemical
response in an electrolyte containing 1 M NaOH; the onset potential is ~ (0.24 mV.
The dark current increases from zero at 0.46 V-0.020 mA at 0.6 V. After the
measurement of Fig. 4.40(a), the sample was rinsed in DI water then measured in an
electrolyte containing 0.5 M H,0, (50%) and 1 M NaOH (50%), with the measured
photoresponse plot given in Fig. 4.40(b). The onset potential is —0.37 mV, several
hundred mV more negative than in the 1 M NaOH solution [210]. The addition of
H,0, enhances the reaction kinetics as the photo oxidation rate of H,O, is much
larger than that of water [218]. Thus, by introducing 50% of 0.5 M H,0,, the
nanoporous structure demonstrated a net, light illuminated less dark, photocurrent
of 0.51 mA at 0.6 V versus Ag/AgCl.

4.8.4 Fabrication and Structural Characterization of Ti-Fe-O
Nanotubes

Ti-Fe metal films were deposited on fluorine doped tin oxide (FTO) coated glass
substrates by simultaneous cosputtering from titanium and iron targets. The sub-
strate temperature was maintained at 350°C—400°C. Details of sputtering condi-
tions, the resulting thickness of the Ti-Fe metal films and their crystallinity are
given in Table 4.4. Distinct nanotube arrays were formed from samples having iron
concentrations less than about 70%. Films of higher Fe content, up to 100% Fe,
were fabricated and characterized; however, since they showed significantly
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Fig. 4.40 Photocurrent as a function of measured potential for the Iron (III) Oxide photoanode
(anodized in 0.2 % 0.1 M HNO3;, 1% HF, and 0.3 wt% NH4F in glycerol at 10°C) recorded in: (a)
1 M NaOH solution, and (b) 0.5 M H,O,+ 1 M NaOH solution under 1.5 A.M simulated solar
illumination [213]

diminished photoelectrochemical properties, they are not considered herein. We
consider Ti:Fe metal films in the ratio 31:69, 56:44, 63:37, 74:26, 80:20, 93.4:6.6,
and 96.5:3.5 as determined from the relative sputtering rates, with identifying
sample numbers given by the Fe content. Anodization of the Ti-Fe films was
performed at a constant voltage of 30 V in EG containing 0.3 wt% NH4F and
2.0 vol% de-ionized water. Illustrative cross-sectional and bottom side FESEM
images of Sample 20 are shown in Fig. 4.41.

As-anodized Ti-Fe-O nanotube films are amorphous, partially crystallized by
annealing in oxygen atmosphere at 500°C for 2 h with a ramp up and down rate of
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Table 4.4 Summary of Fe-Ti-O film formation parameters [52]

Sample Fe target Ti target Substrate  Film Film composition  Crystallinity
power (W)/  power (W)/ temp °C  thickness of metal
sputter rate  sputter (nm) starting film
(nm/s) rate (nm/s)

69 300/5.5 100/2.5 350 400 69% Fe-31% Ti Crystalline

44 300/5.5 300/7.0 350 1,000 449 Fe-56% Ti Crystalline

37 250/4.1 300/7.0 350 500 37% Fe—63% Ti Amorphous

26 200/2.5 300/7.0 350 400 26% Fe—74% Ti Amorphous

20 150/1.3 300/7.0 400 750 20% Fe-80% Ti Amorphous

6.6a 100/0.5 300/7.0 400 750 6.6% Fe-93.4% Ti  Crystalline

6.6b 100/0.5 300/7.0 400 1,500 6.6% Fe-93.4% Ti  Crystalline

35 50/0.25 300/7.0 400 750 3.5% Fe—96.5% Ti  Crystalline

PSUMCL = 4.0k, an 5 6.0k X70000 WD 33mm  1000m

Fig. 4.41 Illustrative FESEM images of Ti-Fe-O nanotube array sample 20, image of lateral view
(a) and bottom view (b) [52]

1°C /min. GAXRD patterns of the annealed films are seen in Fig. 4.42. All studies
on TiO, nanotube array films made by anodization have indicated the tubes to be
anatase, fixed atop a rutile base [219]. The Ti-Fe-O samples with low iron con-
centrations show the presence of anatase phase; Sample 3.5 is largely anatase with a
dominant (110) plane, and a small amount of rutile. The anatase phase disappears at
higher iron concentrations (see the patterns of Samples 20 and 37). The presence of
the rutile peak is evident in Samples 6.6 and 20, which is consistent with the fact
that low amounts of iron in TiO, aid rutile formation [220]. The predominant (104)
plane of a-Fe,Oj3 coincides with the second intense plane of FTO, used as the
conductive layer on the glass substrate, and its subsequent two less intense planes,
(110) and (116), appear at 20 = 35.6 and 260 = 54.1, respectively. The XRD pattern
of Sample 26 is omitted from Fig. 4.42 because of its relatively weak peaks. In
Sample 37, the proportion of rutile increases slightly, and anatase is almost negli-
gible. In general, Samples 20 and 37 showed poor crystallinity, Sample 44 showed
pseudobrookite phase, while Sample 69 showed hematite phase. In general, it
appears that the presence of iron inside the TiO, matrix degrades the crystallization
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Fig. 4.42 GAXRD patterns

) Sno2
of Ti-Fe-O nanotube array 200 ~—— Anatase
samples annealed at 500°C in Rutile

dry oxygen for 2 hr, see
Table 4.4 for fabrication 150
details. Standard patterns for

Sample 44

anatase, rutile, a Sample 37
pseudobrookite, o-Fe,O3 = 100 L
(hematite), tin oxide E\ Sample 20
(substrate) are shown for g
phase identification [52] = 50 Sample 6.6
e Sample 3.5
0 M

29

process since the proportion of rutile does not increase with decreasing amounts of
anatase, an outcome possibly due to the fixed 500°C annealing temperature.
However, higher annealing temperatures spoil the FTO-TiFeO interface, resulting
in samples of high series resistance demonstrating essentially nil photoelectro-
chemical properties.

The crystalline nature of the nanotube walls is critical to applications involving
light absorption, electrical carrier generation, and carrier transport, therefore, the
crystalline nature of the nanotube walls were studied using HRTEM. Sample 20
with moderate iron doping was used for the study. TEM studies confirmed the
relatively poor crystallinity of samples annealed at 500°C; hence, further studies
were conducted on a Sample 20 annealed at 600°C for 2 h in oxygen. As seen in
Fig. 4.41, and as described in our earlier articles on TiO, nanotube arrays formed in
HF aqueous electrolytes [197, 221], the nanotube morphology appears as a column
of stacked torus (doughnut) shaped rings as seen in the TEM image of Fig. 4.43(a).
A selected area electron diffraction (SAED) pattern from the corresponding region
is shown in Fig. 4.43(b). Although the pattern shows mainly rutile phase, reflections
from hematite phase also can be seen. Figure 4.44(a) shows a HRTEM image of a
nanotube wall, with the polycrystalline nature evident from the figure. The crystal-
lites have a wide size distribution. The crystallite marked R has a rutile structure the
lattice image of which is given in the upper left inset. A Fast Fourier Transform
(FFT) of regions R and H are given in Fig. 4.44(b) and 4.44(c) indicating the
presence of rutile and hematite phases in the respective regions. To find the
distribution of iron within the nanotube walls, an energy dispersive x-ray spectros-
copy (EDS) line scan was performed via scanning transmission electron microsco-
py (STEM). The intensity of both the TiK, and FeK, lines was found maximum at
the center of the wall due to its torus shape. Despite the presence of isolated
hematite crystallites, a more or less uniform distribution of iron relative to the
titanium can be seen across the wall. STEM line scans were performed across a
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Fig. 4.43 (a) TEM image of Sample 20 annealed at 600°C, and (b) selected area diffraction
pattern (H hematite and R rutile) [52]

Fig. 4.44 (a) HRTEM image of a nanotube wall (Sample 20 annealed at 600°C) showing rutile
(region R) and hematite (region H) crystallites with the lattice image of region R given in the
upper-left inset; (b) FFT of region R showing a predominate 110 plane, and (c¢) FFT of region H
showing a predominate 104 plane [52]

number of walls, and while the average relative intensity of the TiK,, and FeK,, lines
varied from wall to wall, the relative distribution across a single wall remained
uniform. It appears that some of the iron goes into the titanium lattice substituting
titanium ions, and the rest either forms hematite crystallites or remains in the
amorphous state.



4.8  Visible light responsive Ti-Fe-O ternary oxide nanotubes 203

Crystallization of the as-anodized amorphous nanotubes takes place through
nucleation and growth [220]. Hence, a sufficiently high temperature and appro-
priate duration are needed for the complete transformation of the amorphous phase
into crystalline. The removal of the amorphous phase is critical for effective device
application; however, even after annealing at 600°C, Sample 20 showed the
presence of amorphous phase. HRTEM studies indicate that rutile and hematite
phases are formed in separate events depending upon the temperature and nature of
the nucleation sites. In general, the nanotubes of moderate iron concentration
consist mainly of rutile phase with hematite crystallites randomly distributed.

4.8.5 Photoelectrochemical Properties of Ti—-Fe—O Nanotubes

Figure 4.45 shows the absorbance of the annealed samples; as expected the absor-
bance edge shows a red shift with increasing Fe content. Figure 4.46 shows current
versus voltage characteristics for the nanotubular Ti-Fe-O electrodes under dark
and simulated sunlight in 1.0 M NaOH. The electrodes show n-type behavior, that
is, positive photocurrents at anodic potentials. A metal-coated glass substrate was
placed adjacent to translucent Sample 6.6b, reflecting the transmitted light back into
the sample. This method increased the photocurrent from 1.50 to 2.0 mA/cm?” at
0.65 V (vs. Ag/AgCl). For comparison, the photocurrent of a pure nanoporous
a-Fe,O3 film 1.5 um thick on FTO glass is also shown in Fig. 4.46, prepared by
anodic oxidation of an iron film at 30 V in EG containing 0.3 wt% NH4F and 0.5%
de-ionized water. The poor electron mobility results in a maximum photocurrent of
20-25 pA/cm? at 0.4 V (vs. Ag/AgCl). The highest photocurrent is exhibited by
Sample 6.6, while the lowest photocurrent is demonstrated by Sample 3.5. It
appears that minimal levels of Fe> " ions act as trap sites, while significant amounts
of Fe>" jons increase the recombination rate of the photogenerated electron-hole
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Fig. 4.47 Absorbed-photon-to-current-efficiency (APCE) of Ti-Fe-O nanotube array samples at:
(a) 0.5 V bias, and (b) 0.7 V bias [52]

pairs. We note that Sample 44 does not comply with this trend, possibly due to the
presence of the pseudobrookite phase, FeTiOs.

Figure 4.47a and b show APCE values corresponding to two applied voltages,
0.5 V and 0.7 V; APCE values are appreciable only in the visible range, from 400 to
600 nm. Energy level band diagrams indicate electrons photogenerated in o-Fe,O;
cannot transfer to the TiO, conduction band without an applied bias. Since the
redox potential for the H,O/*OH reaction for oxygen evolution is above the valence
band of a-Fe,O5; in 1 M NaOH electrolyte (pH = 14), and the thickness of the
a-Fe,O5 crystallites is comparable to the hole diffusion length, application of a
small positive bias can be used to separate the photogenerated electrons and holes.
As shown in Fig. 4.47, APCE values of the films decrease as we move below
400 nm toward the UV region, possibly due to the Fe*™ jons of the o-Fe,05 and iron
incorporated TiO, crystallites becoming Fe?" as associated with oxygen vacancy
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defects. Because of this, the position of the valence band at solid-electrolyte shifts
upward, crossing the redox potential of the H,O/sOH reaction inhibiting hole
transfer and leading to increased recombination.

4.9 Compositionally Graded Ternary Oxide Nanotube Arrays

Compositionally graded ternary oxide nanotube arrays, depicted in Fig. 4.48,
enable the same photoelectrode to efficiently absorb light of different wave-
length-regions of the solar spectrum. An analogous approach has been proposed
in the field of solar energy conversion, namely the so-called “rainbow solar cells”
[136], where by varying the size of the semiconductor quantum dots the solar cells
can be tuned to absorb light of certain wavelengths. Additionally, as suggested for
the case of TiO,/PbS [128], size quantization may result in more favorable energy
levels sufficient to initiate charge injection from excited PbS into TiO,. In Fig. 4.48,
we show a hypothetical self-biased photoelectrochemical diode consisting of a
compositionally graded n-type nanotube array photoanode and a p-type cathode.
The larger bandgap stoichiometries, closer to the illumination source, absorb high
energy photons while allowing optical transmission of lower energy photons. A
broad swath of light energy ranging from the absorption edge of the large band-gap
oxide to the absorption-edge of the smaller band-gap oxide would be more effi-
ciently harvested than by the smaller band-gap semiconductor working in isolation.
Ideally, photogenerated holes quickly oxidize solution ions while photogenerated
electrons percolate down through the nanotube walls toward the substrate where
they are collected. A key design criterion is the appropriate matching of energy
levels such that photogenerated electrons easily travel down the conduction band of
the compositionally graded nanotube array. Practical realization of such architec-
ture would require cosputtering a bimetallic film with graded composition, fol-
lowed by anodization in a suitable electrolyte to form the nanotube arrays and a
subsequent thermal anneal to induce crystallinity.

p-type
nan otubes

n-type gradiated
nanotubes

Electrolyte Electrical

connection

o
o—Evolved
Hydrogen

Illumination

Fig. 4.48 Illustrative self-biased photoelectrochemical diode comprised of a n-type composition-
ally graded nanotube array photoanode and a p-type nanotube array cathode [222]
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Chapter 5
Dye-Sensitized and Bulk-Heterojunctions Solar
Cells: TiO, Nanotube Arrays as a Base Material

5.1 Introduction

A dye-sensitized solar cell (DSC) is a relatively low cost photovoltaic device using
a photosensitized anode and hole transporting electrolyte [1], where charge separa-
tion occurs at the dye layer between the semiconductor and electrolyte. DSC
efficiencies have reached over 11% using nanocrystalline TiO, films. In such
DSCs, the slow percolation of electrons through the random polycrystalline net-
work and the poor absorption of low energy photons by the available dyes are two
of the major factors limiting further improvement in photoconversion efficiencies.
Here, we review the progress with respect to the use of anodically grown and
crystallized TiO, nanotube arrays as the base electron transporting material for
DSC use, offering large surface areas with vectorial charge transport along the
length of the nanotubes.

Polymer-based solar cells offer the prospect of lightweight, flexible photovol-
taics as well as potentially low manufacturing costs [2—7]. Heeger and co-workers
have reported a maximum 6.5% efficiency using tandem solar cells, with each layer
processed from solution with the use of bulk heterojunction materials comprising
semiconducting polymers and fullerene derivatives [8]. Inorganic—organic hybrid
photovoltaic devices based on conjugated polymers combine the high electron
mobility of inorganic semiconductors with the solution processing capabilities of
polymers [9—11]. Inorganic n-type nanocrystals [12—17] are commonly dispersed in
conjugated p-type polymer matrices to provide intimate bulk heterojunctions for
exciton splitting, and to provide distinct paths for electron and hole transport.
However, in this type of heterojunction device, the organic and inorganic phases
form disordered interpenetrating networks, and a continuous transport path for
photogenerated electrons is lacking. Consequently, both types of charge carriers
are transported through the isotropic host organic material for significant periods of
time. This, along with the random charge carrier paths, increases the probability of
recombination resulting in a decrease of the overall photoconversion efficiency
[18]. To overcome this charge transport limitation of isotropic bulk heterojunction
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solar cells, it has been proposed that the ideal heterojunction geometry of an
inorganic-organic device should consist of a vertical array of highly crystallized
nanostructures, such as nanotubes or nanorods, encased in a polymer film with size
and spacing of the nanostructures controlled to be on the order of the exciton
diffusion length [19, 20]. Such geometry provides, respectively, direct and spatially
separated charge transport channels for electron and holes. In response, many
efforts have been devoted to create films with ordered one-dimensional architec-
tures, such as TiO, nanopores and nanotubes [21-24], ZnO and SnO, nanorods
[25-31], InP nanowires [32], etc. Herein, we consider the working principles of
bulk heterojunction devices and the development of polymeric solar cells using
TiO, nanotube arrays as the base material.

5.2 Dye Sensitized Solar Cells: Operating Principles

The operating principle of a DSC is shown schematically in Fig. 5.1, comprised of a
mesoporous oxide layer of anatase TiO,, the surface of which is sensitized with a
monolayer of, typically, a ruthenium complex dye, for example, N719, N3, Black
dye, anchored to the TiO, surface by a carboxylated bipyridyl ligand. The visible
light absorption of these types of complexes is based on a metal-to-ligand charge
transfer. The carboxylate groups are directly coordinated to the surface titanium
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Fig. 5.1 Operation principles and energy levels of nanocrystalline dye-sensitized solar cell
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ions producing intimate electronic contact between the sensitizer and the semicon-
ductor. Photo-excited dye molecules inject electrons into the TiO, conduction band,
and redox species such as the iodide/triiodide couple in the electrolyte reduce the
oxidized dye molecules back to their original state. Dye regeneration by the iodide
happens through the thiocyanate group and, thereby, intercepts the recapture of the
conduction band electron by the oxidized dye. In turn, the iodide is regenerated by
the reduction of triiodide at the counterelectrode, with the circuit completed via
electron migration through the external load. The value of the redox potential
(0.15 V vs. SCE) is the formal potential in the solution, whereas the value of the
oxidation potential of the dye is the standard potential. The absorption threshold for
Ru dye adsorbed on TiO; is about 750 nm, corresponding to a potential of 1.7 V,
which added to the dye oxidation potential gives a reduction potential of —0.85 V
vs. SCE. The voltage generated under illumination corresponds to the difference
between the Fermi level of the electron in the solid and the redox potential of the
electrolyte. About 0.4 V is lost in the reduction of the photoexcited dye by iodide,
but so far no other candidates have been as efficient as the I /I3~ couple when it
comes to the kinetics of dye interception and electron uptake at the counter
electrode.

5.2.1 Key DSC Processes

An important kinetic parameter for characterization of the charge recombination
rate is the rate constant &y, see Fig. 5.2. It is of great interest to develop sensitizer
systems for which the value of the electron injection, k;,, is high and that of &, low.

MLCT EXCITATION Energy
forward reaction ‘

Ky

Ru (IVIII)

Backward transfer Ao g, dyy
spatial contraction of d orbitals upon

oxidation from Ru(II) to Ru(IIT)

Fig. 5.2 Molecular orbital diagram for ruthenium complexes anchored to the TiO, surface by a
carboxylated bipyridyl ligand. The visible light absorption of these types of complexes is a metal-
to-ligand charge transfer (MLCT) transition [61]. Reprinted with permission from Chemical
Reviews, 1995, 95, 49-68. Copyright 1995 American Chemical Society



220 5 Dye-Sensitized and Bulk-Heterojunctions Solar Cells

Fortunately, for the transition metal complexes, the ratio of injection over recapture
rate kin/ky is greater than 10°. The carbxylate groups interact directly with the
surface Ti(IV) ions resulting in good electronic coupling of the 7* wave function
of the carboxylated bipyridyl ligand with the 3d orbital manifold of the conduction
band of the TiO,. As a result, electron injection from the excited sensitizer into
the semiconductor is an extremely rapid process occurring on a femtosecond
scale [33, 34]. By contrast, electron back-reactions with the oxidized ruthenium
complex involves a d orbital localized on the ruthenium metal whose electronic
overlap with the TiO, conduction band is small. The spatial contraction of the wave
function upon oxidation of the Ru(Il) to the Ru(IIl) state further reduces this
electronic coupling causing relatively slow backward electron transfer which,
typically, is on the order of microseconds. The oxidized dye is restored by electron
donation from the organic solvent-based electrolyte containing iodide/tri-iodide
redox couple. The rate constant is about 107 per second. As a consequence, the
presence of a local electrostatic field is not required to achieve good efficiencies for
the process.
The reciprocal absorption length « is given as

o=o0C (5.1

where ¢ and C are the optical absorption cross-section of the sensitizer and its
concentration within the mesoporous film, respectively. Values of ¢ for N3 and
N719 are in the range of 1 to 2x 10’ cm?/mol. The dye concentration in the film
depends on the surface area of the mesoporous film with a monolayer dye coverage.
The absorption length 1/x of the N3 and N719 is about 2—5um [35].

5.2.2 Factors Influencing Conversion Efficiencies

Using the triiodide/iodide redox couple under full sunlight, an open-circuit DSC
voltage of 0.7-0.9 V can be measured. Under a 1,000-fold lower intensity, the cell
voltage is about 200 mV lower, a relative change of cell voltage of only 20-30%.
For the conventional silicon photovoltaic cell, the cell voltage decreases by a factor
of 3 for a comparable change of light intensity. Measurements in nonaqueous
solutions have revealed that V., the potential of the conduction band edge, is
directly related to the proton generating ability of the solvent [36]. A distinction
between protic and aprotic solvents seems, therefore, to be more appropriate than
distinctions between aqueous and nonaqueous electrolytes [36]. In aprotic solvents,
V., may depend on the cation, and Li*, Na™, and Mg?" have been found to be
potential determining ions [36]. Lower photovoltages have resulted from adding
adsorptive cations, such as Li", to the electrolyte, which are presumed to charge the
surface positively, causing the band edge to move downward, toward positive
potentials [37].
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Charge carriers in nanocrystalline films can be trapped in localized energy levels
in the band gap region affecting film properties. Trapped electrons in nanocrystal-
line semiconductor electrodes have been observed in terms of a tail of localized
energy levels below the conduction band edge [38]. The chemical nature of a
localized energy level just below the conduction band edge is well established as
a Ti*" (3d) state [39, 40]. Trapping of electrons in the bulk of the TiO, particle
leads to a slow photocurrent response but not to recombination losses. It will,
however, lead to a lower position of the quasi-Fermi level for the electrons during
illumination and, thus, to a reduced photovoltage. If electrons are trapped at the
TiO, surface, it may be a recombination pathway, that is, it acts as an intermediate
in the reduction of triiodide by the conduction band electrons. This may lead to a
lowering of the photocurrent, and decrease in the photovoltage [41]; however, since
the photocurrent quantum yield is practically unity in the device [1, 41], it largely
affects the photovoltage. The key issue to improve the efficiencies of TiO, dye-
sensitized solar cells is to reduce the rate for triiodide reduction by blocking the
surface states below the conduction band edge.

Changing either the rate of recombination or the band-edge position of TiO, can
strongly affect Voc [42]. A substantial effort has been made in devising surface
treatment strategies to suppress the recombination kinetics or to shift the band edges
upward, toward negative potentials, as a means of improving the photovoltage.
Several studies have reported that chemically treating the TiO, surface with certain
organic molecules influences the photovoltage and/or the photocurrent [42-53].
Passivation or shielding of recombination centers by the organic molecules is often
given as the explanation for the observed effect [44-52]. There is also evidence that
adsorbed molecules improve the cell performance by inducing band-edge move-
ment [42, 48-50, 53, 54]. Treatment of the TiO, surface with 4-tert-butylpyridine
increases the photovoltage by about 0.3 V. It was also shown that treating the TiO,
surface with ammonia causes a significant negative potential shift of the band edges
resulting in an increased open-circuit voltage at a given photoinjected charge
density. The band edge shift was attributed to the amines negatively charging the
TiO, surface by deprotonating it [42]. Surface treatment of TiO, with amphiphilic
molecules, consisting of a carboxylic or phosphonic moiety on one end and an alkyl
group on the other end, improves Vo and Jsc. The carboxylic or phosphonic group
of the molecule is believed to bind to coordinatively unsaturated Ti species on
the TiO, surface, leaving the hydrophobic end as a buffer between the TiO, and the
electrolyte. The higher photovoltage and photocurrent have been attributed to
the shielding of recombination centers by the hydrophobic layer created by the
adsorbed molecule; coadsorbents grafted with the sensitizer include hexadecyl-
malonic acid [44] and decylphosphonic acid [46].

The gain in open circuit voltage that can be achieved by minimization of the dark
current can be calculated from the diode equation:

RT) . (I
Voc = (”F ) In (%) (5.2)
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where 7 is the ideality factor whose value is between 1 and 2 for the DSC, I, is the
photocurrent, and I, is the reverse saturation current. Thus, for each order of
magnitude decrease in the dark current, the Vo would increase 59 mV at room
temperature. Clearly, the ability to control the dark current is indispensable in the
goal of raising device photoconversion efficiency.

It has been shown in other systems that surface modification can reproducibly
protect semiconductor surfaces and increase overall efficiencies. This was accom-
plished by preventing the formation of electronic surface states lying below the
conduction band edge which mediate recombination of the injected conduction
band electrons by chemical modification of the surfaces [55-57]. In particular,
some suppression of back electron transfer in TiO, and other semiconductor
systems has been achieved by passivating recombination centers with a variety of
pyridine derivatives [49, 58, 59]. It is difficult to directly measure the energetics of
the surface state or to isolate the states that are directly participating in electron
transfer with the redox couple in solution. The kinetics of electron transfer, however,
can be indirectly measured by monitoring the dark current. An understanding of
the effect of surface modification on the relative rates of this electron transfer
process will open the door to a better understanding of the mechanism behind
the recombination reaction and may ultimately result in increases in overall cell
efficiency.

As a factory product, it is considered that a photovoltaic device must remain
serviceable for 20 years of continuous operation in natural sunlight without notice-
able loss of performance, which corresponds to 5-10x10” dye redox cycles. A
recent 12,000 h test under continuous full intensity light exposure has confirmed
inherent DSC stability [60]. Ruthenium polypyridyl complexes such as the cis-Ru
(SCN),L, (L=2.2'-bipyridyl-4,4’-dicarboxylate (N3) or the black dye Ru-(SCN);L
(L=44"4"-tricarboxy 2,2":6',2"-terpyridine) and cis-di(thiocyanato)-N,N’-bis
(2,2'-bipyridyl-4-carboxylic acid-4'-tetrabutylammonium carboxy late) ruthenium
(II) (N-719) have shown the best performance as sensitizers, to date, to their
advantageous spectral properties and high stability.

Improvement of the electron diffusion coefficient is important to further increase
DSC efficiencies. A crucial parameter is the electron diffusion length

L, = +/(Dyt) (5.3)

where D,, and 1, are the diffusion coefficient and lifetime of the electron, respec-
tively [61, 62]. Collection of charge carriers is achieved only if the electron
diffusion length is of a magnitude comparable to or greater than the film thickness d.
The thickness of the film should satisfy the following condition for full harvesting
of light in the spectral absorption range of the dye and for efficient removal of the
injected electron from dye into the TiO,:

L,>d>1/o
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5.2.3 Nanocrystalline DSCs

In 2001, nanocrystalline DSCs making use of “black dye” achieved 10.4% (air mass
1.5) solar to power conversion efficiency in full sunlight [63]. Recently, this record
has been extended to over 11% by using the N3 dye in conjunction with guanidi-
nium thiocyanate, a self-assembly facilitating additive allowing to increase the
open circuit voltage (Voc) of the solar cell as shown in Fig. 5.3. The guanidinium
cations are adsorbed along with the N3 anions at the interface, screening the lateral
Coulombic repulsion of the sensitizer and facilitating in this fashion the self-
assembly of a compact dye monolayer. Figure 5.4 compares the spectral response
of the photocurrent observed with the two sensitizers, N3 and black dye. With the
AM 1.5 solar emission, the short circuit photocurrents of the N3 and black dye-
sensitized cells were found to be 16.5 and 20.5 mA/cm? [64]. The DSC based on
N719 dye currently reaches 11.2% energy conversion efficiencies under standard
reporting conditions (AM 1.5 global sunlight at 100 mW/cm? intensity, 298 K
temperature) in liquid junction devices [65, 66]. Figure 5.5 shows the J-V char-
acteristics and spectral response of liquid based DSCs sensitized with N719 and the
molecular structure of N3, black dye and N719 dyes.
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Fig. 5.3 J-V curve of a solar cell (N3 dye) based on an electrolyte containing guanidinium
thiocyanate as self-assembly facilitating agent. The cell was equipped with an anti-reflecting
coating ([64]; Copyright 2004. Reprinted with permission from Elsevier)
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Fig. 5.4 Photocurrent action spectra obtained with the N3 (ligand L) and the black dye (ligand L)
as sensitizer. The photocurrent response of a bare TiO, films is also shown for comparison
([37, 64]; Copyright 2004. Reprinted with permission from Elsevier)
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5.3 Solar Cell Parameters

Overall device photoconversion efficiency (gioba) is calculated from the short
circuit photocurrent density (/.), the open circuit photovoltage (Voc), the fill factor
of the cell (ff), and the intensity of the incident light (/,=100 mW/cm?)

I VocFF
Mgtobal = = (5.4)
p
The fill factor is calculated as
Imax Vinax
FF — ma: ma: (5.5)
IchOC

where [ ;,.x, Vinax are the coordinates of the power point curve maximum. The fill
factor indicates the deviation of the /-V characteristic from a square like curve and
is, therefore, dependent on series and shunt resistance. Figure 5.6 illustrates the
influence of increasing series resistance Ry and decreasing shunt resistance R, on
the I-V characteristic. To obtain high fill factors, R has to be as small as possible,
while R, needs to be as high as possible.

The incident photon to electron conversion efficiency, IPCE, is defined by the
ratio of the number of electrons generated in the solar cell to the number of photons
incident on the photoactive surface of the device at a given wavelength. This key
parameter can be expressed as

IPCE()) = LHE(M)@injcen (5.6)

Here, LHE(}) is the light harvesting efficiency of photons of wavelength X, ¢;,; is
the quantum yield for electron injection from the excited sensitizer into the con-
duction band of the semiconductor oxide, and 7). is the elecron collection effi-
ciency of the electrode [67]. LHE(A) is derived from the reciprocal absorption
length « via

1 Ry 1
I_‘V L‘V

Fig. 5.6 Illustration of the influence of increasing series resistance R, and decreasing shunt
resistance R, on the current-voltage characteristic of a solar cell
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LHE()) =1 — 10 (5.7)

where d is the thickness of the film and  is determined from (5.1). IPCE and Photon
flux measured in terms of current Ip(A) can be calculated by the following two
simplified expressions:

Is(A) x Pp(A)

IPO") = PL ()\,)

(5.8)

1240 x Is(})
IPCE() = 5555 10 0T 10 (5.9)

where Ig(\) is sample photocurrent in nA/cm?, Pp(A) is direct AM 1.5 solar
irradiance in mW/cm?/nm, and Py ()) the light intensity in mW/cm? (light from
xenon lamp after passing through direct AM 1.5 filter) observed at wavelength A.
Ip(A\) units are uA/cmz/nm, with IPCE measured in percentage. The Py (A) values
were obtained from NREL [36].

5.4 J-V Characterization Under Standard Conditions

The complete procedure for accurate determination of cell efficiencies according to
standard reporting conditions (AM 1.5 Global, 1,000 W/m?, 25°C) by JV (or IV,
there seems to be a immodest lack of consistency with the symbols) characteriza-
tion is as follows [68]: (1) Determination of the spectral response of the test cell and
the reference cell; (2) Calculation of the spectral mismatch factor, using spectral
response, lamp spectrum and standard AM 1.5 global spectrum; (3) Adjustment of
the lamp output to correct for spectral mismatch; (4) Measurement of the -V
characteristics; and (5) Calculation of the Ve Iy, FF and efficiency.

5.4.1 Calibrating the Solar Simulator for DSC and Polymeric
Solar Cells

Calibration errors can result from a mismatch between the spectrum of a solar
simulator and that of AM 1.5 and from a mismatch between the action spectrum of
the reference cell and that of the test cell. In evaluating DSCs and polymer solar
cells, photocurrents under natural sunlight are measured using a crystalline Si solar
cell (c-Si) capped by an IR filter (KG-3 filter for DSC and KG-5 filter for polymer
solar cell, Schott) as a reference cell. The solar simulators are adjusted until currents
obtained under simulator illumination match those of the reference cells obtained
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under outdoor sunlight. This calibration procedure can lower the spectral mismatch,
since the action spectra of IR-filtered c-Si is similar to that of DSC and P3HT/
PCBM based polymer solar cell.

The spectral mismatch correction factor (M) [69-74] is calculated by the
expression:

32 ERef(A)Sr(M)dA jg Es(A)St(L)dr

Y M

- - (5.10)
[ Eret(\)ST (M)A [ Es(A)Sr(X)dA
M A1

where Sg(A) and St(L) are the spectral responses of reference cell and test cell,
respectively. The spectral irradiance of the solar simulator and the global AM 1.5
illumination denoted, respectively, as Eg(A) and Egf(A). To avoid errors, the limits
of integration A; and A, should encompass the range of the reference cell and the
test-device spectral responses, and the simulator and reference spectra should
encompass A and A, [72]. Here, the spectral response is defined as:

Srorr(A) = % (5.11)

where “I”’ is the photocurrent density (A/mz) of the reference or test cell and “P” the
monochromatic light power in W/m?. The spectral response is measured relative to
the known spectral response of a reference cell.

5.4.2 Experimental Setup

Since the dye sensitized solar cells and polymeric solar cells absorb light between
350 and 750 nm, it is necessary to closely match the spectral irradiance of the light
source to that portion of the global AM 1.5 spectrum. The authors employ the
following technique to ensure spectral matching: Photovoltaic measurements em-
ploy an AM 1.5 solar simulator (Newport) equipped with a 500 W xenon lamp. The
power of the simulated light was calibrated to 100 mW/cm? using a NREL
calibrated and certified crystalline Si solar cell (Burdick Technologies Unlimited,
LLC). Spectral irradiance of the light source was measured using UV-VIS-NIR
Spectrometer (OSM2-400DUV-U, Newport) to determine the mismatch of the
measured irradiance with respect to standard global AM 1.5 spectral irradiance.
This was found to be less than 5% over wavelength range 350-800 nm. J-V
measurements are done using linear sweep voltammetry (CHI 600B, CH Instru-
ments) with the applied voltage scan at the rate of 10 mV/s. For IPCE measure-
ments, light of a 300 W Xenon lamp (Newport), integrated with a parabolic
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reflector, is spectrally narrowed to monochromatic light using a motor driven
monochromator (Oriel). The spectral response of the test cell as a function of
wavelength is determined relative to the spectral response of a calibrated silicon
reference cell (Oriel). The photocurrent measurement scan is done from low to
higher wavelengths. No corrections for surface- and interface reflections losses are
made for standard characterizations. Other authors report the same general method
for light source calibration [63, 75-77].

5.5 Benefits of Vertically Oriented Uniformly Aligned TiO,
Nanotube Arrays in DSCs

The working electrodes in typical DSCs consist of a 10 um thick film comprised of a
three-dimensional network of interconnected nanocrystalline semiconductor nano-
particles, typically 15 to 20 nm in diameter [ 1, 64]. The large surface area associated
with such films enables efficient light harvesting that in turn maximizes the amount
of photogenerated charge. However the structural disorder at the contact between
two crystalline nanoparticles leads to enhanced scattering of free electrons, thus,
reducing electron mobility [78]. From the light intensity dependence of the electron
diffusion coefficient in randomly packed TiO, nanoparticle films, it has been
inferred that transport is limited by the residence time of electrons in traps [79-83]
and the morphology associated with both the particle network (e.g., distribution of
the number of interparticle connections) [84—86] and the interparticle contact area
[87]. Electron transport is a limiting factor in the performance of these nanoporous
nanocrystalline electrodes, hindering the progress in achieving higher efficiencies.

The slow percolation of electrons through a random polycrystalline network and
the poor absorption of low energy photons by available dyes are two of the major
factors limiting the further improvement in the photoconversion efficiencies
achievable using nanocrystalline dye-sensitized solar cells [88]. A desirable film
morphology would have the mesoporous channels aligned parallel to each other,
vertically oriented with respect to the TCO glass current collector. The arrangement
of the highlyordered TiO, nanotube arrays perpendicular to the surface permits
directed charge transfer along the length of the nanotubes from the solution to the
conductive substrate, thereby reducing the losses incurred by charge-hopping
across the nanoparticle grain boundaries [89]. Easier access to the nanotube-array
surface, as well as better control of the interface makes this morphology desirable
for DSCs [64, 90]. The enhancement in charge transport allows for improved light
harvesting as thicker films can be used to increase the optical density, thus,
improving the absorption of low energy photons in the red and infrared regions
without losing the additionally harvested charge carriers to recombination [88]. As
discussed in Chapter 1, TiO, nanotube arrays can be self-organized on Ti foil as
well as on conducting FTO glass. Use of nanotube arrays on Ti foil substrates in
DSCs requires backside illumination, a less optimal approach for light to electrical
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energy conversion because the platinized counter electrode partially reflects light,
while iodine in the electrolyte absorbs photons.

5.5.1 Finite Difference Time Domain Application to DSCs

The light absorbing behavior of dye sensitized solar cells (DSCs) having photo-
electrodes comprised of TiO, nanotube-arrays were examined using Finite-
Difference Time-Domain (FDTD) [91, 92]. The numerical simulation model is
comprised of nanotube-arrays on a transparent conducting glass substrate under
front-side illumination. In the FDTD analysis, a transverse electromagnetic (TEM)
wave is incident onto a N719 dye-coated nanotube array initially passing through
the barrier layer; light that emerges from the nanotubes is reflected by a perfectly
electrical conducting layer (PEC) boundary that simulates the effect of the DSC
platinum counter electrode. An observation plane placed between the electromag-
netic source and DSC detects the intensity of both the incident wave and the wave
returning back from the DSC structure. The absorbance and transmittance spectra
are determined in the wavelength range 300-700 nm as a function of nanotube-
array dimensions including length, pore size, barrier layer thickness, and surface
roughness while keeping the wall thickness constant at 12 nm. A significant
increase in the light absorption by the dye-coated nanotubes was observed for
increasing nanotube length, smaller pore sizes, and increased surface roughness.
Changes in the barrier layer thickness had a negligible effect on the absorbance
spectrum. Our efforts demonstrate FDTD to be a broadly applicable technique
capable of guiding design of an optimal DSC architecture.

With FDTD, the space containing the object of interest is divided into two or
three-dimensional grids. On the basis of the Maxwell’s equations, the FDTD
operator updates the electric and magnetic fields in all grids at increasing time
steps, allowing determination of the electromagnetic wave in real time. We apply
FDTD to study the propagation of light through dye-covered TiO, nanotube arrays
fabricated from titanium thin films on FTO-coated glass in an attempt to find the
optimum nanotube dimensions and device architecture [93] for the desired light-
material interactions. Figure 5.7 shows a schematic of the front-side illuminated
DSC structure with a TiO, nanotube array cathode. Ti films were sputtered onto
FTO coated glass substrates having a sheet resistance of 8 Q per square followed by
anodization at a constant voltage in an appropriate electrolyte to yield nanotube
arrays with a semitransparent metal film underneath. The films were then annealed
at about 420°C in oxygen ambient for crystallization and also for oxidizing the
metallic region. The resulting transparent nanotube array films were immersed in
TiCl, for a day, and then annealed at 450°C for 30 min. The treated samples were
dipped in a 0.3 mM solution of N719 dye (RuL,(NCS),:2 TBA) in acetonitrile
overnight. The cells were fabricated with this structure as the negative electrode and
a platinized FTO coated glass as the positive electrode. The electrodes were
separated using a 25um thick SX1170 hot melt film. An electrolyte consisting of



230

Fig. 5.7 An illustrative
drawing of the TiO, nanotube
dye-sensitized solar cell [91]

Fig. 5.8 Two dimensional
FDTD model used for
determining the propagation
of a TEM wave through a
TiO, nanotube DSC
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0.5M Lil, 0.05M I,, 0.6M N-methylbenzimidazole, 0.5M tert-butylpyridine in
methoxypropionitrile (MPN) was used to fill the space between the electrodes.
The cells were sealed using SX1170 film.

5.5.1.1 FDTD Simulations

The numerical model used in this work is shown in Fig. 5.8. The nanotube array
dimensions are defined by the tube length L, inner diameter of the tube d;, wall
thickness w, and barrier layer thickness dy,. The separation distance between two
adjacent tubes was kept constant at 10 nm, and wall thickness was set at 12 nm. The
transparent conductive substrate supporting the nanotube array was omitted in the
model (100% light transmission), while the Pt-coated positive electrode was
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represented by a perfect electric conductor (PEC) with 100% light reflection. To
avoid complexity, we did not consider the effect of the electrolyte; light losses
between the top of the nanotube array and PEC are not taken into account. In the
model, the nanotubes were covered with a dye layer 2 nm thick. The FDTD space
was terminated with an absorbing boundary condition made of uniaxial perfect
matching layer [94] to absorb any stray fields. The grid size of the FDTD model was
set to 2 nm x2 nm, the lowest limit based on the 2 GHz processing speed of the
computer used for the simulations. The excitation wave, generated at the Source
Plane located above the barrier layer of the nanotube array, is a transverse electro-
magnetic wave propagating along the y-axis of a rectangular coordinate (TEM,)
system. The excitation source is chosen as a modulated Gaussian electric field,
which is a sinusoidal wave windowed by a Gaussian pulse, as shown in Fig. 5.9.
The modulated Gaussian source can be expressed in the time domain as:

2
—(t — 1
Ei(r) = Eoe( =)y ’5’) sin(27fu)x (5.12)

where E is the field strength, f, the time delay before the beginning of the Gaussian
pulse, t,, the Gaussian pulse width, f;,, the frequency of the sinusoidal component,
and x indicates the direction of the excitation wave. In this work, t,,=2/f,, and to=

1/fm- Note that the nature of the TEM, wave and the choice of the excitation electric
field result in the existence of only an x-directed electric field and z-directed
magnetic field, that is, £, and H..

Figure 5.9 shows the electric field captured at the Observation Plane. The
excitation center frequency is 5.55 x 10'*Hz (wavelength=>540 nm), and the nano-
tube length, inner tube diameter, and barrier layer thickness are 1,000, 22, and
100 nm, respectively. As shown in the figure, the observation plane captures the
excitation field E;, as well as two packets of fields reflected from the barrier layer of
the nanotubes E; and from the PEC layer E,. We ignore the effect of the reflected
field E; from the barrier layer since it forms only a small part of the excitation field
due to the low refractive index of titanium dioxide, 1.5-2.5 for a dense film, and it
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barrier layer

Fig. 5.9 The observation
plane, see Fig. 5.8, captures
the excitation electric field, as
well as the electric field
reflected from the barrier
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does not interact with the dye-coated nanotubes. The transmitted wave propagates
through the barrier layer and dye-coated nanotubes before being reflected from the
PEC. This reflected wave travels back through nanotube array and barrier layer and
reaches the observation plane carrying information about light-material interac-
tions; this field (E,) is, hence, referred to as the “transmitted field.”

By performing a Fast Fourier Transformation (FFT) on E; and E,, as well as the
corresponding H; and H,, the total incident and “transmitted” field, at f,, is
calculated using [95]:

Pi:El‘ XHI* (513&)
P, = E, x H} (5.13b)

By definition, the transmittance T and absorbance A are calculated from P; and
P, as:

T =P,/P; x 100% (5.14a)

A =log(P;/P;) (5.14b)

The complex permittivities of TiO, and N719 dye vary with wavelength as shown
in Fig. 5.10. As described fully in [93], the permittivity of the dye was determined
by first obtaining the optical absorbance A of 19 uM N719 dye solution in ethanol as

a function of wavelength. The molar absorption coefficient ¢ (units L/M cm) was
then determined using Beer—Lambert law [96]:

e=A/IC (5.15)

s
[

(2]

—o—¢' (titania)
——¢g" (titania)|
—o-¢' (dye)
—e--¢" (dye)

Relative Permittivity

o
LA

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 5.10 The permittivity spectra of N719 dye and TiO, nanotubes [91]
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where [ is the path length of the light beam and C is the concentration of the dye.
The absorption cross-section ¢ was obtained by multiplying & with 1,000 cm?/1 [96].
Taking the area of a dye molecule as 1.65 nm?, the number of moles of dye
molecules present per cm” of the surface area 7 was calculated. Hence, the absorp-
tion coefficient of a monolayer of dye was obtained from:

o=oat/l (5.16)

where /, the thickness of the dye monolayer, is taken as 1 nm. Next, the extinction
coefficient k of the dye monolayer was calculated from:

k = ol /4n (5.17)

where 1 is the wavelength of light. It is evident from Fig. 5.10 that in the visible
region the dye has maximum absorption at wavelengths near 530 nm. We assigned
a constant value of 1.5 for the dye refractive index in the wavelength range 300—
700 nm used for the study. The real and imaginary parts of the complex permittivity
were determined using the relations:

¢ =n"—kK (5.182)

¢ = 2nk (5.18b)

5.5.1.2 Validation of Computational Model

The FDTD simulation results were compared to experimentally measured results.
Figure 5.11a plots the experimentally measured and FDTD simulated transmittance
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Fig. 5.11 The experimentally measured (solid line) and FDTD simulated (dashed line) transmit-
tance of a TiO, nanotube array sample of 200 nm length and 22 nm pore diameter with: (a) no dye,

and (b) dye layer [91]
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of a TiO, nanotube sample with L=200 nm, d;=22 nm, w=13 nm and d, =100 nm
without a dye layer. Experimental values were obtained using a UV-visible spec-
trophotometer (Cary, model 100). To match the conditions used in the spectropho-
tometer where light passes from one side and detected at the other side, we changed
the arrangement shown in Fig. 5.8 for the FDTD simulations by replacing the PEC
with the observation plane. Figure 5.11b shows the experimentally measured and
FDTD simulated transmittance of an identical TiO, nanotube array (L=200 nm,
d;=22 nm, w=12 nm, d,=100 nm) coated with a N719 dye layer. Figure 5.11a, b
indicate that both FDTD simulated and experimentally measured results are similar
with minor differences in the transmittance magnitude. These differences are
believed to be largely caused by (1) errors in the determination of the permittivity
values of TiO, nanotubes and the N719 dye, (2) the assumption that refractive index
“n” of the dye takes the value 1.5 and is frequency independent and (3) the
difference in various geometrical features, including value of dye monolayer
thickness, as well as variation in surface and wall thicknesses.

Figure 5.12 shows the FDTD simulated propagation of a TEM derivative Gauss-
ian wave [92] (center frequency =8.3 x 10'*Hz, bandwidth=8.3 x 10'°Hz) through
the dye-sensitized TiO, nanotube array. The tube length, inner tube diameter, wall
thickness, barrier layer thickness, and dye thickness are 200, 22, 12, 100, and 2 nm,
respectively. Figure 5.12a shows the wave originating from the source and moving
toward the nanotubes. When the wave reaches the barrier layer most of its energy is
transmitted into the nanotubes with only a small portion reflected back. The reflected
wave can be seen in Fig. 5.12b as a faint horizontal line above the barrier layer. As
the wave passes outward from the nanotube array, another reflected wave, much
smaller than the first reflected wave, is generated and can be seen in Fig. 5.12c. As
shown in Fig. 5.12d, the main wave passes through the nanotube array reaching the
reflective PEC layer. It then moves back toward the nanotube array, Fig. 5.12e-h.
Small reflections can be observed during the backward journey of the wave front.
However, the magnitudes of these subsequent reflections are very small and do not
have a significant impact on the overall light propagation characteristic.

The light transmittance and absorbance through the TiO, nanotube DSC model
are calculated as functions of tube length L, pore size d;, barrier layer thickness d,
and surface roughness, while keeping the average wall thickness at 12 nm and tube-
to-tube separation 10 nm. Figure 5.13a, b plot the transmittance and absorbance,
respectively, of DSCs that consist of 1,000 and 200 nm long TiO, nanotubes (w=
12 nm, d, =100 nm, d;=22 nm), with and without the dye coating. As the band gap
of the TiO, nanotube is approximately 3.2 eV, the absorption of light by the
nanotube arrays dominates at lower wavelengths and, hence, the effect of dye
cannot be discerned. Therefore, only wavelengths above 450 nm were considered
in the simulation. The influence of the dye monolayer is evident in the case of
higher length nanotubes. The 1,000 nm long nanotubes have a geometric surface
area five times that of 200 nm nanotubes (with other dimensions same), and hence,
it contains that much higher amount of dye leading to greater light absorption.

Figure 5.14 is plotted to show the effect of length more clearly on the transmit-
tance, Fig. 5.14a, and absorbance, Fig. 5.14b, of dye coated samples. As the
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Fig. 5.12 FDTD simulated propagation of a TEM wave through the nanotube-arrays at (a) 1.4 fs,
(b) 2.3 fs, (¢) 3.3 fs, (d) 4.2 fs, (e) 5.1 fs, (f) 6.1 fs, (g) 7.0 fs, and (h) 7.9 fs [91]
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Fig. 5.14 FDTD simulated (a) transmittance, and (b) absorbance of TiO,-based DSC as a function
of tube length. The percentage absorption, 100-transmittance (%), is shown in (c¢) [91]

absorption of visible light by the dye peaks near 530 nm, Fig. 5.10, the shift in
absorbance/transmittance is the largest in the wavelength range 500-550 nm,
Figs. 5.13 and 5.14. Since photon induced electron-hole generation in the dye is a
key mechanism responsible for the operation of dye-sensitized solar cells, higher
absorption of the light by the dye is a necessary, though not sufficient, condition for
better solar cell performance. Although we have limited our efforts to a nanotube
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length of 1000 nm due to technical limitations such as computer processing speed,
Fig. 5.14 clearly demonstrates that on extending the FDTD simulations to greater
nanotube array lengths it should be possible to find an optimum length for the dye-
coated nanotubes for maximum light absorption. Figure 5.14c¢ shows the percentage
light absorption with nanotube array length, determined by 100 less the (%)
transmittance.

Figure 5.15a, and b show respectively the light transmittance and absorbance of
the dye-coated TiO, nanotubes at varying inner diameters, while the length of the
tube, the wall thickness, and the barrier layer thickness are fixed. As shown in
the figures, for a given nanotube length, wall thickness, and barrier layer thickness,
the light absorption increases with smaller pore size indicating greater dye coverage
for the array with narrower tubes.

Figure 5.16a and b plots, respectively, the transmittance and absorbance of
nanotube arrays with two different barrier layer thicknesses. Varying the barrier
layer thickness has negligible effect on the transmittance and the absorbance, as
well as the initial reflection of the incident wave. This is consistent with the fact that
increasing the barrier layer thickness does not increase the dye coverage. However,
a small increase in absorbance, Fig. 5.16b, can be seen in the spectrum at wave-
lengths less than 530 nm, which we believe is due to the absorption associated with
the passage of light through the thick TiO, barrier layer.

The effect of surface roughness on the transmittance and absorbance of the TiO,
nanotube-array DSC was also investigated. TiO, nanotubes fabricated through
anodization generally have fluctuations in wall, or surface, roughness the magni-
tude of which are dependent upon the electrolyte used and power supply stability.
Dye absorption measurements show up to a factor of three increase in surface area
beyond the geometrical surface area due to the surface roughness. By manipulating
the electrolyte chemistry, the nanotube walls can be made smooth, Fig. 5.17a, or
with periodic fluctuations in thickness, that is, “rough,” as indicated by Fig. 5.17b.
We note that the height of Region 2 in Fig. 5.17b is, in real nanotube arrays, actually
much smaller than that of Region 1; however, a comparable size is given to this
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Fig. 5.15 FDTD simulated (a) transmittance, and (b) absorbance of TiO, -based DSC as a
function of pore inner diameter (pore size) [91]
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Fig. 5.16 FDTD simulated (a) transmittance, and (b) absorbance of TiO,-based DSC as a function
of barrier layer thickness [91]

Fig. 5.17 The FDTD models g b d;
for a: (a) “smooth” TiO,

nanotube, and (b) “rough” 4/ /ﬂ _—
TiO, nanotube [91] 7
a| 1
. - -
2
g 2
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region for the ease in performing the simulations. We define the surface roughness
by term g that gives the difference in the thickness of the two regions.

Figure 5.18a and b plots, respectively, the change in transmittance of a cell on
changing the value of surface roughness factor g from 0 (smooth) to 4 nm with L=
1,000 nm, w=22 nm, d,= 100 nm. For the sample with g=2 nm, a; =a,=8 nm and
dy =14 nm; for the sample with g=4 nm, a;=12 nm, a,=4 nm and d; =14 nm.
Note that by adjusting a;, a,, and d;, the total volume of the “rough” TiO,
nanotubes was made identical to that of the “smooth” nanotubes regardless of the
surface roughness. By calculating the dye surface in each FDTD model, it was
found that increasing g from zero to 2 nm increased the dye coverage by 12%, while
increasing it to 4 nm increased the dye coverage by 36%. From Fig. 5.18, it is
evident that the enhancement of light absorption corresponds to the increase in dye
coverage at higher surface roughness.
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Fig. 5.18 FDTD simulated (a) transmittance, and (b) absorbance of TiO, -based DSC as a
function of surface roughness [91]

5.6 Liquid Junction DSCs

5.6.1 Transparent TiO, Nanotube Arrays on FTO Coated Glass:
Front Side Illumination

Figure 5.19 illustrates the DSC front sided illumination geometry in cross-section.
Anodically grown TiO, nanotube array films 360 nm to 4.0pum thick were formed
by anodizing Ti films sputter deposited on FTO coated glass [97, 98]. Short
nanotubes were synthesized at 10 V in an electrolyte of 0.5% HF+acetic acid
mixed in a 7:1 ratio while the long nanotubes were made in fluoride ion containing
ethylene glycol organic solvent. These nanotubes were crystallized by a 450°C
anneal in oxygen for 3 h. Prior to their use, the annealed short tubes were placed in a
0.2M TiCly solution for 60 min at room temperature to 100°C within airtight
bottles, then rinsed in water and ethanol and finally annealed in air at 450°C for
30 min. Electrode spacing was ensured by the use of 25 um thick sheets of SX1170
hot melt film (Solaronix). The nanotube samples were immersed overnight in
0.3 mM N719 (commercially available ruthenium based dye RuL,(NCS),:2TBA,
from Solaronix) in ethanol or ethanol+acetonitrile (1:1) solution. The electrolyte
contained 0.5M Lil, 0.05M I,, 0.6M N-methylbenzimidazole, 0.10M guanidinium
thiocyanate, and 0.5M tert-butylpyridine in methoxypropionitrile (MPN). A con-
ductive glass slide sputter-coated with 25 nm of Pt was used at the counter electrode
in the fabricated DSCs. A drop of electrolyte was placed on dye-sensitized region
before placing the counter electrode and clamping. Excess electrolyte coming out
from the cell is wiped with a cotton swab before cell testing. Alternatively, the
electrolyte can be introduced into the assembled DSC, by vacuum backfilling
through a subsequently filled hole.
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Figure 5.20 shows the current-voltage characteristic of an illustrative 0.4 cm?
device under AM-1.5 illumination (150 W or 400 W Oriel Solar Simulator) [97]. At
100% sun, 3,600 nm thick nanotube array DSCs exhibit a J,. of 10.3 mA/cm?, a Voe
of 0.84 V and a fill factor (FF) of 0.54, with an overall conversion efficiency of 4.7%.

We note that the relatively short nanotube array films result in considerably less
photoabsorption than, for example, the current DSC standard of a 10 pm thick layer
of TiO, nanoparticles. A factor for improvement is the fill factor, which is reduced
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with increasing series resistance. The series resistance will be increased, and ff
reduced, with increasing barrier layer thickness. The barrier layer thickness can be
reduced using a step-wise reduction in the anodization voltage [99], followed as
needed by an acid rinse to further thin the barrier layer. Yang and co-workers
reported low photoconversion efficiency in TiCly treated 680 nm long TiO, nano-
tubes/FTO glass tested under 100 mV/cm? (AM 1.5) illumination [100], due to the
barrier layer thickness and poor annealing conditions.

Figure 5.21 shows the performance of a solar cell constructed by sensitizing a
TiCly-treated 1 um long transparent nanotube array with N-719 [101]. These
nanotubes were crystallized at 400°C for 4 h in oxygen ambient and then at
450°C for 30 min, with a furnace temperature ramp rate of 1°C/min. The crystal-
lized tubes were treated with 0.05M TiCl, solution for 15 h, then baked at 70°C for
30 min in airtight bottles. Subsequently, these samples were rinsed with water and
ethanol and annealed in air at 450°C for 30 min.

Donor antenna dyes provide an exciting route to improving the efficiency of dye
sensitized solar cells owing to their high molar extinction coefficients and the
effective spatial separation of charges which decelerates the recombination of
photogenerated charges. The donor-antenna dye cis-di(thiocyanato)(2,2’-bipyridyl-
4. 4'-dicarboxylic acid)-(2,2'-bipyridyl-4,4’-bis(vinyltriphenylamine) ruthenium(II)
(from here on referred to as Ru-TPANCS) contains the electron rich donor
triphenylamine linked to the bpy by a conjugated vinyl spacer. The molecular
structures of the Ru-TPA-NCS donor-antenna dye and the commercially available
N719 dye (Solaronix, Switzerland) are shown in Figs. 5.5 and 5.22, respectively.
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Fig. 5.21 Photocurrent-voltage characteristics of a TiCly-treated 1 pm long transparent nanotube
array DSC using N-719 dye under AM 1.5 illumination [101]
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Fig. 5.22 Molecular structure
of Ru-TPA-NCS [101]

Table 5.1 Absorption peaks and peak molar extinction coefficients of N719 and Ru-TPA-NCS
dyes measured in solution [101]

Dye )\fmax 1 & }‘/max2 & }‘/max3 &3
N-719 309 46400 378 11500 514 11700
Ru-TPA-NCS 307 58300 423 54500 526 24500

The extended 7 electron delocalization in the bpy ligand that results enables the
donor-antenna dye molecules to have molar extinction coefficients more than twice
that of the commonly used N719 dye [102]. Furthermore, unlike in N719, the
highest occupied molecular orbitals (HOMO) of Ru-TPA-NCS are spread over
the triphenyl amine moieties [103, 104]. The increased separation of the HOMO
orbitals from the TiO, surface has been shown to retard the recombination process
at the TiO,—dye interface and at the TiO,—hole conductor interface in solid state
solar cells [105]. The procedures for the synthesis of the donor-antenna dye have
been detailed elsewhere [105].

In films sensitized by molecular dyes, the thickness of the nanostructured TiO,
film needs to be at least 10 pm to harvest the maximal amount of incident photons
[96]. The absorption characteristics and molar extinction coefficient of a dye play a
crucial role in determining the performance of a dye-sensitized solar cell. Table 5.1
gives the absorption peaks and the corresponding molar extinction coefficients of
both dyes, Ru-TPA-NCS and N719. The unprecedented optical density values of
Ru-TPA-NCS are the highest reported for (bipyridyl)Ru(II)-dyes, significantly
greater that of the N719 dye. The donor-antenna dye Ru-TPA-NCS exhibits 4-5
times higher molar extinction coefficient than N719 at 400 nm [102]. Because of the
much higher molar extinction coefficient of the Ru-TPA-NCS dye, a much lower
film thickness should suffice to harvest a similar amount of incident photons. We
employed vertically oriented TiO, nanotube arrays in conjunction with the Ru-
TPA-NCS donor-antenna dye to fabricate liquid junction DSCs. TiO, nanotube
array electrodes sensitized with Ru-TPA-NCS dye had significantly higher optical
absorption than the N719 coated sample across the entire solar spectrum with an
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absorbance more than twice that of the N719 dye at 470 nm, which corresponds to
the wavelength of maximum irradiance in the solar spectrum.

Various TiO, nanotube array samples were sensitized with N719and Ru-TPA-
NCS by immersing them overnight in their respective dye solutions. The dyes were
then desorbed from their respective dye-coated electrodes into methanolic KOH
containing 50 vol% N,N’-dimethylformamide (DMF). From the amount of des-
orbed dye, the dye surface coverage was determined with the results shown in
Table 5.2. The similar values of the surface coverage confirm that the increased
optical density of the Ru-TPA-NCS coated samples arises from the higher extinc-
tion coefficient of the dye. Table 5.2 also indicates that the surface coverage of the
dyes on 1 um long transparent nanotube arrays is relatively poor, increasing by
nearly a factor of 4 with the TiCl, treatment. Frontside illumination was employed
using 1 pm long transparent nanotube arrays on fluorine-doped tin oxide (FTO)
coated glass with an average pore diameter of 100 nm. The TiCl, treatment appears
to improve bonding between the TiO, and the dye, resulting in better charge
injection [106]. The TiCl, treated transparent nanotube arrays were sensitized
with Ru-TPA-NCS dye and used to fabricate solar cells. With transparent nanotube
arrays, the commercially available redox electrolyte MPN-100 (Solaronix) contain-
ing 100 mM of tri-iodide in methoxypropionitrile was used. A conductive glass
slide sputter-coated with 80 nm of platinum was used as the counter-electrode for
the transparent nanotube array-based solar cells, which were subjected to front-side
illumination, where light is incident on the TiO, nanotube array after passing
through the FTO coated glass. In Fig. 5.23, we see that a 1 pm long TiO, nanotube
array yields a short circuit photocurrent density of 10.1 mA/cm?, an open circuit
potential of 743 mV, and a fill factor of 0.55 resulting in an overall conversion

Table 5.2 Surface coverage on TiO, nanotube arrays of N719 and Ru-TPA-NCS deter-
mined by dye desorption [101]

Nanotube type N-719 (nmol cmfz) Ru-TPA-NCS (nmol cm72)
1 pm transparent 3.68 5.76
1pm transparent (TiCly treated) 17.3 20.5
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efficiency of 4.1%. While the use of N719 results in slightly larger values of the
open circuit potential, the short circuit photocurrent density J,. is nearly half that
obtained with Ru-TPA-NCS sensitization because of the smaller amount of light
harvested.

The action spectra of the transparent nanotube array-based solar cells are shown
in Fig. 5.24; overlap integrals of the solar cell AM 1.5 global solar irradiance action
spectra provided a good match to the values of short circuit photocurrent shown in
Fig. 5.23. Examination of the action spectrum of the front side illuminated solar cell
reveals how a 1 pum thick film of TiO, nanotube arrays is able to generate 10 mA/cm*
of photocurrent under AM 1.5 illumination. At 423 nm, close to the observed IPCE
maximum for this solar cell, the molar extinction coefficient of Ru-TPA-NCS is high
54500M71, more than 5 times the value for N719, thus enabling the achievement of
80% conversion of incident photons at this wavelength into electrons.

Park and co-workers demonstrated the fabrication of DSCs, of very small active
areas 0.03-0.15 cm?, using freestanding TiO, nanotube arrays [107]. This method
of nanotube fabrication is composed of four steps: (i) growth of TiO, nanotube
arrays on Ti foil, (ii) detachment of the nanotube arrays, (iii) transfer and fixation of
nanotube arrays on FTO glass, and (iv) thermal annealing. For the first step, TiO,
nanotube arrays with a length from 7 to 35 um, pore size 130 nm, and wall thickness
15 nm were made by the anodization of Ti foil at 60 V in 0.25 wt% NH4F and
2 vol% H,O containing ethylene glycol for different durations. Separation of the
nanotube array films from the metallic Ti foil was achieved by immersing the
sample in 0.1M aqueous HCI for 1 h. In the next step, films were transferred onto
FTO glass (or 0.04M TiCl, solution treated FTO glass), and two drops of 100 mM
titanium isopropoxide were subsequently placed on the films to form interconnec-
tions between FTO glass and nanotube arrays film. The whole assembly was then
annealed at 500°C for 30 min in air, with heating and cooling rates of 1°C/min. For
dye sensitization, the samples were immersed in a 0.3 mM N719 ethanol solution
for 4 days. The redox electrolyte used for solar cell testing was composed of 0.6M
butylmethylimidazolium iodide, 0.03M I, 0.1M guanidinium thiocyanate and 0.5M
4-tert-butylpyridine in a mixture of acetonitrile and valeronitrile (v/v, 85:15).
The photocurrent and photovoltage of the DSCs (35um tube length on untreated
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and TiCly treated FTO glass) were measured under solar simulated AM 1.5 light
produced by a 1,000 W xenon lamp, see Fig. 5.25. The plot exhibits a short-circuit
current density of 16.8 mA/cm?, an open-circuit voltage of 0.73 V and a fill factor of
0.62, with an overall conversion efficiency of 7.6% for the treated substrates.
Figure 5.26 compares the current-voltage properties of the TiO, nanotube based
DSCs as a function of film thickness. While Park reports high photoconversion
efficiencies, the small sample size of the DSCs must be kept in mind.

5.6.2 TiO, Nanotube Arrays on Ti Foil: Back Side Illumination

Figure 5.27 is an illustrative drawing of the nanotube array backside illuminated
DSC structure, using nanotube arrays on Ti foil substrates.

Highly ordered TiO; nanotube arrays (~6 um length, ~110 nm pore size, ~20 nm
wall thickness) were grown by anodic oxidation of titanium in KF-based electrolyte
(25 V, pH 5.0) and then crystallized by oxygen anneal at 580°C for 6 h. Unlike
nanocrystalline electrodes where pore interconnections ensure an escape route for
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Fig. 5.27 Schematic diagram of back side illuminated nanotube array dye solar cell [108]

trapped air, the nanotube array geometry consists of nanotubes sealed at one end by
the underlying barrier layer. This raises the concern that air trapped inside the
nanotube may not pass out of the tube due to surface tension of the electrolyte. The
nanotube samples were immersed overnight in 0.3 mM solutions of N-719 in
acetonitrile. The electrolyte contained 0.5M Lil, 0.05M I,, 0.6M N-methylbenzi-
midazole, 0.10M guanidinium thiocyanate, and 0.5M tert-butylpyridine in methox-
ypropionitrile (MPN). A conductive glass slide sputter coated with 1.3 nm of DC
sputtered Pt was used at the counter electrode in the fabricated cells. The electrodes
were spaced and sealed by 25pum thick sheets of SX1170 hot melt film. The
electrolyte was introduced with the help of two holes in the sealed film by capillary
action, after which the holes were sealed using SX1170 film from Solaronix. The
photocurrent density photovoltage performance of an illustrative device, 0.4 cm?
active surface area, under simulated sunlight at AM 1.5 (100 mW/cm?) is shown in
Fig. 5.28 [108]. The TiCly treated nanotube array DSC, infiltrated with N719 in
acetonitrile, exhibits a Jy. of 15 mA/cm?, a V. of 0.842 V and a Jf of 0.43 to produce
an overall conversion efficiency of 5.44%. Maximum power of 5.44 mW/cm? is
delivered at =~/[,,,,=10.4 mA/cm? and Vimax=0.53 V. Clearly, the device suffers
from a low ff, which we believe is largely due to a relatively thick barrier layer. The
annealing step used to crystallize the nanotube arrays can significantly increase the
barrier layer thickness, up to ~1 um [109]. Compared with the use of acetonitrile,
using ethanol to infiltrate the N719 resulted in a decrease of short-circuit current
density and open-circuit voltage by about 25%. This is directly attributed to the
differential adsorption of dye molecules [110].



5.6  Liquid Junction DSCs 247

16 6
(‘rN
g 1 {5 «
S £
2 12 k5
g {4 &
IR g
.5 :
=1 =
g 8 43 =
:
= 5 a
g 2
Z . !
~

0 L 1 L 1 0

0 0.2 0.4 0.6 0.8 1

Potential (V)

Fig. 5.28 Current—voltage characteristics of back-side illuminated 6.0pm TiO, nanotube array
solar cell under 1 sun AM 1.5 illumination when sensitized by a 0.3 mM solution of N719 dye in
acetonitrile. The active surface area is 0.4 cm? [108]

From dye desorption measurements, the surface coverage of dye in the back side
illuminated 6 pm long nanotube samples was determined to be 50 nmol/cm?. Light
harvesting efficiency (LHE) is a measure of the fraction of light absorbed by the dye
sensitized photoelectrode and is calculated using (5.7). The number of moles of
sensitizer per square centimeter of projected surface area of the film was found to be
5% 10~*mol/cm®. At 535 nm, the absorption maximum of the N719 dye, the dye
has an absorption cross-sections equal to 1.42 x 10’ cm?/mol. This results in a LHE
at 535 nm of 80%, and 56% at the wavelength of half-maximum height [96].

Titania nanotube arrays were grown by anodic oxidation of titanium foil at 20 V
for 24 h in an electrolyte comprised of 8 wt% t-butyl ammonium fluoride in
formamide. The resulting nanotube arrays were thoroughly washed with isopropyl
alcohol, then immersed in a dilute HCI (0.1M) solution for 1 h to remove any
unwanted deposits and surface impurities introduced during the anodization, then
washed with deionized water and dried in an oven at 100°C. The length of the
resulting nanotube array was approximately 20um. The nanotube array samples
were crystallized by annealing in oxygen at 580°C for 3 h, with heating and cooling
rates of 1°C/min. The crystallized nanotubes were immersed in 0.1M TiCly, solution
for 24 h at room temperature, then rinsed in deionized water and annealed at
450°C for 30 min. After cooling to 80°C, the TiO, electrodes were immersed
into N719 dye solution, 0.3 mM cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-
dicarboxylato)-ruthenium(II) bis-tetrabutylammonium in a mixture of acetonitrile
and ethanol (v/v,1:1), and kept at room temperature for 48 h under partial vacuum.
The electrolyte contained 0.6M butyl methyl imidazolium iodide (BMII), 0.01M I,,
0.5M N-methylbenzimidazole, 0.1M guanidinium thiocynate in methoxypropioni-
trile (MPN). Counter electrodes were prepared by sputter coating a platinum layer
of 0.6 nm thickness on FTO coated glass (TEC 15 /0O, 2.3 mm thick, Hartford
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Glass Company). A 25um thick sheet of SX1170 hot melt film was used as the
electrode spacer. The electrolyte was placed on the dye coated region, then the
counter electrode clamped over it. Figure 5.29 shows the resulting photocurrent and
power densities generated by the solar cell under AM 1.5 illumination. An overall
photoconversion efficiency of 6.89% is achieved, with an open circuit voltage of
0.817 V, short circuit current density of 12.72 mA/cmz, and fill factor of 0.663,
representing a typical device performance out of perhaps 30 solar cells fabricated
using nanotube array electrodes of approximately 20pum length [111]. Current-
voltage characteristics of a back side illuminated solar cell fabricated using
14.4 pm long nanotube arrays sensitized with Ru-TPANCS is shown in Fig. 5.30.
The cell showed a short circuit photocurrent (/) of 13.44 mA/cm?, an open circuit
potential (V) of 723 mV, and a fill-factor of 0.63 resulting in an overall conversion
efficiency of 6.1% [101].

Kuang et al. report the use of TiO, nanotube array films as the photoanode for
ionic liquid electrolyte-based rigid and flexible dye-sensitized solar cells [112,
113]. Here, nanotube arrays of three different lengths 5, 7, and 14 um were prepared
at 35 V in a solution of 0.25 wt% NH4F and 0.75 wt% H,O in ethylene glycol. The
as-prepared nanotube samples were soaked in 0.04M aqueous TiCly solution for
30 min at 70°C, rinsed with water and ethanol and then annealed in air at 500°C
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Table 5.3 DSCs performance parameters on different TiO, nanotube length with Pt/FTO-Glass or
Pt/ITO-PEN as the counter electrode. Cells were tested under AM 1.5 Full Sunlight Illumination
(100 mW/cm?) and the active area of the devices with a metal mask is 0.158 cm? ([112]; Copyright
2008 American Chemical Society. Reprinted with permission)

TiO, nanotube length (um)  Counterelectrode  J,. (mA cmfz) Voe (mV) FF n (%)

5 Pt/FTO-glass 4.95 763 0.666 2.52
7 Pt/FTO-glass 5.58 759 0.675 2.86
14 Pt/FTO-glass 6.11 743 0.725 3.29
14* Pt/FTO-PEN 8.99 709 0.561 3.58
14 Pt/FTO-PEN 7.80 705 0.58 3.19

“denotes open cell

for 3 h. The sintered nanotubes were sensitized in 0.3 mM solution of a novel
indoline organic dye denoted as D205 [114] in acetonitrile and tert-butyl alcohol
(volume ratio 1:1) for 16 h. The binary ionic liquid electrolyte for the DSC
contained 0.05M I,, 0.5M N-butylbenzimidazole (NBB), 0.1M guanidinium
thiocyanate (GuNCS) in a mixture of 65 vol% PMII and 35 vol% EMIB(CN),
[115, 116]. Pt/FTO-glass or Pt/ITO-polyethylene naphthalate were used as the
counter electrode for rigid or flexible solar cells, respectively. For rigid cells, Surlyn
was used as the spacer layer. In the fabrication of flexible DSCs, a drop of
electrolyte was placed on top of dye sensitized TiO, nanotube array, and then the
flexible counter electrode (Pt/ITO-PEN) was gently placed on top of the electrode.
DSC performance using the different counter electrodes is shown in Table 5.3.

DSCs prepared with Pt/FTO-glass and Pt/ITO-PEN as the counter electrode
were characterized using electrochemical impedance spectroscopy, in the dark at
an applied potential bias of —0.7 V [117]. The reaction resistance of the counter
electrode was analyzed by equivalent circuit software. The series resistance (R;)
was approximately 8.9 Q for rigid solar cells (Pt/FTO-glass), and 49.6 Q for flexible
solar cells (Pt/ITO-PEN). Further, the interface resistance of Pt/electrolyte (Rp)
was 4.6 Q and 62.4 Q for Pt/FTO-glass and Pt/ITO-PEN, respectively. Higher series
resistance lead to lower fill factors in the flexible solar cells.

Lin et al. used Pt coated ITO/PET as counter electrodes in the assembly of
flexible backside illuminated solar cells, using a redox electrolyte containing 0.5M
Lil, 0.05M I,, and 0.5M tert-butylpyridine in dry acetonitrile [118]. Their 24 um
thick TiO, nanotube/Ti foil based DSCs exhibits V,.=0.751 V, I,,.=11.12 mA/
cm?, FF=0.51, for an overall photoconversion efficiency of 4.3%. Wang and co-
workers fabricated back side illuminated DSCs using 1 and 2um long TiO,
nanotubes [119]. These nanotubes were prepared at 25 V in KF based buffered
solution (pH 2—4) and then annealed at 450°C for 3 h in air or ammonia. Annealed
samples were soaked in N3 dye [cis-bis(isothiocyanato) bis(2,2-bipyridyl-4,4'-
dicarboxylato)-ruthenium (II)] solution (20 mg N3 in 100 ml ethanol) for 2 h at
80°C and then 15 h at room temperature. Platinum coated glass was used as the
counter electrode. PMI-50 electrolyte (Solaronix) was used, with spacer layers of
25 and 60pm (SX1170-25, SX1170-60) for electrode separation. The device area
was 0.785 cm?. In their cell performance, it was observed that the short circuit
current density increases with tube length due to the higher quantity of the dye
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adsorbed on the longer tubes leading to improved photon absorption and carrier
generation. It was also observed that the spacer layer thickness significantly
affects the device performance. Thicker spacer layers increase the series resistance
[120] and, hence, resulted in reduced short circuit current density and reduced fill
factor.

Stergiopoulos et al. reported 0.85% efficiency under AM 1.5 illumination in
N719 dye sensitized 20 um TiO, nanotubes using a composite polymer electrolyte
[121]. This electrolyte consisted of the usual I"/I3~ redox couple dissolved in
acetonitrile, which solidifies (after evaporation of the organic solvent) by the
addition of a polymer (polyethylene oxide: PEO; MW =2 x 10°) and a filler (TiO,
nanoparticles, Degussa P25).

In an interesting report by Yip and co-workers, an interconnected network of
TiO, was formed inside the TiO, nanotubes [122]. Here, nanotubes were formed
at 30 V in anhydrous ethylene glycol containing 0.25 wt% NH4F and were
annealed at 450°C for 3 h first in air and then in ammonia. A TiO, network
structure was formed within the tubes by the immersion of the film in a precursor
solution, described below, at 80°C for 30 h. After rinsing with toluene, the sample
was annealed at 400°C for 5 h in air with a 1°C/min ramp. The precursor solution
prepared by mixing 1% w/v toluene solution of poly(styrene-b-ethylene oxide)
(PS-b-PEO, with polydispersity 1.05 and average molecular weight of 62,500 g/
mol and weight ratio of 80:20 PS:PEO) aged overnight, and a solution of 2.5% w/v
titanium tetraisopropoxide (TTIP) in toluene. The PS-b-PEO and TTIP solutions
were mixed in a 40:60 volume ratio to obtain a porous layer [123, 124]. This was
followed by immersing the nanotube substrates into a 0.2M TiCl, solution at
room temperature for 1 h. Samples were then washed in water and ethanol and
finally annealed at 450°C for 30 min. These nanotubes were then sensitized with
N719 solution in acetonitrile at 80°C for 15 h and then for 30 min at room
temperature. The result was back side illuminated DSC photoconversion efficien-
cies in the range of 1.6-2.2% under AM 1.5 illumination. Yang and co-workers
made nanotube array films in N,N-dimethyl formamide electrolyte containing
0.5 wt% HF and sensitized them after crystallization (anneal at 400°C for 3 h)
by immersion in a 0.3 mM ethanol solution of Indoline dye D102
(C37H30N,05S,, Shanghai Green Technology Co. Ltd) for 15 h [117]. The
electrolyte was comprises 0.3M Lil, 0.03M I, and 0.5M TBP in an acetonitrile
solution. With an active area of 0.16 cmz, under AM 1.5 solar condition, they
observed a short-circuit current density of 2.49 mA/cm?” and open circuit voltage
of 0.595 V.

Xie et al. performed a systematic study on the effects of anodization parameters
on the photovoltaic performance of the resulting DSCs [125]. Ti foil samples were
anodized in a mixture of ethylene glycol and DI water (100:2) containing 0.3 wt%
NH4F, in the voltage range 10-60 V for 4 h. After anodization, the samples were
rinsed in DI water, ultrasonicated in 0.1M HCI for 30 s and dried by nitrogen gas
and then annealed at 450°C for 3 h in air. After cooling the samples to 80°C,
nanotubes were dropped in 0.5 mM N3 in acetonitrile/ethanol (1:1) for 20 h.
A 25 pm thick SX1170 hot melt film was used as a spacer. Platinum coated
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transparent glass (Dyesol) was used as a counter electrode, and a highly stable
electrolyte (HSE, Dyesol) based on 3-methoxypropionitrile was used for the back
side illuminated DSCs. The variation of pore diameter and tube length as a function
of anodization voltages is shown in Fig. 5.31. The AM 1.5 100 mW/cm?” photocur-
rent—voltage characteristics of the nanotube array based DSCs are shown in
Fig. 5.32, based on nanotubes anodized at 20-60 V for 4 h (device area 0.5 cm?).
The DSC short-circuit current densities using 20 and 30 V anodized nanotubes were
found to be smaller than the nanoparticle films, due to a considerably smaller surface
area as confirmed by desorption experiments (20 V: 1.75 x 10~ *mol/cm?; 30 V:
5.9 x 1078m01/cm2). For a fixed anodization time of 4 h, the short-circuit current
density and photoconversion efficiency increased with the anodization voltage.
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5.6.3 Charge Collection Properties

Open-circuit photovoltage decay (OCVD) measurements were employed to inves-
tigate the charge collection properties of various DSCs. OCVD measurement
consists of turning off the illumination at steady state and then monitoring the
subsequent decay of the open circuit photovoltage V. [126]. In this case, the dye
coated solar cells were exposed to AM 1.5 illumination for 100 s in a dark room
before turning off the illumination. Transient values of the open circuit potential
were measured as a function of time for 400 s after the illumination was turned off.
Assuming electron recombination occurs only with the electrolyte, the potential
dependent electron lifetime 7,(V,,.) (response time) is given by the reciprocal of the
derivative of the decay curve normalized by the thermal voltage [127]:

(5.19)

Tn

e dt

—KgT [dvoc] -

The thermal energy is given by KgT, e is the positive elementary charge, and
dV,/dt is the derivative of the open circuit voltage transient. Appropriate use of
(5.19) assumes that recombination occurs only with the electrolyte [128]. The Vo
transient was recorded during relaxation from an illuminated quasi-equilibrium
state to the dark equilibrium for the back-side and front-side illuminated DSCs;
these data, and for comparison the response time data for TiO, nanoparticles (front-
side illuminated) from [126], are shown in Fig. 5.33. In comparison with reported
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Fig. 5.33 Electron lifetimes determined by open circuit photovoltage decay measurements [97]
for front and back side illuminated TiO, nanotube DSCs, as well as response times for TiO,
nanoparticle DSC replotted from [126]
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open circuit photovoltage decay measurements of nanoparticulate TiO, based
DSCs [126, 128], the nanotube-arrays exhibit superior recombination characteris-
tics. The longer lifetimes seen in the nanotube-array films indicate relatively fewer
recombination centers. If the recombination rate is non-linear, its dependence on
the free electron concentration may be expressed as R=—kn”, where k, is the
recombination rate constant, and n is the free electron concentration [129]. The
effective recombination order f, given by 1+dr,/dr where tn is the electron
lifetime, has been found to be nearly constant and is, hence, a convenient way to
describe the lifetime dependence in DSCs [126, 127]. The recombination parameter
f, 14dz,/dt of the nanotube-array samples, is constant at about 1.2, vs. 1.3-1.6 as
reported for the nanoparticulate DSCs, indicating a smaller open circuit voltage
dependence of the electron recombination rate in the nanotube-arrays.

The data of Fig. 5.33 indicate that backside illuminated nanotube arrays resting
atop a Ti thick film have superior charge transfer properties than their FTO
connected counterparts [97]. It was believed that this difference in charge transfer
properties is due to differences in the back contacts, TiO, to FTO vs. TiO, to Ti, and
crystallinity, since the transparent nanotube array films are limited to lower tem-
perature anneals to retain the integrity of the FTO layer and, hence, are not as well
crystallized as their foil counterparts [130].

Using OCVD measurements Shankar and co-workers found that the transition
probability for electron transfer from Ru-TPA-NCS coated TiO, nanotubes to the
electrolyte ionic species is lower than that for N-719 [101]. At first glance, this is
somewhat counter-intuitive; since the size of the Ru-TPANCS molecule is larger
than N-719, the self-assembled monolayer forms on the TiO, surface would be
expected to be less well packed than N-179 because of the steric hindrance from the
additional bulky triphenylamine groups. The resulting gaps in the Ru-TPA-NCS
monolayer would provide less blocking behavior and allow easy access for the
electrolyte ions to the TiO, surface. Yet, the work of Shankar and co-workers
indicates the slope of the response time plot to be much higher for Ru-TPA-NCS
with lifetimes approaching 100 s at low V¢ values [101]. One possibility is that the
Ru-TPA-NCS forms a more closely packed layer than N-719. Alternatively, we
surmise that (a) even though the Ru-TPA-NCS layer is less closely packed, the
nonpolar TPA end groups may provide similar or better blocking action against
electrolyte ionic species, and (b) the consequent larger spatial separation between
the TiO, surface and the electrolyte ions due the larger size of the donor antenna
molecule results in a lower transition probability. Additionally, dipole effects at the
interface caused by the donor antenna dye may also play a role here in determining
the charge transfer and recombination dynamics.

5.6.4 Electron Transport and Recombination Properties

Frank and co-workers studied the dynamics of electron transport and recombination
in dye-sensitized solar cells incorporating vertically oriented TiO, nanotube arrays
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using frequency-resolved modulated photocurrent/photovoltage spectroscopies
[131]. The transport and recombination properties of the nanotube and nanoparticle
films used in the DSCs were determined and compared. While both morphologies
had comparable transport times, recombination was slower in the nanotube films
implying significantly higher charge-collection efficiencies in nanotube based
DSC:s than their nanoparticle based counterparts [131].

In the work of Frank [131], TiO, nanotube arrays 1.9 to 5.7um in length
were prepared by anodizing Ti foils in 0.5 wt% NH,F in glycerol [132] at 20 V for
16-70 h. Nanotubes were crystallized by annealing in air at a relatively low
temperature of 400°C for 3 h. Dye sensitization of nanotubes with N719 were
performed in the same method as for nanoparticle films, described in [133]; the
amount of adsorbed N719 was measured by optical absorption of the desorbed dye.
Anatase TiO, nanoparticle films were made on top of Ti foils via doctor blading, and
the resulting films sintered and stained using the same procedure described for the
nanotubular films. The average particle size in the resulting film was 24 nm with film
thicknesses ranging from 2.5 to 7.3um, and a porosity of 63% [133]. The redox
electrolyte contained 0.8M 1-hexyl-2,3-dimethylimidazolium iodide and 50 mM
iodine in methoxypropionitrile. Transport and recombination properties were
measured by intensity modulated photocurrent spectroscopy (IMPS) and intensity
modulated photovoltage spectroscopy (IMVS) as described in [42, 134]. For these
measurements, the back side illuminated DSCs were probed with a modulated beam of
680 nm light superimposed on a relatively large background (bias) illumination also at
680 nm. The probe and bias light entered the cell from the counter electrode side [133].

The surface roughness factor /f (um™') and film porosity P of a hexagonal
nanotube array can be determined from nanotube parameters including pore diam-
eter d,, wall thickness w and center to center nanotube distance [/ using the
following relation [111]

21-P) 4 dy+w
w3 P

if = (5.20)

(5.21)

Using nanotube dimensions determined from FESEM images, Frank estimated a
roughness factor of 94.5um ™', a porosity of 62%, and a pore density of 3.7 x 10'°
pores/cm” [131]. Nanoparticle and nanotube films were found to have nearly same
roughness factor and dye loading, suggesting that dye coverage occurs on both the
interior and exterior nanotube walls.

Figure 5.34 shows typical IMPS and IMVS response curves for the TiO,
nanotube arrays, which display a semicircle in the complex plane, similar to that
observed for nanoparticle cells [62, 83, 135]. The collection time can be estimated
from the expression 1.= 1/27f,, where f, is the characteristic frequency minimum of
the IMPS imaginary component in Fig. 5.34a. Similarly, the recombination time
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can be determined from t,=1/2xnf,, where f; is the characteristic frequency mini-
mum of the IMVS imaginary component in Fig. 5.34b.

Figure 5.35 compares transport and recombination times for nanotube and
nanoparticle based DSCs as a function of the incident photon flux (light intensity)
Iy. The thicknesses of the nanotube and nanoparticle films (4.3 and 4.2 um, respec-
tively) in the cells were about the same. For both film morphologies, ., Fig. 5.35a,
exhibits a power-law dependence on the light intensity. It was found surprising
that the transport times 7. for both film morphologies are comparable [131] instead
of expecting that transport would have been much faster in oriented nanotube
films than in the randomly packed nanoparticle films for a given film thickness,
albeit that the nanotube arrays are not well crystallized. Because the transport
times 7. and film thicknesses L for the nanotube and nanoparticle films are similar,
it follows that the electron diffusion coefficients D for both morphologies are
also similar as determined from the expression: D=L%/2.35t. [84]. Figure 5.35b
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Fig. 5.34 Typical (a) IMPS and (b) IMVS responses in the complex plane for nanotube based
DSCs ([131]; Copyright 2007 American Chemical Society)
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shows that the recombination time constants 7, for the nanotube arrays are an
order of magnitude larger than those for the nanoparticle films over the light-
intensity range investigated [131]. The slower recombination could indicate that
fewer potential surface recombination sites exist in nanotube arrays than in nano-
particle films. Given that recombination in the nanotube films is 10 times slower than
that in the nanoparticle films and that the transport times for both film morphologies
are about the same, the charge collection efficiency 7. for nanotube electrodes,
where [83] n..= 1 — (t./1;), must be significantly greater. A calculation of the charge-
collection efficiency at the highest light intensity (6.6 x 10'® per cm?s) in Fig. 5.35
shows that 7. for the nanotube films is 25% larger than that for the nanoparticle
films, which implies nanotube films can be much thicker than nanoparticle films for
a given recombination loss. Therefore, nanotube films can be made thicker than
their nanoparticle films, which would allow for a higher light-harvesting efficiency,
especially at the long-wavelength end of the visible and in the near-infrared region.

Recombination times 7, shows little dependence on the film thickness from 1.9
to 5.7 um, which indicates that photocarriers recombine uniformly throughout film
and, consequently, that recombination losses at the TCO substrate are negligible.
This latter result was not surprising given that anodization is known to generate a
thin TiO, barrier layer [132, 136] shielding the Ti substrate from direct contact with
the electrolyte. On the other hand, transport time constant 7. unexpectedly showed a
minimal dependence on film thickness [131].

Figure 5.36 shows the short circuit photocurrent density J,. dependences of the
nanotube and nanoparticle films on film thickness at 680 nm illumination at fixed
photon flux /o of 6.6 x 10"® per cm?s. The photocurrent density was seen to increase
linearly with the thickness of both types of films. However, the rate of increase of
Jsc with L is larger for the nanotube films than for the nanoparticle films. In general,
Jsc can be approximated by the expression

Jse = empMinNeclo (5.22)
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where e is the elementary charge, 7y, is the light-harvesting efficiency of a cell, and
7inj 15 the charge-injection efficiency. Of the three parameters, 7y, is determined by
the amount of adsorbed dye, which is proportional to the film thickness for weakly
absorbed light (as is the case for 680 nm illumination), the light-scattering proper-
ties of the film, the concentration of redox species, and other factors [43]; 7. is
largely determined by the competition between recombination and charge collec-
tion [83]; 7iyj values of adsorbed N719 on the TiO, nanotubes and nanoparticles
were assumed to be the same. The slopes of the plots of J,. vs. film thickness are
primarily determined by 7. and the light scattering properties of the films. The ratio
of slopes of the plots for the respective nanotube and nanoparticle films is about 1.5,
which implies that the product of ny,n.. for the nanotube films is about 50% larger
than that for the nanoparticle films. From the respective 50% and 25% values of
MnNee and 7ee, My, of nanotube films was estimated to be at least 20% larger than that
of nanoparticle films at short circuit. Considering the comparable dye coverage and
redox electrolyte composition, the increased 7y, was attributed to enhanced internal
light scattering in the nanotube films with respect to that in the nanoparticle films.

Table 5.4 compares the photocurrent density-voltage properties of nanotube and
nanoparticle based DSCs as a function of film thicknesses under simulated AM 1.5
light [131]. At comparable film thicknesses, the photocurrent densities of the
nanotube based DSCs are larger than those of nanoparticle based DSCs while
there are essentially no substantial differences in the photovoltages. On the basis
of the longer photoelectron lifetime 7, (Fig. 5.35b) and the greater J,. (Table 5.4)
observed for nanotube based DSCs, one might expect that the larger photoelectron
densities n (n o< J. ;) [42] would give rise to a higher V. [43]. The fill factors (FF)
of the nanotube based DSCs are slightly lower than those of nanoparticle based
DSCs for comparable film thicknesses, which may be attributed to both the rela-
tively poor crystallization arising from the low temperature annealing step, and,
possibly, the series (sheet) resistance due to thermally grown oxide formed at the
nanotube/substrate interface during annealing process.

Zhu et al. observed the effect of post growth cleaning on the transport and
recombination time constants of nanotube based, back side illuminated DSCs
[137]. TiO, Nanotubes up to 6.1 um length were prepared in a solution of 0.5 wt%
NH4F in glycerol. The as-anodized nanotube films were first cleaned with water then

Table 5.4 J-V characteristics of Dye-Sensitized nanotube and nanoparticle Solar Cells under
Simulated AM 1.5 Light ([131]; Copyright 2007 American Chemical Society. Reprinted with
permission)

Film type L (um) Jse (mA/cmz) Voe (V) FF n (%)

Nanotube 1.9 4.4 0.64 0.60 1.7
32 6.6 0.63 0.58 24
43 7.8 0.61 0.57 2.7
5.7 9.0 0.61 0.55 3.0

Nanoparticle 2.5 4.6 0.65 0.69 2.1
4.2 6.5 0.63 0.63 2.6

73 7.9 0.61 0.66 3.2
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soaked sequentially in the bath of 20/80, 40/60, 60/40, 80/20, and 100/0 vol%
ethanol/water and then dried using supercritical CO, (scCO,, SPI-DRY CPD). The
nanotubes were then annealed at 400°C in air for 1 h. The resulting films were then
immersed in 0.3 mM N719 dye in ethanol for 24 h and then assembled into DSCs.
From the dye desorption measurements, the average surface area of the ethanol/
scCO, dried nanotube film was found to be 23% larger than that of the water/air
dried film [137]. At any given light intensity (/y=6.5 x 10'® per cm?s), the transport
times was found to be 43% shorter in the ethanol/scCO, dried film than in the H,O/
air dried film where as recombination times also decreased by about 23% in
ethanol/scCO, dried nanotubes than in water/air dried nanotubes [137]. From the
transport and recombination measurements, the values of 7.. at constant light
intensity for H,O/air and ethanol/scCO, dried nanotube based DSCs were
calculated to be 93% and 95%, respectively that were 3% higher for ethanol/
scCO, dried DSC than that for the H,O/air dried DSCs [137].

Jennings and co-workers studied the electron transport, trapping, and back
transfer behaviors of back side illuminated DSCs using nanotube arrays on Ti foil.
Electron diffusion lengths were estimated using a method that takes into account
that the occupancies of electron traps under open circuit and short circuit conditions
were substantially different. Their experimental results showed that the electron
diffusion length was of the order of 100 pm in TiO, nanotube array cells [138].

5.7 Polymer Based Bulk Heterojunction Solar Cells

For fabrication of an organic solar cell, the hole conducting donor-type
semiconducting polymer is commonly blended with an electron accepting
Buckminsterfullerene-type molecule, which acts as an active layer for light absorp-
tion, exciton generation and their separation into charge carriers. Various well
known donor-type polymers are: (i) derivatives of phenylene vinylene back-
bones such as poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene)
(MDMOPPV); (ii) derivatives of thiophene chains such as poly(3-hexylthiophene)
(P3HT); and (iii) derivatives of fluorine backbones such as (poly(9,9’-dioctylfluorene-
co-bis-N,N’-(4-butylphenyl-1,4-phenylenediamine) (PFB). Electron accepting mole-
cules commonly comprise PCq BM (1-(3-methoxycarbonyl) propyl-1-phenyl
[6,6]Cs;) and PC;0BM (1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C;;). Most
common organic materials used for TiO, based bulk heterojunction solar cell are
PCsoBM, PC;,BM, and P3HT, with chemical structures shown in Fig. 5.37. The
general structure used for organic solar cells is ITO/PEDOT:PSS/active layer/Al,
as shown in Fig. 5.38. Coating the ITO glass with an initial layer, via spin
coating, with poly(ethylene-dioxythiophene) doped with polystyrenesulfonic acid
(PEDOT:PSS) reduces the probability of shorting and facilitates hole injection/
extraction.

As illustrated in Fig. 5.39, the conversion of light into electricity by an organic
solar cell is described by four steps [139]: (1) absorption of a photon leading to the
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Fig. 5.39 Schematic representations of four steps involved in bulk heterojunction solar cell

formation of an excited state, which is the bound electron-hole pair (exciton)
creation; (2) exciton diffusion toward interface; (3) exciton dissociation (separation
of electron and hole) at the interface of polymer and PCBM; and (4) electron and
holes collection at their respective electrodes. Only a small portion of the incident
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solar spectrum is absorbed by organic materials. Yet because the absorption
coefficients of organic materials are as high as 10°cm, only 100 nm layers are
enough to absorb most of the photons when a reflective back contact is used [139].

Photoexcitation of organic materials leads to the formation of bound electron-
hole pairs, called excitons, with an energy between 0.1 and 1.4 eV. This strong
binding occurs because electronic wave functions in organic molecules are more
localized, and electrostatic attraction can, thus, keep the electron and hole together
as an exciton. It was estimated that only 10% of the photoexcitations could separate
into free charge carriers in conjugated polymers [140], with strong electric fields
necessary for efficient exciton dissociation. Such local fields can be supplied via
externally applied electrical fields, as well as via interfaces where photoinduced
charge transfer can occur if reached by the exciton within its lifetime. Therefore, the
bilayer film thickness is limited by the exciton diffusion length [141] which needs to
be of the same order of magnitude as the donor acceptor phase separation length.
Otherwise, excitons decay via radiative or nonradiative pathways before reaching
the interface, and their energy is lost for power conversion. Exciton diffusion lengths
in polymers and in organic semiconductors are usually around 10 to 20 nm [139].

Blending conjugated polymers with electron acceptors, such as fullerenes, is an
efficient way to break apart photoexcited excitons into free charge carriers and the
photoinduced charge transfer in such blends happens on a time scale of 45 fs, which
is much faster than other competing relaxation processes [142]. For efficient
photovoltaic devices, the created charges need to be transported to the appropriate
electrodes within their lifetime. A gradient in the chemical potentials of the
electrons and holes is built up in a donor-acceptor junction as determined by the
difference between the highest occupied molecular (HOMO) level of the donor and
the lowest unoccupied molecular orbital (LUMO) level of the acceptor. This
internal electrical field determines the maximum open circuit voltage (V,.) and
contributes to a field-induced drift of charge carriers. Another driving force can be
the concentration gradients of the respective charges, which leads to a diffusion
current; charge transport is affected by recombination during the journey to the
electrodes, particularly if the same material serves as transport medium for both
electrons and holes [141].

The use of asymmetrical contacts (low work-function metal for the collection of
electrons, and a high work-function metal for the collection of the holes) has been
put forth to create an external field at short circuit within a metal-insulator-metal
(MIM) structure [143]. Transparent indium tin oxide (ITO) matches the HOMO
levels of most of the conjugated polymers (hole contact). An evaporated aluminum
metal contact with a work function of around 4.3 eV matches the LUMO of
acceptor PCBM (electron contact) on the other side.

The difference between the HOMO level of the donor and LUMO acceptor level
leads to the maximum photovoltage achieved in bulk heterojuction based devices.
There are charge carrier losses at the electrodes lowering V., as shown in Fig. 5.40
considering P3HT as the donor and PCBM as the acceptor. Open circuit voltages
are also affected by nanoscale morphological changes in the active layer of the
polymer fullerene bulk heterojunction solar cells [144]. Small changes at the metal
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Fig. 5.40 Schematic illustration of photovoltage generated in P3HT and PCBM blend, determined
using the HOMO level of the donor and LUMO level of PCBM

to organic semiconductor interface affect the electrode work functions and, thereby,
influences the open circuit potential [145, 146].

In the ideal case, the product of the photoinduced charge carrier density and the
charge carrier mobility within the organic semiconductors determines short circuit
current, /., given by:

I = neyE (5.23)

where n is the density of charge carriers, e is the elementary charge, p is the
mobility, and E is the electric field. Here mobility is a device parameter, related
to the morphology of the organic semiconductor thin films [147—-151]. Film proces-
sing parameters such as the solvent type, the solvent evaporation (crystallization)
time, the temperature of the substrate, and the deposition method can change the
morphology [152, 153]. The fill factor depends on the mobility 1 of charge carriers
and their lifetime 7. Carrier drift length Ly, defined as Ly=ptE, must be longer than
the active layer thickness to prevent significant recombination loss [154, 155].
Hence, a higher mobility, or a thin film geometry, is necessary for the efficient
carrier extraction and improved fill factor. The series resistance should be mini-
mized to maximize the shunt resistance improving the fill factor.

Ma et al. report bulk heterojunction solar cells using P3HT and PCqBM
showing an optimistic 5% (I.=9.5 mA/cm?, FF=0.68, V,.=0.63 V) power
conversion efficiency under AM 1.5 illumination at 80 mW/cm? [156]. The device
structure used was ITO/PEDOT/P3HT:PCBM/AlL. PEDOT:PSS was spin coated
from an aqueous solution on an ITO substrate at 5,000 rpm, with a resulting
thickness of approximately 40 nm. The substrate was dried for 10 min at 140°C
in air and then moved to a glove box for spin coating of the photoactive layer. A
chlorobenzene solution, 1 wt% P3HT (10 mg/mL) plus PCBM (8 mg/mL) was spin
coated at 700 rpm on top of the PEDOT:PSS layer. A 100 nm thick aluminum film
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was deposited on top of the active layer under high vacuum, followed by a 150°C
anneal for 30 min in a glove box filled with nitrogen gas.

Using regioregular (RR) P3HT as the donor and PCBM as the acceptor [2, 157],
bulk heterojunction solar cells have shown external quantum efficiencies of around
75%, and power conversion efficiencies toward 5% [158]. It was suggested that the
high efficiency of these devices was due to microcrystalline lamellar stacking [159]
resulting in reduced recombination [160]. RR-P3HT gives a hole mobility of up to
~0.1 cm?/Vs [161, 162], with a red shift of the RR-P3HT optical absorption due to
this lamellar stacking (PCBM has an electron mobility of 2 x 10 3cm?/Vs [163]).
Further, we note that stability is a concern for organic solar cells, with protection
against oxygen and humidity required to achieve extended device lifetimes. How-
ever photodegradation of the conjugated polymer was greatly reduced in films
blended with PCBM due to efficient electron extraction.

The ideal structure of a bulk heterojunction solar cell is the one where two
phases of donor and acceptor are interspaced with an average length scale of around
10-20 nm, equal to or less than the exciton diffusion length to ensure high mobility
charge carrier transport with reduced recombination, provided a pure donor phase is
at the hole collecting electrode and a pure acceptor phase at the electron collecting
electrodes [164]. Such a well-organized nanostructure within polymer mixtures is
difficult to achieve. However, self-organization of the organic semiconducting
polymers (molecules) can be introduced by di-block copolymers [165—-167], liquid
crystalline self-organizing columns of donor acceptor phases [168], and inorganic
oxide nanotubes filled with organic semiconductors [21-24, 169]. Furthermore,
there are several nuances to the design of polymeric solar cells, such as a bulk
heterojunction consisting of fullerenes [170], inorganic semiconductor nanorods
[9], or nanocrystals [171] embedded in a polymer matrix, or an ordered heterojunc-
tion where a hole transporting polymeric film is infiltrated into a mesoporous
architecture [172] or n-type inorganic semiconductor nanowire/nanorod arrays.
Here, we emphasize the use of TiO, nanotube array films, synthesized by anodic
oxidation, for construction of polymeric solar cells.

5.7.1 TiO, Nanotubes on FTO Glass: Polymeric Bulk
Heterojunction Solar Cells

In a bulk heterojunction device, the ease of electron transfer from the semiconduct-
ing polymer to the fullerene and the intimate contact between the two materials
allows the photogenerated excitons to be efficiently separated. While this configu-
ration has provided the best reported efficiencies of up to 5.5% [173], it still suffers
from poor charge collection efficiency resulting from the inherently random inter-
penetrating network morphology and the segregation of the donor and acceptor type
phases. The poor collection efficiency also limits light harvesting by placing
constraints on the thickness of the active layer. The alternative configuration,
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namely, the ordered heterojunction, utilizes an ordered mesoporous or nanoporous
inorganic architecture but is still limited by the poor hole mobility in the polymer,
the ability to infiltrate the polymer into the mesoporous structure, and non-ideal
polymer crystallization resulting in reported efficiencies close to 1% [19, 20]. Since
the typical range of exciton diffusion lengths in polymers is 5-20 nm, the pore size
of the mesoporous architecture is typically chosen to be of comparable dimensions.
However, at these small pore sizes, the structure of the polymer inside the pores is
radically different from and inferior to bulk polymer chain packing [172]. The high
degree of n—m stacking between the polymer chains in the bulk, which enables the
delocalization of excitons over multiple chains, does not occur to a significant
extent inside small pores [172].

A schematic of our device configuration is shown in Fig. 5.41; transparent TiO,
nanotube array films on FTO coated glass are used for collecting electrons from
PCBM molecules generated upon exciton dissociation at the P3HT/PCBM inter-
face, as well as bulk heterojunctions present in polymer/organic molecule blend
[22]. Charge separation occurs at the TiO,/P3HT and PCBM/P3HT interfaces.
Figure 5.42 indicates the favorable HOMO and LUMO energies of the component
materials (P3HT/PCBM blend, PEDOT:PSS) with respect to the TiO, conduction
and valence bands and electrode work functions (FTO and gold). The dimensions of
the transparent TiO, nanotube arrays, 270 nm length and 50 nm pore size, were
chosen to allow infiltration of the active polymeric layer and allow the polymer to
form a crystal structure similar to that in the bulk. The polymer used is a blend of an
electron donor P3HT and an electron acceptor PC;oBM; a 10 mg/ml solution of
P3HT in chlorobenzene and 8 mg/ml solution of PCBM in chlorobenzene were
mixed in a 1:1 ratio using the procedure outlined by Kim et al. [158] and infiltrated
into the nanotubes. Subsequently, a PEDOT:PSS layer was deposited by spin
coating an aqueous suspension of the polymer at 5,000 rpm. The samples were
then placed on a hot plate at 170°C for 15 min to evaporate residual water and allow
diffusion of the polymer into the TiO, nanotube arrays. All spin coating and baking
steps were carried out in a nitrogen glovebox. A 50 nm film of gold was evaporated

PEDOT:PSS

TiO, nanotubes
filled with
P3HT/PCBM mixture

e

Fig. 5.41 Depiction of polymer TiO, nanotube array based solid state solar cell geometry
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Fig. 5.42 HOMO and LUMO energies of the component materials of polymer TiO, nanotube
array based solar cell

onto the devices though a shadow mask to form the top contact. The barrier layer of
compact TiO, at the bottom of the nanotube array prevents the polymer from
reaching the transparent conductive oxide contact.

A key advantage of the TiO, nanotube array electron accepting network is that it
prevents the electron donating material (P3HT) and electron accepting materials
(TiO, and PCBM) from being in contact with both anode and cathode of the solar
cell at the same time, as is the case with the conventional bulk heterojunction device
geometry. The direction of illumination and current flow in our devices is opposite
to that in conventional bulk heterojunction cells. The poor hole mobility of the p-
type semiconducting polymer and the large distance charge carriers need to travel
before being collected are the limiting factors in the performance of disordered bulk
heterojunction solar cells. To minimize the distance, charge carriers need to travel
in the hole conducting polymer to reach the hole collection contact, the thickness of
the hole conducting polymer in conventional bulk heterojunction devices is gener-
ally kept between 100 and 150 nm. However, the hole transporting polymer is
responsible for much of the charge generation due its higher absorption coefficient
with respect to the n-type material (e.g. PCBM derivative), therefore reducing the
thickness of the hole conducting polymer decreases the amount of harvested
incident light. The ordered geometry constituted by TiO, nanotube arrays affords
the charge carriers direct paths to their respective contacts. Facile hole transport
in the polymer is contingent on suitable chain aggregation to ensure delocalization
of the generated excitons, and alignment of the chains in the desired direction of
hole propagation. For regioregular P3HT infiltrated into an anodic alumina template
with vertical channels similar to the TiO, nanotube array architecture, Coakley
et al. [174] found that the mobility of the polymers in the alumina pores was
enhanced by as much as a factor of 20 due to the alignment induced by the vertical
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pore-channel confinement of the polymer chains perpendicular to the substrate.
However, in very small pores, the chains of the polymer MEH-PPV were found to
be isolated with a low polaron yield and little evidence of interchain contact [175].

The absorption spectra of TiO, nanotube arrays of two different pore sizes
infiltrated with pristine P3HT are shown along with the absorption spectra of neat
P3HT films in Fig. 5.43. The layer of P3HT on top of the nanotubes was removed so
that only the P3HT inside the nanotubes contributed to the absorption spectrum.
The absorption peak for the neat P3HT film in Fig. 5.43 occurred at 526 nm and
shifted slightly to 518 nm upon annealing. The peak position for the nanotube
arrays infiltrated with P3HT occurred at 514-515 nm indicating a small blue shift
from the neat film. The blue shift relative to the rod-like chain in an unannealed neat
film is indicative of a coiled configuration since the conjugation length is shorter on
a coiled chain [176]. Roux and Leclerc [176] found that [poly-3-(octyloxy)-
4-methylthiophene] showed a blue shift in its optical absorption maximum, which
was related to a transition from a coplanar (rod) conformation to a nonplanar (coil)
conformation by annealing at 150°C. However, the magnitude of the blue shift
noticeable in Fig. 5.43 is smaller than that reported for the infiltration of P3HT into
mesoporous structures of smaller pore sizes (<10 nm) [172].

The J-V characteristics of the fabricated TiO, nanotube array-polymer solar
cells under AM 1.5 global illumination from a calibrated solar simulator are shown
in Fig. 5.44. The short circuit density is 12.43 mA/cm?, the open circuit potential
0.641 V, and the fill factor was 0.511, resulting in an overall conversion efficiency
of 4.07%. Figure 5.45 shows the external quantum efficiency (EQE) plot of the
nanotube array-polymer double heterojunction solar cells. A maximum EQE of
80% was seen at 538 nm. When adjusted for the photonic losses, which include an
~15% absorption loss due to the FTO coating and glass substrate, the reflection
losses at the FTO-TiO, interface, and the FTO-glass interface, the conversion of
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incident photons at the absorption peak wavelength into collected electrons is
nearly quantitative. The position of the EQE maximum at 538 nm is different
from conventional bulk heterojunction cells where it occurs close to 500 nm
[173], a difference we believed attributable to the device geometry and stacking
order of the absorbing layers.

5.7.2 Solar Cell Fabrication and Performance

In the conventional bulk heterojunction solar cell, the device structure is: ITO/
PEDOT:PSS/P3HT-PCBM blend/LiF or TiO, nanoparticles films/Al, with light
incident upon the ITO side of the device. The layer arrangement in our so-called
“inverted” configuration, Fig. 5.41, is FTO/TiO, nanotubes/P3HT-PCBM/PEDOT:
PSS/gold, with illumination from the FTO side. The active layer thickness in these
devices should be in the range of 150-250 nm due to the limited electron and hole
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mobilities of the active layer. The presence of PCBM at the interface with P3HT
helps in photogenerated exciton dissociation, which is excellent compared to other
n-type inorganic and organic semiconductors currently known. The inverted con-
figuration has numerous benefits, including: (1) The conduction band position of
TiO, is just below the LUMO energy level of PCBM for efficient extraction of
electrons from PCBM received from the interface of P3HT/PCBM. (2) The nano-
tube array architecture enhances the interfacial contact area between TiO, and
P3HT and/or PCBM of the active blend layer, which implies higher electron
collecting surface area and improvement in electron extraction property. (3) A
thin, conformal coating on the nanotubes could be infiltrated, at its core, with a
hole extracting/injecting material such as PEDOT:PSS. In this way the nanotube
lengths can be increased beyond the critical thickness of active layer increasing
light absorption. (4) The inverted configuration has PEDOT:PSS on top of the
active blended layer of P3HT/PCBM, which acts as a protective cover slowing
down oxidation and humidity related degradation of the polymers. (5) With the
inverted geometry light passes through the UV absorbing TiO, before reaching the
active layer region. (6) Compared with a conventional bulk heterojunction device
design, since the incident light does not have to pass through a PEDOT:PSS layer
with the inverted geometry light absorption is increased in the 600 to 750 nm
region.The solubility of PC;(BM in O-DCB is quite high, about 70 mg/mL,
whereas in comparison only 40 mg/mL of PC;,BM can be dissolved in chloroben-
zene. To infiltrate the polymer inside the nanotubes, we wet the nanotube surface
with O-DCB such that the nanotubes are filled with solvent removing any of the air
bubbles within the nanotubes. The nanotubes are then coated with concentrated
P3HT/PC,,BM solution, then the sample slowly spun to low rpm with the intention
to mix the O-DCB solvent, within the nanotubes, with the concentrated blended
solution. The polymer blend diffuses into the O-DCB wet nanotubes due to the
concentration gradient. The nanotube dimensions, blended solution concentration,
and spin speed are critical details and require rigorous process optimization to
achieve conformal coating. Baking the samples on hot plate at 150°C further assists
diffusion of the polymer blend into the nanotubes and polymer chain alignment.
As the solvent evaporates, the volume of polymer blend inside the nanotubes
shrinks resulting in a thin conformal polymer coating with space in the center of
the nanotube.

High quality transparent TiO, nanotube array films were synthesized by anodiz-
ing Ti films, on FTO coated glass, in an ethylene glycol organic solvent containing
NH,4F and water. Anodization duration was optimized such that the resulting as-
anodized sample had minimal residual Ti underneath the titania barrier layer. The
length of the nanotubes used for polymer based solar cells was 600-700 nm with a
pore size of approximately 40 nm. Amorphous as-anodized nanotubes were crystal-
lized by first annealing the sample at 400°C for 4 h and then at 450°C for 30 min,
with temperatures and dwell times chosen to avoid degradation of FTO layer. These
crystallized samples were wet with O-DCB with the excess solvent spun-off. P3HT/
PC,;oBM was mixed in a ratio of 1:0.8 and dissolved in DCB:CB organic solvent
mixture (from 2:1 to 4:1 and then from 1:2 to 1:4); this solution was placed on the
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wet sample and spun at 300 rpm. The sample was then enclosed within a petri dish,
heated at 150°C for 30 min, and allowed to cool. A PEDOT:PSS layer was then
spin coated from aqueous solution at 4,000 rpm for 2 min, then baked at 120°C for
8—10 min in a covered petri dish. The sample was cooled to room temperature, and
taken from glove box for DC sputter deposition of Au back contacts. Cross-
sectional image Fig. 5.46a shows the TiO, nanotube walls and tube opening coated
with polymer. Figure 5.46b shows a cross-sectional view of the full device covered
with PEDOT:PSS layer. Figure 5.47a, b shows another device fabricated under spin

MCL St 10k X30000 WO A Amm

P3HT/PCBM + TiO, NTs P3HT/PCBM filled TiO, NTs

Fig. 5.46 FESEM cross-sectional view of: (a) polymer blend filled nanotubes; (b) full device, also
showing the presence of PEDOT:PSS layer on top

P3HT/PCBM + TiO, NTs PEDOT:PSS overlayer

Fig. 5.47 FESEM images of: (a) cross-sectional view of polymer blend decorated nanotubes; (b)
top view of PEDOT:PSS coated full device
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conditions such that polymer decorated nanotubes are achieved without the
blocking of the nanotube pore allowing for PEDOT:PSS layer infiltration.

Photocurrent—voltage characteristics and the overall conversion efficiency of the
photovoltaic devices made using P3HT/PCBM coated TiO, nanotubes are shown in
Fig. 5.48. There are five curves in the J-V plot, with each curve arising from the use
of a different organic solvent to wet the nanotube surface before coating with a
concentrated P3HT/PCBM solution. Curve 1 represents the device performance of
nanotubes treated with t-butyl pyridine (TBP). TBP is a polar solvent, which easily
wets the hydrophilic nanotube surface but does not allow the polymer film to
penetrate deep within the nanotube pores with the active layer remaining close to
the tube opening. Low polymer coverage of the TiO, nanotubes results in small
current magnitudes. Curve 2 shows the effect of chlorobenzene (CB); although the
photocurrent is low, the photovoltage is close to that expected for a conventional
bulk heterojunction device. It was observed that the CB treated surface required a
relatively large amount of blended solution to coat the entire film surface. Curve 3
and Curve 4 are due to O-dichlorobenzene (O-DCB), with Curve 4 arising from a
sample immersed in O-DCB rather than simply wetted. O-DCB has a polarity
higher than that of CB but lower than TBP.

Curves 1 to 4 denote samples that were baked at 150°C for 30 min. Use of a
higher baking temperature, 165°C, for the device design of Curve 4 resulted in a
reduced photocurrent of about 4 mA/cm? but improved photovoltage of 0.61 V as
shown in Curve 5. Curve 4 shows the best conversion efficiency of ~3.5%; the
lower voltage of Curve 4 is due to high dark currents, which require further
attention to improve.

The presence of well-stacked polymer chains, which is required for optimal
device performance, can be verified by the device photoaction spectra. Figure 5.49

14 v ‘ ' v ¢ N : : : :
cwved ppoge

15 Cwrve 4

o) L il
it 18 .
E g 3 Curve 3
E 10 - Curve 3 FE -0.88 § i mye 1
& 8L Cwves g 25+ 1
£ ° -tE 082 k- Curve s
g 6 | g 2 urve 1
F 5 15/
al 1 =
= g .
_§ 5 § 1k Curve2 1
& & 05|
(1] -
. L | L 1] 1 | I |
01 0 01 02 03 04 05 06 07 1] 01 02 03 04 05 06 07
Potential (V) Potential (V)

Fig. 5.48 Photocurrent—voltage characteristics and the overall conversion efficiency of photovol-
taic devices made using P3BHT/PCBM coated TiO, nanotubes. Five curves, 1 to 5, represent five
different TiO, surface treatments before polymer blend spin coating. Treatment of nanotubes for
(1) Curve 1 — TBP, (2) Curve 2 — CB, (3) Curve 3 — O-DCB, (4) Curve 4 — soaked in O-DCB,
and (5) Curve 5 — soaked in O-DCB and baked at 165°C. Curves 1 to 4 were baked at 150°C
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Fig. 5.49 IPCE as a function of wavelength for: “long” nanotube arrays of 600-700 nm length
used in the fabrication of a polymer solar cell prepared from P3HT (20 mg/mL) plus PCBM
(16 mg/mL) mixed in o-dichlorobenzene+CB solvent (4:1); “short” nanotube arrays of 250 to
300 nm used in the fabrication of a polymer solar cell prepared from P3HT (10 mg/mL) plus
PCBM (8 mg/mL) mixed in chlorobenzene solution

presents the IPCE of the device giving rise to Curve 4 of Fig. 5.48, made with TiO,
nanotubes ~650 nm long using O-DCB as the solvent. Also shown in Fig. 5.49 is
the IPCE of a solar cell synthesized with a CB based polymer blend solution in
combination with nanotube arrays ~275 nm long. In the IPCE spectra of the
conventional bulk heterojunction device, the peak position occurs at 500 nm with
a sharp drop to zero around 675 nm due to light absorption by the PEDOT:PSS
layer. In contrast, the CB polymer solution device, prepared on short nanotubes,
exhibits a red shifted peak position to 525 nm, and significant contribution from 650
to 735 nm. Solar cells prepared using O-DCB polymer solution show a further red
shift in the peak position to 550 nm, which suggests ordered stacking of the polymer
chains along the nanotube length.

5.7.3 TiO,-Polymer Based Solar Cells: Back Side
Illumination Geometry

Poly(3-hexylthiophene) (P3HT) is a conjugated polymer that strongly absorbs in
the wavelength region 450—-600 nm and possesses a hole mobility of 0.1 cm?/Vs in
its regioregular form [177]. P3HT has side chains that make it soluble in a variety of
common organic solvents. Solution processing of the polymer is attractive because
of its applicability in scalable large area devices. A carboxylated P3HT derivative
can be used to self-assemble on the surface of the TiO, nanotube upon overnight
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immersion in a solution of the polymer [24]. Yanagida et al. obtained impressive
photocurrents of up to 9.75 mA/cm? by using the carboxylated P3HT derivative
poly-(3-thiophene acetic acid) in conjunction with 7 pm thick nanocrystalline TiO,
films [163]. However, the values of the open circuit voltages obtained were low,
close to 0.4 V. Shankar et al. [24] used the carboxylated P3HT derivative regiore-
gular poly[3-(5-carboxypentyl)thiophene-2,5-diyl] with 4um long TiO, nanotube
arrays on Ti foil (pore size ~70 nm, wall thickness ~22 nm; prepared in 0.3 wt%
NH4F and 2% deionized H,O dissolved in ethylene glycol; and annealed in oxygen
at 580°C for 4 h) and obtained open circuit potentials of 0.7-0.76 V upon AM 1.5 1
sun illumination with single hetrojunction devices. Mwaura and co-workers used
the same carboxylated P3HT derivative and obtained open circuit potentials of
0.54 V when employed with 4pum thick nanocrystalline TiO, films [178]. While
non-polymeric, all-organic, dye sensitized TiO, nanoparticulate film based solid
state devices showed efficiencies upward of 4% [179].

Shankar and co-workers prepared three kinds of photovoltaic devices with the
polymer self-assembled on the TiO, nanotube array electrode (atop Ti foil) [24].
A liquid junction solar cell was prepared by infiltrating the polymer coated TiO,
electrode with I3~ /I, redox electrolyte where the polymer functioned primarily as a
photosensitizer. A single heterojunction solid state solar cell using the self-assem-
bled carboxylated P3HT derivative was fabricated by replacing the redox electrolyte
with PEDOT:PSS. In third device configuration, PBHT-PCBM blend was infiltrated
into the pores of self-assembled P3HT derivative coated TiO, nanotube arrays.
Crystallized nanotubes were coated with polymer by immersion in a 7 mg mL ™"
solution of regioregular poly[3-(5-carboxypentyl)thiophene-2,5-diyl] in N,N-
dimethylformamide (DMF) overnight. For the liquid junction solar cells, the redox
electrolyte used contained 0.5M Lil, 0.02M I,, 0.6M N-methylbenzimidazole,
0.10M guanidinium thiocyanate, and 0.5M tert-butylpyridine in methoxypropioni-
trile (MPN). A FTO glass substrate sputter coated with 1 nm of Pt was used as the
counter electrode. For the single heterojunction solid state solar cells, a layer of
conducting polymer PEDOT:PSS was formed on the carboxylated P3HT coated
nanotube array electrodes by spin coating (5,000 rpm). The device was subsequently
placed on a hot plate for 5 min at 160°C to eliminate residual water and annealed at
200°C in nitrogen ambient for 1 min to cause the PEDOT/PSS film to penetrate into
the pores of the nanotubular structure. PEDOT:PSS coated FTO glass was used as
the counter electrode and pressed onto the PEDOT/PSS coated polymer sensitized
nanotube array electrode. In the third device, P3HT(10 mg/mL)-PCBM (8 mg/mL)
mixed in chlorobenzene solution was spin coated at 700 rpm on carboxylated P3HT
coated nanotube array electrodes. The subsequent steps were identical to those for
the single heterojunction cell.

The photocurrent density—voltage (J—V) characteristics of liquid junction based
polymer sensitized nanotube array as shown in Fig. 5.50, exhibiting a Ji. of
5.5mA/cm? a Voc value of 0.7 V, and a fill factor (FF) of 0.55 to produce an overall
conversion efficiency of 2.1%. It was noted that the open circuit photovoltage
obtained using the carboxylated P3HT as the sensitizer (0.7-0.76 V) is similar to
those obtained by us using ruthenium based dyes as the sensitizer (0.76-0.84 V).
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Fig. 5.50 J-V characteristics of backside illuminated liquid junction polymer based solar cells
under 1 sun AM 1.5 illumination [24]

Using the monocarboxylated P3HT derivative poly-(3-thiopheneacetic acid) and
the dicarboxylated derivative poly-(3-thiophenemalonic acid), Senadeera and col-
leagues obtained V. values of 0.3-0.4 V [163, 180], which were attributed to a shift
in the position of the surface conduction band of TiO, due to protonation of the
surface by the carboxylic groups. Also, a high density of carboxylic groups an-
chored to the surface of the n-type semiconductor was found to decrease the open
circuit photovoltage due to the creation of interface dipoles at the TiO,—polymer
interface [181]. However, when Mwaura et al. used the same carboxylated P3HT
derivative as used here, which consists of an alkyl chain of five CH,— groups
separating the m-conjugated structure from the carboxylate moiety, they observed
relatively higher photovoltages of up to 0.54 V [178]. It was suggested that the
carboxylic groups in close proximity to the site of charge generation in the molecule
or monomeric unit of the polymer cause the reduction of the open circuit potential
due either to high dark currents or shifts in band-offsets.

The carboxylated P3HT derivatives were reported to function poorly as hole
transport materials [182]. Hence, instead of using a hole transporting material to
deliver the holes to the contact, the hole collection contact was placed close to the
point of hole generation by infiltrating the conducting polymer PEDOT/PSS into
the nanotubes. However such solid state devices showed a poor fill factor which
was attributed to poor electrical contact to the ITO coated glass slide contact, which
is merely pressed onto the top of the polymer coated devices [24]; photocurrents
were about 1.37 to 2 mA/cm” with a photovoltage of about 0.35 V [24].

Figure 5.51 shows the J-V characteristics of a device assembled from carboxy-
lated P3HT sensitized TiO, nanotube array films spin coated with a PAHT-PCBM
blend. This type of bulk heterojunction devices show a photocurrent density of
6.5 mA/cm?, which is higher than that obtained with liquid junction cells using the
same electrode and sensitizer. However, the efficiency of these devices is limited to
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1% due to the lower open circuit potential and fill factor. A self-assembled
polymeric sensitizer has a less than optimal surface coverage resulting in gaps on
the surface where the hole transport material and the n-type TiO, are in direct
contact, allowing for the recombination of photogenerated holes in the hole trans-
port material with photogenerated electrons in the TiO, subsequent to charge
separation [183]. The performance of solid state solar cells employing the all-
organic non-polymeric sensitizer indoline is superior with reported efficiencies
higher than 4% [179], probably due to the higher surface coverage of the dye and
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Fig. 5.51 I-V characteristics of backside illuminated double heterojunction solid state solar cell
under 1 sun AM 1.5 illumination showing the dark current density, photocurrent density, and
power density as a function of potential [24]
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Fig. 5.52 IPCE spectra of backside illuminated liquid and solid state single heterojunction solar
cells [24]
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the use of spiro-OMETAD as the hole transport material, which shows excellent
pore filling characteristics. A second sensitization step by small molecule dyes to
coat areas where no polymeric sensitizer is present may ameliorate the recombina-
tion problem. Also, treatment of the devices with an ionic liquid containing
imidazolium salts may improve device performance due to improvements in the
electronic properties of the n-conjugated polymer [182].

The action spectra of the liquid junction and single heterojunction solid state
solar cells are shown in Fig. 5.52. A maximum IPCE of 53% is obtained with the
liquid junction solar cells, and 25% is obtained with the single heterojunction solid
state solar cell [24].

References

1. O’Regan B, Gratzel M (1991) A low-cost, high-efficiency solar-cell based on dye-sensitized
colloidal TiO, films. Nature 353:737-740
2. Ma WL, Yang CY, Gong X, Lee K, Heeger AJ (2005) Thermally stable, efficient polymer
solar cells with nanoscale control of the interpenetrating network morphology. Adv Funct
Mater 15:1617-1622
3. Shaheen SE, Ginley DS, Jabbour GE (2005) Organic-based photovoltaics: toward low-cost
power generation. MRS Bull 30:10-15
4. Scharber MC, Miihlbacher D, Koppe M, Denk P, Waldauf C, Heeger AJ, Brabec CJ (2006)
Design rules for donors in bulk-heterojunction solar cells — towards 10% energy-conversion
efficiency. Adv Mater 18:789-794
5. Mayer AC, Scully SR, Hardin BE, Rowell MW, McGehee MD (2007) Polymer based solar
cells. Mater Today 10:28-33
6. Forrest SR (2005) The limits to organic photovoltaic cell efficiency. MRS Bull 30:28-32
7. Janssen RAJ, Hummelen JC, Sariciftci NS (2005) Polymer—Fullerene bulk heterojunction
solar cells. MRS Bull 30:33-36
8. Kim JY, Lee K, Coates NE, Moses D, Nguyen TQ, Dante M, Heeger AJ (2007) Efficient
tandem polymer solar cells fabricated by all-solution processing. Science 317:222-225
9. Huynh WU, Dittmer JJ, Alivisatos AP (2002) Hybrid nanorod-polymer solar cells. Science
295:2425-2427
10. McDonald SA, Konstantatos G, Zhang SG, Cyr PW, Klem EJD, Levina L, Sargent EH
(2005) Solution-processed PbS quantum dot infrared photodetectors and photovoltaics. Nat
Mater 4:138-142
11. Sun BQ, Marx E, Greenham NC (2003) Photovoltaic devices using blends of branched CdSe
nanoparticles and conjugated polymers. Nano Lett 3:961-963
12. Arango AC, Johnson LR, Bliznyuk VN, Schlesinger Z, Carter SA, Horhold HH (2000)
Efficient titanium oxide/conjugated polymer photovoltaics for solar energy conversion. Adv
Mater 12:1689-1692
13. Beek WIE, Wienk MM, Janssen RAJ (2004) Efficient hybrid solar cells from zinc oxide
nanoparticles and a conjugated polymer. Adv Mater 16:1009-1013
14. Cui DH, Xu J, Zhu T, Paradee G, Ashok S, Gerhold M (2006) Harvest of near infrared light
in PbSe nanocrystal-polymer hybrid photovoltaic cells. Appl Phys Lett 88:183111 (3pp)
15. Slooff LH, Kroon JM, Loos J, Koetse MM, Sweelssen J (2005) Influence of the relative
humidity on the performance of polymer/TiO, photovoltaic cells. Adv Func Mater 15:
689-694



References 275

16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Kuo CY, Tang WC, Gau C, Guo TF, Jeng DZ (2008) Ordered bulk heterojunction solar cells
with vertically aligned TiO, nanorods embedded in a conjugated polymer. Appl Phys Lett
93:033307

Shim HS, Na SI, Nam SH, Ahn HJ, Kim HJ, Kim DY, Kim WB (2008) Efficient photovoltaic
device fashioned of highly aligned multilayers of electrospun TiO, nanowire array with
conjugated polymer. Appl Phys Lett 92:183107

Snaith HJ, Arias AC, Morteani AC, Silva C, Friend RH (2002) Charge generation
kinetics and transport mechanisms in blended polyfluorene photovoltaic devices. Nano
Lett 2:1353-1357

Coakley KM, McGehee MD (2004) Conjugated polymer solar cells. Chem Mater
16:4533-4542

Kannan B, Castelino K, Majumdar A (2003) Design of nanostructured heterojunction
polymer photovoltaic devices. Nano Lett 3:1729-1733

Coakley KM, McGehee MD (2003) Photovoltaic cells made from conjugated polymers
infiltrated into mesoporous titania. Appl Phys Lett 83:3380-3382

Mor GK, Shankar K, Paulose M, Varghese OK, Grimes CA (2007) High efficiency double
heterojunction polymer photovoltaic cells using highly ordered TiO, nanotube arrays. Appl
Phys Lett 91:152111

Shankar K, Mor GK, Paulose M, Varghese OK, Grimes CA (2008) Effect of device geometry
on the performance of TiO, nanotube array-organic semiconductor double heterojunction
solar cells. J Non-Cryst Solids 354:2767-2771

Shankar K, Mor GK, Prakasam HE, Varghese OK, Grimes CA (2007) Self-assembled hybrid
polymer—TiO, nanotube array heterojunction solar cells. Langmuir 23:12445-12449
Greene LE, Law M, Goldberger J, Kim F, Johnson JC, Zhang YF, Saykally RJ, Yang PD
(2003) Low-temperature wafer-scale production of ZnO nanowire arrays. Angew Chem-Int
Ed 42:3031-3034

Vayssieres L (2003) Growth of arrayed nanorods and nanowires of ZnO from aqueous
solutions. Adv Mater 15:464-466

Vayssieres L, Gratzel M (2004) Highly ordered SnO, nanorod arrays from controlled
aqueous growth. Angew Chem Int Ed 43:3666-3670

Olson DC, Piris J, Collins RT, Shaheen SE, Ginley DS (2006) Hybrid photovoltaic devices of
polymer and ZnO nanofiber composites. Thin Solid Films 496:26-29

Peiro AM, Ravirajan P, Govender K, Boyle DS, O’Brien P, Bradley DDC, Nelson J, Durrant
JR (2006) Hybrid polymer/metal oxide solar cells based on ZnO columnar structures. J Mater
Chem 16:2088-2096

Ravirajan P, Peiro AM, Nazeeruddin MK, Gratzel M, Bradley DDC, Durrant JR, Nelson J
(2006) Hybrid polymer/zinc oxide photovoltaic devices with vertically oriented ZnO nanor-
ods and an amphiphilic molecular interface layer. J Phys Chem B 110:7635-7639
Takanezawa K, Hirota K, Wei QS, Tajima K, Hashimoto K (2007) Efficient charge
collection with ZnO nanorod array in hybrid photovoltaic devices. J Phys Chem C
111:7218-7223

Novotny CJ, Yu ET, Yu PKL (2008) InP nanowire/polymer hybrid photodiode. Nano Lett
8:775-779

Tachibana Y, Moser JE, Gratzel M, Klug DR, Durrant JR (1996) Subpicosecond interfacial
charge separation in dye-sensitized nanocrystalline titanium dioxide films. J Phys Chem
100:20056-20062

Kallioinen J, Benkd G, Sundstrom V, Korppi-Tommola JEI, Yartsev AP (2002) Electron
transfer from the singlet and triplet excited states of Ru(dcbpy) 2(NCS) 2 into nanocrystal-
line TiO2 thin films. J Phys Chem B 106:4396-4404

Gratzel M (2005) Solar energy conversion by dye-sensitized photovoltaic cells. Inorg Chem
44:6841-6851

Redmond G, Fitzmaurice D (1993) Spectroscopic determination of flat-band potentials for
polycrystalline TiO, electrodes in nonaqueous solvents. J Phys Chem 97:1426-1430



276

37

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

5 Dye-Sensitized and Bulk-Heterojunctions Solar Cells

. Pelet S, Moser JE, Gratzel M (2000) Cooperative effect of adsorbed cations and iodide on the
interception of back electron transfer in the dye sensitization of nanocrystalline TiO,. J Phys
Chem B 104:1791-1795

Kay A, Humphry-Baker R, Gratzel M (1994) Artificial photosynthesis. 2. Investigations on
the mechanism of photosensitization of nanocrystalline TiO2 solar-cells by chlorophyll
derivatives. J Phys Chem 98:952-959

Howe RF, Gratzel M (1985) Electron-paramagnetic-res observation of trapped electrons in
colloidal TiO,. J Phys Chem 89:4495-4499

Gopel W, Anderson JA, Frankel D, Jachnig M, Phillips K, Schafer JA, Rocker G (1984)
Surface-defects of TiO, (110) — a combined XPS, XAES and ELS study. Surf Sci
139:333-346

Kumar A, Santangelo PG, Lewis NS (1992) Electrolysis of water at SrTiO5 photoelectrodes —
distinguishing between the statistical and stochastic formalisms for electron-transfer
processes in fuel-forming photoelectrochemical systems. J Phys Chem 96:834-842
Schlichthorl G, Huang SY, Sprague J, Frank AJ (1997) Band edge movement and recombi-
nation kinetics in dye-sensitized nanocrystalline TiO, solar cells: a study by intensity
modulated photovoltage spectroscopy. J Phys Chem B 101:8141-8155

Frank AJ, Kopidakis N, van de Lagemaat J (2004) Electrons in nanostructured TiO,
solar cells: transport, recombination and photovoltaic properties. Coord Chem Rev
248:1165-1179

Wang P, Zakeeruddin SM, Comte P, Charvet R, Humphry-Baker R, Gratzel M (2003)
Enhance the performance of dye-sensitized solar cells by co-grafting amphiphilic sensitizer
and hexadecylmalonic acid on TiO, nanocrystals. J Phys Chem B 107:14336-14341

Wang P, Zakeeruddin SM, Humphry-Baker R, Moser JE, Gratzel M (2003) Molecular-scale
interface engineering of TiO, nanocrystals: Improving the efficiency and stability of dye-
sensitized solar cells. Adv Mater 15:2101-2104

Hara K, Dan-oh Y, Kasada C, Ohga Y, Shinpo A, Suga S, Sayama K, Arakawa H (2004)
Effect of additives on the photovoltaic performance of coumarin-dye-sensitized nanocrystal-
line TiO, solar cells. Langmuir 20:4205-4210

He J, Benko G, Korodi F, Polvka T, Lomoth R, Akermark B, Sun L, Hagfeldt A, Sundstrom
V (2002) Modified phthalocyanines for efficient near-IR sensitization of nanostructured TiO,
electrode. J Am Chem Soc 124:4922-4932

Kay A, Gratzel M (1993) Artificial photosynthesis. 1. Photosensitization of TiO2 solar-cells
with chlorophyll derivatives and related natural porphyrins. J Phys Chem 97:6272-6277
Huang SY, Schlichthorl G, Nozik AJ, Gratzel M, Frank AJ (1997) Charge recombination in
dye-sensitized nanocrystalline TiO, solar cells. J Phys Chem B 101:2576-2582

Kusama H, Arakawa H (2004) Influence of aminothiazole additives in I /I;~ redox electro-
lyte solution on Ru(Il)-dye-sensitized nanocrystalline TiO, solar cell performance. Sol
Energy Mater Sol Cells 82:457-465

Bauer C, Boschloo G, Mukhtar E, Hagfeldt A (2002) Interfacial electron-transfer dynamics
in Ru(tcterpy)(NCS) 3-sensitized TiO2 nanocrystalline solar cells. J Phys Chem B
106:12693-12704

Nakade S, Saito Y, Kubo W, Kanzaki T, Kitamura T, Wada Y, Yanagida S (2003) Enhance-
ment of electron transport in nano-porous TiO, electrodes by dye adsorption. Electrochem
Commun 5:804-808

Zaban A, Ferrere S, Greg BA (1998) Relative energetics at the semiconductor sensitizing dye
electrolyte interface. J Phys Chem B 102:452-460

Kang TS, Chun KH, Gong JS, Moon SH, Kim KJ (2000) Enhanced stability of photocurrent-
voltage curves in Ru(Il)-dye-sensitized nanocrystalline TiO, electrodes with carboxylic
acids. J Electrochem Soc 147:3049-3053

Lindford MR, Fenter P, Eisenberger PM, Chidsey CED (1995) Alkyl monolayers on
silicon prepared from I-alkenes and hydrogen-terminated silicon. J Am Chem Soc
117:3145-3155



References 277

56

57.

58.

59.

60.

61.

62.

63.

64.
65.
66.
67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

. Lindford MR, Chidsey CED (1993) Alkyl monolayers covalently bonded to silicon surfaces.
J Am Chem Soc 115:12631-12632

Bansal A, Li X, Lauermann I, Lewis NS (1996) Alkylation of Si surfaces using a two-step
halogenation Grignard route. J] Am Chem Soc 118:7225-7226

Gritzel M, Kalyanasundaram K (1994) Artificial photosynthesis — efficient dye-sensitized
photoelectrochemical cells for direct conversion of visible-light to electricity. Curr Sci
66:706-714

Parkinson BA, Furtak TE, Canfield D, Kam K, Kline G (1980) Evaluation and reduction of
efficiency losses at tungsten diselenide photoanodes. Discuss Faraday Soc 70:233-245
Kern R, van der Burg N, Chimel G, Ferber J, Hinsch A, Kinderman P, Kroon JM, Meyer A,
Meyer T, Niepmann R, van Roosmalen J, Schill C, Sommeling P, Spath M, Uhlendorf I
(2000) Long term stability of dye-sensitised solar cells for large area power applications.
Opto-Electron Rev 8:284-288

Hagfeldt A, Gratzel M (1995) Light-Induced Redox Reactions in Nanocrystalline Systems.
Chem Rev 95:49-68

Fisher AC, Peter LM, Ponomarev EA, Walker AB, Wijayantha KGU (2000) Intensity
dependence of the back reaction and transport of electrons in dye-sensitized nanocrystalline
TiO, solar cells. J Phys Chem B 104:949-958

Nazeeruddin MK, Pechy P, Renouard T, Zakeeruddin SM, Humphry-Baker R, Comte P,
Liska P, Cevey L, Costa E, Shklover V, Spiccia L, Deacon GB, Bignozzi CA, Gritzel M
(2001) Engineering of efficient panchromatic sensitizers for nanocrystalline TiO,-based
solar cells. J Am Chem Soc 123:1613-1624

Gritzel M (2004) Conversion of sunlight to electric power by nanocrystalline dye-sensitized
solar cells. J Photochem Photobio A 164:3-14

Gritzel M (2005) Mesoscopic solar cells for electricity and hydrogen production from
sunlight. Chem Lett 34:8—-13

Gritzel M (2006) The advent of mesoscopic injection solar cells. Prog Photovolt 14:429-442
Solar Spectral Irradiance: Air Mass 1.5. http://rredc.nrel.gov/solar/spectra/am1.5/

Bucher K, Heidler K (1990) Photovoltaic measurements and calibration. Proc 5th Int
Photovoltaic Sci Eng Conf Kyoto, pp 489-492

Emery K, Osterwald CR, Cannon TW, Myers DR, Burdick J, Glatfelter T, Czubatyj W, Yang
J (1985) Proceeding of 18th IEEE Photovoltaic Specialist Conference. IEEE, New York,
p 623

Osterwald CR (1986) Translation of device performance-measurements to reference condi-
tions. Solar Cells 18:269-279

Shrotriya V, Li G, Yao Y, Moriarty T, Emery K, Yang Y (2006) Accurate measurement and
characterization of organic solar cells. Adv Funct Mater 16:2016-2023

Field H, Emery K (1993) An uncertainty analysis of the spectral correction factor. Proceed-
ings of the 23rd IEEE Photovoltaic Specialists Conference, Louisville, pp1180-1187
Emery K, Osterwald CR (1988) Current topics in photovoltaics, vol 3. Academic, London,
Ch 4

Emery K (2003) Handbook of photovoltaic science and engineering. Luque A, Hegedus S
(eds). Wiley, Chichester, UK, Ch 16

Ito S, Nazeeruddin MK, Liska P, Comte P, Charvet R, Pechy P, Jirousek M, Kay A,
Zakeeruddin SM, Gratzel M (2005) Photovoltaic characterization of dye-sensitized solar
cells: effect of device masking on conversion efficiency. Prog Photovolt 14:589-601

Koide N, Han L (2004) Measuring methods of cell performance of dye-sensitized solar cells.
Rev Sci Instrum 75:2828-2831

Ito S, Matsui H, Okada K, Kusano S, Kitamura T, Wada Y, Yanagida S (2004) Calibration of
solar simulator for evaluation of dye-sensitized solar cells. Sol Energy Mater Sol Cells
82:421-429


http://rredc.nrel.gov/solar/spectra/am1.5/

278

78

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

5 Dye-Sensitized and Bulk-Heterojunctions Solar Cells

. Peng TY, Hasegawa A, Qiu JR, Hirao K (2003) Fabrication of titania tubules with high
surface area and well-developed mesostructural walls by surfactant-mediated templating
method. Chem Mater 15:2011-2016

Cao F, Oskam G, Meyer GJ, Searson PC (1996) Electron transport in porous nanocrystalline
TiO, photoelectrochemical cells. J Phys Chem 100:17021-17027

de Jongh PE, Vanmaekelbergh D (1996) Trap-limited electronic transport in assemblies of
nanometer-size TiO, particles. Phys Rev Lett 77:3427-3430

Nelson J, Haque SA, Klug DR, Durrant JR (2001) Trap-limited recombination in dye-
sensitized nanocrystalline metal oxide electrodes. Phys Rev B 63:205321

Dloczik L, Ileperuma O, Lauermann I, Peter LM, Ponomarev EA, Redmond G, Shaw NJ,
Uhlendorf I (1997) Dynamic response of dye-sensitized nanocrystalline solar cells: charac-
terization by intensity-modulated photocurrent spectroscopy. J Phys Chem B 101:10281—
10289

Schlichthorl G, Park NG, Frank AJ (1999) Evaluation of the charge-collection efficiency of
dye-sensitized nanocrystalline TiO, solar cells. J Phys Chem B 103:782-791

van de Lagemaat J, Frank AJ (2001) Nonthermalized electron transport in dye-sensitized
nanocrystalline TiO, films: transient photocurrent and random-walk modeling studies.
J Phys Chem B 105:11194-11205

Benkstein KD, Kopidakis N, van de Lagemaat J, Frank AJ (2003) Influence of the percola-
tion network geometry on electron transport in dye-sensitized titanium dioxide solar cells.
J Phys Chem B 107:7759-7767

Kopidakis N, Benkstein KD, van de Lagemaat J, Frank AJ, Yuan Q, Schiff EA (2006)
Temperature dependence of the electron diffusion coefficient in electrolyte-filled TiO,
nanoparticle films: evidence against multiple trapping in exponential conduction-band
tails. Phys Rev B 73:045326

Cassiers K, Linssen T, Mathieu M, Bai YQ, Zhu HY, Cool P, Vansant EF (2004) Surfactant-
directed synthesis of mesoporous titania with nanocrystalline anatase walls and remarkable
thermal stability. J Phys Chem B 108:3713-3721

Law M, Greene LE, Johnson JC, Saykally R, Yang PD (2005) Nanowire dye-sensitized solar
cells. Nat Mater 4:455-459

Tenne R, Rao CNR (2004) Inorganic nanotubes. Phil Trans R Soc A 362:2099-2125
Adachi M, Murata Y, Okada I, Yoshikawa S (2003) Formation of titania nanotubes and
applications for dye-sensitized solar cells. J Electrochem Soc 150:G488-G493

Ong KG, Varghese OK, Mor GK, Shankar K, Grimes CA (2007) Application of finite-
difference time domain to dye-sensitized solar cells: the effect of nanotube-array negative
electrode dimensions on light absorption. Sol Energy Mater Sol Cells 91:250-257

Taflove A (1995) Computational electrodynamics: the finite-difference time-domain meth-
od. Artech House Inc, Boston

Ong KG, Varghese OK, Mor GK, Grimes CA (2005) Numerical simulation of light propa-
gation through highly-ordered titania nanotube arrays: dimension optimization for improved
photoabsorption. J Nanosci Nanotechnol 5:1801-1808

Roden JA, Gedney SD (1997) Efficient implementation of the uniaxial-based PML media in
three-dimensional nonorthogonal coordinates with the use of the FDTD technique. Micro-
wave Opt Tech Lett 14:71-75

Balanis CA (1989) Advanced engineering electromagnetics. Wiley, New York Ch 5
Nazeeruddin MK, Kay A, Rodicio I, Humphry-Baker R, Muller E, Liska P, Vlachopoulos N,
Gratzel M (1993) Conversion of light to electricity by cis-x2bis(2, 2'-bipyridyl-4, 4’-
dicarboxylate) ruthenium(Il) charge-transfer sensitizers (x=Cl-, Br-, I-, CN-, and SCN-)
on nanocrystalline TiO2 electrodes. J] Am Chem Soc 115:6382-6390

Paulose M, Shankar K, Varghese OK, Mor GK, Grimes CA (2006) Application of
highly-ordered TiO, nanotube-arrays in heterojunction dye-sensitized solar cells. J Phys D
39:2498-2503



References 279

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Mor GK, Shankar K, Paulose M, Varghese OK, Grimes CA (2006) Use of highly-ordered
TiO, nanotube arrays in dye-sensitized solar cells. Nano Lett 6:215-218

Mor GK, Varghese OK, Paulose M, Mukherjee N, Grimes CA (2003) Fabrication of tapered,
conical-shaped titania nanotubes. J] Mater Res 18:2588-2593

Yang DJ, Park H, Cho SJ, Kim HG, Choi WY (2008) TiO,-nanotube-based dye-sensitized
solar cells fabricated by an efficient anodic oxidation for high surface area. J Phys Chem
Solids 69:1272-1275

Shankar K, Bandara J, Paulose M, Wietasch H, Varghese OK, Mor GK, LaTempa TJ,
Thelakkat M, Grimes CA (2008) Highly efficient solar cells using TiO, nanotube arrays
sensitized with a donor-antenna dye. Nano Lett 8:1654—1659

Karthikeyan CS, Wietasch H, Thelakkat M (2007) Highly efficient solid-state dye-sensitized
TiO; solar cells using donor-antenna dyes capable of multistep charge-transfer cascades.
Adv Mater 19:1091-1095

Handa S, Wietasch H, Thelakkat M, Durrant JR, Haque SA (2007) Reducing charge
recombination losses in solid state dye sensitized solar cells: the use of donor-acceptor
sensitizer dyes. Chem Commun 17:1725-1727

Haque SA, Handa S, Peter K, Palomares E, Thelakkat M, Durrant JR (2005) Supermolecular
control of charge transfer in dye-sensitized nanocrystalline TiO, films: towards a quantita-
tive structure-function relationship. Angew Chem Int Ed 44:5740-5744

Karthikeyan CS, Peter K, Wietasch H, Thelakkat M (2007) Highly efficient solid-state dye-
sensitized TiO, solar cells via control of retardation of recombination using novel donor-
antenna dyes. Sol Energy Mater Sol Cells 91:432-439

Sommeling PM, O’Regan BC, Haswell RR, Smit HJP, Bakker NJ, Smits JJT, Kroon JM, van
Roosmalen JAM (2006) Influence of a TiCl, post-treatment on nanocrystalline TiO; films in
dye-sensitized solar cells. J Phys Chem B 110:19191-19197

Park JH, Lee TW, Kang MG (2008) Growth, detachment and transfer of highly-ordered TiO,
nanotube arrays: use in dye-sensitized solar cells. Chem Commun 25:2867-2869

Paulose M, Shankar K, Varghese OK, Mor GK, Hardin B, Grimes CA (2006) Backside
illuminated dye-sensitized solar cells based on titania nanotube array electrodes. Nanotech-
nol 17:1446-1448

Varghese OK, Gong D, Paulose M, Ong KG, Dickey EC, Grimes CA (2003) Extreme
changes in the electrical resistance of titania nanotubes with hydrogen exposure. Adv
Mater 15:624-627

Balaur E, Macak JM, Tsuchiya H, Schmuki P (2005) Wetting behaviour of layers of TiO,
nanotubes with different diameters. J Mater Chem 15:4488-4491

Shankar K, Mor GK, Prakasam HE, Yoriya S, Paulose M, Varghese OK, Grimes CA (2007)
Highly-ordered TiO, nanotube-arrays up to 220 pm in length: use in water photoelectrolysis
and dye-sensitized solar cells. Nanotechnol 18:065707

Kuang D, Brillet J, Chen P, Takata M, Uchida S, Miura H, Sumioka K, Zakeeruddin SM,
Gritzel M (2008) Application of highly ordered TiO, nanotube arrays in flexible dye-
sensitized solar cells. ACS Nano 2:1113-1116

Kuang DB, Ito S, Wenger B, Klein C, Moser JE, Humphry-Baker R, Zakeerudddin SM,
Gratzel M (2006) High molar extinction coefficient heteroleptic Ruthenium complexes for
thin film dye-sensitized solar cells. J] Am Chem Soc 128:4146-4154

Kuang D, Uchida S, Humphry-Baker R, Zakeeruddin SM, Gritzel M (2008) Organic dye-
sensitized ionic liquid based solar cells: remarkable enhancement in performance through
molecular design of indoline sensitizers. Angew Chem Int Ed 47:1923-1927

Kuang DB, Klein C, Zhang ZP, Ito S, Moser JE, Zakeeruddin SM, Gritzel M (2007) Stable,
high-efficiency ionic-liquid-based mesoscopic dye-sensitized solar cells. Small 3:2094-2102
Kuang DB, Wang P, Zakeeruddin SM, Gritzel M (2006) Stable mesoscopic dye-
sensitized solar cells based on tetracyanoborate ionic liquid electrolyte. J Am Chem Soc
128:7732-7733



280

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

5 Dye-Sensitized and Bulk-Heterojunctions Solar Cells

Yang Y, Wang X, Li L (2008) Synthesis and photovoltaic application of high aspect-ratio
TiO; nanotube arrays by anodization. ] Am Ceram Soc 91:3086-3089

Lin CJ, Yu WY, Chien SH (2008) Rough conical-shaped TiO,-nanotube arrays for flexible
back illuminated dye-sensitized solar cells. Appl Phys Lett 93:133107

Wang H, Yip CT, Cheung KY, Djurisi¢ AB, Xie MH (2006) Titania-nanotube-array-based
photovoltaic cells. Appl Phys Lett 89:023508

Han L, Koide N, Chiba Y, Islam A, Komiya R, Fuke N, Fukui A, Yamanaka R (2005)
Improvement of efficiency of dye-sensitized solar cells by reduction of internal resistance.
Appl Phys Lett 86:213501

Stergiopoulos T, Ghicov A, Likodimos V, Tsoukleris DS, Kunze J, Schmuki P, Falaras P
(2008) Dye-sensitized solar cells based on thick highly ordered TiO, nanotubes produced by
controlled anodic oxidation in non-aqueous electrolytic media. Nanotechnol 19:235602
Yip CT, Mak CSK, Djurisic AB, Hsu YF, Chan WK (2008) Dye-sensitized solar cells based
on TiO, nanotube/porous layer mixed morphology. Appl Phys A 92:589-593

Oey CC, Djurisic AB, Wang H, Man KKY, Chan WK, Xie MH, Leung YH, Pandey A, Nunzi
IM, Chui PC (2006) Polymer-TiO2 solar cells: TiO2 interconnected network for improved
cell performance. Nanotechnol 17:706-713

Wang H, Oey CC, Djurisic AB, Xie MH, Leung YH, Man KKY, Chan WK, Pandey A, Nunzi
JM, Chui PC (2005) Titania bicontinuous network structures for solar cell applications. Appl
Phys Lett 87:023507

Xie ZB, Adams S, Blackwood DJ, Wang J (2008) The effects of anodization parameters on
titania nanotube arrays and dye sensitized solar cells. Nanotechnol 19:405701

Zaban A, Greenshtein M, Bisquert J (2003) Determination of the electron lifetime in
nanocrystalline dye solar cells by open-circuit voltage decay measurements. Chem Phys
Chem 4:859-864

Fabregat-Santiago F, Garcia-Canadas J, Palomares E, Clifford JN, Haque SA, Durrant JR,
Garcia-Belmonte G, Bisquert J (2004) The origin of slow electron recombination processes
in dye-sensitized solar cells with alumina barrier coatings. J Appl Phys 96:6903-6907
Bisquert J, Zaban A, Greenshtein M, Mora-Sero I (2004) Determination of rate constants for
charge transfer and the distribution of semiconductor and electrolyte electronic energy levels
in dye-sensitized solar cells by open-circuit photovoltage decay method. J Amer Chem Soc
126:13550-13559

Niinobe D, Makari Y, Kitamura T, Wada Y, Yanagida S (2005) Origin of enhancement in
open-circuit voltage by adding ZnO to nanocrystalline SnO, in dye-sensitized solar cells.
J Phys Chem B 109:17892-17900

Mor GK, Shankar K, Paulose M, Varghese OK, Grimes CA (2005) Enhanced photocleavage
of water using titania nanotube arrays. Nano Lett 5:191-195

Zhu K, Neale NR, Miedaner A, Frank AJ (2007) Enhanced charge-collection efficiencies and
light scattering in dye-sensitized solar cells using oriented TiO, nanotubes arrays. Nano Lett
7:69-74

Macak JM, Tsuchiya H, Taveira L, Aldabergerova S, Schmuki P (2005) Smooth anodic TiO,
nanotubes. Angew Chem Int Ed 44:7463-7465

Neale NR, Kopidakis N, van de Lagemaat J, Gratzel M, Frank AJ (2005) Effect of a
coadsorbent on the performance of dye-sensitized TiO, solar cells: shielding versus band-
edge movement. J Phys Chem B 109:23183-23189

van de Lagemaat J, Park NG, Frank AJ (2000) Influence of electrical potential distribution,
charge transport, and recombination on the photopotential and photocurrent conversion
efficiency of dye-sensitized nanocrystalline TiO, solar cells: a study by electrical impedance
and optical modulation techniques. J Phys Chem B 104:2044-2052

Franco G, Gehring J, Peter LM, Ponomarev EA, Uhlendorf I (1999) Frequency-resolved
optical detection of photoinjected electrons in dye-sensitized nanocrystalline photovoltaic
cells. J Phys Chem B 103:692-698



References 281

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Varghese OK, Gong DW, Paulose M, Grimes CA, Dickey EC (2003) Crystallization and high-
temperature structural stability of titanium oxide nanotube arrays. J] Mater Res 18:156-165
Zhu K, Vinzant TB, Neale NR, Frank AJ (2007) Removing structural disorder from oriented
TiO; nanotube arrays: reducing the dimensionality of transport and recombination in dye-
sensitized solar cells. Nano Lett 7:3739-3746

Jennings JR, Ghicov A, Peter LM, Schmuki P, Walker AB (2008) Dye-sensitized solar cells
based on oriented TiO, nanotube arrays: transport, trapping, and transfer of electrons. J] Am
Chem Soc 130:13364-13372

Nunzi JM (2002) Organic photovoltaic materials and devices. C R Phys 3:523-542
Miranda PB, Moses D, Heeger AJ (2001) Ultrafast photogeneration of charged polarons in
conjugated polymers. Phys Rev B 64:81201

Mozer A, Sariciftci NS (2006) Conjugated polymer photovoltaic devices and materials. C R
Chim 9:568-577

Brabec C, Zerza G, Cerullo G, De Silvestri S, Luzatti S, Hummelen JC, Sariciftci NS (2001)
Tracing photoinduced electron transfer process in conjugated polymer/fullerene bulk hetero-
junctions in real time. Chem Phys Lett 340:232-236

Parker ID (1994) Carrier tunneling and device characteristics in polymer light-emitting-
diodes. J Appl Phys 75:1656—-1666

Liu J, Shi YJ, Yang Y (2001) Solvation-induced morphology effects on the performance of
polymer-based photovoltaic devices. Adv Funct Mater 11:420-424

Van Duren JJ, Loos J, Morissey F, Leewis CM, Kivits KP, Vanzendoorn LJ, Rispens MT,
Hummelen JC, Janssen RAJ (2002) In-situ compositional and structural analysis of plastic
solar cells. Adv Funct Mater 12:665-669

Bulle-Lieuwma CW, VanGenip WJH, Van Duren JKJ, Jankheim P, Janssen R, Niemants-
verdiet JW (2003) Characterization of polymer solar cells by TOF-SIMS depth profiling.
Appl Surf Sci 203:547-550

Van Duren J, Yang X, Loos J, Bulle-Lieuwma CWT, Sievel AB, Hummelen JC, Janssen RAJ
(2004) Relating the morphology of poly(p-phenylene vinylene)/methanofullerene blends to
solar-cell performance. Adv Funct Mater 14:425-434

Hoppe H, Glatzel T, Niggemann M, Schwinger W, Schaeffler F, Hinsch A, Lux-Steiner M,
Sariciftci NS (2006) Efficiency limiting morphological factors of MDMO-PPV: PCBM
plastic solar cells. Thin Solid Films 511-512:587-592

Hoppe H, Niggemann M, Winder C, Kraut J, Hiesgh R, Hinsch A, Meissner D, Sariciftci NS
(2004) Nanoscale morphology of conjugated polymer/fullerene-based bulk-heterojunction
solar cells. Adv Funct Mater 14:1005-1011

Gebeyehu D, Brabec CJ, Padinger F, Fromherz T, Hummelen JC, Badt D, Schindler H,
Sariciftci NS (2001) The interplay of efficiency and morphology in photovoltaic devices
based on interpenetrating networks of conjugated polymers with fullerenes. Synth Met
118:1-9

Martens T, Hoen JD, Munters T, Beelen Z, Goris L, Monca J, Oliesloeger MD, Vanderzende
D, De Schopper L, Andriessen R (2003) Disclosure of the nanostructure of MDMO-PPV:
PCBM bulk hetero-junction organic solar cells by a combination of SPM and TEM. Synth
Met 138:243-247

Arias AC, MacKenzie JD, Stevenson R, Halls JM, Inbasekaran M, Woo EP, Richards D,
Friend RH (2001) Photovoltaic performance and morphology of polyfluorene blends: a
combined microscopic and photovoltaic investigation. Macromol 34:6005-6016

Gadisa A, Svensson M, Andersson MR, Inganas O (2004) Correlation between oxidation
potential and open-circuit voltage of composite solar cells based on blends of polythio-
phenes/fullerene derivative. Appl Phys Lett 84:1609-1611

Schilinsky P, Waldauf C, Hauch J, Brabec CJ (2004) Simulation of light intensity dependent
current characteristics of polymer solar cells. J] Appl Phys 95:2816-2819



282

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.
167.
168.

169.

170.

171.

172.

173.

174.

175.

5 Dye-Sensitized and Bulk-Heterojunctions Solar Cells

Riedel 1, Dyakonov V (2004) Influence of electronic transport properties of polymer-
fullerene blends on the performance of bulk heterojunction photovoltaic devices. Phys Status
Solidi A 201:1332-1341

Padinger F, Rittberger R, Sariciftci NS (2003) Effects of postproduction treatment on plastic
solar cells. Adv Funct Mater 13:85-88

Schilinsky P, Waldauf P, Brabec CJ (2002) Recombination and loss analysis in polythio-
phene based bulk heterojunction photodetectors. Appl Phys Lett 81:3885-3887

Kim J, Kim S, Lee H, Lee K, Ma WL, Huong X, Heeger AJ (2006) New architecture for
high-efficiency polymer photovoltaic cells using solution-based titanium oxide as an optical
spacer. Adv Mater 18:572-576

Prosa TJ, Winokur MJ, Moulton MM, Smith P, Heeger AJ (1992) X-ray structural studies of
poly(3-alkylthiophenes) — an example of an inverse comb. Macromol 25:4364-4372
Schuller S, Schilinsky P, Hauch J, Brabec CJ (2004) Determination of the degradation
constant of bulk heterojunction solar cells by accelerated lifetime measurements. Appl
Phys A 79:37-40

Bao Z, Dodabalapur A, Lovinger A (1996) Soluble and processable regioregular poly
(3-hexylthiophene) for thin film field-effect transistor applications with high mobility.
Appl Phys Lett 69:4108-4110

Sirringhaus H, Tessler N, Friend RH (1998) Integrated optoelectronic devices based on
conjugated polymers. Science 280:1741-1744

Mihailetchi VD, Van Duren JKJ, Blom PWM, Hummelen JC, Janssen RAJ, Kroon JM,
Rispens MT, Verhees WJH, Wienk MM (2003) Electron transport in a methanofullerene.
Adv Funct Mater 13:43-46

Giines S, Neugebauer H, Sariciftci NS (2007) Conjugated polymer-based organic solar cells.
Chem Rev 107:1324-1338

Jenekhe S, Chen XL (1998) Self-assembled aggregates of rod-coil block copolymers and
their solubilization and encapsulation of fullerenes. Science 279:1903-1907

Hadziioannou G, von Hutten F (2000) Semiconducting polymers. Wiley-VCH, Weinheim
Sariciftci NS, Sun SS (2005) Organic photovoltaics. Taylor & Francis, London

Tracz A, Jeszka JK, Watson MD, Pisula W, Mullen K, Pakula T (2003) Uniaxial alignment
of the columnar super-structure of a hexa (alkyl) hexa-peri-hexabenzocoronene on untreated
glass by simple solution processing. ] Am Chem Soc 125:1682-1683

Olsa DC, Piris J, Collins RT, Shaheen S, Ginley D (2006) Hybrid photovoltaic devices of
polymer and ZnO nanofiber composites. Thin Solid Films 496:26-29

Yu G, Gao J, Hummelen JC, Wudl F, Heeger AJ (1995) Polymer photovoltaic cells —
enhanced efficiencies via a network of internal donor-acceptor heterojunctions. Science
270:1789-1791

Gur I, Fromer NA, Chen CP, Kanaras AG, Alivisatos AP (2007) Hybrid solar cells with
prescribed nanoscale morphologies based on hyperbranched semiconductor nanocrystals.
Nano Lett 7:409-414

Coakley KM, Liu YX, McGehee MD, Frindell KL, Stucky GD (2003) Infiltrating semicon-
ducting polymers into self-assembled mesoporous titania films for photovoltaic applications.
Adv Funct Mater 13:301-306

Peet J, Kim JY, Coates NE, Ma WL, Moses D, Heeger AJ, Bazan GC (2007) Efficiency
enhancement in low-bandgap polymer solar cells by processing with alkane dithiols. Nat
Mater 6:497-500

Coakley KM, Srinivasan BS, Ziebarth JM, Goh C, Liu Y, McGehee MD (2005) Enhanced
hole mobility in regioregular polythiophene infiltrated in straight nanopores. Adv Funct
Mater 15:1927-1932

Cadby AJ, Tolbert SH (2005) Controlling optical properties and interchain interactions in
semiconducting polymers by encapsulation in periodic nanoporous silicas with different pore
sizes. J Phys Chem B 109:17879-17886



References 283

176.

177.

178.

179.

180.

181.

182.

183.

Roux C, Leclerc M (1992) Rod-to-coil transition in alkoxy-substituted polythiophenes.
Macromol 25:2141-2144

Yanagida S, Senadeera GKR, Nakamura K, Kitamura T, Wada Y (2004) Polythiophene-
sensitized TiO, solar cells. J Photochem Photobiol A 166:75-80

Mwaura JK, Zhao XY, Jiang H, Schanze KS, Reynolds JR (2006) Spectral broadening in
nanocrytalline TiO, solar cells based on poly(p-phenylene ethynylene) and polythiophene
sensitizers. Chem Mater 18:6109-6111

Schmidt-Mende L, Bach U, Humphry-Baker R, Horiuchi T, Miura H, Ito S, Uchida S,
Gratzel M (2005) Organic dye for highly efficient solid-state dye-sensitized solar cells.
Adv Mater 17:813-815

Senadeera GKR, Kitamura T, Wada Y, Yanagida S (2005) Photosensitization of nanocrystal-
line TiO; films by a polymer with two carboxylic groups, poly(3-thiophenemalonic acid).
Sol Energy Mater Sol Cells 88:315-322

Liu YX, Scully SR, McGehee MD, Liu JS, Luscombe CK, Frechet JMJ, Shaheen SE, Ginley
DS (2006) Dependence of band offset and open-circuit voltage on the interfacial interaction
between TiO, and carboxylated polythiophenes. J Phys Chem B 110:3257-3261

Senadeera GKR, Fukuri N, Saito Y, Kitamura T, Wada Y, Yanagida S (2005) Volatile
solvent-free solid-state polymer-sensitized TiO2 solar cells with poly(3,4-ethylenedioxy-
thiophene) as a hole-transporting medium. Chem Commun 17:2259-2261

Senadeera GKR, Pathirathne WMTC (2004) Utilization of conducting polymer as a sensi-
tizer in solid-state photocells. Curr Sci 87:339-342



Chapter 6
Use of TiO, Nanotube Arrays for Biological
Applications

6.1 Introduction

Protein immobilization on solid substrates underlies various experimental
approaches in biology and biophysics [1-5]. Immobilized proteins are instrumental
in identifying protein—protein, protein—-DNA, and protein—molecule interactions for
a variety of diagnostic and profiling purposes [5-9]. The support material must
have active surface areas for protein binding, and good mechanical, thermal, and
chemical stability. Bioelectrocatalytic systems allow the sensitive detection of
affinity-based interactions between complementary molecule pairs [10] through
electrical signals related to electrochemical reactions, while amperometric biosen-
sors offer a convenient and potential application in the area of biomedical diagnosis
as well as environmental analysis [11-13]. In this chapter, we consider the use of
co-immobilized TiO, nanotube arrays as a biosensor platform for H,O, and glucose
detection.

Titanium and its alloys are widely used as implants due to its high strength,
biocompatibility and high level of hemocompatibility [14, 15]. The high degree of
Ti alloy biocompatibility is due to their ability to form stable and dense thin oxide
layers in most environments. It is believed that thicker and more stable TiO,-based
oxide surfaces are generally favorable for surface bioactivity [16, 17]. Spark
anodization is commonly used to increase the biocompatibility of titanium and its
alloys, with the process leading to the formation of a disordered oxide structure
several hundred nanometers thick [18, 19]. In contrast to this approach, the electro-
chemical formation of highly ordered TiO, nanotube arrays offer a unique surface
for biomedical implants that offers both biocompatibility as well as drug eluting
properties. We review the use of TiO, nanotube arrays to enhance apatite forma-
tion, cell activity, drug elution, and the application of TiO, nanotubular membranes
for protein separation and drug delivery.
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6.2 Biosensors

6.2.1 H,0, Detection: Nanotubes Co-immobilized
with HRP and Thionine

Liu et al. reported the use of horseradish peroxidase (HRP), which can be reoxi-
dized chemically by hydrogen peroxide (H,O,) [20-22], and thionine coadsorbed
on TiO, nanotube arrays for the development of a novel H,O, electrochemical
biosensor [23]. Nanostructured TiO, shows excellent biocompatibility and reten-
tion of biological activity for protein binding [24, 25]. Further, the TiO, nanotube
array substrates possess large surface areas together with good uniformity and
conformability over large areas, traits desirable for electrochemical biosensor
design [26, 27]. Liu [23] prepared TiO, nanotube arrays in 1:8 acetic acid—water
solution containing 1.0 vol% hydrofluoric acid at 20 V for 45 min. The substrates
were then co-immobilized with HRP and thionine by immersing the TiO, nanotube
electrodes in 10puM thionine solution in 5 mM phosphate buffer (PB) at pH 7.0
containing 2 mU/mL of HRP for over 5 h [23]. For comparison, TiO, nanotube
electrodes were immersed in (a) 5 mM PB at pH 7.0, (b) 2 mU/mL of HRP in 5 mM
PB solution at pH 7.0, and (c) 10 M thionine solution in 5 mM PB at pH 7.0 for 5 h
to generate the bare, HRP, and thionine-modified TiO, nanotube electrodes (TiO,,
HRP/TiO,, and Th/TiO,), respectively. The resulting electrodes were stored in
5 mM PB at pH 7.0 and 4°C.

Cyclic voltammograms (CV) of Th/TiO, electrode were measured in 0.1 M PB
at pH 6.8 with a scan rate of 50 mV/s. A well-defined reduction peak appeared at
—0.477 V for the Th/TiO, electrode during the first cycle, which was attributed to
the reduction of the adsorbed thionine on the electrode surface [23]. No peak is
observed for both the bare Ti foil and TiO, nanotube electrode in the same potential
range. No oxidative peaks are seen in the reverse scans, and no peaks in the
following scans can be clearly resolved for the Th/TiO, electrode, indicating that
the immobilized thionine on the TiO, nanotube electrode is reduced during the first
scan. Increasing the electrolyte pH (from 5.0 to 9.0) resulted in a linear negative
shift of the reduction peak potential [28]. Similar to the Th/TiO,, a reduction peak
was observed for the Th/HRP/TiO, electrode only during the first cycle in 0.1 M PB
at pH 6.8, with no peak seen at the HRP/TiO, electrode in the same potential range.
The response of Th/HRP/TiO, electrode was, therefore, attributed to reduction of
the adsorbed thionine. However, the peak current was smaller and the peak poten-
tial had a positive shift compared to the Th/TiO, reduction peak. The results
indicate that HRP and thionine were co-immobilized on the TiO, nanotube array
surface, and that adsorption of HRP decreased the thionine load on the electrode
surface [23]. The absorbance of the immobilized HRP (403 nm) was very close to
the absorbance of the free HRP in solution (405 nm), indicating that the immobi-
lized HRP retained its native structure [29] as desired for electrochemical biosensor
applications [23].
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Figure 6.1 shows CV recorded for the Th/HRP/TiO, electrode in 0.1 M PB at pH
7.0,50 mV/s in: (a) the absence of H,O,, and (b) the presence of 0.2 mM H,0, [23].
The CV curves show a dramatic increase of the reduction current in curve b
compared to curve a. In contrast, the reduction current of both Th/TiO, and HRP/
TiO, electrodes (curves ¢ and d in the inset of Fig. 6.1, respectively) only slightly
increases after injecting 0.2 mM H,0, into the electrochemical cell. Thus, the large
increase of reduction current for the Th/HRP/TiO, electrode shows a high electro-
catalytic activity of the immobilized HRP for thionine oxidation in the presence of
H,O,. Both immobilized HRP and thionine are necessary to maintain the cycle of
the electrocatalytic reactions. The reduction current of Th/HRP/TiO, increases with
increasing H,0O, concentration. Figure 6.2 presents the chronoamperometric
response of the: (a) Th/HRP/TiO,, and (b) Th/TiO, electrodes with successive
additions of H,O, into 0.1 M PB at pH 6.8, recorded under a stirred system at the
potential of —0.45 V [23]. The detection limit was estimated as 1.2 x 107 °M. The
Th/HRP/TiO, electrode stored in PB at 4°C retained 86% of its initial current
response after 2 weeks of storage. The relative standard deviation was 8.4% for six
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successive determinations at an H,O, concentration of 0.2 mM. The fabrication of
six electrodes showed reproducibility with a relative standard deviation of 12.2%
for the current determined at 0.2 mM H,O, [23].

Xiao et al. co-adsorbed horseradish peroxidase and thionine chloride in KF
prepared TiO, nanotubes and studied their sensitivity to hydrogen peroxide by
means of cyclic voltammetric and galvanostatic measurements [30]. These biosen-
sors demonstrated a hydrogen peroxide sensitivity in the range of 107> to 3x 10>
M at pH 6.7 and at a potential of —0.6 V (vs. Ag/AgCl).

6.2.2 Co-Immobilized with Cytochrome c

Zhao et al. coated TiO, nanotube array films with gold nanocrystals for examining
the immobilization and direct electrochemistry of cytochrome ¢ (Cyt ¢). The gold
nanocrystals were found to significantly enhance the electron transfer rate of Cyt ¢
[31]. A pair of redox peaks due to the direct electron transfer of Cyt ¢ was obtained
both in Cyt ¢ solution and for the immobilized Cyt c¢. The Cyt ¢/Au-TiO, nano-
tubes/Ti electrode was used to electrocatalyze the reduction of H,O, as a biosensor
with a detection range from 2 x 107 to 3.49 x 10~* mol/L in the pH range 3-8 [31].

6.2.3 Detection of H,0, and Glucose

Xie et al. employed a TiO, nanotube array substrate in developing a biosensor
based on a bioelectrocatalytic redox system for amperometeric detection [32].
Glucose oxidase (GO) can catalyze glucose with concomitant release of H,0,,
which enables an electrochemical redox on the TiO,/Ti electrode for amperometric
detection. The current intensity primarily reflects the amount of interfacial electron
transfer on the enzyme-functionalized TiO,/Ti nanotube array electrode. TiO,/Ti
electrodes were immersed in 50 g/L. GO, 0.1 M phosphate buffer solution for 12 h at
4°C, with surface immobilization achieved with a 2.0 mM pyrrole conductive
monomer at 0.8 V for 20 min [32]. Current intensity versus H,O, concentration
was initially conducted in phosphate buffered saline (PBS) under a constant poten-
tial to establish a calibration curve. Quantitative determination of glucose was
achieved by amperometric measurement of H,O, based on electrochemical reduc-
tion. To keep the original bioactivity of GO the electrochemical process was carried
out in 50 mL 0.1 M PBS electrolyte aerated with 25 mL/min oxygen [32].

The electrochemical behavior of a pure TiO, nanotube array electrode in the
presence of H,O, in PBS electrolyte showed a strong reduction peak below
—0.20 V vs. SCE [32]; the reduction current amplitude depended on H,0O, concen-
tration as well as the applied potential. In the presence of glucose (PBS electrolyte)
the GO-TiO, nanotube array exhibited a strong reduction peak when the negative
potential was below —0.21 V, a potential less negative than in the absence of



6.2  Biosensors 289

glucose. GO catalyzes the aerobic oxidation of glucose to form H,O, in oxygen-
saturated PBS. The quantitative determination of glucose as well as HO, becomes
feasible when the amperometric response of the GO-TiO,/Ti electrode is initially
calibrated. The reduction current was found to increase with cathodic potential as
did the response time; for sensing applications it was decided to set the working
electrode potential at —0.4 V vs. SCE which had showed a responsive time 2.1 s. A
standard calibration curve was obtained for quantitative measurement of H,O,
amount using this TiO,/Ti electrode, which demonstrates a linear relationship
between steady current (Iy,0,, HA) and H,O, concentration (Cp,0,, mM) in the
full range of 0.1-2.0 mM, as shown in Fig. 6.3. According to this calibration plot,
the detection limit of H,O, was determined as 2.0 X 107*M for pure TiO,/Ti
nanotube array at a signal-to-noise of 3.

Amperometric detection of glucose was performed based on enzymic catalysis
and electrochemical reduction reaction on GO-TiO,/Ti nanotube array electrode at
—0.40 V vs. SCE [32]. When the glucose concentration in PBS increased from 0.01
to 1.0 mM, the steady current jumped from —27.2 to —136.2nA while the respon-
sive time increased from 1.1 to 5.6 s. Figure 6.4 reveals that a nonlinear dependent
relationship was obtained in the full concentration range of 0.01-1.0 mM between
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the steady current (/gjycose» HA) and the glucose concentration (Cgjucose, MM).
According to this calibration plot, the detection limit of glucose was determined
as 2.0 x 107 M for GO-TiO, /Ti biosensor at a signal-to-noise of 3. The reproduci-
ble current response of GO-TiO, /Ti nanotube electrode with relative standard
deviation of 2.3% was observed for the constant 1.0 mM glucose with detection
sensitivity of 45.5 uA/mM/cm2 [32].

Pang et al. recently fabricated a glucose biosensor by using GO on a modified
TiO, nanotube/Carbon nanotube/Pt coated electrode and demonstrated a sensitivity
of 0.24 pA/mM/cm? to glucose in the range of 0.006—1.5 mM with a response time
of less than 3 s and a detection limit of 5.7 M at a signal/noise ratio of 3 [33].

6.3 Enhanced Blood Clotting

The main biological purpose of blood coagulation is formation of an obstacle to
prevent blood loss of hydraulic strength sufficient to withstand the blood pressure.
An enhancement of coagulation kinetics is particularly useful in trauma patients
suffering from severe hemorrhage. Different methods have been adopted for acti-
vating the clotting process, which include administering activated coagulation factor
VII (rFVIIa) [34], fresh frozen plasma (FFP), platelet concentrates, antifibrinolytic
agents [35] and drugs of the Liquemin family [36]. Recently, Roy et al. reported the
use of biocompatible TiO, nanotubes on the clotting kinetics of whole blood [37].
They demonstrated that blood containing dispersed TiO, nanotubes, and blood in
contact with gauze pads surface-decorated with nanotubes showed significantly
stronger clot formation at reduced clotting times compared to pure blood [37].

In this particular application, DMSO synthesized TiO, nanotube arrays were
ultrasonically agitated in a water-ethanol solution to separate and subsequently
disperse the nanotubes. The water-ethanol solution was centrifuged to separate
nanotubes, which were then dried in an oven. A stock solution was formed from
10 mg of nanotube powder dispersed in 2 mL saline solution. Magnetoelastic
sensors were used to quantify the blood-clotting kinetics [38—44]. For a magnetoe-
lastic sensor in contact with blood, clot kinetics (clot rate, clot strength) are
characterized by tracking the time-dependent shifts in the resonance amplitude.
Bovine blood was used in the experiments; to avoid unwanted coagulation, the
blood was mixed with citrate salt during collection. A mixture of calcium chloride
and sodium chloride was used to reverse the citrate anticoagulant. The reversed
blood [42, 43] was injected into a small glass vial containing the magnetoelastic
sensor. After addition of blood to the vial it was sealed with a Teflon cap, then
inserted into the sensor-reader electronics for measurement; all measurements were
done at body temperature ~37.5°C. Blood samples containing dispersed TiO,
nanotubes were analyzed, with an appropriate amount (between 50 and 200 mL)
of the saline nanotube stock solution added to the blood mixture. Gauze pads
(Johnson & Johnson, NJ, USA) were immersed in a saline solution of variable
nanotube concentration (0.1, 0.5, or 1 mg/mL) then allowed to dry at 120°C for 1 h.
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After drying a nanotube, surface-decorated gauze bandage was adhered to the
metal, ribbon-like sensor surface using a spray-on adhesive.

Figure 6.5 shows the time-dependent change in the resonance amplitude [42, 43,
45] of blood immersed magnetoelastic sensors to which varying concentrations of
nanotubes were added; comparative amplitude—time data for a pure blood sample,
and a blood sample containing TiO, nanoparticles are also shown [37]. The
amplitude curves are characterized by three distinct regions that mirror the clotting
cascade: a slow initial decrease, followed by a rapid fall, and then finally, a steady
decrease till it becomes almost constant with time. These three regions represent
different parts of the coagulation cascade. A slow initial reduction of amplitude is
caused by the beginning of the coagulation cascade, where different enzymes and
proteins involved in the clotting process are activated leading to a steady increase in
the blood viscosity. In the second stage the actual clotting is initiated; here,
thrombin acts on fibrinogen, a high molecular weight protein, converting it into
fibrin monomers that are rapidly converted into thread-like polymeric structures
that form the clot matrix [46]. This cascade results in a rapid increase in the blood
viscosity resulting in a sharp decrease in the amplitude of the sensor vibrations.
Once the clot formation takes place the coagulation process gradually comes to a
halt, marked by a slow but steady amplitude decrease similar to the first region.

The second stage of the clot profile, characterized by a rapid decrease in the
signal amplitude, contains the needed clot information. The minimum of the first
derivative of the amplitude-time response in this region defines the clotting time,
while the magnitude of the derivative minimum (maximum clot rate) correlates to
clot strength [42, 45, 47]. The amplitude-time derivatives of the data seen in Fig. 6.5
are plotted in Fig. 6.6 [37]. The activated clotting time of pure blood was estimated
to be 285 s, reducing to about 260 s for the nanotube containing blood samples. For
whole blood, the elasticity was 2.21 kPa. Larger elasticity values, that are stronger
clot strengths, were found for increasing nanotube concentrations, reaching
3.87 kPa for blood containing 1 mg/mL of nanotubes. In comparison, the clotting
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time increased to 310 s for blood in combination with the TiO, nanoparticles, and
the clot strength decreased to 1.97 kPa. The experimental study suggested that
gauze bandages surface decorated with TiO, nanotubes could be used to improve
the rate of blood clot formation and the strength of the resulting clot.

6.4 Cell Adhesion and Osteoblast Growth

Ti and its alloys are biocompatible metals, suitable for osseointegration, hence their
widespread use as orthopaedic and dental implants [48, 49]. To enhance Ti bioac-
tivity various surface treatments have been performed such as roughening the
surface by sand blasting [50], covering the Ti surface with a hydroxyapatite
(HAp) layer, or chemical treatment [S1-55]. As suggested by Webster and co-
workers, implant bioactivity and osteoblast adhesion can be significantly enhanced
using nanostructured oxide materials [56, 57]. For bio-implant applications, the
adhesion and mechanical integrity of the TiO, layer is of critical importance. Ti
anodization in fluoride-based aqueous or non-aqueous solvents provides strongly
adherent vertically oriented titania nanotube arrays. Oh and co-workers have used this
structure for bone growth studies [58]. In another study, to facilitate the preferential
nucleation of bioactive calcium phosphate compounds, anodic TiO, layers for bio-
medical applications were electrochemically fabricated in electrolytes with sodium
silicate solution; ions incorporated on the anodic TiO, surface acted as preferential
nucleation sites for calcium phosphate by interaction with Ca** ion in the biological
fluid [59]. Kim found that F~ ion-enriched surface oxides favor cell attachment,
whereas, PO437 ion enriched oxides encourage osteoblast growth [60, 61].

Bone is a calcium phosphate-based mineral, which contains 70% HAp-like
material with the remainder consisting mostly of collagen. In order to evaluate
the hydroxyapatite formation (i.e., calcium phosphate), the effects of nanostructure
formation are investigated by exposing the nanotube arrays to a simulated body
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solution. For that, the TiO, nanotube array films were dipped in 20 mL of a
simulated body fluid (SBF) solution at 36.5°C for 1, 2, 3 and 5 days. Ion concentra-
tion in the SBF solution was nearly the same to those of human blood plasma [62]
with respect to Na™, K™, Ca**, Mg*", C1~, HCO;~, HPO,*~, and SO,*~ ions. After
soaking, the specimens were gently rinsed with distilled water, and then dried at
60°C for 24 h. Morphological changes on the nanotube surface were investigated
via SEM. For cell adhesion studies, MC3T3-E1 osteoblast cells (mice cells of the
type CRL-2593, sub-clone 4, ATCC, Rockville, MD) were used [63]. Each 1 mL of
cells was mixed with 10 mL of alpha minimum essential medium (¢x-MEM) in the
presence of 10% fetal bovine serum and 1% penicillin—streptomycin. The cell
suspension was plated in a cell culture dish and the cell was incubated under
37°C, 5% CO, environment. When the concentration of the MC3T3-E1 osteoblastic
cells reached ~3 x 10° cells/mL, they were seeded onto the nanotube array films,
which were then placed on a 12-well polystyrene plate, and stored in a CO, incubator
to observe cell morphology and count viable attached cells as a function of incuba-
tion time. The concentration of the cells seeded onto the specimen substrate was
~5 % 10%* cells/mL. After incubation, the specimens were washed with 0.1 M PB and
distilled water, respectively, and fixed with 2.5% glutaraldehyde in 0.1 M PBS for
1 h. After fixing, they were rinsed three times with 0.1 M PBS for 10 min. The samples
were then dehydrated in a graded series of alcohol, dried by supercritical CO,.

It is known that anatase phase TiO, is much more efficient for nucleation and
growth of HAp (bone growth) than rutile [50]. In crystallized TiO, nanotubes, the
walls are anatase while rutile exists at the base of nanotubes above the Ti substrate.
Hence, the nanotube structure would be the excellent material for the growth of
HAp. NaOH treated nanotubes showed the preferential growth of nanofibers on top
of the nanotubes. Compositional analysis by EDX indicated the presence of Na, Ti
and O supporting the formation of sodium titanate, which is known for accelerating
HAp formation in SBF solution as well as in-vivo [64—66]. TiO, nanotube array
substrates covered with sodium titanate nanofibers, ~25 nm in diameter, were
immersed in SBF solution for 1 day. The resulting microstructure exhibits a HAp-
like structure, with EDX, see Fig. 6.7, showing the presence of Ca, P, and O (the
ingredients of HAp). SBF soaking for 2-5 days resulted in a complete Hap surface
coverage. Compared to unmodified TiO, nanotube array substrates, where it took
7 days for formation of detectable amount of HAp, HAp formation was accelerated
with the sodium titanate nanofiber modified TiO, nanotube array substrates.

Images of MC3T3-E1 cells cultured on pure Ti and TiO, nanotube array sub-
strates indicated that cell growth and filopodia propagation were much faster on the
TiO, nanotube substrates [63]. The nanotube pore, and the gap between the
nanotubes serve as a useful pathway for continuous supply of ions, nutrients, and
proteins, which is likely to positively contribute to the health of the growing cells.
Moreover, it should be noted that these nanotubes have strong mechanical adher-
ence to the underlying Ti substrate. Figure 6.8 is a SEM-view showing the adhesion
of the osteoblast cells (after 2 h) on vertically oriented TiO, nanotube arrays. The
micrograph clearly shows that the filopodia of propagating osteoblast cells go into
the nanotubes pores. The observed rapid adherence and spread of osteoblastic cells
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6.087 KeV (16 Counts)

Fig. 6.7 (a) SEM microstructure of the nanoscale HAp phase formed on chemically treated TiO,
nanotubes, and (b) EDX spectrum showing the presence of Ca and P in the Hap phase. (Reprinted
from [63]. Copyright 2006, with permission from Elsevier)

Fig. 6.8 Micrograph showing the growth and adhesion of the osteoblast cells. The circles indicate
the TiO, nanotube and the cell growth into nanotube pores. (Reprinted from [63]. Copyright 2006,
with permission from Elsevier)

cultured on the TiO, nanotube array films could be caused by the enormously larger
surface area, the pronounced up-and-down vertical topology contributing to the
locked-in cell configuration, and the presence of the fluid pathways.

Kunze et al. report rapid apatite formation on anatase TiO, nanotube arrays [67].
In the initial stages of apatite growth more nuclei are formed on the nanotube arrays
than on compact TiO,. While the crystallographic structure of the substrate was
observed to play a less important role than the morphology in the initial nucleation
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stages, it was found to be of great importance in the later stages of apatite crystal
growth. The nanotubular morphology combined with an anatase structure lead to
the formation of apatite layers with a thickness of greater than 6 nm in less than
2 days. No stable apatite layer was observed on amorphous TiO, films. XPS, FT-IR
and XRD measurements revealed that carbonated hydroxyapatite (CHA) of low
crystallinity formed on annealed TiO, nanotube arrays, which should thus facilitate
their use as osseointegrative implants. In other report, Li et al. used 500°C annealed
long (12 pm) TiO, nanotubes anodically prepared in fluorinated DMSO solution for
soaking in SBF solution and detected a thick apatite layer (13 um) over the whole
surface of nanotube arrays after 14 days of soaking; indicating their excellent
in vitro bioactivity, which is mainly attributed to their high specific surface area
and the anatase phase [68].

To accelerate hydroxyapatite (HA) formation, Ma et al. tried precalcification of
nanotube array surfaces [69]. Nanotube array samples were annealed at 500°C for
2 h for crystallization; typical morphology of the annealed samples was outer
diameter 100 nm, inner diameter 70 nm and length of about 200 nm. In the precal-
cification process, the crystallized nanotubes were soaked in 0.5 M Na,HPO,
solution for 24 h and then in saturated Ca(OH), solution for 5 h [70]. After a DI
water rinse, the precalcified and non-precalcified nanotube samples were immersed
in a supersaturated calcium phosphate solution (SCP) for Ca—P deposition at 37.5°C.
The SCP solution was prepared by dissolving 8 g NaCl, 0.42 g CaCl,, 0.27 g
Na,HPO, - 2H,0 in 1 1 ultra-pure water and was buffered at pH=7.4 with tris-
hydroxymethyl aminomethane (TRIS) and HCI, in which the calcium and phosphor
ions concentrations were 1.5 times higher than those in human blood plasma. The
SCP for Ca—P deposition was refreshed every 2 days. After 7 days immersion in
SCP, the surface of the precalcified nanotube was completely covered by a flake-like
layer, as shown in Fig. 6.9a. However, no such precipitation was observed on the
non-precalcified sample exposed to the same conditions of SCP immersion. After
a 14-day immersion, only a discontinuous loose layer was formed on the non-
precalcified sample, with hollow nanotubes still observed in some regions, as

Fig. 6.9 The surface morphologies for: (a) the precalcified TiO, nanotube array sample after
immersion in SCP for 7 days, and (b) the non-precalcified nanotube array sample after immersion
in SCP for 14 days. (Reprinted from [69]. Copyright 2008, with permission from Elsevier)
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seen in Fig. 6.9b. EDS spectrums of the precalcified sample showed neither Ca nor P
peaks. After immersion in SCP for 7 days, the EDS detected the presence of Ca, P
and O, the essential ingredients of hydroxyapatite.

6.5 Drug Elution from TiO, Nanotubes

The success of orthopedic implant surgery depends not only on the bone-implant
integration, but also on the presence of a sterile environment around the implant,
which will prevent bacterial infection. Acute infection or chronic osteomyelitis
develops in as many as 5-33% of implant surgeries despite the use of strict antiseptic
operative procedures employed [71, 72]. When a bone becomes infected the soft,
inner part (bone marrow) often swells. As the swollen tissue presses against the rigid
outer wall of the bone, the blood vessels in the bone marrow may become compressed,
which reduces the blood supply to the bone. Without an adequate blood supply, parts
of the bone may die and thus drastically impair the patient’s recovery process. To
reduce the chance of the infection, patients are subjected to antibiotic drug therapy
upon initial surgery where the antibiotics are systemically delivered intravenously,
intramuscularly or topically. Systemic antibiotic delivery entails certain drawbacks
such as systemic toxicity and limited bioavailability. Further, for the drug to be
effective at the site of implantation, high doses are required, which can result in
undesired side effects. Thus, local antibiotic therapy is the preferred way of adminis-
tering drugs. Popat and co-workers [73—75] report TiO, nanotube array surfaces for
local delivery of antibiotics at the site of implantation, with demonstrated prevention
of bacterial adhesion while maintaining the osseointegrative properties of the nanos-
tructured surface [73]. Precise control of the nanotube length and diameter enable
different amounts of drugs at different rates to be eluted at the implant site.

Gentamicin is a commonly used aminoglycoside antibiotic able to treat many
types of bacterial infections, particularly Gram-negative infection. It works by
binding the 30S subunit of the bacterial ribosome interrupting protein synthesis,
and is one of the few heat-stable antibiotics that remain active even after autoclav-
ing. Films comprised of TiO, nanotube arrays, nanotube pore diameter 80 nm and
400 nm length, were loaded with different amounts of gentamicin using a lyophili-
zation method, with approximately 70-85% of the drug retained inside the nano-
tubes after an initial wash [73]. To facilitate gentamicin release from the nanotubes,
the surfaces were immersed in 500 puL of PBS in a 24-well plate at room temperature
with orbital shaking. Samples were collected periodically and the concentration
determined using a colorimetric assay. Figure 6.10 shows the release data obtained
from the gentamicin loaded nanotubes. There is slower and sustained release from
the nanotubes loaded with a higher amount of drug compared to those loaded with
lower amounts. For the given tube dimensions, the 200 pug gentamicin loading eluted
within 45 min. Alternately, for the nanotubes loaded with 400 g of gentamicin all
the drug was eluted within 90 min. However, it took almost 150 min for all the drug
to elute out of nanotubes that were loaded with 600 g of gentamicin.
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Fig. 6.10 Fraction released from nanotubes filled with 200, 400 and 600 pg of gentamicin, versus
time [73]

Bacterial adhesion to a material surface can be described as a two-phase process
including an initial, instantaneous and reversible physical phase, followed by a
time-dependent and irreversible molecular and cellular phase. After initial adhe-
sion, the surface growth of adhering microorganisms leads to the formation of a
biofilm, which is significant in the pathogenesis of biomaterials-related infections.
Growth of these organisms in direct contact with a surface play a pivotal role in
biofilm formation as they link the entire biofilm to the surface. Hence, we investi-
gated bacterial adhesion on nanotubes loaded with 600 pg gentamicin (NT-G) to
evaluate the efficacy of eluting drug in preventing bacteria adhesion and subsequent
colony and biofilm formation. S. epidermis bacteria strain was cultured on different
surfaces and stained with Syto 9 (Molecular Probes). Bacteria cell counts were then
completed using a fluorescence microscope in a field of view of 200 um x 200 um.
Figure 6.11 shows the fluorescence microscopy images of bacteria colonies formed
on Ti, NT and NT-G after 1 h of culture. These images suggest that NT-G has a
significantly reduced bacteria colony present on the surface compared to Ti and NT.
The bacteria colony count indicated an ~70% decrease in bacteria colonies on
NT-G compared to Ti and NT after 4 h of culture. This suggests that gentamicin
elution from the nanotubes is significantly able to reduce S. epidermis colony
forming units. It is expected that bacterial adhesion can be completely eliminated
by increasing the amount of drug loaded in the nanotubes. SEM images of bacterial
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Fig. 6.11 Fluorescence microscope images of bacteria stained with Syto 9 after 1 h of culture on
titanium (T1), nanotubes (NT) and nanotubes filled with gentamicin (NT-G) [73]

colony formation after 1 h of culture on: (a) Ti, (b) NT and (c) NT-G show that
bacterial colonies on Ti and NT are much larger then those on NT-G, with the
relative difference growing with time [73]. Gentamicin is known to have prolonged
effects on bacterial growth even after the drug is completely utilized or absorbed.

The release rates of bovine serum albumin (BSA), lysozyme (LYS), and genta-
micin can be controlled by varying the amount loaded into the nanotubes and the
polarity of the loaded molecule [74]. By changing the nanotube diameter, wall
thickness and length, the release kinetics can be altered to achieve either rapid or
sustained release. Hence these nanotubular surfaces have potential applications in
orthopedics implants, dental implants and stents where not only controlled release
of drugs such as antibiotics or growth factors but appropriate bio-integration is
desired. BSA and LYS were used as model proteins to investigate loading and
release efficiencies from nanotube platforms [74]. BSA is a relatively larger
molecule (67 kDa) with a net negative charge at neutral pH (—18), LYS (14 kDa)
has a net positive charge at neutral pH (+7). The nanotubes, 80 nm pore diameter
and 400 nm length, were filled via a simplified lyophilization method [74]. Before
the release studies were performed the efficiency of protein loading in the nano-
tubes was evaluated by comparing the concentrations of the original and the rinse
solutions via a commercially available assay kit. Loading efficiencies, expressed as
a percentage of loaded protein before and after washing, for nanotubes loaded with
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200, 400 and 800 pg of both BSA and LYS were always higher than 70%. The
results indicate that the majority of the protein is retained in the nanotubes after
washing regardless of initial loading.

The surfaces were immersed in 500 pL of PBS in a 24-well plate at room
temperature with orbital shaking, with samples periodically collected. The samples
were analyzed for protein content using a commercially available Micro-BCA
assay kit and the concentration adjusted for dilutions due to replacement of fresh
PBS. Figure 6.12 shows the release data obtained from nanotubes loaded with 200,
400 and 800 pg of BSA, while Fig. 6.13 shows the release data obtained from
nanotubes loaded with 200, 400 and 800 g of LYS. The amount of protein eluted is
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expressed in terms of fraction of total protein released. The results show that two
different proteins, the relatively larger negative molecule BSA, and the relatively
smaller positive molecule LYS, can be easily released from the nanotubes. As
expected, there is slower and sustained release from the nanotubes loaded with a
higher amount of protein compared to those loaded with lower amounts of protein.
However, although LYS is a smaller molecule than BSA, data indicate that release
of positively-charged LYS from the nanotubes is much slower compared to that of
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negatively-charged BSA [74]. This behavior is believed due to the difference
between the negatively and positively charged proteins interacting with surface
charge of the nanotube interface. The surfaces of most metal oxide films are
inherently charged as a consequence of the equilibration of charged crystalline
lattice defects within the surface. Depending on the net concentration of lattice
defects, the surface may be positively or negatively charged. The titania nanotube
surface consists of terminal hydroxyl groups, which results in a mild negative charge
on the surface. Thus, the fact that the release of LYS which is positively charged
is much slower compared to that of BSA, which is negatively charged, maybe, due to
a stronger electrostatic interaction between the LYS and the titania surface. There
was no release detected from surfaces that were adsorbed with BSA or LYS.

6.6 Hydrophobic Nanotubes: SAMs on Surface
on Hydrophilic Nanotubes

Cell adhesion on biomedical devices is a critical factor for the integration process of
a biomaterial after implantation, with surface characteristics such as chemistry,
topography, surface energy, morphology and wettability viewed as critical factors
[76-81]. To illustrate the complexities involved, it was found that cells tend to
attach better to hydrophilic surfaces than to hydrophobic surfaces by several
authors [82—84], with opposite results reported by others [85-87]. Reports have
indicated the ability to achieve super-hydrophobic behavior with the nanotube array
surfaces [88, 89]. Bauer et al. [90] reported on the response of mesenchymal stem
cells to strongly hydrophobic and super-hydrophobic surfaces obtained via organic
modification of TiO, nanotubes with self-assembled monolayers (SAMs) of octa-
decylphosphonic acid (ODPA). Before surface modification with the SAMs, the
samples were washed in acetone, ethanol and ultrapure water each for 10 min,
followed by exposure to ultraviolet (UV) light. Attachment of SAMs to the TiO,
nanotube array surfaces was achieved by soaking the samples for 24 h in tetrahy-
drofuran containing 150 uM of ODPA (C,gH3,PO(OH),). The samples were then
removed, subsequently washed with tetrahydrofuran and ultrapure water, and dried
under nitrogen gas flow and then at 70°C overnight. Rat mesenchymal stem cells
were isolated from fresh bone marrows from femurs of 4-week-old Wistar rats [91].
Cell isolation and expansion were performed [92], with the expanded cells show-
ing the potential to differentiate into multiple mesenchymal lineages, including
osteoblasts, chondroblasts, adipocytes, myoblasts, myofibroblasts and endothelial
cells, in differentiation experiments in vitro.

In order to alter the wettability of TiO, nanotube array substrates, SAMs of
ODPA were attached to the TiO, surfaces. As a result, the wetting behavior changed
remarkably for all tube diameters. The originally hydrophilic surfaces became
hydrophobic with water contact angles of about 108° for 15 nm diameter tubes up
to superhydrophobic 167° for 100 nm tubes. X-ray photoelectron spectroscopy
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analyses confirmed the presence of phosphonic acid-SAMs on TiO, nanotube. It
should be noted that, by washing with acetone, NaOH (1 M) and water, followed by
drying at 70°C overnight, the original contact angles of these surfaces could be
restored to the original values before exposure to culture medium. In order to
investigate whether cell behavior responds critically to different contact angles in
the super-hydrophobic range, green fluorescent protein (GFP)-labeled rat mesen-
chymal stem cells were seeded in culture medium containing 2% FCS at the same
cell density on the different nanotube layers. As shown earlier, cell attachment on
unmodified TiO, nanotubes depends on the nanotube diameter [92]. Unmodified
TiO, nanotube surfaces of pore sizes 30 nm or less have shown strongly enhanced
cellular activities compared to smooth TiO, surfaces [93]. For a tube diameter larger
than 50 nm, cell adhesion and spreading were severely affected, resulting in reduced
cellular activity and a high extent of programmed cell death. However, when coated
with a monolayer of ODPA, the tube diameter had no significant influence on
attachment. However, cell adhesion was found to be independent of nanotube
diameter with the surface super-hydrophobic modification [92].

6.7 Biological Fluids Filtration and Drug Delivery Using TiO,
Nanotubular Membrane

The majority of membranes, currently used for separation of sub-micron particles in
biochemical applications, are made from polymers such as polysulfone, polyacry-
lonitrile, polyamides, etc., or ceramics such as alumina (Millipore isopore or
Whatman filters). There are several incompatibilities associated with such mem-
branes, such as sensitization to sterilization techniques; wide pore size distribution;
adhesion of various proteins and biomolecules to membranes thus leading to
biofouling and leaching of contaminants from polymers [94]. Most common poly-
meric membranes are made through a solvent-casting process, which results in a
pore size distribution with variations as large as 30%. The use of ion track etching
to form membranes (e.g., Millipore Isopore) produces a much tighter pore size
distribution (£10%). However, these membranes have low porosities (< 10° pores/
cm?), limited pore sizes, and the pores are randomly distributed across the surface.
Porous alumina membranes (e.g., Whatman filters) offer high pore density (>10'°
pores/cm?); however, pore sizes are generally limited to >40 nm. Thus, develop-
ment of well-controlled, stable and uniform membranes capable of complete
separation of viruses, proteins or peptides is an important consideration for biofil-
tration applications. To that end, Grimes and co-workers have developed fabrica-
tion strategies for TiO, nanotubular/porous membranes with well-controlled
and uniform pores capable of separating nano-scale particles and drug delivery
[95-97]. Of particular interest is that TiO, is an active photocatalytic material,
giving rise to the possibility of self-cleaning, bioactive filters when used in combi-
nation UV light.
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Glucose (MW: 180 Da), and Immunoglobulin G (IgG; MW: 150 kDa) were
chosen as model molecules to study the diffusive transport through TiO, nanopor-
ous membranes. The molecular weight of glucose is similar to that of the metabolic
wastes (MW < 12 kDa) associated with kidney failure (e.g., urea MW: 60 Da, uric
acid MW: 168 Da, etc.) that is targeted for removal by dialysis and haemofiltration,
and hence was used as model molecule for diffusion studies. Further, IgG is a serum
antibody secreted by b-cells and plasma cells that accounts for 75% of serum
antibodies. Unlike the other types of immunoglobulins, IgG is the smallest class
of immunoglobulin and circulates in the body as a monomer. It aids the immune
system in protecting the body against potentially harmful antigens such as bacteria,
viruses, and cancer cells by binding to the antigens and eliminating them through
neutralization, opsonization, and complement activation. It also plays a role in
transplant rejection since they are designed to recognize any foreign particles that
might be harmful. Furthermore, the specificity of IgG makes them ideal candidates
for targeted therapeutic applications. Currently, therapeutic antibodies are used to
treat a variety of illnesses such as cancer, autoimmune disease, and cardiovascular
diseases. Controlled diffusion of IgG through membranes is important for success-
ful immunoisolation type devices. Phenol red (MW: 354.4 Da) and BSA (MW:
66 kDa) were also used as model molecules for diffusion studies since their
molecular weights are between glucose and IgG.

Titania nanotubular membranes were fabricated by anodizing titanium foils of
0.25 mm thickness in an electrolyte composition of 0.3 wt% ammonium fluoride
and 2 vol% water in ethylene glycol; the applied potential, e.g., 60 V, controlled the
pore size, while length was controlled through anodization duration. The anodized
samples were dipped in ethyl alcohol and subjected to ultrasonic agitation to
separate the nanotube array film from the underlying Ti substrate. The compressive
stress at the barrier layer—metal interface facilitates detachment from the substrate.
Figure 6.14a shows the nanotube array membrane immersed in ethyl alcohol after it
was separated from the underlying Ti substrate by ultrasonication and Fig. 6.14b

Fig. 6.14 Digital photographs of (a) flat membranes kept in ethyl alcohol after separation from Ti
foil (b) membranes taken directly from water/ethanol and dried in air, showing the initial curling of
the membrane as it dries [95]
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membranes taken directly out of solution and then dried in air, note the extensive
curling of the originally flat membranes. As clearly demonstrated by Fig. 6.14, the
planar membranes, perfectly flat while wet, curled dramatically after they were
removed from the liquid and dried in air due to surface tensional forces of the
solution acting on the membrane.

To overcome membrane curling, low surface tension liquids such as hexam-
ethyldisilizane can be used to wash the membranes. Also, critical point drying can
be successfully used to dry the membrane after removal from solution. CO, critical
point drying is a well-known technique used to prepare biological specimens for
SEM studies. Figure 6.15 shows a photograph of a flat nanotube array membrane
after critical point drying, the membrane remains flat indefinitely. Membranes of
area 10 cm by 10 cm have been fabricated, to date. Membranes of 40pum thickness
or more were found robust enough for easy handling. The surface of the membrane
after critical point drying occasionally showed a nanofiber surface, which could be
removed by subjecting the membrane to ultrasonic agitation or a rapid acid rinse. It
was believed that TiO, nanoparticles occasionally detach from nanotubes forming
wires in the high pressure and temperature conditions used for critical point drying;
similar to the situation where TiO, nanowires are grown by hydrothermal treatment
of TiO, particles [98].

Figure 6.16a shows the backside, i.e., the barrier layer side of an as-fabricated
nanotube array film. To open the closed ends, a dilute hydrofluoric acid/sulfuric
acid solution was applied to the barrier layer side of the membrane to etch away the
oxide and the membranes were then rinsed with ethyl alcohol. The acid rinse is
repeated until the pores are completely opened as seen in Fig. 6.16b. Without
disturbing their flatness, the samples were crystallized in anatase phase by anneal-
ing in an oxygen environment at 280°C for 1 h [99-101]. Diffusive transport
through TiO, nanotubular membranes were studied using the apparatus shown in
Fig. 6.17. The membrane was adhered with a cyanoacrylate adhesive to an alumi-
num frame, and then sealed between the two diffusion chambers, A and B. Chamber
A was filled with 2 mL of 1 mg/mL solute solution (either glucose, phenol red, BSA

Fig. 6.15 Digital photograph of titania nanotube array membranes after critical point drying; the
membranes are perfectly flat [95]
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A10,000 WD 4. 1mm 1um

Fig. 6.16 FESEM images of: (a) back side (barrier layer) of as-fabricated nanotube array film; (b)
etched backside of self-standing membrane at different degrees of magnification [95]
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Fig. 6.17 Experimental setup for testing diffusion characteristics of TiO, membranes [95]

or IgG) and chamber B was filled with 2 mL of DI water (for glucose diffusion) or
PBS (for phenol red, BSA and IgG diffusion). The assembled setup was rotated at
4 rpm throughout the experiment to eliminate any boundary layer effects. Samples
were collected from chamber B at specific intervals of time. Glucose diffusion
studies were carried out for 3 h, whereas IgG diffusion studies were carried out for
20 days. The concentration was measured by means of a quantitative enzymatic
assay and colorimetric reading was determined using a spectrophotometer.
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The ratio of measured concentration (C) with original concentration (C,) was
plotted against time to determine the diffusive transport through the membranes.

Diffusion across a membrane separating two well-stirred compartments A and B
can be described by Fick’s first law of diffusion as follows:

6.1)

Cp—C
J = DegrAey (%)

where J is mass flux, D.g is the effective diffusion coefficient, Ao is the cross-
sectional pore area, L the membrane thickness, and C, and Cg the measured
concentrations of chamber A (donor) and B (recipient), respectively. The flux can
be considered steady state since over the course of the experiment, chamber A acts
as an infinite source of solute with a negligible change in its concentration.

Figure 6.18a, b show the measured B-side concentration versus time for glucose
and IgG, respectively. There is a high degree of linearity indicating a zero-order
diffusion system. By coupling this with the mass balance equation, the diffusion
coefficient can be calculated using the following expression [102]:

6.2)
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where C 5 is the initial concentration in chamber A, Cy the measured concentration
in chamber B, AL the membrane thickness, V the total volume in chamber (same for
A and B) and ¢ is time. The diffusion coefficients were then compared with
diffusion coefficient in water, calculated according to Stokes—Einstein equation:
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Fig. 6.18 (a) Time-dependent diffusion of glucose through a TiO, membrane 200 pm thick having
125 nm pore size. (b) Time-dependent diffusion of IgG through a TiO, membrane 200 um thick
having 125 nm pore size [95]
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where k is Boltzmanns’ constant, T is temperature, 7) the solvent viscosity, and Ry
Stokes’ radius. Using the above equation, Dyjo was found to be 6.14 x 10~°. The
membrane (200 um thick, 125 nm pore size) diffusion coefficients were calculated
as: Dglucose=242x107* min~", Dyug=1.73x10"" min"", Dpnenol rea=6.64 X
10 *min ', and Dpsa=3.70x 1075 min~ .. Figure 6.19 shows the plot of molecu-
lar weight versus natural log of the diffusion coefficient for the four test molecules.

Figure 6.20 shows release profile of phenol red diffusion through a TiO,
nanotubular membrane; the phenol red diffusion is constrained with approximately

——y=-7.5896-0.50841x R=0.98299
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Fig. 6.19 Molecular weight versus natural log of the diffusion coefficient for the four test
molecules [95]
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Fig. 6.20 Phenol red diffusion through a TiO, nanotubular membrane of 120 nm pore size and
200 um thickness [96]
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20% of phenol red diffusing in 5 h [96]. The origin of the constrained diffusion
through nanotubular membrane may be related to the phenomenon of single-file
diffusion, involving particles that cannot pass each other due to constrained path-
ways. Single-file diffusion phenomena have been recently reported in one-dimen-
sional zeolites and also in biological ion exchange [103—105]. Another possible
explanation of constrained diffusion could be the drag effects. When a colloidal
particle suspended in a quiescent fluid is close to a flat wall, Stokes drag force acting
on it is increased relative to that when far from the wall; therefore, the diffusion
coefficient is smaller than that when from the wall. The increase of the drag force is
attributed to the alteration of the hydrodynamic interaction between the particle and
the fluid generated by the boundary condition imposed by the nearby wall. Using
Fick’s law of diffusion, the diffusion coefficient for phenol red through TiO,
nanotubular membranes was calculated to be 9 x 10~’cm?/s. The Stokes—Einstein
diffusivity for phenol red in aqueous solution is 2.84 x 10~®cm?/s. This difference
in the two values is due to the presence of the nanotubular membrane and its
interaction with the diffusant.

6.8 Application of Photocatalytic TiO, Nanotube Properties

TiO; is a well-known photocatalyst [106—108]. The photogenerated charge carriers
form reactive oxygen species including O, and OH® radicals. Matsunaga et al.
showed the ability of UV-irradiated platinized TiO, powder to kill bacterial cells in
an aqueous environment [109]. Since then, the photoinduced devitalization of
various cells using TiO, was reported [110-114]. For example, Kalbacova and
co-workers reported the use of TiO, nanotube arrays for enhanced photo-induced
killing of cancer cells. For this purpose, nanotube arrays were plated with HeLa G
cancer cells [115]. The incubated cells were exposed to UV, 5 mW/cm? intensity,
with changes in the cell morphology and viability observed [115]. Cell morphology
cultured on TiO, nanotube array surfaces compared to that on glass revealed a
slight variation in size. After UV exposure, cells on the TiO, nanotube array layers
showed significant size reduction along with changes in shape due to the photo-
catalytic activity of the nanotube arrays.

Tonic silver demonstrates known anti-microbial activity, with silver impregnated
polymers, and silver-impregnated hydroxyapatite films on alumina exhibiting
excellent antibacterial properties against gram-positive and gram-negative bacteria
[116, 117]. Das and co-workers investigated the influence of surface modified TiO,
nanotube array surfaces on the in-vitro colonization of bacteria as an index of
antibacterial activity as well as evaluation of the human osteoblast cells material
interactions [118—120]. Human osteoblast bone cell attachment and growth behav-
ior were studied on the nanotubes, using an osteo-precursor cell line, for durations
of up to 11 days to evaluate cell-materials interaction. Silver was electrodeposited
on the nanotube surfaces, which were then evaluated for antibacterial activity
using the gram-negative bacterial strain Pseudomonas aeruginosa [121]. Nanotube
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surfaces with and without the presence of silver showed good cell-to-cell attach-
ment, high cell proliferation and enhanced bone cell-material interactions in com-
parison to Ti-control [118]. The Ag deposited nanotube surface had an antibacterial
activity over 99% against the growth of Pseudomonas aeruginosa colonies, whereas
the Ti control and TiO, nanotube surfaces had no influence on the growth of
Pseudomonas aeruginosa [118].
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Chapter 7
Conclusions and New Directions

7.1 Conclusions

We considered four synthesis generations of TiO, nanotube arrays [1-3]. The first
being aqueous solutions using HF as reported by Gong and co-workers [4], the
second as reported by Cai et al. [5] using buffered KF or NaF aqueous solutions to
achieve nanotube array lengths of several microns. The third synthesis generation,
as initially reported by Paulose and co-workers [6—10], dwelt on the use of organic
electrolytes, which extended the achievable nanotube array growth up to 1 mm. A
fourth synthesis generation involves replacement of the fluorine ions, used in the
first three synthesis generations with, most notably, chlorine as reported by Allam
et al. [11, 12]. Each synthesis generation has provided new material properties,
which in turn have enabled new applications.

First generation nanotube arrays, obtained in HF aqueous electrolytes, resulted in
nanotubes with a pore size from 22 to 76 nm and a maximum achievable thickness
of about 500 nm. A pore size of 120 nm and length of 1.1 um were grown in acidic
HF (i.e., 0.3 wt% HF+1.0 M H3PO,) based electrolytes, while a pore size of
about 90-140 nm and length 0.69-2.47um was achieved using acidic NH4F
(NH4F/H3;PO,) based electrolytes with non-Pt based transition elements (Fe, Co,
Cu, Ta, and W) as counter electrodes [13]. An enabling discovery was that addition
of acetic acid to the anodization electrolyte transformed the nanotubes from some-
thing quite fragile, prone to breaking during handling, to something mechanically
robust. Conical shape nanotubes can be obtained by linearly varying the anodization
voltage [14], while nanotube wall thickness can be varied through temperature
for aqueous electrolytes [15], or acid content for organic electrolytes [1].

Second-generation nanotubes [3, 5] saw an increase in length to approximately
7 pum through the use of buffered solutions having higher pH values while remain-
ing acidic that reduced chemical dissolution of TiO, during anodization. On
varying the pH of KF-based electrolyte (containing citrate acid and NaHSO,
solution) from 1 to 5.5, the length of nanotubes (anodized at 25 V) increased
from 0.56 to 6.4 um, respectively.

C.A. Grimes and G.K. Mor, TiO, Nanotube Arrays, 315
DOI 10.1007/978-1-4419-0068-5_7, © Springer Science+Business Media, LLC 2009
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Third generation nanotubes [6—-10, 16-18] were grown in organic electrolytes
containing less than 5% water, key to achieving ultra long nanotube arrays. For
example, nanotube arrays of 70 um length, pore size about 132 nm and wall
thickness ~24 nm were grown using an electrolyte of 0.27 M NH,F in formamide
(FA) containing 5% water by anodization at 35 V for 48 h [6, 18]. On replacing FA
with N-methyl formamide (NMF), nanotubes with a smaller pore diameter and
about 10% greater length were obtained. On increasing the anodization voltage, the
length and the pore size of nanotube increase, whereas the nanotube wall thickness
decreases. The range of applied anodization potentials over which nanotube arrays
are obtained is significantly extended in organic electrolytes, with nanotubes
formed from 10 to 100 V, with nanotube length largely found to depend on
anodization duration. While studying the effect of different cationic species on
the formation of TiO, nanotube arrays in formamide-water mixtures, it was found
that the cation choice is a key parameter influencing both the nanotube growth rate
and resulting nanotube length [18]. Under similar conditions in FA electrolytes,
those containing the tetrabutylammonium cation resulted in the longest nanotubes
(~94 um), while the shortest nanotubes (~3 um) were obtained when H* ions were
the sole cationic species in the anodization electrolyte. This was attributed to the
inhibitory effect of the quarternary ammonium ions that restrict the thickness of the
interfacial (barrier) oxide layer; a thinner interfacial oxide layer facilitates ionic
transport thus enhancing the nanotube growth.

In DMSO/HF-based electrolytes [6, 10, 19] the maximum nanotube length
obtained was 101 um with a pore size of 150 nm, 2.0% HF-DMSO at 60 V for
70 h. Effects of electrolyte aging are clearly seen using DMSO electrolytes, with
tubes grown from used electrolytes, that is electrolytes previously used for an
anodization, having relatively thicker walls and smaller pore sizes that those
obtained with fresh, i.e., previously unused, electrolytes. The addition of water to
the DMSO electrolyte was found to improve the nanotube array adhesion to the
underlying Ti substrate, and also reduce the presence of debris.

In ethylene glycol (EG) electrolytes [6-9, 20], TiO, nanotube arrays were
observed for anodization voltages 20-65 V in the NH4F concentration range
(0.1-0.5 wt%) and H,O (1-4%). Ti foil anodized at 60 V in a fresh solution of
0.3 wt% NH4F and 2 vol% H,O in ethylene glycol for 4, 17, 21, 48 and 96 h
exhibited a length of ~58, 160, 188, 289 and 360 um, respectively. In the given
range of NH4F and H,O concentrations, the anodic dissolution due to the increased
wt% of NH4F was compensated by the increase in HO concentration resulting in
greater growth rates and hence, longer nanotube lengths. From 0.1 to 0.5 wt% NH4F
with 2% water, 0.25 mm foil samples were completely anodized resulting in two
~360pum nanotube arrays across a thin barrier layer. A maximum individual
nanotube array length of 1,005um was obtained upon anodizing a 2.0 mm thick
Ti foil sample at 60 V for 216 h (9 days) in 0.5 wt% NH4F and 3.0% water in EG.
Use of EG electrolytes, and the resulting close-packed strongly adhered nanotube
arrays several hundred microns in length enabled the successful fabrication of
mechanically robust nano-filtration membranes. After removal of the nanotube
arrays from the underlying Ti substrate [7, 20], the back-side plugged end of the
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nanotube array was opened with an acid rinse resulting in, after drying, a stable
mechanically robust nanoporous titania membrane.

Nanotubes formed in EG electrolytes are close packed, generally approaching
hexagonal packing, while there is clear separation between adjacent nanotubes
fabricated in FA/NMF. Nanotubes grown from DMSO electrolytes generally have
a slight conical nature, with the top layers well separated and the bottom layers
densely packed. Nanotube separation is increased dramatically with the use of di-
ethylene glycol (DEG) electrolytes containing HF as the fluoride source [16]. Tube-
to-tube spacing of several microns could be obtained, with the nanotube length
ranging from 3 to 7.5 um, pore size from ~140 nm (40 V) to ~190 nm (100 V).

In combination with field emission scanning electron microscope (FESEM)
images taken at different stages of the anodization process, observation of current
density versus time during potentiostatic anodization in fluoride-based solution
allowed an often repeated TiO, nanotube array formation mechanism to be put
forth by Mor and co-workers in 2003 [3, 14]. In organic electrolytes, nanotube
growth underlies a several competing reactions including water content, cation size,
acid content, electrolyte viscosity and conductivity [21].

For crystallization the as-anodized amorphous nanotubes are typically annealed
in oxygen ambient, at elevated temperatures, for several hours [22]. The tempera-
ture at which samples crystallize without disturbance of the nanotubular structure is
found to be a function of the nanotube length, e.g., for short nanotubes it is 480°C,
and 580°C for nanotubes of several microns length. These nanotubes begin to
crystallize in anatase phase at about 280°C, with the crystallite size and crystallized
volume increasing with annealing temperature. The nanotube walls remain anatase
irrespective of annealing temperature provided the nanotubular structure remains
intact, whereas the metal-nanotube region starts transforming anatase to rutile at
430°C for short nanotubes and at 530°C for medium length (6—7 pm) nanotubes.
Glancing angle X-ray diffraction of 14 um long nanotubes annealed at 580°C for 4 h
exhibit only anatase peaks, as the underlying rutile barrier layer is not seen by the
GAXRD scan. The crystallinity of the annealed nanotubes was demonstrated to be
enhanced upon solvothermal treatment in ethanol vapor [23]. In an effort towards
low temperature crystallization, anodizing oxidized Ti foil, treated with H,O, at
80°C or (NH4),S,05 at 120°C, resulted in the direct fabrication of crystallized
nanotubes up to 1.4 pm in length. In another report, nanotubes grown in DEG/
NH4F/2% H,O0 electrolyte at 80 V were found to be partially crystalline [16].

Each synthesis generation has enabled new applications of the TiO, nanotube
arrays. As of today, applications of the TiO, nanotube array architecture include use
as hydrogen gas sensors, dye sensitized solar cells (DSCs), polymer-TiO, nanotube
based bulk heterojunction photovoltaics, drug eluting implant surfaces, biofiltration
membranes, biosensors, photocatalysts, hydrophilic surfaces, electro-chromic
devices, super capacitors, etc. The remarkable properties that the TiO, nanotube
arrays possess is illustrated in their use as hydrogen sensors. At room temperature,
nanotubes of 1pm length (prepared in KF electrolyte, pH ~4.0, 10 V) exhibit a
resistance change of 8.7 orders of magnitude in response to 1,000 ppm hydrogen;
this represents the largest known sensitivity of any material, to any gas, at any
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temperature [24-26]. While such testing chambers are not readily available, linear
extrapolation of the sensitivity indicates the ability of the room temperature nano-
tube-array to detect hydrogen at 20 ppt (parts per trillion). Combined with their
outstanding photocatalytic properties, the hydrogen sensors exhibit excellent self-
cleaning capabilities and are hence able to recover from environmental contamina-
tion [27, 28].

The nanotube array architecture, achieved by anodization of the base metal, has
now been extended to a variety of other materials, including tantala [29] and
zirconia [30], and more recently iron oxide, specifically o-Fe,O5 (hematite) [31]
as shown in Fig. 7.1. The novel properties offered by the nanotube array architec-
ture can be expected to be extended to other materials. For example, nanotubular
tantala has already proven itself to be a most interesting substrate for osseointegra-
tion and drug elution applications [29].

The nanotube array structure has proven itself to be an, if not the, ideal
architecture for water photoelectrolysis [6, 15, 32, 33]. Nanotube arrays approxi-
mately 20pm in length, 205 nm outer diameter, prepared using a formamide
electrolyte and then annealed at 580°C for 1 h for crystallization, demonstrated a
maximum efficiency of 16.25% (320—400 nm illumination, 100 mW/cm2) [6, 21,
33] with an IPCE of approximately 80%. Hence, thin wall hematite nanotube arrays
offer an exciting opportunity in application to water splitting, with the ~2.2 eV
bandgap well suited for capturing solar spectrum energy. The short minority carrier
diffusion length of hematitie, ~5 nm, demands thinner nanotube walls than those
seen in Fig. 7.1 of approximately 25 nm [1, 31]. This should be a tractable problem
as, we note, nanotube arrays with 5 nm thick walls have been achieved using a
formamide electrolyte [18]. Introduction of controlled amounts of lower band gap
oxide semiconductors into the TiO, nanotube walls offers a path to combine the
excellent material strength and photocorrosion stability of TiO, with the superior
light-harvesting abilities of smaller band gap oxides in the nanotube array architec-
ture [34, 35]. For example, visible light responding Fe-Ti—O ternary oxide nano-
tube arrays were synthesized by anodization of Fe:Ti films. A maximum
photocurrent of 1.5-2 mA/cm2 was observed in translucent Ti—-Fe—O nanotube
films (Tig; 4Feq ¢ film before anodization) at 0.5 V vs. Ag/AgCl in 1 M NaOH
solution under AM 1.5 light. Various efforts have been focused on either doping the
TiO, nanotube arrays, with various anionic and cationic dopants such as N, C, S, B
and Si, to achieve useful visible light properties, without great or sometimes even
repeatable success, or combining the nanotube arrays with a visible light responsive
low bandgap semiconductors such as WOj3 [36], CdS [37] or CdTe [38].

DSCs require facile electronic transport of the photogenerated electrons to the
back contact. Superior electronic transport allows for improved light harvesting,
and hence device efficiency, since thicker films can be used to increase the optical
density enabling absorption of low energy photons in the red and infrared regions
without losing the additionally harvested charge carriers to recombination. The
high surface area TiO, nanotube-array geometry, with tubes oriented perpendicular
to the surface, permits directed charge transfer along the length of the photoelec-
trode. Open circuit voltage decay measurements on N719 dye sensitized TiO,
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Tpm

Fig. 7.1 Top and cross-sectional views of hematite nanotube arrays, 4.4pum long, achieved by
anodization of iron foil [1, 31]

nanotubes indicate comparatively slow recombination of photogenerated electrons,
indicating that fewer potential surface recombination sites exist in nanotube arrays
than in the commonly used nanoparticle films [33, 39]. Using impedance-modulated
photocurrent/photovoltage spectroscopy it was shown that the recombination time
constants for nanotube array DSCs are an order of magnitude larger than those for
nanoparticle films, with the collection efficiency of the nanotube array films 25%
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larger than that of the nanoparticle films [40]. With respect to DSC application, a
TiCl, treated 3,600 nm thick transparent nanotube array on FTO glass (front
illumination geometry), infiltrated with N-719 in acetonitrile, exhibited an overall
conversion efficiency of 4.7%, while a backside illuminated DSC, comprised of a
20um long nanotube array on Ti foil, showed an overall conversion efficiency of
6.89% [33]. TiO, nanotube arrays have shown great use in construction of polymer-
based solid state solar cells, with a FTO/TiO, nanotube array/active layer/PEDOT:
PSS/Au general structure [41-43]. An overall conversion efficiency of 4.07% was
obtained with 270 nm long transparent nanotube array films, pore size of ~50 nm,
using a blend of P3HT polymer and PC,;,BM molecules [41].

TiO, nanotube arrays have been investigated for a variety of biological applica-
tions. TiO, nanotube arrays offer an exciting prospect for achieving drug eluting
surfaces for biotemplating and osseointegration applications [44—47], while mec-
hanically robust nanotube array membranes have shown great utility in biofiltration
applications [7, 20]. Biosensors using nanotube arrays co-immobilized with horse-
radish peroxidase and thionine have been shown quite useful for H,O, detection
[48], while nanotubes immobilized with glucose oxidase enabled quantification of
glucose [49]. Gauze bandages sensitized with dispersed nanotubes were shown to
reduce the clotting time of blood while increasing clot strength [50].

7.2 Some Future Directions

7.2.1 |Intercalation and Supercapacitors

Fabregat-Santiago and co-workers [51] investigated the electronic charging and
conducting properties of TiO, nanotube arrays formed by anodization of Ti foil
samples. Depending on the electrochemical conditions two rather different elec-
tronic behaviours were observed. Nanotube array samples in basic medium show
behaviour analogous to that of nanoparticulate TiO, films commonly used in dye-
sensitized solar cells: a chemical capacitance and electronic conductivity that
increases exponentially with bias potential indicating a displacement of the Fermi
level. Nanotube array samples in acidic medium, or samples in a basic medium
submitted to a strong negative bias exhibit a large increase in capacitance, to super
capacitor levels, and conductivity indicating Fermi level pinning. The contrasting
behaviours are ascribed to proton intercalation of the TiO, suggesting a route for
controlling the electronic properties of the ordered metal-oxide nanostructures for
their use in applications including supercapacitors, DSCs, and gas sensing.

A crucial property determining the photovoltaic performance of nanostructured
semiconducting films is the electronic carrier density, which, in turn, is dependent
on the dopant level; carrier density plays a key role in determining electronic
conductivity. The carrier density and dopant level in nanostructured films may
vary widely depending on the materials, method of preparation, architecture, and
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electrochemical or thermal treatments. As discussed in a recent review, one can
generally distinguish two basic limiting situations [52]. First, standard colloidal
TiO, films for DSCs made of small, ~10 nm diameter, nanoparticles usually show
very low (unmeasurable) charge carrier densities since the dopant levels are
minimal and the equilibrium Fermi level is far from the conduction band. When
the Fermi level is raised by a bias potential the films respond with a chemical
capacitance [53] that normally displays an exponential bias dependence reflecting
the density of localized states (DOS) in the bandgap [54]. Over prolonged operation
the DOS can be modified by cation intercalation in the TiO, nanoparticle bulk [55].

The nanotube array geometry can be viewed as a combination of the character-
istic DSC nanoparticle size in the radial direction, with a macroscopic continuous
pathway in the axial direction. Hence the characteristic carrier density and electrical
field distribution are not a priori clear, i.e., whether the film should respond with a
chemical capacitance, or with some other behavior. Fabregat-Santiago and co-
workers [51] used impedance spectroscopy to analyze a range of nanotube array
samples, with the simultaneous detection of transport resistance and capacitance
allowing characterization of the carrier density dependence on potential.

TiO, nanotube array films were made by anodic oxidation of titanium foil, 20 V
in 0.27 M tetrabutyl ammonium fluoride in formamide containing 3.0% de-ionized
water [18, 51], with nanotube outer diameter, inner diameter and wall thickness of,
respectively, 100, 56 and 22 nm. A typical top and cross-sectional view of an
approximately 8 um long TiO, nanotube array film, achieved using the formamide
electrolyte, is shown in Fig. 7.2. All samples were crystallized by annealing in
oxygen gas at 525°C for 2 h with a ramp-up and ramp-down rate of 1°C/min [51].
DSCs were prepared by nanotube array immersion in dye solution (N719 0.3 mM in
ethanol) overnight. The nanotube array electrode was clamped between two glass
sheets, one of them thermally platinized TCO glass (Pilkington TEC15) with a
30um suryline tape spacer. The cell was then filled with a drop of electrolyte (0.5 M
of Lil, 0.05 M of I, and 0.5 M of MBI in Acetonitrile). Voltammetric and
impedance spectroscopy measurements were performed using TiO, nanotube

Fig. 7.2 FESEM views of the formamide TiO, nanotubes: (a) top view, (b) cross section [51]
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samples of variable length: 1.5, 5, 8, 10 and 20pum [51] in two potential ranges:
between 0.1 and —0.75 V for both acidic and basic media, aqueous solutions
adjusted to pH 11 with KOH and pH 2 with H,SOy, and from 0.1 to —1.5 V for
basic media. Potentials were reported versus an Ag/AgCl (3 M KCl) reference
electrode, hence there is a —0.31 V offset between DSC and electrochemical
potentials (/3 /I~ redox potential vs. Ag/AgCl reference electrode).

For an array of TiO, column-like tubes of length (height) L immersed in an
electrolyte, the impedance behavior of a typical porous electrode is described by a
transmission line model shown in Fig. 7.3a [56, 57]:

o RyRy 12 1/2 . 1/2
Z((D) = (m) COth[(Rl/RCt) (1 + lw/wrec) :| (71)

Here, R, is the total transport resistance and R, is the charge transfer resistance at
the solid/electrolyte interface along the resistive transport channel. . is the radian
frequency of the charge transfer process, Oree=(RC3) ™\, related to electron lifetime
by 1, = w_l. C3 is the total capacitance in the solid phase and the solid-electrolyte
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Fig. 7.3 (a) Transmission line equivalent circuit model applied to the TiO, nanotube array films.
(b) Impedance response of a nanotube electrode. The large arc is the parallel combination of R,
and C;. The left panel shows in expansion the high frequency 45° like behavior due to transport of
electrons in the semiconductor; frequencies w; and . are defined in text [51]
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interface. C; has several possible contributions [53]: (1) the chemical capacitance of
the semiconductor, C,; (2) the depletion capacitance in the semiconductor surface,
Capi; and (3) the Helmholtz capacitance of the surface, Cy. Total film capacitance
has an additional contribution from the exposed surface of the barrier layer at the
bottom of the columns, C,,, see Fig. 7.3a.

In the case of low reactivity with respect to electron transport, as given by the
condition R >R, [56], for frequencies higher than w1=(R,C3)"" (7.1) reduces to:

_ Ry 12 . \—1/2
zZ= (C—3> (i) (7.2)

Equation 7.2 is often termed the “Warburg” impedance, appearing as a 1-slope line
in the complex impedance plot shown in the left of Fig. 7.3b. It should be
emphasized that, in contrast to semi-infinite diffusion, in the transmission line
model the 45° characteristic appears only in the high frequency part of the imped-
ance spectrum. As the frequency decreases (w <) the charge-transfer resistance
gives rise to a semicircle at low frequency, consisting of the parallel combination of
R and C; as shown in the right of Fig. 7.3b.

The nanotube array presents the characteristic behavior of nanoparticulate TiO,
networks usually found in DSCs [52, 58] with little intrinsic doping by foreign
atoms and consequently a homogeneous conduction band level throughout the
semiconductor. The bias potential V determines the Fermi level position with
respect to the conduction band, while the transport resistance in the TiO, displays
the potential dependence [59]:

%
Ry = Roy exp [‘H (73)

with ¢ the elementary positive charge. R, is large at low potentials due to the
absence of free carriers, therefore no contribution from the TiO, nanotubes to
capacitance and charge transfer resistance is expected. In this regime the majority
of the cell capacitance will come from the exposed barrier layer, with a value of the
order of 10 uF cm 2. The TiO, capacitance increases with applied potential by [54]:

C, = Co,exp [—oc ZH (7.4)
with « < 1, until it reaches the value of the Cy given by the total surface of the tubes.

Electrochemical measurement of the nanotube array samples provided a variety
of behaviors. First, while keeping the samples in a basic (pH 11) electrolyte
medium at moderate applied potentials (< 1 V), they presented the general behavior
described by (7.1), shown in Fig. 7.4. The parameter values obtained from imped-
ance (C3, Ry, R follow quite accurately the trends stated in (7.3) and (7.4). The
resulting parameters for the 10 pm sample are shown in Fig 7.5, with a chemical
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Fig. 7.4 Impedance spectra of a TiO, nanotube array film initially held at -1 V for 20 min, i.e.,
“aged,” pH 11, showing typical transmission line behavior with low frequency recombination arc
and high frequency 45° line. Impedance was performed at —0.7 V [51]

capacitance value of «=0.21, charge transfer resistance coefficient of 0.40, and
transport resistance slope of 84 mV/decade, the values of which are comparable to
those obtained for nanocolloid-based films [52, 58]. The clear experimental obser-
vation of transmission line behavior (Fig. 7.3) indicates that the capacitance and
charge-transport resistance are due to the electronic response of the TiO, nano-
tubes, while the impedance behavior can be unambiguously interpreted in terms of
the Fig. 7.3a model providing information on the carrier distribution within the
tubes.

As seen in Fig. 7.5, when the applied bias potential was brought to large negative
values (< —1.5 V) or kept at moderate potentials (= —1 V for more than 20 min) in
basic media, the impedance results changed dramatically. The transport resistance
is reduced and maintains a nearly constant value, indicating a large charge carrier
density insensitive to applied voltage. This is a strong indication of highly doped
behavior. In addition, the chemical capacity of TiO, increases enormously, with
values ranging from 1 to 6 mF cm 2 at low potentials, reaching close to 80 mF cm >
at the highest applied potential. These values approach those of supercapacitors
(~0.3-1 mF cmfz) [60], see Fig. 7.5a. Larger values of capacitance are obtained
with increasing nanotube length. The observed modifications under large negative
bias in basic medium are attributed to proton uptake in the nanotube walls, which
also changed the clear nanotube walls to a blue color. Proton uptake in nanocrystal-
line TiO, was demonstrated by Hupp and co-workers using a photoelectrochemical
quartz crystal microbalance technique [61]. Cation intercalation within the TiO,
nanotubes results in free electrons that, in turn, decrease the electrical resistance
and results in a much larger capacitance that is most likely due to formation of a
depletion region at the semiconductor surface [62—64].
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Fig. 7.5 Comparison of
parameters from impedance
data, from the equivalent
circuit model of Fig. 7.3a,

as a function of electrode
potential, for a 10 pm sample
before (fresh) and after being
held at —1 V for 20 min in
basic solution (aged), and in a
DSC. (a) Capacitance per unit
geometric area, Cs,

(b) transport resistance, and
(c) charge-transfer resistance.
Note that for comparison
DSC values have been shifted
-0.31 V (I3 /I redox
potential vs. Ag/AgCl
reference electrode) [51]
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Figure 7.6a shows cyclic voltammetric measurements of a 10 um long nanotube
sample prior to and after cation intercalation. The capacitive current [65] is much
higher for the cation intercalated films indicating a great increase in the capacitance
at low potentials. Figure 7.6b shows the dynamic intercalation process in an 8 um
sample. During the first cathodic scan, starting at 0 V, at low negative potentials the
capacity is small, while in the return anodic scan the capacitance is much larger. In
the second cathodic scan the capacitance is large even at low potentials, and with

respect to the first scan further increases in the anodic return.

Measurements were also done in acidic media (pH 2) and in this case high
capacitance values were observed in all samples, see Fig. 7.7a. The transport
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resistance is so low that it cannot be reliably measured. The capacitance increase at
the highest negative potentials appears due to the unpinning of the Fermi level that
occurs at potentials more negative than —0.8 V allowing the Fermi level to
approach the conduction band [65]. The results indicate that the nanotube array
samples are proton intercalated even in the absence of the negative bias that was
required in basic media. Figure 7.7 enables comparison of the capacitance behavior
of the nanotube array films as a function of nanotube array length in both basic and
acid electrolytes. The capacitance scales with nanotube length. The small disper-
sion of the rescaled values in Fig. 7.7b are attributed to minor differences in wall
thickness of the different samples.

Thus, while “fresh” nanotube array samples in basic medium display the stan-
dard behavior of crystalline TiO, nanoparticles, consisting of initially low transport
resistance and chemical capacitance that exponentially increase with bias potential
[58, 59], these properties change dramatically upon negative bias whereupon the
sample displays the behavior characteristic of a highly doped semiconductor, i.e.,
a high capacitance and a low charge transport resistance nearly independent of bias.
This change is attributed to the intercalation of protons from water into the
nanotubes. In acidic media the high proton concentration of the electrolyte
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facilitates intercalation, while in basic solution it requires application of a negative
potential.

Back-side illuminated DSCs were fabricated using 10pm long TiO, nanotube
array films on a Ti foil substrate. Prior to DSC fabrication the nanotube array film
was held at —1 V for 20 min in acidic solution where the performance of the
electron transporting nanotube arrays are expected to be altered by proton interca-
lation. From the current density-potential (j—V) curve, Fig. 7.8, an efficiency of
3.1% is obtained, short circuit current of 3.1 mA cm ™2, photopotential 0.63 and fill
factor of 0.44. Although un-optimized, this DSC is significantly less efficient than
previous reports for the same device geometry [3, 33]. The impedance measure-
ments of Fig. 7.5 allow identification of the central factors determining the rela-
tively poor shape of the j—V curve [66, 67]: (i) The high capacitance obtained for
the DSC, see Fig. 7.5a, indicates that the TiO, nanotubes have been cation inter-
calated. This property may limit the movement of the Fermi level in the semicon-
ductor, thus limiting V.. (ii) The recombination resistance, see Fig. 7.5c, is
comparatively low [58, 66] indicating that cation intercalation, or doping, enhances
recombination. It appears enhanced recombination is responsible for the pro-
nounced slope at low potentials which contributes to a reduction in the fill factor
and, additionally, limits V. [66, 67]. (iii) TiO, intercalation, observed through
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capacitance measurements, is confirmed by the nearly constant value obtained for
the transport resistance. The values obtained for Ry, in the DSC samples are higher
than expected. These transport resistance values accurately describe the slope of the
j—V curve at high negative potentials, related to a high overall series resistance and
poor fill factor [66, 67]. The contributions to the overall resistance found for these
DSC samples were: 20 Q from the conducting glass and titanium foil, 7 Q from the
Pt counter-electrode, from 20 to 100 Q (depending on the potential) from the
diffusion of the redox in the electrolyte, and values above 200 Q (=R,/3 [56, 57,
68]) from electron transport in the TiO,.

From these results it is inferred that unintentional doping, i.e., intercalation, may
have detrimental effects on DSC performance due mainly to the pinning of the
Fermi level and increase of recombination. Strategies for improving DSC perfor-
mance by electrochemical doping include the formation of fast transport states [69]
and the formation of core-shell or graded doping of the metal-oxide including a fast
transport channel [70]. Such approaches could decrease the electron transport
resistance to improve the photocurrent while allowing for Fermi level displacement
and consequently a larger photovoltage. The possibility of unwanted TiO, interca-
lation suggests long-term DSC stability may be enhanced by substitution of the
lithium ions by larger ones, such as tetrabutylammonium or guanidinium.

In summary, in basic media, the films display the standard behavior of nano-
particulate TiO, films with a chemical capacitance exponentially dependent on the
bias potential. This can be modified to demonstrate a very high capacitance, most
likely due to the intercalation of protons into the TiO,, offering the possibility for
application of nanotube array films in supercapacitors. Proton intercalation, or
doping of the nanotubes in acidic media is readily achieved while that in basic
media requires application of strong negative potentials. DSCs prepared with the
nanotubes previously intercalated with protons from solution showed limited per-
formance. In this case charge transport within the titanium dioxide was found to be
the main contribution to the DSC series resistance.
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7.2.2 CO; Reduction Using Visible Light

Varghese and co-workers have recently reported the use of TiO, nanotube arrays, in
combination with copper oxide, for high rate conversion of CO, and water vapor
into hydrocarbon fuels [71]. The rapid increase in the level of anthropogenic carbon
dioxide is a matter of great concern. While discussions have begun on means to
reduce carbon dioxide emissions, it is apparent that atmospheric carbon dioxide
concentrations will continue to monotonically increase for the foreseeable future
due to fossil fuel consumption. For example, each 12 days the world consumes
approximately 1 billion barrels of oil representing atmospheric release of almost
1 trillion pounds of CO,. Suggestions have been made to sequester carbon dioxide
[72], although the ability to store several billion tons of carbon emitted in the form
of carbon dioxide every year is questionable as are the environmental conse-
quences. Recycling of carbon dioxide via conversion into a high energy-content
fuel, suitable for use in the existing hydrocarbon-based energy infrastructure, is an
attractive option however the process is energy intense and useful only if a
renewable energy source can be used for the purpose.

A possible avenue for sustainable development is to use photocatalysts for the
conversion of CO, into hydrocarbons with the help of solar energy. A process
involving only water and carbon dioxide is very promising as it can form a useful
carbon cycle:

CO; 4 2H,0 < CH4 + 20,

The photocatalytic methane forming reaction requires eight photons, with addi-
tional photons required for other hydrocarbons. Hence, achieving significant
hydrocarbon reaction yields requires an efficient photocatalyst that utilizes a
maximum amount of solar energy.

In 1979, Honda and co-workers demonstrated photocatalytic reduction of carbon
dioxide to organic compounds, i.e., formic acid, formaldehyde, methanol and
methane, by suspending both oxide and nonoxide semiconductor particles in
water [73]. Additional research efforts on photocatalytic conversion of carbon
dioxide dissolved in liquids followed [74-77]. With respect to gas phase CO,,
Graetzel and co-workers reported the production of methane from a mixture of
carbon dioxide and hydrogen in argon using Ru/RuQ, sensitized titania nanoparti-
cles [78]. An initial methane production rate of about 116pl/h per 100 mg of
nanoparticles was obtained under simulated light, which was believed due to the
contributions from thermal as well as ultraviolet (UV) light-induced effects in the
Ru-RuO,/titania system. However, after a comprehensive study Melsheimer et al.
[79] concluded that it was solely a thermal effect.

Titania has been considered the most appropriate candidate for photocatalytic
processes due to its powerful oxidation properties, superior charge transport proper-
ties as well as corrosion resistance. Yet, it has so far yielded only low carbon
dioxide conversion rates despite using ultraviolet illumination for bandgap
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excitations. Adachi and co-workers achieved a total hydrocarbon (methane, ethyl-
ene and ethane) generation rate of about 1.7pul/h g under xenon lamp illumination
when copper loaded titania nanoparticles were dispersed in CO,-pressurized water
[76]. Tan et al. used titania pellets (100 g) to obtain a maximum rate of about
0.25umol/h of methane from moist carbon dioxide under monochromatic ultra-
violet (253.7 nm wavelength) illumination [80, 81]. Using a hydrogen (90%),
water, carbon dioxide combination, a rate of 4.1 umol/h g was obtained by Lo and
co-workers using UV illumination at wavelengths 254 and 365 nm [82]. Nishimura
et al. used sol-gel derived titania multilayer films inside a copper tube to obtain
a total product (CO, CH,, C,H,4 and C,Hg) formation rate of about 3.2 nmol/cm>h
under UV illumination of 2.4 mW/cm? [83]. Thus, while the intrinsic idea of
photocatalytic conversion of carbon dioxide and water (liquid/vapor) into hydro-
carbon fuels is appealing, the process has historically suffered from low conversion
rates.

As depicted in Fig. 7.9, Varghese and co-workers [71] sought to enhance
photocatalytic carbon dioxide conversion rates by using the following strategies:
(i) employ high surface area titania nanotube arrays, with a wall thickness low
enough to facilitate efficient transfer of photogenerated charge carriers to the
surface species; (ii) modify the titania bandgap to absorb and utilize the visible
portion of the solar spectrum where the bulk of the solar energy lies; (iii) distribute
co-catalyst nanoparticles on the nanotube array surface to adsorb the reactants and
help the redox process.

TiO, nanotube arrays formed by anodic oxidation [1—4] of titanium have very
high surface areas [23], comparable to porous titania nanoparticle films, and proven
photocatalytic properties [28]. While the TiO, band gap, 3.0 and 3.2 eV, respec-
tively for rutile and anatase, restricts excitation wavelengths to less than ~400 nm
Varghese et al. succeeded in incorporating nitrogen into the nanotubes In situ
during anodization, with a subsequent heat treatment resulting in crystallized
nanotubes with N 2p states formed above the titania valence band shifting the
absorption edge of titania to ~540 nm. These nitrogen doped titania nanotube
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Fig. 7.9 Depiction of sunlight driven photocatalytic carbon dioxide conversion to hydrocarbon
fuels using nitrogen doped titania nanotube arrays surface-loaded with Cu and/or Pt co-catalyst
nanoparticles [71]
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arrays, with platinum and/or copper nanoparticles dispersed upon the top of the
nanotube array surface, were used to convert carbon dioxide and water vapor into
hydrocarbons under natural (outdoor) sunlight. The nitrogen doped titania nanotube
arrays were synthesized by anodizing titanium foil in an electrolyte consisting of
0.3 M ammonium fluoride (NH4F) in 2 vol% water containing ethylene glycol at
55 V [6]. Nanotube array samples up to ~ 130 um in length were prepared by chan-
ging the anodization duration. The debris from the anodization bath re-depositing
on top of the original nanotubes was removed by ultrasonic agitation and/or critical
point drying (CPD) [7]. The average pore diameter of all the samples estimated
from FESEM images was about 95 nm (standard deviation 13 nm) and wall
thickness about 20 nm (standard deviation 5 nm). While the nitrogen incorporated
within the nanotubes during their anodization is primarily supplied by the NH,F,
experiments also showed that to a lesser extent atmospheric nitrogen dissolved into
the electrolyte from where it was incorporated into the nanotubes. This observation
was verified by fabricating the nanotubes using an electrolyte of 0.7 vol% hydro-
fluoric acid in ethylene glycol at 120 V [6, 8], which still resulted in residual
nitrogen incorporation into the nanotubes. Ti anodization in fluorine containing
electrolytes yields amorphous nanotube arrays [2], hence elevated temperature
oxygen annealing is needed to maintain titania stoichiometry and reduce lattice
defects. However, annealing the nitrogen incorporated samples at high tempera-
tures in an oxygen rich environment generally removes the nitrogen by oxidation.
The incorporated nitrogen within the nanotube samples was retained by limiting the
oxygen flow across the sample during annealing in a tube furnace. The samples
were annealed at 460°C or 600°C for 3 h.

A digital image of a 32um long as-prepared sample is shown in Fig. 7.10a; a
460°C annealed nanotube array sample of thickness ~25um is shown in Fig. 7.10b
and ~130pm long in Fig. 7.10c; a 600°C annealed ~40pm long nanotube array
sample is shown in Fig. 7.10d. For the 460°C heat-treated nanotube array samples
the color changed from dark green to yellowish green as the thickness increased
from a few tens of microns to 100 um, while the samples became pale yellow after
annealing at 600°C. The change of color to yellowish green for the longer nano-
tubes is due to the greater absorption in the green region of the visible spectrum,
where the absorption coefficient of nitrogen doped titania is very low, as the light
traverses to greater depths. Lindgren and co-workers [84] estimated an absorption
coefficient in the range of 10*cm ™" in the 500-550 nm wavelength region for their
nitrogen doped porous titania films.

The diffuse reflectance spectra of nanotube array samples of nearly the same
thickness (~130um) annealed at 460 and 600°C, expressed in terms of the Kubelka-
Munk function F(R) are shown in Fig. 7.10e. Nitrogen doping in the samples is
indicated by the hump above the intrinsic titania absorption edge at ~400 nm,
which extends up to =540 nm. The 600°C annealed samples exhibit lower light
absorption in the visible region indicating a lower level of nitrogen doping, a result
confirmed via X-ray photoelectron spectroscopy, see Fig. 7.10f.

Since estimating a doping concentration from porous samples could lead to
significant errors, the nanotube array membrane was separated from the foil [6, 7]
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Fig. 7.10 (a-d) Digital images of the nitrogen doped nanotube array samples: (a) 32um long as
prepared; 460°C annealed sample; (b) 23 um long; (¢) 130pm long; (d) 600°C annealed sample
40um long. Plots (e) and (f) show, respectively, the diffuse reflectance spectra plotted as K-M
function F(R) and the X-ray photoelectron spectra of samples annealed at 460°C and 600°C [71]

and the “bottom-up” geometry used for XPS analysis. The bottom ends of the
nanotubes are closed and hence present the appearance of a dense film having
nanometer-scale roughness. The N 1s core level spectra given in Fig. 7.10f were
collected after initial “cleaning” by sputter-removal of approximately 30-40 nm of
the film. The nitrogen peaks appear at binding energies of about 397 and 400.5 eV.
Out of several samples studied most samples, irrespective of nanotube length,
yielded only the 400.5 eV peak when the data was collected from the bare surface
without the sputter etching. While there exists disagreement among researchers
regarding the assignment of peaks arising from nitrogen doping [85], there appears
a consensus in the assignment of the peaks in the 396-397 eV region as arising from
nitrogen occupying anionic sites in titania as assigned by Asahi and co-workers
[86]. Varghese et al. suggest that substitutional nitrogen (B-N) in the nanotubes is
giving rise to the peak at 397 eV, while the peak at 400.5 eV cannot be from
molecularly chemisorbed nitrogen (y-N,) [86] but from oxidized nitrogen (NO) in
the lattice [85, 87, 88]. The total nitrogen concentration as estimated from the high
resolution scans were, respectively, approximately 0.75 atomic percent (at%) and
0.4 at% for the 460 and 600°C annealed nanotube array samples.
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Prior to the photocatalytic carbon dioxide reduction experiments, the annealed
nanotube array samples were coated with an ultrathin layer of platinum or copper
nanoparticles using dc sputtering (dc power 1.8 W/cm?, pressure 20 mTorr, 5 cm
distance between the target and sample, deposition duration 13 s for Pt and 40 s for
Cu). High resolution transmission electron microscope (HRTEM) studies on plati-
num coated samples showed nanoscale platinum islands/particles (spread of the
island less than ~40 nm) attached to the nanotube walls, primarily near the open
end of the nanotube. No pore clogging was observed through either HRTEM or
FESEM imaging. Samples of ~2x2 cm size were loaded into a stainless steel
chamber having valves for evacuation and gas feeding, a side port with a septum
attached to it for gas sampling and an O-ring sealed quartz window at the top for
admitting solar radiation. Two chambers having identical construction and total
volumes 7.5 and 8.6 cm® were used allowing for simultaneous exposure of two
samples. Anodization of titanium foil creates nanotube arrays on both sides of the
foil; to avoid any contribution from the unexposed side, this side was masked using
opaque adhesive tape. The samples were fixed inside the cells using copper tape
with the nanotube array surface facing the quartz window. After sample loading the
chamber was evacuated to about 10 mTorr using a mechanical pump and then
sealed. Carbon dioxide (99.99% pure), via a mass flow controller (MKS instru-
ments), was passed through a bubbler containing de-ionized water before entering
the reaction chamber. Both inlet and outlet valves were kept open with the chamber
flushed for more than 10 min, and then closed maintaining a nominal excess
pressure of less than 1.0 PSIL.

All photocatalytic carbon dioxide conversion experiments were done under
outdoor sunlight. The results reported in this article were based on our experiments
conducted under clear skies or sky with a few clouds at University Park, Pennsyl-
vania (latitude 40°49’W and longitude 77°51'N) during July to September, 2008,
although preliminary outdoor experiments were started in April 2008. Figure 7.11a
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Fig. 7.11 (a) Digital photograph of the reaction chambers kept under natural sunlight for photo-
catalytic CO, conversion. (b) Spectral irradiance recorded from 12:39 PM to 3:52 PM for an
experiment conducted on September 1, 2008, University Park, PA [71]
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shows a digital photograph of both reaction chambers loaded with nanotube array
samples kept under sunlight for CO, conversion. The solar power density was
measured at constant intervals (from 1 to 30 min depending upon atmospheric
conditions) using a calibrated thermopile detector (Newport Corporation). The
solar spectra were recorded as needed using an optical spectrometer equipped
with an integrating sphere (model OSM 2-400DUV-U, Newport Corporation). As
an example, the solar spectra recorded during experiments on September 1, 2008
are given in Fig. 7.11b.

The average power density P of exposure was determined from the total energy
incident over the duration 7 of the sunlight exposure using the relation:

Since the average power density varied slightly day to day, product formation rates
were normalized to a global AM 1.5 value of 100 mW/cm?. Quantitative exposures
were made for a duration of about 2.5 h, up to a maximum of 3.5 h, only when the
sunlight power density was between about 102 and 75 mW/cm?”. The equilibrium
temperature of the samples was about 44°C (+4°C). Although experiments were
conducted at lower temperatures (~35°C), no definite influence of temperature on
product formation rates was seen.

Reaction products were analyzed using Shimadzu (GC-17A) gas chromatograph
equipped with flame ionization (FI) and thermal conductivity (TC) detectors. The
FI detector enabled detection of most hydrocarbons, and the TC detector was used
for other products. Gas sample analysis of the reaction products predominately
showed methane, while ethane, propane, butane, pentane and hexane as well as
olefins and branched paraffins were also found in low concentrations. Figure 7.12a
shows the hydrocarbon generation rates for 600°C annealed samples surface-loaded
with Pt catalyst (labeled NT/Pt-600, ~35um long) or Cu (NT/Cu-600, ~50pm
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Fig. 7.12 Nitrogen doped nanotube array films with Pt (NT/Pt) and Cu (NT/Pt) co-catalysts, 460
or 600°C annealed as indicated, under sunlight illumination: (a) Hydrocarbon generation rate;
(b) H, and CO generation rates [71]
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long), and 460°C annealed samples supporting Pt catalyst (NT/Pt-460, 70 um). A
hydrocarbon production rate of about 104 ppm/cm?h (0.78 pl/cm?>h or 31.9 nmol/
cm’h) was obtained with the 600°C annealed copper surface-loaded sample. A
direct comparison of this value with those in the literature is difficult since most
previous work was done using nanoparticles (except the work of Nishimura et al.
[83]) primarily under UV illumination [80-82]. However, since the mass of a 1 cm?
nanotube array membrane, i.e., the nanotube array removed from the metal foil
substrate, is a few milligrams (~5 mg measured for a 1 cm® membrane of 35um
length) it can be seen that this rate of production obtained under outdoor sunlight
(== 150pl/g h) is at least 20 higher than those reported under laboratory conditions
using UV illumination [76, 77, 80-82].

Experiments done with NT/Pt samples of different nanotube lengths showed an
increase in hydrocarbon production rates up to a nanotube length of about 25 um; no
definite correlation between the reaction rates and nanotube length was obtained for
lengths between 25 and 70pum, and beyond this nanotube array length generally a
decrease in production rate was observed. HRTEM studies showed the Pt nano-
particles concentrated near the tube openings. The distribution of the sputtered co-
catalyst nanoparticles, which remain at the top surface of the nanotubes rather than
inside, appears responsible for the observed behavior.

As seen in Fig. 7.12b, in addition to methane and carbon dioxide the TC detector
showed the presence of hydrogen and carbon monoxide. Although oxygen was also
detected, its actual origin and quantification was difficult due to the trace amounts.
A striking difference between the NT/Pt and NT/Cu sample behaviors is the amount
of H, and CO intermediates. With the NT/Pt samples the H, generation rate
exceeded the hydrocarbon rate, whereas with the NT/Cu samples this rate was
low. In contrast, the NT/Cu samples generated ~5x more CO concentration than
the NT/Pt samples. Considering all products, the total production rate using NT/Pt
samples is about 273 ppm/cm?’h.

Since co-catalysts Pt and Cu influence the product formation in different ways,
with a view towards enhancing hydrocarbon production rates both co-catalysts
were used together on a single 600°C annealed 40pm long sample but covering
different areas, i.e., different regions of the sample. A NT array sample with ~52%
of the surface area decorated by Cu nanoparticles, and the remaining surface area
by Pt nanoparticles, showed an enhanced hydrocarbon generation rate of about
111 ppm/cm*h (=160ul/g h, or 0.83ul/cm?h) with no (or below GC detection
limits) carbon monoxide generation, see Fig. 7.13. It appears that a homogenous
distribution of co-catalyst nanoparticles over the entire nanotube array surface area
would further improve utilization of the intermediates for hydrocarbon generation.

Although the nitrogen concentration was higher in the 460°C annealed samples
(0.75 vs. 0.4 at%), the hydrocarbon production rates, and those of other products,
were lower (Fig. 7.12). The GAXRD patterns of two 60 um long NT array samples
annealed at 460 and 600°C, recorded under identical instrument conditions, showed
a higher degree of crystallinity for the 600°C annealed NT array as indicated by the
increase in the reflection intensities, see Fig. 7.14. Therefore, a lower degree of
crystallization in the 460°C annealed samples is a factor responsible for its
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Fig. 7.14 Glancing angle X-ray diffraction patterns of two otherwise identical nanotube array
films annealed at 460 and 600°C for 3 h in an oxygen ambient. All reflections are from anatase

phase [71]

relatively inferior performance. Only anatase phase is observed in the nanotube
walls of the annealed samples.

To understand the role of nitrogen doping the carbon dioxide conversion experi-
ment was performed using a high-pass filter with a “cut on” wavelength of 400 nm
to remove the UV component of sunlight. Figure 7.15a shows the total yield
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Fig. 7.15 (a) Product yield from a nitrogen doped nanotube array sample when a 400 nm
wavelength high-pass filter was used to remove the UV component from the solar radiation
(sample area 3.6 cm?® measured filter output 78.5 W/ecm? sunlight, 3 h exposure duration).
(b) Photocurrent spectrum of the nanotubes in Na,SO,/water electrolyte (/eft), with the incident
spectrum (right) [71]

obtained from a NT/Cu array sample (600°C annealed) of area ~3.6 cm> exposed
to 78.5 W/cm?” sunlight (measured filter output) for 3 h. The rate of hydrocarbon
production is about 3% of the rate shown in Fig. 7.12a for the whole solar spectrum.
Lindgren et al. [84] observed that only six to seven electrons are produced per
hundred photons (internal quantum efficiency 6.8%) within the maximum visible
light absorption region (between 400 and 450 nm) in a 850 nm thick nitrogen doped
nanocrystalline porous titania film. Therefore, for a CO,-to-hydrocarbon reaction
process that involves a minimum of eight electrons the obtained visible-light
hydrocarbon yield using high surface area nanotube array films is reasonable.
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To help verify the contribution of individual wavelengths above 400 nm towards
hydrocarbon production, the photocurrent spectrum of 600°C annealed nanotubes (no
co-catalysts) kept in an aqueous 0.1 M Na,SO, solution, platinum counter electrode,
were collected using a monochromator and a 300 W Xe arc lamp. A dc bias of 0.5 V
was applied across the electrode. The photocurrent and the excitation spectrum are
given in Fig. 7.15b. Although the samples did generate charge carriers in the
400-500 nm wavelength range, their contribution was very low compared to that
from the UV region. It has been shown that nitrogen doping creates localized states
favoring carrier recombination [85, 89]. Ti** may be formed as a result of lattice
reduction during nitrogen doping creating carrier trap states in the titania bandgap
[90, 91]. The fact that the nanotubes failed to show a significant improvement in
visible light utilization despite annealing them in oxygen ambient and thereby
reducing the probability of Ti** -induced trap states shows that there are other trap
states inherent to nitrogen doping, which may fundamentally prevent the samples
from yielding the desired high visible light utilization for photocatalytic conversions.

In order to obtain a basic understanding of the CO, conversion process the
following experiments were performed: (i) In the dark with a Cu/NT sample loaded
in the reaction chamber. (ii) In sunlight using a reaction chamber filled with CO,
and water vapor with either no sample inside, or (iii) a nanotube array sample with
no co-catalysts. Analysis of the chamber gases after keeping a Cu/NT sample (area
3.5 cm?, annealed at 600°C) at about 45°C in the dark for 3 h yielded, in addition to
CO,, 2.1 ppm of methane, <1 ppm of ethane and traces of oxygen and nitrogen.
The dark reaction produced no significant hydrocarbon amounts, indicating the CO,
conversion process is photocatalytically driven. Nearly the same gas concentra-
tions, 1.7 ppm CH, and <1 ppm C,Hg, were obtained when the reactant (CO,,
water vapor) filled chamber with no nanotube array sample inside was exposed to
sunlight (90.6 mW/cmz) for 3 h.

The reaction performed with a nanotube array sample (area 3.9 cm?, 88 mW/cm?
average sunlight illumination for 3.5 h) without co-catalyst surface-loading yielded
a nominal hydrocarbon concentration of 10.5 ppm, indicating that without an
appropriate co-catalyst titania cannot efficiently drive the CO, conversion reaction.
It is well known that the titania valence band potential is much more positive
(Normal Hydrogen Electrode, NHE, scale) than the oxidation potential of water,
while the conduction band potential is close to the water reduction potential [92].
Therefore, titania readily oxidizes H,O forming H" and the hydroxyl radical.
A recent study shows the flat band potentials of titania nanotube arrays of lengths
0.5 and 1.0um are —0.49 and —0.32 V at the isoelectric point of anatase titania (pH
5.8) [93]. These are close to the reduction potential of water, which is —0.34 V (vs.
NHE) at this pH. The reduction potential of CO, is about 0.11 V more negative than
that of water [94]. Therefore, titania cannot effectively reduce water nor CO, unless
there is a high electron degeneracy, explaining the low hydrocarbon yield for
nanotube array samples without any co-catalysts.

Temperature programmed desorption studies conducted on hydrothermally
prepared titania nanotubes by Yu and co-workers [95] indicated that the ability of
the nanotubes to adsorb CO, was considerably enhanced by Pt nanoparticle
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loading. In the case of Pt loaded titania nanoparticles used for photocatalytic
applications, it is generally believed that the photo-excited electrons are trapped
by the Pt islands, which then transfer to the surface species for reduction [96].
Hence it is reasonable to believe that Cu and Pt co-catalysts on the surface of the
nanotube array help with water and carbon dioxide reduction. However, the fact
that the CO concentration was higher for the case of Cu surface-loaded samples,
and H; concentration was higher in the case of Pt loaded samples indicate that Cu is
more active in reducing carbon dioxide while Pt prefers water reduction. Hence, an
appropriate dispersion of Cu—Pt co-catalysts on the nanotube array surface has the
advantage of carrying out both reactions at enhanced rates. The hole diffusion
length in titania is ~ 10 nm [97], the electron diffusion length is ~10pum [98], while
half the nanotube wall thickness is approximately 10 nm. The high rate of carbon
dioxide conversion can be attributed to the high surface area and nano-scale wall
thickness of the nanotubes, enabling the surface species to readily receive both
charge carriers generated near the surface due to the wave function overlap and
those generated deep inside the wall via diffusion.

Tanaka et al. based on their XPS and Auger electron spectroscopy studies on
TiO, and Pt/TiO, samples, demonstrated that CO, is reduced to CO and O, on Pt/
TiO, [99]. Thus, a likely process in the photocatalytic reduction of CO, by Cu or Pt
loaded samples is the reduction of CO, via the reaction CO,+2 e~ —CO+1/2 O,,
which involves a free energy change of about 257 KJ/mol (1.33 eV per electron).
The CO, thus formed, would react with atomic hydrogen to form hydrocarbons.
Based on this hypothesis, the possible reactions involved in the photocatalytic
formation of methane suggested by Varghese and co-workers are [71]:

H,O +h™— eOH + H'
H"+e¢ — H*
H*+H* — H,
2CO, +4e~ — 2CO + 0,
CO + 6e~ + 6H" — CH4 + H,0

+. ab
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Fig. 7.16 Depiction of co-catalyst loaded flow-through nanotube array membrane for high rate
photocatalytic conversion of CO, and water vapor into hydrocarbon fuels [71]
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A possible back reaction is oxidation of the formed hydrocarbons by the TiO,.
However, CO, reduction experiments were conducted at about 85% relative hu-
midity, a humidity level at which the titania surface must be covered with chemi-
sorbed hydroxyls followed by physisorbed water molecules [100]. Further, since
the hydrocarbon concentration is low compared to the reactant concentration the
hydrocarbons will have limited access to the titania. Varghese and co-workers [71]
suggest a stronger titania-hydrocarbon interaction would be expected when the
hydrocarbon concentration increases to high values, hence rather than a batch-
reactor as used for the work herein a flow-through photocatalytic membrane design
would be desirable as depicted in Fig. 7.16 opening a new avenue for carbon
recycling using renewable sources. It is an exciting prospect for the future.
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