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 2ps3;, 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 HNOs;—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 Ols 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 3um 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.



72 2 Material Properties of TiO, Nanotube Arrays

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 pim 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),5,05 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
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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

80
2o Ti
70 i3
5=
60 <
=
< 50 J
;E‘ 40 Ti
[é 30
g | |
= a0 | ]
Fig. 2.13 GAXRD pattern of
an as-anodized sample 10
obtained from DEG -0.5 wt% 0 s s
NH,F-2%H,0 electrolyte at 20 25 30 35 40 45 50 35 60
room temperature [38] 290
300 T T
250 %
—_ =
z 00| 2
. 150 g
2 % Ti
2100 | 2 -
k= g
Fig. 2.14 GAXRD pattern of 50 =«
an as-anodized sample
obtained from DEG —-0.9 wt%

NH,F-2%H,0 electrolyte at 20025 30 35 40 45 305 60
room temperature [38] 26



2.3 Characterization of Doped Titania Nanotubes 79

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%) C-C Cc-O0 COO
Short NT 0 0.7 - - -
100 0.3 - - -
Flame-annealed short NT 0 33 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 eV), 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
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F TiO,. Ny E
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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 dj3.), 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-1I) [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(T). 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

[7an(ln) = Jin(42)] (2.1)

d:
2

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)
1 Tmax } - Tmm
S = E[ng(}) + né (A)] + 2nons Tmaxgﬂ) - Tmin(); (2.3)

where ng and ng are the refractive indices of air and film, respectively, Tp,.x 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/ohv 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. 2.25 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
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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-Y 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—¥V
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 g 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 O 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 = o0) (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)} - {In(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 H3zPO,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. > 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 = <ﬁ> (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 eV !, 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 1 H" TiO(OHZ)surface (215)

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 (1uN) 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 F7), 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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