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Rutile-phase TiO, nanotube arrays without broken walls were
formed by annealing of anodically formed nanotubes in a propane
flame at 650 °C and in air at 750 °C. An unusual morphological
transformation was observed from the ellipsoidal pore-shapes of
titania nanotubes grown in aqueous electrolyte to a square-shaped
pore structure subsequent to the anneals. 750 °C annealed nano-
tubes were found to be lightly p-type, rare in TiO,.

TiO, nanotube (NT) arrays synthesized by electrochemical anodiza-
tion are an exciting material platform for photocatalytic, photo-
voltaic and optoelectronic sensing devices due to their ordered
structure, semiconducting behavior, high surface area and also
the orthogonalization of light absorption and charge separa-
tion intrinsic to their vertically oriented structure. The proper-
ties and applications of the rutile-phase anodic TiO, nanotubes
have hitherto been ignored in favor of the lower temperature
anatase phase since the formation of rutile required high
annealing temperatures which caused destruction of the nano-
tube structural motif. The nanotubular structure was preserved
by us during the heat treatment by use of an optimal annealing
regimen. The flame annealing induced transformation of verti-
cally oriented, self-organized TiO, nanotubes with circular and
ellipsoidal cross-sections to TiO, nanotubes bearing square
cross-sections was first noticed by Shankar et al in 2005;"
however this result was incidental to the 2005 paper and did
not receive further study. The technique of flame annealing the
titania nanotubes has only been studied in four papers'™ to the
best of our knowledge, and even in these, the focus was on
compositional doping effected by the flame annealing process
in order to narrow the electronic bandgap. The effect of various
annealing treatments on the crystallinity of anodically formed
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TiO, nanotubes was studied in a number of articles.>® Here, we
seek to study the effect of flame annealing on electronic doping
by identifying the majority carriers and measuring its concen-
tration in flame annealed TiO, nanotubes. Reports reproducing
square cross-sectioned TiO, nanotubes are not found in the litera-
ture even though the shape of nanostructures is a significant factor
affecting wetting behaviour for biomedical and antifouling applica-
tions,”'® small molecule transport through pores for filtration, drug
delivery and photocatalytic flow-through membranes,""™** polymer
filling of nanotubes for optoelectronics'*"* and effective refractive
index for optical sensing.'® In this study, not only do we generate
square-shaped nanotubes but we also determined the phase,
carrier concentration and photoelectrochemical properties
associated with them. Crystal phase composition dictates perfor-
mance of nanomaterials in photocatalysis, electrocatalysis and photo-
electrochemistry."”2° For instance, charge separation is stronger in
rutile nanoparticles than in anatase nanoparticles.' Although there
has been much debate about the utility of rutile and mixed rutile-
anatase phases on the photocatalytic activity (as opposed to pure
anatase), most of this work has focused on nanocrystalline titania
with only a handful of reports on rutile-phase titania nanotubes.**
Here, we report a first study on the potential application of
these rutile nanotubes in photoelectrochemical water splitting,
where we made a comparison with anatase nanotubes formed
under identical anodization conditions.

Low temperature (450 °C) furnace annealed NTs (LANTS)
with typical ellipsoidal pore shapes are shown in Fig. 1a. The
as-anodized nanotubes have a diameter of 50 nm and a wall
thickness of 10 nm. SEM images of high temperature (750 °C)
furnace annealed NTs (HANTs) in Fig. 1c and d. HANTs show
an average wall spacing of 50 nm and a wall thickness of 20 nm
as well as square pores. There is likewise a clear transformation
in the morphology of a significant fraction of flame annealed
nanotubes (FANTS) from ellipsoidal pores toward square shaped
pores, as can be observed in Fig. 1e and f. FANTSs have an average
wall thickness of 15 nm and an average sidewall breadth of 50 nm.
Dimensions of square nanotubes depend on the diameter and
height of the precursor LANTs while the spacing between parallel
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Fig. 1 (a), (c) and (e) Top-view FESEM images of the nanotube samples (a)
LANT precursor nanotube samples of ellipsoidal cross-section. (b) HANTs with
nearly perfect square pores, and (c) FANTs with pore-shapes intermediate
between ellipsoids and squares. (b), (d) and (f) Cross-sectional and profile view
FESEM images of the LANTs (d) HANTSs (e) and FANTS (f). TiO, nanotubes are
formed by anodization in HF based aqueous electrolyte. Inserted circles clearly
indicate square sections.

edges of the square nanotubes resembles the inner diameter
of the ellipsoidal anatase nanotubes. Cross-sectional FESEM
images (Fig. 1b, d and f). Cylindrical cross-sections, 300 nm
long nanotubes, characterize LANTs (Fig. 1b). HANTs exhibit
150 nm long square nanotubes (Fig. 1d) and a large barrier
layer 750 nm thick, (ESL+ Fig. S3). Profile view of FANTSs in
Fig. 1f shows a barrier layer (100-150 nm) and a near universal
modification of the nanotube cross-sections. In an extension of
our flame annealing procedure to ethylene glycol anodized nanotubes
(ESLt Fig. S5), we observed a similar square morphology. In prior
reports, ellipsoidal and hexagonal titania nanotubes with broken walls
that completely transformed to the rutile phase'®**?* but did not
yield square nanotubes, which indicates the importance of optimal
structural and annealing parameters. In furnace annealing, nano-
tubes do not get heated as rapidly as they do under flame annealing
conditions since conduction of heat through the thick titanium foil
and the barrier layer of the nanotubes is not as effective a mode of
heat transfer as direct heating of the top surface of the nanotubes by a
flame. Therefore, as opposed to flame annealing, where shape
changes from circular to square nanotubes occur very quickly,
ie in 20 seconds, furnace based annealing takes a longer time (two
hours). The initiation of phase transformation anatase to rutile is
believed to occur at rather lower temperatures, e.g. 300 to 500 °C>**2*
but complete phase transformation requires higher temperatures.
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GIXRD data indicates the predominance of rutile phase for
the morphologically transformed nanotubes (i.e. both FANTSs
and HANTs), as shown in Fig. 2a. The dominant peak in FANTSs
and HANTs at the 20 value of 27.445°, which is due to the [110]
reflection, confirms rutile as the primary phase constituent.
Various other XRD peaks of lower intensity also confirm rutile
phase in FANTs and HANTS; specifically these are peaks at 20
values of 36.1°, 39.2° and 41.2° relating to rutile [101], [200] and
[111] planes respectively. From the peak widths shown in the
inset of Fig. 2a, the crystallite size was estimated using the
Scherrer formula, and was determined to be 21 nm for FANTSs
and 30 nm for HANTs. The thermodynamically stable rutile
phase exhibits Raman active lattice vibrations near 147 cm ™'
(Big), 446 cm ™" (Eg), 610 em ™' (A;,) and 826 cm ' (By,) wave
numbers, and a second order band of Raman shift around
230 cm ™', which could be due to a multi-photon process. We
measured all the modes except B,, for FANTs and HANTs and
observe a highly crystalline rutile phase with a shift in all the
peaks (Fig. 2b). Raman-active lattice vibrations for anatase TiO,
are assigned as follows: 147 cm ™' (Ey), 197 cm ™! (E,), 517 cm ™'
(Asg), 397 cm ™' (By) and 640 cm ™' (E,). The decreased intensity
of the 148.1 cm™' peak (red plot) is analogous to rutile TiO,
predomination. However, the presence of low intensity 148.1 cm ™"
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Fig. 2 (a) Peak-indexed GIXRD patterns of LANTs (blue), HANTs (black)
and FANTSs (red) while the inset is a comparative illustration of the full peak
widths at half of maximum intensities of FANTs and HANTSs; (b) Raman
spectra of LANTS (blue), HANTs (black) and FANTSs (red); (c), (d) and (e) TEM
lattice images of LANTs, HANTs and FANTS, respectively.
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(which is the main peak of anatase phase) in HANTs and FANTS
confirms the presence of a small percentage of anatase phase.

Raman peaks at 426.5 and 444.74 cm™ ' (Fig. 2b), which
conform to the E; mode for FANTs and HANTS, respectively, are
blue-shifted. The magnitude of the blue-shift may be attributed
to crystallite size.>® Here it is observed that FANTs which have a
smaller crystallite size than HANTs, as inferred from the full-
width at half maximum (FWHM) data in Fig. 2a, exhibit E,
modes that are less blue-shifted than the same exhibited by
HANTs. In addition to crystallite size, lattice strain and defect
affect Raman peak shifting, broadening, and intensity,”” which
are attributed to the presence of asymmetric structures, typically
Ti-O bonds®® causing softening of the E, mode. The Raman data
(Fig. 2b) is consistent with the XRD data (Fig. 2a) for the three
nanotube types. This is because the Raman peaks for FANTSs and
HANTS at 426.5 and 444.74 cm™ ', which represent the E; mode,
are caused by the symmetric stretching vibration of the stoichio-
metric O-Ti-O bonds present in the predominant rutile TiO,
(110) planes. Likewise, the Raman peak near 148.1 cm ' repre-
sents the E; mode that corresponds to the predominant anatase
(101) planes.>® TEM lattice images, with d-spacings, for LANTS,
HANTs and FANTs are shown in Fig. 2c-e respectively. Our
d-spacings are very close to literature reported values, with less
than 5% variance. We measured the d-spacing for LANTSs
(Fig. 2¢) to be 4.51 A which corresponds to anatase (002), and
3.12 A and 3.22 A which correspond to anatase (101).*° For
HANTS, d-spacings of 2.17 and 2.40 A correspond to rutile (110)
and rutile (101), respectively.>* For FANTS, d-spacing is 3.15 A
that corresponds to rutile (110),>**? 2.37 and 2.40 A which
correspond to rutile (101),** and 2.79 A and 2.93 A that corre-
spond to rutile (001).>* TEM lattice images also indicate that all
three types of nanotubes are polycrystalline, and the crystallite
size, as observed, is smaller for FANTs than the HANTS, which is
consistent with findings from XRD data.

XPS data reveals predominantly TiO, stoichiometry. Fig. 3a
shows Ti 2p3/, peaks at 459.3 eV and Ti 2p,,, at 465 eV, and
Fig. 3b shows O 1s peaks 530.6 eV.**> The binding energy for
F 1s peaks were between 683 and 685 eV (Fig. 3c). F 1s intensity
is the most for LANTs and the least for HANTSs, which is
consistent with annealing intensity.>* Fig. S6 (ESIf) indicates
presence adsorbed nitrogen (peak at 400 eV*°) in all three types
of nanotubes but indicates presence of bonded nitrogen (peak
at 396 eV’’) in HANTS only.

EIS analysis, including representative Nyquist plots, is included
in the ESIt (Fig. S7). HANTs exhibit very low capacitance and high
transport resistance, which we relate to their thick barrier layer. On
the other hand, FANTs and LANTs each exhibit a much higher
capacitance and a charge carrier transport resistance that is a few
orders of magnitude lower. The Mott-Schottky plots (Fig. S7a, ESIt)
confirmed n-type character for FANTs with a carrier concentration
of 1.5 x 10"® cm ™ and a flat band potential of —0.67 V w.r.t.
Ag/AgCl were obtained while for LANTs, a flat band potential
of —0.5 V (w.r.t. Ag/AgCl) and carrier concentration of 7.0 X
10" cm™? were obtained. The extracted parameters for LANTS
are in agreement with other reported measurements of flat
band potential and carrier concentration.*®*° In Fig. S8c (ESIt),
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Fig. 3 (@), (b), and (c) represent XPS spectra for Ti 2p, O 1s, and F 1s,

respectively, and (d) shows the plots of photocurrent versus potential under
dark and under AM 1.5G simulated sunlight, for the three types of nanotubes.

the flat band potential was found to be 0.4 V vs. Ag/AgCl for
HANTs. These results can be understood considering that
mobile charge carriers in anatase phase LANTs and rutile phase
FANTs arise due to oxygen vacancies, or point defects. In case of
the rutile phase HANTS, the charge carriers are titanium vacancies
caused by oxygenation under exposure to air at 750 °C. While large
bandgap semiconductors are difficult to dope p-type, previous
reports*®™** have confirmed the possibility of forming p-type
rutile. p-Type TiO, films are exciting because while difficult to
obtain, they extend the application spectrum of n-type TiO, by
enabling transparent and high power homojunction diodes, new
photocatalytic configurations to exploit the reducing behavior of
excess electrons and heterojunction solar cells based on n-type
absorbers and a p-type TiO, scaffold.** This work demonstrates a
solution-based synthetic route for p-type TiO, nanostructures that
does not involve doping by metal ions. Characteristics of the three
types of nanotubes are summarized in Table S1 in the ESL¥

The photoelectrochemical performance in 1 M KOH under
AM 1.5 one sun illumination, shown in Fig. 3d, is the highest
for FANTs followed by HANTSs and then by LANTs. The photo-
current density exhibited by FANTS is comparable to the highest
reported values for aqueous TiO, nanotubes, without the aid of
co-catalysts. As prior reports have shown,**** doping-induced
bandgap narrowing is not responsible. The contributing factors
are primarily (i) the high degree of rutile crystallinity of FANTS
which increases light harvesting due to both the higher absorp-
tion coefficient of rutile for ultraviolet photons coupled with a
lower bandgap than anatase (3.0 eV vs. 3.2 eV)*® (ii) a lower
charge carrier transport resistance as shown in Fig. S2f in
the ESIt than LANTs at applied potentials above —0.7 V (w.r.t.
Ag/AgCl) and (iii) a lower electron concentration which allows for
a higher sensitivity of the Fermi level to the applied potential as
well as lower geminate recombination. From an electrochemical
standpoint, the open-circuit potential for FANTs is lower than
that for LANTs enabling higher photo-electrochemical yield.
HANTs on the other hand perform the poorest and we attribute
this directly to the thick barrier layer seen in Fig. 1d due to

This journal is © The Royal Society of Chemistry 2015
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which charge carriers are produced at a distance farther than a
retrieval length (sum of depletion layer + hole diffusion length)
from the electrolyte interface.*”

Flame annealing and furnace annealing of nanotubes grown
anodically in aqueous electrolytes produced the morphological
transformation from ellipsoidal pores to square-shaped pores
together with phase transformation from anatase to rutile. XRD,
Raman and TEM data clearly demonstrate consistency of phase
composition of the three types of nanotubes. XPS analysis shows
stoichiometric TiO, for the nanotubes with no peak shifts, whereby
it is also shown that fluoride concentration decreased with intensity
of annealing. Mott Schottky analysis revealed n-type conduction in
the flame-annealed rutile TiO, nanotubes, and p-type conduction
in furnace-annealed rutile TiO, nanotubes. Electron concentration
in flame-annealed rutile nanotubes was determined to be 1.5 X
10'® cm ™3, while the hole concentration in furnace annealed rutile
nanotubes was 2.8 x 10" cm™>. Photoelectrochemical perfor-
mance, measured in terms of photocurrent density, is the highest
using flame annealed TiO, nanotubes as compared to 750 °C
furnace annealed nanotubes and anatase nanotubes formed under
identical anodization conditions.
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