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a b s t r a c t

In this work, we present the influence of thermal annealing on morphological, structural, electrical,
optical, and photoelectrochemical properties of double- (DW) and single-wall (SW) TiO2 nanotube (TNT)
layers. High-aspect ratio TNT layers with a thickness of ~5 mm and ~20 mm with an average inner
diameter of ~250 nm and ~130 nm, respectively, were prepared via electrochemical anodization of Ti foil
in two different fluoride containing ethylene glycol-based electrolytes. The inner wall of the native DW
TNT layers was quantitatively removed via a mild pre-annealing followed by a selective etching treat-
ment in piranha solution, yielding SW TNT layers. The obtained SW TNT layers annealed at 300e500 �C
possess enhanced conductivity by 1e2 orders compared to their DW counterparts. The photo-
electrochemical properties of SW TNT layers are enhanced compared to their DW counterparts in the
annealing temperature range 300e800 �C. In principle, the SW TNT layers could be potentially favored to
the DW TNT layers in electrical and photoelectrochemical applications due to their more superior
intrinsic properties.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Synthesis of self-aligned TiO2 nanotube (TNT) layers via elec-
trochemical anodization was first reported in 1984 [1]. However,
such TNT layers have received significant attention only after pio-
neering works [2,3] reported more than two decades later. Their
unique one-dimensional (1D)morphology and exceptional physical
and chemical properties [4,5] are responsible for the attractiveness
of these nanomaterials. Nowadays, the TNT layers are used in a
plethora of applications such as photocatalysis [5], gas sensing [6],
solar cells [7e9], water splitting [10], and biomedicine [11]. One of
the many advantages of TNT layers is that they can be grown
directly on Ti substrates by anodization in suitable aqueous- or
organic-based electrolytes containing fluoride ions [12e14]. Such
nanotubes represent a favorable morphology especially for photo-
electrochemical applications as they offer 1) a high surface area and
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enhanced incident light absorption due to their 1D ordered struc-
ture [15]; 2) a direct path for the photogenerated charge carriers
towards the underlying Ti substrate [16,17]; and 3) easily tunable
dimensions, in particular diameter and thickness [18]. In the last
decade, ethylene glycol-based electrolytes containing NH4F and
H2Owere themost widely used electrolytes to produce high-aspect
ratio TNT layers [4,19]. However, in such electrolytes a double layer
oxide structure is formed composed of an inner and an outer wall
[20]. The origin of this double-wall (DW) structure can be explained
considering the plastic flow model for the nanotube formation
[21,22]. The inner wall consists of TiO2 that is contaminated with C
and F species [23e25]. These species originate from the voltage
induced decomposition of the electrolyte during anodization. The
outer wall (the nanotube wall) consists of almost pure TiO2.
Furthermore, some F accumulation can be localized between the
nanotubes and on the interface between the nanotubes and the
underlying substrate [26e28]. Previous studies report that the
removal of the inner wall increases the efficiency of dye-sensitized
solar cells (DSSCs) [25,27] and enhances the photoelectrochemical
[28,29] and photocatalytic [22,29] properties of such single-wall
(SW) TNT layers.

The amorphous as-anodized TNT layers are not favored in
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semiconducting applications due to their intrinsically low con-
ductivity and significant amount of recombination centers which
hinder the efficient charge transport [30,31]. Thus by controlling
the crystalline state of TNT layers, their efficiency for photo-
electrochemical applications can be significantly improved. In
general, TiO2 is an n-type semiconductor with a band gap of ~3.2 eV
for the anatase and ~3.0 eV for the rutile phase [32,33]. Numerous
studies report on the influence of the annealing conditions (e.g.,
temperature, time, and atmosphere) on the crystallinity of the TNT
layers and subsequent impact of these conditions on their photo-
electrochemical [15,34,35], photocatalytic [36] and electrocatalytic
[37] properties, electrical resistance [15,38], phase transition
[15,34e42], morphology [15,34e40,42], the increased efficiency of
electrodes in microbial fuel cells [42], and in DSSCs [39]. Never-
theless, most of these publications [35e37,39e42] show the per-
formance of DW TNT layers synthesized in ethylene glycol-based
electrolytes. Recent reports [20,22,25e29] show enhanced prop-
erties of SW TNT layers in photoelectrochemical applications
compared to their DW counterparts. However, the study on the
influence of different annealing temperatures and its impact on the
intrinsic properties of such SW TNT layers is of high interest and yet
missing.

In this work, we show the impact of the annealing temperature
on two types of high-aspect ratio DW and SW TNT layers. We
present the influence of the annealing temperatures on the
intrinsic properties of TNT layers such as structure, morphology,
optical band gap, electrical resistance, and photoelectrochemical
performance.

2. Experimental

2.1. Synthesis and annealing of TNT layers

According to our previous works [43,44], two different kinds of
high-aspect ratio DW TNT layers with an inner diameter of
~250 nm and ~130 nm and thickness of ~5 mm and ~20 mm,
respectively, were prepared via electrochemical anodization. Prior
to the anodization, the Ti foils were degreased by sonication in
isopropanol, acetone, and isopropanol, respectively, and dried with
a nitrogen jet. To obtain ~5 mm thick self-aligned DW TNTs (1 cm2

area) with an inner diameter of ~250 nm (aspect ratio ~20),
anodization of Ti foils using a high-voltage potentiostat (PGU-
200 V, Elektroniklabor GmbH) was conducted at 100 V for 4 h at
room temperature in ethylene glycol-based electrolyte containing
10% water and 0.15MNH4F. The ~20 mm thick self-aligned DW TNTs
(1 cm2 area) with an inner diameter of ~130 nm (aspect ratio ~154)
were prepared via anodization of the Ti foils using a high-voltage
potentiostat (PGU-200 V, Elektroniklabor GmbH) conducted at
60 V for 4 h at room temperature in ethylene glycol-based elec-
trolyte containing 1.5% water and 0.17 M NH4F. A two-electrode
configuration using Ti foil (GoodFellow, 0.140 mm thick, >99.6%
purity) as a working electrode and Pt foil as a counter electrodewas
used in all anodizations. A previously reported chemical etching
treatment [22,28,29] was used to remove the inner wall of the DW
TNT layers to obtain SW TNT layers of both 5 mm and 20 mm
thicknesses. First, the prepared DW TNT layers were pre-annealed
at 135 �C and 150 �C for 5 mm and 20 mm tubes, respectively, for 1 h
in air using a heating rate of 15 �C/min. Second, the pre-annealed
TNT layers were immersed in piranha solution
(H2SO4:H2O2 ¼ 3:1) for 10 min (5 mm thick TNT layers) and 8 min
(20 mm thick TNT layers) at 70 �C. After etching, the TNT layers were
immersed in H2O and ethanol for 1 min, respectively, and dried
with a nitrogen jet.

The DW and SW TNT layers were annealed in a muffle oven at
300 �C, 400 �C, 500 �C, 600 �C, 700 �C, and 800 �C. TNT layers were
placed inside the oven at room temperature and heated to the
desired temperature with the heating rate of 2.1 �C/min. After
reaching the target annealing temperature, the TNT layers were
soaked for 1 h. After the annealing, the TNT layers were cooled
down inside the oven to the room temperature.

2.2. Characterization of TNT layers

A field-emission scanning electron microscope (FE-SEM, JEOL
JSM 7500F) was used for morphological characterization. The
morphological parameters of TNT layers were evaluated by statis-
tical analyses of SEM images using proprietary Nanomeasure
software.

The crystalline structure was characterized by X-ray diffrac-
tometer (XRD, PANalytical Empyrean Cu Ka radiation, l ¼ 1.5418 Å)
with a scintillation detector Pixcel3D in the 2q range 5e65�, the step
size was 0.026�.

The electrical resistance was analyzed by a two-point probe
using Au-coated W tips on the nanotube layer and the back contact
to Ti foil (SUSS Micro Tec PM5) both interfaced to a digital multi-
meter (Keithley 2602). The electrical resistance values were ob-
tained by cycling the potential from �3 to þ3 V with a step rate of
0.1 V/s and measuring the currents at 4 different spots for each
sample. The differences in the measurements of electrical resis-
tance did not exceed ±5%.

The diffuse reflectance UV-VIS spectra were recorded in the
wavelength range from 200 nm to 1100 nm using a UV-VIS spec-
trophotometer (UV3600Plus Series Shimadzu) with ISR-603 inte-
grating sphere.

The photocurrent measurements of TNT layers were carried out
in an aqueous 0.1M Na2SO4 solution at 0.4 Vvs. Ag/AgCl in the spectral
range from 300 nm to 450 nm. A photoelectric spectrophotometer
(Instytut Fotonowy) with a 150 W Xe lamp and a monochromator
with a bandwidth of 10 nm connected with the modular electro-
chemical system AUTOLAB (PGSTAT 204, Metrohm Autolab B$V.,
Nova 1.10 software) was used for the photocurrent measurements.

3. Results and discussion

Fig.1A and B shows top-view and cross-sectional (as insets) SEM
images of the as-prepared 5 mm and 20 mm thick TNT layers with
the inner diameter of ~250 nm and ~130 nm, yielding nanotubes
with an aspect ratio of ~20 and ~154, respectively. Fig. 1C and D
reveals the presence of the inner wall (porous areas within the
nanotube interiors) at the bottom parts of the 5 mmand 20 mm thick
DW TNT layers, respectively. The quantitative chemical etching
treatment in piranha solution led to the inner wall removal. Both
5 mm (Figs.1E) and 20 mm (Fig.1F) thick SW TNT layers did not show
any visible porous areas within the nanotubes. It is necessary to say
that no significant differences in the morphology of the nanotube
tops for amorphous and annealed DW compared to the SW TNT
layers were observed. The selective etching treatment removes
solely the inner wall of the nanotubes (TiO2 contaminated with C
and F species) which is situated in the bottom parts of the nano-
tubes [19,22,28], leaving the outer wall of the nanotubes (pure
TiO2) undamaged.

Fig. 2 shows the representative top-view SEM images of 5 mm
and 20 mm thick SW TNT layers annealed at 300 �C, 400 �C, 500 �C,
600 �C, 700 �C, and 800 �C. Fig. 2A and B shows the representative
morphology of the 5 mm and 20 mm thick TNT layers, respectively,
annealed in the temperature range 300e600 �C. No significant
morphological changes of the nanotubes were observed in this
annealing temperature range and the morphology is similar to that
of the amorphous TNT layers (Fig. 1A and B, respectively). After
annealing at 700 �C (Fig. 2C and D), the originally well-defined



Fig. 1. SEM images of (A, B) as-prepared TiO2 nanotube tops, (C, D) double-wall structure of the nanotubes depicted at the nanotube bottoms and (E, F) single-wall structure of the
nanotubes depicted at the nanotube bottoms of 5 mm and 20 mm thick TiO2 nanotube layers, respectively. The insets show the cross-section of the nanotube layers.
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nanotubular structure is disturbed and visible surface flaws are
observed due to the thermal annealing. In particular, the
morphology of the 20 mm (Fig. 2D) thick TNT layers where the
nanotube openings starts to collapse. The full collapse of the
nanotube tops of the 20 mm (Fig. 2F) thick TNT layers is revealed
after annealing at 800 �C and the nanotubes coalesced to form a
rather nanorod type of structure. In case of the 5 mm thick TNT
layers, although the nanotube openings are significantly disturbed,
the nanotubular structure is still observed after annealing at 800 �C
(Fig. 2E). The higher temperature stability of the 5 mm thick TNT
layers compared to their 20 mm thick counterparts can be assigned
to an increased robustness of such nanotubes. In particular, the
nanotube walls are 2e12 times thicker (approx. 10e60 nm) in 5 mm
thick TNT layers, compared to those in the 20 mm TNT layers
(5e10 nm).
As previously reported [15,45], an additional TiO2 thermal oxide

layer is present between the nanotube layer and Ti substrate after
annealing. The formed thermal oxide layer consists mainly of a
rutile phase [45] and its thickness increases with increased
annealing temperature [15]. Fig. 3AeD shows illustrative cross-
sectional SEM images with the visible thermal oxide layer in
5 mm and 20 mm thick SW TNT layers annealed at 600 �C. The
presence of the thermal oxide layer was observed in all TNT layers.
Their thicknesses are listed in Table 1, for different annealing
temperatures and also illustratively depicted in Fig. 3E and F. The
thickness of the thermal oxide layer increased exponentially. No
thermal oxide layer was observed in the non-annealed (amor-
phous) TNT layers. In the annealing temperature range



Fig. 2. SEM top-view images of 5 mm and 20 mm thick single-wall TiO2 nanotube layers annealed at (A, B) 300e600 �C, (C, D) 700 �C and (E, F) 800 �C, respectively.
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300e500 �C, the thickness of the formed thermal oxide layer
increased in accordance to the increased annealing temperature to
the total thickness in the range from ~20 nm to ~120 nm, respec-
tively. A major increase in the total thickness of the thermal oxide
layer in all TNT layers was observed after annealing at temperatures
�600 �C. The observed thickness of the thermal oxide layer sub-
stantially increased up to 0.45e0.7 mm, 2.5e3 mm and 6.3e7 mm for
both types of TNT layers annealed at 600 �C, 700 �C and 800 �C,
respectively. To point out, no significant differences in the thick-
nesses of the thermal oxide layers were observed for the SW
compared to the DW TNT layers. This is clear from Fig. 3E and F
where the data points of the SW and the DW TNT layers overlap
each other in both 5 mm and 20 mm thick layers.

Fig. 4AeD shows XRD patterns of amorphous and annealed DW
and SW TNT layers annealed in the temperature range 300e800 �C
for 1 h in air. Three different crystalline structures were identified
in all types of TNT layers, namely, tetragonal anatase TiO2 with
space group P42/mnm (ICCD 01-086-1157) [46,47], tetragonal rutile
TiO2 with space group I41/amd (ICCD 00-021-1276) [46,47] and
metallic Ti with the hexagonal structure with space group P63/mmc
(ICCD 00-044-1294) [48e50]. In general, the as-prepared TNT
layers are of amorphous nature with the visible diffractions of the
underlying Ti substrate [48e50]. The intensity of these Ti diffrac-
tions is more pronounced in 5 mm thick TNT layers (Fig. 4A and B)
due to the lower mass of TiO2 to be penetrated by X-rays. Indeed,
the diffraction signal of Ti is readily detected by XRD due to the 4-
times smaller thicknesses of such TNT layers compared to their
20 mm thick counterparts. The intensity of the Ti diffractions
decreased with increased annealing temperatures as the thermal
oxide layer developed at the Ti substrate/nanotubes interface



Fig. 3. (A, B) Low and (C, D) high magnification cross-sectional SEM images of 5 mm and 20 mm thick single-wall TiO2 nanotube layers annealed at 600 �C with a visible thermal
oxide layer underneath the nanotubes. Thickness of the thermal oxide layer vs annealing temperature for (E) 5 mm and (F) 20 mm thick TiO2 nanotube layers, respectively. Data
points are connected with lines for better eye-guidance.
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(Fig. 3) [15,45,51]. For 5 mm thick DW (Fig. 4A) and SW (Fig. 4B) TNT
layers, the crystallization of the nanotubes occurs at 300 �C with
the most intense (101) anatase diffraction at 2q ¼ ~25.3�. In the
annealing temperature range of 300e500 �C, solely the anatase
phase was detected in all 5 mm thick DW and SW TNT layers.
Annealing at 600 �C resulted in the beginning of the rutile forma-
tion with the most intense (110) diffraction at 2q ¼ ~27.4�. With
further increase of the annealing temperature (up to 800 �C), the
intensity of the (110) rutile diffraction significantly increased, while
the intensity of the (101) anatase decreased. Indeed, the anatase-to-
rutile transformation increased exponentially as the annealing
temperature increased [52]. These results correlate with the ob-
tained results from SEM (Fig. 3). This is due to the lower surface free
energy of the rutile phase compared to the anatase phase [52].
Overall, the kinetically stabilized anatase phase is at lower tem-
peratures (300e500 �C) while at higher temperatures
(600e800 �C) the thermodynamically stable rutile phase is
preferred in 5 mmDWand SW TNT layers. In case of 20 mm thick DW
(Fig. 4C) and SW (Fig. 4D) TNT layers, solely the anatase phase was
detected in the annealing temperature range of 300e700 �C. The
rutile phase was detected only after annealing at 800 �C. This
suggests the stabilization of the anatase phase in the annealing



Table 1
Comparison of the thermal oxide layer thickness, anatase:rutile ratio, electrical resistance (R), optical band gap, and band gap of 5 mmand 20 mm thick double- (DW) and single-
wall (SW) TiO2 nanotube layers annealed at different temperatures.

5 mm thick TNT layers
Annealing temp. (�C) Thermal oxide layer thickness

(nm)
Ratio anatase:rutile
(%)

R (U) Optical band
gap (eV)

Band gap (eV)

DW SW DW SW DW SW DW SW DW SW

e 0 0 e e 8.3 � 109 1.5 � 108 e e e e

300 �C 25 ± 5 30 ± 5 100 : 0 100 : 0 2.5 � 106 2.3 � 104 3.14 3.12 3.14 3.11
400 �C 55 ± 5 50 ± 5 100 : 0 100 : 0 1.4 � 105 2.8 � 105 3.12 3.11 3.11 3.13
500 �C 120 ± 20 130 ± 10 99 : 1 99 : 1 2.7 � 106 3.3 � 105 3.10 3.10 3.10 3.09
600 �C 490 ± 20 480 ± 20 84 : 16 81 : 19 7.1 � 107 3.1 � 107 2.96 2.93 2.99 2.95
700 �C 2400 ± 100 2500 ± 120 37 : 63 60 : 40 9.4 � 108 1.4 � 109 2.93 2.92 2.90 2.91
800 �C 6300 ± 150 6400 ± 200 20 : 80 15 : 85 6.3 � 108 3.2 � 109 2.92 2.78 2.85 2.86

20 mm thick TNT layers
Annealing temp. (�C) Thermal oxide layer thickness

(nm)
Ratio anatase:rutile
(%)

R (U) Optical band
gap (eV)

Band gap (eV)

DW SW DW SW DW SW DW SW DW SW

e 0 0 100 : 0 100 : 0 2.4 � 1010 2.1 � 109 e e e e

300 �C 15 ± 5 15 ± 5 100 : 0 100 : 0 8.7 � 107 5.1 � 106 3.01 3.07 3.06 3.07
400 �C 30 ± 5 25 ± 5 100 : 0 100 : 0 3.1 � 107 7.2 � 105 3.04 3.10 3.13 3.13
500 �C 100 ± 5 100 ± 5 100 : 0 100 : 0 2.7 � 106 8.8 � 104 3.04 3.09 3.07 3.13
600 �C 600 ± 100 550 ± 100 100 : 0 100 : 0 1.0 � 108 1.1 � 108 3.01 3.04 2.95 3.00
700 �C 2800 ± 600 3000 ± 400 100 : 0 99 : 1 1.0 � 109 7.2 � 108 3.02 3.03 2.90 2.99
800 �C 7000 ± 1000 6800 ± 1000 98 : 2 77 : 23 2.7 � 109 6.8 � 108 2.95 2.92 2.88 2.85
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temperature range 300e700 �C whereas at 800 �C the anatase-to-
rutile transformation starts to occur in 20 mm thick DWand SW TNT
layers. The reason for this dissimilarity in the anatase-to-rutile
transformation for 5 mm and 20 mm thick TNT layers can be
described as follows. In general, based on previous reports [53,54],
it is considered that the irreversible anatase-to-rutile trans-
formation in TiO2 begins at the annealing temperature of ~600 �C in
air, although some papers report that this transformation begins at
different annealing temperatures (in the range 400e1200 �C)
[46,47,55]. Obviously, there is a controversy regarding the anatase-
to-rutile transformation in TiO2. Besides the obvious annealing
temperature and time conditions for the anatase-to-rutile trans-
formation, additional factors such as aspect ratio, surface to volume
ratio and morphology of TiO2 influence the kinetics of its trans-
formation [46,47,52e55]. The 5 mm thick TNT layers possess thicker
nanotube walls (10e60 nm) compared to their 20 mm counterparts
(5e10 nm). Thus, the physical constraints imposed by the thickness
of the nanotube walls influence the anatase-to-rutile trans-
formation. Therefore, as the anatase-to-rutile transformation is
rather a reconstructive than an instantaneous process, where the
sufficient amount of thermal energy is necessary to facilitate the
rearrangement of atoms and the formed rutile crystallites are
bigger in size compared to the anatase crystallites [46,47,52e55],
the thickness of the nanotube wall is a crucial parameter for this
transformation in TNT layers. The thermal energy for the anatase-
to-rutile transformation in thicker walls of 5 mm thick TNT layers
is lower (transformation starts at 600 �C) compared to their 20 mm
thick counterparts (transformation starts at 800 �C). The anata-
se:rutile ratios for all TNT layers are summarized in Table 1.

For a deeper understanding on the anatase-to-rutile trans-
formation of TNT layers, XRD analyses of TNT layers annealed
without the Ti substrates were carried out. In this way the growth
of the thermal oxide layer underneath the nanotubes was pre-
vented. The DW TNT layers were used for this purpose. According
to our recent report [56], the nanotubes were peeled-off from the
substrate via mechanical bending. The obtained detached TiO2

nanotubes (in the form of nanotube bundles) were subsequently
annealed at 600 �C and 800 �C for 5 mm and 20 mm thick layers,
respectively. The different annealing temperatures for such ana-
lyses were chosen based on the previous XRD results (Fig. 4) for
5 mm and 20 mm thick TNT layers. In 5 mm and 20 mm thick TNT
layers, the rutile diffraction first appeared when annealing at
600 �C and 800 �C, respectively. Therefore, the 5 mm and 20 mm
detached nanotubes were annealed at 600 �C and 800 �C, respec-
tively, to evaluate their anatase-to-rutile transformation. Solely the
anatase phase was detected in 5 mm thick detached TNT layers
(Fig. 4E). In the case of 20 mm thick detached TNT layers, additional
low intensity diffraction of the rutile phase was detected at
2q ¼ ~27.5� (Fig. 4F). Based on these side analyses, one can assume
that the rutile content detected by XRD in all TNT layers (Fig. 4)
primarily stems from the underlying thermal oxide layer. Never-
theless, it can be also expected that the nanotubes (when attached
to the Ti substrate) annealed at temperatures �600 �C undergo
some anatase-to-rutile transformation. The rutile containing ther-
mal oxide layer induces the anatase-to-rutile transformation of the
TNT layers. This is expected due to the template crystallization. On
the other hand, the TNT layers used in semiconducting applications
are used as a whole system (including the nanotubes, the thermal
oxide layer and the underlying substrate) and not solely as sepa-
rated nanotubes. Based on the presented results, it is therefore
advisable to use TNT layers annealed at temperatures in the range
of 300e500 �C to avoid any interface effects of the thermal oxide
layer in between TNT layers and Ti substrates.

Fig. 5 shows the dependence of the electrical resistance on the
annealing temperature of the 5 mm and 20 mm thick DW and SW
TNT layers studied by a conventional two-point probe measure-
ment. For 5 mm thick DW and SW TNT layers (Fig. 5A), the lowest
resistance was obtained for the layers annealed at 400 �C (order
105 U) and 300 �C (order 104 U), respectively. The 20 mm thick DW
and SW TNT layers (Fig. 5B) possess the lowest electrical resistance
for the layers annealed at 500 �C (order 107 U for DW and order
105 U for SW). In general, the electrical resistance of SW TNT layers
is decreased by 1e2 orders compared to their DW counterparts
when annealed up to 300 �C and 300e500 �C for 5 mm and 20 mm
thick layers, respectively. This significant difference is attributed to
the removal of the inner wall of the SW TNT layers. Indeed, the
detrimental C and F species in the inner wall hinder the conduc-
tivity of TNT layers. In particular the F species which are primarily
situated on the outer walls of the nanotubes (between the nano-
tubes) and at the nanotubes/substrate interface (between the



Fig. 4. XRD patterns of 5 mm thick A) double-wall and B) single-wall and of 20 mm thick C) double-wall and D) single-wall TiO2 nanotube layers annealed at different temperatures;
E) 5 mm thick double-wall nanotubes detached from the substrate annealed at 600 �C and F) 20 mm thick double-wall nanotubes detached from the substrate annealed at 800 �C. A -
anatase; R - rutile; * - titanium.
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nanotubes and the underlying substrate) [22e24] are responsible
for decreased conductivity of DW compared to SW TNT layers. For
TNT layers annealed at 600 �C, a significant increase in the electrical
resistance was recorded. The reason for this is two-fold: i) a pro-
nounced growth of a thermal oxide layer underneath the nanotube
layers (Fig. 3 and Table 1). This is due to a heat transfer reasons
[15,45] which occur during the annealing of TNT layers (i.e., crys-
tallization of TiO2), and ii) the anatase-to-rutile transformation
starts (the rutile phase possess lower electron mobility compared
to the anatase phase) [38,57,58].
It is noteworthy that during the measurement of the electrical
resistance, in particular during the repetitive forward and reverse
bias cycling, the typical Schottky-type curve for the n-type semi-
conductor was recorded (data not shown here), with no hystereses
visible between different cycles. No abrupt changes in the current
density that would be typical for the resistive switching of TiO2
shown in the literature [59] were observed.

Further, diffuse reflectance UV-VIS spectra and the corre-
sponding Kubelka-Munk curves were recorded to determine the
reflectance and the indirect optical band gap energy (Table 1) of



Fig. 5. Electrical resistance as a function of the annealing temperature for A) 5 mm thick double-wall and single-wall and B) 20 mm thick double-wall and single-wall TiO2 nanotube
layers. Data points are connected with lines for better eye-guidance.
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TNT layers annealed at different temperatures (Fig. 6). As shown in
Table 1, it was observed that up to an annealing temperature of
600 �C the reflectance edge appeared at ~400 nm, which can be
attributed to the anatase phase with the optical band gap energy
~3 eV [35]. An additional reflectance edge at ~420 nm (optical band
gap ~2.95 eV) appeared in TNT layers annealed at 700 �C and 800 �C
which is attributed to the rutile phase [35]. The obtained values of
the indirect optical band gap energy are in good agreement with
previous reports on TiO2 materials composed of solely anatase or
mixed anatase/rutile phase [60e63]. Overall, the incident light
Fig. 6. UV-VIS diffuse reflectance spectra and the corresponding Kubelka-Munk curves (the
wall and D) single-wall TiO2 nanotube layers.
absorption and the optical band gap energy is similar in DW and
SW TNT layers of each particular thickness.

Fig. 7 shows incident photon-to-electron conversion efficiencies
(IPCE) of amorphous and annealed (300e800 �C) DW and SW TNT
layers. For both 5 mm and 20 mm thick TNT layers, a pronounced
increase in the IPCE values can be observed for the SW compared to
the DW layers. Such increase in the IPCEs of SW TNT layers can be
ascribed to the removal of the inner wall [28]. It is apparent that the
TNT layers annealed in the temperature range of 300e500 �C
provide higher IPCE values compared to layers annealed at
insets) for 5 mm thick A) double-wall and B) single-wall and for 20 mm thick C) double-



Fig. 7. Incident photon-to-electron conversion efficiencies (IPCE) vs wavelength for 5 mm thick A) double-wall and B) single-wall and for 20 mm thick C) double-wall and D) single-
wall TiO2 nanotube layers.
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600e800 �C. This difference can be explained with regard to the
impact of the anatase and the rutile phases on the photo-
electrochemical properties of TiO2. Although the band gap energy
of the anatase TiO2 (~3.2 eV) is higher compared to that of the rutile
(~3.0 eV), the anatase phase possesses a higher electron mobility
than the rutile phase [15,64]. Therefore, in the UV light region, the
anatase phase with lower recombination rate of charge carriers
resulted in higher IPCE values. The lower IPCE values obtained from
the TNT layers annealed in the temperature range 600e800 �C stem
from the increased rutile content (Fig. 4) and thicker thermal oxide
layers between the TNT layers and the underlying Ti substrate
(Fig. 3 and Table 1). This is in line with previous reports [15,45]
showing that the thickness of the thermal oxide layer underneath
the nanotubes increased with increased annealing temperature,
thus significantly affected the photoelectrochemical properties of
such TNT layers.

Fig. 8 shows the (IPCE. hn)1/2 vs hn plots which were employed
to explore the influence of the different annealing temperatures on
the indirect band gap energy of TNT layers and are summarized in
Table 1. Here, similar to the evaluated optical band gap results
obtained from the diffuse reflectance UV-VIS spectroscopy (Fig. 6),
the band gap shifts to the lower energies with increased annealing
temperature. When annealed in the temperature range
300e500 �C and 300e700 �C for 5 mm and 20 mm thick TNT layers,
respectively, the obtained band gap values ranged from 3.00 eV to
3.15 eV. Annealing in the temperature range 600e800 �C and at
800 �C for 5 mmand 20 mm thick TNT layers, respectively, resulted in
the band gap shift to the lower energies from 2.85 eV to 3.0 eV for
all TNT layers. Indeed, the increased rutile-to-anatase ratio (Fig. 4
and Table 1) and the increased thickness of the underlying
thermal oxide layer (Fig. 3 and Table 1) in TNT layers is responsible
for such shift. Interestingly, the photoresponse (Fig. 7) of 5 mm and
20 mm thick TNT layers is comparable. Moreover, the incident light
absorption (Fig. 6) of 20 mm thick TNT layers is more efficient
compared to that of 5 mm thick layers. This is in contrast with the
previous study [65] where the authors report the photoresponse
and the incident light absorption as a dependence of the nanotube
layer thickness (i.e., the thinner nanotube layers possess increased
UV photoresponse compared to the thicker ones). In general, the
absorption coefficient of a semiconductor depends on the materials
band gap and on the properties of the incident light (e.g., wave-
length, frequency) [66]. Besides that, the actual mass of TiO2 (as an
incident light collector) in a material is another crucial parameter.
Although the thickness of 5 mm thick TNT layers is 4 times smaller
compared to that of 20 mm thick layers, which favors the migration
of the photogenerated charge carriers to the electron collecting
tube bottom in such layers [65], the actual mass of TiO2 is also ~4.8
times smaller. The calculated mass of TiO2 in 5 mm and 20 mm thick
TNT layers is ~0.41 mg and ~1.96 mg per macroscopic cm2 of the
sample, respectively. The calculated values were further confirmed
by a simple experimental effort. As recently reported [56], the
nanotubes were peeled-off by mechanical bending from the sub-
strate to obtain bundles of nanotubes which were subsequently
weighed. Therefore, due to the increased mass of TiO2 in the 20 mm
compared to the 5 mm thick TNT layers, the thicker layers possess
comparable photoresponse and even enhanced light absorption
compared to the thinner layers. All in all, it is clear that the best
photoelectrochemical performance is achieved using SW TNT
layers annealed in the temperature range 300e500 �C with the
more efficient light absorption due to the inner wall removal



Fig. 8. (IPCE. hn)1/2 vs hn for 5 mm thick A) double-wall and B) single-wall and for 20 mm thick C) double-wall and D) single-wall TiO2 nanotube layers.
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compared to their DW counterparts.

4. Conclusions

In the present work, we compared the intrinsic properties of
high-aspect ratio anodic DW and SW TNT layers annealed at
different temperatures in air. During the annealing, solely the
anatase phase was detected by XRD in the temperature range
300e500 �C and 300e700 �C in 5 mm and 20 mm thick TNT layers,
respectively. The mixture of anatase/rutile was detected in the
temperature range 600e800 �C and at 800 �C for 5 mm and 20 mm
thick TNT layers, respectively. The conductivity of SW TNT layers
was increased by 1e2 orders compared to the DW TNT layers when
annealed up to 300 �C and up to 500 �C for 5 mm and 20 mm thick
layers, respectively. This is due to the removal of the inner wall and
due to the relatively thin thermal oxide layer formed during
annealing underneath the nanotubes compared to the TNT layers
annealed at temperatures >500 �C where the thickness of the
thermal oxide layer is substantial. Photoelectrochemical properties
of the SW TNT layers of both thicknesses annealed in the temper-
ature range 300e800 �C possess enhanced IPCE values and
improved charge carrier transport compared to that of the DW TNT
layers due to the lack of the inner wall.
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