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Purpose: In this paper, electrochemical properties of the as-formed and thermally treated titanium dioxide (TiO,) nanotubes with di-
ameter in the range of 20—100 nm and height in the range of 100-1000 nm were presented. In addition, the effects of annealing tempera-
ture (450550 °C) on the electrochemical characteristics of these structures, as well as the influence of diameter and height of TiO,
nanotubes on these properties were examined. The results were referred to a compact TiO, layer (100 nm thick). Methods: The electro-
chemical test included open circuit potential, impedance spectroscopy and cyclic voltammetry measurements. The scanning electron
microscope with energy dispersive spectroscopy analyser, x-ray photoelectron spectroscopy, and x-ray diffraction analysers were used
for surface morphology characterisation as well as elemental, phase and chemical composition of TiO, layers. Results: It was found that
nanotubes with the diameter of 50 and 75 nm (height of 1000 nm) annealed at 550 °C exhibit the lowest impedance and phase angle
values. However, the voltammetric detection of potassium ferricyanide indicated that the closest to 1 I,./1,, ratio were shown by nanotu-
bes with a diameter of 50 and 75 nm annealed at 450 °C. Conclusions: On the basis of performed analysis, it can be stated that the TiO,
layer with nanotubes of 50 nm in diameter and of 1000 nm in height, annealed in 450 °C may be indicated as the ones having the most

favourable sensing and biosensing properties.
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1. Introduction

Electrochemical properties of materials have been
examined to evaluate the possibility of their use for
the detection of various types of compounds. A num-
ber of materials used as biosensor platforms, e.g.,
carbon materials, polymers, and gold, may be found in
the literature. Nonetheless, the most widely used are
metal oxides and metallic nanostructures. Titanium
dioxide nanotubes (TNT) are very attractive electrode
materials used as biosensor platforms possessing nu-
merous beneficial properties in sensor technology:
large specific surface area, high bioactivity, biocom-
patibility, thermal stability, corrosion resistance, abil-

ity to be colonised by bacteria, drug, enzyme and an-
tibody immobilization [3], [8], [18]. These structures
may be produced by: electrochemical oxidation, pat-
tern technique, and hydrothermal processing. One of
the cheapest and most frequently used methods is
anodizing performed in an electrolyte solution with
the assistance of electric field. The matrix parameters
obtained using this method depend on many factors:
concentration of fluoride ions and anodic potential,
time of process, as well as electrolyte pH and type [2],
[4], [16].

Ti/TNT properties are improved by thermal proc-
essing — annealing in different atmospheres which
enables changing of TiO, in amorphous form (origi-
nally present in nanotubes) into crystalline form of
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rutile and/or anatase [8]. Crystallization of amorphous
nanotubes to anatase takes place at temperature of
about 300 °C, while rutile appears at about 450-550 °C
[6], [26]. The rutile nucleation occurs first on the
surface between the titanium substrate and the TiO,
nanotubes, then on the top of the nanotubes, and fi-
nally, on their entire volume. It should be noted that
the above temperature limits are contractual, because,
according to Wang [22], the anatase crystallization or
the anatase-rutile transformation temperature can oc-
cur within a wide temperature range of 400-1100 °C.
It depends on the parameters of titanium foil, material
preparation procedures, nanotube morphology (diame-
ter, height), annealing atmosphere and dopants.

Morphology of TNT remains stable at the annealing
temperature not exceeding 600 °C. Above this tem-
perature, nanotubes begin to deform at the contact
place with titanium foil. The collapse of the structure
can be attributed to the increase of the rutile phase at
the boundary between the barrier layer (electrically
insulating layer separating titanium nanotubes) and
the titanium substrate, where the metal is thermally
anodized. The rutile phase is characterised by larger
crystallites and growing during which they gradually
make the nanotube walls merge with the collapse of
the structure. At 700-800 °C, the nanotubular struc-
ture completely disappears leaving irregularly shaped
grains, which is associated with high percentage of
anatase to the rutile transformation and rapid growth
of the rutile grains [22].

The most important advantage of annealing is that it
causes the formation of oxygen vacancies, which re-
sults in improved TNT conductivity and thus, facilitates
the transfer of charge that is attributed to the conversion
of Ti*" to Ti*". The electrical conductivity of TiO,-, is
proportional to the amount of oxygen vacancies. Stud-
ies show that annealing in argon generates more oxy-
gen vacancies in TiO, than annealing in air, oxygen or
nitrogen [6], [19]. Is the fact that deterioration of na-
nostructures at higher temperatures results in destabili-
zation of their electrochemical characteristics.

At present, no results have been published on
electrochemical characterisation of the TNT structure
of fixed height and different diameters of the non-
annealed and annealed in argon atmosphere nanotubes
or vice versa of fixed diameter and different heights,
as described in this paper. Most of the studies investi-
gated the influence of annealing temperature [13],
[22], compared the effects of one-step and two-step
heat treatment [19], effects of composition of the so-
lutions [1], concentration of fluoride ions, anodic po-
tential and time [11], [14] on the electrochemical
properties of the nanotubes.

In previous research of authors [2], the influence
of annealing atmosphere on electrochemical proper-
ties of TiO, nanotubes was investigated, the best con-
ductivity was characterised by argon-annealed sub-
strates, which is why this atmosphere was used in the
presented study. Additionally, previously, the influ-
ence of different temperatures as well as different
heights and only the limited number of nanotube di-
ameters were not taken into account, which supple-
ments the current study.

The aim of this study was to investigate the influ-
ence of geometry and annealing temperature on tita-
nium dioxide nanotubes electrochemical properties.
The TNT structures were annealed at two tempera-
tures (450 and 550 °C) in argon atmosphere. In addi-
tion, electrochemical studies of the compact TiO, layer
were carried out as a reference. The amperometric de-
tection of potassium ferricyanide was performed to
calculate the electrochemical active surface area (EASA)
of the TNT after thermal modification.

2. Materials and methods

2.1. Materials

Titanium (Ti) foil (purity of 99.7%, thickness of
0.25 mm), ethylene glycol (assay 99.8%), ammonium
fluoride NH4F, potassium ferricyanide K;[Fe(CN)g],
phosphate buffered saline (0.01 M PBS, 0.0027 M po-
tassium chloride and 0.137 M sodium chloride, pH 7.4)
and potassium chloride KCI were purchased from
Sigma-Aldrich (USA) and used as supplied. All solu-
tions were prepared from Milli-Q water.

2.2. TiO; nanotubes fabrication

The titanium foil was mechanically polished to
a mirror using increasing grits of abrasive paper (70,
120, 600, 800, and 2000), followed by four different
polishing alumina powders of decreasing particle size
(mesh: 500, 600, 800, and 1200). The Ti foil were cut
into 5 mm (width) x 15 mm (height) x 0.25 mm
(thickness) and sonicated in acetone, distilled water
and dried in nitrogen. The TiO, layers were prepared
by electrochemical anodization of titanium foils in
various concentrations of ethylene glycol solution
with the presence or absence of ammonium fluoride,
using Autolab PGSTAT302N (Metrohm). The 1-stage
process was carried out using a two-electrode system
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Table 1. Parameters of anodizing process of TiO, layers of different morphology formation
(compact layer, nanotubular layer — TNT), where % stands for height of oxide laye
and & for diameter of titanium nanotubes

. . Anodizing | Concentration | Concentration
Type of TiO, layer Potential [V] time [s]g of CoHyO, [%] | of NHLF [%]
Compact (100 nm-thick) 4 7200 99 -
TNT (7 =100 nm, & 20 nm) 4 7200 85
TNT (7 = 1000 nm, & 20 nm) 4 7200 90
TNT (7 = 1000 nm, & 25 nm) 10 600 90 0.65
TNT (7 = 1000 nm, & 50 nm) 17 3750 85 '
TNT (7 = 1000 nm, & 75 nm) 30 900 90
TNT (7 = 1000 nm, & 100 nm) 40 1100 85

with a platinum sheet as a counter electrode and tita-
nium foil as a working electrode, with the anodization
surface of 5 mm x 5 mm x 0.25 mm. The oxide films
were removed by mechanical detachment with using
an adhesive tape. The TiO, layers of different mor-
phology: compact oxide layer (100 nm thick), nanotu-
bes with diameter of 20 nm and height of 100 nm and
diameter of 20-100 nm and height of 1000 nm were
obtained based on the anodizing parameters presented
in Table 1. These parameters were selected on the
basis of the developed mathematical model [10].
Scanning electron microscopy (FESEM, JEOL
JSM-7600F) and energy-dispersive X-ray spectros-
copy (EDS, Oxford INCA) were used to investigate
the surface morphology and chemical composition.

2.3. Thermal modification

TNT layers were annealed in the AMP furnace
(AMP Poland) in argon atmosphere at 450 and 550 °C
for 2 h with the heating and cooling rate of 6 °C/min.

XRD were performed at Panalytical Empyrean dif-
fractometer using Cu-K-« radiation at 40 kV and 40
mA (A =1.540508 A).

XPS analysis were carried out in a PHI Versa
Probe II Scanning XPS system using monochromatic
Al-K-a (1486.6 eV) x-rays focused to a 100 um spot
and scanned over the area of 400 pm x 400 um. The
photoelectron take-off angle was 45° and the pass
energy in the analyzer was set to 46.95 eV. Deconvolu-
tion of spectra was carried out using the PHI MultiPak
software (v.9.9.0.8). Spectrum background was sub-
tracted using the Shirley method.

2.5. Electrochemical measurements

The open circuit potential (OCP) tests and electro-
chemical impedance spectroscopy (EIS) scans for non-

-annealed and annealed samples were recorded using
a standard three-clectrode configuration with a com-
pact titanium dioxide layer and titanium nanotubes of
different morphology as the working electrode, stan-
dard silver chloride electrode (Eagagcr = 0.222 V) as
the reference electrode, and the platinum foil as the
auxiliary electrode.

OCP measurements were carried out at room tem-
perature (25 + 2 °C) for 1800 s. EIS spectra were per-
formed over a frequency range of 0.1-10° Hz with
a signal amplitude of 10 mV. Cyclic voltammetry
(CV) tests were carried out for potential ranging from —1
to 1 V vs. Ag/AgCl with the scan rate of 0.05 V/s. All
experiments were performed in PBS solution (0.01 M,
20 ml, pH 7.4).

Electrochemical measurements in 1 mM K;[Fe(CN)g]
in 0.1 M KCI solution were carried out to calculate the
electrochemical active surface area of TiO, surfaces
after thermal modification at 450 and 550 °C in argon
atmosphere for 2 hours. The Randles—Sevcik equation
for a quasi-reversible system (at 298 K) is given in

Eq. (1):

[pquasi: :l:(265 x 105)}13/2ACD1/2V1/2, (1)

where I, — peak current, n — number of electron trans-
fer, A — electrochemical active surface area of the
electrode, D — diffusion coefficient, v — scan rate and C
— concentration of KCl solution. Potassium ferricyanide
diffusion coefficient is equal to 7.6:10°° cm?/s at
25 °C[23].

All measurements were repeated three times (for
three samples n = 3). The results of electrochemical
studies in the Bode representation show the curves
for measuring the closest to the average value of
the three samples (presented on all plots in the at-
tached table of the average values with standard
deviations) of non-annealed and annealed TiO, lay-
ers. The potentiostat/galvanostat model PGSTAT
302N from Autolab (Metrohm) was used for all
tests.
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3. Results

For the purpose of this study, a comparison of the
electrochemical properties of a compact TiO, layer
with nanotubular TiO, layer having the same height
(100 nm) and as small as the possible diameter of
nanotubes (20 nm) was carried out. Further analysis
compared titanium nanotubes with the same diameter,
i.e.,, 20 nm and varying height (100 or 1000 nm).
Finally, the electrochemical properties of titanium
nanotubes with varying diameter, range of 20—100 nm
and the same height of 1000 nm were compared.

3.1. Characterisation
of non-annealed TNT

The SEM micrographs (Fig. 1) show the structure
of different morphology non-annealed TiO, layers of:
compact TiO, layer (100 nm thick) and exemplary
nanotubular structure — TiO, nanotubes with diameter
of 100 nm and height of 1000 nm. The wall thickness
of the nanotubes was evaluated in the range from 3
to 10 nm, depending on TNT diameter.

The diameters of titanium dioxide nanotubes in-
crease with the increase of the anodization voltage
(Table 1). Anodizing in organic solutions leads to the
formation of nanotubes with smooth walls without

any perforation. However, in the case of the compact
TiO, layer (Fig. 1A), numerous surface irregularities
and cracks are observed. SEM images of TNT (Fig. 1B)
show opened from the top, closed at the bottom and
vertically oriented regular nanotubes completely cov-
ering the titanium foil.

In Table 2, the OCP average values for non-annealed
samples measured in 0.01 M PBS solution at room
temperature during 1800 s are shown.

The Nyquist diagrams determined for the compact
and nanotubular TiO; layers present fragments of wide,
incomplete semicircles (Fig. 2A). It is also shown that
the impedance modulus |Z| depends on the height and
diameter of TiO, nanotubes. Increase of their height
from 100 to 1000 nm, for diameter of 20 nm causes
decrease of impedance from 152589 = 11419 to 36976
+ 7903 Q. As the diameter of nanotubes increases, the
sample resistance decreases (Table 3).

The phase angle values presented in Bode plots
(Fig. 2B) recorded in the lowest frequencies (0.1 Hz)
in the range of 52.6+84.0° are related to homogeneity
of the sample surface. The lowest porosity value of
phase angle (84.0 £ 0.2°) was observed for the com-
pact titanium oxide layer. The porosity of analyzed
structure increases in the following order: compact layer
(h =100 nm), nanotubular layer (4 = 100 nm, & 20 nm),
nanotubular layer (2 = 1000 nm, & 20 nm). For TNT
samples with the same height of 1000 nm, diameter
increase causes porosity decrease (Table 3).

Fig. 1. SEM top-view and cross-sectional (on insets) images of:
(a) compact oxide layer (100 nm-thick); b) nanotubes with diameter of 100 nm and height of 1000 nm

Table 2. Average values of OCP and EDS results of compact and TNT layers

Height of 100 nm Height of 1000 nm
TNT diameter [nm] Compact layer 20 20 25 50 75 100
Ti [% wt.] 80.00 68.42 72.60 72.85 65.85 62.12 65.67
O [% wt.] 20.00 19.01 18.17 15.76 25.59 26.88 26.67
F [% wt.] — 12.57 9.23 11.39 8.59 11.00 7.36
OCP [mV] vs. Ag/AgCl -28+5 7147 | -180+£23 | —233+26 | 282+27 | —178+40 | —149+24
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Table 3. Average values of impedance parameters of compact and non-annealed TNT samples

—Zphase [°] —ImZ [Q] ReZ[Q] 17| [Q]
Compact (2 =100 nm) 84.0+0.2 302559 £ 17633 31650 + 2131 300328 £20126
TNT (2= 100 nm, & 20 nm) 71714 144857 £ 10939 47856 £ 4895 152589+ 11419
TNT (A= 1000 nm, & 20 nm) 51.5+49 28769 + 6106 23078 + 5964 36976 + 7903
TNT (A= 1000 nm, & 25 nm) 52.6 4.1 26225 + 8918 28969 + 14289 39407 + 15751
TNT (A= 1000 nm, & 50 nm) 54.0+2.1 9844 + 853 7190 + 824 12207 + 1084
TNT (A= 1000 nm, & 75 nm) 69.0+1.2 4818 £472 1981 £ 439 5214 + 607
TNT (2= 1000 nm, & 100 nm) 72.3+0.9 5570+ 386 1804 =270 5857 £449
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Fig. 2. (A) Nyquist and (B) Bode plots for non-annealed TiO, layers of different morphology
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Fig. 3. Cyclic voltammograms of non-annealed TiO, layers of different morphology in:
(A) 0.01 M PBS and (B) 1 mM K;[Fe(CN)g] in 0.1 M KC1
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In Figure 3A, cyclic voltammograms for the ana-
lysed compact and nanotubular TiO, layer allowing for
varying height and diameter of the nanotubes are shown.
No oxidation and reduction peaks were observed. The
biggest separation between cathodic and anodic half-
waves, in particular for potential —0.7 V, were recorded
for TNT with larger diameter (50-100 nm) and the
smallest — for compact dioxide layer.

Potassium ferricyanide/potassium ferrocyanide (£, =
—0.36 V vs. hydrogen electrode) is one of the most
commonly analysed redox couples in electrochemistry.
Only for titanium nanotubes of diameter of 100 nm, no
reduction and oxidation peak were observed. For the rest
of analysed samples, the reduction peak centred in the
range of —0.3+—0.5 V and poorly formed anodic peak in
the value of 0.1 V were observed. TNT with diameters of
25, 50 and 75 nm and height of 1000 nm showed the
highest value of cathodic current peak. The biggest dif-
ference between anodic and cathodic curves was recorded
for TNT with large diameter of 50—-100 nm and the small-
est for compact dioxide layer and TNT with diameter of
20 nm and height of 100 nm. Due to the non-reversible
nature of the reaction for non-annealed samples, no elec-
trochemical active surface area calculations were made.

lpm

“‘r J ;/f
11 f !J(r
&% l r
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3.2. Characterisation of annealed TNT

No damage on the TNT layers after annealing at 450
and at 550 °C for larger diameters (50, 75 nm) was ob-
served, as shown in the exemplary microphotography
of 50 nm diameter nanotubes (Fig. 4A). However, as
a result of thermal treatment at 550 °C, the TNT of 25 nm
diameter were damaged significantly causing change in
their height from 1000 nm up to 300 nm (Fig. 4B) [5].

The OCP average values for TiO, nanotubes with
varying diameters (25, 50, 75 nm) and 1000 nm height
annealed at 450 °C and 550 °C for 2 hours in argon at-
mosphere, measured in 0.01 M PBS solution at room
temperature during 1800 s are presented in Table 4. The
increase in OCP values depends on the TiO, nano-
tubes diameter.

The EIS spectra of the annealed TNT layers with
the height of 1000 nm and varying diameters (25, 50,
75 nm) are shown in Fig. 5 in Bode and Nyquist rep-
resentations. The impedance values for the samples
annealed at 450 °C decrease with the increase of TNT
diameter (Table 5). Bode plots presented in Figs. 5C
and D show that titanium nanotubes with the smallest

Ipm §

== 100nm

Fig. 4. SEM top-view and cross-sectional (on insets) images of titanium nanotubes of:
(A) 50 nm and (B) 25 nm in diameter and 1000 nm in height after annealing at 550 °C

Table 4. Average values of OCP and EDS results of TNT after annealing at 450 °C and 550 °C

Height 1000 nm
Annealing temperature [°C] 450 550
TNT diameter before annealing [nm] 25 50 75 25 50 75
TNT structure after annealing Not changed Destroyed Not changed
Ti [% wt.] 79.61 74.49 62.50 64.35 59.76 68.98
O [% wt.] 20.31 25.51 37.50 35.65 40.24 31.02
OCP [mV] vs. Ag/AgCl =70+ 11 3514 | 103+18 -54+13 14+8 51+18
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Table 5. Average values of impedance parameters obtained for annealed TNT samples

ot [y | a1 mzior [ wze [z
& 25 nm 68.2+4.7 |42157 4819 | 18899 + 4088 | 42612 + 1396
450 & 50 nm 77.0+0.6 | 8574 581 1978 + 65 8800 + 576
& 75 nm 724+£52 | 7019+ 695 2228 + 680 7386 + 686
& 25 nm 56.1£5.5 |21759+£2796 | 14631 £2617 | 26310 = 2811
550 & 50 nm 79.6 +2.3 | 4039 +436 746 £213 4109 + 459
& 75 nm 780+ 1.5 | 6629 +902 1372 £ 112 6770 + 893
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diameter (25 nm) are characterised by the highest
value of phase angle. In the case of the TiO, nanotu-
bes annealed in 550 °C, the highest value of imped-
ance (26310 £ 2811 Q) was also observed for TNT of
the smallest diameter — 25 nm.
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Fig. 5. Nyquist and Bode plots of TNT of 25-75 nm diameter
and 1000 nm in height annealed in (A), (C) 450 °C and (B), (D) 550 °C
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The electrochemical properties of titanium dioxide
nanotubes of various diameters (25, 50, 75 nm) an-
nealed at two temperatures (450 and 550 °C) in argon
atmosphere for 2 hours were investigated by means of
cyclic voltammetry in 0.01 M PBS (20 ml, pH 7.4) as
an electrolyte in a potential range of —1 V to 1 V ver-
sus Ag/AgCl at a scan rate of 0.05 V/s (Fig. 6). The
anodic and cathodic current values increase with the
increasing nanotube diameter.

The voltammetric detection of K;[Fe(CN)g] for
the annealed in argon atmosphere TNT are presented
in Fig 7. Unequal oxidation and reduction peak cur-
rent suggest a quasi-reversible electrochemical reac-
tion. For example, in the case of TNT of 75 nm di-
ameter annealed at 550°C, the height of the anodic
peak is equal to 7.34 uA and the cathodic 4.34 pA.
The peak current increases as the annealing tem-
perature and the nanotube diameter increases. For the
nanotubes after the annealing process at 450 °C,
small oxidation/reduction peaks centred at ~0.4 V/~0 V
for TNT of 50 nm diameter, and ~0.40 V/~—0.02 V
— for 75 nm in diameter (i.e., peak separation: ~0.40 V
and ~0.42 V, respectively) were observed. For the
titanium nanotubes with 50 nm and 75 nm in diame-
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Fig. 6. Cyclic voltammograms of TNT of 25-75 nm diameter and 1000 nm height annealed in (A) 450 °C and (B) 550 °C
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Fig. 7. Cyclic voltammograms of TNT of 25-75 nm in diameter and 1000 nm in height annealed in 450 °C and 550 °C

Table 6. Average values of the cathodic (J,.), anodic (,,) current peaks and electrochemical active surface area

(EASA,,. — determined from I,., EASA,,, — from [,,) for TNT of 1000 nm height and 25-75 nm
in diameter after annealing in argon at 450 and 550 °C
Annealing TNT layer Ipf.5 pa I EASA,. EASA,,
temperature [°C] | (7= 1000 nm) [x107 A] [x1075 A] perpa [cm?] [cm?]

25 nm 1.12+0.02 2.70+£0.11 0.41+£0.18 0.61 £0.01 1.48 £0.06

450 & 50 nm 2.78 £ 0.03 3.45+£0.23 0.81+0.13 1.52 £0.02 1.89+0.13
& 75 nm 3.75£0.04 3.94+£0.18 0.95+0.22 2.05+0.02 2.16+0.10
& 25 nm 1.63+0.47 - 0.89 +0.26 —

550 < 50 nm 4.06 +0.15 6.98 £0.12 0.58 +1.25 2.22+0.08 3.82+0.07
& 75 nm 434+0.17 7.34+£0.20 0.59 +£0.85 2.37+0.09 4.02+0.11

ter annealed at 550 °C, well-defined oxidation/re-
duction peaks potential separation for these samples
was approximately ~0.40 V and ~0.42 V. Increasing
the annealed temperatures does not affect anodic and
cathodic peak separation. The smallest peak separa-
tion for TNT of 50 nm diameter, in the case of volt-
ammetric detection of potassium ferricyanide, is asso-
ciated with the higher electrical conductivity.

The electrochemical active surface areas of the
TNT nanotubes after thermal modification in argon
atmosphere were determined using cyclic voltamme-
try according to the Randles—Sevcik equation for the
quasi-reversible redox couples (1), based on experi-
ments performed in 1 mM K;3Fe(CN)g in 0.1 M KCI
solution. The electrochemical active surface area val-
ues presented in Table 6 were calculated by deter-
mining the heights of current peaks (/,. and 7,,).

3.3. XRD and XPS characterisation
of TiO; nanotubes of 50 nm

in diameter and 1000 nm in height
before and after annealing

The X-ray diffraction analysis results presented in
Fig. 8 confirmed the occurrence of titanium and amor-
phous titanium dioxide in as-formed samples. Both
annealed samples contained anatase in a high propor-
tion, the sample annealed at 550 °C contained a greater
amount of rutile than the sample annealed at 450 °C.
These results confirm that the transformation of ana-
tase to rutile appears at about 450-550 °C and that
increasing the heat treatment temperature results in
increasing the rutile content [6], [26].
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Fig. 8. XRD patterns of as-formed and annealed titanium dioxide nanotubes of 50 nm in diameter and 1000 nm in height
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Fig. 9. XPS patterns of as-formed and annealed titanium dioxide nanotubes
of 50 nm in diameter and 1000 nm in height: (A) Ti 2p spectra, (B) O s spectra

The results of the XPS analysis of the TNT before  in TiO, for Ti’" is usually located at 457.7 eV and for
and after thermal modification are shown in Fig. 9. Ti*" is at 459.5 eV [4]. The O ls binding energy for
TiO, and Ti,0O5; were found on the surface of analysed TiO, is 530.2 eV [24]. The analysis of the XPS depth
samples, both thermal modified and non-modified profile of TNT layers before and after thermal modifi-
TNT layer. The standard binding energy of Ti 2p3/2  cation indicates higher amount of oxygen absorbed
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inside of the oxide film rather than on its surface
(a poorly formed peak not marked on the graph).
Thermal modification of TNTs results in the occur-
rence of the lack of oxygen on the surface, which
proves its deficiency, the presence of oxygen vacan-
cies and results in improved TNT electrical conduc-
tivity. Thermal modification causes increases in the peak
height compared to unmodified samples. For samples
annealed in 450 °C, the shift to lower binding energies
of O 1s and Ti 2p spectra was observed. A shift to
lower binding energy of Ti’" indicates that electrons
bound to the oxygen and titanium ions migrated to the
oxygen vacancies; with the latter serving as electron
traps. The shift in O 1s spectra can be attributed to the
transfer of electrons to the neighbouring oxygen va-
cancies [24].

4. Discussion

4.1. Characterisation
of non-annealed TNT

The OCP values for as-formed TiO, layer increase
with the increase of nanotube diameter from 50-100 nm
(Table 2). For samples with the height of 1000 nm, the
open circuit potential graph shows (data not shown)
small current oscillations probably as a result of re-
lease of fluoride ions from the interior of the nanotu-
bes. Since TNT of 20, 25 and 75 nm in diameter and
1000 nm are deposited from anodizing solution con-
taining higher concentration of ethylene glycol (90%)
(Table 1), the higher viscosity of these solutions may
result in difficulties with release of fluoride ions from
nanotubular structures. The Ti/O ratio is superior to
the stoichiometric TiO,, which is due to the presence
of another type of oxide: Ti,O;, which was also con-
firmed by previous studies of the authors [2]. Oxygen
can also be adsorbed from OH™ groups present in the
electrolytes [8]. No relationship between the diameter
and/or height of nanotubes and the Ti/O ratio was
observed.

The wide, incomplete semicircles showed on
Nyquist diagrams for the compact and nanotube TiO,
as-formed layers (Fig. 2A) are characteristic of thin
oxide layers [7]. The highest resistive character, indi-
cating the worst electrical conductivity, was observed
for the compact dioxide layer (300328 = 20126 Q) and
TNT with diameter of 20 nm and height of 100 nm
(152589 + 11419 Q) (Table 3). On the other hand, the

lowest |Z| values were observed for TNT of height of
1000 nm and diameter of 75 and 100 nm (Table 3).
According to the standard deviation of the impedance
modulus, values are close for these samples.

The impedance spectrum (Bode plot) recorded for
compact TiO, layer has one time constant with fre-
quency about 300 Hz, which confirms the presence of
an oxide layer on the Ti base (Fig. 2B). In the case of
TNT, two time constants are observed, which may be
caused by the presence of dissolving oxide layer (with
the fluoride ions) between nanotubes and Ti. For sam-
ples with the same diameter (20 nm), the first time
constant at the frequency of 50 Hz was observed and
the second time constant — at the lowest frequencies.
The height affects their heterogeneity: the increase in
TNT height causes the phase angle increase. In the
case of titanium nanotubes of equal height their di-
ameter affects the shift of the first time constant to the
higher frequencies. The TNT diameter increase re-
duces the phase angle value (Table 3). For the nanotu-
bes with dimensions of 100 nm and 1000 nm in height
the time constant describing the TNT layer is not une-
quivocally defined as for other samples.

Neither anodic (Ti*" to Ti*" conversion) nor ca-
thodic peaks related to Ti*" to Ti’" reduction and the
H' release reaction were observed on the voltam-
mograms for as-formed TiO; layers (Fig. 3A), which,
according to Macak et al. [12], is characteristic of
non-annealed TNT for which the reaction is relatively
sluggish or hard to observe at all. The greater the
separation between cathodic and anodic half-waves,
the higher the conductivity. Samples of 75 nm in di-
ameter and 1000 nm in height showed the highest
conductivity (Fig. 3A). The separation between anodic
and cathodic half-waves depends on the height of
nanotubes. TNT of 100 nm height and 20 nm diameter
have smaller current separation than samples of the
same diameter but 1000 nm in height (Fig. 3A). The
increase of nanotube diameter and height causes the
increase of surface electrical conductivity.

In the case of voltammetric detection of potassium
ferricyanide, a clearly visible cathode peak and a poorly
defined anode peak were observed (Fig. 3B). It proves
non-reversible nature of the reaction at TiO,-TNT
non-annealed electrodes [25]. This is characteristic for
less conductive electrodes for which it is difficult for
the electroactive molecules to lose electrons on the
electrode surface, so the oxidation current density is
lower than the reduction current density.

In conclusion, non-modified TiO, platforms vary-
ing in type structure (nanotubular and compact layer),
the best conductivity characteristics show the TNT
samples with the height of 1000 nm and diameters of
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25, 50, 75 and 100 nm. However, the difference in
impedance module between nanotubes with a diame-
ter of 75 and 100 nm is minimal (Table 3). Among
these samples, the highest cathodic peak current for
detection potassium ferricyanide was observed for
nanotubes with diameter of TNT 25, 50 and 75 nm.
For the above-mentioned reasons, TNT samples of
1000 nm height and the diameter between 25-75 nm
were chosen for further analysis related to the influ-
ence of thermal modification on electrochemical per-
formance.

4.2. Characterisation of annealed TNT

The thermal modification of samples resulted in
OCP values increase (Table 4), and thus, the corrosion
resistance increase, which is consistent with the re-
sults presented by Mazarea et al. [13], Xiao et al. [14]
and Yu et al. [25]. For TNT with the diameter of 50 nm
and 75 nm, the OCP values were shifted to positive,
which is attributed to the reduction of the amount of
adsorbed water and OH groups on the surface of the
nanotubes as a result of the annealing.

As it is well known, negatively charged protein
molecules are easily attracted to the positively-charged
matrix, which might be used in construction of plat-
form for biosensor [21]. As demonstrated in previous
studies, biomolecules can adsorb to even very smooth
surfaces [17]. No current oscillations were observed
on the OCP curves (data not shown), which can be
explained by removal of the fluoride ions from the
TNT samples due to the annealing at 400 °C and
above, which was confirmed by Zhu et al. [26] and in
previous studies of the authors of paper [2]. The Ti/O
ratio is superior to the stoichiometric TiO,, which is
due to the presence of oxygen vacancies [2], [19]. No
relationship between the diameter of nanotubes and
the Ti/O ratio was observed.

In the case of annealing at 450 °C, the highest
value of impedance modulus (42612 + 1396 Q) was
observed for TNT with 25 nm in diameter, whereas
the lowest (7386 = 686 Q) — for 75 nm in diameter
(Table 5). These results are confirmed by studies Li et
al. [11], in which the nanotubes with the smallest di-
ameter (16 nm) had the largest impedance value. Ac-
cording to the standard deviation for nanotubes of 50 nm
and 75 nm in diameter, the |Z| values were similar. In
the case of annealing at 550 °C, the highest resistivity
of TNT with 25 nm in diameter is caused by the dam-
age of TNT layer during the annealing process. The
best electrical conductivity and the lowest phase angle
were noted for nanotubes with 50 nm in diameter.

Heat treatment reduces the phase angle, hence, the
heterogeneity of samples decreases. The impedance
spectra recorded for the samples annealed at both tem-
peratures display two phase angle peaks, where the low-
frequency angle peak is attributed to the barrier film
(between the Ti foil and the nanotubes) and the high-
frequency angle peak is related to TNT itself [1], [7],
[11], [14]. The differences in ReZ of TNT annealed
in varying temperatures in the same atmosphere can
be explained by non-linear //V characteristics of poly-
crystalline TiO, nanotubes [20]. This mechanism, con-
sidering a barrier formed between the grains and the
fluctuation induced tunnelling conductance, strongly
depends on the anatase content in analysed samples,
which in turn depends on annealing temperatures and
morphology of TNT (i.e. diameter and height). The
microscopic analysis also confirmed the influence of
scattering of anatase content on the electrical proper-
ties of TNT samples [15]. According to Wang et al.
[19] and Salari et al.’s [22] studies, the titanium di-
oxide nanotubes, which are mostly composed of rutile
phase, exhibit higher conductivity and easier charge
transfer. This can be attributed mainly to the conver-
sion of Ti*" to Ti*", higher annealing temperature, and
greater content of the rutile phase in the modified
structure. The results obtained by the authors are con-
sistent with data obtained by others [19], [22], as the
samples annealed at 550 °C, and, therefore, containing
more rutile phase (Fig. 8), are characterised by a lower
impedance modulus than samples annealed at 450 °C
(Table 5). The analysis of the XPS (Fig. 9) depth pro-
file of TNT layers before and after thermal modifica-
tion indicates higher amount of oxygen absorbed in-
side. Thermal modification process results in
improved TNT electrical conductivity.

The best electron transport properties of the samples
annealed at 450 °C, due to the /,./1,, ratio close to 1,
are shown by titanium nanotubes with a diameter of
50 and 75 nm (Table 6). The reversible electrochemi-
cal behaviour observed with the redox couples shows
the highest conductivity [21]. The highest disparity in
peak currents (the cathodic peak is almost twice as high
as the anodic) presents TiO, nanotubes with a diameter
of 25 nm. Raising the annealing temperature results in
decrease in nanotube conductivity — decreases the
I,/I,, ratio (significant disproportion in the heights
of current peak) (Tabe 6). For TiO, nanotubes with
25 nm in diameter, annealed at 550 °C, only the ca-
thodic peak was observed (Fig. 7). The same behav-
iour is characteristic for non-annealed nanotubes, so it
can be stated that the distraction of TNT layer caused
by thermal treatment results in the return of the origi-
nal nanotube properties (as-formed).
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The reversible electrochemical behaviour was ex-
tremely important for the construction of electro-
chemically active surfaces. Increase of the annealing
temperature results in the increase of EASA values for
nanotubes of 50 nm and 75 nm in diameter and 1000 nm
in height (Table 6). As suggested in [9], the high EASA
values mean that active electrode surface consists of
a large conducting regions.

5. Conclusions

This paper presents comparison of electrochemical
properties of varying type of titanium dioxide, i.e., com-
pact and nanotubular layers. In addition, the influence of
the morphology of titanium nanotubes (diameter and
height) and annealing temperature in argon atmosphere
on electrochemical behaviour was examined.

Comparison of compact and nanotubular TiO,
layer having the same height, i.e., 100 nm indicates
more negative corrosion potential, higher impedance
modulus, lower difference between anodic and ca-
thodic curves of TNT, which is caused by the release
of fluoride ions after TNT formation process and higher
specific surface area that provides a larger amount
of OH on the TNT surface.

Increasing the height of TNT causes the decrease of
OCP and impedance modulus values, increase of hetero-
geneity of TNT and the faradaic current separation. Per-
formed analysis has also let to determine the relationship
between the diameter of TNT having the same height
(taken as 1000 nm) and its electrochemical response.
The increase in diameter generally results in the increase
of OCP values, surface heterogeneity and current re-
corded using cyclic voltammetry, as well as a decrease in
the impedance modulus (both real and imaginary parts of
impedance). It should be pointed out that this relation-
ship often exclude TNT with 50 nm diameter.

Thermal modification by annealing in argon at
varying temperatures (450 °C and 550 °C) were per-
formed to improve the conductivity of the TNT layer.
Annealing at 550 °C caused damage and collapse of the
nanotubular structures for samples of 25 nm in diame-
ter and 1000 nm in height. With the increase of nano-
tube diameter, the resistance to temperature-damaging
effect increases. The OCP values increase after an-
nealing, and for larger diameters (50, 75 nm) show
positive values, indicating higher corrosion resistance
of these samples. Heat treatment reduces the value of
impedance modulus for TNT samples with smaller
diameters (25 nm and 50 nm): the higher annealing
temperature, the lower impedance modulus value. For

nanotubes of the diameter of 75 nm, no significant
changes in impedance were observed. Under the in-
fluence of temperature, the decrease of phase angle
values was noticed as a result of reduction of the het-
erogeneity of the samples. TNT with the diameter of
50 nm and height of 1000 nm, annealed at 550 °C.
show the lowest impedance modulus and phase angle
values. Based on the EIS measurements, it was stated
that samples annealed at higher temperatures (550 °C)
were characterised by the higher conductivity than
samples annealed at 450 °C. The performed electro-
chemical measurements clearly confirm that thermal
modification results in improved electrochemical prop-
erties of the samples.

Cyclic voltammetry scans performed in PBS solu-
tion show that with the increasing diameter of an-
nealed TNT, the separation between anodic and ca-
thodic half-waves increase. Voltammetric detection of
potassium ferrocyanide for as-formed samples showed
only cathodic peaks, indicating the non-reversible
nature of this process. The highest cathodic peaks
were recorded for the untreated TNT with the height
of 1000 nm and diameter of 50—100 nm. In the case of
annealed TNT, the cathodic and anodic peaks were
observed. Their height increased along with the in-
crease of the annealing temperature. However, une-
qual oxidation and reduction of peaks current sug-
gested a quasi-reversible electrochemical reaction.

On the basis of performed analysis, it can be stated
that the TNT layer with diameter 50 nm and height
1000 nm, annealed in 450 °C, may be indicated as hav-
ing the most favourable sensing and biosensing proper-
ties. This structure is characterised by OCP values close
to zero, one of the smallest impedance modulus and high
1,4/l ratio for potassium ferricyanide, which confirms
good conductivity and good adsorption properties of this
structure. Moreover, titanium nanotubes annealed at this
temperature have more anatase structures that promote
the adsorption of biological elements.
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