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This study identifies the dependence of electrochemical properties of titanium dioxide nanotubes (NTs)
containing specific concentrations and locations of defects within the crystal structure. NTs, formed
through electrochemical anodization, were annealed at 500C in either oxygen (0,-NTs) or 2% hydrogen
with nitrogen balance (2%H,/N,-NTs). Examination of the NTs using scanning/transmission electron
microscopy showed that the 0,-NTs were comprised of a mixed phase anatase-rutile, while the
2%H,/N,-NTs were primarily anatase with a defect laden disordered surface layer. Electrochemical
impedance measurements showed enhanced electrochemical behavior of the 2%H,/N,-NTs compared
to the O,-NTs as a result of the defect-laden structure.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide nanotubes (NTs) are commonly studied for
photoelectrocatalytic degradation of waterborne pollutants, patho-
gens [1], and for catalytic-based sensing of volatile organic com-
pounds (VOCs) associated with environmental pollution or
diseases. Titanium dioxide (TiO,) is a desirable semiconductor for
aqueous photocatalysis because the width of its band gap and posi-
tion of band edges are ideal for the photoinduced oxidation of to
take place [1]. Electrochemical anodization is one of the easiest
methods to form arrays of ordered amorphous NTs [2]. The random
atomic arrangement of amorphous NTs displays weaker photoelec-
trocatalytic behavior than their crystalline counterparts. Annealing
is typically performed to create specific crystal structures with
enhanced charge transport and/or larger number of charge carriers
[3]. Our group has reported on an electrocatalytic disinfection
device that shows effective disinfection using NTs annealed in 2%
hydrogen with nitrogen balance (2%H/N,-NTs) [4,5]. Annealing
in 2%H;/N, creates a heavily defect-laden structure within the
NTs. This behavior is in contrast to NTs annealed in oxygen
(0,-NTs), which prefers phase transformation over defect forma-
tion resulting in a mixed anatase-rutile structure.

To our knowledge, no one has reported on engineering the
crystalline NTs structure for enhanced electrochemical properties.
In this study we have produced defect laden crystalline NTs
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(2%H3/N2-NTs) and mixed oxide anatase-rutile NTs (0,-NTs) to
compare their electrochemical properties and determine the crys-
talline structure with enhanced electrochemical response.

This study reports on important factors leading to formation of
different crystalline NTs structures, and the factors that causes
these distinctive NTs structures to display significantly different
electrochemical properties.

2. Materials and methods

NTs were synthesized using anodization procedure reported in
the previous work [4,5]. Briefly, titanium foil (99.9%, Alfa Aesar)
was cut into 2 cm by 2 cm strips and cleaned in 15% hydrochloric
acid (HCI) and deionized water (DI). Cleaned foils were electropol-
ished in 5% vinegar using an electrochemical cell with titanium foil
as anode and platinum mesh as cathode. Foils were polished at
25V for 1 min, and then cleaned using DI before anodizing in an
ethylene glycol solution of 0.5 wt% ammonium fluoride and 3 wt
% DI. Anodization was done at 30 V for 60 min. Half of the anodized
foils were annealed using 2%H,/N,-NTs and the other half using O,.
Annealing was done in a controlled environment using a tube fur-
nace. The furnace was set to reach 500C in the 60 min and stay at
500C for the 180 min before cooling back to room temperature in
60 min. The annealing temperature of 500C was chosen because
our previous studies have shown that the nanotubular morphology
can be preserved within this temperature range also other
researchers have shown that the highest number of defects are
formed within this temperature range [6].
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3. Characterization of nanotubes

Morphology of the NTs was examined using a field emission
scanning electron microscope (FE-SEM, Hitachi, S- 4800). Crystal
phases were observed using x-ray diffractometer (RIGAKU Mini
Flex 600) with CuKo radiation (A = 1.54 Angstrom) between
20 = 20 - 80 at a rate of 0.025 /s and crystallite size was calculated
from the peak widths using the Scherrer equation. Atomically
resolved images of the NTs were generated using high-resolution
transmission electron microscope (S/TEM, JEOL JEM-2800). Elec-
trochemical testing was performed using potentiostat (Gamry Ref-
erence 600) and a standard 3 electrode cell with Ag/AgCl reference
electrode, platinum gauge cathode and titanium foil anode in
7 x 10* M Ks[Fe (CN)g] in 1 M KCl electrolyte solution.

4. Results and discussion

Annealing in 2%H,-N, transforms the amorphous NTs to anatase
with a crystallite size of 19 nm and a disordered surface layer due
to hydrogenation (Fig. 1(a)). No anatase crystallites > 20 nm were
observed. This observation was in agreement with findings

previously reported in the literature, as crystallites > 20 nm are
thermodynamically unstable and act as a nucleation sites for stable
rutile phases [7,8]. The disordered surface layer within these NTs is
accredited to the chemical interaction of the NTs surface with 2%
H,-N, gas. During annealing, elements in the TiO, lattice interact
with the 2%H,-N, gas producing surface defects including the oxy-
gen vacancies (Vo) and Ti®" interstitials [9,10]. These defects are
present as disorder at the surface of 2%H,/N,-NTs. The HRTEM
image of 2%H,/N,-NTs show the interface between the crystalline
structure (sharp lattice fringe) and a disordered surface layer sep-
arated by the dashed line (Fig. 1(a)).

The defect laden disorder surface layer provides trapping sites
for the charge carriers, restricting their recombination upon excita-
tion [3].The formation of these defects result in n-type doping,
optical bandgap narrowing and increase in the visible light absorp-
tion (Fig. 2(a)). Previous studies have shown that Ti>* interstitials
make shallow donor states below the conduction band [10] alter-
ing the bandgap of NTs from 3.2 eV to 2.7 eV (Fig. 2(b)).

In contrast to the 2%H;/N,-NTs, the O,-NTs show higher phase
transformation with amorphous = anatase = rutile phase
changes. The 0,-NTs are composed of mixed phase anatase-rutile
with approximately 50% of each anatase and rutile phase. The

Fig. 1. High resolution images of 2%H,/N,-NTs and O,-NTs a. The HRTEM image of the 2%H,/N»-NTs showing disordered structure between the black dashed lines surrounded by
lattice fringes. The inset shows the top view SEM image of the 2%H>/N,-NTs. b. HRTEM image of 0,-NTs showing completely crystalline structures with lattice fringes. The inset shows

the top view SEM image of the O,-NTs.
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Fig. 2. Effects of annealing on optical bandgap a. The optical bandgaps extrapolated from Tauc plots for the 2%H,/N,-NTs and O,-NTs. The 2%H,/N,-NTs showed smaller optical
band and greater absorption in visible light range. b. Schematic representing the bandgap narrowing the 2%H,/N,-NTs from initial 3.2 eV bandgap amorphous nanotubes to formation
of acceptor bands below the conduction band under H,/N, annealing and causing narrowing of bandgap.
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Fig. 3. Electrochemical characterization of 0,-NTs and 2%H,/N,-NTs a. b. The Mott Schottky plot of the 2%H,/N,-NTs and 0,-NTs showing increase in capacitance with potential
shifts. c. d. e. Schematic illustrating flat band potentials shifts from the amorphous NTs to the 0,-NTs and 2%H,/N»-NTs with highest negative potential shifts for 2%H;/N,-NTs.

anatase to rutile phase transformation is due to the growth of
anatase crystallite > 20 nm, which makes the anatase crystallite
thermodynamically unstable, leading to the transformation to the
stable rutile phase. The formation of a mixed phase anatase-rutile
NTs is a function of the anatase crystallite size, as the particle
size determines the phase stability for nanocrystalline materials
[11]. The optical band structure for 0,-NTs did not show visible
light absorption (Fig. 2(a)) and the bandgap energy was around
3.2 eV.

The electrochemical response of 2%H,/N,-NTs and 0,-NTs
under an anodic bias was analyzed using electrochemical impe-
dance. This information was used to create Mott Schottky plots
(C2 vs Potential). The Mott Schottky plots were used to determine
the shift in the flat band potential (Eg,) (Fig. 3), where Eg, is deter-
mined by extrapolation of linear dependence to C2 =0 [12].

The 2%H,/N,-NTs showed more negative Eg, around —0.7 eV
compared to the 0,-NTs with Eg, around —0.2 eV (Fig. 3 (d-e)).
The defect laden disordered surface of 2%H;/N,-NTs supress the
recombination of charge carriers resulting in more negative Eg,.

The negative Eg,, while establishing a thermodynamic equilib-
rium with the redox potential, makes the 2%H,/N>-NTs n-type
doped tubes [12]. The large negative Eg, allows more electron
transfer at the interface forming a space charge layer with positive
charge on the NTs side and negative charge on the electrolyte side
of the interface [13]. The 2%H,/N,-NTs have defect laden disorder
surface and more negative Eg, providing trapping sites for the
charge carriers, restricting their recombination upon excitation
and allowing much better electron transfer.

5. Conclusion:

This study compares the electrochemical behavior of mixed
phase anatase-rutile NTs with anatase NTs having a defect laden
disordered surface layer. The chemical interaction of the NTs with
2%H,[N; results in an oxygen deficient crystal structure at the sur-
face of the NT. This distorted lattice structure contains defects
which leads to shallow donor states, altering the bandgap and
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distort lattice structure to produce disordered surface layer. This
defect laden disordered surface layer becomes the suppression
sites for charge recombination leading to more negative flat band
potential and increased electrochemical response in 2%H;/N,-
NTs. Conclusively, the NTs with anatase having a defect laden
structure results in better electrochemical properties than NTs
with anatase-rutile crystal structure. These enhanced electro-
chemical properties are important when designing the nanomate-
rial for electrochemical applications such as VOC detection,
photocatalytic and/or electrocatalytic degradation of water and
airborne pathogens.
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