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Electrochemical Properties of blue Ti(), nanotube array films

NS. Peighambardousta, Sh. Khamench asla®, R. Mohammadpourb, Sh. Khamench asla
a Department of Mechanics, Materials Science and Engineering group, University of Tabriz, Tabriz
51666-14766, Iran
b Institute for Nanoscience and Nanotechnology, Sharif University of Technology, Tehran |4588-89694, Iran
*khamenehiatabrizu.ae.ar
Abstract: The application of highly ordered TiO. nanotube arrays (NTAs) for encrgy storage devices such as su-
percapacitors has been attractive and of great interest owing to their large surface area and greatly improved
charge-transfer pathways compared to those of nononented structures. Hence, the present study demonstrates
tabrication of self-doped TiO2 NTAs (as called blue TiO, NTAs due to blue color of sample) by a simple cathod-
ic polarization treatment on the pristine Ti0, NTAs to achieve improved conductivity and capacitive properties
of TiO),. The self-doped TiO2 NTAs which were prapered at —1.4 ¥ (vs SCE} for 10 min using cathodic polariza-
tion, exhibited improvement on the electron transport conditions compared to those of the pristine TiO, NTAs.
Impedance analysis hased on a proposed simplified transmission line model proved that the enhanced capacitive
behavior of the bluee TiO2 NTAs was due to a decrease of charge-transport resistance through the solid material

dowin 1o the contents of L0001 0959 Oem-2,

Keywords: Blue Ti0, nanotube amrays; Self-doped Ti0, nanotube arrays; Cathodic polarization; EIS.

Introduction

Electrochemical anodization of titanium 15 one of the
best methods to synthesis TiQ, NTAs due to easily ad-
justing of characteristics of fiﬂr} NTAs hike the wall
thickness, the tube diameter and length by varying the
anodization parameters. Hence Ti0, N'TAs have attract-
ed notable recent attention because of plain fabrica-
tion, large specific surface area and highly ordered
structures [,
Because of these significant characteristics of TiC,
NTAs, they have been extensively selected n superca-
pacitors ?, solar cells P, photocatalysis ¥ and hydro-
gen production through water splitting systems 1],

The semiconductor nature of pristine TiD, ,with a
bandgap energy of 3.0-3.2 eV, makes Ti(}, an ineffi-
cient material for solar light application due to harvest-
ing light in TiO, photoanode is limited only to the UY
region of spectrum, For this deal, many strategies have
been used up to now including applying anion dopants
nitrogen *, thermal treatments "), and electrochemical
reduction

Reductive doping is one of the simplest ways of in-
creasing the electrical properties of TiD, nanostruc-
tures.

[t changes the stoichiometry or the imtrinsic defect con-
centrations of the semiconductor. In this process, Tid+
is reduced 1o Tid+ by electron transfer from the cath-
ode.

Protons from the electrolyte are adsorbed or intercalat-
ed into the Ti), electrode simultaneously and protons
act as counter ions to complete a charge compensation
1, Herein, we present systematic research on the elec-
trochemical reductive doping of Til), NTAs. Then the
interfacial changes of TiO, NTAs when in contact with
electrolyte was surl:e:,md-b}r electrochemical imped-
ance and corresponding equivalent circuits.
Materials and method

Commercially available high pure titanium sheets
(Gr. 2, 99 7%, 0.5 mm) were cut imto 1 = 2 cm* and
then ground on sand papers from 120 down to grade
1200, Then, they were mechanically polished uwsing
0.05 pm Al,O, powder. Ti samples were degreased ul-
trasonically in acetone and ethanol for 15 and 10 min,
respectively. The anodizing electrolyvte consisted of eth-
ylene glycol (C.H 0,),0.15 M NH4F and 3 vol.% DI
water, The anodization was carned out using a two-elec-
trode cylindrical configuration consisting of Ti as the
anode and stainless steel as the cathode. The anodiza-
tion cell was operated at a cell voltage of 60 V and tem-
perature of 30°C for 4 h.For the two-step anodizing
treatment, the titanium oxide layer formed in the first
step was ultmsonically removed in deionized water,
then, the second step of anodic oxidation was camied
out under the same condition as used in the first step.
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After anodization process. the as prepared samples
were dried in oven at 80 "C for 20 min and annealing
was performed at 480 °C for | h under ambient atmos-
phere.
The as prepared Ti(), NTAs after annealing (as anatase
T, NTAs) were exposed to electrochemical reduc-
tive doping in a three-electrode electrochemical
svstem with an electrochemucal work station (5A-
MASO0 ElectroAnalyzer System) at ambient tempera-
ture. Tih, NTAs and a platinum sheet (1.5 = 3 cm’)
were used as the working electrode and counter elec-
trode, respectively, A saturated calomel electrode
(SCE) was placed as reference electrodes in the sup-
porting elecmolyte of an agqueous solution of 0.5 M
Na_ 50 . The potentiostatic cathodic reduction was car-
ried out by potentinstatic cathodic polarization at —1.4
W for the polarization penod of 10 min
Electrochemical impedance spectroscopic (EIS) stud-
ies in a conventional three-electrode cell employing an
electrochemical workstation (ALUTOLAB) and as the
same as that described for the reductive doping experi-
ment in the supporting electrolyte of 0.5 M Na S0
All EIS tests were performed at an -0.1 ¥ and the fre-
quency range was 100 kHz (o 0.01 Hz with a 10 mV
rms sinusoidal modulation. The surtace morphology of
the anodized samples was examined using a field emis-
gion scanning elecron microscopy (HITACHI JAPAN
54160 FESEM)

Results and Discussion

Difterent processes which were performed on as pre-
pared Ti(}, NTAs, such as annealing at 480 °C for 1 h
to form pristine and electrochemical reducing of pris-
tme TiO2 NTAs at-1.4 V for 10 min to form blue Ti0,
NTAs, Fig.l compares surface uniformity and rough-
ness of the pnstine and blueTiO. NTAs. All samples
were evaluated by FESEM after annealing process, so
the nanotubes are covered in some regions with oxides
on top surfaces. As seen in Fig 1, the surface features
of the pristine and blue TiO), NTAs show no obvious
changes. On the other hand, only changed the election-
ic and defect levels of samples and it has no obvious
effect on surface roughness, morphology and wbe size
of manatuhes,

To explore the nature of interfacial behavior of sam-
ples, EIS measurements were performed at -0.1 V at
different samples of pristine and blue TiO, NTA elec-
trodes. Fig. 2 shows EIS data and the equivalent circuit
when the pristine and blue Ti0), NTAs were placed in
contact with electrolyte. Rs represents the resistance of
the soluticn between the work electrode and reference
electrode. At the mside of nanotubes, the impedance of
the interfacial reaction described as capacitive compo-
nent and a series combination of Faraday resistance
and Warburg impedance due to diffusion is the con-
trolling step at the interface. According to

EIS plots of the pristine and blue TiQ, NTAs (Figs. 2a
and b), it could be generally seen that Nyquist plots
reveal a line at 45° at high frequencies followed by a
vertical line at low frequencies. The slope of vertically
part 15 different 1n vanous samples. At high frequen-
¢ies, the ac signal cannot penetrate 1o the bottom of the
pore because of the IR drop and very low impedance of
the pore walls. On the other hand, at low frequencies,
the ac signal can penetrate to the bottom of pore and
the measured capacitance corresponds 1o the total ca-
pacitance of the pore walls ', In the pristing sample,
From Fig. 2, we conclude that the sample is not strictly
capasitive because aclose to arc shape could be seen at
very high frequencies. At the mid- and low frequency
regions, generalized Warburg impedance could be seen
a5 hnear nature of Nyquist plot. Fig. 3 reveals EIS data
of reduced TiO, NTAs as blue sample. As it could be
seen from the Fig. 3, the arc shape at the very high-fre-
quency region was disappeared, therefore an R-Cpore
conmection in senes should be added to eqoivalent cir-
cuit that means the ac signal can penetrate to the
bottom of the pore. At low frequencies the imaginary
parts go to infinity and the electrode displays its capaci-
tive behavior.
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Fig.2 Whwquiss representation of EIS data collested an =001 Y
and equivalenl circuit of a) the pristing Tid32 NTAs and b
the blue TIO2 WTAS 0.5 M Ma2B504

From Table 1 the Rcrt resistance was reduced to very
negligible contents of 0.0001322 Oem, We could say
that physically interoperation of this phenomena is re-
lated to transforming semiconductor nature of pristine
TiQ), NTAs to semi-metallic nature of blue TiQ), NTAs,
In the case of bloe TiO, NTAs, the oxvgen vacancy
levels reduced the band gap between conduction and
valamee bands, and the finite-length diffusion becomes
completely capacitive, [n this situation, R1 shows re-
sistance of the elecirons which penetrate into layer
thickness. As tablel, the Ret value was diminished to
0.0001095% Oem™ because reducing process signifi-
cantly improve the elecron ranspont conditions of the
TiO, NTAs

Table 1. Toble pype stvle, exumple of whle headnoe

Sample Prisine Blus
R {£2m) 10,51 1o, 16
CPEL=T (mFsFcm) €, 001504 O, 0ETE
CPE-p (RELE S| {:H4815
Bct (S2em 10,48 OLOGGL 0953
W-E (fxm) (BN | §7.33
W-T 0.26 30971
W-p 0407 48228
R (f¥em) 401.3
1 imPsHlem) - 0. 050421

Conclusions

The electrochermical response of the self-doped Tlﬂ?
MTAs, as an clectrode material for supercapacitors,
was found to be improved to a great extent TiO,
NTAs, polarized cathodically at —1.4 V for the period
of 100 min, exhibited the enhancement in charge-trans-
port resistance through the solid material which was ac-
complished by introducing oxygen vacancy sites, as
the Bt resistance was reduced to very neghimble con-
tents of 0LO0010959 Gem in blue TiC}, NTAs.
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