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Self-doped TiO2 nanotube electrodes: A powerful tool as a sensor
platform for electroanalytical applications
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A B S T R A C T

The use of TiO2 nanotube (TiO2NTs) electrodes as anodes without UV irradiation has been described
herein for electroanalytical purposes. Although semiconductors of n-type, such as TiO2NTs, do not offer
any potential electrochemical response at the anodic region, they can be “activated” once they are a priori
subjected to a simple cathodic polarization (P-TiO2NTs) and used to follow the oxidation reaction without
any other modification. The best polarization conditions were obtained at 0.1 mol L�1 KH2PO4 pH 10 at
�2.5 V for 5 min, and the polarized TiO2 electrode was applied in the Fe(CN)64� redox probe oxidation and
also p-phenylenediamine (PPD) determination as models of species which undergo oxidation. Following
the optimization of the parameters, analytical curves for Fe(CN)64� and PPD were constructed in the
range of 2.5 �10�5 to 5 �10�3mol L�1 with a detection limit at 7.23 � 10�6mol L�1 and 0.500 to
98.6 � 10�6mol L�1 with a detection limit at 0.558 � 10�7mol L�1 using linear sweep voltammetry and
linear sweep adsorptive stripping voltammetry techniques, respectively. Lastly, the figures of merit for P-
TiO2NT and conventional glassy carbon electrodes are compared. Our results show that P-TiO2NT
electrodes can be used as an excellent platform for the development of electrochemical sensors.

© 2017 Published by Elsevier Ltd.

Contents lists available at ScienceDirect

Electrochimica Acta

journa l home page : www.e l sev ier .com/ loca te /e le cta cta
1. Introduction

Highly ordered nanomaterials such as TiO2 nanotubes (TiO2NT),
can be easily prepared using electrochemical anodization, giving
the titanium distinct advantages that allow its application in
photoelectrocatalysis [1,2] such as dye-sensitised solar cells [3],
water splitting [4] and oxidation of contaminants [5]. Neverthe-
less, their use as electroanalytical sensors without UV irradiation
has been poorly explored to date, due largely to their semi-
conductive properties that hinder response at positive potentials
[6]. The studies using TiO2NT as anodic sensors require surface
modifications with conductive elements including metallic nano-
particles and carbon compounds, such as Ag and graphene oxide
[6], Pt [7,8], Ni [9], Pd, Pt and Au [10] and reduced graphene oxide
[6]. Wang and collaborators developed a non-enzymatic ampero-
metric glucose sensor based on a Pt nanoparticle-decorated TiO2

nanotube array electrode. Through measurements in 0.1 mol L�1
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NaOH solution by chronoamperometry, the linear range and
detection limit found were 1–15 �10�3mol L�1 and 0.2 � 10�3mol
L�1, respectively [8]. In another study, Mahshid and co-authors
developed a sensor based on the electrodeposition of Pd, Pt and Au
nanoparticles in the TiO2 nanotube electrodes for dopamine
determination. Using differential pulse voltammetry technique,
the linear range and detection limit were 5.0 � 10�8 to 3.0 � 10�5

mol L�1 and 3 � 10�8mol L�1, respectively [10].
A new class of TiO2NT with improved electrochemical proper-

ties has been recently developed by simple cathodic polarization
(electrochemically self-doped TiO2NT). These works showed that
self-doped TiO2NT can be applied as supercapacitors [11–15],
anodes for lithium ion batteries [16], anodes for the generation of
oxidants [12,14,17,18], photoanodes in photoelectrochemical water
splitting [19] and the degradation of contaminants [20,21]. These
possibilities can be engendered by activating the TiO2 semicon-
ductor via self-doping once Ti3+ dopant states are created, leading
to an almost metallic behavior of the material [15,22]. Neverthe-
less, there is no evidence that this kind of self-doping can generate
a versatile surface of TiO2 nanotubes which are useful in
electroanalysis.

The present work seeks to demonstrate that it is remarkably
feasible to use electrochemically self-doped TiO2NTs as a sensing
platform for monitoring electrochemical oxidation. The use of
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nanostructured morphology, such as nanotubes, commonly offers
greater surface area and excellent electron percolation pathways
for vectorial charge transfer between interfaces [1,11] enhancing
the electroanalytical signal. Thus, at the heart of this work we
sought to evaluate the TiO2NT anodic response in relation to Fe
(CN)64� and p-phenylenediamine (PPD) used as model com-
pounds, showing new opportunities for the application of TiO2

nanotube electrodes as sensing platforms.

2. Experimental

2.1. Preparation and characterization of TiO2 self-doped nanotube
electrodes

The TiO2 nanotube electrodes (TiO2NT) were prepared by
electrochemical anodization, in an organic electrolyte which was
composed of 0.25% ammonium fluoride (98%, Synth) in glycerol
(99.5%, Synth) containing 10% water, in compliance with the
methodologies that have already been published in the literature
[5]. A previously prepared Ti foil 0.5 mm thick and 2 � 1 cm was
subjected to 30 V for 50 h. Then, the TiO2NT electrode was washed
and annealed at 450 �C for 60 min.

The self-doped TiO2NT (P-TiO2NT) electrodes were prepared by
cathodic polarization in 0.1 mol L�1 KH2PO4 buffer. The effect of
electrolyte pH (3, 7 and 10), applied potential (�1.5 V, �2.0 V and
�2.5 V vs Ag/AgCl 3 mol L�1) and electrolysis time (5, 10 and
20 min) was evaluated. This step was carried out using an Autolab
pgstat302N potentiostat, an Ag/AgCl (KCl 3 mol L�1) as a reference
electrode and a dimensionally stable anode (DSA, De Nora1) as a
counter electrode. DSA1 (mixed metal oxide) coatings are
generally based on IrO2/RuO2/TiO2 mixtures deposited on a
metallic substrate (usually titanium) and are used because of
their high overpotential for the oxygen evolution reaction. The
performance of these electrodes was assessed vis-à-vis the
electrochemical behavior of 5.0 � 10�3mol L�1 [Fe(CN)6]4� in
0.1 mol L�1 KCl solution, in order to choose the best polarization
conditions. The geometric area of all electrodes was delimited to
0.276 cm2.

The morphology and electrochemical response for both TiO2NT
and P-TiO2NT were analyzed by X-ray diffraction (DRX), Field
Emission Gun-Scanning Electron Microscopy (FEG-SEM), and
electrochemical impedance spectroscopy (EIS). EIS analyses were
conducted in an Autolab pgstat302N potentiostat with NOVA 1.11.2
software. EIS measurements were performed in 5.0 � 10�3mol L�1

Fe(CN)63�/4� redox probe (0.1 mol L�1 KCl), between 10 kHz–
0.03 Hz, with a 5 mV rms sinusoidal modulation at OCP, using
an Ag|AgCl reference electrode and a Pt counter electrode. Mott-
Fig. 1. FEG-SEM images for TiO2NT a) before, b) after cathodic polarization; and c) side 

samples.
Schottky measurements were performed at a frequency of 10 Hz in
0.1 mol L�1 KH2PO4 buffer at pH 7. The electrolyte was bubbled
with N2 prior to these experiments.

2.2. Electroanalytical determination of [Fe(CN)6]
4� and PPD

As an inorganic model, the [Fe(CN)6]4� electrochemical
behavior on P-TiO2NT was studied by cyclic and linear sweep
voltammetry in 0.1 mol L�1 KCl electrolyte, at a scan rate of
100 mV s�1. Cyclic and linear sweep voltammograms for p-
phenylenediamine (model of organic compound) were carried
out on P-TiO2NT in 0.1 mol L�1 Britton-Robinson (B-R) buffer
solution using a scan rate of 75 mV s�1. The effect of pH (from 2 to
7), accumulation potential (�0.2, 0, 0.2 and 0.4 V) and accumula-
tion time (0, 5, 10, 15 and 20 s) were all investigated in order to
perform the experiments under the optimum conditions.

3. Results and Discussion

3.1. Characteristics of TiO2NT and P-TiO2NT electrodes

FEG-SEM images showed the formation of self-aligned nano-
tubes perpendicular to the metallic substrate with an average
diameter of 80 nm, tube wall of 12 nm and length of 2.4 mm
(Fig. 1a–c), after being grown by electrochemical anodization and
annealing. In addition, polarized electrodes did not, in effect, show
any morphological and crystallographic differences when com-
pared to the original electrodes (Fig. 1b). The X-ray diffractograms
(Fig. 1d) obtained for TiO2NT presented no significant difference,
while the peaks were indexed to the anatase phase formed after
annealing at 450 �C [23].

Fig. 2a shows successive cyclic voltammograms (CVs) of a
TiO2NT electrode (without going through the process of cathodic
polarization of the electrode) in 0.1 mol L�1 KH2PO4 electrolyte. In
the first cycle (i), no anodic peak is observed from zero to 3.0 V,
which was in line with our expectations when it comes to an n-
type semiconductor without UV irradiation [24]. By so doing, the
cathodic polarization at potentials negatively superior to �1.0 V
leads to the accumulation of electrons on the semiconductor film,
thereby causing the reduction of Ti4+ into Ti3+. The electrochemical
reduction is accompanied by charge compensation through the
intercalation of protons [TiIVO2 + e� + H+

? TiIII(O)(OH)] [25,26].
The formation of high levels of Ti3+ dopant states (up to approx. 1%
of the Ti4+ can be reduced to Ti3+) [11] enables an almost metallic
behavior of the material [15]. In addition, the density of hydroxyl
groups on the surface of TiO2 is increased, giving the material
higher hydrophilic properties [22]. In the second cycle (ii), we
view of the TiO2 nanotubes; d) X-ray diffractrogram of (i) TiO2NT and (ii) P-TiO2NT



Fig. 2. (a) Successive cyclic voltammograms of a TiO2NT in 0.1 mol L�1 KH2PO4 buffer (pH 10); (b) CV of TiO2NT in 5.0 � 10�3mol L�1 [Fe(CN)6]4� in 0.1 mol L�1 KCl solution in
75 mV s�1.

Fig. 3. (a) Nyquist plots in 5.0 � 10�3mol L�1 Fe(CN)63�/4� redox probes for TiO2NT;
where (i) stands for prior to polarisation and (ii) indicates after cathodic
polarization; (b) Proposed equivalent circuit for polarized samples and (c) C�2 vs
E relation at 10 Hz in phosphate buffer pH 7.
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observed a relatively higher current, from zero to approximately
+1.7 V, when the oxygen evolution was at its onset, demonstrating
the “activation” of TiO2 for anodic reactions, which was promoted
after scanning the first cycle (i) at potentials lower than �1.0 V. This
behavior is said to be irreversible [17] given that even after the
oxidation of Ti3+ to Ti4+ at �1.3 V, P-TiO2NT is found not to be
deactivated while retaining a relatively higher conductivity
compared to the first cycle. Successive cyclic voltammograms
carried out between 0.0 and 2.0 V for P-TiO2NT electrodes in
0.1 mol L�1 B-R buffer pH 2.0 (Supplementary material Fig. S1)
showed unchanging voltammetric profile, which indicated stable
performance.

Fig. 2b shows the respective cyclic voltammograms obtained for
the oxidation of 5.0 � 10�3mol L�1 Fe(CN)64� solutions in 0.1 mol
L�1 KCl on TiO2NT prior to (i) and following (ii) polarization for
5 min at �2.5 V and under pH 10. Before polarization (i), it is clear
that there is no Fe2+ oxidation cycling from zero to 0.80 V, and the
absence of the Fe3+ reduction peak during the cathodic sweep is
also obvious. However, for the polarized electrode (ii), its new
properties allowed the oxidation of Fe2+ to Fe3+ at 0.46 V and a
reduction peak of Fe3+ to Fe2+ at 0.0 V. The difference between
Eap� Ecp = 0.46 V is 3 to 4 times higher than that observed for GCE
[27,28]. In addition, the value of Iap/Icp = 0.85, suggests a slight
deviation of a reversible process [29]. Nevertheless, their proper-
ties indicate that the P-TiO2NT electrode can be employed as an
electroanalytical sensor, showing unheard oxidation properties
and enhanced reduction abilities.

EIS measurements (Nyquist plots) for both TiO2NT and P-
TiO2NT in 5.0 � 10�3mol L�1 Fe(CN)63�/4� are shown in Fig. 3a. On
the other hand, Fig. 3b shows the equivalent circuit used to fit the
EIS data, in agreement with Xiao et. al [30], in which R1 represents
the solution resistance (Rs) and the parallel combination of R2CPE2
is associated to the conductivity and capacitance of TiO2 nano-
tubes. The parallel combination of R3CPE3 represents the interfa-
cial ionic charge transfer resistance (Rct) and the double layer
capacitance (Cdl), such as in a Randles circuit. Table 1 shows the
parameters determined by the fitting of the experimental EIS data
using the Nova 1.11.2 software (Metrohm Autolab B.V.). The
electrical resistance of the oxide film (R2) increased from 0.880 kV
in the P-TiO2NT electrode to 2500 kV in the TiO2NT electrode. It is
worth noting that the value of CPE2, which is higher for P-TiO2NT,
indicates superior capacitive properties provided by the cathodic
polarization, which in turn attests their applicability as super-
capacitors. Comparing the interfacial ionic charge transfer resis-
tance (R3), it decreases substantially for P-TiO2NT (1.37 kV)
(Fig. 3a, curve ii) in relation to the TiO2NT electrode (72.5 kV)
(curve i), implying much lower electron transfer resistance to the
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redox probes in the electrolyte solution. This behavior was
reported in previous studies when dealing with self-doped
TiO2NTs [11–13,17].

Potential-dependent capacity measurements (Mott-Schottky
analyses) at 10 Hz in phosphate buffer pH 7 were used to estimate
the carrier’s densities, ND, and the flatband potential, Ufb, for both
samples (the phase angle vs. frequency plot, Bode plot, can be
found in Fig. S2 of the Supplementary material). Assuming that the
capacity of the of the space charge region of TiO2 is much smaller
than that of the Helmholtz layer, it follows the Mott-Schottky
relationship [31]:

C�2
SC ¼ 2

ee0eA2ND

  !
U � Uf b �

kT
e

� �
ð1Þ

Where CSC represents the differential capacitance of the space
charge layer, e is the elementary electron charge (1.6 � 10�19C); e0
is the permittivity in vacuum (8.86 � 10�14 F cm�1); e is the
dielectric constant (48 for anatase) [21]; U is the applied bias
potential; Ufb is the flat band potential; k is the Boltzmann
constant; T is the temperature; and A is the surface area (cm2). The
surface area was calculated assuming an idealized nanotubular
structure, as previously demonstrated [32], resulting in 41.2 cm2.
Fig. 3c shows the Mott-Schottky plots obtained for both electrodes,
demonstrating that the TiO2NT electrode exhibits greater capacity
dependence on the potential, due to the space charge layer and
positive slopes, which are expected for an n-type semiconductor.
However, the self-doped electrode (P-TiO2NT) showed only a little
dependence of capacitance on the applied potential, which is
related to the Helmholtz layer at the semiconductor/electrolyte
interface that exhibited semi-metallic behavior [33]. Thus, ND can
be calculated using the linear region slope of C�2 vs. U plot (ND = 2/
e�e0�e�A2�slope). Considering the line equations: y = 7.28 � 109

x � 2.35 �108 (R2 = 0.9936) and y = 2.23 � 107 x + 1.92 � 107

(R2 = 0.9998), the calculated carrier densities (ND) were
2.38 � 1017 and 7.78 � 1019 cm�3, for TiO2NT and P-TiO2NT,
respectively. This data is in agreement with previous results
reported in literature [20,21], and show that polarized electrodes
presented higher carrier density and improved charge transfer
properties, attributed to the formation of oxygen vacancy states as
a result of the self-doping process, which is also in agreement with
the EIS data for the Fe(CN)63�/4� redox probe. In addition, the flat
band potential can be determined from the intercept, U, on the
potential axis (Ufb = U � (kT/e)). The Ufb for pristine TiO2NT and P-
TiO2NT electrodes were evaluated to be +0.00 V and �0.88 V,
Fig. 4. (a) Cyclic voltammograms for 1.0 � 10�3mol L�1 of Fe(CN)64� in the range 2 to 200
Iap vs. Fe(CN)64� concentration for (i) P-TiO2NT electrodes in the range of 2.50 � 10�5–5.
0.1 mol L�1 potassium chloride solution with scan rate of 75 mV s�1.
respectively. The negative shift of the flat band potential for the
self-doped TiO2 occurs due to the formation of Ti3+ donor states
(oxygen vacancies) in the TiO2 band gap, which helps to move the
Fermi level of P-TiO2 towards the conduction band [34]. Further-
more, increase in ND and the negative shift of Fermi level results in
increased band bending at the TiO2/electrolyte interface, which
tends to enhance the surface charge transfer [21].

3.2. Optimization of conditions for cathodic polarization

The conditions of cathodic polarization for the best anodic
signal in the [Fe(CN)6]4� oxidation were investigated: electrolyte
pH (3, 7 and 10), applied potential (�1.5 V, �2.0 V and �2.5 V vs Ag/
AgCl 3 mol L�1) and electrolysis time (5, 10 and 20 min). The
respective voltammograms are shown in Fig. S3. The optimized
conditions were achieved at pH 10, under �2.5 V for 5 min. The
intercalation reaction is slower in alkaline electrolytes, which
allows a more precise control of the reaction sequence [15]. At
more negative potentials, stronger expansion of TiO2 lattice occurs
due to H+ intercalation and H2 evolution, which can in turn, lead to
a greater extension of formation of oxygen vacancies in the P-
TiO2NTs. At sufficient potential, the polarization results in probable
cleavage of Ti��O bonds to form oxygen vacancies, or may even
lead to the destruction of the nanotubes [11].

Thus, our findings show that it is possible to attain a new and
unexplored anodic response for TiO2NT electrodes without
requiring extra modifications by metal ion doping, polymers or
graphene decoration, for instance [6–10]. The use of a simple
cathodic polarization for 5 min at �2.5 V is essentially sufficient to
get a sensor platform with anodic response and great potentiality
in electroanalytical measurements. For the purpose of illustrating
this behavior, the proposed method was applied towards the
determination of [Fe(CN)6]4� (as an inorganic model) and p-
phenylenediamine (as an organic model), a precursor of hair
dyeing formulations and aramid plastics and fibres, which are
easily oxidized on glassy carbon electrodes [35,36].

3.3. Demonstration of the oxidative ability of P-TiO2NT electrodes
using the model compounds

3.3.1. Electrochemical oxidation of Fe(CN)6
4� at polarized P-TiO2NT

electrodes
The applicability of the proposed sensor was first evaluated for

oxidation of the Fe(CN)64� complex ion. As shown in Fig. 2b, after a
simple pre-activation of the electrode at cathodic potential is
 mV s�1 (Figure insert: relation between Iap vs. n1/2). (b) Linear relationship between
00 � 10�3mol L�1 and for (ii) GCE in the range of 5.00 � 10�5–1.00 � 10�3mol L�1 in



Fig. 5. Linear sweep voltammograms obtained for 143 � 10�6mol L�1 of p-
phenylenediamine in 0.1 mol L�1 B-R buffer solution using TiO2NT electrodes (i)
before and (ii) after cathodic polarisation. Scan rate of 75 mV s�1.

Table 1
Impedance components for TiO2NT and P-TiO2NT electrodes fitted using the equivalent circuit shown in Fig. 3b. (EIS data obtained in 5.0 � 10�3mol L�1 Fe(CN)63�/4� redox
probe in 0.1 mol L�1 at OCP).

Electrode R1 (V) R2 (kV) CPE2-P CPE2-T (mF) R3 (kV) CPE3-P CPE3-T (mF)

TiO2NT 79.2 2500 0.868 6.91 72.5 0.781 6.48
P-TiO2NT 78.9 0.880 0.979 187 1.37 0.641 5190
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possible to see a well-defined peak due oxidation of Fe(CN)64� to Fe
(CN)63�. The influence of scan rate in the anodic peak intensity (iap)
was evaluated using cyclic voltammetry (Fig. 4a). The iap increased
linearly from 2 to 200 mV s�1 following the equation iap = 1.55
� 10�4n1/2� 1.79 � 10�6 (R2 = 0.998) (Fig. 4a, inset), suggesting
that the charge transfer is controlled by a diffusion process through
the TiO2 nanotubes pores [29]. For quantitative purposes, an
analytical curve for Fe(CN)64� was constructed using the linear
sweep voltammetry technique in 0.1 mol L�1 potassium chloride
solution with a scan rate of 75 mV s�1 (Fig. 4b, curve (ii)). In these
conditions, a linear relationship was found between 2.5 �10�5 to
5 �10�3mol L�1 with the following equation iap = 0.0486 � [Fe
(CN)64�] + 2.61 �10�6 (R2 = 0.999) (Fig. 4b, curve (i)).

The detection (LD) and quantitation (LQ) limits were calculated
using the following equation: LD = 3 � std/m and LQ = 10 � std/m,
where std is the standard deviation of 10 linear sweep voltammo-
grams for supporting electrolyte (KCl solution 0.1 mol L�1) and m is
the slope of the equation of the calibration curve. The respective
values for LD and LQ were 7.23 and 24.1 �10�6mol L�1. The
performance of the proposed sensor was compared to the
voltammetric response for Fe(CN)64� oxidation at a glassy carbon
electrode (GCE), a model of well-behaved electrode in anodic
regions under the same experimental conditions (Fig. S4). An
analytical curve for Fe(CN)64� using the GCE in the range between
5.00 � 10�5 and 1.00 � 10�3mol L�1 is shown in Fig. 4b, curve ii,
which represents a lower sensitivity than 3 times compared to the
sensitivity when using the P-TiO2NT electrode. Table 2 shows a
comparison between the figures of merit for P-TiO2NT and GCE.

For all parameters studied, the best values were observed for
the proposed sensor, highlighting the sensitivity, which is a signal
gain 3 times greater than when compared to GCE. Besides that, the
repeatability of the method was verified after 10 consecutive
analyses for the Fe(CN)64� solution at concentrations of 2.5 �10�6

and 5.0 � 10�3mol L�1, where the relative standard deviation was
4.42 and 1.94%, respectively, indicating that the proposed electrode
is not poisoned in consecutive tests since the solution is stirred
between measurements.

3.3.2. Electrochemical oxidation of p-phenylenediamine at polarized
P-TiO2NT electrode

Fig. 5 illustrates the voltammetric profiles obtained for
oxidation of 143 �10�6mol L�1 of p-phenylenediamine (PPD) on
TiO2NT prior to (i) and following polarization of the electrode (ii).
As expected, no peak is observed for PPD oxidation on undoped
TiO2NT largely due to its n-type semiconductor properties.
However, after polarization, a well defined anodic peak is observed
at +0.632 V vis-à-vis the oxidation of the amine group of PDD [35].
Table 2
Comparison of figures of merit for Fe(CN)64� oxidation using P-TiO2NT and GCE.

Parameters P-TiO2NT electrode 

Linear relationship 2.50 � 10�5 to 5.00 � 10�3mol
Equation iap = 0.0486 � [Fe(CN)64�] + 2.61
R2 0.999 

LD 7.23 �10�6mol L�1

LQ 24.1 �10�6mol L�1
The influence of scan rate (y) in the range of 5 to 200 mV s�1 was
investigated, where the anodic peak intensity (iap) of PPD was
observed to increase following linear relationship for polarized
electrodes (iap = 6.90 � 10�6 y1/2� 2.54 �10�6 (R2 = 0.989)), indi-
cating that the mass transfer process is controlled by diffusion
through the thin film of TiO2 nanotubes [29]. This feature is found
to be similar to the transport-like behavior observed in the redox
process of solid state films [37,38] given the short range move-
ments of redox sites within the film aiming at reaching a contact
point.

It is noteworthy that these data indicate that P-TiO2NT
electrodes could be used as sensors in the monitoring of oxidizable
compound. The electrochemical response was investigated and the
best voltammetric signal was obtained using linear sweep
adsorptive stripping voltammetry (LSAdSV) at pH 2 and under
�0.2 V following 15 s of electrode preconditioning (data not
shown).

Under optimized conditions, adsorptive stripping voltammetric
curves were recorded and well defined peaks were found. It was
observed that with increasing PPD concentration there is a shift in
the anodic peak potential (Eap) to more negative potentials. This
behavior was previously observed by Xavier et al. [39] in the
phenol oxidation. It was explained due to a more availability of
phenoxy radical associated to a higher phenol concentration,
which favors the oxidation reactions that occur at less anodic
potentials. In the case of PPD, the even greater amount of p-
phenylenediamine radical cations (or semiquinone radical) [40]
GCE

 L�1 5.00 � 10�5 to 1.00 � 10�3mol L�1

 �10�6 iap = 0.0151 � [Fe(CN)64�] + 1.11 �10�6

0.986
11.3 � 10�6mol L�1

37.6 � 10�6mol L�1



Fig. 6. Linear relationship between Iap vs. concentration of p-phenylenediamine
using (i) P-TiO2NT electrode in the range of 0.500–5.00 � 10�6mol L�1 and 10.0–
98.6 � 10�6mol L�1 and (ii) GCE in the range of 20–150 � 10�6mol L�1 using
LSAdSV.

Table 3
Comparison of figures of merit for PPD using P-TiO2NT and GCE.

Parameters P-TiO2NT GCE

Linear relationship 0.500 to 98.6 � 10�6mol L�1 20 to 150 � 10�6mol L�1

Equation iap = 0.402 � [PPD] + 3.71 �10�8 (0.500 � 5.00 � 10�6mol L�1)
iap = 0.190 � [PPD] + 1.50 � 10�6 (10.0 � 98.6 � 10�6mol L�1)

iap = 0.0313 � [PPD] + 2.33 � 10�7

R2 0.990 (0.500 � 5.00 � 10�6mol L�1)
0.998 (10.0 � 98.6 � 10�6mol L�1)

0.987

LD 0.0558 � 10�6mol L�1 5.92 �10�6mol L�1

LQ 0.186 � 10�6mol L�1 19.7 � 10�6mol L�1
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resultant from the increasing PPD concentration in the analytical
curve, is causing the potential shift.

In addition, the peak current iap increases with increasing PPD
concentrations in the range of 0.500 to 98.6 � 10�6mol L�1

presenting two linear regions in the range of 0.500–5.00 and
10.0–98.6 � 10�6mol L�1 according to the following equations
iap = 0.402 � [PPD] + 3.71 �10�8 (R2 = 0.990) and iap = 0.190 � [
PPD] + 1.50 � 10�6 (R2 = 0.998), respectively (Fig. 6, curve i). The
limit of detection (LD) was 0.558 � 10�7mol L�1 while the limit of
quantification (LQ) was 1.86 � 10�7mol L�1. In order to test the
potentiality of the proposed sensor platform for this model
compound, an analytical curve was constructed and the figures of
merit were calculated for PPD using GCE in the same above
conditions (Fig. S5). Fig. 6 compares the calibration curves using
the P-TiO2NT (curve i) electrode and GCE (curve ii), which shows
that our proposed sensor platform has highest sensitivity and
lower values of LD and LQ.

Besides that, as shown in Table 3, for all the figures of merit, the
best results were obtained using P-TiO2NT electrode.

The repeatability of the measurements was tested recording
linear scan voltammograms using 10 consecutive solutions
containing concentrations of 1.00, 20.0 and 74.2 � 10�6mol L�1

of PPD. The relative standard for P-TiO2NT deviations were 4.25,
3.09 and 1.06%.

In addition to the comparison made above with the GCE, the LD
and LQ values found for the polarized electrode are relatively lower
compared to the LD and LQ obtained in other studies involving the
determination of PPD [35,36], showing that the proposed sensor
bear considerable advantages when it comes to the determination
of substances at low levels, presenting better performance
compared to some electrodes that require surface modification
via methods which demand a relatively high time of modification
besides the inherent difficulty that comes with them [36].
4. Conclusions

Our findings unfold another approach for TiO2NT electrodes as
electroanalytical sensors at anodic regions, with good performance
in the case of Fe(CN)64� and PPD oxidation. The proposed method
has been found to be easy, simple and is based on self-doping
induced by cathodic polarization. This previous step is seen to be
capable of promoting a dramatic increase in the conductivity and
carriers density of TiO2 nanotube electrodes. Furthermore, we find
it essentially important and largely efficacious in that it allows the
use TiO2 nanotube arrays electrodes to monitor oxidative
processes at anodic potentials without any UV irradiation. The
TiO2NT electrode can be used as an excellent platform for the
development of electrochemical sensors with very good advan-
tages, among them including low cost, easy fabrication, higher
active surface area and fast electron transfer. While further studies
are in progress to enable us fully understand the TiO2 surface
reactions, we believe the developed material has great potential for
monitoring a broad range of substances; additional work is
underway aimed at extending its application.
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