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ABSTRACT: Recently, black-colored TiO2 NTA (denoted as
black TiO2 NTA) fabricated by self-doping of TiO2 NTA with
the amorphous phase led to significant success as a visible-
light-active photocatalyst. This enhanced photocatalytic
activity is largely attributed to a higher charge carrier density
as an effect of electrochemical self-doping resulting in a higher
optical absorbance and lower transport resistance. Never-
theless, the potential of black TiO2 NTA for other electro-
chemical applications, such as a supercapacitor and an oxidant-
generating anode, has not been fully investigated. Here, we
report the capacitive and oxidant generating properties of black
TiO2 NTA. The black TiO2 NTA exhibited significantly a high value for areal capacitance with a good rate capability and novel
electrocatalytic activity in generating •OHs and Cl2 compared to pristine TiO2 NTA with the anatase phase. This study suggests
that the black TiO2 NTA be applied as a supercapacitor and an oxidant generating anode.
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1. INTRODUCTION

Since the discovery of anodized TiO2 nanotube arrays (NTAs),
TiO2 NTA has been extensively studied as a novel material in
various applications including dye-sensitized solar cells (DSSCs),
photoelectrolysis cells, and sensors because of its photochemical
properties, biocompatibility, low-cost, and simple preparation for
fabricating nanostructures.1−8 In addition, unique photocatalytic
surface of TiO2

9−11 has led to the exciting development of
TiO2 NTA as photocatalysts in energy conversion and water
treatment.12−15 TiO2 NTA with these superior properties is
often considered as the potential material for various electro-
chemical applications such as an electrode for capacitor and an
oxidant generating system.16−20

However, electrochemical applications of TiO2 NTA has been
limited because of the poor electronic conductivity of TiO2

resulting from its semiconductive nature.21 To improve the
electronic properties of TiO2, there have been enormous efforts
such as thermal hydrogenation, metallic and nonmetallic
doping.22 Despite the success with enhancing the electronic
properties of TiO2,

23,24 the complicated process of conventional
doping methods was noted as the obstacle to further utilization.
On the other hand, electrochemical self-doping of TiO2 NTA

by cathodic polarization has emerged as one of the promising
methods to enhance their electronic properties.25,26 This change
of electronic state in TiO2 NTA accompanied by electro-
chromism is well explained by the proton intercalation (Ti4+ +
e− + H+→ Ti3+H+) possibly leading to the Ti3+ sites.27,28 The
blue-colored TiO2 NTA (blue TiO2 NTA) fabricated with the

electrochemical self-doping of anatase TiO2 NTA,
29−32 success-

fully demonstrated its possibility as the doping method.
Recently, black colored TiO2 NTA (denoted as black TiO2

NTA) was also fabricated with a novel strategy using electro-
chemical self-doping of amorphous TiO2 NTA and annealing
under nitrogen to provide high stability, and emerged as a visible-
light-active photocatalyst.33 According to our experiments
(Supporting Information Figure S1), the black TiO2 NTA
can be only fabricated by the electrochemical self-doping of
amorphous TiO2 NTA, while the blue TiO2 NTA is fabricated by
the electrochemical self-doping of anatase TiO2 NTA. Moreover,
the black TiO2 NTA exhibited the higher level of dopant than the
blue TiO2 NTA. It can be attributed to the larger spatial channel
with the disordered structure and defects of amorphous TiO2
NTA for the proton intercalation by the electrochemical self-
doping than those of anatase TiO2 NTA.

34,35 Nevertheless, the
electrochemical properties and its application of black TiO2NTA
have not been fully investigated. Therefore, the aim of this study
was to examine the capacitive and oxidant generating properties
of black TiO2 NTA fabricated by electrochemical self-doping.

2. MATERIALS AND METHODS
Figure 1 shows a schematic diagram of the preparation for the black
TiO2 NTA fabricated with electrochemical self-doping and pristine
TiO2 NTA. As shown in Figure 1, the black TiO2 NTA was prepared by
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electrochemical self-doping proposed by Zheng and co-workers.33

This method was partially modified to reduce the undesired fragility of
the nanotube layer on the fabricated black TiO2 NTA with the addition
of a thermal treatment step leading to the red colored TiO2 NTA
(denoted red TiO2 NTA) before the electrochemical self-doping.
In order to compare the electrochemical and surface properties of the
black TiO2 NTA, pristine TiO2 NTA was prepared by the annealing of
the as-prepared TiO2 NTA at 450 °C for 1 h under atmospheric
condition without electrochemical self-doping. The as-prepared
and red TiO2 NTA exhibited an amorphous phase, and the pristine
TiO2 NTA revealed an anatase phase (Figure S2 in Supporting
Information). The fabricated black TiO2 NTA is described in more
detail below.
The as-prepared TiO2 NTA with a working area of 2.54 cm2 (d =

1.8 cm) was provided with anodization in an electrolyte containing
H2O (2.5 wt %)/NH4F (0.2 wt %) with ethylene glycol for 5 h under a
constant potential (45 V) at room temperature (25 °C). The as-
prepared TiO2 NTA was thermally treated at 200 °C for 1 h under
atmospheric conditions leading to red TiO2 NTA. The black TiO2 NTA
was fabricated with the electrochemical self-doping of red TiO2 NTA
with constant current (0.017 mA/cm2) for 90 s in phosphate buffer
solution ([KH2PO4]0 = 0.1 M with NaOH, pH = 7.2) and annealing at
450 °C for 1 h under nitrogen (N2) conditions.

33 The electrochemical
self-doping exhibited a black coloration of the red TiO2 NTA, which is
well-known as the electrochromic effect resulting from the formation of
Ti3+ sites, or oxygen vacancies by the cathodic polarization.21,25

The electro-generated •OHs were measured by UV−vis spectroscopy
(Agilent 8453, Agilent Life Sciences and Chemical Analysis, USA) using
p-nitrosodimethylaniline (RNO), which is well-known as a probe
compound for •OHs.36,37 The 20 μM of RNO was dissolved in
phosphate buffer solution ([KH2PO4]0 = 0.1 M with NaOH (pH =
7.2)). The RNO solution was electrolyzed under constant current (i =
0.05 A/cm2), and the bleaching of RNO on the black TiO2 and pristine
TiO2 NTA was monitored by UV−vis spectrometer at the adsorption
of 440 nm.
The bleaching reaction rate of RNO can be explained by eq 1

− = =•

t
k k

d[RNO]
d

[ OH] [RNO] [RNO]ss obs (1)

From the integration of eq 1

− = k tln
[RNO]
[RNO]0

obs
(2)

where k is 1.25 × 1010 M−1 s−1,38 [RNO] is the concentration of RNO
([RNO]0 = 20 μM), [•OH]ss is the steady state concentration of •OH,

Figure 1. Schematic diagram showing the fabrication of the black TiO2
NTA. The red TiO2 NTA was prepared by thermal treatment at 200 °C
under atmospheric conditions (a) and the black TiO2 NTA was
fabricated with electrochemical self-doping of the red TiO2 NTA

Figure 2. SEM image (a), XRD pattern (b), and XPS spectrum (c) of
the black TiO2 NTA and the pristine TiO2 NTA. The inset of a shows
the cross-sectional SEM image of the black TiO2 NTA. The A and T in
panel b mean anatase and titanium, respectively. The inset of c shows an
enlarged XPS spectrum in the region of the Ti 2p peak.
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and kobs is the k[•OH]ss indicating the steady state production rate
constant of •OH. This production rate was estimated by the slope of the
semilog plot (eq 2), which was obtained from the assumption of pseudo-
first-order kinetics. The produced amount of active chlorine was
examined as milligrams per liter (as free Cl2) with the N,N-diethyl-p-
phenylenediamine (DPD) colorimetric method with a spectropho-
tometer (DR/2010, HACH Co., Loveland, USA) at 530 nm.39

Cyclic voltammetry and electrochemical impedance spectros-
copy measurements were performed to analyze the electrochemical
properties of the prepared black TiO2 NTA and TiO2 NTA. The
measurements were conducted with a conventional three electrodes
system using a computer-controlled potentiostat/galvanostat (PAR-
STAT 2273A, Princeton Applied Research, USA). The dopant level of
black TiO2NTAwas examined by theMott−Schottky equation (eq 3)40

ε ε
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where CSC is the space charge capacitance (μF−2cm4), −ΔΦ = E − Efb
(E is the applied potential and Efb is the flat band potential), ND is the
donor density (cm−3), e is the electronic charge, ε is the dielectric
constant of electrode material, ε0 is the permittivity of the free space, k is
the Boltzmann constant, and T is the operating temperature. The values

Figure 3. Cyclic voltammograms of the black TiO2 NTA and pristine
TiO2 NTA obtained at a scan rate of 100 mV/s ([KH2PO4]0 = 1 M with
NaOH (pH = 7.2)).

Figure 4.Comparison of cyclic voltammograms (a) for the black TiO2 NTA and pristine TiO2 NTA at a scan rate of 100mV/s and (b) areal capacitance
of the black TiO2 NTA as a function of the scan rate in 1 M of Na2SO4. Nyquist plot (c) and complex capacitance (d) measured by electrochemical
impedance spectroscopy at an AC potential of 10 mV and DC potential (vs. open circuit potential) in 1 M of Na2SO4: The inset of b shows the cyclic
voltammograms of the black TiO2 NTA as a function of the scan rate, and the inset of c shows an enlarged Nyquist plot of the high-frequency regions of
the black TiO2 NTA, respectively.
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of areal capacitance for black TiO2 NTA and TiO2 NTA were calculated
by eq 4 with cyclic voltammograms.41

ν
=

−
×

C
I I

A2
a c

(4)

where C is the areal capacitance, ν is the potential scan rate (V/s), Ap is
the apparent area (2.54 cm2, d = 1.8 cm2) of TiO2 NTA, and Ia− Ic is the
anodic and cathodic current difference (A).
The surface characterization of black TiO2NTAwas investigated with

scanning electron microscopy (SEM, JSM-6700F, JEOL, Korea), high-
resolution X-ray Diffraction (XRD, Bruker D8 DISCOVER, Germany),
and X-ray photoelectron spectroscopy (XPS, SIGMA PROBE,
ThermoVG, U.K).

3. RESULTS AND DISCUSSION
Figure 2a−c shows the surface characteristics of the black
TiO2 NTA examined by SEM images, XRD pattern, and XPS
spectrum, respectively. As shown in Figure 2, there was no
noticeable difference in the surface properties of the black TiO2
NTA from the pristine TiO2 NTA. For example, SEM image of
the black TiO2 NTA (Figure 2a) exhibited a highly ordered
nanopore structure with an inner diameter of 80 nm, a thickness
of 10 nm, and a tube length of 10 μm. The morphologies were
similar to the pristine TiO2 NTA (data not shown). The peak
positions of black TiO2 NTA in the XRD pattern (Figure 2b) was
identically in agreement with that of the pristine TiO2 NTA,
indicating the anatase phase of the black TiO2 NTA in the crystal
structure. In addition, the overall XPS spectra in Figure 2c also
exhibited no remarkable difference between the black TiO2 NTA
and the pristine TiO2 NTA despite the slight negative shift of the
Ti 2p3/2 and Ti 2p1/2 peaks (the inset of c) for the black TiO2
NTA supporting the presence of Ti3+ states.30

Figure 3 shows the cyclic voltammograms of the black TiO2
NTA compared with the pristine TiO2 NTA. As can be seen in
Figure 3, the black TiO2 NTA exhibited a significantly different
charging current density and oxygen evolution reaction (OER)
from the pristine TiO2 NTA. This vividly indicates the dis-
tinguished electrochemical properties of the black TiO2 NTA
with the pristine TiO2 NTA. For example, the black TiO2 NTA
revealed a significantly higher charging current within 0.0−1.2 V
of the potential range compared with the pristine TiO2 NTA. In
addition, oxygen was evidently generated on the black TiO2NTA
under a potential of 1.2 V, whereas no OER was observed on the
pristine TiO2 NTA. These results suggest the potential of black
TiO2 NTA as a supercapacitor and an oxidant generating anode.
Note that the red TiO2 NTA did not reveal the high charging
current density and OER (refer to Figure S3 in the Supporting
Information).
Figure 4a−d shows the cyclic voltammograms within 0.0−

0.8 V, and the areal capacitance obtained at the different scan
rates (10, 50 100, 500, and 1000 mV/s), Nyquist plot, and
complex capacitance of the black TiO2 NTA exhibiting the
capacitive properties compared with TiO2 NTA, respectively. As
shown in Figure 4a, the black TiO2 NTA provided superior
capacitive properties with nearly a rectangular shape for the cyclic
voltammogram and a significantly higher value for the plateau
current than that of the pristine TiO2 NTA within 0.0−0.8 V of
the potential range. It means that the black TiO2NTA exhibits an
electrical double layer capacitor (EDLC)-like property.42

The areal capacitance of the black TiO2 NTA at a scan rate of
100 mV/s was ∼15.6 mF/cm2, and it has a significantly higher
value than that of TiO2 NTA (∼0.1 mF/cm2). Especially, this
black TiO2 NTA exhibited approximately 40% enhancement of
areal capacitance in comparison with the annealed TiO2 NTA

under N2 without electrochemical self-doping (∼11.6 mF/cm2)
(Figure S4a in Supporting Information). It indicates the elec-
trochemical self-doping can provide the additional doping effect
along with carbon doping (Figures S4b and S5 in Supporting
Information). This carbon doping effect was attributed to the
residual ethylene glycol on surface of TiO2 NTA used as
electrolyte in the anodization.43

Moreover, the magnitude of the areal capacitance of the black
TiO2NTA at 1000mV/smaintainedmore than 50% retention of
that at 10 mV/s indicating a high power density of the black TiO2
NTA (Figure 4b) and the capacitance retention reduces only
∼4% for the 5000 cycles, suggesting the excellent capacitive
behavior of the black TiO2 NTA (Figure S6 in Supporting
Information). These capacitive properties of the black TiO2
NTA shown in Figure 4a and b can be strongly attributed to its
enhanced electrical conductivity as a result of the cathodic
polarization.25,30,31 A notable difference in capacitive properties
was also examined with the Nyquist plots and complex
capacitance of the black TiO2 NTA in Figure 4c and d. As
shown in Figure 4c, the Nyquist plot of the black TiO2 NTA

Figure 5. (a) Hydroxyl radical (•OH) generation ([KH2PO4]0 = 0.1 M
with NaOH (pH = 7.2), [RNO]0 = 20 μM) and (b) evolution of
chorine (Cl2) on the black TiO2 NTA and pristine TiO2 NTA as an
anode material ([NaCl]0 = 0.1 M, [t-BuOH]0 = 0.03 M) under
constant current condition (i = 0.05 A/cm2): The steady state
production rate of the •OHs can be estimated by the slope of the
semilog plot in panel a.
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revealed the vertical line started at 45° (inset of c) in the high and
low frequency region indicating its good capacitive behavior.44

On the other hand, in the plot of the pristine TiO2 NTA, an
approximately 45° impedance line (in the high frequency region
in the inset of c) and depressed semicircular arc were observed,
and this result is the typical shaped Nyquist plot of pristine TiO2

NTA as proposed by the transmission line model.30 This
behavior of black TiO2 NTA was also well supported by the
larger magnitude of the double layer capacitance and a faster rate
capability estimated, respectively, from the integrated area and
position of the capacitive peak in the complex capacitance
(Figure 4d) compared with that of the pristine TiO2 NTA.

45

Figure 5 shows the •OH generation examined by RNO
bleaching (a) and production of Cl2 (b) on the black TiO2 NTA
compared to the pristine TiO2 NTA.

39 The •OH and Cl2 are
well-known as one of the strongest electro-generated oxidants.46

The •OH generation was investigated under chloride ion-free
electrolyte conditions (1 M of KH2PO4 with NaOH), whereas
evolution of Cl2 was measured in 0.1 M NaCl. As shown in
Figure 5, the •OHs (a) and Cl2 (b) on the black TiO2 NTA were
evidently produced during electrolysis under a constant current
condition (0.05 A/cm2), whereas no production was observed on
the pristine TiO2 NTA. Especially, the excess t-BuOH as •OH
scavenger led to the partial inhibition of Cl2 evolution on black
TiO2 NTA, suggesting that •OH plays a critical role in Cl2
generation.29,39 These results indicates that the black TiO2 NTA
possesses a high electrocatalytic activity for •OH and Cl2
production.
Figure 6 shows the Mott−Schottky plot of the black TiO2

NTA in comparison with that of the pristine TiO2 NTA. The

black TiO2 NTA had a much lower linear slope (the inset) than
that of the pristine TiO2 NTA indicating an enhanced charge
carrier density on the black TiO2 NTA. This increasing level of
dopants is attributed to the cathodic polarization resulting from
the trapped electrons (Ti3+ sites), or oxygen vacancies.25,26 The
high level of dopants can be an explanation for the superior

capacitive and oxidant generating properties of the black TiO2
NTA as proposed by previous studies.30,31,33

4. CONCLUSION

We report the novel capacitive and oxidant generating properties
of black colored TiO2 nanotube array (black TiO2 NTA)
fabricated by electrochemical self-doping of amorphous TiO2
NTA and N2 annealing. The fabricated black TiO2 NTA
exhibited stable and highly capacitive and electrocatalytic
properties resulting in its good applications as a supercapacitor
and an oxidant generating anode. These electrochemical features
can be explained by the enhanced electronic properties of the
black TiO2 NTA-based on the increased level of dopants from
electrochemical self-doping compared to the pristine TiO2 NTA.
This study suggests that black TiO2 NTA can be applied as a
supercapacitor and an oxidant generating anode.
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