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ABSTRACT: Defective TiO2−x was synthesized via a facile anodization
technique. Electron paramagnetic resonance spectra confirmed the presence of
oxygen vacancy, which extended the photon-absorbance deeply into the
visible-light region. By stripping off the nanotubes on top, a hexagonally
dimpled layer of black TiO2−x was exposed and exhibited remarkable
photocatalytic activity.
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1. INTRODUCTION

Self-organized titanium dioxide (TiO2) layer formed by
anodization has shown promising applications1 in water-
splitting,2 photodegradation,3 sterilization,4 and solar cells,5

and attracted substantial research interests for its robust
mechanical adhesion and electrical conductivity.6,7 To promote
its light-harvesting capability, attempts have been made to
modify anodic TiO2 nanotubes including, most notably, metal8

and nonmetal doping.9,10 An inherent limitation of this
approach, however, is that the dopants introduced often acted
as charge carrier recombination centers, which compromised the
photocatalytic activity of the material.11

Recently reported work has shown that, by introducing crystal
defects in TiO2, a new vacancy band could be generated below its
conduction band, expanding the photon-absorbance of TiO2 into
the visible light region without the recombination effect from
doped impurities.12−15 Developing a simple and scalable
anodization method for the synthesis of defective TiO2 is
therefore of particular interests.16−18 Herein, we present a facile
technique to synthesize oxygen vacancy (Vo)-doped TiO2 with
high visible-light-induced photocatalytic activity. Our exper-
imental evidence highlights a layer of black, deflective anodic
TiO2−x that has not been reported in previous studies.

2. EXPERIMENTAL SECTION

By two-step anodization on Ti foil (0.2 mm thick, 99.96%) at 60
V in ethylene glycol containing 0.25 wt.% NH4F and 2 vol.%
distilled water (Scheme 1),19 a tubular-structured oxide layer was
obtained on the Ti substrate after 10 h of anodization. The
anodized Ti foil was rinsed in ethanol and distilled water, and
dried at 150 °C for completely removing organic species. The
cleaned samples were sintered at 450 °C for 1 h in ambient
atmosphere. After removing the top oxide layer, an inner layer of
black TiO2 was exposed on the substrate.

3. RESULTS AND DISCUSSION

ESEM images showed the tubular microstructure of the stripped
oxide layer on the anodized Ti foil. The internal diameter is
estimated to be 150−180 nm at the tip region (Figure 1a), which
decreased along the depth direction.20 The homogeneous
structure transformed to double-shelled tubes at the root
segment after annealing, with the inner shell composed of
nanoparticles (see Figure S1 in the Supporting Information).
These nanotubes are approximately 115 μm in length, giving a
draw ratio of more than 660 (see Figure S2 in the Supporting
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Information). The bottom of these nanotubes exhibits a
hexagonal topography (Figure 1b). Detailed topographies of
the root segment are shown in the insets of Figures 1b. By
removing these nanotubes on top, a black oxide layer was
exposed which covered the Ti substrate with a hexagonally
dimpled morphology (Figure 1c).21

HRTEM micrograph and X-ray diffraction show that the
anodic TiO2 was in pure anatase phase (Figure 1d, e), and
exhibited nanocrystal with the characteristic disorder surface
layer (see Figure S3 in the Supporting Information). EDX results
verified the incorporation of fluorine ion (F−) in the as-prepared
Ti substrate, which vanished after sintering (see Figure S4 in the
Supporting Information). The electron paramagnetic resonance
(EPR) spectrum recorded at room temperature confirmed the
significant presence of Vo in the black TiO2, with a strong signal
at g = 2.003 induced by electrons trapped on Vo (Figure 2).

22−24

Such signal was not observed in the EPR spectrum of commercial

P25 TiO2 (see Figure S5 in the Supporting Information). The
EPR spectra also indicate that there was no Ti3+ present in the
black TiO2, as characterized by the absence of the signal at g =
1.975.17

Approximately 73% Vo in anodic TiO2−x was consumed after
directly sintering in a preheated furnace (Figure 2a). More Vo
was consumed after sintering in a cold furnace, which was heated
from room temperature to 450 °C. (Figure 2b). It is interesting
to find that the concentration of oxygen-vacancy C(Vo) kept
constant after annealing for different time or with different
heating speeds (Figure 2c, d). This might be ascribed to the
presence of initially formed crystalline layer outside, which
prevented the inside Vo from oxidation by O2 in air.
The presence of Vo in anodized TiO2−x can be explained by the

oxide formation mechanisms. During anodization, the formation
of TiO2 is a dynamic process involving oxidation at the oxide/
metal interface and chemical dissolution at the oxide/electrolyte
interface.23 In oxidation process, water molecules from the
electrolyte solution acted as the oxygen source. The diffusion of
electroneutral water molecules was quite difficult, hindered by
the large draw ratio of these nanotubes grown on top.,25,26 As a
result, the oxidation process suffered from the insufficient supply
of oxygen.27 Vo and Ti3+ might be produced simultaneously at
the oxide/metal interface. At the same time, negatively charged
F− ion were attracted to the anode by electrical field, and
consumed the generated Ti3+ ions as they were more active and
vulnerable to chemical dissolution. Therefore, a defective,
nonstoichiometric titanium oxide (TiO2−x) layer was formed
on the Ti substrate with rich oxygen vacancies.
Infrared spectroscopy analysis shows no difference in anodic

TiO2−x chemical structure compared to the intact TiO2 (Figure
3a). However, the diffuse reflectance UV−vis spectrum of
TiO2−x exhibited ultrahigh absorbance over the full visible light
region (400−800 nm), twice as the absorbance of previously
reported TiO2−x, which was reduced by H2 (HP-TiO2−x) (Figure
3b).28 A steep increase in light absorbance is observed in all
samples at wavelengths below 400 nm, the photon absorbance of
TiO2−x significantly extends into longer wavelengths, maintain-
ing a high level of absorbance through the entire visible light
region. The black TiO2−x layer also showed dramatically higher
visible-light absorbance than the tubular TiO2 grown on top (see
Figure S6 in the Supporting Information).
Photocatalytic activity of the anodic black TiO2−x was assessed

by monitoring the degradation of Rhodamine B (RhB, a model
organic dye) in water under blue light irradiation (400−500 nm)
(Figure 3c). TiO2−x, which sintered in a preheated furnace
containing high C(Vo), initiated rapid degradation of RhB in
water, with∼80% RhB degraded after 4 h irradiation. In contrast,
TiO2−x of low C(Vo) degraded ∼60% RhB within 4 h. It shows
that high C(Vo) could strengthen the photocatalytic properties
under visible light. The photocatalytic result, that the
postannealed TiO2−x failed to reduce RhB, confirmed the
above hypothesis: Vo was exposed after removing the top oxide
layer and existed on TiO2 surface.
TiO2 nanotubes, which have a larger surface area as shown in

the ESEM images, enabled much slower degradation of the
model dye. Due to its hexagonally dimpled morphology, the
black TiO2−x has a relatively small surface area compared to the
TiO2 nanotubes. However, its remarkable photocatalytic activity
proved it to be as an excellent photocatalyst under visible light. In
addition, its robust nonporous structure and immobilized nature
may be further exploited to overcome issues of photocatalyst

Scheme 1. Experimental Process and Optical Images of the
Stripped TiO2 Layer

Figure 1.Morphologies of the anodized TiO2 nanotubes and black TiO2
layer: (a) Top view, (b) bottom view of TiO2 nanotubes, and (c) the
black TiO2 layer covered on Ti substrate after stripping off the
nanotubes grown on top. (d) HRTEM images and (e) XRD analysis of
the anodized TiO2.
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recovery that prove to be difficult with fine particles or thin
whiskers photocatalyst.

4. CONCLUSIONS
In conclusion, the present work demonstrates a facile
anodization technique to synthesize defective black TiO2 with

controllable level of defects, which exhibited high photocatalytic
activity under visible light. Mechanistic analysis and character-
ization results indicate that oxygen vacancies were formed in an
oxygen-deficient environment during the anodization process
and account for the high photon-absorbance of the black TiO2−x
throughout the visible-light region.

Figure 2. EPR spectra of the anodic TiO2−x with different heat treatments: (a) before/after sintering; (b) sintering by putting sample in a preheated
furnace/cold furnace which was heated from room temperature; (c) sintering in a cold furnace with 3 K/20 K heating speeds; (d) sintering in a
preheated furnace for 30 min/60 min.

Figure 3. (a) Infrared spectrum of anodic TiO2−x and intact TiO2. (b) Diffuse reflectance UV−vis spectrum of anodic TiO2−x, high-pressure
hydrogenated black titania (HP−TiO2),

28 and intact TiO2. (c) Photocatalytic degradation of RhB under blue light (400−500 nm) irradiation.
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