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Titanium dioxide (TiO2 ) is one of the most attractive
transition-metal oxides because of its superior physical and
chemical properties, which has been widely applied in
environmental clean-up (photocatalytic pollution removal),
energy conversion (hydrogen production and solar cells),
energy storage (lithium batteries and supercapacitors), security (sensors), panel display (transparent conducting films),
biomedical devices, and so forth [1–18]. The performance of
TiO2 in these applications highly depends on its structural,
electronic, optical, and morphological as well as the surface
properties (exposed facets). Great effort has been devoted
to adjust these properties and apparent progress has been
made on the synthesis of the 0-, 1-, 2-, and 3-dimensional
nanostructured TiO2 materials. Nevertheless, further investigations are required on the development of new synthetic
methods and the understanding of its relationship between
the intrinsic properties and performance, to facilitate the
commercialization of TiO2 -based materials in advanced
environmental and energy-related areas.
This issue includes original research articles and a review
that cover the synthesis of TiO2 -based nanomaterials and
their environmental and energy-related applications. We
summarize the published articles as below.
In “Influence of Anodic Oxidation Parameters of TiO2
Nanotube Arrays on Morphology and Photocatalytic Performance,” X. Zhao et al. present the influence of electrolyte,
applied potential, and duration of oxidation process on

nanomorphology and photocatalytic property of titanium
dioxide nanotube arrays (TNTAs). Compared to the glycol
electrolyte, the TNTAs grown by using the DMSO electrolyte exhibit much better photocatalytic activity, but their
nanomorphology is much worse. Longer time and higher
oxidation voltage benefit the growth of TNTAs.
TiO2 -based catalysts for the selective catalytic reduction
of NO are hotspots in environmental catalysis. X. Chen
et al. in their paper entitled “Experimental Study on the
Deactivating Effect of KNO3 , KCl, and K2 SO4 on Nanosized
Ceria/Titania SCR Catalyst” investigated the deactivating
effect of potassium compounds on nanosized CeO2 /TiO2
selective catalytic reduction catalyst. This study would provide useful insights for the application and life management of CeO2 /TiO2 in potassium-rich environments such as
biofuel-fired boilers.
Development of supported titanium dioxide- (TiO2 -)
based nanomaterials would promote their performance. In
“Preparation of Stellerite Loading Titanium Dioxide Photocatalyst and Its Catalytic Performance on Methyl Orange,”
H. Chen et al. reported the photocatalytic decomposition
of methyl orange (MO) over a stellerite modified-TiO2
photocatalyst. This work would provide a promising strategy
to explore highly efficient photocatalyst and thus promote
their further application in environmental fields.
Volatile organic compounds have been identified as
indoor and outdoor pollutants and the treatment of them

2
has been studied for decades. In “New Insights into Benzene
Hydrocarbon Decomposition from Fuel Exhaust Using Selfsupport Ray Polarization Plasma with Nano-TiO2 ,” T. Zhu et
al. developed a new strategy of using nano-TiO2 as the catalyst
in the self-support ray polarization of nonthermal plasma.
This strategy showed improved performance to remove
benzene. Indeed, at electric field strength of 12 kV/cm, 99%
of benzene was removed. Moreover, the final products are
environmentally friendly with decreased residence of ozone.
This study with advances in potential industrial application
should be of interest to the community.
Carbon materials have been extensively investigated and
have been well incorporated with TiO2 materials to improve
the performance of their composites. In “Modified Sol-Gel
Synthesis of Carbon Nanotubes Supported Titania Composites with Enhanced Visible Light Induced Photocatalytic
Activity,” Q. Wang et al. report a multiwalled carbon nanotube enhanced TiO2 nanocomposites for photocatalytic
degradations. The nanocomposites possess good absorption properties not only in the ultraviolet but also in the
visible light region. Under irradiation of ultraviolet lamp,
the prepared composites have the highest photodegradation
efficiency of 83% within 4 hours towards the degradation of
methyl orange (MO) aqueous solution. The results indicate
that the carbon nanotubes supported TiO2 nanomaterials
exhibit high photocatalytic activity and stability, showing
great potentials in the treatment of wastewater.
In a paper entitled “Enhanced Adsorption and Removal
of Ciprofloxacin on Regenerable Long TiO2 Nanotube/
Graphene Hydrogel Adsorbents,” J. Ma et al. reported the
investigation of regenerable long TiO2 nanotube/graphene
oxide hydrogel adsorbent for antibiotic pollutants, which
would attract the attention of environmental science, materials, and nanotechnology community to development a safe
and sustainable society.
In “Preparation of TiO2 /Activated Carbon Composites
for Photocatalytic Degradation of RhB under UV Light
Irradiation,” J. Cao et al. used a sol-gel method to prepare
TiO2 /activated carbon (AC) composites and they have found
that the loading cycles of TiO2 precursor play an important role in controlling the morphological structure and
photocatalytic activity of TiO2 /AC composites. The porosity
parameters of these composite photocatalysts such as specific
surface area and total pore volume decrease whereas the
loading amount of TiO2 increases. The TiO2 /AC composite
synthesized at two loading cycles exhibits the highest photocatalytic activity.
TiO2 is a kind of promising anode material because of its
low cost, excellent structural stability, small volume expansion, and good safety performance due to its high discharge
plateau potential (about 1.5–1.8 V versus lithium) that would
not decompose the organic electrolyte, large exposed surface
offering more lithium-insertion channels. However, the poor
electronic conductivity and low lithium ion diffusivity of
TiO2 result in poor cycling stability and lithium ion depletion
at high current rates. A review entitled “Recent Progress of
TiO2 -Based Anodes for Li Ion Batteries” by Y. Liu and Y. Yang
is specifically focused on the recent progress in enhancing
the lithium ion batteries (LIBs) performance of TiO2 with
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various synthetic strategies and architectures control, such
as designing hollow structure to form more open channels
and active sites for Li ion transport, coating or combining
TiO2 with metal to improve its electronic conductivity, or
incorporating carbonaceous materials such as active carbon,
CNTs, and graphene to enhance its capacity and cycling
stability.
The guest editors hope that this special issue will inspire
further research in the field of TiO2 nanomaterials and their
applications in advanced environmental and energy-related
areas.
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Photocatalysts comprising nanosized TiO2 particles on activated carbon (AC) were prepared by a sol-gel method. The TiO2 /AC
composites were characterized by X-ray diffraction (XRD), thermogravimetric (TG) analysis, nitrogen adsorption, scanning
electron microscope (SEM), transmission electron microscope (TEM), and energy dispersive X-ray (EDX). Their photocatalytic
activities were studied through the degradation of Rhodamine B (RhB) in photocatalytic reactor at room temperature under
ultraviolet (UV) light irradiation and the effect of loading cycles of TiO2 on the structural properties and photocatalytic activity of
TiO2 /AC composites was also investigated. The results indicate that the anatase TiO2 particles with a crystal size of 10–20 nm can be
deposited homogeneously on the AC surface under calcination at 500∘ C. The loading cycle plays an important role in controlling the
loading amount of TiO2 and morphological structure and photocatalytic activity of TiO2 /AC composites. The porosity parameters
of these composite photocatalysts such as specific surface area and total pore volume decrease whereas the loading amount of TiO2
increases. The TiO2 /AC composite synthesized at 2 loading cycles exhibits a high photocatalytic activity in terms of the loading
amount of TiO2 and as high as 93.2% removal rate for RhB from the 400 mL solution at initial concentration of 2 × 10−5 mol/L
under UV light irradiation.

1. Introduction
Dyes, generated by various manufacture industries such
as dyestuffs, textile, paper, food, cosmetics, leather, and
plastics, are the most common contaminants in wastewater
[1–3]. These dyes appearing in wastewater, even at very low
concentrations, are highly noticeable and can potentially hurt
human health. However, presently, there is still no unique
treatment that is capable of effectively eliminating all types
of dyes in wastewater because of their complex structure and
stable chemical property and diversity [4, 5]. Therefore, it is
highly important to find out an effective method for treating
industrial effluent such as dyes.
Currently, a number of techniques and processes
including physical, chemical, and biological methods have
been studied to treat the dyes from wastewater [6–10]. For
instance, adsorption and photocatalysis have been considered
as effective approaches for dye removal. The adsorption is

a nondestructive process, by which the contaminants can be
transferred from wastewater to adsorbent such as activated
carbon (AC). However, the adsorption efficiency of the
adsorbents after regeneration is greatly reduced [11, 12]. In
comparison, the photocatalysis is a promising advanced
oxidation process, which usually uses heterogeneous
titanium dioxide (TiO2 ) as a photocatalyst to degrade the
contaminants by the decomposition and oxidation processes
on its surface [13–15]. However, there are some disadvantages
of TiO2 used in advanced oxidation process as TiO2 powder
is easy to agglomerate, with poor adsorption capacity, and is
difficult to be separated and recycled from the solution
[5, 16, 17]. For the purpose of overcoming the drawbacks of
these two approaches, the combination of adsorption and
photocatalytic processes was previously proved to be a very
promising technology for the treatment of wastewater. For
instance, some different types of composites including
ordered mesoporous TiO2 /silica nanocomposites [18], TiO2 /
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alumina composites [19], TiO2 /diatomite composites [20],
TiO2 /zeolite nanocomposites [21], TiO2 /clay composites
[22], TiO2 /bentonite composites [23], TiO2 /reduced
graphene oxide nanocomposites (TiO2 /RGO) [24], TiO2 /
activated carbon fiber (TiO2 /ACF) [25], TiO2 /carbon nanotube (TiO2 /CNT) [26], TiO2 /graphene (TiO2 /GR) [27], and
TiO2 /activated carbon (TiO2 /AC) [5] have been extensively
studied. As AC possesses a large specific surface area, high
adsorption capacity, and suitable pore structure [8, 13, 28],
TiO2 /AC composites are receiving considerable attention
for the degradation of dye-containing wastewater. Wang
et al. [29] successfully prepared TiO2 /AC composites by
dip-hydrothermal method using peroxotitanate as the TiO2
precursor for degradation of methyl orange. Slimen et
al. [28] investigated the TiO2 /AC composites which were
directly obtained by sol-gel method for the degradation of
methylene blue in an aqueous solution. Jamil et al. [30]
synthesized photocatalyst by AC impregnated with TiO2 for
the removal of methyl orange from water, and the synergistic
effects of adsorption and photocatalytic activity in TiO2 /
AC for the degradation of the methyl orange have been found.
Eliyas et al. [17] prepared a TiO2 /AC composite by an original
method combining impregnation and physicochemical
pyrolysis, and the photocatalytic decomposition of an azo
dye pollutant under visible light illumination and ultraviolet
(UV) light irradiation was studied. Zhang et al. and He et al.
[6, 31] investigated the degradation of methyl orange and
Rhodamine B (RhB) by microwave-induced photocatalytic
technology using TiO2 /AC composites.
Among the reported processes for the treatment of
the dye-containing wastewater, it has been shown that all
kinds of TiO2 /AC composites are able to exhibit enhanced
photocatalytic performance and increased removal efficiency
compared to pure TiO2 . However, one of critical problems still hindering further large scale application of the
TiO2 /AC composites in wastewater treatment is the lack of
reproducibility due to the variation in the preparation and
treatment processes [32]. Hence, it is necessary to develop a
simple and low-cost method to prepare TiO2 /AC composites.
Due to the simple synthesis routes and properly controlled
morphology of TiO2 on AC, the sol-gel technique is the
most commonly used chemical method for the preparation of
TiO2 /AC [15]. However, to the best of our knowledge, many
researches focused on the photocatalytic activity, degradation
mechanism and kinetics, the synergistic effects, and the role
of the chemical and textural properties of AC during photocatalytic degradation of organic contaminants in wastewater
[13, 17, 33], but there is little information available concerning
the effect of loading cycle on the structural properties and
photocatalytic activity of the final TiO2 /AC composites.
In this work, the coal-based AC (prepared by KOH activation) was adopted as a support to synthesize the TiO2 /AC
composites under different loading cycles by sol-gel method.
The adsorption properties and photocatalytic activity were
investigated in aqueous solution using Rhodamine B (RhB)
dye as a model contaminant for the photodegradation experiments. Such molecule is usually present in the wastewater
from several industries.
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2. Experimental
2.1. Materials. Activated carbon (AC) was prepared from lignite by potassium hydroxide (KOH) activation as described
in our previous work [34]. In this procedure, activation was
performed at 800∘ C for 2 h at 2 : 1 weight ratio of KOH to
lignite. The specific surface area and total pore volume of
the as-obtained AC are 1576 m2 /g and 0.967 cm3 /g, while its
ash content is only 0.3%. Tetrabutyl titanate (Ti(OC4 H9 )4 ),
ethanol, acetic acid, nitric acid, potassium hydroxide, and
RhB were of analytical grade and used without further purification. All the reagents were supplied by Tianjin Kemiou
Chemical Reagent Co., Ltd., China.
2.2. Preparation of TiO2 /AC Composites. TiO2 /AC composites were synthesized using Ti(OC4 H9 )4 as a precursor by solgel route as follows: First, solution A was prepared by diluting
10 mL Ti(OC4 H9 )4 with 34 mL anhydrous ethanol and 2.5 mL
acetic acid. Second, solution B was prepared by mixing 17 mL
anhydrous ethanol with 3 mL deionized water and the pH
value of the solution was adjusted to 2-3 by slowly adding
dilute nitric acid. Third, solution B was transferred into
solution A drop by drop with vigorous stirring to produce
the TiO2 sol. The sol was mixed with the as-prepared AC
under continuous magnetic stirring and the mixture was
aged for 20 h in dark area at ambient temperature to form
the sol-coated AC. The mixture was washed sequently with
ethanol and deionized water to remove untreated product
and the solid was collected by centrifugation during each
wash. The aging and washing procedures were repeated 3
times; each loading cycle of the final sol-coated AC was
dried for 4 h at 110∘ C and then was calcined at 500∘ C for 3 h
in a nitrogen atmosphere with a heating rate of 10∘ C/min.
Simultaneously, the aged gel was also calcined at 500∘ C for
3 h to synthesize the pure nanosized TiO2 for comparison.
The TiO2 /AC composites were synthesized at 1, 2, and 3
loading cycles, which were named TiO2 /AC-1, TiO2 /AC-2,
and TiO2 /AC-3, respectively.
2.3. Characterization of TiO2 /AC Composites. X-ray diffraction (XRD) experiments of the samples were performed
on a Bruker-AXS D8 advance diffractometer with Cu K𝛼
radiation, and the crystal size was calculated by X-ray line
broadening analysis using Scherrer formula [13, 28, 35]:
𝐷 = 0.89𝜆/𝛽 cos 𝜃, where 𝐷 is the crystalline size in
nm, 𝜆 (0.15418 nm) is the wavelength of X-ray radiation,
and 𝛽 is the line width at half maximum height for the
anatase (101) peak (2𝜃 = 25.3∘ ) in radians. The morphology and elemental analysis of the TiO2 /AC composites
were examined by a scanning electron microscope (JSM6390LV, Japan), a transmission electron microscope (JEM2100, Japan), and an energy dispersive X-ray spectroscopy
detector (JSM-5200, Japan). The TiO2 /AC composites were
analyzed by a thermogravimetric (TG) analyzer (STA409
PC, Germany) in a range of 20–800∘ C with a heating rate
of 10∘ C/min in an air flow, and the TiO2 loading amount
was calculated by ash weight (minus the ash weight of
AC). Brunauer-Emmett-Teller (BET) specific surface area
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Figure 1: XRD patterns of AC and pure TiO2 and TiO2 /AC
composites.

of the AC and photocatalyst samples was measured from
the nitrogen adsorption-desorption isotherms at 77 K on an
automatic adsorption instrument (Quantachrome, AutosorbiQ-MP, USA), and the pore size distribution was determined
by a density functional theory (DFT) model. All samples were
degassed under vacuum at 200∘ C for 12 h prior to the nitrogen
adsorption analysis.
2.4. Photocatalytic Degradation Experiments. The photocatalytic activity experiment of the TiO2 /AC composites was
studied by the degradation of RhB under UV light irradiation
in a photocatalytic reactor at room temperature. The light
source was from 450 W high pressure mercury lamp (Foshan
Electrical and Lighting Co., Ltd.). In each experiment, 0.02 g
photocatalyst was added into 400 mL of 2 × 10−5 mol/L RhB
solution under magnetic stirring and maintained in the dark
for 90 min in order to allow for adsorption equilibrium, and
then the suspension was irradiated under UV light. After
that, about 10 mL of the suspension sample was collected at
10 min intervals during the irradiation period, which was centrifuged to remove the photocatalyst. The remaining RhB in
the solution was measured at 554 nm using a spectrophotometer (TU-1810, Beijing Purkinje General Instrument Co.,
Ltd.). The absorbance measured was then converted to concentration, and the removal rate of RhB (𝑅%) was calculated
according to the following equation, 𝑅% = 100(𝐶0 −
𝐶)/𝐶0 , where 𝐶0 and 𝐶 are the concentrations of RhB before
and after adsorption-degradation process, respectively. The
total removal rate of RhB obtained by TiO2 /AC composites
contributes to the adsorptive and photocatalytic processes.

3. Results and Discussion
3.1. Crystalline Phase Characterization. The XRD patterns
of AC, pure TiO2 , and TiO2 /AC composites are shown in
Figure 1. As can be seen, the XRD of AC shows two weak
broad peaks at about 24.6∘ and 43.9∘ , corresponding to reflection in the (002) plane and the (100) plane of aromatic layers
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Figure 2: TG curves of TiO2 /AC composites.

in carbon [36], which indicates a predominantly amorphous
structure present in the AC substrate, whereas the XRD
pattern of pure TiO2 shows six main diffraction peaks at
about 25.3∘ , 37.8∘ , 48.0∘ , 53.8∘ , 55.1∘ , and 62.8∘ , which can be,
respectively, indexed as (101), (004), (200), (105), (211), and
(204) planes of an anatase TiO2 [14, 32, 37]. It suggests that the
anatase TiO2 is predominantly formed in the pure nanosized
TiO2 when the gel was calcined at 500∘ C. The result is in good
agreement with Xue et al.’s research [13]. For the TiO2 /AC
composites, it is obvious that the diffraction peak intensity
improves with increasing the loading cycle. When the AC
is loaded by TiO2 1 time, the XRD pattern of TiO2 /AC-1
presents only one apparent diffraction peak at about 25.3∘ ,
whereas the six diffraction peaks mentioned above are
observed obviously in the XRD pattern for TiO2 /AC-3 when
the AC is loaded by TiO2 3 times, which indicates that
more TiO2 can be loaded on the substrate AC surface
with multiloading. The results demonstrate that the loading
amount of TiO2 in the composite photocatalyst is strongly
affected by the loading cycle in the sol-gel process. A similar
effect has also been reported by other authors [13]. Notably,
in these TiO2 /AC composites, there is no obvious peak at the
position of 24.6∘ , which is the characteristic peak for the (002)
plane of AC. The reason could be attributed to the fact that
the main peak of AC at 24.6∘ might be shielded by the peak
of anatase TiO2 at 25.3∘ . Additionally, the crystal size of TiO2
in the composite photocatalysts is calculated using Scherrer’s
equation for the diffraction peak at 25.3∘ (101 plane) as 12–
14 nm.
3.2. TG Analysis. In order to investigate the loading amount
of TiO2 in the TiO2 /AC composites synthesized at different
loading cycles, thermogravimetric (TG) tests were carried out
in a range of 20–800∘ C with an air flow. As shown in the TG
curves (Figure 2), the gentle weight loss of TiO2 /AC composite at temperatures ranging from 20 to 90∘ C is generally
attributed to the escape of adsorbed water while the obvious
weight loss at temperatures from 450 to 550∘ C is mainly due
to the carbons burning off in air. The mass which almost
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Figure 3: Nitrogen adsorption-desorption isotherms and pore size distributions of pure TiO2 , AC, and TiO2 /AC composites: (a) nitrogen
adsorption-desorption isotherm and pore size distribution (inset) of pure TiO2 , (b) nitrogen adsorption-desorption isotherms of AC and
TiO2 /AC composites, and (c) pore size distributions of AC and TiO2 /AC composites.

keeps constant in the TG curves after 600∘ C contains the
loaded TiO2 and ash in AC. According to the TG curves, the
weight loss of the three composite photocatalysts decreases
with the loading cycle increasing, and the final ash content is
about 5.6% for TiO2 /AC-1, 15.8% for TiO2 /AC-2, and 26.9%
for TiO2 /AC-3. Hence, the loading amount of TiO2 in the
composite photocatalysts synthesized at 1, 2, and 3 loading
cycles subtracting the ash content of substrate AC (0.3%) is
about 5.3%, 15.5%, and 26.7%, respectively. This result further
indicates that the loading cycle has an important influence on
the loading amount of TiO2 in the composite photocatalysts,
since more loading cycles lead to more TiO2 being deposited
on the substrate AC surface.

3.3. Pore Structure of TiO2 /AC Composites. The nitrogen
adsorption-desorption isotherms and pore size distributions
of pure TiO2 , original AC, and the TiO2 /AC composites
are presented in Figure 3. For pure TiO2 , a typical type II
isotherm (Figure 3(a)) with a small hysteresis phenomenon
attributed to aggregation of nanoparticles can be noticed, and
this isotherm corresponds to a relatively low porosity material
in agreement with the low specific surface area (10 m2 /g) and
the negligible micropore volume listed in Table 1. However,
the isotherms of AC and TiO2 /AC composites (Figure 3(b))
exhibit a marked increment at the relative pressure of 𝑃/𝑃0
less than 0.1, followed by approximate plateaus at the relative
pressure of 𝑃/𝑃0 more than 0.2, indicating that the AC and
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Table 1: The specific surface area and pore structure parameters of TiO2 , AC, and TiO2 /AC composites.
Sample
Pure TiO2
AC
TiO2 /AC-1
TiO2 /AC-2
TiO2 /AC-3

𝑆BET /(m2 ⋅g−1 )
10
1576
1507
1167
949

𝑆mic /(m2 ⋅g−1 )
0
1298
1061
836
616

𝑆mes /(m2 ⋅g−1 )
10
278
446
331
333

𝑉𝑡 /(cm3 ⋅g−1 )
0.057
0.967
1.037
0.786
0.682

𝑉mic /(cm3 ⋅g−1 )
0
0.662
0.542
0.427
0.315

𝑉mes /(cm3 ⋅g−1 )
0.057
0.305
0.495
0.359
0.367

𝑆BET , BET specific surface area; 𝑆mic , micropore specific surface; 𝑆mes , mesopore specific surface; 𝑉𝑡 , total pore volume; 𝑉mic , micropore volume; and 𝑉mes ,
mesopore volume.
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Figure 4: SEM images of AC and TiO2 /AC-2: (a) AC, (b) TiO2 /AC-2 (inset: EDX spectrum).

the TiO2 /AC composites are essentially microporous materials. Also, the desorption hysteresis loops at a relative pressure
of around 0.5 are observed in the isotherms of AC and the
TiO2 /AC composites, suggesting the presence of a certain
amount of mesopores. From the curves of the DFT pore size
distributions of AC and TiO2 /AC composites (Figure 3(c)), it
can be seen that the pores of AC and TiO2 /AC composites are
distributed in the range of 0.5–6 nm, and the mesopores are
mainly distributed between 2.2 nm and 5.0 nm. Furthermore,
compared to the original AC, the micropores of TiO2 /AC
composites decrease gradually with the increasing of loading
cycle, especially for the pore distributed in the range of 0.5–
1 nm. The reason can be attributed to the fact that more
loading cycles lead to more TiO2 particles being deposited,
blocking some micropores of the AC substrate. The specific
surface area (𝑆BET ), micropore specific surface (𝑆mic ), mesopore specific surface (𝑆mes ), total pore volume (𝑉𝑡 ), micropore
volume (𝑉mic ), and mesopore specific surface (𝑉mes ) of AC are
1576 m2 /g, 1298 m2 /g, 278 m2 /g, 0.967 cm3 /g, 0.662 cm3 /g,
and 0.305 cm3 /g (Table 1), respectively. For the TiO2 /AC
composites, 𝑆BET , 𝑆mic , 𝑉𝑡 , and 𝑉mic decrease gradually with
increasing the loading cycles, except that the 𝑉𝑡 of TiO2 /AC-1
increases slightly. The increment of 𝑉𝑡 of TiO2 /AC-1 is mainly
caused by the covering of TiO2 on the AC surface and forms
a small number of mesopores in the composite photocatalyst
to increase the pore volume. In addition, it is worthy of noting
that 𝑆mic and 𝑉mic of composite photocatalyst decrease from
1298 m2 /g and 0.662 cm3 /g to 616 m2 /g and 0.315 cm3 /g when
the original AC was loaded by TiO2 3 times, whereas its
𝑆mes and 𝑉mes present a slight increment. The results further

confirm that some micropores are blocked or covered by the
TiO2 particles.
3.4. SEM and TEM Analysis. The morphologies of the original AC and the TiO2 /AC-2 composite photocatalyst were
investigated by SEM micrographs. As shown in Figure 4, the
original AC displays a uniform morphology with irregular
and highly porous surface, indicating well-developed porosity (Figure 4(a)). The surface of the TiO2 /AC-2 is homogeneously covered with TiO2 particles without apparent
agglomeration in local area (Figure 4(b)). Also, the TiO2
particles deposit not only on the surface but also on the
mesopores and macrospores of AC, which will increase the
probability of receiving light and exhibiting higher photocatalytic activity [13]. In addition, the energy dispersive Xray (EDX) spectrum of TiO2 /AC-2 (Figure 4(b), inset) shows
that the presence of C, Ti, and O is the main element for
the composite, suggesting that the TiO2 /AC composites with
high purity have been successfully synthesized in this study.
Further evidence was provided by the TEM micrographs
shown in Figure 5. It is clearly indicated that the TiO2 particle (black region) with nanosized dimension is uniformly
deposited on the surface as well as in the bulk of the AC (gray
region), and the large scale agglomerate is not detected in
the TiO2 /AC composites synthesized at 1 and 2 loading cycles
(Figures 5(a) and 5(b)). However, when the TiO2 /AC-3 photocatalyst was synthesized at 3 loading cycles, the as-formed
TiO2 particles are inclined to agglomerate (Figure 5(c)). It
suggests that the TiO2 particles are easier to agglomerate
on the surface of the TiO2 /AC composites with increasing
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Figure 5: TEM micrographs of TiO2 /AC composites: (a) TiO2 /AC-1, (b) TiO2 /AC-2, (c) TiO2 /AC-3, and (d) HRTEM image of TiO2 /AC-2.

the loading cycle. It is well known that the photocatalytic activity of TiO2 composite functional materials strongly
depends on their morphological structure [14, 38]. Compared
with the TiO2 particles deposited homogeneously on the
surface of TiO2 /AC-1 and TiO2 /AC-2, the agglomerated TiO2
particles in the TiO2 /AC-3 composites may hamper the
light incidence on these photoreactive sites and consequently
reduce its photocatalytic degradation efficiency. Furthermore, the TiO2 particle size in composite photocatalyst can
be estimated to about 10–20 nm in the high resolution TEM
image (Figure 5(d)), which is good in accordance with the
crystal size obtained by means of XRD pattern.
3.5. Photocatalytic Degradation of RhB. Photocatalytic activity for the obtained pure TiO2 as well as TiO2 /AC composites
was estimated by measuring the decomposition rate of RhB
in aqueous solution in the presence of UV light irradiation,
and the results are shown in Figure 6. For the original AC
(Figure 6(a)), the removal of RhB increases gradually with
the increasing adsorption time, and about 71.0% of the initial
RhB is removed until reaching the adsorption equilibrium
at the end of 90 min in the dark. The removal rate of RhB
is almost unchanged with increasing the adsorption time
in the UV light irradiation. Nevertheless, the RhB removal
rate of pure TiO2 is negligible when the solution is kept in
the dark for 90 min but increases noticeably with prolonging
the time of UV light irradiation, and the final removal rate
of RhB reaches only 55.8%, which is mainly attributed to

the photocatalytic degradation process. However, for the
TiO2 /AC composites (Figure 6(b)), the RhB removal process
in aqueous solution can be divided into two stages: the
removal process of 90 min in the dark, which is mainly
attributed to the adsorption effect of TiO2 /AC composites.
The other stage is the 120 min in the UV light irradiation,
which is mainly caused by the photocatalytic degradation.
In this paper, the concentration of RhB maintained in the
aqueous solution at the end of adsorption stage in the dark
is taken as the starting concentration of RhB in the photocatalytic degradation stage, and the degradation percentages
of TiO2 /AC composites were calculated according to this
reference. As shown in Figure 6, the initial removal rate of
TiO2 /AC composites was similar to AC, but, after 90 min in
the dark, the TiO2 /AC composites are still able to remove
the RhB by the photocatalytic degradation effect on the UV
light irradiation; as a result, the percentages of RhB removal
continue to increase. The final percentages of RhB removed
by TiO2 /AC-1, TiO2 /AC-2, and TiO2 /AC-3 reach 82.0%,
93.2%, and 86.3%, respectively. The RhB removal rate of
TiO2 /AC composites is far superior for pure TiO2 synthesized
in this study or macroporous TiO2 photocatalyst reported in
our previous work [39].
Based on the results that the percentages of RhB removal
are 66.1%, 46.7%, and 38.9% after 90 min in the dark by
adsorption, the photocatalytic degradation percentage of
RhB is 15.9% for TiO2 /AC-1, 46.5% for TiO2 /AC-2, and
47.4% for TiO2 /AC-3, respectively. Clearly, the photocatalytic
degradation percentage of RhB for TiO2 /AC-2 is almost
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Figure 6: RhB removal rate of pure TiO2 , AC, and composite photocatalysts: (a) pure TiO2 and AC, (b) TiO2 /AC composite photocatalysts.

equivalent to that for TiO2 /AC-3, but the loading amount
of TiO2 in TiO2 /AC-2 for 15.5% is lower than that in
TiO2 /AC-3 for 26.7%, indicating that the photocatalytic
activity of nanosized TiO2 in TiO2 /AC-2 is higher than that
in TiO2 /AC-3. The fundamental mechanism for this can be
clarified as follows: the TiO2 /AC composites exhibit the dual
functions such as absorption and photocatalytic degradation
to remove the RhB in the aqueous solution [13, 38, 40]; the
proposed schematic illustration is shown in Figure 7, which
is also similar to the case on the photocatalyst of TiO2 /ACF
nanocomposites [41]. Under dark condition, the removal
process depends strongly on the adsorption performance
of substrate AC. However, under UV light irradiation, the
RhB removal process requires the pollutant to be adsorbed
on the TiO2 /AC composites surface prior to immediate
photocatalytic degradation [15, 42]. Therefore, the efficiency
of photocatalytic reaction can be affected by the adsorption
performance of substrate AC and the photocatalytic activity
nanosized TiO2 particles.
For the TiO2 /AC-1, the RhB removed by adsorption is
predominant because of its well-developed porosity, and the
final RhB removal rate reaches 82.0%, while the photocatalytic degradation percentage of RhB is only 15.9%, which
may be ascribed to the limited TiO2 particles that deposited
on the composite photocatalyst. With the increasing loading
cycle during the preparation of TiO2 /AC composites, more
TiO2 will be exposed on the surface of AC. As a result,
photoreactive sites available on the AC surface increase,
which contributes to the high photocatalytic activity of
TiO2 /AC composites. Therefore, the photocatalytic degradation percentage of RhB for TiO2 /AC-2 can reach 46.5%,
and the final RhB removal rate can reach 93.2% even if the
adsorption effect is weakened due to the reduced porosity
of composite photocatalyst. However, for the TiO2 /AC-3,
the photocatalytic degradation percentage of RhB is not
enhanced as expected in terms of the loading amount

of TiO2 in composite photocatalyst. The reason may be
attributed to the fact that a certain amount of nanosized
TiO2 particles aggregates on the surface of TiO2 /AC-3, which
can reduce the efficient UV light absorption and decrease
the photoreactive sites for degradation. On the other hand,
the reduction of the porosity results in the fact that the
RhB adsorbed on the TiO2 /AC composites surface is very
limited, and the efficiency of photocatalytic degradation is
also restricted consequently. The results indicate clearly that
the morphological structure of TiO2 /AC composites such
as porosity and the dispersibility of TiO2 particles on the
surface of composite photocatalyst are crucial for obtaining
high photocatalytic activity. Therefore, the loading cycle is
considered a significant factor in preparation of TiO2 /AC
composites by sol-gel method.

4. Conclusions
It is found that TiO2 /AC composites can be synthesized
simply by sol-gel method under calcination at 500∘ C. The
TiO2 particles deposited on the AC surface display mainly
anatase crystal structure with a crystallite size of 10–20 nm.
The morphological structure and photocatalytic activity of
composite photocatalyst are strongly dependent on the loading cycle. The porosity of TiO2 /AC composites may decrease
gradually and the dispersibility of TiO2 particles on the AC
surface becomes less uniform after multiloading cycles due
to more TiO2 particles deposited on the AC surface, which
leads to blocking or covering of part of the micropores.
The photocatalytic degradation of RhB experiments indicates
that the optimized composite photocatalyst of TiO2 /AC-2
synthesized at 2 loading cycles demonstrates the highest photocatalytic activity, which can lead to 93.2% RhB being rapidly
removed from aqueous solution under UV light irradiation.
The high removal rate of RhB of TiO2 /AC composite is
attributed to the excellent adsorption effect in the dark and
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high efficiency photocatalytic degradation in the presence of
UV light irradiation.
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[5] M. Asiltürk and Ş. Şener, “TiO2 -activated carbon photocatalysts: preparation, characterization and photocatalytic activities,” Chemical Engineering Journal, vol. 180, pp. 354–363, 2012.
[6] Z. H. Zhang, Y. Xua, X. P. Ma et al., “Microwave degradation of
methyl orange dye in aqueous solution in the presence of nanoTiO2 -supported activated carbon (supported-TiO2 /AC/MW),”
Journal of Hazardous Materials, vol. 209–210, pp. 271–277, 2012.
[7] V. K. Gupta and Suhas, “Application of low-cost adsorbents for
dye removal—a review,” Journal of Environmental Management,
vol. 90, no. 8, pp. 2313–2342, 2009.
[8] Y. J. Li, X. M. Zhou, W. Chen et al., “Photodecolorization of
Rhodamine B on tungsten-doped TiO2 /activated carbon under
visible-light irradiation,” Journal of Hazardous Materials, vol.
227-228, pp. 25–33, 2012.
[9] P. Jiang, D. Ren, D. He, W. Fu, J. Wang, and M. Gu, “An easily
sedimentable and effective TiO2 photocatalyst for removal of

Journal of Nanomaterials

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

dyes in water,” Separation and Purification Technology, vol. 122,
pp. 128–132, 2014.
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TiO2 -based materials have been widely studied in the field of photocatalysis, sensors, and solar cells. Besides that, TiO2 -based
materials are of great interest for energy storage and conversion devices, in particular rechargeable lithium ion batteries (LIBs).
TiO2 has significant advantage due to its low volume change (<4%) during Li ion insertion/desertions process, short paths for fast
lithium ion diffusion, and large exposed surface offering more lithium insertion channels. However, the relatively low theoretical
capacity and electrical conductivity of TiO2 greatly hampered its practical application. Various strategies have been developed to
solve these problems, such as designing different nanostructured TiO2 to improve electronic conductivity, coating or combining
TiO2 with carbonaceous materials, incorporating metal oxides to enhance its capacity, and doping with cationic or anionic dopants
to form more open channels and active sites for Li ion transport. This review is devoted to the recent progress in enhancing the
LIBs performance of TiO2 with various synthetic strategies and architectures control. Based on the lithium storage mechanism, we
will also bring forward the existing challenges for future exploitation and development of TiO2 -based anodes in energy storage,
which would guide the development for rationally and efficiently designing more efficient TiO2 -based LIBs anodes.

1. Introduction
Lithium ion batteries (LIBs) are becoming the best choice in
portable electronics, implantable devices, power tools, and
hybrid/full electric vehicles (EVs) for their high working
voltage, low self-discharge rate, long cycle life, high energy,
and power density [1, 2]. Using electric vehicles instead of
traditional gasoline powered transportation can significantly
reduce pollution of combustion gas and increase energy
security. More importantly, the high energy efficiency of
LIBs also has potential application in various large electric
grid applications, including improving the energy efficiency
of wind, solar, tidal, and other clean energy; thus LIBs
are expected to have a very favorable impact on building
an energy-sustainable economy [3, 4]. Figure 1 shows the
forecasted evolution of the LIBs demand in the future years
[5]; we think we will see economical battery-driven electric
vehicles sooner than most people expect.
Up to now, the vast majority of commercial LIBs rely,
at the cathode side, on transition metals oxides or phosphates active material (LiCoO2 [6], LiNiO2 [7], LiMnO2
[8], LiFePO4 [9], LiMnPO4 [10], etc.), while graphite is

commonly used as anode active material. Figure 2 is the
principle of a typical lithium ion battery; both anodes
and cathodes could shuttle lithium ion back and forth
between them. The electrolyte is usually made of polypropylene/polyethylene which contains lithium salts (i.e., LiPF6 )
in alkyl organic carbonates. The separator between anode
and cathode can allow the diffusion of Li ions from cathode
to anode during the charging and the reverse discharging
process.
The anode is a crucial part in LIBs; therefore, the research
and the development on the current situation of anode
materials are one of the most important factors to determine
the performance of this device. An ideal anode material shall
meet the following requirements [11, 12]: (1) high specific
surface area and large exposed surface offering more lithium
insertion channels, (2) low volume change during Li ion
insertion/desertions process, which is important for good
cycling stability, (3) large pore size and short paths for fast
lithium ion diffusion with high speed, which is crucial for
good rate capability, (4) low internal resistance which leads to
fast charging and discharging, (5) low intercalation potential
for Li, (6) low price, (7) environment friendly. Based on the
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Table 1: Comparison of advantages and limitations of TiO2 and other anode materials [11–15].
Theoretical capacity
(mA h g−1 )

Materials
TiO2

330

Metal oxides (CuO, NiO, Fe3 O4 , etc.)

500–1200

Carbon

Advantages

Common issues

Fast lithium ion diffusion; low cost;
environmentally friendly; good
safety

Low capacity; low electrical
conductivity; poor rate capability

High capacity; high energy; low cost
Good working potential; low cost;
good safety

372

Si

4200

High specific capacities

Sn

990

Good safety; low cost; good
electrical conductivity

100
80
LIB sales (GWh)

Poor cycling

and extraction from TiO2 occur according to the following
reaction [18]:

90

𝑥Li+ + TiO2 + 𝑥e− ←→ Li𝑥 TiO2

70
60
50
40
30
20
10
0

Low coulombic efficiency; unstable
SEI formation; low electrical
conductivity; poor capacity
retention
Low coulombic efficiency; high
irreversible capacity
Large irreversible capacity; poor
cycling

1998 2000
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2015

2018

Year

Electric-powered vehicles
Consumer use

Figure 1: Forecasted expansion in demand for lithium ion batteries.
Reprinted from [5].

Li ion storage mechanisms, anode materials can be classified into the following categories: carbon based materials,
such as graphite, amorphous carbon, carbon nanotubes, and
graphene; alloy/dealloy materials, such as Si, Sn, Ge, Al,
and Bi; transition metal oxides (Mx Oy , M = Cu, Mn, Fe,
Co, Ni, etc.); metal sulphides; metal phosphides and metal
nitrides [13–15]. Figure 3 shows the potential versus Li/Li+
and the corresponding capacity density of some potential
active anode materials. In the whole, transition metal oxides
always have relatively higher potential and capacity.
Among these transition metal oxides, TiO2 is one of the
most promising anode candidates for LIBs, which exhibits
excellent structural stability, high discharge voltage plateau
(more than 1.7 V versus Li+ /Li), excellent cycling stability,
environmentally friendly, high safety, and low cost [16, 17].
However, some limitations of TiO2 exist as well, such as low
capacity, low electrical conductivity, and poor rate capability.
Table 1 compares advantages and limitations of TiO2 and
other anode materials. The reversible lithium ion insertion

(1)

where 𝑥 can range between 0 and 1, depending strongly on the
TiO2 polymorph, particle size, and morphology. Therefore,
the electrochemical performance of TiO2 highly depends on
their structural parameters such as crystallinity, size, morphology, polymorphs, and specific surface area. Table 2 summarizes the structural and electrochemical profiles of various
TiO2 polymorphs [19]. Amongst these, the anatase, rutile,
brookite, and bronze phases of TiO2 have been reported
for LIBs applications. However, there are some problems
which exist in practical application, that is, low electrical
conductivity (10−12 –10−7 s cm−1 ) and diffusion coefficient of
lithium ions (10−15 –10−9 cm2 s−1 ), always leading to the poor
rate capability of TiO2 anodes, which result from their low
electric conductivity with the lack of open channels [20–22].
Based on the analysis of shortcomings of TiO2 anodes,
several different strategies have been developed to address
these issues of TiO2 -based anodes and summarized in this
review, such as designing different nanostructured TiO2 ,
coating or combining TiO2 with carbonaceous materials and
metal oxides to change the physical and chemical surface,
and selective doping with heteroatoms to form more open
channels and active sites for Li ion transport, as well as
increasing the intrinsic conductivity. Indeed, these methods
lead to many advantages in improving the capacity, cycling
stability, and rate capability of TiO2 .

2. Research on the LIBs Property of
TiO2 -Based Anodes
2.1. Different Structures. Different structures usually exhibit
unique performance based on their surface and structural
properties. Thus, various morphologies of TiO2 have been
synthesized to obtain superior electrochemical properties.
2.1.1. One-Dimensional Nanostructures. One-dimensional
(1D) nanostructures including nanorods, nanoneedles,
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Figure 2: Schematic representation of lithium insertion/deinsertion mechanism for current rechargeable lithium battery.
Table 2: Structural and electrochemical properties of various TiO2 polymorphs [19].
Space group

Density (g cm−3 )

Tetragonal P42 /mnm

4.13

Anatase

Tetragonal 141 /amd

3.79

Brookite

Orthorhombic Pbcv

3.99

Monoclinic C2/m

3.64

TiO2 -II (Columbite)

Orthorhombic Pbcn

4.33

TiO2 -H (hollandite)

Tetragonal 14/m

3.46

TiO2 -III (baddeleyite)

Monoclinic P21 /c

TiO2 -R (ramsdellite)

Orthorhombic Pbmn

Structure
Rutile

TiO2 -B (bronze)

TiO1 -O I

Orthorhombic

TiO2 -O II

Orthorhombic

3.87

nanotubes, nanofibers, and nanowires could serve as
an electron express way along the axial direction for
electron collection due to a shorter collection time for
the efficient electron transportation [31, 32]. For example,
single-crystalline TiO2 nanowires have an electron mobility
of ∼1 cm2 V−1 s−1 , nearly 1-2 orders higher than that of
polycrystalline nanoparticles [33, 34]. Thus, 1D nanostructure
is conductive to shorten the diffusion length for electrons
and lithium, increase the electrode/electrolyte interfacial

Lattice parameter values
𝑎 = 4.59,
𝑐 = 2.96
𝑎 = 3.79,
𝑐 = 9.51
𝑎 = 9.17,
𝑏 = 5.46,
𝑐 = 5.14
𝑎 = 12.17,
𝑏 = 3.74,
𝑐 = 6.51,
𝛽 = 107.298
𝑎 = 4.52,
𝑏 = 5.5,
𝑐 = 4.94
𝑎 = 10.18,
𝑐 = 2.97
𝑎 = 4.64,
𝑏 = 4.76,
𝑐 = 4.81,
𝛽 = 99.28
𝑎 = 4.9,
𝑏 = 9.46,
𝑐 = 2.96

Lithiation quantity (mole)
Bulk
Nano
0.1

0.85

0.5

1.0

0.1

1.0

0.71

1.0

area, and accommodate volume changes arising from the
lithium ion insertion/extraction process [35]. Moreover, due
to the unique structural flexibility, 1D material with good
mechanical properties has potential in various binder-free
and flexible electronics and photonics [36–38].
1D TiO2 with different nanostructure (Figure 4) including nanotubes, nanofibers, and nanorods has been designed
for high performance anodes in LIBs. The significance of 1D
TiO2 on battery performance was demonstrated by several
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Figure 3: Comparing of some potential anode materials for lithium
ion batteries.

groups. Tammawat and Meethong reported that anatase TiO2
nanofiber anodes were directly used as an anode active material in LIBs without an additive or a binder. The nanofibers
exhibited a high lithium storage capacity, a stable cycle life,
and good rate capability [39]. The enhanced reversible capacity and cycling performance of the anatase TiO2 nanofibers
are attributed to the large surface area of the nanofibers, small
nanocrystalline size, large Li nonstoichiometric parameters,
and the increased electronic conductivity. Armstrong et al.
prepared TiO2 nanowires; these unique structures gave a
higher capacity of 305 mA h g−1 compared to 240 mA h g−1
of bulk TiO2 [40–42]. The enhanced capacity closely related
to the good electronic conductivity and large surface area.
Wei et al. reported a highly ordered anodic TiO2 nanotube
arrays with a tube length of 9 mm. These nanofibers exhibited significantly better microbattery performance (i.e., areal
capacities, rate capability, and cycling stability) than both
previously TiO2 -based electrodes and other 3D microbattery
electrodes. They suggested that the enhanced performance
depends strongly on the long range ordering and crystallinity
of the nanotube structures [18]. Wang et al. prepared a
hybrid Li ion capacitor based on TiO2 nanobelt array and
graphene hydrogels cathode. It is found that the densities
of the capacitor can reach an energy density of 21 W h kg−1
and a high power density of 19 kW kg−1 [43]. The above
studies also show that self-ordered 1D nanoarchitectures
grown directly on a current collector are helpful to have
a regularly oriented property and good contact with the
current collector, enhancing the lithium ionic and electrical
conductivities. Designing 1D structure is an effective way to
improve the Li storage properties of TiO2 .
2.1.2. Two-Dimensional Structure. Two-dimensional (2D)
nanomaterials often have large exposed surfaces and specific
facets, which is very effective in high energy storage applications such as LIBs and supercapacitors. More importantly,
2D nanostructures can offer short ion diffusion length and
open charge transport channel for electrolyte penetration

and buffer the volume variations during the Li ion intercalation/deintercalation process [45–48]. Lithium insertion
in this kind of material is just like surface lithium storage;
both sides of 2D structure can store lithium ion, which can
meet the requirement of fast and more lithium storage. A
large number of 2D nanomaterials have been explored as
anodes for LIBs, including graphene [49, 50], transition metal
dichalcogenides (MoS2 , WS2 ) [51, 52], ternary transition
metal carbides (Ti3 C2 , Ti2 C) [53–55], and metal oxides
(V2 O5 , MoO3 ) [56, 57].
For TiO2 , 2D structures could provide stable framework,
effective grain boundaries, and short path for lithium ion
diffusion and storage compared with 0D nanoparticles and
1D nanostructures. Significant efforts have been made on the
fabrication of 2D TiO2 materials. Li et al. synthesized mesoporous TiO2 nanoflakes with size of 10–20 nm via hydrothermal methods using Ti(SO4 )2 as titanium source and NaOH
solution as alkaline medium. The result of electrochemical
performance test shows that the prepared TiO2 nanoflakes
with shorter calcining time have high discharge specific
capacity (261.5 mA h g−1 ) and good cycling performance [25].
In the process of heat treatment, longer calcining time results
in uneven nanometer size and obvious reunion phenomenon.
Shorter calcining time usually leads to more stable structure
and higher specific surface area. Thus, both the lithium storage specific capacity of TiO2 and the cycling stability of the
battery can be improved [25]. Zhu et al. first synthesized the
mesoporous single-grain layer anatase TiO2 nanosheets using
a simple and easily reproducible method. The obtained TiO2
nanosheets exhibited a discharge capacity of 73 mA h g−1 with
obvious voltage plateaus over 4000 cycles, highlighting them
as promising anode material for long-term LIBs [58]. Wu
et al. demonstrated a simple and green approach for the
synthesis of anatase petal-like TiO2 nanosheets; the unique
structure showed high capacity and good cycling stability.
This is because obtained petal-like TiO2 nanosheets showed
a comparative surface area of 28.4 m2 g−1 , which should
provide shorter diffusion distance for Li ions and should be
beneficial for electrochemical performance of the electrode
[29]. Some typical TiO2 nanosheets used in the lithium
storage were listed in Table 3. It can be seen that 2D TiO2
nanosheets exhibit the superior capacities, improved cycling
stability and rate capabilities, owing to unique exposed facets,
shortened path, and reserved porous structures.
2.1.3. Three-Dimensional Porous Structure. Recently, threedimensional (3D) porous structure materials exhibiting interesting electrochemical performance in LIBs have attracted
more attention, due to their special nature including highly
exposed skeleton, tunable pore size, high porosity, high
specific surface area, and low bulk density [59, 60]. As
described, first, the unique structure is conductive to enhance
the diffusion kinetics for its short diffusion paths for Li ions.
Second, the pores are beneficial to enable easy infiltration of
electrolyte and fast liquid-phase Li ion diffusion, reducing the
concentration polarization and increasing rate performance
and capacity of the cell. Third, the continuous network of
3D porous structure can provide better electrical conductivity
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Figure 4: SEM images of different kinds of 1D TiO2 nanostructures. Thin wall TiO2 nanotubes ((a) and (b)), nanofibers (c), and nanorods
(d). Reprinted from [18, 38, 44].
Table 3: The capacity of reported 2D TiO2 materials for lithium storage.
Number

Structures

1
2
3
4
5
6
7
8

9

Performance

Ref.

Reversible capacity

Charge/discharge rates

Carbon-supported ultrathin anatase TiO2
nanosheets

∼150 mA h g−1

850 mA g−1

[23]

Anatase TiO2 nanosheets

∼150 mA h g−1

1675 mA g−1

[24]

TiO2 nanoflakes

∼261 mA h g

2D rutile TiO2 -MoO3 hybrid structure
Mesoporous TiO2 nanobelts and
graphene sheets

−1

−1

33 mA g

[25]

−1

∼240 mA h g

600 mA g−1

[26]

∼430 mA h g−1

1500 mA g−1

[27]

TiO2 hollow spheres

∼148 mA h g−1

850 mA g−1

[28]

Mesoporous anatase TiO2 sheets/rGO

−1

∼161 mA h g

335 mA g−1

[12]

petal-like TiO2 nanosheets

−1

∼180 mA h g

400 mA g−1

[29]

∼170 mA h g−1

850 mA g−1

Sandwich-like, stacked ultrathin titanate
nanosheets

∼155 mA h g−1

1700 mA g−1

∼135 mA h g−1

3400 mA g−1

compared to loosely connected particles. Forth, the porosity
in 3D structure should help in accommodating volume
change during charging/discharging process and maintaining
the structural integrity of the electrode [61, 62]. Up to
now, different hollow structures such as hollow spheres,
nanoboxes, and nanotubes are explored to be used as high

[30]

performance LIBs anodes [63–66]. And the same happens for
TiO2 ; the introduction of porosity into TiO2 nanomaterials
also can improve the cycling stability and increase the capacity at high charge-discharge rates due to the increased contact
surface area and shortened path length for diffusion of Li
ions [67–70]. Highly crystalline, nonordered mesoporous
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Figure 5: The morphology of different hollow TiO2 structures. Reprinted from [67, 68, 73, 74].

TiO2 nanocrystalline with high specific surface area and
having anatase as the dominant phase have been reported
by Gerbaldi and other researchers, which showed very high
rate capability and excellent stability upon very prolonged
cycling [71, 72]. Besides, the storage characteristics of the
mesoporous samples in lithium test cells were reported, and
a close correspondence between the structural properties of
materials and the electrochemical performance was studied.
The presence of mesopores is thought to be important for
high rate performances and favorable for electrolyte ions
transport. Lou’s group recently reported the TiO2 hollow
spheres and submicroboxes, owing to the high surface area,
porous shells, and small primary nanoparticles; these TiO2
hollow structures possess significantly improved lithium
storage properties with superior lithium storage properties
in terms of high specific capacity, long-term cycling stability,
and excellent rate capability [73, 74]. Figure 5 shows the
typical morphology of different hollow TiO2 structures, all of
which exhibit outstanding electrochemical performance.
2.2. Coating or Combining TiO2 with Carbonaceous Materials.
Carbon materials such as active carbon, carbon nanotubes,
and graphene have been extensively used for sorption, sensing, photocatalyst, electrocatalyst, and energy storage applications, owing to their abundance, accessibility, low health

risk, suitable surface areas, and extreme chemical and thermal
stabilities [75–80]. Especially in LIBs and supercapacitors,
carbon materials are very popular for their superior conductivity, good chemical stability, and mechanical property [81–
84].
2.2.1. Carbon Coating. Carbon coating is an effective and
common approach to improve the electrochemical performance of the anode materials. The role of carbon has also
been studied, such as reducing the charge transfer resistance
and improving the Li ions diffusion, enhancing electron
transport, buffering the large volume changes during the
charge/discharge process, and acting as a passivation layer to
prevent the aggregation of active materials [66, 85, 86]. Some
research has proved that the SEI (solid electrolyte interphase)
film for carbon coated materials was found to be much
thinner than the SEI film on uncoated active materials; thus,
initial charge-discharge efficiency can be greatly enhanced
[87, 88]. For example, Xia et al. investigated the effect of
carbon coating on TiO2 ; these TiO2 /carbon hybrids could
enhance electronic conductivity and provide flexible space
for suppressing the large volume expansion during cycling
[89]. E. Portenkirchner reports that the anatase TiO2−𝑥 -C
nanotubes demonstrate a superior Li storage capacity as high
as 320 (±68) mA h g−1 , nearly twice as high as pure TiO2−𝑥 .

Journal of Nanomaterials

7

500 nm
(a)

200 nm

(b)

Figure 6: The morphology of carbon coated TiO2 spheres and their cycling performance. Reprinted from [91].

Electrochemical impedance spectroscopy reveals smaller
charge transfer resistances for TiO2−𝑥 -C nanotubes at the
solid/liquid interface which improves the transfer of lithium
ions from the electrolyte into the electrode [90]. Besides,
the composites also showed higher initial charge-discharge
efficiency compared to pure TiO2 ; the reason can be ascribed
to the formation of thinner SEI films. Zheng and coworkers prepared nitrogen-containing carbon modified porous
TiO2 composites. The as-prepared composites also exhibited
enhanced rate performance and superior cyclability for LIBs
compared to pure TiO2 (Figure 6). The study indicates that
N doping is favorable to improve the electronic conductivity
and the composites possessed much lower charge transfer
resistance than that of TiO2 [91].
2.2.2. Combining TiO2 with Carbon Nanotubes (CNTs). In
recent years, CNTs have been approved to be a good anode
material for lithium batteries due to their unique 1D structure,
high conductivity (106 S m−1 for single-walled carbon nanotubes and >105 S m−1 for multiwalled carbon nanotubes),
low gravity (0.8–1.8 g cm−3 ), high mechanical properties
(Young’s modulus of the order of 1.2 TPa), and high surface
area (>100 m2 g−1 ) [92–96]. Some studies showed that CNTs
could exhibit reversible capacities anywhere from 300 to
1000 mA h g−1 after chemical treatment; the value is significantly higher than the theoretical capacity of graphite
(320 mA h g−1 ) [97–100]. Numerous CNTs conjugated with
a variety of nanostructured materials and metal oxides
have been synthesized to obtain good electrochemical performance [101–103]. For example, CNTs@TiO2 composites
have been synthesized by controlled hydrolysis of titanium
isopropoxide over CNTs (as shown in Figures 7(a) and 7(b)).
When CNTs are used as lithium ion battery electrodes, their
inclusion is beneficial for an extreme enhancement of the rate
capability of lithium ion uptake and release in TiO2 ; it also
favors the interfacial lithium ion intake from the solution
by reducing the inherent charge transfer resistance. CNTs
efficiently provide electrons to the nanostructure through the
formation of Ti-C bonds, then effectively assisting lithium ion
incorporation [104]. Zhao’s group synthesized TiO2 /CNTs
composite through chemical vapor deposition method. The
in situ synthesized composite showed better electrochemical

performance (high specific capacity and long-term cycling
stability) than the pristine TiO2 . This is because CNTs in the
composites not only supply an efficient conductive network
but also keep the structural stability of the TiO2 particles,
ultimately resulting in the improved electrochemical performance [105].
2.2.3. Combining TiO2 with Graphene. Graphene is a single
atomic plane of graphite and consists in a honey comb network of sp2 carbons bonded into two-dimensional sheets
with nanometer thickness, due to its unique properties, including high intrinsic carrier mobility (200 000 cm2 V−1 s−1 ),
relevant mechanical strength, excellent conductivity
(5000 W m−1 K−1 ), high optical transmittance (∼97.7%), large
theoretical specific surface area (2630 m2 g−1 ), and superior
mechanical strength which make graphene a suitable anode
material for LIBs [105–111]. Besides, the rich functional
groups on the surface of graphene make it an appealing 2D
substrate for the anisotropic growth of different kinds of
active materials [112, 113]. For example, Fang el al.’s group
prepared novel mesoporous graphene nanosheets with an
excellent reversible capacity of 833 mA h g−1 after 60 cycles
[114]; this capacity is much higher than the theoretical
lithium storage of graphite. This can be ascribed to the
high contact surface area for lithium ion adsorption and
intercalation, as well as edges and other defects. Thus, many
synthetic strategies have been reported for TiO2 /rGO hybrid
nanostructures; Ti-C bond in the hybrids is crucial for rapid
interfacial charge transferring. Etacheri et al. chemically
bonded mesoporous TiO2 nanosheets to rGO sheets through
a photocatalytic reduction method, resulting in the formation
of Ti3+ -C bonds between TiO2 and rGO. These TiO2 /rGO
hybrid nanostructures demonstrate superior specific
capacity, excellent rate capability, and capacity retention
compared to a physical mixture of TiO2 and rGO [115].
The reason can be attributed to the higher electrochemical
performance of TiO2 /rGO hybrid nanostructures to efficient
interfacial charge transfer between TiO2 nanosheets and
rGO, which is fostered by Ti3+ -C bonds. Figure 8 shows the
SEM and digital images of TiO2 /rGO hybrid films; insets in
Figure 8(b) display the flexibility of the corresponding films
upon bending. The high flexibility of graphene could be an
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Figure 7: (a) and (b) are the TEM images of CNTs@TiO2 nanocomposite material. Reprinted from [105].
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Figure 8: (a) and (b) are the SEM and digital images of TiO2 /rGO hybrid films, respectively. Insets display the flexibility of the corresponding
films upon bending. Reprinted from [116].

excellent supporting matrix or coating layer to accommodate
the volume change during the charge/discharge process. This
is crucial for maintaining the good cycling stability [116].
2.3. Combining Metal Oxides with TiO2 . Combining different
physical and electrochemical properties of components with
TiO2 and utilizing the respective advantage to increase the
capacitance are a feasible method, such as using high conductive materials (conducting polymers) [117, 118], increasing the
surface area (carbon nanotubes) [104, 105], and using high
performance redox-active transition metal oxides (MnO2 )
[119]. Among the above materials, metal oxide coatings can
efficiently improve the capacitive performance of the materials through intruding synergistic effects into an electrode
system, such as in SnOx @TiO2 core-shell composites, due to
the nearly zero volume change of TiO2 in insertion of Li+ ions
process, making it suitable as a backbone or protective layer
for SnOx to restrain the pulverization and achieve an excellent
high rate cycling ability and good cycling stability [120–123].
Recently, synergistic TiO2 -MoO3 core-shell nanowire arrays
were prepared via a facile hydrothermal growth of ordered
TiO2 nanowires followed by a subsequent controllable electrodeposition of nano-MoO3 . The composites exhibited high

gravimetric capacity, good rate performance, and cycling
stability. Figure 9 is the SEM images of the pristine TiO2
nanowire array and optimized TiO2 -MoO3 hybrid array
anode with different magnifications. The strong synergistic
effect existing in this design can be summarized as follows:
(1) nearly negligible lattice changes during Li ion insertion/extraction, which is crucial to maintain excellent cycling
stability. (2) The electrodeposited MoO3 shell provides both
reversible large capacity and good electrical conductivity
for its nanosize effect and intrinsic characteristics. (3) The
TiO2 nanowire array can provide direct electron transport
pathway between active material and current collector; Li
ions can easily intercalate into the composites, manifesting an
excellent rate capability and a significantly improved cycling
performance [124]. Other transition metal oxides coating
TiO2 composites were also deeply investigated, such as TiO2 V2 O5 , TiO2 -CoO, and TiO2 -SnO2 [125–128].
2.4. Doping with Ion or Atom Dopants. For the low electrical conductivity and ion diffusivity of TiO2 , doping with
appropriate ions or atoms is advantageous since this method
can improve the intrinsic nature of TiO2 by adjusting its
electronic structure, increase the internal surface area and
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Figure 9: (a) SEM images of the pristine TiO2 nanowire array. (b)–(d) SEM images of the optimized TiO2 -MoO3 hybrid array anode with
different magnification. Reprinted from [124].

electrical conductivity, and form more open channels and
active sites for Li ion transport via the expanding interplanar
spacing of TiO2 lattices [129, 130]. The reported dopants
include Fe3+ [131], Ti3+ [132], Sn4+ [133], B [134, 135], and N
[136], all of which show beneficial effect on increasing the
electrical conductivity more or less.
2.4.1. Ion Dopants. Doping Ti3+ in the TiO2 structure can
provide conduction band electrons and undoubtedly improves its conductivity, which also helps to increase the
reversible capacity. Ren et al. presented a simple and controllable method to prepare the Ti3+ doped TiO2 by a solvothermal process at lower temperature. The doped TiO2
nanoparticles showed much enhanced electrochemical performance in reversible capacity, rate performance, and stability comparing with the pure TiO2 [132]. This is because Ti3+
doping can increase the electrical conductivity of TiO2 . Liu et
al. synthesized Ti3+ doped TiO2 nanotube arrays which also
exhibited excellent lithium ion intercalation performance
with an initial discharge capacity of 101 mA h g−1 at a high
current density of 10 A g−1 [137]. The much improved lithium
ion intercalation properties were attributed to the easy phase
transition promoted by the surface defects, that is, Ti-C,
Ti3+ , and O2− vacancies, which could serve as nucleation
centers. In addition, the rate performance was also improved
due to the enhanced electrical conductivity. Sn4+ , Fe3+ , and

other metal ions were also investigated as dopants to improve
the electrochemical performance [133, 138]. Kyeremateng
and coworkers reported that the Sn doped TiO2 nanotubes
delivered much higher capacity values compared to simple
TiO2 nanotubes. The outstanding electrochemical behaviour
is proposed to be related to the enhanced lithium diffusivity
evidenced with Cottrell plots (Figure 10) and the rutile-type
structure imparted with the Sn doping. The results showed
that lithium ion insertion into Sn doped TiO2 is about 40
times faster than into undoped TiO2 [133].
2.4.2. Atom Dopants. Atoms doping is also a useful technique
to increase the internal surface area and electrical conductivity of anode materials. For example, boron (B) and nitrogen
(N) doping had been proven to be an effective strategy
for improving the electrochemical performance of carbon
materials [139–143]. For example, B doped graphite has a
larger lattice constant value, 𝑎0 , and a smaller 𝑑002 distance
than ideal graphite, due to replacement of the carbon atoms
with boron [144], leading to increases in both the crystallinity
and electronic property of carbon as a Li-host material.
Jeong et al. synthesized B doped TiO2 materials through
a simple one-pot process. The doped sample containing a
relatively large amount of B possesses cylindrical pores that
are favorable for lithium ion transfer, leading to the highest
diffusion coefficient. Consequently, the doped anodes exhibit
significantly improved cyclic capacities compared to the
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Figure 10: Cottrell plots for the determination of Li+ diffusion
coefficients in TiO2 and Sn doped TiO2 . Reprinted from [133].

nondoped TiO2 sample [134]. Furthermore, nitrogen doping
has been proven to be an effective strategy for improving the
capacity of TiO2 . This is because nitrogen doping can improve
the electric conductivity as well as the ionic conductivity; after
introducing the N atoms, the distortion of Ti-O lattice can
affect the electrochemical reactions on the interfaces between
electrodes and the electrolyte, as well as lithium ion diffusion
in the Ti-O lattice [68, 145–147].

aiming to boost the electrochemical performance and promote the practical application of TiO2 have offered, including
fabrication of nanostructures with different morphologies
and sizes, modification by various coating materials (carbon
materials and metal oxides), elements doping. The unique
design allows achieving high lithium storage and good
cycling stability based on the high lithium ion flux at the
electrode/electrolyte interface, low internal resistance, short
paths for fast lithium ion diffusion, and low volume change
during Li ion insertion/desertions process. When combining
these exquisite features together, it is possible for maximizing
their electrochemical advantages to meet the present energy
demands.
Firstly, the performance of TiO2 depends strongly on its
particle size and morphology. Therefore, different structures
of TiO2 are explored to improve the electrochemical performance of TiO2 . In a second category, combining TiO2
with carbonaceous materials such as active carbon, CNTs,
and graphene, the composite anode materials can obtain
moderate conductivity, large surface area, good chemical
stability and mechanical property. In the third, metal oxides
such as Fe2 O3 , SnO2 , and MnO2 can provide larger capacities
and high energy density compared to pure TiO2 , which had
been combined to improve the overall anode performance.
Fourthly, for the low electrical conductivity and ion diffusivity of TiO2 , doping with appropriate ions or atoms is
advantageous since this method can improve the intrinsic
nature of TiO2 by adjusting its electronic structure and
forming more open channels and active sites for Li ion
transport via the expanding interplanar spacing of TiO2
lattices.
Finally, from this short review, we can conclude that high
energy density, high cycle life, and high efficiency battery
will still be the mainstream in the future growth of lithium
batteries. In order to utilize the TiO2 -based materials as
effective anodes in commercial LIBs, interdisciplinary effort
in this area is however required.
Although considerable advances have been achieved in
improving the Li ion storage performance of TiO2 , several
fundamental issues are still needed to be solved. For example,
nanomaterials usually show large surface area, which leads to
more significant side reactions and results in low coulombic
efficiency. Besides, nanopowder has lower density compared
to the block material, which would reduce the volumetric
energy density of battery. The following two possible strategies may be helpful to solve the abovementioned problem: (1)
adopting surface modification or coating to reduce unnecessary side reactions; (2) designing hierarchical structures to
enhance the tap density of anode materials.
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Multiwalled carbon nanotube (MWCNT) enhanced MWCNT/TiO2 nanocomposites were synthesized by surface coating of carbon
nanotube with mixed phase of anatase and rutile TiO2 through a modified sol-gel approach using tetrabutyl titanate as raw material.
The morphological structures and physicochemical properties of the nanocomposites were characterized by FT-IR, XRD, DTA-TG,
TEM, and UV-Vis spectra. The results show that TiO2 nanoparticles with size of around 15 nm are closely attached on the sidewall
of MWCNT. The nanocomposites possess good absorption properties not only in the ultraviolet but also in the visible light region.
Under irradiation of ultraviolet lamp, the prepared composites have the highest photodegradation efficiency of 83% within 4 hours
towards the degradation of Methyl Orange (MO) aqueous solution. The results indicate that the carbon nanotubes supported TiO2
nanocomposites exhibit high photocatalytic activity and stability, showing great potentials in the treatment of wastewater.

1. Introduction
Treatment of the industrial wastewater, especially the organic
pollutants which are difficult to be biochemically degraded,
is currently viewed as an active research area [1, 2]. Titanium
dioxide (TiO2 ) is an environmental-friendly photocatalyst
material due to its high catalytic activity, thermal stability,
strong oxidizing power, and nontoxic, low cost, and other
unique advantages [3–5]. However, its photoefficiency is not
high enough and the speed of ultraviolet photoresponse is not
satisfactory [6, 7]. On the other hand, there is a measurable
reduction in the photocatalytic activity for the recycled use of
the photocatalysts. The disadvantage of TiO2 semiconductor
is that it only absorbs a small portion of solar spectrum in the
ultraviolet region, which limits its applications. Therefore, the
development of modified TiO2 with enhanced visible light
induced properties is needed to increase the photocatalytic
activity for the organic pollutants [8–10].

Carbon nanotube (CNT) is a new category of carbon
structure, which was founded in 1991 by Iijima [11]. The
ideal carbon nanotubes own seamless, hollow tube structure
rolled by graphite surfaces slice layer composed of hexagon
carbon atom. According to the number of graphite surface
layers, they can be divided into single walled carbon nanotube
(SWCNT) and multiwalled carbon nanotube (MWCNT).
CNTs are considered to be ideal catalyst carriers due to
their huge specific surface area, remarkable chemical stability,
unique electronic structure, nanoscale hollow tube property,
and good absorbability [12–15].
It was demonstrated in the paper that CNTs are regarded
as the carrier of TiO2 nanoparticle with the aim of improving
the photocatalytic activity effectively and make TiO2 easy to
recycle. Herein, MWCNT/TiO2 nanocomposites were synthesized by surface coating of carbon nanotubes with anatase
and rutile types TiO2 through a modified sol-gel approach
using tetrabutyl titanate as the raw material. The obtained
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Figure 1: Typical SEM morphology of (a) modified MWCNT and (b) MWCNT/TiO2 nanocomposites.

(a)

(b)

Figure 2: Typical TEM images of acid modified MWCNT coated with nanosized TiO2 materials in low magnification (a) and high magnification (b).

photocatalysts exhibit higher performance for Methyl Orange
(MO) than pure TiO2 .

2. Results and Discussion
The morphology and microstructure of the acid modified MWCNT and MWCNT/TiO2 nanocomposites were
observed by Scanning Electron Microscope (SEM) and transmission electron microscope (TEM) investigations, respectively. As shown in Figure 1(a), the acid modified MWCNTs were dispersed uniformly with no or less aggregation.
The weaved interconnected networks of carbon nanotubes
contribute largely to the homogenous supporting of photocatalyst nanoparticles. After being supported by TiO2
photocatalysts, as shown in Figure 1(b), the interval space of
these weaved MWCNT networks was filled with nanosized
TiO2 .
In the TEM image with low magnification (Figure 2(a)),
MWCNTs coated with TiO2 nanoparticles are identified with
minor agglomeration of MWCNT. From the TEM image
with higher magnification (Figure 2(b)), it can be seen that
the TiO2 nanoparticles with an average size of 15 nm are
closely attached on the walls of MWCNT, which agrees
with the XRD results below. Furthermore, the long and

tube-like aperture structure of carbon nanotubes with large
surface area contributes to the adsorption of the organic
molecules. On the other hand, it is observed that the surfaces
of MWCNT were not fully covered by TiO2 nanoparticles,
since the number of active sites on MWCNT generated by
the acid treatment is not sufficient for the full covering [16].
Figure 3 presents the Fourier transform infrared (FT-IR)
spectroscopy spectrum of MWCNT/TiO2 nanocomposites.
The appearance of two strong absorption peaks at 2920 cm−1
and 2850 cm−1 is attributed to symmetrical and asymmetric
telescopic vibration of methylene group (-CH2 -) of carbon
nanotubes, which indicates that the methylene structure of
carbon nanotubes is not destroyed. Two absorption peaks at
1728 cm−1 and 1160 cm−1 demonstrate the formation of carboxyl groups and carbonyl groups in the modification stage
[17]. Additionally, the band in the low wavenumber around
670 cm−1 in the spectrum corresponds to the characteristic
absorption peak of TiO2 [18].
In order to describe the crystalline structure of the
obtained nanocomposites, X-ray diffraction (XRD) spectra
were involved in the characterization. As shown in Figure 4,
a characteristic diffraction peak at 2𝜃 = 26.23∘ is the typical
feature of carbon nanotubes. In curve (b), the peaks at 2𝜃 =
25.33∘ and 27.48∘ are attributed to anatase and rutile structure
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of TiO2 , respectively [19]. The main characteristic diffraction
peak of carbon nanotubes at 25.33∘ is overlapped with
characteristic feature of TiO2 . Furthermore, the obtained
TiO2 particles with around 15 nm were calculated by Scherrer
equation using the peak of 2𝜃 = 25.33∘ [20], which is
consistent with TEM images.
In order to evaluate and confirm the chemical compositions of the prepared samples, differential thermal analysis and thermogravimetric (DTA-TG) analysis of carbon
nanotubes and MWCNT/TiO2 nanocomposites is shown in
Figure 5. There is an obviously exothermic peak at 650∘ C,
which is attributed to the peak of carbon nanotube. TG curve
shows that a weight loss happens at 600∘ C and it can be supposed that the framework of carbon nanotubes was destroyed
and then volatilized. The loading amount of MWCNT in the
MWCNT/TiO2 nanocomposites is about 12 wt.%, which is in
agreement with the results of previous reports that the low
ratio of carbon-based supporter contributes to the dispersion
of catalysts on the supporters [21].
Figure 6 shows the UV-Vis spectra of the pure TiO2 ,
MWCNT, and MWCNT/TiO2 nanocomposites. The absorption spectrum for the composites in 400 nm is much higher
than that of pure TiO2 . The composites also have stable

absorption in the region of visible light from 400 to 800 nm
with slight increase of absorption intensity between 700
and 800 nm in the wavelength. The composites have good
absorption properties not only in the ultraviolet area but also
in the visible light region, which is of significance for us to
exploit and utilize solar energy resources in the application
of environmental remediation [22].
To explore the photocatalytic activity of MWCNT/TiO2
nanocomposites, photocatalytic experiments are performed
using MO as the model pollutant under irradiation of
ultraviolet lamp. Figure 7 shows the relation of the irradiation
time and the degradation of MO by MWCNT/TiO2 , pure
TiO2 , and MWCNT. The prepared composites have higher
degradation efficiency than pure TiO2 , which is comparable
with the previous result that metal-doped TiO2 (P25) has a
much higher photocatalytic activity than pure TiO2 with a
degradation ratio of less than 10% under visible light and
around 30% even under a 500 W high-pressure Hg lamp
[23]. Within 4 h, the highest photodegradation efficiency can
reach 83%. However, only about 53% and 34% of MO were
degraded by using pure TiO2 and MWCNT, respectively.
The photocatalytic activities of TiO2 were largely improved
through the addition of MWCNT. The reason can be concluded as follows: firstly, MWCNT can absorb dissolved
oxygen and organic matter on the outside of its surface due to
the large surface area and special aperture structure; secondly,
MWCNTs are eminent electronic conductors that can orderly
export electrons from the surface of TiO2 and quickly reduce
electronic accumulation on TiO2 [24, 25].

3. Experimental Section
3.1. Materials. MWCNT (diameter 10–20 nm, length 1-2 𝜇m,
purity: 98%, and ashes 0.2 wt.%) was purchased from
Nano Port of Shenzhen Inc.; tetrabutyl titanate (CP) and
other chemicals were purchased from Sinopharm Chemical
Reagent Limited Corporation.
3.2. Purification of MWCNT. 1.0 g MWCNT were acidified
in a mixed solution of concentrated sulfuric (98%) and
nitric acids (65%–68%) with a volume ratio of 3 : 1 under
ultrasonication at 70∘ C for 3 h. Then, the MWCNTs were
separated by filtration, followed by the washing with distilled
water until pH = 7. The purified MWCNTs were dried at 100∘ C
and ground for the further using.
3.3. Preparation of MWCNT/TiO2 Composites. In a typical
experiment for the preparation of composites, titanium
dioxide coated MWCNT was prepared by the following procedure. A precursor solution was prepared by the mixing of
5 mL of ethanol and 1.5 mL of glacial acetic acid as inhibitors.
20 mL of tetrabutyl titanate as a TiO2 precursor was added
dropwise to the solution under stirring. The resulting solution
was designated as A. 20 mg of surface modified carbon
nanotubes was dispersed in a mixture solution of nitric acid,
deionized water, and ethanol. After ultrasonic vibration for
20 min, the obtained suspension was mixed with solution A
under constant stirring until the gel formation. The gel was
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aged for 48 h at room temperature, followed by the drying
in air at 105∘ C for about 8 h and the further grinding to a
powder. The powder was then calcined at 450∘ C in air for 2 h
to produce MWCNT/TiO2 nanocomposites.
3.4. Photocatalytic Degradation Experiment. 200 mg nanocomposites were added into 250 mL Methyl Orange (MO)
solution with concentration of 20 mg/L. After the pH value
of degradation solution was adjusted to about 3, the solution
under vigorous stirring was irradiated by 200 W medium
mercury lamp with a main wavelength of 365 nm (Beijing
Institute of Light Sources). The dispersion was kept in the
dark for 60 min for dark adsorption experiments, after which
photodegradation was carried out. The dark adsorption was
designed to be 60 min because the adsorption results indicate
that MO molecules were absorbed to saturation on the
surface of catalysts (data not shown). A certain amount of
aliquots (3 mL) was taken from solutions every 30 min to
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4

MWCNT/TiO2
TiO2
MWCNT

Figure 7: Effect of photocatalytic decomposition of Methyl Orange
with irradiation time.

determine the concentration of the sample. The concentration of the MO dye was monitored by UV-Vis spectroscopy
by recording the absorbance of the characteristic peak of MO
at 465 nm. The change of MO concentration was regarded as
the evaluation of photocatalytic activity of the composites.
3.5. Characterization and Testing. The FT-IR spectra were
recorded on a Shimadzu IR-440 infrared spectrometer. The
morphology of the particles was observed by JEM-1230
transmission electron microscope and JSM-5610LV scanning
electron microscope. DTA-TG measurement was carried
out in static air condition at room temperature. The X-ray
diffraction (XRD) patterns were recorded by a PANalytical
X’Pert PRO diffractometer operating at 50 kV with Cu k𝛼
radiation. The XRD intensity was measured by step scanning
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in the 2𝜃 range 10∘ –70∘ with a step of 0.0167∘ . The UV-Vis
spectra of the powder solids were measured on TU-1901 UVVis spectrophotometry.

4. Conclusions
In conclusion, MWCNT-based MWCNT/TiO2 nanocomposites have higher photocatalytic activity than single TiO2
photocatalyst for the degradation of MO aqueous solution
under ultraviolet light irradiation, which is attributable to
the uniform coating of TiO2 nanoparticles and widening of
absorption wavelength. This study provides an avenue for the
preparation of carbon nanotube-based photocatalysts that
utilize ultraviolet as an energy source in the application of
environmental remediation. Researches on the composites
of including both highly dispersed TiO2 nanoparticles and
highly dispersed carbon nanotubes are anticipated.
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To improve the adsorption performance and regeneration ability of adsorbent, a simple method was designed to synthesize long
TiO2 nanotube/reduced graphene oxide (rGO-TON) hydrogel, which has good adsorption and regeneration capacity toward
ciprofloxacin. rGO-TON hydrogel could form 3D structure, which makes the separation and regeneration of adsorbent easy. For
comparison, commercial P25 particle is used to prepare composite hydrogel with rGO; the results showed that TiO2 nanotube
supports the graphene sheets better than P25 particles, which would reduce the agglomeration of graphene sheets. rGO-TON have
larger specific surface area (138.2 m2 /g) than rGO-P25 (79.4 m2 /g). In this paper, ciprofloxacin was chosen as target pollutants, the
rGO-TON obtain excellent adsorption capacity, and the maximum adsorption capacities of rGO-TON for ciprofloxacin calculated
from Langmuir model are 178.6 mg/g (𝑅2 = 0.9929), 181.8 mg/g (𝑅2 = 0.9954), and 108.7 mg/g (𝑅2 = 0.9964) for graphene oxide
(GO), GO-TON, and GO-P25, respectively. In regeneration, the adsorption capacity of rGO-TON and rGO-P25 has little reduced
after 5 cycles, while the adsorption capacity of rGO decreases to below 100 mg/g. Results of this work are of great significance for
environmental applications of regenerable long TiO2 nanotube/graphene oxide hydrogel as a promising adsorbent nanomaterial
for antibiotic pollutants from aqueous solutions.

1. Introduction
As the pharmaceuticals industry is blooming these years,
more and more antibiotics are polluted into the environment.
Moreover, they are usually deposited continuously and maintain stability for a long time in the ecosystem [1]. Ciprofloxacin is a kind of second generation fluoroquinolone antibiotic
which has been commonly used in various areas; however, it
has a high solubility in aqueous solution at various pH conditions and a high stability in soil and wastewater systems; thus
the removal of ciprofloxacin from water is very important
[2]. Various chemical and physical methods could be used
to remove antibiotic from wastewater [3], such as membrane
techniques [4], biodegradation [5], chemical oxidation [6–
8], adsorption [9–12], and ion-exchange [13]. Among them,

adsorption is widely used in water treatment as it is easily
operated with high removal efficiency. Thus, the adsorbent
disposal is necessary after adsorption process [14, 15]. At
present, there are two groups of regeneration methods [16]:
wet reclamation and dry reclamation. Thermal regeneration,
which is a kind of dry reclamation, is the most popular
method. However, if not combusted, it could produce pollutant gas. For overcoming these defects, microwave irradiation
has been increasingly investigated these years [17]. However,
in microwave method, some organic pollutants may volatilize
rather than mineralize, and it still could not be used for
continuous regeneration.
As a semiconducting metal oxide, titanium dioxide
(TiO2 ) is widely used due to its excellent photocatalytic

2
property [8]. Electrons could be excited from the valence
band to the conduction band while being irradiated by UV
light; during this process, electron-hole pairs are created.
Thus TiO2 possesses photocatalytic character. However, the
traditional photocatalytic degradation method has some
defect, such as the low usage of the light and the high consume
of the energy [18]. For TiO2 , electron-hole pairs are easy to be
recovered which may be faster than the pollutant degradation
rate. To overcome the defects in which the electron-hole
pairs are easy to be recovered which would reduce the
photocatalytic efficiency, a combination of TiO2 with carbon
nanomaterials has been considered as an efficient way [19].
Graphene oxide (GO) has a single layer two-dimensional
graphite structure with abundant oxygen functional groups
[20, 21]. Through treatment by reduction, GO could form
a reduced graphene oxide (rGO) hydrogel, which possesses
high adsorption capacity toward antibiotics [22]. GO has
great potential to promote fast electron transfer. Thus the
photoexcited electrons from TiO2 are transferred to GO to
hinder electron-hole recombination and to enhance oxidative
reactivity [23]. There have been many investigations which
reported the developments in the preparation of TiO2 /GO
composites for the removal of organic pollutants in water
[24, 25]. However, though GO has high adsorption capacity,
the regeneration ability is not well for reuse [26]. After the
addition of TiO2 into GO, the composite could be better
reused through photocatalytic degradation after adsorption.
Providing TiO2 with greater interracial contact with the
GO surface with lower aggregation is important to improve
the photocatalytic performance of GO-TiO2 composites as
this could promote the electron transfer and charge separation from TiO2 to GO [25]. Comparing with TiO2 nanoparticles, long TiO2 nanotubes (TON) have a higher specific
surface area and more active sites. Then, while TON and GO
have a greater degree of interfacial contact, charge separation
would be better; moreover, under higher aspect ratio of
TON, the photocatalytic property would be improved [27].
Therefore, we put forward a simple way for the preparation
of the rGO-TON hydrogel to remove ciprofloxacin from
aqueous solution. Rather than the traditional simultaneous
adsorption and photocatalytic degradation, the photocatalytic degradation is operated after adsorption in our study,
which would acquire better light availability because the
pollutant is more concentrated on the adsorbents after
adsorption. The separation of adsorption and photocatalytic
degradation would avoid the light scattering caused by external environment or the pollutants. For rGO-TON hydrogel
with a 3D microstructure, the separation and regeneration are
easy. The results of this work are of great significance for environmental applications of regenerable long TiO2 nanotube/
graphene oxide, as a promising adsorbent nanomaterial for
ciprofloxacin pollutants from aqueous solutions.

2. Materials and Methods
2.1. Materials. All chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), in
analytical purity and were used in the experiments without
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any further purification. All solutions were prepared using
deionized water.
2.2. Preparation. Graphite oxide was prepared using the
modified Hummers’ method [28–30]. To get GO solution,
graphite oxide is dispersed in deionized water and sonicated
in an ultrasound bath for 12 h. Commercial P25 (a mixture
of 80% anatase and 20% rutile with an average surface area
of 50 m2 /g, size 20–30 nm) was purchased from Degussa
Company, Essen, Germany.
TON is prepared by hydrothermal method [31]. 2.7 g
P25 powder is put into 300 mL sodium hydroxide solution
(8 mol/L), ultrasonic stirred for 2 h, and then magnetic stirred
for 5 h, so that the titanium dioxide was fully dissolved in
sodium hydroxide solution; then, the solution was transferred
into 150 mL polytetrafluoroethylene reactor, the reaction
kettle was put into stainless steel jacket, the reaction kettle was
assembled and put into the oil bath with the heat conduction
oil, and the rotating speed is maintained at 400 rpm, heating
up to 130 for 28 h; after the reaction, the reactor was
naturally cooled to room temperature; the mother liquor was
centrifuged at 4000 rpm for 20 min to obtain coarse product;
the filter cake was put into the water to rinse 5 times, until
the washing supernatant pH is 12; then hydrochloric acid
was added until the pH value of the solution was 2; then the
sodium titanate became a hydrogen titanate; the solution was
washed 4 times until the supernatant pH was 6, and then the
solution was put into the hydrochloric acid; the pH value of
the solution was adjusted to 2; after 5 hours, the sodium type
is converted into a hydrogen titanate type; through suction
filtration and freeze-drying, TON could be obtained.
TON (or P25) and ascorbic acid were put into the GO
solution and placed into an ultrasound bath for 5 h to form a
uniform solution. The mass ratio of GO to TiO2 was 2 : 1. The
mixed solution was heated under 90∘ C for 12 h to prepare a
hydrogel [2, 11]. The hydrogel without TiO2 was named rGO.
2.3. Characterization Methods. The material surface morphology of the material was tested by a field-emission
scanning electron microscopy (SEM, Hitachi, S-4800) and
transmission electron microscopy (TEM, JEOL, JEM-2010).
X-ray diffraction (XRD) was tested on a Bragg-Brentano
diffractometer (Rigaku, D/Max-2200) under monochromatic
Cu K𝛼 radiation (𝜆 = 1.5418 Å) in a graphite curve
monochromator, and the data was collected from 2𝜃 = 10∘ –
50∘ with a scan rate of 2∘ /min. The specific surface area and
pore parameters were measured using an Accelerated Surface
Area and Porosimetry system (Micromeritics, ASAP 2020),
calculated from the N2 adsorption/desorption isotherms at
77 K using BJH model.
2.4. Batch Sorption Experiments. To evaluate the ciprofloxacin adsorption on the adsorbents, batch experiments were
operated. Ciprofloxacin (200 mg) is dissolved in 1 L deionized
water 200 mg/L stock solution to obtain a 200 mg/L stock
solution. The stock solution was diluted with deionized
water to get the required concentrations. All the adsorption
experiments were operated in 100 mL flasks containing 10 mg
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Scheme 1: Preparation, adsorption, and regeneration process of rGO-TON.

adsorbent and 20 mL ciprofloxacin solutions with required
concentrations. The flasks were shaken in a thermostatic
shaker at 150 rpm at 298 K for 24 h in the dark. All the
adsorption experiments were made in duplicate and calculate
the mean values. To ensure that the decrease in the concentration was actually due to the adsorbent rather than by the
adsorption on the glass bottle wall, the blank experiments
were conducted without the addition of adsorbent. After
adsorption, the adsorbent was separated through a 0.45 𝜇m
membrane. The ciprofloxacin concentration is analyzed by
an ultraviolet spectrophotometer (Tianmei UV-2310(II)) at
270 nm for ciprofloxacin. After adsorption, the adsorbents
were placed in distilled water UV light for 24 h for regeneration. The above process was repeated 5 times to study
the ability of the photocatalytic technology to regenerate the
adsorbents.
The adsorption isotherm was studied under initial concentration from 1 mg/L to 200 mg/L at pH = 7, 25∘ C. The
adsorption capacity (mg/g) was calculated using
𝑞𝑡 = (𝐶0 − 𝐶𝑡 ) ×

𝑉
,
𝑚

(1)

where 𝐶0 is the initial concentration, 𝐶𝑡 is the concentration
of time 𝑡 (mg/L), 𝑉 is the initial solution volume (L), and 𝑚
is the adsorbent dosage (g).
Langmuir model, which assumes that the adsorbate forms
a monolayer on the homogenous surface of the adsorbent and
there is no interaction between the adsorbed molecules, is
used to analyze the adsorption isotherms shown in
𝐶𝑒
𝛼
1
=
+ ( 𝐿 ) 𝐶𝑒 ,
𝑞𝑒
𝐾𝐿
𝐾𝐿

Figure 1: Optic image of rGO-TON.

(2)

where 𝐾𝐿 (L/g) and 𝛼𝐿 (L/mg) are the Langmuir isotherm
constants and 𝛼𝐿 relates to the energy of adsorption. When
𝐶𝑒 /𝑞𝑒 is plotted against 𝐶𝑒 , a straight line will be obtained.

3. Results and Discussion
3.1. Morphology Characterization. The preparation process of
rGO-TON hydrogel for ciprofloxacin removal is shown in
Scheme 1. GO and TON were mixed to form a uniform solution first, and then the composite hydrogel could be formed
after hydrothermal treatment. The ciprofloxacin adsorption
on GO/TON was operated in dark. Thus the ciprofloxacin was
just adsorbed on GO/TON rather than being degraded. After
adsorption, the rGO-TON was treated under UV, and the
TON could degrade the ciprofloxacin. Thus the rGO-TON
could be reused for adsorption. Optic image of rGO-TON is
shown in Figure 1.
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Figure 2: SEM images of rGO-P25 (a, b) and rGO-TON (c, d).

To investigate the morphology of rGO-P25 and rGOTON, the SEM analysis is shown in Figure 2. Obviously, the
structure of rGO-TON is totally different, the surface of rGOP25 consists of thick blocks, while the surface of rGO-TON is
fiber-like, as shown in Figures 2(c) and 2(d).
The TEM images of TON, rGO, rGO-P25, and rGO-TON
are shown in Figure 3. In Figure 3(a), the as-prepared rGO is
shown to have a typical layered structure. In Figures 3(c) and
3(d), it can be seen that both P25 and TON are anchored onto
the rGO sheets after the hydrothermal reaction, the diameter
of TON is ∼30 nm, and the diameter of P25 is ∼50 nm. The
length of TON in rGO-TON is more than 500 nm, which is
10 times larger than its diameter. Both the P25 and TON tend
to be distributed on the wrinkles and edges of the rGO sheets,
which may help to prevent the rGO from agglomeration.
3.2. Composition and Structure Analysis. The specific surface
area (SSA) and pore size distribution characterization of rGO,
TON, rGO-TON, and rGO-P25 are shown in Figures 4(a) and
4(b). The SSA of rGO and TON are 119.2 m2 /g and 139.8 m2 /g,
while rGO-TON and rGO-P25 are 138.2 m2 /g and 79.4 m2 /g,
respectively. It can be seen that rGO-TON has larger SSA
than rGO-P25, indicating that the tube-like structure of TON
may support the graphene sheets better than the particles
of P25. Moreover, it can be seen from the pore distribution
analysis, as shown in Table 1, that rGO-TON has the highest
pore volume among rGO, TON, rGO-TON, and rGO-P25,
which indicate that the graphene sheets are well separated
by TON. For further investigating the interaction between

Table 1: Physical properties of rGO, rGO-TON, and rGO-P25.
Sample
TON rGO rGO-TON rGO-P25
Specific surface area (m2 /g) 139.8 119.2
138.2
79.4
Average pore size (nm)
7.9
6.2
6.5
5.3
0.28 0.27
0.48
0.22
Total pore volume (m3 /g)

graphene and TON or P25, XRD patterns of GO, rGO, TON,
rGO-TON, and rGO-P25 are shown in Figure 5. The peak at
10.5∘ in GO indicates the interlayer space of 0.9 nm. However,
in rGO, TON, rGO-TON, and rGO-P25, all the peaks at 2𝜃
= 10.5∘ are obviously weaker than in GO, indicating that the
GO has been reduced to rGO [32]. The disappearance of the
rGO characteristic peaks in the rGO-TON indicates that the
graphene sheets are separated by TON [33]; however, it can
be seen that there is still a small peak around 27∘ in rGOP25, indicating that the graphene sheets are better separated
by TON than P25, which may be a benefit for SSA of rGOTON. The peaks of rGO-TON and TON in 25.3∘ , 37.8∘ , and 48∘
correspond to the (101), (004), and (200) planes of the anatase
TiO2 (JCPDS 21-1272), respectively [31].
3.3. Adsorption and Regeneration Properties. Langmuir
isotherm is used to fit the ciprofloxacin adsorption on rGO,
rGO-TON, and rGO-P25, as shown in Figure 6(a); all the
samples were operated in 3 duplicates with presented data
equally (𝑅2 > 0.9800). The maximum adsorption capacities
are 178.6 mg/g (𝑅2 = 0.9929), 181.8 mg/g (𝑅2 = 0.9954),
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Figure 3: TEM images of TON (a), rGO (b), rGO-P25 (c), and rGO-TON (d).
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Figure 4: N2 adsorption/desorption isotherms (a) and BJH pore size distribution (b) of rGO, TON, rGO-TON, and rGO-P25.

and 108.7 mg/g (𝑅2 = 0.9964), respectively. The excellent
adsorption capacity of rGO-TON is mainly attributed to its
larger SSA. Besides physical adsorption, chemical adsorption
also plays important role in this adsorption process. During
ciprofloxacin adsorption on rGO, rGO-TON, and rGOP25, the graphene provides 𝜋–𝜋 bond and hydrogen bond
with ciprofloxacin. One of the driving forces for the organic
chemicals adsorption on graphene is electron donor-acceptor
interaction owing to the benzene rings. With –OH groups

on the surface, graphene could act as electron donors and
enhanced adsorption significantly through forming 𝜋–𝜋
bond [34]. Figure 6(b) shows the regeneration of rGO,
rGO-TON, and rGO-P25; all the samples were operated
in 3 duplicates with presented data equally (𝑅2 > 0.98).
Obviously, the rGO-TON and rGO-P25 have little reduction
of adsorption capacity after 5 cycles, while the rGO decreases
to below 100 mg/g. It can be seen that both TON and P25
promote the composite hydrogel with good regeneration
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4. Conclusion
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ability. While under the UV irradiation, electron-hole pairs
are generated in TiO2 , which could move immediately from
valence band to conduction band in the excited state, and
the charge separation and hydroxyl radical formation occur
in the regeneration process. Moreover, the electrons transfer
from TiO2 to rGO, and the photogenerated holes stay behind
in the valence band. Therefore, the electrons and holes are
separated immediately and then react with dissolved oxygen
and water molecules to form hydroxyl radical, acting as a
strong oxidant for ciprofloxacin degradation [35]. Therefore,
the rGO has good adsorption capacity but low regeneration
capacity; however, the rGO-P25 has good regeneration ability
but the adsorption capacity is not well while the rGO-TON
has both good adsorption capacity and regeneration ability.
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To combine the adsorption of graphene and photocatalytic degradation of TiO2 , TiO2 nanotube-reduced graphene
oxide (rGO-TON) hydrogel is prepared toward ciprofloxacin
removal. Commercial P25 particle is used for comparison
with long TON; graphene sheets are shown to be better
separated by TON than P25. The resulting rGO-TON have a
higher specific surface area, adsorption capacity, and regeneration ability than rGO-P25. Calculated from Langmuir
model, the maximum adsorption capacities of ciprofloxacin
on the hydrogels are 178.6, 181.8, and 108.7 mg/g, respectively,
indicating the excellent adsorption ability of rGO-TON. The
rGO has good adsorption capacity, but the regeneration
ability is low while the rGO-P25 has good regeneration
ability but the adsorption capacity is not well. However,
the rGO-TON overcome the above-mentioned defects of
rGO and rGO-P25; it has both good adsorption capacity
and regeneration ability attributed to the combination of
graphene and long TON. Therefore, results of this work
are of great significance for environmental applications of
regenerable long TiO2 nanotube/graphene oxide hydrogel
adsorbent for antibiotic pollutants.

Figure 6: Langmuir isotherm model (a) and regeneration properties
(b) (initial concentration 200 mg/L) of rGO, rGO-TON, and rGOP25.
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TiO2 /stellerite composite photocatalysts were prepared by dispersing TiO2 onto the surface of HCl, NaOH, or NaCl treated
stellerite using a sol-gel method. The materials were characterized by scanning electron microscopy (SEM), energy dispersive X-ray
(EDX), Fourier transform infrared spectroscopy (FT-IR), BET surface area analysis, and X-ray diffraction (XRD). HCl and NaCl
modification result in the promotion of the pore formation at the stellerite surfaces and induced the microscopic changes, while the
surface morphology and structure of the stellerite were almost ruined by NaOH modification. Supported TiO2 calcinated at 200∘ C
presented anatase structure. The photocatalytic degradation activities of TiO2 loaded HCl and NaCl modified stellerite were better
than that of natural stellerite, accompanied with increasing specific surface area. On the contrary, NaOH modification induced the
loss of photocatalytic ability of composite due to the generation of silicates.

1. Introduction
In recent years, with the rapid development of China’s economy, the industry has achieved a rapid development. However, the environmental impact should not be overlooked. For
example, the amount of discharge of papermaking wastewater
amounted to 2.855 billion tons in 2013, accounting for 14.9%
of total industrial wastewater.
The traditional industrial wastewater treatment included
physical chemistry and biochemical methods [1, 2]. However,
the adsorbable organic halogens (AOX) in wastewater cannot
be effectively treated by those methods. It was reported that
AOX can be decomposed by enzyme treatment, but the
technique is still at the experimental stage because of high
costs, considerable treatment time, and lack of substrates [3].
In recent years, titanium dioxide catalyst is generally
applied for treating wastewater containing organic contaminants due to its excellent ability to achieve complete
mineralization of the organic contaminants under moderate

conditions such as ambient temperature and ambient pressure [4, 5]. TiO2 photocatalytic degradation of a cellulose
ECF effluent was evaluated by Pérez et al. [6]. It was found
that after 30 min of reaction more than 60% of the toxicity
was removed and after 420 min of reaction none of the
initial chlorinated low molecular weight compounds were
detected, suggesting an extensive mineralization which was
corroborated by 95 and 50% AOX and TOC removals,
respectively.
However, the difficulties of the nano TiO2 particle’s
fixation and recovery due to its small diameter seriously
impede its industrialization, so the supported problem has
become a hot research topic in TiO2 photocatalysis domain
at present.
Recent research has investigated many kinds of supports
for dispersing TiO2 : zeolite [7], glass [8], stainless steel [9],
carbon nanotube [10], and graphene [11] are some very recent
examples reported in the literature.

2
Among these materials, zeolites are attractive candidates
due to their uniform pores and channel sizes, huge surface
area, high adsorption capacity, and low cost. However, the
adsorption ability of natural zeolite to pollutants is very
limited because the channels and cavities of the zeolite structure were blocked. In order to improve the absorption and
exchange capacities and pollution treatment capabilities of
zeolite, many attempts have been made such as ion exchange,
organic modification, and calcination modification. Among
them, the ion exchange modification method becomes the
research focus because of its convenient operation, pollution,
and environmental friendliness.
In this study, we are concerned with the photocatalytic
decomposition of methyl orange (MO) over TiO2 composite nanophotocatalyst prepared by dispersing TiO2 on the
surface of modified stellerite. The structure, crystal phase,
morphology, BET surface area, and photocatalytic activity of
the prepared photocatalyst were also investigated.

2. Experimental
2.1. Materials
2.1.1. Modified of Stellerite. Stellerite was obtained from
Jinshansida Co. Ltd. (Guangxi, China). Chemical composition of the zeolite is (K0.017 Na0.042 Ca1.13 )1.189 [Al1.997 Si7.05
O18 ]⋅6.75H2 O. The stellerite was washed repeatedly by distilled water in order to remove some impurity ions and then
was dehydrated in an oven box at 100∘ C for 12 h. 7.5 g of
stellerite was put into a round flask containing 75 mL different
concentrations of HCl, NaOH, or NaCl aqueous solution.
The reaction was maintained at 90∘ C for 4 h under stirring.
The solid-liquid mixture was filtrated afterwards, and the
stellerite was cleaned with distilled water. A AgNO3 test
was performed to make sure that no Cl− remained in the
stellerite. After grinding, the stellerite was calcinated at 100∘ C
for 12 h. These stellerites were denoted as 𝑛AcMS, 𝑛AlMS, and
𝑛SMS, where 𝑛 is the concentration of HCl, NaOH, and NaCl
aqueous solution.
2.1.2. Scanning Electron Microscopy (SEM) Analysis. Morphologies of the fracture surfaces were examined with a
scanning electron microscope (SEM S3700, Hitachi, Japan)
operating at an accelerating voltage of 10 kV. Before observation, the samples were coated with gold using a vacuum
sputter-coater.
2.1.3. Fourier Transform Infrared Spectroscopy Analysis.
Fourier transform infrared spectroscopy analysis (FTIR) of
the samples was carried out in transmission mode using
macro techniques (13 mm Φ pellet; ca. 1.5 mg sample with
350 mg KBr). The spectra were recorded with a Nexus Vector
spectrometer made by Thermo Nicolet (Nexus 670, Thermo
Nicolet Company, USA) under the following specifications:
apodization: triangular; detector: DTGS/KBr; regulation:
4 cm−1 ; number of scans: 32.
2.1.4. X-Ray Diffraction Analysis. The X-ray powder diffraction patterns of the samples were recorded on Bruker D8

Journal of Nanomaterials
Advance X-ray diffractometer (step size 0.02∘ , 17.7 s per step).
A generator with 40 kV and current of 40 mA was employed
as a source for CuK𝛼 radiation.
2.1.5. Preparation of Photocatalyst. TiO2 loaded on stellerite
was prepared by sol-gel process. The precursor solution
composites consist of tetra-n-butyl titanate, pure ethanol, and
nitric acid. The nitric acid was used as catalyst to control the
hydrolysis process. The detailed steps are as follows: A given
amount of tetrabutyl titanate was dissolved in pure ethanol
with a volume ratio of 1 : 4 of tetrabutyl titanate to ethanol,
and then nitric acid solution was added dropwise into the
solution to readjust the pH value to 4. Stirring for 20 min, a
certain amount of natural stellerite or modified stellerite was
added and the ratio of TiO2 : stellerite is 28 : 100. Stirring for
10 min, a certain amount of distilled water was added and the
volume ratio of distilled water : nitric acid is 1 : 1. After stirring
for 15 min, weak gray sol was obtained and then dried at 100∘ C
for 24 h and at 200∘ C for 4 h and ground to fine powder in
an agate mortar. By this procedure, TiO2 loaded on stellerite
was prepared, denoted as TiO2 /stellerite or 𝑛TiO2 /AcMS,
𝑛TiO2 /AlMS, and 𝑛TiO2 /SMS, where 𝑛 is the concentration
of HCl, NaOH, or NaCl aqueous solution in the procedure of
stellerite modified treatment.
2.1.6. Characterization of Photocatalyst. The effect of stellerite
modification on the photocatalytic activity of TiO2 /stellerite
photocatalyst was investigated using methyl orange (MO) as
the target compound. A total amount of 0.8 g of photocatalyst
was suspended in a 400 mL of 15 mg/L MO solution. The
suspension was stirred magnetically for 30 min to reach
adsorption equilibrium. The photocatalytic reactions were
carried out in a quartz tube irradiated by 365 nm UV light
(light irradiation of 2200 𝜇W/cm2 ). The suspensions were
withdrawn at intervals and centrifuged at 14,000 rpm for
10 min and then the residual concentration of MO was
determined in solution at 460 nm using a UV-Vis spectrophotometer (DR5000, HACH, USA). The removal rate of MO was
calculated by the following equation:
𝜂=

𝐶0 − 𝐶 𝐴 0 − 𝐴
=
× 100%,
𝐶0
𝐴0

(1)

where 𝐶0 and 𝐴 0 are the initial concentration and absorbency
of MO solution; 𝐶 and 𝐴 are the concentration and
absorbency of MO solution after a certain time. Control
experiments (direct photolysis) were also carried out without
the addition of photocatalyst.
All experiments were run in triplicate with the relative
standard deviations (RSD) of about 5%.

3. Results and Discussion
3.1. SEM Imaging of Natural and Modified Stellerites. The
surface morphology of natural and modified stellerites is
shown in Figure 1. It was found that natural stellerite occurs
as clear layer shape structure. As a result of HCl and NaCl
modification, microcracks developed on the surface of stellerite. However, the layer shape structure of stellerite changes
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Figure 1: SEM images of natural and modified stellerites: (a) natural stellerite, (b) 1.0AcMS, (c) 0.2AlMS, and (d) 1.0SMS.

to irregular granular structure because of the corrosion by
NaOH solution.
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(a)
12

Figure 2: Si/Al atomic ratios of natural and modified stellerites: (a)
HCl modification, (b) NaOH modification, and (c) NaCl modification.

3.3. FTIR Spectra Analysis. The FTIR spectra of natural
and modified stellerite samples are shown in Figure 3. The
bands at 3480 and 1642 cm−1 were attributed to the valence
and bending vibrations of water molecules in stellerite. The
peak at 1040 cm−1 indicates the asymmetrical extensional
vibrations of Si(Al)-O. The bands at 795 and 456 cm−1 were
due to the symmetric stretching and bending vibrations of
Si(Al)-O.
An obvious shift of the IR vibrations to high frequency
for 1.0AcMS in comparison with that of the corresponding
natural stellerite sample indicates the dealumination during

hydrochloric acid modification. The blue shift is particularly
obvious for the Si(Al)-O intensive asymmetric stretching
vibrations at about 1040 cm−1 . By contrast, NaOH modification caused noticeable red shift at 1035 cm−1 in spectra (c)
because of the desilication processes (the vibration frequency
of Si-O is higher than Al-O). Contrary to the spectra of
(a) and (d), most band positions did not change following
NaCl modification, suggesting that the base stellerite did not
collapse.

Si/Al atomic ratio

3.2. Si/Al Atomic Ratio. The influence on the Si/Al atomic
ratios of stellerites by different concentrations of modifying
agents is shown in Figure 2. In HCl modification, the Si/Al
atomic ratio was raised with the increase of HCl concentration and 13.86 (surged almost fourfold) of Si/Al atomic ratio
was obtained by HCl modification with the concentration
of 1.0 mol/L, indicating that HCl has a strong dealuminization power correlated with the occurrence of hydroxy nest
[12]. The dealuminization reaction can be represented as in
Scheme 1.
Instead, the Si/Al atomic ratio decreased with the increase
in the concentration of NaOH and NaCl, particularly in
NaOH modification; these results are in accord with previous
report [13]. The mechanism of silica dissolution is shown in
Scheme 2.
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Figure 3: FTIR spectra of (a) natural stellerite, (b) 1.0AcMS, (c)
0.2AlMS, and (d) 1.0SMS.

and reveal that NaOH modified stellerite can bring about
different effect of surface topography compared with HCl and
NaCl modified stellerite, and this result is consistent with
Figure 1.
The adsorption-desorption isotherms for natural and
modified stellerite are shown in Figure 4. Based on conventional classification of adsorption, the isotherms of natural
and 0.2AlMS can be considered as isotherms of IV type
with the hysteresis loop of the type H3. In comparison, the
nitrogen adsorption on the HCl and NaCl modified stellerite
is expressed by I type isotherm with wide hysteresis loop
which does not close at low relative pressure. The obvious
increases of the micropore volumes of the HCl and NaCl
modified stellerite are caused by unblocking of the channels
of framework structure of stellerite through dealumination
during acid modification or ion exchange action during NaCl
modification.

3.4. Structural Analysis. Table 1 presents the parameters of
porous structure of various samples. The 𝑆BET value for
natural stellerite is 2.2 m2 /g; in the case of treatment of
stellerite with 0.4 M HCl, its 𝑆BET value grows to 67.9 m2 /g
and the 𝑉BET value grew by 7 times. Besides, 𝐷BET and 𝐷BJH
of the HCl and NaCl modified samples are also significantly
smaller in comparison with the natural stellerite, indicating
the creation of microporous structure. However, 𝐷BET and
𝐷BJH of the NaOH modified sample grow to 12.7 and 41.0 nm

3.5. X-Ray Diffraction Analysis. X-ray examination of the
different samples showed (Figure 5) that modifications of
stellerite did not damage the stellerite structure that is
characterized by the main peaks at 2𝜃 equal to 9.759∘ which
can be assigned as {020}. The characteristic XRD peaks
of anatase were observed at 2𝜃 = 25.352∘ , 37.784∘ , 48.072∘ ,
53.928∘ , and 55.115∘ for TiO2 supported on modified stellerite,
which can be assigned as {101}, {004}, {200}, {105}, and {221}.
No significant rutile peak was found, showing that rutile
phase did not form on the surface of stellerite.
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Table 1: The parameters of stellerite porous structures by nitrogen adsorption/desorption method.
Sample
Natural
0.4AcMS
0.2AlMS
1.0SMS

𝑆BET

Specific surface area (m2 /g)
𝑆𝑚

𝑆𝑒

2.2
67.9
18.0
33.1

1.1
53.7
1.5
23.9

1.1
14.2
16.5
9.2

Pore volume (cm3 /g)
𝑉BET
𝑉BJH
0.0045
0.0363
0.0570
0.0216

Pore size (nm)
𝐷BET
𝐷BJH

0.0096
0.0088
0.1244
0.0154

8.2
2.1
12.7
2.6

38.7
10.2
41.0
10.4

𝑆𝑚 = 𝑆t-plot (micropore area); 𝑆𝑒 = 𝑆t-plot (external surface area).
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Figure 4: Low temperature of adsorption/desorption isotherms of
nitrogen on different samples: (a) natural stellerite, (b) 0.4AcMS, (c)
0.2AlMS, and (d) 1.0SMS.

12
10
8
6
4
2
0
0

60

120

180

240

300

360

Irradiation time (min)
Natural stellerite
TiO2 /stellerite (first)
TiO2 /stellerite (fifth)
0.4TiO2 /AcMS (first)
0.4TiO2 /AcMS (fifth)

0.2TiO2 /AlMS (first)
0.2TiO2 /AlMS (fifth)
1.0TiO2 /SMS (first)
1.0TiO2 /SMS (fifth)

Figure 6: MO photocatalytic degradation with prolonged irradiation time.
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Figure 5: XRD patterns of (a) natural stellerite, (b) 0.4TiO2 /AcMS,
(c) 0.2TiO2 /AlMS, and (d) 1.0TiO2 /SMS. The ratio of
TiO2 : modified stellerite was fixed to 28 : 100.

3.6. Photocatalytic Activity. Figure 6 shows the relationship
between MO degradation and irradiation time for different
TiO2 loaded samples at 2 g/L of photocatalyst. Photocatalytic
activity of natural stellerite was also studied as comparison.
It was found that natural stellerite has no photocatalytic

activity on MO degradation under UV irradiation. MO
degradation rates increased with irradiation time using
either TiO2 /stellerite or TiO2 load modified stellerite. After
180 min of irradiation, MO degradation rates were 77.60%,
92.33%, and 91.00% using TiO2 /stellerite, 0.4TiO2 /AcMS,
and 1.0TiO2 /SMS as photocatalyst. The results show that
photocatalytic activity of TiO2 is improved by HCl and NaCl
modification of stellerite. The photocatalyst was recycled after
filtration and heating treatment at 100∘ C for 12 h and 200∘ C
for 2 h in every cycle. After four cycles, MO orange degradation rates decreased from 77.60%, 92.33%, and 91.00% to
70.47%, 89.86%, and 88.13%, respectively. The slight decrease
of photocatalytic activity was due to TiO2 loss from the
surface of stellerite and the fouling of the photocatalyst by
byproducts during degradation.
On the contrary, the photocatalytic activity of
0.2TiO2 /AlMS was also disappeared due to the follow
reasons: First, the porous structure of stellerite was damaged
to some extent by NaOH; second, the photocatalysts
agglomerate together to form larger clusters due to the
viscous silicates; third, the transparency of the solution was
decreased by silicates.
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4. Conclusions
(1) TiO2 was dispersed using sol-gel method on the
surfaces of stellerite treated by HCl, NaOH, or NaCl.
(2) The 𝑆BET value of stellerite was increased by modification. 𝐷BET of natural stellerite, 0.4AcMS, 0.2AlMS,
and 1.0SMS was 8.2, 2.1, 12.7, and 2.6 nm, respectively.
HCl and NaCl modification stimulate the production
of micropores, and the surface of stellerite appeared
to dissolve by NaOH modification.
(3) The photocatalytic activity of 0.4TiO2 /AcMS and
1.0TiO2 /SMS was better than that of natural stellerite.
The composite photocatalyst had excellent photocatalytic activity after four recycles.
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A new insight into self-support ray polarization (SSRP) of nonthermal plasma for benzene hydrocarbon decomposition in fuel
exhaust was put forward. A wire-tube dielectric barrier discharge (DBD) AC plasma reactor was used at atmospheric pressure and
room temperature. The catalyst was made of nano-TiO2 and ceramic raschig rings. Nano-TiO2 was prepared as an active component
by ourselves in the laboratory. Ceramic raschig rings were selected for catalyst support materials. Then, the catalyst was packed into
nonthermal plasma (NTP) reactor. Six aspects, benzene initial concentration, gas flux, electric field strength, removal efficiency,
ozone output, and CO2 selectivity on benzene removal efficiency, were investigated. The results showed SSRP can effectively enhance
benzene removal efficiency. The removal efficiency of benzene was up to 99% at electric field strength of 12 kV/cm. At the same
time, SSRP decreases ozone yield and shows a better selectivity of CO2 than the single technology of nonthermal plasma. The final
products were mostly CO, CO2 , and H2 O. Our research will lay the foundation for SSRP industrial application in the future.

1. Introduction
Since 1997, after the use of unleaded gasoline, gasoline composition and chemical composition of automobile emissions
in Beijing have changed. Now, automobile exhaust pollutants
mainly consist of the mixtures of fuel evaporation and incomplete combustion products. Lu et al. [1] established the source
component spectrum of automobile exhaust and the spectrum of gasoline vapor and liquid gasoline volatile organic
compounds (VOCs), including gasoline, diesel, and liquefied
petroleum gas (LPG) as the fuel by sampling on site and
the data normalization processing method. It was found that
benzene, toluene, xylene, 1,2,4-trimethyl benzene, and other
aromatic compounds have higher proportion in gasoline and
diesel exhaust. Some researchers have found that some membranes like CNT membranes could be used to filtrate benzene
hydrocarbon [2]. Aromatic volatile organic compounds, due
to their toxicity and harm on the atmospheric environment,

attract widespread concern of scholars at home and abroad
[3–6].
In recent years, nanometer photocatalysis processes for
VOCs decomposition have received considerable attention
because of low energy consumption, high efficiency, and
no secondary pollution. Photochemical reactor is the core
equipment of photocatalysis process, and solid phase photocatalytic oxidation reactor and fixed bed reactor are mainly
used at present. However, these reactors cannot deal well with
VOCs from automobile emission so far. Therefore, how to
improve ideal photocatalysis reactor has become the key for
VOCs decomposition.
The author uses self-support ray polarization (SSRP) of
nonthermal plasma (NTP) for benzene hydrocarbon removal
in fuel exhaust. A wire-tube dielectric barrier discharge
(DBD) AC plasma reactor was used at atmospheric pressure
and room temperature. The catalyst was made of nano-TiO2
and ceramic raschig rings. Nano-TiO2 was prepared as an
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Figure 1: Flow chart on preparing nano-TiO2 thin film by Sol-Gel method.

active component by us in the laboratory. Ceramic raschig
rings were selected for catalyst support materials. Then, the
catalyst was packed into nonthermal plasma (NTP) reactor
[7].
When imposing external voltage on plasma reactor’s
discharge electrode, a mess of micro discharges will be
generated along with gas discharge. These micro discharges
come with a certain amount of ultraviolet. Once the photocatalyst was packed into NTP reactor, these ultraviolet
lights would activate the photocatalysts with gas discharge
happening to treat gaseous VOCs. Ceramic raschig rings, as
the main carrier of nano-TiO2 photocatalyst, lead to chemical
reactions in the photocatalyst surface. SSRP generated with
plasma happens to promote the photocatalytic reaction.
Plasma and photocatalyst work together to improve the
removal efficiency of the gaseous pollutants. So SSRP has a
better degradation effect than general fixed bed reactor.

2. Materials and Methods
2.1. Materials Preparation. Nano-TiO2 films were prepared
by the Sol-Gel method in the experiment [8]. Flow chart on
preparing nano-TiO2 thin film by Sol-Gel method is given in
Figure 1.
Precursor solution is as follows: 1 mol tetrabutyl titanate
(precursor substance) + 12 mol ethanol (solvent) + 1.2 mol
acetylacetone (chelating reagent).
Droplet solution is as follows: 6 mol ethanol (solvent) +
1 mol HNO3 (catalyzer) + 2.5 mol distilled water.
Droplet solution was dropped slowly into the original
solution at 35∘ C and the whole solution was mixed well
together. The steady Sol would be obtained, and then the Sol
should be deposited at least 24 hours. The packed materials
(i.d. 5 mm, thickness 3 mm, length 10 mm, raschig ceramic
ring) must be washed by microwave cleaning apparatus
before they were immersed into the Sol. Later, the packed
materials were pulled out from the Sol at the speed of
1.5 mm/s to get the nanometer TiO2 film. The packed materials with nanometer film would be dried at 80∘ C for one hour
before they were put into a muffle furnace to calcine at 450∼
600∘ C for two hours. At last, the film gradually refrigerated
to ambient temperature [9].
In this experiment, we platted nano-TiO2 thin film on the
surface of ceramic raschig rings 3 times, and the weight of
nano-TiO2 thin film was 0.003 g/cm2 . Ceramic raschig ring
was selected with length of 1 cm and wall thickness of 1 mm

and inner diameter of 5 mm as catalyst carrier. The structure
of ceramic raschig ring is tested by X-Ray Diffraction (XRD)
and can be seen in Table 1.
2.2. NTP System. The NTP system consisted of a tubewire packed-bed reactor system, an AC power supply, a
continuous flow gas supplying system, and an electric and
gaseous analytical system. The schematic diagram of NTP
system is shown in Figure 2. Dry air (78% N2 , 21% O2 )
was used as a balance gas for benzene decomposition. Air
supplied from an air compressor was divided into two air
flows with each flow rate controlled by a mass flow controller
(MFC). One dry air flow was introduced into a bottle of liquid
benzene to produce saturated benzene. The vapor was then
mixed with the other dry air flow in a blender so that benzene
waste gas was diluted to a desired concentration. The voltage
and current waves were measured by oscilloscope (Tektronix
2014). The voltage applied to the reactor was sampled by a
12500 : 1 voltage divider. Also, the current was determined
from the voltage drop across a shunt resistor (R3 = 10 kΩ)
connected in series with the grounded electrode. In order to
obtain the total charge and discharge power, simultaneously, a
capacitor (𝐶𝑚 = 2 𝜇F) was placed instead of the shunt resistor.
The electrical power provided to the discharge was measured
using the Q-V Lissajous diagram. The power source used in
the experiment is high voltage alternate current power supply
whose frequency is 50 Hz, ranging from 0 to 30 kV.
The NTP packed-bed reactor was shown in Figure 3. The
coaxial cylindrical NTP reactor was made of an organic-glass
tube with an inner diameter of 50 mm and wall thickness
of 5 mm wrapped by a copper mesh of 50 cm in length as
a ground electrode. A tungsten wire (1.5 mm in diameters)
placed on the axis of NTP reactor served as the inner
discharge electrode. The relative humidity of 25% in NTP
reactor was controlled by a thermohygrometer.
2.3. Detect Methods. Adapt the production to benzene
gas concentration detected by Gas Chromatography-Mass
Spectrometer (produced by American Thermos Finnegan,
TRACE-MS) matching hydrogen flame ion detector (FID);
minimum detection quantity can reach 10–15 g. Chromatographic column is 30 m long, with inner diameter 0.32 mm
and DB-1 nonpolar capillary column. Choose iodine quantity
method to determine ozone concentration. Use Tektronix
TDS2014 type oscilloscope to measure discharge parameters
in experiment process. Use Lissajous method to determine
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Table 1: Physics characteristics of the packed material raschig ceramic ring.
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Hygroscopic coefficient %

Volume density (g⋅cm−3 )

Hole rate %
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(4) Attemperator
(5) Blender
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(11)

(7) Mass flow meter
(8) Needle valve
(9) High voltage
(10) Oscillograph
(11) Gas chromatograph

discharge power. Use the domestic SC-1001 type Gas Chromatograph to detect CO2 and CO content in final product,
matching hydrogen flame ion detector (FID); methanation
converter is connected to the detection top, the minimum
detection quantity is 10–12 g, and linear range is 107 . The
surface characteristic of TiO2 samples was detected by XRD.
Evaluation standard of benzene degradation effect is
evaluated by the following calculation equations:
𝜂=
𝑠CO2 =

𝐶0 − 𝐶
× 100%
𝐶0
𝐶CO2
𝑛 × (𝐶0 − 𝐶)

× 100%.

(1)
(2)

In (1), 𝜂 represents removal efficiency of the benzene, %;
𝐶0 represents benzene gas inlet mass concentration, mg/m3 ;
𝐶 is the mass concentration of outlet benzene, mg/m3 . In (2),
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Figure 3: NTP reactor. Reactor: organic-glass tube (i.d. 32 mm,
packed infilling length of packed materials of 200 mm); internal
electrode: tungsten filament (i.d. 0.5 mm); external electrode: dense
steel mesh.
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Figure 2: Schematic diagram of NTP system for benzene removal.

70

Figure 4: XRD of nano-titania.

𝑠CO2 represents the selectivity of CO2 after benzene degradation reaction, %; 𝐶CO2 represents the quality concentration
after reaction, mg/m3 ; and n represents the carbon atom
number VOCs molecule contains.

3. Results and Discussion
3.1. Characterization of Nano-TiO2 . To carry out XRD phase
analysis for prepared TiO2 samples, XRD spectra are shown
in Figure 4. There are two kinds of crystal of rutile and anatase
in the phase because of heat treatment temperature of 600∘ C
for TiO2 photocatalyst preparation. The mass ratio of anatase
crystal and rutile crystal is 17 : 3, and anatase crystal is the
main component of TiO2 catalysts [10]. At the same time,
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Figure 5: SEM micrograph of TiO2 .

3.2. Effect of Self-Support Photocatalytic on Removal Efficiency
of Benzene. Figure 7 shows the relationship between electric
field strength and removal efficiency with or without catalysts. Benzene removal efficiency is increased to over 80%,
and removal efficiency increases 10% with catalyst compared
to that without catalyst in the conditions of benzene concentration (C0 ) of 600 mg/m3 and electric field strength (E) of
9 kV/cm. Benzene is triggered not only to form C6 H5 ∙ but to
form short carbon chain radicals and molecular fragments.
Medium stops free radicals, such as ∙ OH, ∙ O from oxidizing
C6 H5 ∙ , molecular fragment, short carbon chain, and CO.
Some of the free radicals generated from reactants in the
strong electric field happen to be composited again after the
reaction zone, so that oxidation of benzene is incomplete. If
catalyst was added in the reaction zone, these free radicals as
well as oxygen free radical are absorbed on the surface of the
catalyst before compositing inactivation. Oxidation reaction
occurs further, and the removal efficiency is higher with
catalyst than the single DBD. At lower electric field strength,
corona discharge is weak within reactor, and corona discharge
district concentrates only near corona feeder. At this time,
ultraviolet rays discharged are weaker, and the function
of TiO2 photocatalyst is weaker. The active free radicals
produced by discharging are limited to the surroundings
of corona district and cannot react collaboratively with the
catalyst of packing surface beyond the corona district. So
benzene removal efficiency is approximate with or without
catalyst. When electric field strength is gradually enhanced
and corona district expands, ultraviolet rays discharged are
enhanced and catalytic activity gradually increases. It is
obvious that benzene removal efficiency increases. When the
electric field strength rises up to a certain degree, catalyst is
fully activated, and removal efficiency of benzene tends to be
stable.

20

(a) 450
(b) 600

30

211

200

111

101

110

XRD detected results show that the average particle size of
anatase crystals of TiO2 is 28.7 nm, and the average particle
size of rutile crystal of TiO2 is 35.1 nm.
The nanometer TiO2 thin film was inspected and analyzed by Scan Electric Mirror (SEM, made in Japan, S2700). The results of SEM micrograph showed that average
particulate diameters of TiO2 were less than 100 nm. SEM
micrograph of the samples is referred to in Figure 5.
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Figure 6: The result of TiO2 thin film by heat treatment.

3.3. Effect of Self-Support Photocatalytic on Ozone Generation. Figure 8 shows ozone concentration (𝐶O3 ) gradually
increased with the gas flux (VGas ) increasing. O2 concentration increases in the air with gas flux increasing. Under high
voltage, energetic electrons are throughout the reactor space,
and they bombard O2 molecule to react as follows:
O2 + e → ∙ O + O−

(3)

O + O2 + M → O3 + M

(4)

Thus, the ozone concentration is in the upward trend.
It can be also seen from Figure 6 that ozone concentration
is lower with catalyst than that without catalysts when
benzene gas flux entering the reactor is kept the same. It
indicates that TiO2 photocatalyst has an inhibitory effect on
ozone formation. During the removal of benzene, electronhole pairs are energetic which are from SSRP on the surface
of the catalyst. High energy electrons generated in the gases
discharge process are preemptively composited with the
photo-induced hole to reduce the amount of high energy
electron which is used to produce ozone in the air. So ozone
yield decreases.
Figure 9 shows the relationship between benzene initial
concentration (C0 ) and ozone concentration (𝐶O3 ) with or
without catalyst. It can be seen from Figure 8 that ozone
concentration increases with benzene initial concentration
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Figure 7: Relationship between electric field strength (E) and
removal efficiency (𝜂) with or without catalyst (VGas = 100 L/h; C0
= 600 mg/m3 ): (a) without catalyst, (b) with catalyst.
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4. Reaction Mechanism
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Ultraviolet rays coming from plasma’s self-support ray
polarization provide a good power source for nanometer
photocatalytic materials. When the UV radiates nano-TiO2
photocatalyst, the catalyst’s surface will produce electron and
hole which react with O2 or H2 O adsorbed on the surface,
generating OH free radical, as a result, and react with VOCS
[12]. Plasma self-support ray polarization reactor adheres to
the following 3 procedures in treatment of VOCS :

2
1.5
1
0.5
0

the relationship between electric field strength (E) and
CO2 and CO concentration (𝐶CO2 , 𝐶CO ) with or without
catalyst. 𝐶CO2 and 𝐶CO increase with the electric field
strength increasing. When the electric field strength is
12 kV/cm, 𝐶CO2 is 3.5 times higher than 𝐶CO . As the
field strength increases, energetic electron, O3 , and other
oxidizing radicals increase in the NTP process. At the same
time, there are a large amount of electron-hole pairs and
∙
OH, ∙ O radicals in SSRP process. They work together with
benzene molecules to decompose to CO2 and CO. It was
found that when the electric field intensity is higher than
12 kV/cm, except of CO, CO2 , and H2 O, no other products
were found in the emission exhaust through GC-MS.
Figure 11 shows the relationship between electric field
strength (E) and CO2 selectivity (𝑠CO2 ) with or without
photocatalyst. 𝑠CO2 increases with the electric field strength
increasing. When the electric field strength is 11 kV/cm, 𝑠CO2
is 15% higher with catalyst than that without catalyst. It means
SSRP is favorable to improving 𝑠CO2 . SSRP not only improves
the reaction selectivity of benzene molecules in the plasma
region and on the surface of the catalyst but also makes
byproducts generated in NTP process oxidize into CO, CO2
in NTP region and on the surface of catalyst finally.
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Figure 8: Relationship between gas flux (VGas ) and ozone concentration (𝐶O3 ) with or without catalyst (C0 = 600 mg/m3 ; E = 12 kV/cm):
(a) without catalyst, (b) with catalyst.

decreasing. When C0 rises, C6 H6 molecules cost part of the
free electrons and free radicals to affect ozone generation.
We found that C6 H6 still exists in emission gas in the case
of high O3 concentrations through Gas ChromatographyMass Spectrometry (GC-MS). It indicates that O3 does not
react with C6 H6 directly. That means ozone decomposes into
radical fragments firstly, rather than reacting directly with
benzene, and free radicals, such as ∙ OH, ∙ O, play a major role
as oxidants. This conclusion is supported previously by Assadi
et al. [11].
3.4. Effect of Self-Support Photocatalytic on CO2 and CO
Concentration and CO2 Selectivity. Figure 10 shows

(1) Energetic electron bombards VOCS to inspire, ionize,
and dissociate chemical bond breaking, thus playing
the role of damaging VOCS .
(2) There exist large amounts of free radicals and ozone
in the plasma, which oxidize VOCS to generate CO2 ,
H2 O, and CO.
(3) When the UV radiates nano-TiO2 photocatalyst, the
catalyst’s surface will produce electron and hole which
react with O2 or H2 O adsorbed on the surface,
generating ∙ OH free radical, as a result, and degraded
VOCS . Chemical reactions are as follows [13].
The wavelength threshold of the light absorbed is
387.5 nm corresponding to TiO2 band gap of 3.2 eV. When
irradiated by the light whose wavelength is less than or equal
to 387.5 nm, electron is fired on the valence band to cross the
gap band and enter the conduction band [14]. At the same
time, the corresponding hole on the valence band produces
[15]
TiO2 + plasma → h+ + e−

(5)

Electron-hole pairs have limited life, and they will soon
compound the following reaction:
h+ + e− → heat

(6)
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Photo-induced hole can be captured by the water or
hydroxyl absorbed on the surface of catalyst and then produce ∙ OH free radicals:

Figure 11: Relationship between electric field strength (E) and CO2
selectivity (𝑠CO2 ) with or without photocatalyst (C0 = 600 mg/m3 , E
= 12 kV/cm, and VGas = 100 L/h).

Photo-induced electron is mainly captured by oxygen
adsorbed on the surface of catalyst:
O2ads → 2Oads

(9)

h+ + H2 O → ∙ OH + H+

(7)

O2ads + e− → O2ads −

(10)

h+ + OH− → ∙ OH

(8)

Oads + e− → Oads −

(11)
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Part of photo-induced hole can be captured by oxygen
adsorbed on the surface of catalyst at the same time:
Oads − + h+ → Oads

(12)

e− + H2 O2 → 2OH∙

(13)

O2 − + H+ → HO2 ∙

(14)

OH∙ , HO2 ∙ , h+ , plasma, and so forth, as the strongest
oxidizing oxidants, join some other free radicals to affect
VOCs:
OH∙ , HO2 ∙ , h+ , plasma, etc., + VOCs → ⋅ ⋅ ⋅
→ CO2 + H2 O

(15)

5. Conclusions
The authors use SSRP of NTP for benzene hydrocarbon
removal in fuel exhaust. A wire-tube dielectric barrier discharge (DBD) AC plasma reactor was used at atmospheric
pressure and room temperature. The catalyst was made of
nano-TiO2 and ceramic raschig rings. Nano-TiO2 was prepared as an active component by ourselves in the laboratory.
Ceramic raschig rings were selected for catalyst support
materials. Based on a series of experiments, we draw the
following conclusions:
(1) SSRP increases with external electric field strength
increasing. When electric field strength is 12 kV/cm,
benzene removal efficiency is up to 99%.
(2) Ozone is a typical byproduct in the NTP process.
SSRP shows inhibitory effects on the generation of
ozone.
(3) 𝐶CO2 , 𝐶CO , and 𝑠CO2 increase with the electric field
strength increasing in the products. SSRP shows a
good characteristic to improve 𝑠CO2 and to promote
benzene removal efficiency.
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Nanosized Ce/TiO2 is effective in selective catalytic reduction of NO with NH3 . The NO conversion of Ce/TiO2 is 93% at 370∘ C.
However, addition of potassium using KNO3 , KCl, or K2 SO4 as precursors effectively deactivates Ce/TiO2 . NO conversion at 370∘ C
is reduced to 45%, 24%, and 16% after addition of KNO3 , KCl, and K2 SO4 , respectively, with a controlled K/Ce molar ration at 0.25.
The deactivation may be attributed to the changes in the structural and chemical state of ceria and the degradation of surface acidity.
The transformation of amorphous ceria into ceria crystals after potassium addition, together with the decrease of surface defects,
is also determined. Oxygen diffusion in the process of ceria reduction is slow, and the redox cycle is slowed down. Moreover, the
surface acid sites are markedly destroyed, leading to the reduced capacity of ammonia adsorption. These results may provide useful
information for the application and life management of CeO2 /TiO2 in potassium-rich environments such as biofuel-fired boilers.

1. Introduction
Selective catalytic reduction (SCR) of NO with ammonia is
the most efficient and reliable technology to remove NOx
from stationary sources. V2 O5 (WO3 )/TiO2 or V2 O5 (MoO3 )/
TiO2 catalysts are widely used in the SCR process. These
vanadium-based catalysts are highly efficient. However, V2 O5
is an ecotoxic material that is harmful to the environment [1].
To replace vanadium-based catalysts, environment-friendly,
nonvanadium catalysts such as Ce/TiO2 , Mn2 Nb1 Ox , MnOx CeOy , Fe-ZSM-5, Cu-ZSM-5, and FeTiOx have been developed in the past years [2–8].
Recently, Ce/TiO2 catalyst has gained recognition
because of its excellent activity and selectivity. Xu et al.
reported that Ce/TiO2 catalyst is highly efficient at 275–
400∘ C, and the undesired by-product, N2 O, could be hardly
detected [3]. Gao et al. compared three preparation methods,
namely, single step sol-gel method, impregnation method,

and coprecipitation method, and found that the Ce/TiO2
catalysts prepared using the single step sol-gel method
had the best SCR activity and SO2 resistance. Liu et al.
demonstrated the feasibility of a supercritical water synthesis
route in the syntheses of Ce/TiO2 catalysts by a strong metalsupport interaction [9]. Chen et al. found that tungsten
modification could further improve the activity of Ce/TiO2
[10], and Liu et al. used MoO3 modification to enhance this
activity. Chen et al. investigated a series of ceria catalysts
supported on titanates with various morphologies and structures, including nanoparticle, nanotube, fragment, nanowire,
and nanorod; the investigation revealed a good SCR performance of the former three catalysts. Moreover, Ce/TiO2 -based
catalysts have been commercially produced in rare earth-rich
regions such as Shandong, China, and utilized in deNOx
facilities in power plants.
While nonvanadium SCR catalysts were developed, the
deactivation of SCR catalysts by alkali metals and alkaline

2
earth metals has gained popularity. This problem has been
proven to be more serious in biofuel boilers because alkali
metal content is higher in biofuels than in coal. For
vanadium-based catalysts, many studies in literature noted
the decrease of surface acidity by potassium, sodium, and
calcium compounds, and a few works found the interaction
between poison and vanadium sites [11, 12]. Moreover, Strege
et al. proposed that the blocking of surface pores is an
important reason for this observation. As for Fe-ZSM-5, Kern
et al. attributed alkali deactivation to the decreased capability
of ammonia adsorption [13]. Similar results of Fe- and Cubased catalysts supported on TiO2 or ZrO2 were reported by
Kustov et al. [14]. With respect to CeO2 /TiO2 catalysts, Wang
et al. investigated the significant deactivation by sodium and
calcium salts and proposed a deactivation mechanism based
on the change of the ceria state [15]. Some other catalysts, such
as Cu-SAPO-34 and MnOx /TiO2 , also encountered a similar
deactivation [16, 17]. Considering the extensive knowledge
of alkali deactivation of various catalysts, the application
of SCR technology to the purification of biofuel flue gas is
questionable.
In this paper, we investigated the poisoning effect of various potassium compounds on nanosized Ce/TiO2 catalysts
in the SCR application. KCl and K2 SO4 were selected as the
precursors of potassium because the potassium content is
very high in the flue gas of boilers firing biofuels, and Cl
and S elements always coexist [18, 19]. KNO3 was selected
as the precursors of potassium oxide. Fresh and K-poisoned
Ce/TiO2 catalysts were subjected to a range of characterizations (e.g., XRD, XPS, NH3 -TPD, and H2 -TPR), and the
deactivation mechanism was discussed.

2. Experimental
2.1. Preparation of Ce/TiO2 Catalyst. Commercially produced
P25 TiO2 (Degussa, Germany) was used as the catalyst
support. Cerous nitrate (AR, Ce(NO3 )3 ⋅6H2 O) was used as
the precursor of ceria. Ceria was loaded on P25 TiO2 using
the wet-impregnation method with a controlled Ce/Ti molar
ratio of 1 : 19. In summary, P25 was impregnated in a cerous
nitrate solution, and the mixture was stirred for 4 h, dried at
80∘ C for 12 h, and calcined at 450∘ C for 3 h.
2.2. Addition of Potassium Compounds. As described in
previous reports, adding potassium in various concentrations
was always conducted by the wet-impregnation method to
simulate the poisoning mechanism of potassium in real flue
gas at laboratory [16, 20]. In this paper, KNO3 , KCl, and
K2 SO4 were dissolved in distilled water and impregnated with
Ce/TiO2 catalysts. The mixture was stirred vigorously for 4 h,
dried at 80∘ C for 12 h, and calcined at 450∘ C for 3 h. The
K/Ce molar ratio was controlled at 0.25, 0.5, 1, and 2. The
prepared catalysts were denoted as Ce/TiO2 -x-y, where 𝑥 are
the precursors (KNO3 , KCl, and K2 SO4 ) and 𝑦 is the K/Ce
molar ratios (0.25, 0.5, 1, and 2).
2.3. SCR Activity Evaluation. SCR activities on fresh and Kpoisoned Ce/TiO2 catalysts were tested in a fixed-bed reactor.
The typical reactant gas composition was as follows: 750 ppm
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NO, 750 ppm NH3 , 1.5% H2 O, 3.5% O2 , and balanced N2 .
The catalyst dosage was 0.5 g. The gas hourly space velocity (GHSV) was approximately 100,000 h−1 . NO, NO2 , and
O2 concentrations were monitored by a flue gas analyzer
(KM9106, Quintox Kane International Limited). N2 O was
detected by a FT-IR gas analyzer (Madur Photon Portable IR
Gas Analysers, Madur Ltd., Austria).
2.4. Characterization Methods. XRD analysis was performed
using X-ray diffraction with Cu K𝛼 radiation (model D/max
RA, Rigaku Co., Japan). The data were collected for scattering
angles (2𝜃) ranging between 5∘ and 80∘ with a step size of
0.02∘ . X-ray photoelectron spectroscopy with Al K𝛼 X-ray
(ℎ] = 1486.6 eV) radiation operated at 150 W (XPS: Thermo
ESCALAB 250, USA) was used to investigate the surface
properties and probe the electronic state of the elements.
The microstructures were observed using a scanning electron
micrograph (SEM) in a Phillips XL-30-ESEM system with a
voltage of 15 kV. Nitrogen adsorption-desorption isotherms
were obtained using a nitrogen adsorption apparatus (ASAP
2020, USA). All the samples were degassed at 200∘ C prior
to measuring. The Brunauer-Emmett-Teller (BET) specific
surface area (SBET) was determined by a multipoint BET
method using the adsorption data in the relative pressure
(P/P0) range from 0.05 to 0.30. Temperature programmed
desorption with ammonia (NH3 -TPD) and temperature programmed reduction with hydrogen (H2 -TPR) experiments
were carried out using a TP-5080 instrument (Tianjin Xianquan Industry and Trade Development Co. Ltd., China).
Prior to the NH3 -TPD experiments, 100 mg samples were
pretreated in pure N2 at 350∘ C for 1 h and then saturated with
anhydrous NH3 (4% in N2 ) at room temperature. Desorption
was carried out by heating the samples in N2 (30 mL/min)
from 70∘ C to 800∘ C with a heating rate of 10∘ C/min. Before
raising the temperature, a preheat treatment at 70∘ C for 1 h
was conducted. For the TPR experiments, 50 mg samples
were pretreated in pure N2 at 350∘ C for 1 h and cooled to 70∘ C.
The H2 -TPR runs were carried out with a linear heating rate
of 10∘ C/min from 70∘ C to 800∘ C in H2 (4% in N2 ).

3. Results and Discussion
3.1. SCR Performance. Figures 1–3 show NO conversions
as a function of the reaction temperature over catalysts
with different loading amounts of KNO3 , KCl, and K2 SO4 ,
respectively. The fresh Ce/TiO2 catalyst shows good catalytic
activity in the temperature range of 285∘ C to 460∘ C. The
NO conversion reaches up to 93% at 370∘ C. However, the
NO conversion rapidly decreases after adding potassium.
When the K/Ce molar ration exceeds 0.25, NO conversion
becomes negligible in the entire temperature range regardless
of the precursors. Relatively, the addition of KCl or K2 SO4
is more harmful to the SCR activity of Ce/TiO2 than that of
KNO3 . The NO conversion at 370∘ C in Ce/TiO2 -KNO3 -0.25
is consistent at 45%, but it is kept at 16% and 24% in Ce/TiO2 K2 SO4 -0.25 and Ce/TiO2 -KCl-0.25, respectively.
To find the internal reasons for the deactivation by
potassium salts, Ce/TiO2 , Ce/TiO2 -KNO3 -0.25, Ce/TiO2 K2 SO4 -0.25, and Ce/TiO2 -KCl-0.25 were subjected to a range
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Figure 1: Variation of NO conversion with reaction temperature of
catalysts with different KNO3 loading.
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Figure 3: Variation of NO conversion with reaction temperature of
catalysts with different KCl loading.
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Figure 2: Variation of NO conversion with reaction temperature of
catalysts with different K2 SO4 loading.

of characterizations including XRD, BET-BJH, XPS, NH3 TPD, and H2 -TPR.
3.2. Crystal Structure and Morphology. The powder XRD patterns of fresh and K-poisoned Ce/TiO2 catalysts are shown in
Figure 4. Characterization peaks in the anatase phase (PDFnumber 21-1272, 2𝜃 = 25.28∘ , 37.80∘ , 48.05∘ , 53.89∘ , 55.06∘ , and
62.69∘ ) and rutile phase (PDF-number 21-1276, 2𝜃 = 27.45∘ ,
36.09∘ , and 54.32∘ ) appear in all the four catalysts. The characterization peaks of ceria (PDF-number 43-1002, 2𝜃 = 28.55∘ ,
33.08∘ , 47.48∘ , and 56.33∘ ) are not noticeable in Ce/TiO2
but become clear after adding potassium. As described in
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Figure 4: Powder XRD patterns of fresh and K-poisoned Ce/TiO2
catalysts.

Experimental, the Ce/Ti molar ration was designed at 1 : 19;
hence the weight percentage of ceria in the Ce/TiO2 catalyst
is approximately 10% which is above the detection limit of
XRD. As such, the changes of ceria peaks suggest that highly
dispersing amorphous ceria as very small nanoparticles is
the dominant structure of ceria in the fresh Ce/TiO2 catalyst
but transforms into ceria crystals in the K-poisoned catalysts.
The particle size of ceria, which is calculated by plane [111]
using the Scherrer Equation, grows to 7.6–7.9 nm in the
three K-poisoned catalysts. Notably, the intensity of ceria
peaks follows the following sequence: Ce/TiO2 -KCl-0.25 >
Ce/TiO2 -K2 SO4 -0.25 > Ce/TiO2 -KNO3 -0.25, indicating that
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(a)
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(d)

Figure 5: SEM images of Ce/TiO2 (a), Ce/TiO2 -KNO3 -0.25 (b), Ce/TiO2 -KCl-0.25 (c), and Ce/TiO2 -K2 SO4 -0.25 (d).

the crystallinity of ceria in the three catalysts may also follow
the same order.
Microstructures of the fresh and K-poisoned Ce/TiO2
catalysts observed by SEM are shown in Figure 5. The surface
of fresh Ce/TiO2 catalyst is smooth when viewed through
SEM (Figure 5(a)). The aggregation of particles cannot be
observed. However, different degrees of aggregation can
be observed in K-poisoned catalysts. Interstices between
particles are enlarged. Variant large particles appear in the
SEM image of Ce/TiO2 -KCl-0.25. Considering the highest
intensities of ceria and titania XRD peaks in Ce/TiO2 -KCl0.25, the destructive effect of KCl may have possibly occurred
on ceria and titania particles. High-grade aggregation was
observed in Ce/TiO2 -K2 SO4 -0.25, and the surface becomes
bumpy like heaped-up hills. Microstructures indicate that the
dispersion of constituent particles worsened in K-poisoned
catalysts, especially in KCl- and K2 SO4 -poisoned catalysts.
Morphology, structure, and particle size of the fresh and
K-poisoned Ce/TiO2 catalysts further observed by TEM are
shown in Figure 6. Aggregation can also be observed in Kpoisoned catalysts like SEM images. Some ceria particles
are circled in red. A small number of ceria particles can
be observed in the fresh Ce/TiO2 catalyst. However, in Kpoisoned catalysts, the number of ceria particles increases
significantly, and overgrowth of ceria particles occurs in
Ce/TiO2 -KCl-0.25 and Ce/TiO2 -K2 SO4 -0.25. The obvious
difference in the number of ceria particles between fresh
and K-poisoned Ce/TiO2 catalysts further confirms the
increasing crystallization of ceria after K-loading. The TEM

results are in good agreement with the XRD and SEM discussions. Therefore, the transformation of highly dispersing
amorphous ceria to worse dispersing ceria crystals is certain.
3.3. Physical Characterizations. Table 1 shows the physical
characterizations including BET surface area, pore volume,
and average pore diameter. Compared with the BET surface
area, pore volume, and average pore diameter of Ce/TiO2 ,
those of Ce/TiO2 -K2 SO4 -0.25 reduced slightly, indicating
that part of the K2 SO4 may deposit on the catalyst surface
and cover a few pores. For Ce/TiO2 -KCl-0.25 and Ce/TiO2 KNO3 -0.25, the BET surface areas are reduced further,
pore volumes are not reduced, and average pore diameters
slightly increased, suggesting that a few pores agglomerate
and enlarge along with the growth of ceria crystals. All
the changes mentioned in the physical characterizations
accorded well with the microstructures showed by SEM.
Notably, the changes in physical characterizations were slight.
Hence adding potassium has very limited effect on the physical characterizations of Ce/TiO2 . The changes in physical
characterizations are not the primary reason for deactivation.
3.4. Surface Species. The surface atomic concentrations of Ce,
Ti, O, K, Cl, and S acquired with XPS are shown in Table 2.
As revealed by XRD, highly dispersed amorphous ceria transforms into ceria crystals after adding potassium. Generally,
amorphous ceria interacts closely with the TiO2 support;
however ceria crystals are more independent and tend
to agglomerate. Hence the surface atomic concentrations
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Figure 6: TEM images of Ce/TiO2 (a), Ce/TiO2 -KNO3 -0.25 (b), Ce/TiO2 -KCl-0.25 (c), and Ce/TiO2 -K2 SO4 -0.25 (d).
Table 1: BET surface area, pore volume, and average pore diameter.
Sample

BET surface area (m2 /g)

Pore volume (cm3 /g)

Average pore diameter
(nm)

45.9
42.8
45.0
41.7

0.40
0.40
0.39
0.41

28.55
30.57
28.03
31.59

Ce/TiO2
Ce/TiO2 -KNO3 -0.25
Ce/TiO2 -K2 SO4 -0.25
Ce/TiO2 -KCl-0.25

Table 2: Surface atomic concentrations of various elements
acquired with XPS.
Sample
Ce/TiO2
Ce/TiO2 -KNO3 -0.25
Ce/TiO2 -KCl-0.25
Ce/TiO2 -K2 SO4 -0.25

Ce
1.86
2.01
2.13
2.29

Ti
31.60
32.22
31.49
30.41

O
66.54
65.00
64.92
64.43

K
—
0.76
0.99
1.76

Cl
—
—
0.47
—

S
—
—
—
1.11

of Ce increase after adding potassium. The atomic concentrations of K, Cl, N, and S gave some evidence of the final
form of potassium poisons. N atoms are hardly detected in
Ce/TiO2 -KNO3 -0.25, indicating that KNO3 has decomposed
into K2 O. The atomic concentration of the K surface is
higher in Ce/TiO2 -K2 SO4 -0.25 than in Ce/TiO2 -KCl-0.25
and Ce/TiO2 -KNO3 -0.25 which may be attributed to the
deposition of K2 SO4 on the surface of Ce/TiO2 -K2 SO4 -0.25.
The atomic concentration of K in Ce/TiO2 -KCl-0.25 is more

than twice that of Cl, suggesting that Cl can enter into the
catalyst bulk.
The XPS spectra of Ce 3d are shown in Figure 7, where
peaks labeled as u, u2, u3, v, v2, and v3 represent the
3d10 4f0 state of Ce4+ species, and those labeled as u1 and v1
represent the 3d10 4f1 initial electronic state corresponding
to Ce3+ species [21, 22]. Generally, Ce4+ is dominant in fine
ceria crystals, and Ce3+ accompanied with ceria defects is
abundant in small ceria particles such as amorphous ceria.
The intensity of Ce4+ is always measured in terms of peak
area proportion of u3 in the whole spectrum. As shown in
Table 3, the peak area proportion of u3 increases after adding
potassium. This finding reveals that the concentration of ceria
defects is reduced and the XRD results have confirmed the
transformation of amorphous ceria into ceria crystals.
The fitted XPS spectra of O 1s are shown in Figure 8. The
O 1s peaks mainly contain two different species: crystal lattice
oxygen (O𝛼 ) and chemisorbed oxygen (O𝛽 ) [21, 23, 24]. The
O𝛼 peak is located at 529.92 eV in the spectrum of Ce/TiO2
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Table 3: Peak areas of the fitted O 1s and Ce 3d XPS spectra.

Sample

Peak area of O 1s
O𝛽
Proportion of O𝛽
19085
12.75%
17500
11.45%
14285
9.97%
21501
12.83%

O𝛼
130585
135300
128985
146085

Ce/TiO2
Ce/TiO2 -KNO3 -0.25
Ce/TiO2 -KCl-0.25
Ce/TiO2 -K2 SO4 -0.25

u1

Ce3+

v1

Intensity (a.u.)

(d)
(c)
(b)
(a)

u3

930

920

v3
u2 u Ce4+

v2

v

910
900
890
Binding energy (eV)

(a) Ce/TiO2
(b) Ce/TiO 2 -KNO3 -0.25

880

870

(c) Ce/TiO 2 -KCl-0.25
(d) Ce/TiO 2 -K2 SO4 -0.25

Figure 7: XPS spectra of Ce 3d.

but shifts to a lower binding energy in the spectra of Kpoisoned catalysts. This shift can often be observed during the
transformation of Ce3+ into Ce4+ [21, 23, 24]. Chemisorbed
oxygen has been proven to be active in oxidation reactions
and will take part in the oxidation of Ce3+ to Ce4+ . The concentration of chemisorbed oxygen is assumed to be positively
related with the ceria defects. As a result, the concentration of
chemisorbed oxygen should decrease after adding potassium
addition (see Table 3). The concentrations of chemisorbed
oxygen in Ce/TiO2 -KCl-0.25 and Ce/TiO2 -KNO3 -0.25 are
lower than that of Ce/TiO2 , as expected. However, the
chemisorbed oxygen concentration in Ce/TiO2 -K2 SO4 -0.25
is slightly higher and may be contributed by the SO4 2− groups.
As reported by Gao et al., sulfurization treatment could
provide new chemisorbed oxygen in the form of –OH or H2 O
groups [25].
3.5. Surface Acidity and Reducibility. According to the widely
accepted Eley-Rideal and Langmuir-Hinshelwood mechanism of SCR reaction [26, 27], the adsorption of NH3 on the
catalyst surface s is considered a prerequisite. The NH3 -TPD
profiles of the four catalysts are shown in Figure 9, where
the decreased NH3 -desorption can be observed in the Kpoisoned samples. The total amount of desorbed ammonia
is calculated at 209 𝜇mol/g, 141 𝜇mol/g, 119 𝜇mol/g, and
157 𝜇mol/g over Ce/TiO2 , Ce/TiO2 -KNO3 -0.25, Ce/TiO2 KCl-0.25, and Ce/TiO2 -K2 SO4 -0.25, respectively, showing a

u3
5283
6186
6783
9547

Peak area of Ce 3d
Whole spectrum
Proportion of u3
77795
6.79
73603
8.40
80462
8.43
89451
10.67

noticeable decrease. The desorbed ammonia corresponds to
the ammonia adsorbed on the Lewis and Brønsted acid sites.
Hence these acid sites were partly destroyed by potassium
after addition.
It is widely accepted that the reduction of ceria can be
divided into two processes: the initial reduction of surface
ceria species at low temperature and the further reduction
of bulk ceria at high temperature. Considering the XRD
and XPS results, we can deduce that amorphous ceria with
abundant defects in Ce/TiO2 tends to be reduced at low
temperatures, whereas ceria crystals in K-poisoned catalysts
reduce at high temperatures [28, 29]. As depicted in Figure 10,
the reduction of ceria starts at 261∘ C in Ce/TiO2 , and
the reduction maximum appears at 487∘ C. However, the
starting temperature shifts to the right at 444∘ C, 457∘ C,
and 377∘ C in the profiles of Ce/TiO2 -KNO3 -0.25, Ce/TiO2 KCl-0.25, and Ce/TiO2 -K2 SO4 -0.25, respectively. This finding demonstrates that the addition of potassium leads to
the passivating of ceria, similar to the transformation of
amorphous ceria into ceria crystals. Moreover, there are
sharp reduction peaks centering at 718∘ C and 652∘ C in the
H2 -TPR profiles of Ce/TiO2 -KCl-0.25 and Ce/TiO2 -K2 SO4 0.25, respectively. Similar peaks are not found in the H2 TPR profile of Ce/TiO2 -KNO3 -0.25, demonstrating that the
crystallinity of ceria in Ce/TiO2 -KCl-0.25 and Ce/TiO2 K2 SO4 -0.25 is higher.
3.6. Deactivation Mechanism. Based on the analysis above,
the changes that take place after adding potassium are
summarized in Table 4. We can find two main reasons for the
deactivation of Ce/TiO2 catalyst by potassium: the structural
and chemical state changes of ceria and the degradation of
surface acidity.
In terms of ceria catalysts, good redox behavior in catalysis reactions involves high-speed Ce4+ /Ce3+ redox cycles.
Previous researches on the redox behavior of ceria have
shown that the oxidation of Ce3+ to Ce4+ is very fast,
whereas the reduction of Ce4+ to Ce3+ is slow in most cases
[30]. Oxygen diffusion that depends on the type, size, and
concentration of oxygen vacancies is proposed to be the ratecontrolling step of ceria reduction [30–32]. Therefore, the
nature of oxygen vacancy highly affects the redox behavior of
ceria. It is known that once Ce3+ appears, oxygen vacancies
will be generated to maintain electrostatic balance [32, 33].
Consequently, ceria defects on the catalyst surface are the
most active species with fast Ce4+ /Ce3+ redox cycle. For the
Ce/TiO2 catalyst, ceria mainly exists in a highly dispersed
amorphous form with surface having abundant defects; hence
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531.67 eV
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Figure 8: XPS spectra of O 1s: (a) Ce/TiO2 , (b) Ce/TiO2 -KNO3 -0.25, (c) Ce/TiO2 -KCl-0.25, and (d) Ce/TiO2 -K2 SO4 -0.25.
Table 4: Sum of the property changes after potassium addition.
Sample
Ce/TiO2 -KNO3 -0.25

Crystal
structure of
ceria
Amorphous to
crystal

Microstructure

Chemical state
of cerium

Ammonia
adsorption

Reducibility of
ceria

Enlarged
interstices

Decrease of
Ce3+

Reduced NH3
adsorption
Largest decrease
of NH3
adsorption

Passivating of
ceria
Serious
passivating of
ceria
Serious
passivating of
ceria

Ce/TiO2 -KCl-0.25

Highest
crystallinity

Variant particles

Decreased of
Ce3+

Ce/TiO2 -K2 SO4 -0.25

High
crystallinity

High
aggregation

Largest decrease
of Ce3+

the reduction of ceria can start at very low temperature
(261∘ C), and the Ce/TiO2 shows good SCR performance.
For K-poisoned catalysts, amorphous ceria transforms into
ceria crystals, and the size of ceria particles enlarges. As
a result, the amount of surface defects, as well as oxygen
vacancies, is reduced which hinders the reduction of ceria
in the redox cycle. The reduction of ceria only occurred at
higher temperatures. The K-doped catalysts showed the worst

Reduced NH3
adsorption

SCR
performance
Deactivation
Serious
deactivation
Serious
deactivation

SCR performance. Notably, a more complete transformation
of the structural and chemical state of ceria can be observed
after adding KCl and K2 SO4 ; hence the deactivation by the
addition of KCl and K2 SO4 is more significant than adding
KNO3 .
The degradation of the surface acidity is considered a
common reason for all the SCR catalysts that underwent
alkali deactivation. It is widely accepted that the acid sites on
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TCD signal (a.u.)

combine with Ce to form cerium chloride and destroy the
Ce-centered Lewis acid sites. High-grade aggregation of the
whole catalyst sample is observed in K2 SO4 -doped catalysts.
The aggregation that attributed to the deposition of K2 SO4 on
catalyst surface will reduce the exposure of active sites for the
SCR reaction.

4. Conclusions

100

200

300
400
500
Temperature (∘ C)

600

700

Ce/TiO2 -KCl-0.25
Ce/TiO2 -K2 SO4 -0.25

Ce/TiO2
Ce/TiO2 -KNO3 -0.25

Figure 9: NH3 -TPD profiles of Ce/TiO2 , Ce/TiO2 -KNO3 -0.25,
Ce/TiO2 -KCl-0.25, and Ce/TiO2 -K2 SO4 -0.25.

TCD signal (a.u.)

652

Ce/TiO2 -K2 SO4 -0.25 377
Ce/TiO2 -KCl-0.25
Ce/TiO2 -KNO3 -0.25
Ce/TiO2

100

200

261
300

457

718

The addition of KNO3 , KCl, and K2 SO4 could deactivate
the Ce/TiO2 catalyst in a SCR reaction. After adding KNO3 ,
KCl, or K2 SO4 with a K/Ce molar ration of 0.25, the NO
conversion at 370∘ C dropped sharply from 93% to 45%,
24%, and 16%. Further increase in the amount of potassium
led to complete deactivation. Changes in the structural and
chemical state of ceria and the degradation of surface acidity
were the primary reasons for the deactivation. Ceria particles
grew and amorphous ceria transformed into ceria crystals
after adding potassium. As a result, the amount of ceria
defects as well as oxygen vacancies was reduced which
ultimately lowered the rate of ceria reduction and redox cycle.
KCl and K2 SO4 showed greater effect on the changes of ceria
state than KNO3 . Potassium could destroy the acid sites,
leading to the decline of ammonia adsorption capability. The
introduction of Cl− from KCl could be combined with Ce
to form cerium chloride; hence Ce-centered Lewis acid sites
were destroyed by Cl− . The deposition of K2 SO4 on catalyst
surface will reduce the exposure of active sites for the SCR
reaction. Cl and S have always coexisted with K biofuels and
their concentrations are always high; thus the deactivation of
Ce/TiO2 utilized in biofuel boilers will be more significant
than that in coal-fired boilers.

444

Conflict of Interests
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400
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600
Temperature (∘C)

700

800

Figure 10: H2 -TPR profiles of Ce/TiO2 , Ce/TiO2 -KNO3 -0.25,
Ce/TiO2 -KCl-0.25, and Ce/TiO2 -K2 SO4 -0.25.

the catalyst surface can be easily destroyed by alkaline species.
Hence the decreasing capacity of ammonia adsorption by
potassium has always been observed in V-, Fe-, Cu-, and
zeolite-based catalysts [11–14, 16, 17]. For the Ce/TiO2 catalyst,
we have found apparent degradation of the surface acidity
regardless of the difference of the potassium precursor.
It is interesting to note that the Cl− and SO4 2− anions
have additional poisoning effects. Lisi et al. have reported that
acidic HCl can promote the formation of new acid sites on
the vanadium-based catalysts [34], indicating that Cl− may
be beneficial to surface acidity. However, this positive effect
of Cl− is not found on KCl-doped CeO2 /TiO2 catalyst. In
the three catalysts, the largest decrease of NH3 adsorption is
observed in the KCl-doped catalyst. The extra decrease may
be associated with Cl− . From XPS results, we have deduced
that Cl− can enter freely into the catalyst bulk. Cl− may
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Titanium dioxide nanotube arrays (TNTAs) were fabricated by electrochemical anodization of Ti foils. The effects of electrolyte,
applied voltage, duration of anodic oxidation to morphology, and photocatalytic performance of TNTAs were investigated. TNTAs
formed in electrolyte of glycol and DMSO tend to grow along radial direction with flimsy tube wall and weak adhesion on Ti
substrate. Those in glycerol, however, easily achieve balance between growth rate and corrosion rate, form orderly arranged array
of nanotubes with uniform diameter, moderate length, and strong adhesiveness with substrates then. Although the photocatalytic
activity of Rh B degradation on TNTAs prepared in glycol and DMSO is higher than those prepared in glycerol, their convenience
of recycling and recovery shows the opposite. The optimality condition of anodic oxidation for TNTAs with good morphology and
photocatalytic performance was present, which may have potential application in the synthesis of composite nanoarrays.

1. Introduction
Ever since carbon nanotubes were discovered by Iijima, nanomaterials with tube structure have attracted widespread
attention from different research area due to its unique geometric structure and advanced physicochemical properties.
As one of those nanotube materials, titanium dioxide nanotube arrays (TNTAs) have been applied to many fields, such
as photocatalytic hydrogen generation, photovoltaic cells,
degradation of organic contaminants, and gas sensor, because
of their excellent specific surface area, high adsorption capacity, and less agglomeration [1–13]. Recently, multiple methods
of preparation on TNTAs have been proposed: hydrothermal
synthesis method, template method, and electrochemical
anodic oxidation [14–16]. TNTAs prepared by the first two
approaches are dispersed powders, which cannot adhere to
the substrate firmly and are hard to be recycled. On the other
hand, TNTAs prepared by electrochemical anodic oxidation
adhered to the Ti substrate firmly with highly ordered array
structures. Furthermore, the morphology of TNTAs can be
controlled by adjusting experimental parameters.

Large-scale TNTAs composed of many single and wellarranged TiO2 nanotubes were prepared by potentiostatic
anodic oxidation of Ti foils with 0.5 wt% HF electrolyte, as
Gong et al. reported at 2001 [17]. After that, the anodic oxidation method of preparing TNTAs has been studied by many
researchers; it can be divided into three stages according
to length of nanotube or electrolyte composition. The first
TNTA generation is produced in strong acid electrolyte containing HF with pH lower than 3; its length is 500 nm below
the general length [18]. The second TNTA generation is prepared at weak acid fluoride aqueous electrolyte with pH
between 3 and 6; its length can reach 6.4 𝜇m [14]. The last
TNTAs generation, revolutionarily, uses organic instead of
aqueous solvent as electrolyte [14, 16, 19–21]. Macak et al. prepared TNTAs by anodic oxidation and used glycol containing
0.5 wt% NH4 F as electrolyte firstly, whose length reaches
7 𝜇m. However, the disadvantages are so fateful that they cannot be ignored: the length of tubes and specific surface area
of TNTAs are distributed inhomogeneously. Besides, those
tubes hardly adhere on substrates firmly [22–26]. Since then,
scientists tried to design and achieve various geometrical
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structures, such as stacking-type tube, chain-type tube, Bamboo-type tube, branched-type tube, and 3D complicated
structure, by controlling the potential and electrolyte of anodic
oxidation [27–31]. Nevertheless, to capitalize on TNTAs as
photocatalysts is still a major challenge; that is, efficiencies
of photoinduced processes are very low. This occurs because
photocatalytic reaction rates are not fast enough to compete
with the charge-recombination (electron-hole recombination). To address these problems, scientists focus on decorating TNTAs with noble metals or other nanomaterials
with synergistic effect [14, 32–37]. As the starting point, the
optimum condition of suitable TNTAs for decorating with
materials should be investigated.
In this paper, by employing glycol, DMSO, glycerol, and
(NH4 )2 SO4 as main electrolytes, respectively, the effects of
electrolyte and applied electric potentials on morphology of
TNTAs were explored. Furthermore, photocatalytic degradation of Rhodamine B (Rh B) on TNTAs prepared from
different electrolytes was compared under UV irradiation.
In addition, the optimum condition TNTAs fabrication for
nanoparticle deposition was discussed.
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Figure 1: Schematic illustration of an electrochemical anodic oxidation cell.
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2. Experimental
2.1. Chemicals. Water used was ion-exchanged at first, distilled, and then ion-exchanged again by ultrapure water
system. The purified water exhibited the ionic resistivity of
18 MΩ cm in the water system. Other chemicals were of
analytical grade and were used as received.
2.2. Preparation of TNTAs. Well-ordered TNTAs were fabricated by electrochemical anodization in a two-electrode cell
which consisted of Ti foils as working electrode and a Pt foil
as counter electrode. Prior to the anodization, Ti foils (2.0
× 5.0 cm2 ) were ultrasonically cleaned in acetone, methanol,
and ethanol for 10 min followed, respectively, by deionized
water rinse.
All electrolytes were prepared as a certain proportion, stirred by magnetic stirring until complete dissolve is
achieved. In this study, four typical electrolytes were
employed: 0.1 M NH4 F and 0.5 M (NH4 )2 SO4 mixture solution; mixture solution composed of 98% dimethyl sulfoxide
(DMSO) and 2% HF in volume; NH4 F with concentration of
0.075 M dissolved in mixture solvent which is composed of
H2 O (3%, v/v) and glycol (97%, v/v); NH4 F with concentration of 0.27 M dissolve in mixture solvent composed of water
and glycerol with ratio of 1 : 1 by volume.
The equipment of anodic oxidation is illuminated as
Figure 1; the anode and cathode electrodes were pretreated
titanium foil and Pt, respectively. The distance between two
electrodes was 2 cm. Applied voltage started from 0 V to a
certain voltage with rate of 250 mV/s and then maintained a
certain time.
The Ti foil was drawn out from electrolyte after the anodic
oxidation process and then washed by deionized water in
order to remove adsorbed electrolyte on the surface, followed
by six times of ultrasonic cleaning every 10 seconds. Then the
resulting TNTAs were dried under room temperature before
next process.

Water outlet
Tinfoil
Ti foil
Stirring bar

Water inlet

Figure 2: Schematic illustration of the photocatalytic reactor.

The dried TNTAs were put into muffle furnace which was
firstly heated up to 200∘ C with 3∘ C/min and kept for 30 min,
then was heated up to 450∘ C with 2∘ C/min and kept for 3 h,
and was naturally cooled to room temperature at last.
2.3. Characterization. XRD patterns were acquired on a
Bruker Axs D2 PHASER diffractometer with a Cu K𝛼 Xray source. Scan range located from 21∘ to 80∘ . The morphology of the obtained samples was characterized by a field
emission scanning electron microscope (FESEM, Hitachi S4800). The ultraviolet-visible (UV-Vis) spectra analysis was
also performed on a Shimadzu UV-3600 spectrophotometer
equipped with an integrating sphere using BaSO4 as the
reference.
2.4. Photocatalytic Activity. As shown in Figure 2, the photocatalytic activities were evaluated based upon the removal
of Rh B solution with an initial concentration of 5 mg⋅L−1
in a glass reactor with a water jacket to control the reaction
temperature. For comparison, the photocatalytic activities of
TNTAs obtained from different electrolytes were also studied.
A 300 W xenon lamp with a 365 nm filter was employed as the
simulated ultraviolet source. The distance between the xenon
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lamp and the TNTAs film was 13 cm. Prior to photocatalytic
degradation, the samples were immersed in 20 mL Rh B
aqueous solution with magnetic stirring in the dark for 1 h
to establish an adsorption-desorption equilibrium at constant
room temperature. After UV irradiation started, the solution
periodically taken from the reactor was analyzed with a UVVis spectrophotometer. The analytical wavelength selected for
optical absorbance measurement was 560 nm.
Based on Lambert-Beer law, there is a proportional relationship between concentration of absorbing material and
absorbance, as shown in the following equation:
1
𝐴 = lg ( ) = 𝐾𝑏𝑐,
𝑇

(1)

in which 𝐴 indicates absorbance; 𝑇 indicates transmittance;
𝐾 indicates characteristic constant; 𝑏 indicates thickness of
absorption layer with unit of cm; 𝑐 indicates concentration
of absorbance with unit of mg⋅L−1 . Therefore, change of
absorbance reflects change of concentration of Rh B solution.
Normalized concentration ratio of Rh B solution is close to
normalized maximum absorbance ratio (𝐴/𝐴 0 ); as a result,
𝐶/𝐶0 can be replaced by value of 𝐴/𝐴 0 .

3. Results and Discussion
3.1. Morphology of TNTAs. We present the SEM results of
TNTAs obtained from four different electrolytes. Figures
3(a) and 3(b) show TNTAs prepared by anodic oxidation
employing NH4 F and (NH4 )2 SO4 mixed aqueous solution
as electrolyte under constant applied voltage of 20 V for 2 h.
Those nanotubes show irregular arrangement with nonuniform diameter of about 80 nm.
Figures 3(c) and 3(d) show top and cross-sectional views
of TNTAs prepared by anodic oxidation with DMSO and HF
mixed solution as electrolyte under constant applied voltage
of 35 V for 2 h. Although the length of tubes reached 4 𝜇m,
it is clear that the tube entrance collapses seriously, coupled
with broken surface which may be caused by relatively high
voltage.
Figures 3(e)–3(h) show top, bottom, cross-sectional, and
truncation views of TNTAs prepared by anodic oxidation
employing NH4 F and glycol mixed aqueous solution as
electrolyte under constant applied voltage of 20 V for 2 h.
Nanotubes obtained under this condition are more complicated. Their surface shows weed-like features and bottom
shows typical hexagon, while the walls are so smooth. The
cross-link between those walls obviously decreased when
compared to other TNTAs. Those nanotubes easily fall off
from Ti substrate although the length of them reaches about
33 𝜇m. Nanotube entrance collapse and broken surface may
be attributed to the inhomogeneity of the tube structure. Fast
growth rate along the tube leads to thinness of tube walls. As
a result, those tubes cannot sustain the weight and thermal
stress of themselves during the drying process.
Figures 3(i) and 3(j) show top and cross-sectional views
of TNTAs prepared by anodic oxidation by employing NH4 F
and glycerol mixed aqueous solution as electrolyte under
applied constant voltage of 20 V for 2 h. The diameter of
these tubes is uniform with 100 nm for inner and 117 nm for

outer. The length is about 1 𝜇m. Ripples on the tube walls
can be seen, which indicates that the participation of water
into electrolyte is necessary for oxidation corrosion of Ti foils.
The corrosion rate of Ti foils and growth rate of TiO2 are
affected by the content of water. The formation of nanotubes
with corrugated tube wall needs relative high content of water.
These tubes adhere on the substrate firmly, which performs
good stability of geometric structure and conveniences of
recycling.
Then it can be concluded that NH4 F and glycerol mixed
aqueous solution is the preferential electrolyte among those
four kinds of electrolytes in this study. Therefore, based on
this electrolyte system, other operating parameters including
applied voltage and duration of anodic oxidation have been
studied.
Figure 4 shows top view of TNTAs prepared at condition
of (a) (20 V, 2 h), (b) (20 V, 6 h), (c) (25 V, 2 h), (d) (25 V,
6 h), (e) (30 V, 2 h), and (f) (30 V, 6 h), respectively. With
the increase of applied voltage from 20 V, the diameter of
nanotubes remains unaffected; however, the tube entrance
becomes uniform and arrangement of nanotubes decreases
seriously. Also the shape of tubes and thinness of tube walls
tend to be inhomogeneous with increase of voltage.
As is seen in Figure 4, with the duration of anodic oxidation from 2 h to 6 h, tubular structure is severely damaged.
The possible explanation might be that two dynamic processes contributed to the growth of tube on radial direction:
anodic oxidation of Ti substrate to form fresh TNTAs and
dissolution of tubes on the top part. There is an optimum
duration of oxidation which is defined to be the equilibrium
of those two dynamic processes. Longer time may unbalance
the equilibrium, which forces the growth of tubes to be
affected by diffusion, gravity, viscosity, and so forth.
3.2. Growth Mechanism of TNTAs. The key process of electrochemical oxidation can be explained as follows: firstly, oxides
were formed on metal surface under the influence of interaction of oxygen ions or hydroxide ions. After that, those anions
cross through oxidation layer and migrate to metal/oxide
interface to react with metal. Secondly, under the effects of
external electric field, tetravalent titanium ion (Ti4+ ) migrates
from metal/oxide surface to oxide/electrolyte surface. Electric field assisted dissolve will be the third step: under effect of
external electric field, Ti–O bond undergoes polarization and
is weakened, accelerating the dissolution of the metal cations.
After Ti4+ dissolved into electrolyte, free oxygen anions
migrate to metal/oxide intersurface and then interact with
metal as mentioned at the first step. Lastly, chemical dissolve
of metal or oxide occurs in acidic electrolyte. Chemical
dissolve of TiO2 in fluoride ion electrolyte plays a crucial role
on formation process of nanotubes. Schematic diagram of
ions migration was shown in Figure 5.
At the beginning of anodic oxidation, the initial oxidation
layer was formed by interaction of Ti4+ ions on surface and
O2− ions in electrolyte, which can also be seen as distributed
homogenously on the surface. The anodic oxidation of metal
to form hydrogen ions and electrons is shown in
Ti + 2H2 O → TiO2 + 4H+ + 4e−

(2)
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Figure 3: FE-SEM images of TNTAs fabricated by different solutions.
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Figure 4: FE-SEM images of TNTAs fabricated by glycerol based solutions under different voltage and anodic oxidation time.

Fluorine ions may attack water molecule and oxidation layer;
in other words, ions migrating on anode layer under external
electric field could react with Ti4+ anions:

Electrolyte

Dissolution

F−

[TiF6 ]2−

O2−

Ti

4+

Oxidation
Metal

F− -rich layer

Figure 5: Schematic drawing showing field-aided transport of
mobile ions through the oxide layers in the presence of fluoride ions.

Hydrogen generated at cathode is as follows:
8H+ + 8e− → 4H2

(3)

The total oxidation process can be given by
Ti + 2H2 O → TiO2 + 2H2

(4)

TiO2 + 6F− + 4H+ → [TiF6 ]

2−

+ 2H2 O

(5)

Ti (OH)4 + 6F− → [TiF6 ]

2−

+ 4OH−

(6)

Ti4+ + 6F− → [TiF6 ]

2−

(7)

As shown in Figure 6(a), a thin layer formed on the
titanium surface with start of anodic oxidation. Since partial
dissolve of oxide may make the barrier layer at the bottom of
concave thin, as can be seen in Figure 6(b), the electric field
intensity at those remaining barrier layers increased resulting
in further growth of pore. As shown in Figure 6(c), pores
of tube appear relatively narrow since the field associated
dissolve has no influence on formation of pores. However, the
electric field distribution at bottom surface of the pore may
broaden diameter of tubes as well as deepen cracks, which
causes pores of nanotubes formed like a scallop shape. Since
the bond energy of Ti–O is rather high, for TiO2 , it can be
predicted reasonably that pores only can be formed on those
thin walls, which can be contributed by relatively low ionic
mobility and rather high chemical solubility of oxide in electrolyte. The electric field intensity at protruding metal area
will increase with the growth of pores, which may enhance
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Figure 6: Schematic diagram of nanotube evolution at constant anodization voltage: (a) oxide layer formation, (b) pit formation on the
oxide layer, (c) growth of the pit into scallop shaped pores, (d) the metallic region between the pores undergoing oxidation and field assisted
dissolution, and (e) fully developed nanotubes with a corresponding top view.

the field associated growth of oxide and dissolution of oxide.
Meanwhile, uniformly distributed pores and voids between
pores formed in Figure 6(d). Subsequently, voids and pores
grow together under equilibrium condition. The length will
increase until the balance is achieved between electrochemical corrosion rate and chemical dissolve rate on the top
surface of nanotubes. Thereafter, the length of nanotubes is
finally achieved by given anodic oxidation time, concentration of electrolyte, and anodic oxidation voltage.
3.3. XRD Characterization. As seen in Figure 7, XRD characterization of TNTAs obtained in four different electrolytes
has been presented. Five diffraction peaks at 25.2∘ , 37.8∘ ,
48.1∘ , 53.9∘ , and 55.1∘ indicate crystal phase of anatase at

(101), (004), (200), (105), and (211), respectively, according to
JCPDS number 21-1272. It is obvious that anatase TNTAs can
be obtained by annealing at 450∘ C. Peak intensities of crystal
plane (101) for TNTAs prepared at glycerol aqueous electrolyte and NH4 F and (NH4 )2 SO4 mixed aqueous electrolyte
appear lower than those prepared at glycol electrolyte and
DMSO electrolyte. This can be explained by the fact that ratio
of TiO2 is deeply influenced by length of nanotube, which is in
accordance with SEM results. Besides, XRD characterization
of Ti substrate and TNTAs fabricated in NH4 F and glycerol
mixed aqueous solution were presented, respectively, before
and after TNTAs are annealed (Figure 8). It can be seen that
after anodization process TNTAs are amorphous and upon
annealing they become anatase.
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Figure 7: XRD patterns of TNTAs fabricated by different solutions.
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Figure 8: XRD patterns of TNTAs fabricated in NH4 F and glycerol
mixed aqueous solution ((a) Ti substrate; (b) before annealing; (c)
after annealing).

3.4. UV-Vis Diffuse Reflection Spectroscopy. The optical properties of TNTAs prepared at different electrolytes were studied by UV-Vis diffuse reflection spectroscopy, as shown in
Figure 9. Light response range of all TNTAs reported here is
localized in ultraviolet range. However, TNTAs prepared by
glycerol electrolyte, in spite of its disadvantage at length of
nanotube, show highest intensity of light adsorption at tail.
This may benefit from the uniformity of nanotube arrangement and less collapse on nanotube entrance. For those
TNTAs obtained by other electrolytes, although length of
nanotube may have its edge, collapse on nanotube entrance or
structures with weed-like features and disordered orientation
result in the fact that the obstacle of incident light could not
pass into passageway of nanotubes, eventually.

DMSO
EG

Figure 9: UV-Vis spectra TNTAs made in different solutions.

3.5. Photocatalytic Activity on Degradation of Rh B. TNTAs
are one of the most active materials for degradation of contaminants especially for organic pollutants. This may be contributed by the proximity between conduction band edge of
TNTAs and redox potentials of the surroundings such as
water. Rh B, as one of the most water pollutants, is stable and
carcinogenic [38]. The photocatalytic activities of TNTAs fabricated in four different electrolytes were investigated by
degrading Rh B.
The variation of 𝐶/𝐶0 with illumination time is shown in
Figure 10(a), in which 𝐶0 indicates the initial concentration
after the adsorption equilibrium is established, while 𝐶 indicates concentration of reaction solution extracted out every
30 minutes. It can be seen from blank curve of Figure 10(a)
that the Rh B molecule is extremely stable under UV irradiation without the presence of catalysts. Also, after irradiation
of 210 minutes by UV, Rh B shows no evidence of decomposition, which indicates impossibility of self-degradation. The
degradation efficiencies of TNTAs prepared in electrolytes of
glycol, DMSO, glycerol, and (NH4 )2 SO4 are 75.14%, 49.82%,
34.26%, and 25.82%, respectively. The kinetics equation of
catalytic reaction on these TNTAs photocatalysts has been
studied by using first-order kinetics equation ln(𝐶/𝐶0 ) =
−𝑘𝑡, in which 𝑘 indicates the first kinetics equation constant.
As shown in Figure 10(b), the catalytic rate constant in electrolyte of glycol, DMSO, glycerol, and (NH4 )2 SO4 is 6.45 ×
10−3 , 3.37 × 10−3 , 2.03 × 10−3 , and 1.42 × 10−3 min−1 , respectively. The order of catalytic rate constant is in accordance
with the order of the length of nanotubes. For photocatalytic
degradation on TiO2 nanotube arrays, it is common sense
that the amount of TiO2 crystals will increase with increase of
length of nanotube, which would exhibit better photocatalytic
activity.
In order to further more effective composites by loading
nanoparticles, however, those nanotubes prepared in electrolyte of glycol, DMSO shows their disadvantage of poor
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Figure 10: (a) Photocatalytic degradation of Rh B under UV light irradiation on various catalysts and (b) first-order kinetics data for the
photodegradation of Rh B on various catalysts and the inset is the value of the rate constant 𝑘.

recycling efficiency. Firstly, the entrance of these tubes tends
to collapse and snarls, which brings a great difficulty to
decorate other nanoparticles on more widespread surface
of TNTAs. Secondly, the overlong nanotubes increased the
burden of Ti substrates, which makes nanotubes vulnerable
and easier to fall off from substrates, when compared with
other nanotubes having moderate length. And this will go
against recycling and recovery of effective part of photocatalyst. To make composites by depositing nanoparticles on
TNTAs, TNTAs prepared in glycerol under voltage of 20 V
for 2 h are the best loading substrate, contributing by their
uniform diameter, moderate length, and close adhesiveness
with Ti foils.

4. Conclusions
The formation process of TNTAs strongly depends on the
electrolytes. TNTAs formed in the electrolytes of glycol
and DMSO grow along radial direction with flimsy tube
wall and weak adhesion on Ti substrate. These TNTAs are
not appropriate to assemble composite photocatalyst with
other nanomaterials, although they show, respectively, higher
catalytic activities. Those made in glycerol, however, easily
achieve balance between growth rate and corrosion rate and
form orderly arranged array of nanotubes with homogenous
diameter, moderate length, and strong adhesiveness with
substrates.
In addition, applied voltage and anodic oxidation duration crucially affect nanotube formation. Generally, longer
time and higher voltage of oxidation will enhance length of
nanotubes. However, the oxidation rate of Ti substrate and

dissolve rate of nanotubes will be well balanced at condition
of 20 V for 2 h. Consequently, TNTAs prepared in this
condition will be the most appropriate loading substrates to
further assemble functional composite nanomaterials.
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