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Yellow–colored pure titania with a mesoporous structure was prepared by the aggregate of titania nanocrystals,
which were stabilized by exfoliated titanate nanosheets via an electrostatic interaction. X–ray diffraction pat-
terns and images of transmission electron microscope confirm that titanate sheets are randomly dispersed
into the assembled titania nanocrystalswithout forming any self–restacked phase. This nanocrystals–nanosheets
composite exhibits a mesoporous structure with pore size of ~6.5 nm and surface area of 236.3 m2 g−1. Greatly
different from the UV–responded properties of titania nanocrystals and titanate nanosheets, the absorption edge
of nanocomposite red–shifts to visible light region. The visible light photocatalytic tests demonstrate that this
nanocomposited titania shows excellent activity for the degradation of organic dyes, aswell as a colorless organic
pollutant of 2, 4–dichlorophenol. The possible photocatalytic mechanism that photogenerated holes as the mainly
oxidant species in photocatalysis is proposed based on the trapping experiments of hydroxyl radicals or
photogenerated holes. Moreover, as the nanocomposite depicts an extreme stability, no obvious deactiva-
tion occurs after five cycles.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
1. Introduction

In recent years, semiconductor photocatalysis has received consid-
erable attention since it holds promising potential in both energy and
environmental fields [1–3]. Among various semiconductors, titania is
most widely used because of its nontoxicity, chemical stability, water
insolubility, low price, and favorable photochemical property [4,5].
However, titania can only be excited by ultraviolet (UV) light due to
its large band gap of 3.2 eV. Given that UV light only accounts for a
small fraction (b5%) of the solar spectrum, thus, its overall efficiency
remains too low under natural light irradiation. Moreover, its quantum
efficiency is further limited owning to the high recombination rate of
photogenerated electron–hole pairs [6,7]. Therefore, designing, fabri-
cating, and tailoring the optical and physicochemical properties of
titania are necessary to enhance its absorption in visible region thus to
realize the purpose of solar energy derived applications of titania.

Over the last few decades, enormous efforts have been devoted
to realize visible light harvesting capability of titania [8–11,14–19].
Doping with metal or nonmetal elements is the most used method
that has successfully extended its absorption to visible light range
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[8–11]. However, impurity elements may act as charge carrier re-
combination centers, which would reduce the photocatalytic effi-
ciency of material [12]. For example, Wang et al. have confirmed
that titania doped with nitrogen can efficiently improve its activity
under visible light irradiation, but remarkably lowers its UV light activ-
ity [13]. Dye–sensitization is another effective approach to enhance the
visible light absorption of titania [14–16]. Unfortunately, it is a fact that
appropriate sensitizing dyes are extremely rare, and meanwhile as or-
ganic species, they are unstable with respect to chemical and photo-
chemical attacks, which would affect the photocatalytic performance
of photocatalyst. Coupling with narrow band gap semiconductors has
been reported to effectively improve the visible light catalytic activity
of titania [17–19]. Such a combination not only enhances the visible
light absorption, but also promotes the separation of photogenerated
electron–hole pairs. However, these narrow band gap semiconductors,
such as sulfides, are very unstable toward photocorrosion that is not pro-
pitious for their long–term use. In addition, both dyes and narrow band
gap semiconductors would detach from the surface of titania, which
reduces the activity of photocatalyst and meanwhile brings a secondary
pollution to the environment. Therefore, great efforts remain to be
drawn on the exploitation of “pure” titania materials that respond to
visible light [12,20–22]. Most recently, Ye's group developed a novel
titania photocatalyst by the bonding assembly of titania nanocrystals
(TNCs), which exhibits a narrowed band gap and greatly enhanced vis-
ible and solar photocatalysis in comparison with individual TNCs [23].
Nevertheless, the main drawback of this doping–free material is that
its visible light response disappears rapidly when it is dispersed into
aqueous solution or crushed into a powder. Moreover, the long–term
cense.
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exposure in air at room temperature would also make this material
slowly fade to whiteness. Therefore, improving the stability of assem-
bled TNCs is very important for its practical application.

Electrostatic aggregate of exfoliated titanate nanosheets (TNSs)
bearing negative charges with positively charged nanoparticles has
been widely studied, which always forms porous structures [24–30].
The structure of assembled system of TNSs and nanoparticles is
strongly dependent on the ratio of nanoparticles to TNSs, from
nanoparticles–pillared layered structure to disordered mesoporous
structure with the increase of ratio [31,32]. The electrostatic assembly of
TNSs and titania nanoparticles has been deeply investigated, including
structural properties and UV–responsed photocatalytic performance
[33,34]. However, in these reports attentionswere focused on the interac-
tion of nanoparticles and TNSs, and the aggregate of incorporated
nanoparticles was omitted.

Herein, we reported a yellow–colored pure titania material with a
high stability. The titania nanocomposite was prepared via incorporat-
ing TNCs into TNSs by the electrostatic interaction, and the followed ag-
gregate of incorporated TNCs by ethanol treating. The resulting TNCs–
TNSs nanocomposite possesses a mesoporous structure and enhanced
visible light response, which make it show an excellent photocatalytic
activity for degrading organic pollutants under visible light irradiation.
Moreover, because the assembled TNCs are stabilized by TNSs, the
TNCs–TNSs photocatalyst exhibits a high stability and durability during
five successive cycles. In addition, the possible photocatalytic mecha-
nism of this material was also discussed.
2. Experimental section

2.1. Synthesis

All reagents were analytical grade and used as received. TNSs were
synthesized by delaminating layered protonic titanate (LPT) using
ethylamine (EA) aqueous solution as an intercalant, which was de-
scribed in our previous report [35]. A monodispersed TNCs colloid
was prepared by hydrolysis of tetrabutyl titanate using glacial acetic
as an inhibitor. In a typical procedure, 10.2 mL of tetrabutyl titanate
was slowly added to a mixed solution of glacial acetic acid (12 mL)
and distilled water (15 mL) drop by drop under violent stirring.
After stirred for 15 min, 30 mL of distilled water was slowly added
and then stirred for another 3 h.

The TNCs–TNSs photocatalyst was obtained by the incorporation
of TNCs into TNSs. Typically, the TNCs colloid was slowly added to the
suspension of TNSs in themolar ratio of [Ti]TNCs/[Ti]TNSs being 3:1. After
the mixture was continuously stirred for 12 h, the white precipitate
(WP) was collected by centrifugation, washed with absolute ethanol
thoroughly, and finally dried at 100 °C overnight. The resulting yellow
product was ground for further use.
Fig. 1. XRD patterns of (a) LPT, (b) self-restacked form (EA-intercalated titanate),
(c) TNCs–TNSs, and (d) TNCs.
2.2. Characterization

X–ray diffraction (XRD) patterns weremonitored by a DX–2700 dif-
fractometer (DandongHaoyuan Instrument Co. Ltd., China) using Cu Kα
radiation (λ = 0.15418 nm). A scanning electron microscope (SEM,
Hitachi S–4800) was used to characterize the morphology of samples.
Transmission electron microscope (TEM) images were obtained on a
JEOL JEM–2100 electron microscope with an accelerating voltage of
200 kV. Thermogravimetric (TG) data was performed from ambient
temperature to 800 °C in flowingN2 at a rate of 10 °C min−1 on a PE In-
struments Pyris Diamond1 thermalanalyzer. Diffuse reflectance spectra
were recorded on a Shimadzu 2450 UV–vis spectrometer with an inte-
grating sphere using BaSO4 as the reference. The adsorption/desorption
isotherms of nitrogen at 77 K were measured using a Micromeritics
ASAP 2020 accelerated surface area and porosimetry analyzer.
2.3. Photocatalytic tests

Visible light photocatalytic activities of photocatalysts were exam-
ined by the degradation of methyl orange (MO) in aqueous solution.
In each test, 50 mg of catalyst was suspended in an aqueous solution
(5 mg L−1, 100 mL) of MO in a quartz glass reactor, which was cooled
by recycledwater to prevent the thermal catalytic effect. Prior to illumi-
nation, the suspension was stirred in the dark for 1 h to ensure the
establishment of adsorption–desorption equilibrium of MO on the sur-
face of photocatalyst. A 300 W xenon lamp (HSX–F300, Beijing NBet)
equippedwith a combination of two glass filters to obtain awavelength
range of 420–780 nmwas used as the light source. At given irradiation
time intervals, 4 mL of the suspension was extracted and subsequently
centrifuged to remove the catalyst particles. The concentration of MO
solution was analyzed by measuring the maximum absorbance at
464 nm using a Shimadzu UV-2450 spectrophotometer.

3. Results and discussions

3.1. Characterization of NCs–TNSs

Fig. 1 shows the powder XRD patterns of LPT, EA–intercalated
titanate, TNCs, and TNCs–TNSs. The pristine LPT is well crystalline and
all of these diffraction peaks can be indexed as the lepidocrocite–like
layered structure, in accordance with the literature [36]. Before the re-
actionwith TNCs colloid, the LPTwas first intercalatedwith EA and sub-
sequent exfoliated into TNSs via an osmotic swelling process [37].
Drying the TNSs suspension without adding TNCs colloid results in the
formation of EA–intercalated form. Thewell–developed (0k0) peaks in-
dicate that EA is intercalated between the TNSs to form a turbostatic
lamellar structure with the interlayer space of 1.03 nm. Upon reacting
TNSs with TNCs colloid, these peaks corresponding to the protonic
phase and EA–intercalated phase disappear and give place to three
broad peaks at 25.6°, 37.9° and 48.1°, which can be indexed as the ana-
tase (JCPDS 21-1272). This indicates that TNSs are randomly dispersed
into assembled TNCs without forming any layered phases. The average
particle size of TNCs in the nanocomposite estimated by the Scherrer
equation is ~4.6 nm, in accordance with that of the precursor TNCs, as
shown in Fig. 1d, which suggests that the aggregate process would
not influence the crystal size and phase of the stabilized TNCs.

The morphology and microstructure of the samples were investi-
gated by SEM and TEM. The LPT (Fig. 2a) exhibits a plate–like mor-
phology with well–ordered layered structure. After exfoliation and
subsequent restacking with TNCs colloid, a disorganized microtexture
can be observed (Fig. 2b). This should be attributed to the random
hybridization of TNSs with TNCs, which also brings a porous structure.
This structure is favorable for the adsorption and transfer of guest



Fig. 3. Nitrogen adsorption–desorption isotherms for the TNCs–TNSs. The inset shows
the pore size distribution curve.
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species in the catalyst system, resulting in an improved photocatalytic
activity. The TEM image of TNCs–TNSs sample (Fig. 2c) displays twodis-
tinct images, lines and spherical shapes. The former represents TNSs
and the latter is TNCs respectively, which further confirms the random
hybridization of TNSswith TNCs. The thickness of single TNS is ~0.8 nm,
in accordance with the reported values [38]. The observed size of TNCs
is ~5 nm, in good agreement with that determined by XRD analysis.
Fig. 2d shows the HR-TEM image of TNCs–TNSs that exhibits a lattice
fringe of ~0.35 nm, belonging to the (101) crystallographic plane
of anatase titania. The exposed (101) facets would bring a high
photocatalytic activity for the degradation of organic pollutants
[39]. In addition, the closely connected TNCs also demonstrates
the aggregate of TNCs with the immobilization of TNSs.

The nitrogen adsorption–desorption isotherm of TNCs–TNSs sample
is shown in Fig. 3. The adsorption isotherm can be classified into the
type IV isotherm, which is characteristic for mesoporosity materials.
According to the fitting analysis of the BET equation, the surface area
of TNCs–TNSs sample is 236.3 m2 g−1. The hysteresis loop resembles
of the TNCs–TNSs sample can be assigned as H3 in the IUPAC classifica-
tion, indicating the presence of open slit-shaped pores with very wide
bodies and narrow short necks [40]. This mesoporous structure should
originate from the random hybridization of TNSs with TNCs, as de-
scribed above. The inset of Fig. 3 displays the pore size distribution of
TNCs–TNSs. The obtained diameter of ~6.5 nm is large enough for the
access of organic molecules, which is beneficial for the improvement
of photocatalytic activity.

The composition of TNCs–TNSs samplewas further characterized by
TG analyses (Fig. S1). The TG curves of both WP and TNCs–TNSs can be
divided into three temperature steps. The first step up to about 150 °C is
certainly due to the dehydration of adsorbed water molecules on the
surface of nanocomposites [34]. The second domain between 150 °C
and 425 °C can be attributed to the loss of structural water molecules
associated with TNCs [29]. The loss weights are 7.27% and 5.83% for
Fig. 2. SEM images of (a) LPT, and (b) TNCs–TNSs; TEM
WP and TNCs–TNSs, respectively. This difference obviously demonstrates
that the assembly process of TNCs can remove some of the water mole-
cules' water between TNCs. Finally, the third step above 425 °C is owing
to the decomposition of the residual organic group in the interlayer
space of nanocomposites [30].

Fig. 4 shows the UV–vis diffuse reflectance spectra of TNCs–TNSs,
together with the TNSs and TNCs. The TNSs holds an absorption edge
of ~308 nm, corresponding to a band gap of ~4.03 eV, and the onset
wavelength of ~396 nm of TNCs is related to a band gap of ~3.13 eV.
Thus, both the two titania materials are inactive in visible light. How-
ever, for the TNCs–TNSs sample, an add–on shoulder is observed in
the wavelength of 400–500 nm which is consistent with the yellow
color characteristic, as the inset of Fig. 4 shows. According to the
image (c) and HR-TEM image (d) of TNCs–TNSs.

image of Fig.�2
image of Fig.�3


Fig. 5. (a) Absorption spectra of MO with irradiation time over TNCs–TNSs catalyst;
(b) Degradation rates of MO under visible light irradiation without catalyst and in
the presence of LPT, P25, TNCs, and TNCs–TNSs catalysts.
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literature, the intercalation of TNCs into the interlayer of layered
titanate did not extend the optical absorption to visible region [34].
Similar behavior was also observed in our case, the WP immediately
forming by adding TNCs colloid to TNSs suspension. These indicate that
the interaction between TNCs and TNSs is not responsible for the en-
hanced visible absorption of the resultant nanocomposite. However,
after ethanol washing and drying the color of TNCs–TNSs nanocomposite
gradually changed to yellow, which should be related to the aggregate
process of TNCs as water between TNCs was removed. It is noteworthy
that the visible optical property of our TNCs–TNSs nanocomposite is real-
ly stable, compared with the simply assembled TNCs reported by Ye's
group [23]. TNCs–TNSs in our study can still remain its color even under
the finely grinding, dispersion in water or long-term exposure in air.
This should be attributed to the immobilization of TNCs by TNSs that
prevents the dispersion of TNCs during the grinding process or the inter-
calation of water.

3.2. Photocatalytic study of the NCs–TNSs

To evaluate the photocatalytic activity of as–synthesized nano-
composite photocatalyst, we have investigated the photodegradation
of MO under visible light irradiation. As shown in Fig. 5a, the character-
istic absorption peak of MO at 463 nm significantly deceases with the
increase of irradiation time, and nearly disappears after 3 h. In the
meantime, no additional absorption appearing implies the complete
decomposition of MO. No change in the absorbance of MO solution is
observed in the absence of catalysts (Fig. 5b) suggesting that the MO
molecules are quite stable, which excludes the possibility of photolysis
in the present system. Actually, the sensitization of dyes cannot be
neglected to estimate the photocatalytic activity of semiconductor for
the decomposition of dye under visible light. To investigate the effect
of dye–sensitization, the photocatalytic performances of LPT, TNCs
and a commercial TiO2 of P25were also carried out. No apparent degra-
dation on LPT and a slight enhancement of degradation ratio on TNCs
and P25 are observed, which suggests that in this condition the
dye-sensitization is inconspicuous. In contrast, 95% of MO molecules
are decomposed under the same condition as TNCs–TNSs is used, and
its rate constant of ~1.509 × 10−2 min−1 is nearly 6.3 and 5.6 times
larger than those of P25 and TNCs, respectively (Fig. S2). Therefore, the
excellent performance of TNCs–TNSs for decomposing MO under visible
light irradiation should be ascribed to its significant photocatalytic
activity. To further demonstrate the photocatalytic activity of TNCs–
TNSs under visible light irradiation, we tested the degradation of 2,
4-dichlorophenol (2, 4–DCP) that has no absorption in the visible light
Fig. 4. UV–vis diffuse reflectance spectra of (a) TNSs, (b) TNCs, and (c) TNCs–TNSs. The
inset shows a photograph comparing TNCs and TNCs–TNSs.
region. As shown in Fig. S3, 2, 4-DCP was effectively degraded over
the NCs–TNSs catalyst under visible light irradiation, indicating the
highly photocatalytic activity of TNCs–TNSs in visible light.

It is well known that photogenerated holes or hydroxyl radicals are
two main species for the oxidization of organic pollutants in aqueous
[41]. For investigating the possible photocatalytic mechanism of TNCs–
TNSs photocatalyst, we used the trapping experiments of hydroxyl
radicals or photogenerated holes to determine the main oxidant species.
Disodium ethylenediaminetetraacetate (EDTA) and tertbutyl alcohol
(TBA)were respectively used as a hole scavenger and a radical scavenger
[42,43]. It is clearly shown that adding TBA did not bring any obvious dif-
ference for the degradation behavior of MO, whereas, it was completely
suppressed as EDTA was added (Fig. 6). Thus, a possible mechanism
with photogenerated holes as the main oxidants was proposed. This
result further suggests that dye-sensitization is not the dominant factor
for photocatalytic degradation in which hydroxyl radical is the main
active species [44–46].

The stability and recyclability of photocatalysts are extremely
important for practical applications. No obvious difference of optical
and structure properties (not shown) between the fresh and used
sample demonstrates that TNCs–TNSs has the high stability during the
photocatalytic reaction. Fig. 7 illustrates the relationship between deg-
radation ratio of MO and cycle times, which exhibits a similar degrada-
tion behavior in each cycle. Even though the photocatalyst had been
recycled for five consecutive cycles, over 80% MO was decomposed
with 3 h visible light irradiation. Thus, the stability of assembled TNCs
is remarkably enhanced by immobilizing using TNSs.

image of Fig.�4
image of Fig.�5


Fig. 6. Photocatalytic degradation of MO over TNCs–TNSs photocatalyst (a) alone, and
with the addition of (b) TBA, or (c) EDTA.

Fig. 7. Cycling runs for the photocatalytic degradation of MO over TNCs–TNSs catalyst
under visible light irradiation.

231Y. Tian et al. / Powder Technology 245 (2013) 227–232
4. Conclusions

In summary, we have successfully developed a yellow–colored pure
titania by incorporating TNCs into TNSs, and the followed aggregate of
incorporated TNCs using ethanol treating. The electrostatic interaction
of TNCs and TNSs results in a mesoporous structure with pore size of
~6.5 nm and surface area of 236.3 m2 g−1, and the aggregate of TNCs
brings the enhanced visible light harvesting capability. There features
make the TNCs–TNSs nanocomposite exhibits a highly photocatalytic
activity for degradation of organic pollutants. Meanwhile, the immobi-
lization of TNCs using TNSs makes this nanocomposite show the excel-
lent stability and reusability.
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