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The nanostructured titania and titanate have been considered as the very important materials used in the photocatalysis,

photovoltaics, gas sensing and other electronic industries. In principle, the common structural feature determines that the

precursor phase involving TiOg octahedra or similar building units may be converted to any of the nanostructured titania

and titanate forms in a controllable way. Based on the atomic arrangement of ionic liquid-mediated NH;TiOF;

mesocrystals, TiO, nanocrystals and titanate nanotubes were selectively obtained in H3BO; and NaOH media, respectively,

by using a simple hydrothermal method. Interestingly, the titanate nanotubes were successfully formed by extraction of

NH," and F from NH,TiOF; under a milder alkaline environment as low as 1 M NaOH, rather than conventional treatment of

TiO, in 10 M NaOH, which could be made sense on the TiOs octahedra arrangement. The as-prepared TiO, nanocrystals

with exposed {001} facets exhibit high photocatalytic activity and sedimentation rate as compared to commercial TiO,.

Further doping or ion-exchange, the newly prepared TiO, nanocrystals will show potential applications in environment.

Introduction

Titania (TiO,) nanoparticles and titanate nanotubes have
received the very same particular attention among the TiO,-
based nanomaterials for unique applications in photocatalysis,
photovoltaics and gas sensing.l'8 These applications often
require controlling the morphology (size and shape) with
specific phases or surface properties of the nanostructures. At
atomic structural level, TiO, in three polymorphs (anatase,
brookite and rutile) are built of TiOg octahedra in terms of
atomic ordering.g'11 Further investigations on local structures
of different morphologies show that the atomic ordering in
dense-filled titania nanoparticles are built of 3D network of
TiOg octahedra, similar to that of TiO, polymorphs, whereas
hollowing titanate nanotubes are arranged in corrugated
layers of TiOg octahedra. That is, morphologies of
nanostructured titanate materials can be
integrated in atomic ordering of TiOg octahedra. In principle,
the common structural feature determines that the precursor
phase involving TiOg octahedra or similar building units may be
converted to any of the titania and titanate forms in a

titania and
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controllable way. Hence, it would be more precise to design
and control the desired morphologies by altering atomic
arrangement of an appropriate precursor involving
topotactical transformations. Up to now, the related syntheses
strategy and simultaneously controlling
morphologies and surface properties is rather limited.*>™*
Recent studies reveal NH,TiOF; to be a promising
candidate for tailoring the TiO,-based nanostructures of a
diverse nature.”™® Its orthorhombic crystal structure consists
of layers of distorted corner sharing TiF,0, octahedra between
which NH," are inserted.” Moreover, NH,TiOF; and anatase
TiO, share the similar atomic arrangement with minimum
lattice mismatch (0.02%) in {001} planes (Fig. Sl).19 In this
study, utilizing H3BO3 as F scavenger, NH,TiOF; with exposed
{001} facets enable topotactically production of anatase TiO,
with retainable {001} facets, which are of highly energetic and
72029 These so-

based on this

chemical reactive among anatase surfaces.
called high-energy facets make it an active research topic in
very recent titania chemistry. The as-prepared titania
nanocrystals (NCs) with exposed {001} facets exhibit high
photocatalytic activity. On the other hand, as a layered
material, NH,TiOF; has ability to form nanotubes.* However,
no attempt has been made so far to predict and synthesize
nanotubes based NH,TiOF; layered structure. Herein, titanate
nanotubes (NTs) can be formed by extraction of NH," and F
from NH,TiOF; under a milder alkaline environment as low as 1
M NaOH, rather than conventional treatment of TiO, in 10 M
NaOH.

Experimental
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Chemicals

All chemicals were used as received: titanium (IV) butoxide
(TBOT, 97%), ammonium acetate (CH;COONH,), dehydrated
ethanol, H3BO3;, NaOH pellets and Methyl Orange (MO) were
AR grade purchased from Sinopharm Chemical Reagent Co.,
Ltd., lonic liquid (IL) 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim]*[BF,]) from Chemer Chemical Co.,
Ltd. (Hangzhou, China), Degussa P25 from Shanghai Haiyi Co.,
Ltd, which consists of about 30% rutile and 70% anatase and a
primary particle size of about 20 nm, commercially available
pure anatase from Shanghai Caiyu Co., Ltd and the average
primary particle size of ca. 20 nm.

Synthesis of NH,TiOF; mesocrystals

In a typical procedure, a transparent TBOT solution was
formed by dissolving 1.5 mL of TBOT into 20 mL of dehydrated
ethanol under dry atmosphere to obtain solution A. Then, 0.5
g of CH3COONH, was dissolved into 15 mL of dehydrated
ethanol to form clear solution to obtain solution B. Solution A
was mixed with solution B at the room temperature. After
that, 2 mL of [bmim]‘[BF,] was then added to the above
mixture under vigorous stirring. The obtained transparent
solution was diluted with 30 mL of dehydrated ethanol and
transferred to 100 mL of Teflon-lined autoclave. Afterwards,
the autoclave was sealed and maintained at 120 °C for 12 h
and cool to room temperature naturally. A white precipitate
was collected by decantation, centrifugation and then washed
with distilled water and dehydrated ethanol (twice), and dried
under vacuum at 60 °C for 8 h.

Synthesis of TiO, nanocrystals

In a typical procedure, 0.2 g of as-prepared NH,TiOF;
mesocrystals were dispersed in a 50 mL of aqueous H;BOj3
solution (0.5 M) by vigorous stirring and then transferred to a
Teflon-lined autoclave. The autoclave was sealed and
maintained at 180 °C for 12 h and cool to room temperature
naturally. A white precipitate was collected by decantation,
centrifugation and then washed with distilled water and
dehydrated ethanol twice, and dried under vacuum at 60 °C
for 8 h.

Synthesis of titanate nanotubes

In a typical procedure, 0.2 g of as-prepared NH,TiOF;
mesocrystals were dispersed in a 50 mL of agueous NaOH
solution (1M) by vigorous stirring and then transferred to a
Teflon-lined autoclave. The autoclave was sealed and
maintained at 180 °C for 48 h and cool to room temperature
naturally. A white precipitate was isolated upon decanting,
centrifugation and then washed repeatedly with copious
amounts (100 to 200 mL) of distilled water until the pH value
close to 8.

Photocatalytic Test

Experiments of photocatalysis in the degradation of MO (50
mL, 20 mg/L) were carried out in XPA-7 photochemical reactor
(Xujiang eletromechanical Plant, Nanjing) in the presence of
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the photocatalysts (1 g/L) by UV light irradiation equipped with
a 300 W high pressure mercury lamp. At given irradiation time
intervals, 2 mL aliquots were sampled and centrifuged to
remove the residual photocatalysts particles. The degree of
degradation was obtained at 464 nm by time intervals
detection on Varian. Cary 100.

Characterization

X-ray diffraction (XRD) measurements were carried out with a
Rigaku D/MAX-2550 with CuKa radiation (40 kV, 100mA). The
SEM samples were mounted onto conductive carbon tapes
and then attached onto the brass stubs, followed by gold
sputtering. SEM images were taken by a JEOL JSM-6460 at 15
kV. The TEM Samples were generally prepared by
ultrasonically dispersing in ethanol and depositing a drop of
suspension samples onto a 300-mesh Cu grid coated with a
carbon film (a holey carbon film for titanate nanotubes
observation). Low magnification TEM images were taken on a
JEOL JEM-2011 at 120 kV. HRTEM images and SAED patterns
were obtained on a JEOL JEM-2100F at 200 kV. The instrument
employed for X-ray photoelectron spectrum (XPS) studies was
a Perkin-Elmer PHI 5000C ESCA system with Al Ka radiation
operated at 250 W. The shift of the binding energy due to
relative surface charging was corrected using the Cls level at
284.4 eV as an internal standard.

Results and discussion

We used an environmentally friendly ionic liquid (IL), 1-butyl-3-
methylimidazolium tetrafluoroborate, as reaction media for
the synthesis of NH,TiOF; precursor. Here, the role of ionic
liguid can be two-fold: one is a strong alignment matrix for
favoring 2D lamellar structures,31 and the other is creating F
rich environment (BF, group) to stabilize {001} facets by
greatly reducing the surface energy.s’ 32 The XRD pattern of the
samples in Fig. 1a shows sharp (002) diffraction peak of
NH,TiOF;and the intensity ratio of (002)/(020) is much higher
than the reference value (5.5 vs. 1.6).33 The SEM and TEM
images (nanoflake) in Fig. 1b and c exhibit sheet-like
morphology with a dimension of several ums. The HRTEM
image has a lattice spacing of 0.38 nm, corresponding to {020}
planes (Fig. 1d). The SAED patterns show typical mesocrystals
diffraction spots (single-crystal like with minor distortion),
which can be indexed to the [001] zone.'> 18,3435 Collectively,
above observations confirm that the surfaces of highly-
ordered NH,TiOF; with dominated {002} planes are oriented
parallel to {001} facets.

Anatase TiO, NCs with high-energy facets are formed by
hydrothermal treatment of NH,TiOF; mesocrystals in H3;BO;
media at 180 °C for 12 h. Most of NCs of ca. 20 nm displayed
truncated bipyramid shape and fewer were cubic shape under
low-magnification TEM observation (Fig. 2a). The HRTEM
image in Fig. 2b, the lattice spacing of 0.35 nm and 0.47 nm
corresponds to the {101} planes and {002} planes,36
respectively, indicating that the top/bottom surface exposed
by truncation is bound by {001} facets. The measured angel of
68.3% is identical to the theoretical value for the angle between

This journal is © The Royal Society of Chemistry 20xx
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the {001} and {101} facets.”? 3¢ Fig. 2c shows two sets of lattice
spacing of 0.35 nm corresponding to enclosed {101} planes
with a measured angel of 97.9°, which is consistent with our
calculation result for the interfacial angle between adjacent
{101} facets (Fig. S2). These two kinds of 2D lattice fringes in
Fig. 2b, c, fit well with the simulated model and interfacial
angel viewed along a and c-directions in Fig. 2d. Therefore, we
suppose most of the NCs lay in copper grid along the [001]
direction and fewer stood normal to [001] direction as well.
Additionally, this simulated shape is identical to the
equilibrium shape of anatase crystals according to the Wulff
construction.®’
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Intensity (a.u.)

nanoflake falling off the mesocrystals after ultrasonic treatment. The inset is
corresponding SAED pattern of a zone (200 x 200 nm?).

Se@ob)

Fig. 2 (a) TEM image, (b, c) HRTEM images of the TiO, NCs, (d) simulated model
of NCs (B/A define the degree of truncation) and interfacial angel between {001}
and {101} facets (8 = 68.3°), and adjacent {101} facets (B = 97.9°).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 TEM images and corresponding size-histograms of NCs at (a, b) 120 °C, (c,
d) 160°C and (e, f) 180 °C. (g) The dependence of average size B and aspect ratio

B/A at different temperatures. The average size of B increases slightly in terms of

temperatures, while value of B/A keeps a constant of ca.0.50, indicating the NCs
keep their degree of truncation at different temperatures.*

The ratio of {001} facets to total surface area can be
calculated from the degree of truncation (the aspect ratio of
B/A, as shown in Fig. S2). Further adjusting the temperature,
the B/A value keep constant of ca. 0.50 and hence the
percentage of {001} facets on the surface can be well
controlled to be ca. 11% (Fig. 3). With the increase of the
temperature, the nanocrystal size has a little increase (Fig. 3a-f
and Table S1), but the dispersion and (001) facets percentage
of NCs have no any decrease. The NCs with higher specific
surface areas are expected to have a considerable total area of
exposed {001} facets as compared to the micrometer-sized

J. Name., 2013, 00, 1-3 | 3
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TiO, reported in previous studies.’* 234 For instance, Wang
and his co-workers have successfully prepared the anatase
TiO, mesocrystals with a Wulff construction of nearly 100%
exposed {101} facets and employed it in the dye-sensitized
solar cells.® They found the high light adsorbance

, high reflectance and low transmittance in the visible
region of TiO, mesocrystals is mainly due to the unique nearly
100% exposed {101} facets. And this mesocrystals were used
as a scattering layer in the P25-based DSSCs. Differently, in our
investigation here, 11% {001} facets exposed on TiO,
nanocrystals is expected to have a high photocatalytic activity.
The XRD patterns (Fig. S3) exhibit well-defined peaks assigned
to pure anatase TiO, (JCPDS 21-2172). The average crystalline
size of NCs estimated from (101) and (004) diffraction peaks by
Scherrer formula indicates that the growth is hindered along
[001] direction, whereas a tendency of growth was observed
along [101] direction. These facts reveal that F rich
environment (BF, formed by H3;BO;) on the crystal surface
greatly reduce the surface energy of {001} facets, making them
more stable than {101} facets.>? The XPS spectrum of Fls core
electrons for the TiO, NCs is shown in Fig. S4. The measured
binding energy is only 684.4 eV, which is a typical value for
fluorated TiO, systems such as the surface Ti—F species.27 This
result indicates that there are some F on the crystal surface
which exhibits a high degree of truncation. In each case, the
size dimension of the NCs strongly relates to the parent
NH,TiOF; (Table. S1). Along [001] direction, TiO, has greater
atom density than NH,TiOF; and thus size shrinkage occurs on
topotactic conversion.”>

Fig. 4 shows typical TEM and HRTEM images of the NTs
produced by the alkali hydrothermal treatment of NH,TiOF;
precursor (1 M NaOH, 180 °C for 48 h). The as-prepared NTs
are 20-30 nm in outer diameter and several hundred
nanometers in length. Both the axial and radial cross-sections
of the NTs have a multiwall morphology (6-10 layers) and the
distance of interlayer is ca. 0.8 nm, smaller than the
corresponding d spacing of 0.99 nm from the XRD pattern (26
= 8.9° Fig. S5) due to the dehydration of the samples under
high vacuum during the TEM observations.* ** As the reaction
time and alkali concentration increasing, the XRD patterns
show characteristic of titanate and the TEM images exhibit
morphology evolution from 2D nanosheets to 1D nanotubes
and nanowires (Fig. 5a-c and Table 1), suggesting that the NTs
were formed by scrolling of the lamellar precursor (i.e. titanate
nanosheets). At higher NaOH concentration, nanosheets favor
to form nanowires instead of rolling into NTs (Fig. 5¢ and e).43
A scrolling sequence viewed via radial cross-section were also
deliberately recorded (Fig. 5d-f and Table 1), showing the
degree of scrolling with prolonged durations (1 M NaOH, 180
°C). Traditionally, onset of analogous scrolling process is slow
dissolution of raw TiO, under alkaline conditions, accompanied
by exfoliation of the titanate nanosheets.”® In the case of
sheet-like NH,TiOF3, the lamellar structure makes it reduce the
conversion energy towards the lamellar titanate counterparts
with negligible morphology changes. In a word, with the
increase of reaction time, the titanate nanosheets gradually
become scrolling to obtain the titanate nanotubes, and too
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high NaOH concentration is beneficial to the generation of
nanowires instead of nanotubes.

Fig. 4 (a) TEM image of the nanotubes, (b, c) HRTEM images of the individual
nanotube viewed via axial and radial cross-sections.

Fig. 5 Morphology evolution of the samples as (a-c) nanosheets, nanotubes and
nanowires, respectively; (d-f) radial cross-section view of the scrolling samples
on reaction time. Insets are the corresponding models, indicating that the tubes
may probably be formed by scrolling of multilayer nanosheets. All the samples
are prepared at 180 °C. The experimental conditions are listed below in Table 1.

A common structural feature of NH,TiOF; and anatase is
depicted by similar building units of corner-shared TiF,0, and
TiOg octahedra, where are rendered in green (Fig. 6a, b). As
mentioned above, the atoms of anatase along c axis ([001]
direction) is denser than that of NH,TiOF;, indicating that the
conversion undergoes controlled stacking of units and slight
rearrangement within Iayers.g'11 Likewise, we propose the
titanate to an orthorhombic lepidocrocite-type based on
similar atomic ordering between NH,TIOF; and titanate
layered structures involving a controlled stacking and shearing
(Fig. 6c, d).ls' “! Thus, the conversion between these two
orthorhombic structures occurs under milder alkaline
conditions with relatively small structural rearrangement.

Table 1. The corresponding experimental conditions in Fig. 5.

Fig. NaOH concentrations Reaction Durations
a im 18 h
b im 48 h
c 3M 30h
d im 18h
e im 30h
f 1M 48 h

*Note that the samples prepared with 2 M NaOH at 180 °C for 30 h is a mixture
of nanotubes and nanowires, which is not shown here as typical motifs for
further discussions.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Structure models of (a-b) NH,TiOF; vs. anatase, (c-d) NH,TiOF3 vs. titanate.
The similar building units of are rendered in green.

The as-prepared NCs with exposed {001} facets exhibit high
photocatalytic activity. To reduce the size effect, our NCs,
Degussa P25 and commercial anatase used here for
comparison are similar in size of ca. 20 nm. The low adsorption
capacities of MO on different samples confirms that the photo-
degradation results are not influenced by an adsorption
process (Fig. 7a). The NCs could degrade methyl orange (MO)
to zero level and thus exhibited enhanced activity relative to
that of another two commercial samples (Fig. 7b). The as-
prepared NTs without further doping or ion-exchange
exhibited minimal or no catalytic activity (not shown), which
may be attributed to either low crystallinity or impurities of
sodium.”® The photograph of the degradation solution after
irradiation under the UV light for 60 min also indicates the
excellent photocatalytic activity of NCs for the degradation of
MO. Compared to the solution of CA with a pale yellow color,
the solution included NCs powders displays a relative
transparent appearance (Fig. 7c). Additionally, we also found
that our NCs were readily separated from water by
sedimentation for 2 h, while Degussa P25 and commercial
anatase kept unclear (Fig. 7d). Herein, due to the high surface
energy, the NCs tend to aggregate and settle down. Hence, the

resulting low separation cost, combined with the high
photocatalytic activity, is of great significance for the
environmental and industrial applications.”’ 44-46
(a) 1.0 (b)l.ﬂ ]
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Fig. 7 (a) Adsorption capacities of MO on different samples. (b) Photocatalytic
test of the samples on degradation of MO with blank, commercial anatase
(denoted as CA), P25 and TiO, NCs (denoted as NCs). (c) Photograph of the
degradation solution after irradiation under the UV light for 60 min. (d)
Sedimentation for 2 h in aqueous suspensions of the samples.

Conclusions

This journal is © The Royal Society of Chemistry 20xx
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In summary, we have demonstrated a rational conversion from
an IL-mediated NH,TiOF; mesocrystal to TiO,-based
nanostructures. The as-prepared titania NCs with exposed
{001} facets exhibit high photocatalysis activity and
sedimentation rate as compared to commercial TiO,, which
can be utilized in environmental and industrial applications.
Further doping or ion-exchange, the newly prepared NTs will
show potential applications. Moreover, as mesocrystal and
other new nano-objects recently emerged,”’ % the present
work will stimulate further understanding and designing the
morphology of multiscale nanomaterials based on atomic
arrangement.
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