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Graphical Abstract

The elongated hexagonal a-titanium phosphate nanoplates with single-crystal and
controllable structures were synthesized in supercritical ethanol without any template.
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Well-ordered layered, elongated hexagonal a-titanium
phosphate (e-TiP) nanoplates were synthesized in
supercritical ethanol without template. The morphologies and
structures of elongated hexagonal «-TiP nanoplates were
controlled by temperature. The possible growth mechanism
of the novel a-TiP structure was also proposed on the basis of
powder X-ray diffraction, scanning electron microscopy,
transmission  electron  microscope, thermogravimetric
analysis, Fourier transform infrared and X-ray photoelectron
spectroscopy.

Introduction

It is well known that supercritical fluids have been
developed as environmentally benign solvents, characterized
primarily by continuously adjustable physicochemical
properties (for example density, viscosity, and dielectric
constant, etc.) with temperature and pressure. The special
physical and chemical properties of supercritical dioxide carbon
1.2 supercritical water *“ and supercritical ethanol ° have been
extensively studied. In particular, the supercritical ethanol was
one of the most popular supercritical systems for several main
reasons as below. Firstly, it may offer novel media for both
chemical reactions and separations as a replacement for
environmentally undesirable organic solvents. Secondly, the
unique solvent properties of ethanol under supercritical
conditions offer possibilities to improve selectivity, enhance
rate, tailor phase behaviour and facilitate separation by
adjusting temperature and pressure. In addition, its critical point
(241 °C, 6.14 MPa) is easier to be controlled than other
supercritical fluids such as supercritical water (274.1 °C, 22.1
MPa). Although the supercritical ethanol has been applied to
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many processes, its application in material science is little.
Recently, with the aid of supercritical ethanol, titania/carbon
nanotube composites, CeO, and graphene oxide were
successfully prepared.5®

In the past several decades, TiP, as a kind of typical metal
phosphate, has been extensively studied as catalyst *° catalyst
carrier'™ 12 electrochemical immunoassays®* *, molecular
sieves?® and ion exchanger!® ", due to well-ordered or porous
frameworks, high surface area and complex forms. o- and y-
phase TiP has been known in 1960-70s and then p- and n-phase
has been reported by Bortun and coworkers.*® ¥ Solvothermal
synthesis method was applied to synthesize many new TiPs,
hexagonal mesotextured titanium(lV) fluorophosphate, various
titanium phosphate thin films.2> 2' TiP nanotubes with
alternating interlayer spacing have also been prepared in
HsPO,ftrioctylamine/benzene  microemulsion.?? TiPs were
synthesized and successfully used to incorporate silver ions.*”
2. 2% In most synthesis process, the templates, including
surfactants, alkyl amines and other organic molecules, are
usually used to direct the formation of TiP.}" % 26 More and
more attention is paid on template-free method to synthesize
nanoscale materials.

In this work, we proposed a facile template-free method to
synthesize TiP materials in supercritical ethanol system and
well-ordered elongated hexagonal TiP nanoplates were
successfully obtained. By controlling the reaction conditions,
the sizes of TiP materials could be tuned. Based on the
experimental results, a model of the crystal growth of TiP was
proposed.

Results and discussion
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Figure 1. SEM images of TiP materials obtained at different conditions: (a—c) 250 °C for 5 hours, (d—f) 250 °C for 10 hours, (g and h) 270 °C

for 10 hours and (i) 200 °C for 5 hours.

The morphology of the as-synthesized products synthesized
at 250 °C was investigated with SEM images and the results are
shown in Figure la—1f. It was revealed that the well-ordered
nanoplates with elongated hexagonal structure were formed in
supercritical ethanol at 250 °C. According to Figure la—1c, the
elongated hexagonal a-TiP nanoplates synthesized for 5 hours
in supercritical ethanol system have a scale about 50 - 90 nm in
thickness, 400-800 nm in width, and 5-11 pm in length. With
increasing the reaction time to 10 hours, there is no notable
change in the size of elongated hexagonal o-TiP nanoplates
(shown in Figure 1d-1f), indicating that 5 hours are enough for
the formation of o-TiP structure. The effect of reaction
temperature on the morphologies of o-TiP was investigated.
Figure 1g and 1h show the SEM images of a-TiP synthesized at
270 °C for 10 hours, from which the well-ordered nanofibres
were clearly observed. The product had a scale 60-100 nm in
thickness, 500-900 nm in width, and 12-22 pm in length. By
comparison of Figure 1g and 1h with Figure 1e—1h which were
synthesized at 250 °C for 10 hours, it is evident that the width
and length of the elongated hexagonal a-TiP nanoplates
obtained at higher temperature of 270 °C are larger than those
obtained at 250 °C. The products of a-TiP were also prepared at
the other lower temperatures of 200 °C, and the morphology is
shown in Figure 1li. It is obviously found that the o-TiP
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nanosheets were obtained at lower temperature. The diameter
obtained at 200 °C is 700+200 nm. Therefore, through the facile
regulation of the reaction temperature, the morphologies and
sizes of the a-TiP framework can be controlled.

Figure 2. TEM images (a—b) and SEAD image obtained in square
position (inset of Figure 2b) of TiP material obtained at 250 °C for 5
hours.

TEM images were provided in Figure 2. The thickness of
elongated hexagonal a-TiP nanoplate is ~ 80 nm. The selected
area electron diffraction (SEAD) image also shows the
elongated nanoplate has a single-crystal structure. However,
because the crystal structure is unstable at the high-resolution
test condition, ordered lattices cannot be observed in HRTEM
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image (Figure S1). To affirm the elemental distribution of Ti
and P, STEM and elemental mapping were provided in Figure
S2. Figure S2b and S2c show uniform distribution of
phosphorus and titanium.

The phase structure of the as-synthesized TiP was further
characterized by XRD. Figure 3a shows the XRD pattern of the
product obtained in supercritical ethanol system at 250 °C for 5
hours, of which all the diffraction peaks are indexed to the
layered a-Ti(HPO,),*H,0 phase (JCPDS: 44-0382) and its sites
of peaks are consistent with the reported data®’. The presence of
strongest peak at 11.56° suggests their interlayer distance is
7.65 A due to well-ordered structure a-TiP 2 It is noteworthy
that the intensity of (002) at 11.56° is higher than that of the
reported results, which suggests dominant crystal growth along
the [001] direction. After calcination at 500 °C (shown in
Figure 3a), it is evident that the interlayer distance is decreased
to 7.09 A. This can be attributed to the fact that the crystal H,0
and HPO,* were instable in the process of heating treatment.
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Figure 3. XRD patterns for the as-synthesized TiP obtained at 250
°C for 5 hours without calcination (a) and with calcination at 500 °C
(b)TG and DTG curves for a-TiP obtained at 250 °C for 5 hours.

The TG and DTG curves (Figure 3b) show that elongated a-
TiP nanoplates synthesized practically do only lose weight
about 1% below 195 °C, which indicates that little or no physic-
sorption water exists in these compounds. Thermal
decomposition of a-TiP occurred in two steps. The first step
starts at a temperature higher than room temperature and ends
at 350 °C and then the other step ends at 710 °C, giving TiP,0O-,
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as the final product, for the thermal degradation of a-TiP takes
place in the temperature range below 350 °C (6.44% weight
loss) for crystal water and 350-710 °C (5.56% weight loss) for
the chemical reaction of —OH. The total weight loss of the
compounds is equal to 12.0% and the formula of a-TiP could
be represented as a-Ti (HPO,),*H,O in conformity with the
XRD analysis.

The surface chemical composition of the as-prepared
elongated hexagonal o-TiP nanoplates at 250 °C for 5 hours
was determined by XPS spectroscopy and the results are shown
in Figure 4 and S3. An unsymmetrical O1s signal peak at 531.4
eV can be deconvoluted into three peaks at 531.2, 532.2, and
533.4 eV, respectively. The peak at 531.2 eV is the main
assignment of O in Ti-O-P and P=0O, the peak at 532.2 eV
corresponds to O in P-O-H and the peak at 533.4 eV owns to O-
C binding energy. The atom ratio of Ti-O-P/P=0 : P-O-H is
about 2:1 corresponding to the XPS data. The O1s of TiO,
peaks at 530.1 eV and P in PO, at 132.4 eV were not detected
in XPS measurement, indicating that no Ti-O-Ti and PO43‘
existed in the powder?® The P2p peak, which should
theoretically be an unresolved doublet with 2p1/2 and 2p3/2
components, was deconvoluted into two corresponding peaks at
134.2 and 133.4 eV respectively. The main component at 133.4
eV is attributed to the HPO,2~ group.®® The XPS results support
that the compositions of the power have many —OH on the
surface of o-TiP. In Figure S3, Ti 2pl/2 and Ti 2p3/2 are
present at binding energies of 465.8 eV and 460.1 eV,
respectively, which aren’t identical with the peaks at 464.8 eV
and 459.0 eV, resulting from the Ti** ions in tetrahedral
environment 3! 32
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Figure 4. XPS spectra of a-TiP obtained at 250 °C for 5 hours.

J. Name., 2012, 00, 1-3 | 3

Page 4 of 6



Page 5 of 6

The FT-IR spectra of as-synthesized o-TiP prepared at 250
°C for 5 hours were provided in Figure S4. The absorption
peaks at 3557 and 3479 cm™ could be attributed to the
symmetrical stretching band of the P-O-H group, and the broad
peak in the region of 3000-3400 cm™ and the peak at 1260 cm~
! correspond to the hydroxyl groups. The absorption band of
resolved (PO3) asymmetry and (PO3) symmetry was observed
in the region of 900-1300 cm™, while the peak of the P-O-P
bridge at 970 cm™ could hardly be observed, indicating that P
in o-TiP is in the form of HPO,%".*® After annealing at 500 °C,
the symmetrical stretching band of the P-O-H group almost
disappears and the absorption band in the region of 900-1300
cm™ is broader than the former, which is indicative of the
formation of P-O-P bridge.®! The exact peaks below 650 cm™
become weaker due to the change of phosphate groups
framework.

According to the above results, the formation of a-TiP is
temperature-dependent. When the reaction temperature is above
critical temperature (250 °C and 270 °C), the elongated
hexagonal o-TiP nanoplates were obtained, while the TiP
nanosheets were formed as the reaction temperature is below
the critical temperature (200 °C). As we know, the polarization
and hydrogen bonds interaction are strongly dependent on
temperature and can be adjusted continuously with temperature.
At temperatures higher than critical temperature, hydrogen
bonds become very weak and the number of monomers is big
and that of the others oligomers such as three body and four
body oligomers in the system is relatively small.** On the other
hand, because the ionicity of reactants becomes higher with the
temperature rising, the electrostatic interactions are still strong
in the system. Herein we suggest that coordination bonding
(mainly hydrogen bonds) and electrostatic interactions play a
key role to the formation of elongated hexagonal a-TiP
nanoplates or nanosheets. Above 250 °C, the solvent strength
became very weak and the weak hydrogen bonds make
molecular kinetic energy become higher and higher with the
increasing temperature. Ti*" and other ions with high kinetic
energy could directionally bind with electrostatic interaction on
the a-TiP facet. On this direction, there is comparatively
stronger binding capability than other growth directions with
coordination bonding. Therefore, the well-ordered elongated
hexagonal o-TiP nanoplates could be formed according to the
possible crystal growth method that crystal growth is fast in the
direction of length, which is confirmed by SEM and XRD
analysis. However, the hydrogen-bonding interaction is still so
strong below 200 °C that the Ti** and other ions have the same
interaction with the facets in 2D orientation, because the ions
do not have enough free energy to choose the facets to form
elongated o-TiP nanoplates. In short, the special properties of
supercritical ethanol make the well-ordered elongated
hexagonal a-TiP nanoplates synthesized successfully.

Conclusions

In summary, the single-crystal elongated hexagonal o-TiP
nanoplates have been successfully prepared in supercritical
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ethanol with a template-free method. According to regulating
the reaction conditions, the sizes of elongated hexagonal o-TiP
nanoplates could be controlled from 7 to 22 pm in length. The
elongated o-TiP nanoplates may have interesting properties as
single-crystal and well-structured materials. Additionally, this
new synthesis route should be applicable to the synthesis of a
variety of metal phosphates with controllable 2D nanostructures.
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