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al crystal growth in anatase titania
nanostructures driven by trigonal hydronium ions
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Two-dimensional growth or high-energy faceting during a wet-chemical nanocrystal growth involves

a dynamic surfactant functionalization that selectively allows a particular crystal plane to grow and

simultaneously, passivates others from evolving. Here, by simply controlling the concentration of

hydronium ions in a liquid-phase deposition reaction, the two-dimensional growth of a few atoms thick

and (001) facet in anatase titania nanostructures can be achieved. The morphology can be modified from

nanocube to nanobelt and nanosheet by increasing the hydronium ion concentration. Raman analysis

reveals that the trigonal hydronium ions attach to the growing planes of anatase TiO2 via a dative

bonding, projecting atom-thick and large-scale (001) faceted nanobelts and nanosheets.
1. Introduction

This study reports a facile strategy to promote a two-
dimensional and (001) faceted growth in anatase titania by
utilizing the unique chemistry of a trigonal pyramid skeleton of
hydronium ions as directing agents in a simple liquid-phase
deposition method. Two-dimensional nanostructures and
(001) faceting in anatase titania nanostructures have been the
focus of attention in the materials chemistry synthesis eld due
to their special properties with high surface energy that promise
enhanced surface reactions, charge transfer, and physico-
chemical processes on the surface.1–3 In the anatase phase, the
(001) facet is the second highest in surface energy aer (110).
The surface energy is 0.90 J m�2, which is double that of the
most stable facet (101), i.e., 0.44 J m�2.4–7 Due to its unique
surface atom coordination state with face-to-face Ti atoms, it
has been anticipated that massive photocatalytic, photovoltaic,
molecular dissolution or adsorption activities are expected to
occur on this surface, thus making the production of anatase
titania nanostructures with (001) facets highly desirable.2,3 If
(001) faceting is then combined with unique characteristics
arising from the material with a few atoms thick or two-
dimensional structures, the two-dimensional and (001)
faceted titania nanostructures with unusual properties could be
obtained.

Although its a lengthy growth reaction process that requires
more than 10 h in a typical process, the liquid-phase deposition
is a versatile method to grow a wide range of metal oxide
complex lms on a solid substrate from the hydrolysis of metal
uoro cation precursors.8–11 Combining with a thermal
tronics, Universiti Kebangsaan Malaysia,
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annealing phase renement, a pure crystalline phase of a metal
oxide nanostructure lm can be obtained on the substrate
surface. Though, in most cases, the metal oxide product on the
substrate surface is simply a continuous thin lm with an
extensively cracked structure, which occurs due to high surface
tension. By controlling the reaction conditions such as
concentration and temperature, irregular shape nanoparticle
thin lms can normally be obtained, and by changing the
uoride scavenger in the reaction, the growth process can be
accelerated to below 5 h. In a recent study, we found that by
increasing the number of uoride ions liberated during the
reaction, a hierarchical structure of a few tens of micrometers in
a lateral size composed of a (001) faceted nanocuboid was
realized.9,12–14 In order to take advantage of the low-dimensional
properties of materials, the nanometer scale of anatase titania
with the dominant (001) faceting should be realized.

Contrary to its promising properties, the preparation of (001)
faceted anatase TiO2 is challenging because of its thermody-
namically unstable morphology, and the facet can easily turn
into a highly stable (101) facet at a relatively low-growth
temperature. Recently, a wide range of efforts have been dedi-
cated to developing a systematic approach to achieve anatase
titania nanostructures with the (001) facet in forms such as
nanocubes or nanoplates. Fluorination methods, involving the
use of a high amount of uoride ions during the chemical
growth process, such as HF, NH4F, NaF, NaBF4, and [bmim]-
[BF4], are the most favored approaches used so far.15–21 In
a typical process, the approach takes the advantage of uoride
ions', which are liberated in the reaction, preferred adsorption
onto the growing (001) facet and then preserves it. Despite its
efficient function in (001) faceting, in most cases, the uori-
nation effect is restricted only to the realization of titania
nanostructures with a lateral dimension of not more than one
This journal is © The Royal Society of Chemistry 2020
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micrometres. In addition, the nanostructure thickness is nor-
mally high, i.e., up to several hundreds of nanometers, which
make them lose precious properties resulting from the
quantum effect. Therefore, a simple approach that may realize
the (001) faceted titania nanostructures with a lateral dimen-
sion in a few tens of micrometres but with a few nanometres or
atoms thick is highly desirable for better functionalization and
a broader spectrum of applications.

Here, we demonstrated that ultra-thin, a few atoms thick
nanosheet structure of anatase can be realized via a controlled
two-dimensional crystal growth in a simple liquid-phase depo-
sition reaction under a high concentration of a uoride scav-
enger. We discovered that the hydronium ions, trigonal
pyramid species generated during the hydrolysis of a boric acid
uoride scavenger in a liquid-phase deposition reaction of
titania complexes are the key agents in driving the (001) faceting
and two-dimensional crystal growth of the anatase titania
nanostructures. Raman analysis indicated that these ions
actively form a dative bonding with Ti atomic sites on the (001)
facet and projects a two-dimensional crystal growth of a few
atoms thick and (001) faceting of anatase titania nano-
structures. The ultra-thin (001) faceted titania nanosheets
should nd extensive application in catalysis, solar cells and
sensors.
2. Experimental
2.1 Materials

For the preparation of the (001) faceted and ultra-thin TiO2

nanosheets, two chemical reagents were used, namely potas-
sium hexauorotitanate (KTiF6) (99.9%) and boric acid (H3BO3)
(99.5%). Both chemicals were purchased from Sigma-Aldrich,
USA. KTiF6 functioned as the metal oxide precursor, while
H3BO3 was used as a uoride scavenger in the reaction. All the
chemicals were used as-received and without any further puri-
cation process. The solutions of all the chemicals were
prepared using pure water (approximately 18.2 MU) that was
obtained from a Merck Milipore Milli-Q (Finland) water puri-
cation system. Moreover, an ITO substrate (�9 U per square)
was purchased from Kaivo Instrument (China) and cut into 1.0
� 1.5 cm dimension.
Fig. 1 Morphological and phase crystallinity properties of anatase
TiO2 prepared using KTiF6. An anatase TiO2 nanoparticle thin film
prepared using H3BO3 at six different concentrations of (A) 0.025, (B)
0.05, (C) 0.1, (D) 0.2, (E) 0.3 and (F) 0.5 M. (G) XRD spectra of the
anatase TiO2 nanoparticle thin film prepared using H3BO3 at
concentrations of 0.1, 0.3 and 0.5 M. Scale bars are 100 nm.
2.2 Synthesis of ultrathin TiO2 nanosheets

Anatase titania nanostructures were prepared on top of the ITO
substrate via a liquid phase deposition22 method involving the
hydrolysis of a metal-uoro cation, namely potassium hexa-
uorotitanate (KTiF6) and boric acid (H3BO3), as a uoride
scavenger. The ITO substrate was cleaned via an ultrasonication
process for 15 min each with pure water, acetone, and ethanol
prior to the growth process. The clean substrate was then
vertically hung in a 20 mL glass vial. In a typical synthesis
process, 5 mL of 0.1 M aqueous potassium hexauorotitanate,
KTiF6 was heated in a water bath at a temperature of 90 �C, prior
to the addition of 5 mL of 0.1 M H3BO3. The mixed solution was
kept in a water bath for 30min at a temperature of 90 �C. During
the growth process, the color of the solution changed from
This journal is © The Royal Society of Chemistry 2020
colorless to a white and cloudy solution. Aer 30 min, a white-
coloured layer of the thin lm could be observed on top of the
ITO substrate, an indication of the growth of a titania complex
nanostructure lm on the surface of the substrate. The sample
was then annealed in air at 400 �C for 1 h.

2.3 Characterizations of nanostructures

The morphology of the samples was examined via a eld emis-
sion scanning electron microscope (FESEM, Zeiss Merlin
Compact 55 kV). The microscope was supported by an Aztec
energy dispersive spectroscopy apparatus for the elemental
analysis. The analysis of phase crystallinity and faceting in the
samples was carried out via X-ray diffraction technique on
a Bruker D8 Advance instrument, with CuKa radiation (l¼ 1.5 Å)
at a scan rate of 2� min�1. Raman spectroscopy was performed to
examine the chemistry of the nanostructures, particularly the
surface-ligand coordination, using a CRM 200 Witex Raman
spectrometer with a 532 nm excitation laser.

3. Results and discussion

We carried out the FESEM analysis of the as-prepared samples
and found that the morphology of titania nanostructures
changes from a ower-like shape to a cubic shape when the
RSC Adv., 2020, 10, 16886–16891 | 16887
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concentration of boric acid increased from 0.025 to 0.5 M
(Fig. 1). Regarding the nanocube sample, prepared at boric acid
concentrations between 0.3 and 0.5 M, the typical edge-length
was approximately 20 � 3 nm. Due to their high surface
energy, the nanocubes tend to attach to one another, forming
a clustered or networked nanocube lm, which in turn homo-
geneously covers the entire surface of the substrate (see Fig. 1F).
However, there were no signicant modications in the
dimensions of the nanocubes when the concentration of boric
acid was increased in the reaction (Fig. 1F). While FESEM
analysis provided the isolated area characterization of titania
nanostructures on the surface, XRD spectra further revealed the
general structural information of the titania nanostructures
prepared under different concentrations of boric acid, that is
the structure wrapped by the (001) facet (Fig. 1G) as revealed by
the peak intensity ratio between (004) and (101) planes. As can
be seen from Fig. 1G, for the anatase titania prepared under
different boric acid concentrations, the intensity of X-ray
diffraction for the Bragg plane of (004) increases with the
increase in the concentration of boric acid. On the contrary, the
diffraction peak at the (101) Bragg plane decreases with the
increase in the boric acid concentration. We calculated that the
intensity ratio between (004) and (101) planes is from approxi-
mately 2 to 5 when the boric acid concentration is increased
from 0.1 to 0.3 M. In normal non-faceted anatase nano-
structures with a dominant (101) plane, this ratio is around 0.1
to 0.3. Because the (004) plane is equivalent to the (001) plane, it
may be worth to mentioning that increasing the boric acid
concentration in the reaction mixture has efficiently produced
nanostructured titania with morphology enwrapped by (001)
facet.

When the concentration was further increased, for example,
to 0.6 M, titania nanostructures with a belt-like morphology
were obtained (Fig. 2A and B). The nanobelt dimensions
increased with the increase in the boric acid concentration. The
Fig. 2 Morphological and crystallinity properties of the 2D anatase
TiO2 nanobelts. The FESEM images of titania nanobelts prepared using
boric acid concentrations of 0.6 (A) and 0.65 M (B). The corresponding
TEM images (C–E) of the TiO2 nanobelt samples of (B). (D and E) The
typical high-resolution TEM images and selected area diffraction
(SAED) of the TiO2 nanobelts, respectively.

16888 | RSC Adv., 2020, 10, 16886–16891
typical length of nanobelts prepared at 0.65 M is 3� 1.5 mm and
can be up to tens of micrometres (Fig. 2B), with a width of 15 �
3 nm. Meanwhile, the thickness is approximately 5 � 1.5 nm
and many of them can be down to a few atoms thick (Fig. 2D),
making them ultrathin titania nanobelts produced so far. We
carried out the high-resolution transmission microscopy
(HRTEM) and selected area electron diffraction (SAED) analysis
on these ultra-thin nanobelts to verify the thickness and facet-
ing of the ultra-thin structures. The fact that the amorphous
background of the carbon lm can be seen in detail through the
nanobelt structure indicates that the thickness of the nano-
sheets could be a few atoms thick. HRTEM also further shows
that the nanobelts are single crystalline in nature with the
exposed facet belonging to the (001) plane (see Fig. 2D and E).
Unfortunately, the nature of the two-dimensional growth of
titania at a boric acid concentration higher than 0.65 M cannot
be observed due to the insolubility issue.

In addition to this massive nanobelt formation at high boric
acid concentrations, we also noticed the projection of ultrathin
nanosheet structures of titania (see the dashed square in Fig. 3),
which is indicated by a cloudy white part in the image (Fig. 3A)
and pointed out by the red arrow in Fig. 3B. This ultra-thin
structure was observed on the entire surface of the nanobelt
structure. Considering the highly transparent nature of the
nanosheets to the electron beam, which is indicated by the clear
background substrate image seen through the electron beam
(Fig. 3B) and its similarity to the nanobelt structures as shown
in Fig. 2D, the nanosheets could also be a few atoms thick
structures. Unfortunately, due to the limitations of the tech-
nique, the exact thickness of the ultra-thin nanosheets could
not be accessed. By transferring the nanosheets onto a TEM
grid, we analysed the surface properties of the ultra-thin
nanosheet structures. Fig. 3C and D show that the ultra-thin
nanosheets along with the nanobelt structures have been
Fig. 3 A few atoms thick two-dimensional nanosheets of titania. (A)
and (B) show the FESEM images of titania nanosheets grow along with
the nanobelt structures of titania. (C and D) Low resolutions the TEM
images of nanosheets. Red-dashed square in (D) points out typical few
atoms thick nanosheets. (E) is a high-resolution TEM image of nano-
sheets showing the (001) facet.

This journal is © The Royal Society of Chemistry 2020
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successfully transferred onto the TEM grid. However, the
nanosheets observed on the TEM grid are not as thin as the one
shown in Fig. 3B. Nevertheless, similar to the nanobelt struc-
tures, the high-resolution TEM analysis also reveals that the
nanosheets are characterized by the (001) facet (Fig. 3E). This
fact certainly provides a clear view of the simplicity of the
present method in promoting the growth of atomically thin two-
dimensional structures of anatase TiO2. Thus, exceptional
performance in solar cells, catalysis, sensing, and optoelec-
tronic applications are expected when such ultra-thin anatase
TiO2 nanosheets are used.

Although interesting structural properties of titania nano-
structures have been obtained on materials prepared using the
present approach, so far their exact formation mechanism is
still not well-understood. However, we summarize the following
facts: (i) the titania nanocube is formed by using a boric acid
concentration in the range of 0.2 and 0.3 M. If a lower
concentration is used, the morphology is varied from a ower-
like shape to an irregular shape nanoparticle lm. Meanwhile,
if the concentration is higher than 0.3 M, the nanostructure
product becomes ultra-thin nanobelt structures. (ii) The
temperature should be 90 �C to facilitate a controlled growth
process. A lower growth temperature produces titania nano-
structures with an irregular shape. Their size is also relatively
big as a result of the low kinetic growth process. Unfortunately,
a higher growth temperature of above 90 �C cannot be obtained
due to the boiling of the reaction mixture at this temperature,
leading to the uncontrolled growth of nanocrystals.

Nevertheless, as has been noted earlier in this study, we
hypothesize that the effect of hydronium ion passivation on the
titania nanostructure surface could be the driving factor for the
realization of (001) faceting in the anatase titania. The existence
of an excess amount of boric acid liberates a high amount of
hydronium (H3O

+) ions in the reaction. Owing to their strong
Lewis acid character,23 they can be easily adsorbed onto the
growing crystal plane and passivated them. Since their molec-
ular structure is a trigonal pyramid, they are easily oriented with
the at surface for efficient surface passivation, projecting
a two-dimensional crystal growth. In order to simplify the
assumption, the following process is considered: in a liquid-
phase deposition reaction, the metal uoro cation complexes
were hydrolyzed by water molecules producing a Ti complex and
uoride anions. The uoride ions may then be captured by
boric acid, forming BF4

� and hydronium ions.24 The reaction is
given by:22

xTiF6
2� + yH2O / mTiO2 + nHF (1)

H3BO4 + 4HF / BF4
� + H3O

+ + 2H2O (2)

for metal complex (1) and boric acid (2) hydrolysis, respectively,
where x, y, m and n in (1) are the molarity coefficients of the
reaction. If the concentration ratio between the boric acid and
the uoride ion byproduct is balanced, a continuous metal
oxide complex layer will be formed on any solid substrate
surface. Moreover, in the case of uoride ions being abundantly
available in the reaction due to the lack of a uoride ion
This journal is © The Royal Society of Chemistry 2020
scavenger, they will tend to bind to the growing plane of titania
via either Ti–F or Ti–O–F coordination. This phenomenon will
passivate the expansion of that plane, producing titania
complex nanostructures with a platonic morphology, particu-
larly cuboid structures. In a normal case, the coordination of
uoride ions with the crystal plane of the titania complex is on
the (001) facet. This case is more or less similar to the uori-
dation effect during the synthesis of (001) faceted titania
nanostructures.25 As a result, nanostructures with a dominant
and large area of the (001) plane are produced. When uoride
ion concentration is relatively high in the reaction, nano-
cuboids with a size of few nanometers are produced. Due to
their high surface energy, they rearrange and stack with each
other, forming a hierarchical porous micrometer nanoplate
structure.13 In the opposite case, where the uoride scavenger,
i.e. boric acid, is far exceeding the concentration of uoride ions
in the reaction, the boric acid will be hydrolyzed forming higher
borate species and hydronium ions (H3O

+). While borate is
chemically relatively stable residing in the bulk of the solution
and can be further reduced to a lower borate species when
reacting again with hydronium ions, as mentioned earlier, the
hydronium ions with relatively smaller molecular size are
reactive and will quickly attach onto the surface of a titania
complex growing planes via an electron-donating process,
forming a dative bond. With its unique molecular structure of
trigonal pyramid symmetry, the hydronium ion can easily re-
oriented parallel to the surface of the titania complex plane,
facilitating efficient passivation for (001) faceting and
promoting two-dimensional crystal growth process in the
titania nanostructures.

In order to verify this aspect, we carried out Raman spec-
troscopy on the sample, and the results are shown in Fig. 4. As
can be seen from the gure, at least two Raman vibration modes
related to hydronium ion (H3O

+), i.e. at the wavenumbers of 3000
to 3670 cm�1, are seen in the spectrum.26,27 Meanwhile, the
coordination of hydronium molecules with the surface is facili-
tated by the dative bond Ti–O–H at the wavenumbers of 250 and
541.5 cm�1 as reported in an earlier study.28 It is well known that
uorine is also liberated during the hydrolysis of KTiF in which,
in many cases, it plays a critical role in the (001) faceting of
anatase TiO2, but it does not show a capability to promote the
two-dimensional crystal growth. In this study, the occurrence of
the uoridation process is judged via EDX analysis results.
However, considering that the existence of uoride on the surface
of the TiO2 nanosheet/nanobelt samples cannot be detected via
Raman spectroscopy, its role could be simply to project the (001)
faceting on the anatase TiO2 nanostructures. Furthermore, it is
also observed that the potassium cations (K+) are incorporated
into the anatase nanostructured sample, but its amount is rela-
tively low as judged from the EDX elemental analysis. Because the
XRD analysis does not show any modication of the anatase
crystalline phase, we believe that the K+ ion should only be an
impurity in the nanocrystals. Thus, it should not contribute to
the promotion of the two-dimensional crystal growth. This
assumption is likely valid as the K+ ion impurities were only
found to induce one-dimensional growth in titania nano-
structures, producing a nanorod morphology, as reported in the
RSC Adv., 2020, 10, 16886–16891 | 16889

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01437k


Fig. 4 Surface chemical coordination and elemental properties of 2D
anatase TiO2 (nanosheets and nanobelts). (A) Raman spectrum, (B) EDX
spectrum and (C) a corresponding FESEM micrograph where the EDX
analysis was taken (red dashed square), showing nanobelts and
nanosheets (whitish overlayer, as in Fig. 3B) structures. The nanosheet
structure is very transparent because of using 15 kV electron accel-
eration potential for the EDX analysis, leaving the nanosheets as
a whitish overlayer only on the entire image (C).
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recent literature.29–31 On the basis of these facts, it can be
conrmed that the hydronium ions' surface passivation effect is
the key aspect for the formation of the two-dimensional struc-
ture. A combination effect with the surface uoridation process,
the (001) faceted two-dimensional anatase TiO2 nanostructure is
realized.
4. Conclusions

To conclude, it is remarked that efficient two-dimensional
growth and (001) faceting in anatase titania nanostructures
can be easily achieved via the effect of trigonal hydronium ion
passivation. The hydronium ions were generated during the
liquid-phase deposition via the hydrolysis of boric acid (as
a uoride scavenger) if their concentration is far higher than the
uoride ions liberated during the hydrolysis of the metal-uoro
cation. The growth process is rapid and only required 30 min to
grow a large-scale of anatase titania nanosheets or nanobelts-
constructed lms on the surface of the substrate. The nano-
belts and nanosheets of titania could be a few atoms thick that
may produce unusual optoelectrical properties for potential
applications in photocatalysis, dye-sensitized solar cells, and
optoelectronic applications.
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