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nthesis and formation mechanism
of the anatase nanocrystals with co-exposed high-
energy {001}, {010} and [111]-facets for enhanced
photocatalytic performance†

Xianjun Niu,a Yi-en Du,*abc Yufang Liu,a Hongxue Qi,a Jing An,a Xiaojing Yang *b

and Qi Feng c

Truncated tetragonal bipyramid anatase TiO2 nanocrystals enclosed by {001}, {010} and {101} facets,

and tetragonal cuboid anatase TiO2 nanocrystals with co-exposed [111]- and {101} facets were

hydrothermally synthesized by using the H+-form of the tetratitanate H2Ti4O9 as the precursor and HF

and H2O2 as the capping agent and solvent, respectively. The as-prepared anatase TiO2 nanocrystals

were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission

electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM), selected-

area electron diffraction (SAED) and nitrogen adsorption/desorption measurements. The transformation

from the layered structure of tetratitanate HTO to anatase TiO2 nanocrystals may experience two types

of reactions including in situ topotactic transformation reaction by splitting the Ti–O–Ti bonds of the

corner-shared by two TiO6 octahedra along the [010]-direction of the HTO, and the dissolution–

recrystallisation reaction along various crystal planes of the zigzag ribbon-like anatase crystal during the

hydrothermal reaction process. Furthermore, the photocatalytic activities of the as-prepared anatase

nanocrystals were evaluated by the photocatalytic degradation of methylene blue under UV-light

irradiation at room temperature in air. Truncated tetragonal bipyramid and cuboid coexistence of

anatase TiO2 nanocrystals with a large percentage of co-exposed high-energy {001}, {010} and [111]-

facets exhibit high surface photocatalytic activities for the degradation amount of MB per unit surface

area of catalyst (mg (MB) per m2 (TiO2 surface area)), which can be explained by the cooperative

mechanism of the surface atomic structure and surface electronic structure of the different facets.
1. Introduction

Titanium dioxide (TiO2) crystals with tailored facets have
attracted intensive interest in the last few years, not only
because of their extensive applications in dye-sensitized solar
cells,1 photocatalytic degradation of organic pollutants,2,3 gas
sensors,4 lithium-ion batteries,5 and other related elds, but
also because of their relatively high photocatalytic activity, long-
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term stability, nontoxicity and low cost.6 Triggered by Wen's
rst report the preparation of anatase TiO2 nanocrystals
enclosed by dominant {010} facets,7 tremendous efforts have
beenmade to synthesize diverse TiO2 nanocrystals with exposed
high-energy or reactive facets. For anatase TiO2, the order of
average surface energies (g) is g{111} (1.61 J m�2) > g{110} (1.09
J m�2) > g{001} (0.90 J m�2) > g{010} (0.53 J m�2) > g{101} (0.44
J m�2).8,9 Unfortunately, surfaces with high-energies oen
decrease rapidly during the crystal growth process so as to
reduce the surface energy.10 According to the Wulff construc-
tion, the equilibrium shape of an anatase TiO2 crystal can be
theoretically constructed as a slightly truncated tetragonal
bipyramid enclosed by eight equivalent {101} facets (more than
94%) on the lateral surfaces and two equivalent {001} facets
on the top/bottom surfaces.11 Since the {101} facets are quite
unreactive, the most available anatase is dominated by ener-
getically stable {101} facets, rather than the much more reactive
{111}, {110}, {001}, or {010} facets. Therefore, constructing
anatase TiO2 with controllable highly active facets still remains
a challenge.
This journal is © The Royal Society of Chemistry 2017
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Since the pioneering work by Wen and co-workers on the
synthesis of anatase TiO2 nanocrystals with large percentages of
{010} facets by using [Ti1.73O4]

1.07� nanosheets as the
precursor,7 there has been remarkable interest in the controlled
synthesis of anatase crystals with high reactive facets, such as
{010}, {001}, and {110} facets. For example, Yang and co-workers
synthesized the truncated anatase bipyramids with different
percentages of {001} facets (35–47%) and {101} facets by using
TiCl4 aqueous solution as the precursor and HF as the crystal-
lographic controlling agent under hydrothermal conditions.10

Aer that, by use of similar synthetic strategies, anatase TiO2

nanosheets with dominant {001} facets (64%) and minor {101}
facets have been prepared, which exhibited superior photo-
reactivity in degradation of organic pollutant, compared to the
benchmark P25-TiO2.12 Wu and co-workers achieved the trun-
cated tetragonal bipyramids with coexisting {001} and {101}
facets containing a hole on the squared planer crystal facet,
which showed higher photocatalytic activity for the photo-
degradation of rhodamine B in water.13 Furthermore, {001}-
facet exposed TiO2 microspheres were synthesized by hydro-
thermal treatment of a thermal sprayed TiN/Ti coating with HF
aqueous solution containing chromium powders, which led to
a signicantly enhanced solar absorption.14 Liu and co-workers
reported the anatase TiO2 single crystals with co-exposed {001}
and {101} facets, together with minor {110} facets were
synthesized by using a hydrothermal technique in the presence
of H2O2 and HF, and demonstrated their photocatalytic activi-
ties.9 Single anatase crystals with co-exposed {001}, {010}, and
{101} facets, together with minor {110} facets have been
prepared by tuning the Ti/F ratio in the synthetic mixture.
Recently, enlarging {110} exposed facets of anatase TiO2

microcrystals were synthesized by a one-step hydrothermal
methods, in the present of HF, H2O2 and TiCl3.15 Rhombic-
shaped anatase TiO2 nanocrystals with co-exposed {010} and
{101} facets have been synthesized by using a facile nonaqueous
synthetic route, which exhibited conspicuous photocatalytic
activity.16 Anatase TiO2 microrods with dominant reactive {010},
{001} facets and nonreactive {101} facets have been prepared by
hydrothermal treatment of Cs0.68Ti1.83O4/H0.68Ti1.83O4

precursor, which displayed a superior photocatalytic perfor-
mance.17 Anatase TiO2 nanocuboids enclosed by active {100}
and {001} facets with controllable aspect ratios were sol-
vothermally synthesized by using the titanium tetraisoprop-
oxide as titanium sources and [bmim][BF4] as the capping
agent, which showed extremely high crystalline phase stability
and exhibited considerably enhanced photocatalytic activity.18

Very recently, the rhombic and spindle-shaped anatase nano-
crystals with co-exposed {010} and {101} facets, and the rod-like
anatase nanocrystals with co-exposed [111]- and {101} facets,
and the rutile nanorod composed of lots of highly ordered
ultrane nanowires with co-exposed {110} and {001} facets have
been prepared by using the [Ti4O9]

2� nanosheets as the
precursor under hydrothermal conditions, which all exhibited
excellent photovoltaic performances than the commercial P25-
TiO2.19,20 Using similar so chemical process, the rhombic,
tetragonal and leaike anatase TiO2 nanocrystals with co-
exposed {010}, {001}, and {101} facets have been prepared by
This journal is © The Royal Society of Chemistry 2017
using H1.07Ti1.73O4, H2TiO3 or H2Ti3O7 nanosheets as the
precursor, which exhibited excellent photovoltaic performances
in dye-sensitized solar cells and enhanced photocatalytic
activities for degradation of methylene blue, compared to the
commercial P25-TiO2 nanocrystals.21–24

Herein, we demonstrate a facile hydrothermal route for the
synthesis of {001}, {010} and {101} facets co-exposed truncated
tetragonal bipyramid anatase TiO2 nanocrystals, and [111]- and
{101} facets co-exposed tetragonal cuboid anatase TiO2 nano-
crystals at temperatures from 130 to 180 �C in the presence of
HF and H2O2. The morphological features, transformed reac-
tion mechanism, and photocatalytic activity of the as-prepared
anatase TiO2 nanocrystals are investigated in detail in this
study. Furthermore, compared with commercial P25-TiO2

nanocrystals, the truncated tetragonal bipyramid and cuboid
coexisting of anatase T180-TiO2 nanocrystals exhibits superior
surface photocatalytic activities for the degradation amount of
MB per unit surface area of catalyst (mg (MB) per m2 (TiO2

surface area)).

2. Experimental section
2.1 Preparation of the K2Ti4O9 and H2Ti4O9$H2O samples

Potassium tetratitanate (K2Ti4O9, KTO) was prepared by
a conventional solid-state reaction.25 Briey, at rst, K2CO3 and
TiO2 in a molar ratio of 1.05 : 4 were mixed by ball-milling for
2 h. Then, the mixture was added into an alumina crucible and
heated in a muffle furnace at 960 �C for 24 h. 20.0 g of the KTO
sample was acid-treated with 2.0 L of 1 mol L�1 hydrochloric
acid solution at room temperature for 24 h under magnetic
stirring to exchange the K+ with H+ to obtain the H+-form of the
tetratitanate H2Ti4O9$H2O (HTO) sample. The acid treatment
was repeated three times to complete the ion-exchange reaction,
and then the tetratitanate HTO sample was washed several
times with distilled water and dried at room temperature.

2.2 Preparation of TiO2 nanocrystals

0.5 g of the as-prepared HTO sample was add into a Teon lined
autoclave of 80 mL capacity, and then 50 mL of distilled water,
0.5 mL of HF, and 5 mL of H2O2 were added into the above
autoclave in order. Aer the mixture was stirred for 15 min, the
autoclave was sealed and the hydrothermal synthesis was con-
ducted in a constant temperature blast drying oven at temper-
atures from 130 to 180 �C for 24 h. Aer naturally cooling down
to the room temperature, the products were separated from the
solution by ltration, and washed several times with distilled
water, and then dried at room temperature. The obtained
samples were designated as Tx-TiO2, where x corresponds to the
temperature of hydrothermal treatment.

2.3 Sample characterization

The crystalline structure of the samples was determined by
powder X-ray diffractometer (XRD, Rigaku MiniFlex II desktop
X-ray Diffractometer) with monochromated Cu Ka radiation (l
¼ 0.15406 nm), operated at 30 kV and 15 mA from 5� to 80� with
scanning speed of 8� min�1 and step of 0.02�. The surface
RSC Adv., 2017, 7, 24616–24627 | 24617
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morphology of the samples was characterized by scanning
electron microscopy (SEM, JSM 7001-F, JEOL, Japan). Trans-
mission electron microscopy (TEM) and selected-area electron
diffraction (SAED) were performed using a JEOL Model JEM-
2100-F system at 200 kV. Nitrogen adsorption/desorption
isotherms were measured at �196 �C on a TriStar II 3020
volumetric adsorption analyzer. Prior to the measurement, the
obtained samples were degassed under high vacuum at 120 �C
for 5 h. The surface area was calculated from the adsorption
isotherm plot in the range of relative pressure from 0.05 to 0.30
by Brunauer–Emmett–Teller (BET) method.
Fig. 1 XRD patterns of (a) K2Ti4O9, (b) H2Ti4O9$H2O, and (c–h) anatase
TiO2 nanocrystals obtained at temperatures from 130 �C to 180 �C.
2.4 Photocatalytic experiments

The photocatalytic performance of the TiO2 nanocrystals was
evaluated by the photodegradation of methylene blue (MB,
obtained from Beijing Chemical Works) under ultraviolet (UV)
light irradiation. 50 mg of the TiO2 nanocrystals sample was
added into a beaker containing 200 mL of MB aqueous solution
(2.67 � 10�5 mol L�1) and stirred for 2 h in the darkness to
disperse the TiO2 nanocrystals sample well in the MB aqueous
solution and to reach adsorption–desorption equilibrium on
the TiO2 nanocrystals surface. And then the suspension was
irradiated by a 175 W ultraviolet lamp with an emission wave-
length of 365 nm (Shanghai Mingyao Glass Hardware Tools)
under magnetic stirring at room temperature, where the ultra-
violet lamp was located 40 cm away from the MB solution
surface. At intervals of 20 min, 4 mL of suspension was with-
drawn and analyzed aer removal of the TiO2 nanocrystals by
using a table-top low speed centrifuge (Jintan Splendor Equip-
ment Manufacture Co. Ltd.). The MB concentration in the
solution was determined by using a TU-1901 spectrophotometer
(Beijing Purkinje General Instrument Co. Ltd.). The concen-
tration of MB was determined by monitoring the temporal
changes in the absorbance maximum at about 650 nm. The
photodegradation percentage of MB by the photocatalytic
reaction was calculated26 using the formula h ¼ (C0 � Ct)/C0 �
100%, according to the Lambert–Beer law. Where h is the
degradation rate, C0 and Ct represent the initial concentration
and the concentration at a certain irradiation time of the MB
solution, respectively. As a comparison, the photocatalytic
performance of commercially available Degussa P25 TiO2

(�87% anatase and �13% rutile phase, obtained from Nippon
Aerosil Ltd.) was also measured using the same parameters.
3. Results and discussion
3.1 Characterization of the synthesized KTO, HTO and TiO2

samples

Fig. 1(a) shows the XRD pattern of the KTO obtained by
heating a mixture of K2CO3 and TiO2 at 960 �C for 24 h. All the
peaks could be indexed to K2Ti4O9 (JCPDS Card File no. 32-
0861, space group C2/m, a ¼ 18.186, b ¼ 3.774, c ¼ 11.962 Å,
b ¼ 106.37�). The major diffraction peaks at 2q values of
10.26�, 14.48�, 28.20�, 30.42�, 31.22�, 33.04�, 33.90�, 41.46�,
43.48�, 48.16�, and 52.64� can be indexed to the (200), (201),
(310), (311), (004), (�603), (�313), (512), (205), (020) and (315)
24618 | RSC Adv., 2017, 7, 24616–24627
planes of monoclinic structure potassium titanate, respec-
tively, indicating that the KTO phase with a layered structure is
successfully obtained. The layered KTO sample has a basal
spacing of 8.62 Å that corresponds to the d-value of (200)
plane. As shown in Fig. 1(b), aer the K+/H+ ion-exchange
reaction, the HTO sample maintains the same essential
layered structure, but the basal spacing changes to 8.82 Å and
the diffraction peak of the HTO became weaker and broader
than that of the precursor KTO, and the pattern corresponds to
JCPDS Card File no. 36-0655 (monoclinic system, space group
C2/m, a ¼ 18.77, b ¼ 3.72, c ¼ 11.62 Å, b ¼ 104.63�). Crystal-
linity of the TiO2 crystals prepared under various temperatures
is analyzed using XRD as shown in Fig. 1(c)–(f). It can be found
that the XRD pattern of the obtained crystals displayed
diffraction 2q values at 25.38�, 37.98�, 48.02�, 53.98�, 54.98�,
62.68�, 68.92�, 70.10�, and 75.04�, which corresponds to the
(101), (004), (200), (105), (211), (204), (116), (220), and (215)
planes of anatase structure of TiO2, respectively (body-
centered tetragonal, a ¼ b ¼ 3.79 Å, c ¼ 9.48 Å; JCPDS Card
File no. 21-1272). No diffraction peaks of any other phases
(rutile and brookite) were observed. Therefore, during hydro-
thermal synthesis process, pure anatase crystals can be ob-
tained at temperatures from 130 to 180 �C. The intensities of
the diffraction peaks of the anatase TiO2 nanocrystals became
more intense and sharper with the increase of hydrothermal
treatment temperature, implying the increase of crystallinity.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2(a) and (b) shows the SEM images of the KTO and HTO
samples, respectively. It can be observed that both KTO andHTO
samples exhibit the morphology of nanoribbons. The KTO
crystals have a size of 2.5–13.0 mm in length, 260–660 nm in
width and 150–300 nm in thickness, and HTO nanoribbons have
the size similar to KTO, indicating that the ion-exchange process
hardly breaks the shape of the particles. Fig. 2(c)–(n) shows the
SEM images of the samples obtained at temperatures from 130
to 180 �C. For T130-TiO2 sample, the main particles are tetrag-
onal cuboid particles with �115 nm in length and �86 nm in
width, though some very small irregular particles with the size of
a few tens of nanometer were also observed (Fig. 2(c) and (d)).
Interestingly, some of tetragonal cuboid particles constitute
a nanoribbon secondary particle with �1.2 mm in length and
�0.3 mm in width. The prole of the secondary particle is very
similar to that of the HTO nanoribbons, implying these tetrag-
onal cuboid particles were formed by split the HTO nano-
ribbons. Aer hydrothermal treatment at 140 �C, the size of the
Fig. 2 SEM images of the samples of (a) K2Ti4O9, (b) H2Ti4O9$H2O, (c an
and h) T150-TiO2 (anatase phase), (i and j) T160-TiO2 (anatase phase), (
phase).

This journal is © The Royal Society of Chemistry 2017
bigger tetragonal cuboid nanocrystals increased to �134 nm in
length and�101 nm in width, and the smaller tetragonal cuboid
nanocrystals increased to �58 nm in length and �50 nm in
width and the morphologies also remained (Fig. 2(e) and (f)),
indicating the increase of crystallinity. Furthermore, a tiny
amount of the truncated tetragonal bipyramid nanocrystals with
the length of �193 nm and the width of �152 nm were also
observed (Fig. 2(e) and (f)). The nanoribbon secondary particles
with�2.8 mm in length and�0.5 mm in width are polycrystalline
particles constructed from the tetragonal cuboid nanocrystals,
similar to that of the T130-TiO2 sample (Fig. 2(c), (e) and (f)). The
sample keeps the morphologies of tetragonal cuboid and trun-
cated tetragonal bipyramid when the temperature is above
140 �C, as shown in Fig. 2(g)–(n). High magnication image of
the T150-TiO2, which is shown in Fig. 2(h), illustrates that each
truncated tetragonal bipyramid containing the hole on the
squared planer crystal facet (i.e. {001}-faceted surface) with the
width about 65 nm and the depth about 35 nm. The smooth
d d) T130-TiO2 (anatase phase), (e and f) T140-TiO2 (anatase phase), (g
k and l) T170-TiO2 (anatase phase), and (m and n) T180-TiO2 (anatase

RSC Adv., 2017, 7, 24616–24627 | 24619
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{001}-faceted surface was eroded away with the hydrothermal
process, leading to the formation of hollow single crystals with
the remaining eight isosceles trapezoidal {101}-facets surfaces as
the frame.27 This selective etching phenomenon on the {001}-
faceted TiO2 crystal by HF was ascribed to the differences in the
geometrical arrangement of oxygen and titanium on {001}- and
{101}-faceted surfaces.

TEM images and SAED pattern of T150-TiO2 further conrm
the single-crystalline characteristics (Fig. 3). The truncated
tetragonal bipyramid nanocrystals with a size of about 215 nm
(Fig. 3(b)), which is consistent with SEM result (Fig. 2(h)). The
HRTEM recorded from the white circled area in Fig. 3(b) clearly
shows the (101) atomic planes of the truncated tetragonal
bipyramid with a lattice spacing of 3.51 Å (Fig. 3(c)), corre-
sponding to the (101) planes of anatase TiO2 nanocrystals. In
addition, the SAED pattern reveals that the truncated tetragonal
bipyramid nanocrystal shows a [010]-axis orientation, and the
lateral plane of the truncated tetragonal bipyramid nanocrystal
corresponds to {010} facet that is vertical to the [010] orientation
(Fig. 3(d)). These results demonstrate that the truncated
tetragonal bipyramid TiO2 nanocrystal with {001}, {010} and
{101} facets co-exposed on the top/bottom planes, lateral
planes, and isosceles trapezoidal planes, respectively.

Fig. 4 shows the TEM, HRTEM images and SAED patterns of
T160-TiO2 nanocrystals synthesized by the hydrothermal
process at 160 �C. The TEM images of the sample show tetrag-
onal cuboid TiO2 nanocrystals with sharp edges and corners
and truncated tetragonal bipyramid TiO2 nanocrystals. Fig. 4(b)
shows part of a single tetragonal cuboid TiO2 nanocrystal with
visible lattice fringes. It can be observed that two sets of lattices
are present and that they are oriented unperpendicular to each
other with an equal lattice spacing of 3.52 Å, corresponding to
the (101) and (011) facets of the anatase phase, and the 82�

angle between (101) and (011) facets exactly matches the
Fig. 3 TEM images (a–c) and the corresponding SAED pattern (d) of T15

24620 | RSC Adv., 2017, 7, 24616–24627
theoretical value 82.1�, calculated from the lattice constants of
anatase (tetragonal, space group I41/amd, JCPDS 21-1272, Z ¼ 4,
a ¼ 3.7852 Å, and c ¼ 9.5139 Å).28 This result reveals that the
four lateral planes correspond to {101} facets and the two basal
planes correspond to [111]-facets (i.e. the crystal is perpendic-
ular to [111] crystal zone axis) of the tetragonal cuboid TiO2

nanocrystals. It is worth noting that the [111]-facet is different
from the {111} facet because the anatase not belongs to a cubic
crystal system but belongs to a tetragonal crystal system.
Fig. 4(c) and (d) show the magnied TEM image and the cor-
responding SAED pattern of truncated tetragonal bipyramid
nanocrystals obtained at 160 �C, respectively. The yellow dashed
lines (Fig. 3(c)) indicate the {001} and {101} crystal planes of the
anatase TiO2 nanocrystal, respectively. The diffraction pattern
of bright intense spots indicates that the truncated tetragonal
bipyramid TiO2 nanocrystal is single-crystalline. The angle
between different planes ((101) and (114), (101) and (105), (101)
and (004), (101) and (�103)) are designated in Fig. 3(d) agree well
the theoretical values.29 Fig. 4(e) and (f) show the magnied
TEM image and the corresponding SAED pattern of tetragonal
cuboid TiO2 nanocrystals obtained at 160 �C, respectively. The
yellow dashed lines (Fig. 4(e)) indicate the {101} and {011}
crystal planes of the anatase TiO2 nanocrystal, respectively. The
diffraction pattern of bright intense spots indicates that the
tetragonal cuboid TiO2 nanocrystal is also single-crystalline.
The angle between different planes ((101) and (011), (101) and
(211), (011) and (112), (011) and (110)) are designated in Fig. 4(d)
are also consistent with the theoretical values.29 These results
reveal that the two basal planes, the four lateral planes, and the
eight isosceles trapezoidal planes of truncated tetragonal
bipyramid TiO2 nanocrystals correspond to {001}, {010}, and
{101} facets, respectively; and the four lateral planes and the two
basal planes of the tetragonal cuboid TiO2 nanocrystals corre-
spond to {101} facets and [111]-facets, respectively.
0-TiO2 (anatase phase).

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 TEM images (a, b, c, and e) and the corresponding SAED patterns (d and f) of T160-TiO2 (anatase phase).
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Fig. 5(a) is a low TEM image of T170-TiO2. As the image
showed, the nanoribbon particle with �450 nm in width and
several micrometers in length was composed of many nano-
particles, which is accordant with the result of SEM observation
(Fig. 2(k) and (l)). Fig. 5(b) is the HRTEM image of the tetragonal
cuboid nanocrystal obtained at 170 �C. The interfacial crystal
angle between the as marked (101) and (011) crystal planes is 82�

which can conrm the exposed crystal facet is [111]-facets. The
fast Fourier-transform (FFT) diffraction pattern of the same region
(Fig. 5(b) inset) can be indexed to diffraction spots of the [111]
zone, which further conrms that the tetragonal cuboid nano-
crystal exposed crystal facet is [111]-facets. Fig. 5(c), (d) and (e), (f)
are TEM images and the corresponding SAED images of a single
tetragonal cuboid nanocrystal and titania nanocube, respectively.
According to the analysis above, we can conrm that the exposure
of crystal facets are [111]- and {010} facets for the tetragonal
cuboid nanocrystal and the titania nanocube, respectively.

Fig. 6(a)–(c) displays the TEM image, HRTEM and the cor-
responding SAED pattern of the tetragonal cuboid nanocrystals
obtained aer the hydrothermal treatment at 180 �C for 24 h. It
is clear that the tetragonal cuboid nanocrystal displayed two
unparalleled lattice fringes of 3.52 Å with the angle of 82�,
which can be indexed to the (101) and (011) crystal planes of
anatase (Fig. 6(b)). The SAED pattern further conrms that the
crystal zone axis of tetragonal cuboid nanocrystal is [111]-
This journal is © The Royal Society of Chemistry 2017
direction, that is the exposed [111]-facets on the surface
(Fig. 6(c)). The nanoribbon particles are comprise of tetragonal
cuboid nanocrystals, nanocube crystals and other irregular
morphologies of particles, as shown in Fig. 6(d). For the nano-
cube crystal, HRTEM image observations reveal three sets of
lattice fringes with spacing of 3.52, 3.52, and 3.74 Å, which can
be indexed to (101), (�101), and (002) crystal planes of anatase,
respectively. The angles indicated in the HRTEM image are 43.4
and 68.3�, which are identical to the theoretical values obtained
from the angles between the (101) and (�101) crystal planes, and
between the (101) and (002) crystal planes of the anatase,
respectively (Fig. 6(e)). Therefore, the nanocube crystals pref-
erentially expose the {101} facets on the basal plane. The
diffraction pattern of bright intense spots indicates that the
irregular TiO2 nanocrystal is single-crystalline, and the angles
between different crystal planes ((101) and (10�1), (101) and
(002), (10�5) and (�105), (200) and (002)) agree well the theoretical
values, and the zone axis is indexed to be the [010] direction
(Fig. 6(f)).29
3.2 Transformation reaction mechanism from tetratitanate
HTO to anatase TiO2 nanocrystals

On the basis of the above discussions, a possible reaction
mechanism for the formation of anatase TiO2 nanocrystals with
RSC Adv., 2017, 7, 24616–24627 | 24621
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Fig. 5 TEM images (a, b, c, and e), and the corresponding SAED patterns (d and f) of T170-TiO2 (anatase phase). The inset in the (b) is the fast
Fourier-transform (FFT) diffraction pattern.
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different morphologies from the tetratitanate HTO precursor in
the hydrothermal reaction process is put forward, as shown in
Fig. 7. In the HTO crystal structure, the four TiO6 octahedra are
connected with each other via edge-sharing at one level to form
a structural unit. The structural units are joined to a similar unit
above and below by additional edge-sharing to form a 2D zigzag
ribbons along the [010] direction, as well as the axial direction
of HTO nanoribbons. The zigzag ribbons are connected with
each other via corner-sharing of TiO6 octahedra to form a 2D
TiO6 octahedra stepped sheet, which are stacked with a basal
spacing of 8.82 Å along the [100] direction (Fig. 1(b)), accom-
modating H2O and H3O

+ (compensates the negative charge of
the host sheet) between them.30 The layered structure of tetra-
titanate HTO is transformed to the anatase TiO2 nanocrystals by
two types of reactions. One is the in situ topotactic trans-
formation reaction, the other is the dissolution–recrystalline
reaction, which is similar to the recently reported that the single
crystalline anatase TiO2 nanowires were obtained by the in situ
transformation and dissolution–precipitation growth from
a hydrogen titanate H2Ti2O5$H2O.31 In the conversion process of
the HTO structure to the anatase structure, rst, the HTO
structure loses the H2Omolecules in the widely open interlayers
of the 2D TiO6 octahedra stepped sheet. Second, aer the
interlayer H2O molecules are totally removed, the monoclinic
24622 | RSC Adv., 2017, 7, 24616–24627
HTO structure is transformed into tetragonal zigzag ribbonlike
anatase structure via an in situ topotactic dehydration reaction,
where the crystal morphology of the nanoribbon precursor is
remained aer the topotactic reaction.32 In this reaction, the Ti–
O–Ti bonds of the corner-shared by two TiO6 octahedra are
broken along the [010]-direction of the HTO to form H2O by
combining with the H3O

+ located at the interlayer of the TiO6

octahedra stepped sheets. The transformation of the stepped
sheetlike structure of HTO to the zigzag ribbonlike anatase TiO2

crystal can be described as follows.

[(H3O
+)2 (Ti4O9)

2�]$H2O ¼ [(H3O
+)2(Ti4O9)

2�] + H2O (1)

[(H3O
+)2(Ti4O9)

2�] ¼ 4TiO2 + 3H2O (2)

And then, with the proceeding of the hydrothermal reaction,
splitting of the ribbonlike anatase TiO2 crystal in various planes
results in the formation of nanoribbon secondary particle with
several micrometers in length and hundreds of nanometers in
width (Fig. 2). The nanoribbon secondary particle is constructed
from lots of small anatase TiO2 nanocrystals with different
morphologies. Namely, the ribbonlike anatase TiO2 crystal is
transformed to anatase TiO2 nanocrystals mainly via the
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 TEM images (a, b, d, and e), and the corresponding SAED pattern (c and f) of T180-TiO2 (anatase phase).
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dissolution–recrystallization process. The crystal morphologies
simulated (on the le in Fig. 7) by using the VESTA soware
agree well with the SEM images (on the right in Fig. 7). The
morphology of truncated tetragonal bipyramid anatase ob-
tained may be explained as due to the splits along (101), (10�1),
(001), and (010) planes of the layered structure of the anatase
TiO2. And the truncated tetragonal bipyramid anatase TiO2

nanocrystal has two basal planes, four lateral planes, and eight
isosceles trapezoidal planes, are consistent with the {001},
{010}, and {101} facets, respectively. The corner of 68.3� is
Fig. 7 Transformation reaction mechanism from HTO layered structure

This journal is © The Royal Society of Chemistry 2017
consistent with the angle between the (101) and (001) planes.
Here, the mixed solution of HF and H2O2 plays a signicant role
in the preparation of anatase TiO2 nanocrystals with highly
reactive {001} facets. HF as a shape-controlling agent can
decrease the surface energy of {001} facet to facilitate the growth
of {001}-faceted surfaces.33 Under high concentrations, HF
selectively eroded the grown {001}-faceted surface through the
following reaction,34

TiO2 + 6HF ¼ H2TiF6 + 2H2O (3)
to TiO2 nanocrystals and the simulated crystalline shapes.

RSC Adv., 2017, 7, 24616–24627 | 24623
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When the primary truncated tetragonal bipyramid is eroded
by HF to introduce a hole on the {001}-faceted surface.
Furthermore, the presence of H2O2 is favorable to the formation
of anatase single with dominant {001} facets.35 The F� ions can
efficiency adsorb on the TiO2 crystal surfaces with the assis-
tance of H2O2, resulting in the formation of anatase TiO2 crystal
with dominant {001} facets.36 The morphology of the tetragonal
cuboid anatase obtained may be explained as due to the splits
along the (001) and (010) planes of the zigzag ribbonlike anatase
crystal during the hydrothermal reaction process, and the
formation of the crystal is also accompanied by an Ostwald
ripening growth. The tetragonal cuboid anatase TiO2 nano-
crystal formed in the hydrothermal process has two basal
planes, and four lateral planes corresponding to the [111]-facets
and {101} facets (or {011} facets), respectively. The corner of 82�

is consistent with the angle between the (101) and (011) planes.
3.3 Photocatalytic activities

Photocatalytic performances of three typical samples (T150-
TiO2, T170-TiO2 and T180-TiO2) with co-exposed high-energy
{001}, {010}, and [111]-facets were comparatively evaluated by
measuring the photodegradation of methylene blue (MB)
aqueous solution under ultraviolet light irradiation, and
compared with the commercially available P25-TiO2 nano-
crystals. P25-TiO2 is a well-known highly active photocatalytic
TiO2 nanocrystals containing 87% anatase phase and 13% rutile
phase with an average crystal size about 21.9 nm, where partly of
the anatase is the [111]-faceted cuboid nanocrystal, partly of the
anatase is the near-spherical nanocrystal without a specic facet
on the crystal surface, and a little bit of anatase is the equilateral
triangle nanocrystal with {101} facet on one of the lateral
planes.37 Fig. S1† shows the temporal changes in absorption
spectra recorded for the P25-TiO2, T150-TiO2, T170-TiO2, T180-
TiO2, and the blank sample under UV irradiation as a function
of the irradiation time, respectively. It can be seen from
Fig. S1(a)–(d)† that the intensity of the maximal absorption
peaks at 665 nm decreased with the extension of irradiation
time under UV light irradiation. However, the absorption
spectra of the MB does not change for every measurement in the
absence of catalyst (Fig. S1(e)†). Hypsochromic effects (i.e. blue
shis of spectral bands) were also observed during the course of
the photoassisted degradation, implying that the N-demethy-
lation of the dimethylamino group in MB occurs concomitantly
with oxidative degradation.38

The photocatalytic activity of the samples is estimated by the
degradation amount of mg (MB) per g (TiO2), as shown in
Fig. 8(a). The degradation amount of MB (mg g�1) increases in
the order of without catalyst (0.45 mg) < T180-TiO2 (21.4 mg) <
T170-TiO2 (22.0 mg) < T150-TiO2 (22.9 mg) < P25-TiO2 (23.0 mg),
under UV irradiation of 120 min. The commercially available
P25-TiO2 nanocrystals exhibits the high photocatalyst activity in
the samples, and T150-TiO2 shows a relatively high photo-
catalytic activity in the samples prepared from HTO. It is well
known that the specic surface area is an important parameter
for the photocatalytic efficiency of the TiO2 nanocrystals,
because the degradation occurs at the surface of the catalyst.39
24624 | RSC Adv., 2017, 7, 24616–24627
The larger specic surface area (SBET) can increase the avail-
ability of the active sites for the adsorption of large amounts of
organic molecules on the surface and promote the photo-
catalytic reaction reactions.40 The SBET of the P25-TiO2, T150-
TiO2, T170-TiO2 and T180-TiO2 was calculated to be 49.7, 15.3,
10.5 and 6.3 m2 g�1, respectively (Fig. S1†). The SBET of P25-TiO2

is 3.25, 4.73 and 7.89 times higher than that of T150-TiO2, T170-
TiO2 and T180-TiO2, respectively. It has been reported that the
composite system of anatase/rutile can enhance the photo-
catalytic activity.41 Anatase has a little lower conduction band
position (0.2 eV) and valence band position (0.39 eV) compared
with that of rutile.42 In the photocatalytic process, the excited
electrons can transport from the conduction band position of
rutile to that of anatase, while the holes can transport from the
valence band position of anatase to that of rutile, which facili-
tates the efficient electron–hole separation and suppresses the
charge recombination, resulting to the enhancement of the
photocatalytic activity.43,44 Therefore, the highest photocatalytic
activity of the P25-TiO2 (containing 87% anatase and 13% rutile)
can be attribute to its heterojunction of anatase/rutile and the
largest surface area.45 However, the degradation amount (mg
(MB) per g (TiO2)) for P25-TiO2 (23.0 mg) is only 1.00, 1.05 and
1.07 times than that of T150-TiO2 (22.9 mg), T170-TiO2 (22.0
mg) and T180-TiO2 (21.4 mg), respectively. The increase times of
photocatalytic activity is far less of the increase times of the SBET
(Fig. S1†). This result implies that T150-TiO2, T170-TiO2 and
T180-TiO2 exhibit higher surface photocatalytic activity than
that of P25-TiO2. To understand the intrinsic photocatalytic
activities of the TiO2 nanocrystals, the degradation amount of
MB per unit surface area of catalyst (mg (MB) per m2 (TiO2

surface area)) were also investigated, as shown in Fig. 8(b). The
degradation amount of MB at 120 min is 0.46, 1.49, 2.09, and
3.90 mg m�2 for P25-TiO2, T150-TiO2, T170-TiO2, and T180-
TiO2, respectively. The degradation amount of MB by T180-TiO2

is 8.48, 2.61 and 1.87 times higher than P25-TiO2, T150-TiO2,
and T170-TiO2, respectively. That is, the photocatalytic activity
increases in an order of P25-TiO2 < T150-TiO2 < T170-TiO2 <
T180-TiO2.

It is well known that the crystal facets of the TiO2 nano-
crystals are also have an important inuence on the photo-
catalytic activity. It has been reported that the cooperative
mechanism of surface atomic structure (the density of under-
coordinated Ti atoms) and surface electronic structure (the
power of photoexcited charge carriers) plays a decisive role in
the enhancement of the photoreactivity. Among the three
crystal facets ({101}, {001}, and {010} facets), {001} facet was ever
been accounted as the active facets in the photocatalysis
because of the higher surface energy (0.90 J m�2) and superior
surface atomic structure (100% ve-coordinated Ti atoms).46

However, in view of {010} facet owns both a favorable surface
atomic structure (100% ve-coordinated Ti atoms) and a higher
surface electron structure, the cooperative mechanism existing
on {010} facet can improve the electron–hole separation and
enhance the photocatalytic activity. Therefore, {010} facet has
been considered to be the most active facet in photooxidation
reactions for OH radical generation and photoreduction reac-
tions for hydrogen evolution, and the photocatalytic activity
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Photocatalytic degradation amount of 2.67� 10�5 mol L�1 MB aqueous solution in the presence and absence of TiO2 under UV irradiation
presented by (a) mg (MB) per g (TiO2), and (b) mg (MB) per m2 (TiO2), respectively.
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increases in an order of {001} < {101} < {010} facets of anatase
TiO2 crystals.46 Furthermore, in 2013, Xu et al. reported that
{111} facet also owns both the surface atomic structure (a large
percentages of uncoordinated Ti atoms to act as the active
reaction sites) and electronic structure (a higher conduction
bands minimum to generate more reductive electrons), and
TiO2 single crystals exposed with dominant {111} facet exhibi-
ted much higher photocatalytic activity than that of {101}, {001}
and {010} facets in the photoreaction to reduce H+ into H2.8

According to our previous discussion, the exposed crystal facets
for the T150-TiO2, T170-TiO2 and T180-TiO2 are {001}, {010},
and [111]-facets, and the photocatalytic activity increases in an
order of surface without specic facet < [111]-faceted surface <
{010}-faceted surface.19,24 Therefore, the {010} facet may be the
most reactive one compared to the {101}, {001} and [111]-facets
of anatase TiO2 crystals. According to the discussion above, the
photocatalytic activity increases in an order of P25-TiO2 < T150-
TiO2 < T170-TiO2 < T180-TiO2. This results implies that T180-
TiO2 exhibits the highest surface photocatalytic activity, which
can be attributed to the large percentage of co-exposed high-
energy {010}, {001}, and [111]-facets.
4. Conclusions

The truncated tetragonal bipyramid anatase TiO2 nanocrystals
with co-exposed {001}, {101} and {010} facets, and the tetragonal
cuboid anatase TiO2 nanocrystals with co-exposed [111]- and
{101} facets can be prepared by hydrothermal treatment the
layered structure of tetratitanate HTO. The layered structure of
tetratitanate HTO is transformed to the anatase TiO2 nano-
crystals by two types of reactions. One is the in situ topotactic
transformation reaction, the other is the dissolution–recrystal-
line reaction. First, the stepped sheetlike structure of HTO loses
the H2O molecules in the widely open interlayers. Second, aer
the interlayer H2O molecules are totally removed, the mono-
clinic HTO structure is transformed into tetragonal zigzag
ribbonlike anatase structure via an in situ topotactic dehydra-
tion reaction by splitting the Ti–O–Ti bonds of the corner-
shared by two TiO6 octahedra along the [010]-direction of the
HTO. And then, during the hydrothermal reaction progress, the
zigzag ribbonlike anatase TiO2 crystals is split into a large
This journal is © The Royal Society of Chemistry 2017
amount of anatase TiO2 nanocrystals with different morphol-
ogies by dissolution–recrystalline reaction. The truncated
tetragonal bipyramid anatase TiO2 nanocrystal with co-exposed
{001}, {010} and {101} facets on the basal planes, lateral
surfaces, and the isosceles trapezoidal planes, respectively, is
formed by the dissolution–recrystallization reaction along the
(101), (10�1), (001), and (010) planes of the zigzag ribbonlike
anatase TiO2 crystal. The tetragonal cuboid anatase TiO2

nanocrystal with co-exposed [111]-facets and {101} facets (or
{011} facets) is formed by dissolution–recrystallization reaction
along the (001) and (010) planes of the zigzag ribbonlike anatase
TiO2 crystal. The truncated tetragonal bipyramid and tetragonal
cuboid coexisting of anatase TiO2 nanocrystals with co-exposed
high-energy {001}, {010} and [111]-facets showed high photo-
catalytic performance for the degradation amount of MB per
unit surface area of catalyst (mg (MB) per m2 (TiO2 surface
area)), compared to that of commercial P25-TiO2.
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42 L. Kavan, M. Gräzel, S. E. Gilbert, C. Klemenz and
H. J. Scheel, Electrochemical and Photoelectrochemical
Investigation of Single-Crystal Anatase, J. Am. Chem. Soc.,
1996, 118, 6716–6723.

43 D. W. Hu, W. X. Zhang, Y. Tanaka, N. Kusunose, Y. G. Peng
and Q. Feng, Mesocrystalline Nanocompositions of TiO2

Polymorphs: Topochemical Mesocrystal Conversion,
Characterization, and Photocatalytic Response, Cryst.
Growth Des., 2015, 15, 1214–1225.

44 D. O. Scanlon, C. W. Dunnill, J. Buckeridge, S. A. Shevlin,
A. J. Logsdail, S. M. Woodley, C. R. A. Catlow, M. J. Powell,
R. G. Palgrave, I. P. Parkin, G. W. Watson, T. W. Keal,
P. Sherwood, A. Walsh and A. A. Sokol, Band Alignment of
Rutile and Anatase TiO2, Nat. Mater., 2013, 12, 798–801.

45 J. Zhang, Q. Xu, Z. C. Feng, M. J. Li and C. Li, Importance of
the Relationship between Surface Phases and Photocatalytic
Activity of TiO2, Angew. Chem., Int. Ed., 2008, 47, 1766–1769.

46 J. Pan, G. Liu, G. Q. Lu and H. M. Cheng, On the True
Photoreactivity Order of {001}, {010}, and {101} Facets of
Anatase TiO2 Crystals, Angew. Chem., Int. Ed., 2011, 50,
2133–2137.
RSC Adv., 2017, 7, 24616–24627 | 24627

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03707d

	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...

	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...

	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...
	Hydrothermal synthesis and formation mechanism of the anatase nanocrystals with co-exposed high-energy {001}, {010} and [111]-facets for enhanced...


