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A facile synthesis of single crystal TiO2 nanorods
with reactive {100} facets and their enhanced
photocatalytic activity†

Yong Yang,a Guozhong Wang,*a Quan Deng,a Shenghong Kang,a Dickon H. L. Ngb

and Huijun Zhaoac

High-energy {100} faceted single crystal TiO2 nanorods were synthesized by a facile hydrothermal

method. An interesting phase transition from the orthorhombic hydrogen titanate to anatase TiO2 was

observed during the reaction process. A structural formation model of the TiO2 nanorods was proposed

based on experimental evidence. The resultant {100} faceted TiO2 nanorods exhibited considerably

enhanced photocatalytic activity towards degradation of organic pollutants and removal of heavy metal

ions owing to the special one-dimensional structure with the reactive {100} facets, thus showing a great

potential in the field of water treatment. At the same time, the synthetic route provided guidance for the

synthesis of high-energy {100} facets using EDTA and urea as effective modifiers. This approach may be

extended to synthesize other functional oxide crystals with well-defined morphologies and to increase

the percentages of certain exposed facets.
Introduction

As an important wide-band gap semiconductor, TiO2 has
been widely used for photocatalytic degradation of environ-
mental pollutants.1–5 Anatase phase TiO2 has been demon-
strated to be the most photocatalytically active among the
various TiO2 crystalline phases.6,7 In addition to crystal
phases, the exposed crystalline facet is also a critical factor
affecting photocatalytic reactivity.8 Unfortunately, the obtained
anatase TiO2 crystals are often dominated by the thermo-
dynamically stable {101} facets due to the minimization of
surface energy during the crystal growth process. Since
Yang et al. demonstrated the fabrication of anatase TiO2 with
a large percentage of exposed {001} facets using hydrofluoric
acid as a morphology controlling agent,9 extensive efforts
have been made to achieve the controlled synthesis of anatase
TiO2 with exposed high energy facets.10–13 A pioneering work
was reported by Li et al. in 2010 for synthesizing the tetragonal
faceted-nanorods of anatase TiO2 with exposed {100} facets.14

Their fabrication involves the formation of Na-titanate nano-
tubes by hydrothermal treatment of P25 TiO2 powder in NaOH
solution and then hydrothermally transforming the Na-
titanate nanotubes into the anatase phase of TiO2 in basic
solution. The resultant {100} faceted TiO2 displays an
enhanced photocatalytic activity. Thereafter, a number of
approaches were reported for synthesizing anatase TiO2 crys-
tals with exposed {100} facets.8,15–21 However, these reported
methods either involve multiple complex reaction steps or
require the use of expensive or extremely corrosive raw mate-
rials. Thus, the development of facile approaches to achieve
controlled synthesis of a high energy {100} faceted anatase
crystal under mild reaction conditions is highly desirable but
challenging.

Herein, we report a facile hydrothermal route to achieve
controlled synthesis of {100} faceted single crystal TiO2 nanorods
without the need for expensive, corrosive and toxic facet directing
reagents. The inexpensive Ti(SO4)2 was used as the titanium
source. The facet control was achieved by controlled release of
Ti4+ using eco-friendly urea and ethylenediaminetetraacetic
acid disodium salt (EDTA). To the best of our knowledge,
this is the first time that the controlled growth of {100}
faceted anatase TiO2 is achieved under such mild condi-
tions. A structural formation model was proposed based on
experimental evidence. The photocatalytic activity of the TiO2

nanorods was evaluated.
, 2014, 16, 3091–3096 | 3091
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Experimental section
Sample preparation

All reagents were commercially supplied and used without fur-
ther purification. Chemicals used in this study were titanium
sulfate (Ti(SO4)2, ≥96.0%, Shanghai Nanhui Chemical Reagent
Co. Ltd, CP), urea (CO(NH2)2, ≥99.0%, Guoyao Chemical Reagent
Co. Ltd, AR), ethylenediaminetetraacetic acid disodium salt
(EDTA, Tian Jing Bei Fang Tian Yi Chemical Reagent Co. Ltd, AR).
In a typical sample preparation, 2 mmol of Ti(SO4)2, 8 mmol of
CO(NH2)2 and 0.8 g of EDTA were added to 40 mL deionized
water. After stirring, the mixed suspension with a massive white
precipitate was transferred to a 70 mL Teflon-lined autoclave
and kept at 180 °C for 10 h before cooling down to room
temperature. The white precipitate was collected, washed and
rinsed with deionized water and ethanol, and then dried in an
oven at 70 °C for 5 h. A series of experiments were conducted
under different reaction conditions for comparison.
Characterization

X-ray diffraction (XRD) was performed using a Philips X'pert
diffractometer with Ni-filtered monochromatic CuKα radia-
tion at 40 keV and 40 mA. The morphology and structure of
the products were characterized using a field emission scan-
ning electron microscope (FESEM, Sirion 200 FEI) with an
accelerating voltage of 5.00 kV, and a transmission electron
microscope (TEM, JEOL-2010, 200 kV) equipped with an energy
dispersive X-ray spectrometer (EDX, Oxford, Link ISIS). The
samples in the form of powder were ultrasonically dispersed
in ethanol. The suspensions were dropped onto the SEM stub
and the carbon grating for FESEM and TEM examinations,
respectively. The photoluminescence (PL) measurement was
performed using a LabRam confocal Raman microscope by
the JY Company. Samples were excited by the 325 nm line of a
continuous He–Cd laser at room temperature. The Fourier
transform infrared spectrum (FT-IR) in the 4000–400 cm−1

region was characterized using a Thermo Nicolet NEXUS FT-IR
spectrometer, with KBr as the diluent. The FT-IR characteriza-
tion of the solution samples was as follows: different reagents
(such as Ti(SO4)2 and EDTA) were dispersed in deionized
water first, and then centrifuged to obtain the clear super-
natant solution, afterwards a certain amount of the clear super-
natant solution was added dropwise to the KBr substrate and
then dried.
Fig. 1 (a and b) FESEM images of the TiO2 nanorods, insets in (a) and
(b) show the top view and schematic sketch of a single nanorod,
respectively. (c) TEM image of an individual nanorod, inset is the corresponding
SEAD pattern. (d) HRTEM image of the region highlighted by a rectangular
box in part (c).
Photocatalytic activity evaluation

The photocatalytic degradation performance of the resultant
TiO2 nanorods was evaluated using degradation of methyl orange
(MO) and methylene blue (MB) as the testing compounds.
The photocatalytic degradation experiments were carried out
by adding 40 mg of TiO2 nanorods to 80 mL of MO or MB
solution. Before irradiation, the sample solution was sonicated
for 3 min and magnetically stirred under dark conditions for
30 min to establish adsorption/desorption equilibrium between
3092 | CrystEngComm, 2014, 16, 3091–3096
the sample and the dye molecules and was then irradiated
under UV light (300 W UV lamp) with a maximum emission
at about 365 nm. After different time intervals of irradiation,
3.0 mL of treated sample was withdrawn and centrifuged
before being analysed. A spectrophotometer (CARY-5E) was
used to record the UV-vis absorption spectra of the centrifuged
sample. As a comparison, experiments were also carried out
to investigate the photocatalytic activity of the commercially
available anatase phase TiO2 powders (Aladdin Chemistry Co. Ltd,
≥99.8%). In another series of experiments, the evaluation of
photocatalytic degradation of 50 ppm 2,4-dichlorophenoxyacetic
acid (AR) and 10 ppm Cr(VI) in water was performed with similar
procedures. K2Cr2O7 (AR) was used as the Cr source. The con-
centration of 2,4-dichlorophenoxyacetic acid was determined
based on the absorption peaks at 282 nm in UV-vis absorption
spectra. The changes in the Cr(VI) concentration were determined
by the spectrophotometric method using diphenylcarbazide
to determine the absorbance of the solutions at a 540 nm
wavelength using a UV-Vis spectrophotometer (CARY-5E).
Results and discussion
Structural characteristics

The X-ray diffraction pattern shown in Fig. S1 (see the ESI†)
indicated that the as-synthesized product (at 180 °C for 10 h)
was anatase phase TiO2 (with space group: I41/amd, JCPDS
no. 21-1272). The field emission scanning electron micro-
scope (FESEM) images of the as-synthesized product suggest
that the sample consists of TiO2 nanorods with an average
length of ~500 nm and a width of ~80 nm (Fig. 1a and b).
The nanorods display well-defined lateral facets with sharp
edges and the adjacent facets were perpendicular as well as
with the same width (inset in Fig. 1a). This is further con-
firmed by the transmission electron microscopy (TEM) image
This journal is © The Royal Society of Chemistry 2014
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shown in Fig. 1c. The selected-area electron diffraction (SAED)
and high-resolution TEM (HRTEM) were used to reveal the
surface atomic structures. The SAED pattern in Fig. 1c (inset)
shows diffraction spots of the [010] zone axis of anatase phase
TiO2. The HRTEM image in Fig. 1d shows three sets of lattice
fringes with spacings of 0.48, 0.35 and 0.35 nm, which can be
assigned to the {002}, {101} and {101̄} facets, respectively. The
other part of the nanorod was further studied by TEM (Fig. S2
in the ESI†). The HRTEM image (Fig. S2b†) taken from the
central area of an individual nanorod along the [11̄0] zone axis
shows the {004} lattice fringes with a spacing of 0.24 nm.15

Both the SEAD pattern and the HRTEM image suggested that
the TiO2 nanorods had a single crystalline structure of anatase
phase with a growth direction along the [001] zone axis. The
surface of these well-defined facets on the nanorods can be
identified as dominant lateral {100}, {101} and a small part of
top {001} planes (inset in Fig. 1b). This is in a good agreement
with the reported results.8,14 The percentage of high energy
{100} facets estimated by the surface area of each facet from
FESEM and TEM images was ~70%.
Controlled growth

To study the formation process, SEM images of samples from
different reaction stages were taken (Fig. 2). When the precur-
sors were mixed without heating, the massive white precipitate
was formed in the solution (Fig. 2a). When the hydrothermal
reaction was carried out at 180 °C for 5 min, the formation of
This journal is © The Royal Society of Chemistry 2014

Fig. 2 FESEM images of samples subjected to 180 °C treatment for
different times: (a) 0 min, (b) 5 min, (c) 1 h (inset is the enlarged image of the
upper left corner of (c)), (d) 3 h, (e) 5 h and (f) 15 h (insets in (e) and (f) are
the FESEM images of a small portion of the corresponding products).
randomly stacked nanoflakes was observed (Fig. 2b). When
the reaction time was increased to 1 h, the nanoflakes became
more obvious (Fig. 2c), along with some small rod-like nano-
particles (from the upper left corner of Fig. 2c). When the
reaction proceeded for 3 h, the nanoflakes almost disappeared
and many slender nanorods were observed (Fig. 2d). With fur-
ther increase in reaction time to 5 h in the treatment, nano-
rods with well-defined facets can be observed, but there was
also a small amount of nanoflakes in the products (inset in
Fig. 2e). Pure TiO2 nanorods with exposed high-energy {100}
facets were obtained with 10 h reaction time (see Fig. 1). As
the reaction time reached 15 h (Fig. 2f), the products were
mainly in the form of mass nanorods along with some octahe-
dral nanoparticles (inset in Fig. 2f). The corresponding XRD
patterns of the products show an obvious phase transition
that proceeded from the orthorhombic hydrogen titanate
H2Ti2O5·H2O to anatase TiO2 (Fig. S1a in the ESI†). Also, the
change in peak intensity of the anatase TiO2 indicated that
the crystallization of the products increased with prolonged
reaction time.

The reaction temperature was found to be critical for the
formation of {100} faceted TiO2 nanorods. Fig. 3 shows the
FESEM images of the products subjected to a 10 h hydrothermal
treatment under different temperatures. The self-supported
radial nanoflakes can be observed in addition to some slender
nanorods at 120 °C (Fig. 3a). The products were mainly in the
form of slender nanorods along with a small amount of nano-
flakes at 140 °C treatment temperature (Fig. 3b). The corre-
sponding main XRD peaks of the two products could be
indexed to anatase TiO2 (see Fig. S1b in the ESI†), besides,
there were also two small peaks which can be indexed as the
orthorhombic H2Ti2O5·H2O phase. When the reaction temper-
ature was further increased to 160 °C, the obtained products
were anatase phase TiO2 nanorods which are similar to the
nanorods obtained at 180 °C (see Fig. 3c and S1b in the ESI†).

When the contrast experiment was done without the addi-
tion of urea while the other precursors remained the same,
hydrothermal treatment at 180 °C for 1 h could not give
hydrogen titanate nanoflakes or anatase TiO2 nanorods,
instead random aggregates of nanoparticles with unknown
impurity phases were formed (Fig. S3 in the ESI†). When
EDTA was not added and the other precursors were kept
unchanged, the products were mainly microspheres com-
posed of small anatase TiO2 nanoparticles after hydrothermal
treatment at 180 °C for 1 h (Fig. S4 in the ESI†).
CrystEngComm, 2014, 16, 3091–3096 | 3093

Fig. 3 FESEM images of the products obtained after 10 h hydrothermal
treatment under different temperatures: (a) 120 °C; (b) 140 °C; (c) 160 °C.
Insets in (a) and (b) are the FESEM images of a small portion of the
corresponding products.
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Based on the above experimental observations, the for-
mation processes of the {100} faceted TiO2 nanorods could
be illustrated by Scheme 1, with possible reactions as shown
below:

CO(NH2)2 + 3H2O → 2NH4
+ + 2OH− + CO2 (1)

[Ti(H2O)(edta)] → Ti4+ + EDTA + H2O (2)

2Ti4+ + 6H2O → H2Ti2O5·H2O + 8H+ (3)

H2Ti2O5·H2O → 2TiO2 + 2H2O (4)

Before hydrothermal treatment, the large aggregates in the
precursor solution (Fig. 2a) were the stable chelating com-
plexes of [Ti(H2O)(edta)] formed between Ti4+ and EDTA via
the electrostatic attraction, which was confirmed by the FT-IR
spectrum. The FT-IR peaks at 934, 1082, 1462, 1618, and
1697 cm−1 suggested the existence of the chelating complexes
[Ti(H2O)(edta)] (Fig. S5a in the ESI†).22,23 Pure EDTA solution
had characteristic IR peaks at 1634 and 1392 cm−1 (curve 1 in
Fig. S5b†), which can be attributed to the CO stretching
vibration.23,24 When Ti4+ existed, the principal EDTA absorp-
tion peaks disappeared (curve 2 in Fig. S5b†), manifesting
the formation of stable chelating complexes [Ti(H2O)(edta)]
via –COO− groups.24 However, the IR absorption peaks of
EDTA still exist in the presence of urea (curve 3 in Fig. S5b†),
implying that urea hardly reacted with EDTA.

As the reaction proceeds, [Ti(H2O)(edta)] would be dissoci-
ated and induced the formation of lamellar H2Ti2O5·H2O
nanoflakes. The urea would decompose to give OH− (reaction (1))
under hydrothermal conditions, which could be detected by
the increasing pH of the reaction solution from the initial
value of 1.87 to 4.21 after 5 min and 8.22 after 1 h under
hydrothermal treatment (see Table 1 in the ESI†). It should be
mentioned that the initial pH of the reaction solution was
acidic, due to the precursor Ti(SO4)2 being a strong acid–weak
base salt. It is well known that the pH of the aqueous solution
of urea at room temperature was almost neutral. Therefore,
adding urea into the Ti(SO4)2 solution or the mixed solution
of Ti(SO4)2 and EDTA will not cause an obvious pH change
(see Table 2 in the ESI†). This suggests that the effect of the
3094 | CrystEngComm, 2014, 16, 3091–3096

Scheme 1 A schematic illustration of a growth model for the formation
of the TiO2 nanorods.
decomposition of urea should be negligible at room tempera-
ture. However, accelerated urea decomposition under hydro-
thermal conditions releases OH− and serves as an efficient pH
controlling agent.

The chelating complexes [Ti(H2O)(edta)] were found to
be stable below a pH value of 2.5 and would dissociate gradu-
ally to provide free Ti4+ species when pH is greater than 2.5
(reaction (2)).25 Under hydrothermal treatment, the pH value
of the reaction system increased due to the decomposition of
urea, which would promote the dissociation of the chelating
complexes [Ti(H2O)(edta)]. Then, the gradually released free
Ti4+ species would hydrolyze to form lamellar H2Ti2O5·H2O
(reaction (3)),26 which would further self-assembled into ran-
domly stacked nanoflakes (Fig. 2b). The contrast experiment
showed that urea was indeed essential in the reaction process
(Fig. S3 in the ESI†). Also, Ti4+ species could be slowly
released from [Ti(H2O)(edta)], effectively inhibiting the rapid
growth of TiO2 crystallites, facilitating the growth of Ti4+ into
H2Ti2O5·H2O nanoflakes.27 Without EDTA, the high concentra-
tion of free Ti4+ species in the reaction system would induce
fast hydrolysis, nucleation and growth of TiO2 crystallites
instead of orthorhombic H2Ti2O5·H2O (Fig. S4 in the ESI†).27

The results indicated that the Ti4+ concentration could be con-
trolled by the chelating role of EDTA, which is essential for
the formation of H2Ti2O5·H2O nanoflakes. This reaction step
was similar to that of the reported formation process of the
LaCO3OH nanosheet and nano-sized BiVO4,

24,28 where the
nucleation and growth processes of the products could be well
controlled by the gradual release of La3+ and Bi3+ due to the
chelating role of EDTA.

The H2Ti2O5·H2O nanoflakes are unstable under hydrothermal
conditions and would be further dissolved and re-crystallized
into TiO2 anatase crystal nuclei with prolonged reaction time
(reaction (4)).8,14 Due to the difference in the adsorption
stability of the capping reagents, the adsorbates would be
adsorbed onto certain crystallographic planes more readily
than the others, which would lower the surface energy of the
bounded plane and hinder its growth. Theoretical analysis
demonstrated that the hydroxyl could lower the surface free
energy of the {100} facets,8,14 leading to a decreased surface
energy of the {100} facets to a level that is lower than that of
{101} and {001} facets in the basic environment. This provides
guidance for growing {100} facet-dominated anatase TiO2. Our
reaction system could provide this needed basic environment
and pH could be well controlled around 9 (see Table 1
in the ESI†). Moreover, ammonia was easily dissolved or escaped in
the solution, thus the pH value of the reaction solution was
finely controlled in this reaction. Also, EDTA− had two –NH2

and four –COO− groups which could act as a buffer agent to
resist the excessive pH change of the reaction system.29 In our
reaction system, EDTA acts not only as a chelating agent to
control the release of the Ti4+ species, but also as a pH buffer
agent to ensure the needed basic condition for the growth
of {100} facets. It is to note that the FT-IR characteristic peaks
of EDTA re-appeared after hydrothermal reaction (curve 5 in
Fig. S5b†), demonstrating that EDTA was indeed freed from
This journal is © The Royal Society of Chemistry 2014
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the chelating complexes. When the reaction time was further
increased to 15 h, the {100} facets became unstable due to
their high reactivity, and some octahedral nanoparticles with
lower energy {101} facets could be observed (inset in Fig. 2f).21

When the reaction time was short (e.g. <5 h) or the reaction
temperature was low (e.g. <160 °C), the H2Ti2O5·H2O nano-
flakes could not be transformed into anatase TiO2 completely,
leading to the coexistence of the nanoflakes and nanorods.
Fig. 5 Photoluminescence spectra of different TiO2 samples: (a) TiO2

nanorods and (b) commercial TiO2 powder.

Photocatalytic activity

The photocatalytic activity of {100} faceted TiO2 nanorods
was evaluated by the degradation of methyl orange (MO) and
methylene blue (MB) under UV light irradiation. The intensi-
ties of the absorption peaks corresponding to MO at 464 nm
and MB at 664 nm rapidly decreased with prolonged expo-
sure time, and finally disappeared (Fig. S6 in the ESI†). For
comparison, the photocatalytic activity of the commercial
anatase TiO2 powder was examined under the same experi-
mental conditions (Fig. 4). The {100} faceted TiO2 nanorods
showed considerably enhanced photocatalytic activity towards
both MO and MB when compared to the commercial TiO2

powder. Considering the similar particle size (Fig. S7 in the ESI†)
and BET specific surface area of the two TiO2 photocatalysts
(the BET specific surface area of the TiO2 nanorods and
commercial anatase TiO2 powders were 3.1 and 2.2 m2 g−1,
respectively), the enhanced photocatalytic activity could be
attributed to the presence of highly reactive {100} facets in the
TiO2 nanorods. PL emission spectra measurement was used
to determine the charge recombination behavior and migra-
tion efficiency of the two TiO2 photocatalysts.30 The {100}
faceted TiO2 nanorods displayed a much weaker peak around
500 nm than that of the commercial TiO2 powder (Fig. 5),
indicating a lower charge carrier recombination rate, which
might be due to the special one-dimensional structure with
reactive {100} facets.31

Similar experiments using the TiO2 nanorods for the deg-
radation of 2,4-dichlorophenoxyacetic acid (a most widely
used herbicide) and Cr(VI) (a typical heavy metal ion) in water
were also conducted (Fig. S8 in the ESI†).32,33 The results
confirmed the superior photocatalytic activities of the {100}
faceted TiO2 nanorods towards the removal of persistent
This journal is © The Royal Society of Chemistry 2014

Fig. 4 (a) MO and (b) MB normalization concentrations versus the
exposure time to UV light with different TiO2 catalysts. Starting
concentration C0: 20 mg l−1, C is the remaining concentration of MO
or MB at time t. Curves I to III: without a photocatalyst, commercial
TiO2 powder and TiO2 nanorods, respectively.
organic pollutants (POPs), 2,4-dichlorophenoxyacetic acid and
heavy metal Cr(VI) ions.

Conclusions

In summary, uniform single crystal anatase TiO2 nanorods
enclosed by reactive {100} facets were hydrothermally synthe-
sized via the assistance of EDTA and urea. The method is
simple and environmentally friendly that does not require
the use of any corrosive and toxic reagents. The Ti species
were slowly released and the pH value of the reaction system
was well controlled by EDTA–urea, enabling the controlled
growth of the nanorods with exposed high energy {100} facets.
Furthermore, the anatase TiO2 nanorods exhibited considerably
enhanced photocatalytic activity towards both organic pollutants
and heavy metal due to the special one-dimensional structure
with reactive {100} facets. The synthetic route provided a useful
guidance to achieve controlled growth of high-energy {100}
facets under mild conditions, which might be applicable to
the synthesis of other functional oxide crystals with well-
defined morphologies and exposed high-energy facets.
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