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Single crystalline rutile TiO, nanorods were prepared by reacting sodium titanate with hydrochloric
acid. The proposed formation mechanism involves a growth pathway. The growth proceeds along
[001], and the circumferential faces are {110}, which are identified as the photoactive faces of rutile
titanium dioxide. Both the heterogeneous (photocatalyst only) and the combined heterogeneous/
homogeneous (photocatalyst and H,O,) photocatalytic performances support its activity. The
mechanism of formation and photocatalytic property are extensively studied.

Introduction

Titanium dioxide is an important metal oxide because it scatters
light strongly; has a high dielectric constant; is non-toxic and is
chemically inert. In addition to its well-known use as a pigment,
titanium dioxide has recently been adopted as a photocatalyst* of
the degradation of organic pollutants under UV irradiation, as
a material for use in solar cells,>* in gas sensors and in lithium ion
batteries;** it is also employed as a catalyst support.®’

Among various AOPs (advanced oxidation processes),®*?
H,0, is commonly employed as an electron and hole scavenger
to prevent their recombination, and also as a source of radicals,
such as produced in the photo Fenton reaction of Fe ions with
H,0,. However, metal ions will represent another form of
pollution. Replacing metal ions with a solid photocatalyst to
generate excitons is environmentally friendly. Also, the greater
absorption cross-section of TiO, particles than of iron ions
corresponds to the more efficient utilization of light. Some
research has been conducted, that when rutile TiO, was used as
a photocatalyst, the degradation efficiency of pollutants
enhanced several to tens of times as H,O, was added to the
reaction solution, while when using anatase TiO, as a photo-
catalyst, the degradation efficiency enhanced little by H,O,
addition.'®*

Rutile is the most stable form of titanium dioxide'>!¢ on the
macroscopic scale and is formed at high temperatures.!” In recent
times, the synthesis of rutile nanorods has been commonly
described, but the growth mechanism is rarely elucidated.'®2°
This investigation describes the preparation of rutile nanorods
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with the [001] wire axis and {110} circumferential faces, by
reacting sodium titanate with acid solution at low temperature
and ambient pressure. The growth mechanism is examined
experimentally. The effect of the surfaces on the photocatalytic
performance is also examined extensively.

Experimental
2.1. Preparation of nanorod rutile titanium dioxide

Nanorods of rutile titanium dioxide were prepared by treating
sodium titanate with acid, as follows.?! First, anatase TiO,
(Aldrich) was refluxed in 10M NaOH solution at 150 °C until all
TiO; had transformed into sodium titanate. After the unreacted
NaOH had been removed by filtration and then washed, the
sodium titanate was separated into two parts. One part (1 g) was
refluxed in 100 mL 1 M HCI (at pH 0) at 150 °C. The other (1 g)
was refluxed in 100 mL 10 M HCI (at pH < 0) in the presence of
5M NacClat 150 °C. After reaction for 3 d, the collected powders
were immersed in 10 M NaOH solution at room temperature for
1 h, washed, and dried under a vacuum. They were characterized
by XRD, ESCA, BET, SEM and TEM.

2.2 Purification of commercial rutile titanium dioxide

To study the properties of pure rutile, the anatase phase was
chemically separated from the commercial rutile (Aldrich) and
P25 (particles with 25% rutile and a diameter of ca 30 nm) using
HF solution. The commercial samples were immersed in 10% HF
for 24 h to remove the anatase phase. The collected powders were
immersed in 10 M NaOH solution at room temperature for 1 h,
which removed the surface F ions (ESIt). After they had been
immersed, washed and dried, pure rutile in the form of particles
was obtained with the same size as the initial TiO, powder. The
samples of commercial rutile and P25 are called micro- and nano-
sized rutile, respectively.

2.3 Photocatalytic experiment

The photocatalytic performances of rutile TiO, nanorods, micro-
sized particles, and nano-sized particles were studied. The as-
prepared rutile nanorods were further treated with alkali solution
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to remove Cl from their surfaces. They were then illuminated
under Xe light at an intensity of about 1 W cm~2 The powder
was placed in 0.25 mM Methylene Blue solution, stirred in the
dark for 1 h, and then illuminated. During illumination, a trace
amount of solution was removed every 5 min and centrifuged,
before being filtered through a Millipore filter to separate the
TiO, particles. UV-VIS spectra of the filtrates were obtained to
determine the concentration of Methylene Blue. H,O, was added
to a concentration of 10 mM.

Results and discussion

The SEM images show that the powder obtained by treating
titanate with 1 M HCI consists of uniformly sized shuttle-like
bundles with diameters of about 50 nm and lengths of 200~400
nm, as presented in Fig. 1a The energy dispersive X-ray spectrum
(EDX) of the product indicates the presence of Ti and O only,
but the ESCA analysis reveals a little Cl in the powder. After they
had been treated with NaOH solution, the nanorod bundles
comprised only Ti and O, according to ESCA analysis. XRD was
adopted to characterize structurally the obtained products
(ESIT). The patterns indicate major reflections at 26 values of
27.5, 36.3 and 41.4°, corresponding to reflections from the (110),
(101) and (111) lattice planes of TiO; rutile, respectively.

Fig. 1b presents a low-magnification transition electron
microscopic image (TEM) of an isolated rutile nanorod bundle,
which has around ten inseparable nanorods with diameters of
about 10 nm and lengths of hundreds of nanometers. The SAED
in Fig. 1d presents a spot pattern in the region that is indicated in
Fig. 1b, revealing the single crystalline nature of the samples. The
patterns can be indexed as the [1-10] zone axis of rutile TiO,. The
pattern indicates that the apparent growth direction of the

nanorods is [001]. Fig. 1c presents an HRTEM image of the
region that is marked in Fig. 1b, and the fringes from the {001}
and {110} planes, revealing d spacings of 0.296 and 0.324 nm,
respectively. The {110} planes are parallel to the rod axis, while
the {001} planes are parallel to the cross-section of the rods.
Theoretically, the dihedral angle of the tetragonal structure of
the {001} and {110} planes is 90°. According to the literature, the
nanorod cross-section is rectangular,” suggesting that the
circumferential faces of the nanorods are {110} planes, which are
posited to be the most stable faces. In addition, when acid
concentration was increased to 10 M, the more acidic environ-
ment promoted both axial and sideway growth, and micro-sized
agglomerates with nanorod bundles obtaied (ESI).f

Furthermore, when NaCl was added to the acidic solution, the
obtained powder comprised nanorods with a declined diameter
of ca 5 nm and increased aspect ratio, as presented in Fig. 2a and
b. Fig. 2d presents the corresponding SAED of the area shown in
Fig. 2c. Figs. 2c and d indicate that the very thin nanorods with
the [001] growth direction and {110} revealing surfaces are
similar to the thick nanorods.

In 1995, Cheng?® prepared fibrillar rutile by the hydrothermal
approach using TiCl, as the reagent in the concentrated mineral
acid medium. In 2005, Zhu and Gao** prepared a thin rod-like
rutile from H-titanate in aqueous concentrated acid, in which H-
titanate resolved into detached TiOg octahedrons or small clus-
ters, and then restacked as thin rod-like rutile; this process is also
thought to be a build-up process. HRTEM and ED show that the
fiber axis is along the [001] direction.

Sugimoto®  investigated the solution chemistry of
Ti(OH),(H20)s_,* ™ (n = 0~4) complexes, and identified
different Ti** ion species —Ti(OH)4(OH;),, Ti(OH)3;(OH,);",
Ti(OH),»(OH,)4**, Ti(OH)(OH,)s** and Ti(OH,)s**—in aqueous

Fig. 1 EM of rutile nanorods obtained by acidic treatment of sodium
titanate in 1 M HCI. (a) SEM image of rutile nanorods. (b) TEM image of
single rutile nanorod bundle. (c) HRTEM of tip of bundle. (d) ED of tip
of bundle.

Fig. 2 EM of rutile nanorods obtained by acidic treatment of sodium
titanate in 10 M HCl in presence of 5 M NaCl. (a) SEM image of rutile
nanorods. (b) TEM image of single rutile nanorod bundle. (c) HRTEM
and (d) ED of tip of the bundle.
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solutions. The dominant species varies with the pH of the solu-
tion. For example, at pH > 7, Ti(OH)4,(OH,), dominates, but
when pH < 0, Ti(OH)»(OH,),** dominates. Hence, the Ti** ion is
surrounded by at least four H,O ligands in concentrated acid
solution (pH < 0). Fibril rutiles precipitate out of the acidic
solution at pH < 0, while anatase particles can be obtained in
dilute acidic and alkaline solutions.

According to the literature**? and the observations herein,
Ti(OH)»(OH,)4**, Ti(OH)(OH,)s** and Ti(OH,)s** may be built-
up to produce fibril rutile, while Ti(OH);(OH,);* and Ti(O-
H)4(OH>), are the building blocks of particle anatase. In rutile,
each TiOg octahedron shares two opposing edges—each with an
adjacent neighbor in a linear chain structure. These chains lie in
alternating directions to yield sheets of TiO, and three-dimen-
sional rutile can be formed by the stacking of such sheets. During
condensation in an acid-catalyzed sol-gel process, the attacking
group donates its pair of electrons to the Ti** ion center to
produce a Ti-O bond, and H,O and H" are the leaving groups.
The acid-catalyzed condensation process for forming the Ti—-O-
Ti bond is as follows.

+

. e H ~ Ti
Ti— OH, + Ti— OH— o— Ti—< —= Ti— O— Ti + H,0 + H'

H/ (qH
Fig. 3 presents the process of stacking isolated TiOg by
condensation. The two stacking pathways are designated Path 1

w | :,,ﬂ & ’A{< ...... A
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The reaction rate: P1>>P2

Fig. 3 Structure and formation pathways of rutile nanorods.

and Path 2. On Path 1, condensation proceeds in the equatorial
plane of the octahedrons, resulting in growth by edge sharing in
the <001> directions, elongating these directions of the rutile
titanium dioxide. On Path 2, condensation occurs at the axial
apex of the octahedrons, and growth proceeds by the sharing of
corners in the <110> directions, enlarging the {001} planes of the
rutile. Since ligand H,O that preferentially bonds to the center
metal in the equatorial position is a better leaving group than
OH-, the condensation between H,O and OH™ proceeds rapidly
in the equatorial position, leading to oriented growth in the
<001> direction. OH™ preferentially occupies the apex position,
making condensation in the <110> directions slow, forming fibril
rutile. Once the <110> surface had formed in the acid solution,
Clions adhered to part of the side surface, as revealed by ESCA,
restricting sideways growth.

To support this claim, the concentration of Cl ions was
increased by adding NaCl. The growth in the <110> direction
was further inhibited and the diameter thus decreased to ca 5 nm,
as presented in Fig. 2. Fig. 2 also indicates that the prepared
nanorods have the same growth direction, supporting the
claimed growth mechanism. The photocatalytic behavior of the
specially shaped rutile particles was also studied.

Fig. 4 presents the morphologies of nanorods, micro-sized
rutiles, and nano-sized rutiles. Fig. 4a indicates that the rutile
nanorod bundles comprise a few inseparable nanorods with
diameters of about 50 nm and lengths of 200 nm. Although the
sample that precipitated from a higher Cl ion concentration had
a higher surface area (116 m? g-') than rutile nanorods (68 m?/g),
according to BET measurements, its photocatalytic performance
was almost the same as that of rutile nanorods, perhaps because
of the aggregation of nanoparticles in solution, since these
precipitated sample and rutile nanorods had very similar
particle-size distributions in solution, and both aggregated to
micro-size (ESI).t Fig. 4b presents micrometer-sized rutile
particles with a mean diameter of about 0.1 um obtained from
purified commercial rutile. The nanometer-sized rutile particles,
presented in Fig. 4c, have a diameter of about 30 nm. Fig. 5
presents the photocatalytic behavior of different rutiles in the
degradation of Methylene Blue under irradiation by UV light.
P25 with a size of about 30 nm was also tested for comparison.
First, in the heterogeneous photocatalysis experiment (solid-
line), without H,0O,, although as-prepared rutile nanorods per-
formed poorly as a photocatalyst (not shown), the rutile nano-
rods that had been washed in alkali solution to remove the Cl
from the surface exhibited better photoactivity than that of other
rutile particles, irrespective of their size. P25 performed excel-
lently, as stated. The same findings were obtained from
the heterogeneous/homogeneous photocatalysis experiment
(dashed-line) which was performed in an H,O, environment. The
blank experiment, with H,O, but no photocatalyst, exhibited
almost no degradation of Methylene Blue, while combining rutile
TiO, with H,O, markedly improved photocatalytic perfor-
mance. The rutile nanorods still outperformed all of the rutile
samples. Adding 10 mM H,O, enhanced the performance of all
pure rutile samples by roughly the same magnitude, but that of
P25 by only a little, because it contained little rutile. The pho-
tocatalytic performance was further improved by increasing the
H,O, concentration to over 1 M. Therefore, the nanorod bundles
are proposed to have both an effective surface and suitable
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Fig. 4 Morphologies of (a) rutile nanorods, (b) micro-sized rutile, and
(c) nano-sized rutile. The scale bar is 100 nm.
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Fig. 5 Photocatalytic performance of P25 and the three rutile samples,
including rutile nanorod, microsized, and nanosized rutiles, with or
without H,0O, addition. The blank one is the degradation of Methylene
Blue in H,O, solution, but no TiO, photocatalyst was added.

morphology for photocatalytic reactions. According to TEM,
the nanorod bundles comprise nanorods with exposed {110}
circumferential planes. This result indicates that the {110} planes
of rutile TiO, are the photoactive surfaces.

Conclusion

In summary, uniform rutile nanorods along the [001] axis with
very large circumferential {110} faces were synthesized resulting
from Cl ions adhering to the {110} surface, which leads to
hindering the lateral growth of nanorods. Based on this mecha-
nism, the diameter of the rutile nanorods was controlled by
changing the concentration of Cl ions, and nanorods with higher
aspect ratios thus obtained. Under UV illumination, the nano-
rods exhibited stronger photocatalysis than variously sized rutile
particles, indicating the superior photocatalytic character of
rutile {110} faces. Also, the especially made {110}-exposed rutile
TiO, nanorods photocatalytically outperform other TiO,
samples, including micro-sized and nano-sized rutile TiO, with
or without H,O, addition. This result may show that the green
process, which uses the stable form TiO, (rutile) with an espe-
cially revealed surfaces, uses solar energy more efficiently.
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