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Hierarchical Durian-Shaped Dodecahedral Rutile Microparticles

Jia Liu,®! Xianfeng Yang,®"! Yuping Wen,!?! Qiong Gao,?! Qiang Zhou,'! Chaolun Liang,!?!
and Mingmei Wu*!2l

Keywords: Nanostructures / Hydrothermal synthesis / Titanium / Rutile / Hierarchical structures

Hierarchical durian-shaped dodecahedrons of rutile have
been synthesized hydrothermally from titanium n-butoxide
(TNB) in oxalic acid. The products are characterized by pow-
der X-ray diffraction (PXRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and se-
lected-area electron diffraction (SAED) and the hierarchical
architectures of these dodecahedrons have been addressed.
It is suggested that the growth of the hierarchical rutile archi-
tectures is directly from a precursor, titanium oxide oxalate

hydroxide hydrate [Ti,O,(C,0,4)(OH),-H,O, briefly denoted
as TOOHH)], which can be formed at an earlier stage during
hydrothermal synthesis, typically at lower reaction tempera-
ture. The production of the novel hierarchical nanostructure
is attributed to epitaxial growth along some specific direc-
tions and the chemical etching and growth is due to similari-
ties of corner-sharing TiO, octahedrons between rutile and
TOOHH.

Introduction

Titanium dioxide (TiO,) nanomaterials have been exten-
sively used in photocatalysis,!' photocells,[® hydrogen
storagel”-81 and chemical sensorsl®!'!l over past decades. The
fabrication of TiO, nanomaterials has attracted more and
more attention. Many different nanostructures of titanium
dioxide such as nanoparticle,/'?! nanorods,'>'¥ nano-
tubes,['>-18 hollow nanospheres!'”! and nanotrees?”! have
been chemically prepared and the experimental results have
indicated that their properties are generally related to crys-
tal phases, sizes, shapes, growth orientations, assemblies and
so on.”'=231 Therefore, the controlled growth of unique
TiO, nanostructured materials is quite essential.

TiO, exists as three polymorphs in nature: anatase,
brookite and rutile. The key difference in their crystallo-
graphic structures is the linkage of TiO4 octahedrons, all of
which are composed of a titanium(Ti) atom in the centre
and six surrounding oxygen(O) atoms.??l In anatase, each
TiO¢ octahedron connects with eight others—four edge-
sharing and four corner-sharing—whereas in brookite, each
TiOg connects with nine others, three edge-sharing and six

[a] MOE Key Laboratory of Bioinorganic and Synthetic
Chemistry, State Key Laboratory of Optoelectronic Materials
and Technologies, School of Chemistry and Chemical
Engineering and Instrumental Analysis and Research Centre,
Sun Yat-Sen (Zhongshan) University,

Guangzhou 510275, P. R. China
Fax: +86-20-84111038
E-mail: ceswmm@mail.sysu.edu.cn

[b] Institute of Bioengineering and Nanotechnology,

31 Biopolis Way, The Nanos, 09-01, Singapore 138669

Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201100475.

Eur. J. Inorg. Chem. 2011, 4429-4433

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

corner-sharing. In rutile, each TiOg connects with ten
others, two edge-sharing and eight corner-sharing. There is
more corner-sharing behaviour with each TiO4 octahedron
in rutile relative to the two other polymorphs.
Hydrothermal synthesis has been widely used in the
growth of titania nanocrystals with a view toward crystal
phases and novel architectures. By changing the hydrother-
mal growth conditions, various TiO, nanomaterials with
specific morphologies could be prepared and crystal sizes
could be readily tuned.['226-271 Rutile or anatase nanocrys-
tals with different sizes could be hydrothermally grown
from titanium tetrachloride by changing the concentrations
of the reaction source (i.e., titanium tetrachloride) and
other hydrothermal reaction conditions.[?®! Rutile is the
most thermodynamically stable phase, and anatase can be
transferred into rutile. Zhu and his co-workers investigated
the conversion of TiO,(B) to anatase and rutile, respec-
tively.?®! Rutile nanomaterials are generally prepared in the
presence of a strong acid medium, typically with the assist-
ance of either hydrochloric acid or nitric acid.?%-2-3% For
example, rutile nanotree arrays are grown by means of hy-
drochloric acid vapour oxidation.”?”) Complex flowerlike
and leaflike rutile TiO, nanoarchitectures have been ob-
tained by facile hydrothermal growth in hydrochloric
acid.”? Previously, rutile nanobamboo raft arrays were
yielded by topotactic conversion from a layer-structured
precursor in which there were segments analogous to those
in rutile.?% By varying the pH values of the reaction media,
the selective growth of different TiO, phases was suggested
to be on account of the growth units in different pH values
serving as structural segments for either anatase, brookite
or rutileB" It was proposed that anatase was directly
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formed from TiO,(B) in dilute acid medium due to the
structural analogy, whereas rutile was yielded in concen-
trate acid after structural re-stacking of TiOg octahedrons
to attain a structural similarity with segments in rutile. Al-
though rutile nanomaterials were also prepared in oxalic
acid solution, they were usually assisted by the strong acid
and the morphology of nanomaterials was difficult to con-
trol.32-34 In this contribution, hierarchically durian-shaped
rutile micropolyhedrons have been grown through hydro-
thermal synthesis in oxalic acid solution, a weak acid. The
production of the novel hierarchical polyhedral nanostruc-
ture is attributed to epitaxial growth from a precursor, tita-
nium oxide oxalate hydroxide hydrate [Ti,O0,(C>04)(OH),*
H,O0, briefly denoted as TOOHH].[*%

Results and Discussion

The product isolated after hydrothermal crystallization
at 220 °C for four days was characterized by powder X-ray
diffraction (PXRD) at first. The PXRD pattern matches
well with JCPDS card no. 21-1276 for tetragonal rutile TiO,
with ¢ = b = 0.4593 nm and ¢ = 0.2958 nm (Figure 1). The
SEM image shows that the product consists of a large
amount of uniform durian-like dodecahedral microparticles
dimensions of around 2.0 um (Figure 2, a). From a close-
up view of typical particles (Figure 2, b), it can be seen that
each of them is not a real polyhedral single crystal but is
composed of nanothorn arrays on each side surface, which
resemble durian surfaces. The nanothorns at each ridge and
vertex are highly aligned (Figure2, ¢). The hierarchical
nanostructure was further analyzed by cross-section TEM
and electron microscopy (Figure 3).
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Figure 1. PXRD pattern of the product obtained through a typical
hydrothermal growth at 220 °C for 4 d. The bars are from JCPDS
card no. 21-1276 for rutile TiO,.

From Figure 3 (a), it is clear that each dodecahedral
microparticle is constructed of radial arrays of nanothorns.
A close-up view of the edges of the particle indicates that
these nanothorns are aligned on some specific orientation
and there are some specific relationships between nano-
thorn arrays. The selected-area electron diffraction (SAED)
patterns (Figure 3, al-a4) and the high-resolution TEM
images (Figure 3, b—d) from the black solid-lined squares in
Figure 3a suggest these nanorods are single crystals with
tiny tips. The distinguishable lattice spacings of 0.246,
0.229, 0.290 and 0.320 nm in the HRTEM images corre-
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Figure 2. SEM images of the product with diffraction magnifica-
tions. (a) Low magnification for a large-area view. (b) A single
microparticle and two individual ones with diffraction-view direc-
tions; they are dodecahedrally similar. (¢) Enlargements of the
white squares in (bl) and (b2), respectively.

Figure 3. (a) TEM images of a cross-section of a single micropar-
ticle. (al-a4) SAED patterns from corresponding areas in (a). (b—
d) HRTEM images from corresponding areas (al-a3), respectively.
In the bottom row are the related fast-Fourier transform (FFT)
patterns.

spond to the {101}, {200}, {001} and {110} lattice planes
of rutile, respectively. Combined with the related FFT pat-
terns at the bottom of Figure 3, each nanothorn is con-
firmed to have grown along its {001} direction. The SAED
pattern (Figure 3, a4) from the centre of the nanoparticle
(Figure 3, a) is neither a single-crystal feature nor a com-
mon polycrystal feature due to some strong diffraction
spots on diffraction rings. This pattern implies that the
microparticle is built up by radically orientated nanorods.
The hierarchical nanostructure is quite complex but it is
possible to be simulated.
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To investigate the growth mechanism of the above rutile
product, the temperature and time of the hydrothermal re-
action were changed (Figure 4). If our hydrothermal reac-
tion was carried out at 140 °C only for one day, a product
that was suggested to be orthorhombic TOOHH (JCPDS
card no. 48-1164; a = 1.0503 nm, b = 1.5509 nm and ¢ =
097 nm; a = f = y = 90°) was yielded (Figure 4, a). The
thermal analysis of the precursor is given in Figure S1 in
the Supporting Information. From the SEM image (Fig-
ure 5, a), it can be observed that the crystals appear in hex-
agonal microprisms with a diameter of around 5 pm. With
further autoclaving treatment for 4.0 d, a white product was
yielded that was characterized to be rutile TiO, (see parts
b in Figures 4 and 5). The product also crystallized in poly-
hedral particles with unsmooth surfaces. The particle mi-
crostructures are quite similar to those in Figure 2 but they
do not appear as uniform and elegant as those in Figure 2.
The growth conditions shown in Figures 1 and 2 may be
the optimal ones for the yield of the above-mentioned du-
rian-like dodecahedral microparticles. The SEM pictures of
the products grown after crystallization for two and three
days are presented in Figure S2 in the Supporting Infor-

mation.
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Figure 4. (a,b) PXRD patterns of the product obtained after hydro-
thermal treatment for 1 d and 4 d, respectively. The bars are from
JCPDS card no. 48-1164 for TOOHH and JCPDS card no. 21-
1276 for rutile.

Figure 5. (a) SEM images of TOOHH particles with side surface
and cross-section obtained by hydrothermal reaction at 140 °C for
1d. (b) SEM image of rutile particles obtained by hydrothermal
reaction at 140 °C for 4 d.

Upon inspecting the crystal structure of the precursor,

TOOHH (c-centred orthorhombic), it is found that all the
TiO¢ octahedrons connect to adjacent ones by corner-shar-
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ing. Interestingly, if the (100) lattice plane of TOOHH is
viewed along the <100> direction, the arrangement of cor-
ner-sharing TiOg octahedrons is analogous to that of rutile.
As shown in Figure 6, each channel along the <001> direc-
tion is a four-membered ring in rutile (Figure 6, b), whereas
each channel along the <100> direction is a six-membered
one in TOOHH (Figure 6, a). One six-membered ring can
be assumed by the combination of two four-membered
ones. Other structural resemblances are described in Fig-
ure 7. The corner—corner-linked octahedrons constitute zig-
zag chains along either the {010} or {001} directions with
a screw-axis structure (Figure 7, al, a2 and al*, a2*), quite
similar to that in rutile along the {001} direction (Figure 7,
b). In addition, there are also zigzaglike chains connected
by corner-sharing TiO4 octahedrons along the {012} direc-
tions (Figure 7, a3 and a3*) that have a similar structure
to that in rutile along the {001} direction through corner-
sharing. It has been well established that rutile nanocrystals
with 4, screw-axis crystallography along the ¢ axis (Fig-
ure 7, b) are generally grown along the <001> direc-
tion.['227] This analogous connection behaviour to TiOg oc-
tahedrons can epitaxially promote the nucleation and
growth of rutile along these eight original directions of
TOOHH (i.e., two {001}, two {010} and four {012}, respec-
tively). In TOOHH, there are corner-sharing TiOg dimmers
along the {110} directions that are separated with each
other by oxalate anions (Figure 7, c¢). Such structural seg-
ments have also a crystallographic relationship with those
along the screw axis of rutile. Thus, epitaxial nucleation and
growth of rutile nanocrystals may take place readily along
the {110} directions with the extraction of oxalate anions.

Figure 6. Comparison of crystallographic structures of (a)
TOOHH and (b) rutile viewed along the a and ¢ axes, respectively.

On the basis of the fundamental structural analyses
above, the hierarchically dodecahedral rutile particles could
be schematically illustrated as in Figure 8. Firstly, the two
{001}, two {010} and four {012} directions of the precursor
are in the same plane as shown in Figure 8 (al). The angle
between {001} and {012} is 17.2°. Secondly, there are four
{110} directions shown in Figure 8 (a2), which has an acute
angle of 45° with the plane. Inspection the schematic do-
decahedron with the framework constructed by these direc-
tions as mentioned above (Figure 8, b—d) matches the pro-
files of the actual dodecahedrons quite well when viewed
along a variety of directions (Figure 8, e—g). Therefore, it
4431
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Figure 7. Comparison of the crystallographic structure of corner—
corner-linked behaviours between (a,c) TOOHH and (b) rutile. (a)
Connection of TiOg polyhedrons viewed along the @ axis. (al-a3)
are some corner—corner-linked octahedron chains along the
<001>, <010> and <012> directions of the (100) plane; (al*-
a3*) are views with slightly rotated directions for comparison. (b)
Connection of TiO4 polyhedrons in rutile viewed along the (010)
direction; (bl) is a segmental chain with screw axis; (b1¥*) is de-
picted with a slight rotation for comparison. The picture in (c) is a
unit cell of TOOHH along the <001> direction; (cl) is the side
view of corner-sharing TiO4 dimers; (c1¥) is viewed from a different
direction; and (c1’) is the intact chain as shown in (b1*) for epitax-
ial nucleation of rutile.

can be proposed that a durian-shaped dodecahedron is built
by rutile nanothorn arrays, which can be considered to be
grown epitaxially from TOOHH along its {001}, {010},
{012} and {110} planes during growth and aging.[*]

Figure 8. (a) Models for rutile dodecahedron growth. (b-d) Struc-
tural model of vivid microparticles viewed from different directions,
accompanied by (e,f) corresponding SEM images.
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Conclusion

Hierarchical durian-shaped dodecahedral microparticles
of rutile TiO, have been synthesized by a hydrothermal re-
action of titanium n-butoxide (TNB) in oxalic acid. It is
suggested that the hierarchical rutile microparticles are
grown epitaxially from a precursor [i.e., titanium oxide ox-
alate hydroxide hydrate (TOOHH)]. The epitaxial growth is
assigned to the inherent structural resemblance of corner-
shared TiOg4 octahedrons in TOOHH and rutile. The chains
of corner-shared TiOg octahedrons in TOOHH along
{001}, {010} and {012} show a similar arrangement to cor-
ner-shared TiOg along the <001> screw axis in rutile. In
addition, the dimers of TiO4 octahedrons connected by cor-
ner-sharing along the {110} direction also have a similarity
to those in rutile along the <001> direction. Therefore, it
can be considered that the durian-shaped dodecahedra built
up by rutile nanothorn arrays are grown epitaxially along
the {001}, {010}, {012} and {110} directions of TOOHH.
This complex durian-shaped rutile nanostructure may show
some distinguished functions such as photocatalysis on
some specific organic molecules.”)

Experimental Section

Chemical Synthesis: Titanium n-butoxide (Ti(OC4Hy)4, TNB) was
used as the titanium source. It was chemically pure and all other
chemicals were analytically pure. All of them were used without
further purification. Quantitative oxalic acid (2.52 g) was dissolved
in hot water (10 mL) and TNB (0.43 mL) was added into the oxalic
acid solution drop-by-drop. A clear sol was obtained. Then the
mixture was loaded into a Teflon-lined autoclave (20 mL) for hy-
drothermal growth. The resulting products were separated by cen-
trifugation, washed with distilled water and dried at room tempera-
ture.

Structural Characterization: The structure of the as-obtained sam-
ples was characterized with XRD patterns, which were recorded
with a Rigaku Dmax diffraction system with the use of Cu-K, (4
= 1.54187 A). Scanning electron microscopy (SEM) images were
taken with an FEI Quanta 400 field-emission scanning electron
microscope (FESEM, 15 kV) after the sample surface was coated
by a novel metal such as gold. Transmission electron microscopy
images were taken with a JEOL JEM-2010 transmission electron
microscope (TEM) operated at 200 kV.

Supporting Information (see footnote on the first page of this arti-
cle): TG-DTG curves of the precursor and SEM images of the
products obtained after hydrothermal crystallization for 2 and 3 d,
respectively.
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