JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Synthesis and Characterization of Single-Crystalline Alkali Titanate Nanowires
Cheng-Yan Xu, Qi Zhang, Han Zhang, Liang Zhen, Jie Tang, and Lu-Chang Qin
J. Am. Chem. Soc., 2005, 127 (33), 11584-11585+ DOI: 10.1021/ja0519841 « Publication Date (Web): 27 July 2005
Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 9 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0519841

JIAIC[S

COMMUNICATIONS

Published on Web 07/27/2005

Synthesis and Characterization of Single-Crystalline Alkali Titanate
Nanowires

Cheng-Yan Xu,™* Qi Zhang,' Han Zhang," Liang Zhen,* Jie Tang,$ and Lu-Chang Qin* ™!

Department of Physics and Astronomy, bbrsity of North Carolina, Chapel Hill, North Carolina 27599-3255,
Curriculum in Applied and Materials Sciences, Waisity of North Carolina, Chapel Hill,
North Carolina 27599-3255, School of Materials Science and Engineering, Harbin Institute of Technology,
Harbin 150001, China, and National Institute for Materials Science, Tsukuba 305-0047, Japan

Received March 28, 2005; E-mail: Icqin@physics.unc.edu

The alkali metal titanates with tunnel structure are of interest,
both experimentally and theoretically, as model systems for fast
ionic conductors and also for their high photocatalytic activitigs.

A family of the alkali metal titanates, represented by the general
formula A;O-nTiO, (3 < n < 8 and A= K, Na, Li), is composed

of a layered structure with each layer consisting of zigzag ribbons,
in which the octahedra share edges at one level in linear groups of & &
three and are further joined together by corners. These ribbons share &5+ :@ﬂe;ﬂ -

.

the terminal corners with identical ribbons, resulting in an open ;e 1. Morphology of the synthesized sodium titanate nanowires. (a)
octahedral framework enclosing tunnels or continuous rows of SEM image and (b) TEM image showing narrow distribution of nanowire
interstitial positions, in which the alkali ions are situafeth diameter.

addition, the hollandite structure with the general formula
A(ByTig-y)O16, Wwhere A= K, Cs or Ba, and B is either a divalent
or a trivalent cation, such as Mg Mn2*, AI3*, or Ti®*, can be
described as columns of four linear strings of edge-sharing octahedr,
parallel to thec-axis. The chains of octahedra are linked together,

forming a framework of continuous parallel tunnels, which are only the same, except that the reaction temperature was set 40800

partially occupied by alkali ion$. " . .
) . as has been utilized for large-scale synthesis of nanowires and
In the past decade, various strategies have been developed tg . . )
. . ; X nanocube$? The resulting powders were washed several times with
fabricate one-dimensional nanostructures of most of the functional

- . . . distilled water and then dried at room temperature.
materials, due to their novel physical properties on the nanoscale. . : .
Binary oxide nanowires and nanobelts, such as,TERO, SnG The morphology, structure, and dimensions of the synthesized
MnO.. and GaO~ have been successfuli S nthes’ié 6 dio’weve} nanowires were characterized with SEM (Hitachi S-4700) and TEM
2 @Js, Nave been ; y sy * . (JEM-2010F and JEM-100CX-Il). The nanowires were first dis-
the approach to one-dimensional nanostructure of ternary complex - - )
oxides remains a challenge, except for the template method persed in ethanol aided by ultrasonic treatment. One drop of the
. . - ' suspension was then transferred to a TEM copper grid coated with
Recently, sodium titanate nanowires were produced by hydrothermal )
. . . a holey carbon film.
treatment of TiQ"8 or Ti powders and kD, in a NaOH aqueous . . . ,
solution at 166-220 °C. In addition, KTiOss and KoTigOsr Figure la shows an SEM image of the synthesized sodium

. Ftanate nanowires. A large quantity of nanowires with uniform
nanowires have also been successfully prepared by hydrOthermadiameter around 100 nm was obtained. The length of the nanowires
reaction between TiQor NaTizO; with KOH solution10-12 ) 9

. L= . . ranges from several to a few tens of microns. The TEM image
In this communication, we describe a simple method to synthe- - S .
. . : . : . shown in Figure 1b revealed that the distribution of diameter of
size sodium titanate and potassium hollandite nanowires from

. . . . . the synthesized nanowires is narrow. Selected-area electron dif-
reactions of TiQ nanoparticles with molten salt in the presence of - . .
- : fraction (SAED) taken from different parts of the nanowires
a nonionic surfactant. The morphology and structure of the single- . " ) ; .
. ) g . . indicates that the nanowires are single crystalline.
crystalline nanowires were characterized by electron diffraction,

. . o To identify the crystal structure of the synthesized nanowires,
scanning electron microscopy (SEM), and transmission electron . . . ;
. we examined the electron diffraction patterns and the corresponding
microscopy (TEM).

} . . high-resolution electron micrographs in several orientations by
In our experimental procedure, a mixture of barium oxalate

. ; - .~ tilting the nanowires. Figure 2&c shows three electron diffraction
(BaG,0,), TiO, (anatase) nanoparticles, and NaCl with molar ratio g 9

of 1:1:20 was ground with 5 mL of NP-9 (Aldrich) for 20 minutes Fha:ti:rg)iotilli(r?ig Zgg?u:;ehtseir;tﬁa?;?gvg'ebwr::v(i:thh v;/azclgenrtclﬂjed as
and then sonicated for 5 minutes. The mixture was first placed in 8013 P group

: . C2/mand lattice parametess= 15.131 A b = 3.745 A,c = 9.159
a combustion boat and annealed in a tube furnace at@Z6r 3 _
A, and 8 = 99.3 (JCPDS 73-1398). The three zone axes are
h and, subsequently, cooled naturally to room temperature. The

pristine powders were then washed with distilled water several times [1, 0, —3] (Figure 1a), [1,~1, 3] (Figure 1b), and [1;-1, —1]

to remove the NaCl and the resulting BaFianoparticles, which (Figure 1c), respectively. The relative orientational relationships
’ between the three electron diffraction patterns are also indicated

" Department of Physics and Astronomy, University of North Carolina. in the figure. For example, the [+1, —3] (Figure 1b) zone axis
IF'Curriculum in Applied and Materials Sciences, University of North Carolina. electron diffraction pattern was obtained by rotating the nanowire

* Harbin Institute of Technology. . . . . . .
8 National Institute for Materials Science. 6.5° about its [602] direction (indicated in Figure 1a). The two-

were suspended on the surface during washing. It was found that
the use of barium oxalate would increase the yield, though it is not
necessary to produce the wanted nanowires. For the potassium
ahollandite, KCl was used instead of NaCl, and no barium oxalate
was used in the reactions. The processing parameters are almost
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Figure 2. (a—c) Electron diffraction patterns of the same sodium
hexatitanate nanowire tilted to zone axes [1,-(&], [1, —1, —3], and

[1, —1, —1], respectively. Dashed lines indicate the tilting axes about which
the nanowire was rotated to obtain the needed orientation. Circular arrows
give the tilting angles, and the straight arrows indicate the tilting sequence.
(d) Lattice image of NaTligO13 nanowire taken along zone axis [+1,

—1], corresponding to Figure 2c.

Figure 3. TEM images of synthesized potassium hollandite nanowires.
(a) TEM image showing the nanowires with a diameter of480 nm. (b)
Low-magnification TEM image of an individual potassium hollandite
nanowire. (c) Electron diffraction pattern of the nanowire depicted in (b)
showing the [001] growth direction of potassium hollandite nanowire. (d)
HRTEM image of an individual nanowire that also shows that the nanowire
grows along the [001] direction.

In summary, anatase Tidanoparticles were found to react with
molten alkali chloride to form single-crystalline sodium hexatitanate

dimensional lattice image (Figure 2d), corresponding to the electron and potassium hollandite nanowires in the presence of a nonionic
diffraction pattern given in Figure 2c, further demonstrates that the surfactant. The nanowires have a diameter around 100 nm and a
nanowire is single crystalline and is free of crystal defects. The length up to a few tens of microns. The synthesized sodium
lattice spacings are 3.63 and 3.61 A, respectively, which correspondtitanate and potassium hollandite nanowires were found to grow

to the (110) and (202) interplanar spacing of the monoclinig-Na
TigO13, as shown in Figure 2d. The growth direction of the nanowire
was determined to be its [010] crystallographic direction, consistent
with other alkali titanates with the same monoclinic strucfuife'*

It is expected naturally that similar nanostructure should be
obtained if other alkali precursors were used to substitute sodium.
When the titania nanoparticles were annealed in molten KCl in the
presence of the nonionic surfactant (NP-9) at 800 potassium
hollandite nanowires were obtained. Figure 3a shows a typical
morphology of the synthesized potassium hollandite nanowires. The
diameter of potassium hollandite nanowires ranges from 40 to 150
nm, and the average diameter is about 100 nm. The length of
nanowires can reach up to a few tens of microns. An individual
nanowire (shown in Figure 3b) was selected and tilted to obtain a
series of selected-area electron diffraction patterns. From the
electron diffraction patterns, the nanowires were identified as
potassium hollandite KD 5 of tetragonal structure with lattice
parametera = 10.15 A andc = 2.962 A (JCPDS 41-1098). Figure
3c shows an electron diffraction pattern of the studied nanowire
along the [0,—1, 0] zone axis, which indicates that the nanowire
is also single crystalline with a preferential growth in the [001]
crystallographic direction. Figure 3d is a lattice image of a single-
crystalline potassium hollandite nanowire, which shows the clearly
resolved lattice spacing @k = 5.10 A, and it further confirms
that the nanowire grew in the [001] direction.

By analyzing the fabrication process of ternary oxide nanowires
in this work and similar result$ we suggest that, in a ternary oxide

along [010] and [001] crystal direction, respectively. This method
may also be extended to the fabrication of other ternary oxide
nanostructures.

Acknowledgment. We wish to thank Professor Richard Super-
fine for the use of SEM in his laboratory. J.T. is partially supported
by Japar-U.S. Collaborative Scientific Program of JSPS.

References

(1) Sasaki, T.; Kooli, F.; lida, M.; Michiue, Y.; Takenouchi, S.; Yajima, Y.;
Izumi, F.; Chakoumakos, B. C.; Watanabe, ®hem. Mater1998 10,
4123.

(2) Andersson, S.; Wadsley, A. cta Crystallogr.1961, 15, 194.

(3) Berry, K. L.; Aftandilian, V. D.; Gilbert, W. W.; Meibohm, E. P.; Young,
H. S.J. Inorg. Nucl. Chem196Q 14, 231.

(4) Vogt, V.; Schweda, E.; \siefeld, C.; Stile, J.; Cheetham, A. KJ.
Solid State Chenil989 83, 61.

(5) Xia, Y. N.; Yang, P. D.; Sun, Y. G.; Wu, Y. Y.; Mayers, B.; Gates, B.;
Yin, Y. D.; Kim, F.; Yan, Y. Q.Adv. Mater. 2003 15, 353.

(6) Rao, C. N. R.; Deepak, F. L.; Gundiah, G.; GovindarajPAog. Solid
State Chem2003 31, 5.

(7) Sun, X.; Chen, X.; Li, Y.Inorg. Chem.2002 41, 4996.

(8) Meng, X. D.; Wang, D. Z,; Liu, J. H.; Zhang, S. Yiater. Res. Bull.
2004 39, 2163.

(9) Zhao, Y. N.; Lee, U. H.; Suh, M.; Kwon, Y. WBull. Korean Chem. Soc.
2004 25, 1341.

(10) Du, G. H.; Chen, Q.; Han, P. D.; Yu, Y.; Peng, L. Fhys. Re. B 2003
67, 035323.

(11) Wang, B. L.; Chen, Q.; Wang, R. H.; Peng, L. hem. Phys. Lett.
2003 376, 726.

(12) Yuan, Z.Y.; Zhang, X. B.; Su, B. LAppl. Phys. A2004 78, 1063.

(13) Mao, Y. B.; Banerjee, S.; Wong, S. $. Am. Chem. So2003 125,
15718.

(14) zZhu, H. Y,; Gao, X. P,; Lan, Y.; Song, D. Y.; Xi, Y. X.; Zhao, J. €.
Am. Chem. So004 126, 8380.

system, temperature is the most important parameter in determining

the formation of nanowires rather than other morphologies.
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