MATERIALS CHARACTERIZATION 59 (2008) 1805-18038

Short communication

Microstructural characterization of single-crystalline
potassium hollandite nanowires

C.Y. Xu*?, L. Zhen™*, Q. Zhang®, J. Tang", L.-C. Qin®>*

School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China
®Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-3255, USA

“National Institute for Materials Science, Tsukuba 305-0047, Japan

dCurriculum in Applied and Materials Sciences, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-3255, USA

ARTICLE DATA ABSTRACT

Article history:

Received 13 February 2008
Received in revised form
14 April 2008

Accepted 14 April 2008

Keywords:
Nanomaterials
Crystal growth
Potassium hollandite
Electron microscopy

attachment mechanism.

Single-crystalline potassium hollandite KTigO;65 nanowires were synthesized by the
molten salt method at 800 °C. Scanning electron microscopy observation shows that the
nanowires are with octagonal cross-sections, and combined analyses of transmission
electron microscopy and the electron diffraction results show that the terminated planes
are angled 90 or 60 degrees to the growth direction, [001] crystallography direction. Ordering
of the potassium cations in the tunnels was revealed by electron diffraction. The
mechanism of one-dimensional growth of the nanowires was attributed to the oriented

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The hollandite structure with general formula of A,(B,Tis_,)
046, where A=K, Cs or Ba, and B is either a divalent or a
trivalent cations, such as Mg*, Mr?*, AP*, or TP*, can be
described as columns of four linear strings of edge-sharing
octahedra parallel to the c-axis. The chains of octahedra are
linked together, forming a framework of continuous parallel
tunnels, which are only partially occupied by alkali ions [1].
Because of their particular structural features, hollandite-
type compounds were considered as potential candidates
for one-dimensional ionic conductivity [2]. The positions of
the A cations in the tunnels have been investigated in

several hollandite-type crystals by neutron diffraction or
rotation photograph of X-ray scattering [3].

The conventional synthesis of potassium hollandite
single-crystals involves slow O, oxidation of precursors,
and thus the synthesis process is time-consuming and hard
to control [4]. In the present work, we have prepared
potassium hollandite (KTigO65) nanowires by molten salt
synthesis (MSS), and the synthesized nanowires were
characterized by scanning electron microscope (SEM), trans-
mission electron microscope (TEM) and electron diffraction
technique. The growth mechanism of the nanowires was
proposed based on high-resolution electron microscope
observation.
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Fig. 1-Morphology of the synthesized potassium hollandite
nanowires. (a) SEM image and (b) TEM image.

2. Experimental

Single-crystalline potassium hollandite (KTigO165) nanowires
were synthesized by the molten salt method, which was
reported elsewhere [5]. In brief, a mixture of TiO, (anatase) and
KCl was ground with nonionic surfactant NP-9, and then
annealed in a tube furnace at 800 °C for 3 h, and subsequently,
cooled naturally to room temperature. The pristine powders
were then washed with distilled water several times to
remove excess KCl. Single-crystalline KTigO;65 nanowires
were obtained on large scale by using this facile method.
The synthesized nanowires were characterized by scanning
electron microscope (SEM, Hitachi S-4700), transmission
electron microscope (TEM, JEM-100CX, JEOL-2010F, JEM-3010).

3. Results and Discussion

Fig. 1a shows SEM image of the as-synthesized potassium
hollandite nanowires. A large quantity of nanowires with
diameters ranging from tens of nanometers to a few hundreds
nanometers were obtained. The length of the nanowires
ranges from several to a few tens of microns. The relative
narrow diameter distribution of the nanowires was demon-
strated by the TEM image, as shown in Fig. 1b. The phase of the
nanowires was examined by X-ray diffraction (XRD, Rigaku D/
max-yB X-ray diffractometer with Cu K, radiation, 1=1.5406 A,
not shown here), and the result suggests that the obtained

Fig. 2-(a) TEM image of an individual KTizO,6 s nanowire and corresponding HRTEM image (b) and selected area electron
diffraction pattern (c). (d) Atomic structure of potassium hollandite viewed along [001] direction.
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nanowires are potassium hollandite (KTigOs65, tetragonal)
nanowires, with lattice parameters of a=10.15 A and
c=2.962 A.

The synthesized potassium hollandite nanowires were
furthered examined with transmission electron microscope.
Selected area electron diffraction (SAED) patterns taken from a
wealth of nanowires indicate that the nanowires are single-
crystalline in nature. Fig. 2a shows the TEM image of an
individual nanowire with diameter of c.a. 90 nm. High
resolution transmission electron microscopy (HRTEM) image
of the selected nanowire shown in Fig. 2b gives clearly-
resolved one-dimensional lattice spacing of dyp=5.10 A.
Fig. 2c¢ shows the SAED pattern of the studied nanowire
along the [010] zone axis. Combining the image and electron
diffraction pattern together, the growth direction of the
nanowire is determined to be along its [001] crystallography
direction, which can be also read from the streaks perpendi-
cular to the [001] crystallography direction in the pattern. In
addition, ordering phenomena in the nanowires was observed
from the SAED pattern. As mentioned above, the channels
surrounded by edge-sharing TiO¢ octahedras (shown in
Fig. 2d) are only partially occupied by K cations, and the
occupied sites are usually ordered. The zig-zag weak pattern
in the diffraction pattern can be assigned to two sets of
primary diffraction patterns, which was marked with dashed
red rectangle plus the yellow dotted one, as shown in Fig. 2c.
The primary diffraction pattern was marked with dot-by-dash
blue rectangle, which is the sum of red and yellow ones. The
superlattice diffraction pattern was originated from the
ordering of K cations in the tunnels, and the existence of
two sets of superlattice diffraction patterns suggests that the
occupancy of K cations is probably ordered in three dimen-
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sional. It should be noted that the length of the red rectangle
versus that of the yellow one is 1.167, indicating the
incommensurate structure along [001] crystallography direc-
tion due to ordering of K cations [4].

Fig. 3a shows the top-view of the as-synthesized potassium
hollandite nanowires. Rectangle cross-section of the nano-
wires was revealed, as marked by blue (solid line) and red
(dashed line) circles. The difference between the two marked
nanowires is that the angle between the terminated face and
the growth direction, the blue one is 90°, while the red one is
60°. Close view of individual nanowire cross-sections shows
that the cross-section is actually an octagonal cross-section,
like a square cut a little from the four apexes, as shown in Fig.
3b and d. The typical angles between the terminated face and
the growth direction of 90° and 60° were revealed by typical
TEM images (shown in Fig. 3c and e) corresponding to Fig. 3b
and d, respectively. The sketches of the terminated plane and
side ones were shown in the insets of Fig. 3c and e, indicating
that (001) crystallography plane is the terminated plane when
the cross-section is vertical to the growth direction, while it is
(-1, 0, 2) plane for the angle of 60°.

The potassium hollandite nanowires were synthesized in
potassium chloride molten salt at 800°C, which is much lower
than the melting point of the raw material TiO,. Thus,
conventional vapor-liquid-solid or vapor-solid mechanism
cannot be used to interpret the 1D growth of the hollandite
nanowires. To investigate the growth mechanism, the as-
synthesized nanowires were examined carefully by HRTEM.
Fig. 4a shows a high-magnification TEM image of two
neighboring nanoparticles. HRTEM image of the nanoparticles
(Fig. 4b) shows that both the two particles are potassium
hollandite, and the lattice images are identical, suggesting
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Fig. 3-(Color online) (a) Top-view of as-synthesized potassium hollandite nanowires. Blue (solid line) and red (dotted line) circles
mark different cross-section of the nanowires. (b and d) SEM images of individual nanowire showing different cross-section
shapes. (c and e) TEM images showing morphology of nanowire tips corresponding to b and d. Insets in ¢ and e show sketch of

crystal plane layout at nanowire tip.
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Fig. 4-(a) High-magnification TEM image of two neighboring
potassium hollandite particles. (b)) HRTEM image of the boxed
area in (a) showing identical lattice image of the two
neighboring particles.

that the formation of the hollandite nanowires is probably
based on the oriented attachment mechanism, which was
first proposed by Penn and Banfield [6,7]. TiO, might react with
K, which is from the molten salt, and KTigO,6 5 nanoparticles
were formed, and then the KTigO;65 nanoparticles merged
together, leading to the formation of single-crystalline
nanowires.

4, Conclusions

In summary, potassium hollandite (KTigO65) nanowires with
octagonal cross-section were characterized by SEM, TEM,
HRTEM and electron diffraction technique. The growth direc-
tion of the nanowire was determined to be along its [001]
crystallography direction. Incommensurate structure due to
the ordering of K cations in the tunnels was demonstrated by
electron diffraction. Oriented attachment mechanism was
employed to interpret the 1D growth behavior of the potassium
hollandite nanowires synthesized by the molten salt method.
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