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Potassium titanate nanowires: Structure, growth, and optical properties
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A simple one step hydrothermal reaction among sTi@noparticles and KOH solution was found to result
in potassium titanate nanowires. The diameters of these nanowires are about 10 nm and the lengths range from
500 nm to 2um. The nanowires were analyzed by a range of methods including powder x-ray diffraction
(XRD), high resolution electron microscogiREM), selected area electron diffraction, electron energy loss
spectroscopy, XRD and HREM image simulations. The structure of the nanowires is determined to be of the
type of K;TigO;3. Based on HREM observations of the growth process of the nanowires, we propose that the
growth of the namowire was initiated by the formation of thgTKO,5 nuclei inside the anatase matrix
following the crystallographic relation (20Qhowire//(101)anatase These nuclei subsequently grew to form
one-dimensional nanowires via preferential growth along[@H€)] direction. Absorption experiments show
that the potassium titanate nanowires are wide-band semiconductors with a ban@&yvdis eV.
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[. INTRODUCTION phas¢ was used as the raw material. About 0.3 g raw powder
material was added to 35 ml KOH.OM) aqueous solution
One-dimensional semiconducting nanostructures, such and the mixture was then heated at 130°C in Teflon-lined
nanotubes and nanowires, have attracted a wide rang of istainless steel autoclaves for 3 days. The nanowire products
terest because of their remarkable electronic, magnetic, optivere obtained by filtering and washing the products with
cal, catalytic, and mechanical properties which are differentlejonized water.
from that of the bulk matgrials, anq these nanostructures may powder x-ray diffraction(XRD) were performed with a
eventually leads to applications in nanodevit€sAmong  Rigaku D/max 2400 diffractometer using monochromatic
these semiconducting nanomaterials, titanate is a wide bar*@uKa1 radiation . =1.54 A) and scanning between 5° and
semiconductor having many important applications in areas, ., . . .
such as photocatalygts, ggs sgnsors, al?]% high effect so?a? (26). Transm|s§|on eleptron m'chSCOWEM).Smd'eS
cells Titanate nanotubes and nanowires are particularly inyvere performed using a hlgh-resol_uuon transmission elec-
. - t[]on microscope JEOL 2010 and a field-emission ¢tlBG)
teresting partly because they have large specific surface ar

may enhance the photocatalytic activity, leading to a higheFransm|SS|on electron microscope Philips CM200/FEG, both

potential of applications in environmental purification, de_operated at 200 kv. Electron energy loss spectroscopy

. . . : EELS) experiments were performed using the Gatan image
composition of carbonic acid gas and generation of hydrogeen . -
gas>® In other fields titanate whiskers have been shown t ltering (GIF) system attached to the Philips CM200FEG.

have high chemical and thermal stability and potential applic—)rE'vI specimens were prepared by dispersing the nanowire

cations in whisker-reinforced plastics and mefdisMany sample in alcohol followed by ultrasonic treatment. The

methods have been developed to synthesize titanate Whiggmple was then dropped onto a holey carbon film supported

kers, including calcination, flux growth, and melting on a copper grid and dried in air. XRD and high-resolution

reaction’ but typically the diameters of the obtained prod- eIeptron microscopfHREM) simulations were carried out
ucts were in micrometer scale. In an earlier paper we deZ>N9 thecERIUS2 software and a SGI 2100 computer work-

; ) D station.
scribed a simple hydrothermal method for preparing titanaté
nanotube by reacting TiOwith NaOH solution:’ More re-
cent studies show that nanowire products with narrow diam- . RESULTS
eter distribution around 10 nm and lengths ranging from 500
nm up to 2um can be obtained if NaOH is replaced by
KOH. In this paper we report an investigation on the struc- 1. TEM and EELS
ture, growth mechanism, and optical property of the nanow-
ires. We will show that these nanowires have the same Strugg,
ture as the potassium hexatitanate ,TkO;3) (which
belongs to the family of KTi 05,1, With 3<n<6), and
have a wide band gap of about 3.45 eV.

A. Structure

Figure Xa) is a low magnification TEM image showing
at the product contains a large quantity of nanowires with
narrow size distribution. The diameters of the nanowires are
uniform and around 10 nm and the lengths range from 500
nm up to 2um. To investigate the shape of the product, a
single nanowire is selected and tilted along its axis. It is
observed that the nanowire does not have a perfect circular
Our nanowire samples were prepared by hydrothermatross section perpendicular to its axis. Instead it is better to
method. Commercially bought TiO(>99% pure anatase describe the cross-section as a rectangle having rounded cor-

Il. EXPERIMENTAL
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FIG. 2. Experimental XRD profiles recorded frdi® raw TiO,
sample andb) nanowires sample, and calculated XRD faj a
perfect crystalline KTigO,3 and (d) a K, TigO;3 nanawire.

20004

300 400 500 600 700 the results are shown in Figs(c2 and 2d). The peak posi-
Energy Loss (eV) tions of Figs. Zb) and Zc) are basically the same, but the
peaks resulting from nanowires are broader and some peaks
FIG. 1. (a) Low magnification TEM image showing nanowires are overlapping with each other due to the nanometer size of
with narrow diameter distribution ar{®) electron energy loss spec- the nanowires. Reasonable agreement between the experi-
troscopy spectrum recorded from a single free-standing nanowiremental and simulated XRD profiles have been achieved. The
residual discrepancy between these profiles might result from
ners. The length ratio between the long edge and the shortiéfie presence of possible impurities in the sample, finite strain
edge is about 1.5 which will become clearer in our following stored in the nanowire and possible lattice relaxation toward
discussions that the shorter edge is along ¢haexis of a  the surface of the nanowire where a high density of dangling
layered structure. The composition of a single nanowire isonds are expected.
analyzed using the technique of electron energy loss spec-
troscopy(EELS). Shown in Fig. 1b) is a typical EELS spec- 3. Selected area electron diffraction
trum obtained from a single free-standing nanowire. This Using a selected area electron diffracti®AED) aper-
EELS spectrum shows clearly thetOedge at 532 eV, the,  tyre, an area+200 nm in diametércontaining only nanow-
andL; edges of K at 297 and 294 eV, and that of Ti at 461jres can be selected and other effects due to impurity and/or
and 455 eV, respectively, suggesting that the nanowire igyyltiphase may be avoided. Figure 3 shows a SAED pattern

composed of mainly K, Ti, and O. taken from an area containing many nanowires. This SAED
. . pattern is basically a ring pattern, and like XRD profile this
2. XRD and simulations ring pattern can be indexed using KO, 3 crystal structure.

XRD experiments were performed and simulations werdJSing SAED patterns taken from a single nanowire, we
carried out in order to determine the structure of the nanowfound that the growth direction of the,RisO,3 nanowire is
ires. Figure 23) is a XRD profile taken from the raw TiD an_ng[OlO], and this agrees W!'[h the growth of hexatitanate
sample showing that the raw sample is composed of almog¥hiskers prepared by calcinatioh.
pure anatase phase TiOThe XRD profile taken from the
nanowire sample is shown in Fig(l8. The XRD profile
taken from the nanowire sample is seen to be very different The atomic structure of the nanowires is further investi-
from that shown in Fig. @), but a thorough search of struc- gated using HREM. Figure 4 is a HREM image of the nano-
tural datebases reveals that this profile may be indexed basedre sample showing that the nanowires are basically layer-
on the structure of KTigO,3 (monoclinic structure witha  structured with a layer spacing of 7.7 A. This distance
=15.593 A, b=3.796 A, c=9.108 A, and3=99.78°)!*  corresponds to th€200) plane spacing of KTigO;s.

For comparison XRD profiles from bulk and nanoscale To verify the structure of the nanowires, HREM image
K,TigOq5 crystals are calculated usimggRIUSR? software and  simulations were carried out using the muleislice method

4, HREM and simulations
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thermal reaction, and the results are shown in Fig. 6. Figure
6(a) is a low magnification TEM image of the raw TjO
sample(anatase phaseshowing that the sample consists of
granular crystals having sizes range from 100 to 400 nm. The
surfaces of the anatase particles were initially smooth. After
reacted with KOH aqueous solution for one day, Fi¢o)6
shows that many protuberances were formed on the surface
of the anatase particle. The higher magnification TEM image
[Fig. 6(c)] reveals that the structure of the protuberance is the
same as that of the nanowires. We conclude therefore that the
nanowires grew out directly from the anatase particles. Fig-
ure gd) is a HREM image showing the crystalline structure
of the anatase particle and its surface protuberances. This
HREM image shows clearly that two phases coexist toward
FIG. 3. SAED pattern taken from a sample containing manythe surface of the particle. The structure toward the bulk of
nanowires. the particle shows a smaller crystal plane spacing of 3.5 A
which corresponds to th@01) plane spacing of the anatase

of Cowley and Moodi& and the HRTEM module of the Phase of TiQ. The other structure appearing toward the sur-
CERIUS2progrant” for a primary beam energy of 200 kV and fac_e of the particle has a larger lattice spacing of qbout 7.7 A
a spherical aberration coefficient 6,=1.2 mm. KTigO,;  Which corresponds to th€00) plane spacing of KTigO3.
compound processes layered structures, which consist dfis second phase around the surface of the, Tp@rticle
TiOg octahedrons joined by sharing edges and cornefs. K can be regarded as a “nuclei” of HigO,3. After two days
ions are located between the layers. In addition to the simpl€f reaction the small protuberances grow bigger to form
layered structures, tunnel structures are formed by connecfd@ny thin platelets on the surface of the partidiese Fig.

ing corners of opposing octahedrons to link the layers to5(€)]. The crystal platelet has basically a V shape. The tip of
gether, which can be seen from the atomic models shown ithe crystal platelet is about several nanometer while the base
Figs. §b) and Hd). Figure %a) is an experimental HREM IS about 30 nm. Shown in Fig.(6 is a HREM image of a
image recorded along tj601] direction which is consistent thin crystal platelet, and from this HREM image we can
with the atomic model shown in Fig.(5. The simulated derive the conclusion that the thin crystal platelet is indeed
image(inserted in the experimental image and indicted by arl2TisO13. The thin crystal platelet may further grow prefer-
arrow in the figurg was obtained using a defocus value of €ntially along th¢010] direction and finally become a nano-
Af=—-150 A. The simulated image agrees well with the ex-Wire. S _

perimental image. Figure(§ is another HREM image re- ~ Detailed analysis of images such as Figd)éand corre-
corded along th¢1, 11, § zone axis. As indicated in this sponding electron diffraction patterns show that the grown

figure, the angle between crystal plane (LEhd (60) is KZTi6013 nanoscgle crystallites and_ the parent z'_riﬁarticles
about 73.5°. The inserted simulated image corresponds to%ltISfy the following crystallographic relationships:

defocus value ofAf=—300 A which is seen to agree again
excellently well with the experimental image. TiO,(10D)//K,TigO15(200),

B. Growth TiO,[010]//K,TigO;4 010],

In order to understand the growth mechanism, a series of

HREM images were recorded for different times of hydro-1-€-» the KTigO13 nanowires grow mainly along thed10]
direction on the surface of the parent JiQarticles, with

their (200) lattice plans parallel to thel0) lattice planes of
TiO,.

Shown in Fig. 7a) is an atomic model of a KigO;5
viewed along th¢010] zone axis, and in Fig.(B) is that of
a TiO, crystal viewed along the same orientation. As deter-
mined experimentally, th€200) lattice planes of KTigO;3
are parallel to th€101) planes of TiQ, and both are shown
to lie horizontally in Figs. 7@ and 1b). A schematic model
may be constructed as shown in Figc)7by joining the two
(010 surfaces of KTigO,53 and TiO, together. It should be
pointed out, however, that the lattices of the two compounds
are not perfectly matched. TH&01) plane spacing of TiQ
crystal is 0.35 nm, while that of thé200 spacing of

FIG. 4. HREM image showing the layered structure of the K,TigO13 is 0.77 nm. The misfit between the two sets of
nanowires with a layer spacing of 7.7 A . lattice planes is given by
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FIG. 5. (& HREM image
showing a nanowire viewed along
[001] and (b) corresponding
atomic model.(c) HREM image
showing a nanowire viewed along
[1, 11, g and (d) corresponding
atomic model. The inserted im-
ages in(a) and (c) are simulated
images, and both models are built
and image simulations are carried
out usingCeRIus2 software.

(b)

20101~ dogo final nanowire products. We expect therefore that the solid
= m~9%, curve of Fig. 8 reflects the true absorption behavior of the
1017 F20 nanowires.

The\ onsetOf the spectrum recorded from a bulkRgO;3
i.e., there exists a large strain associated with the growth dfample is about 370 nm. This value is smaller than the onset
K,TigO;5 0n the(010) face of TiO, along the/010] direction. ~ wavelength of TiQ particles with the anatase phase, which
We expect that the lateral dimension of the growTi0,; IS about 400 nm corresponding to a band gap of 3.2 eV. The
crystal will be restricted by the strain associated with thehonsetOf Nanowires is seen to be nearly the same as that of

lattice mismatch, which provides in turn a nature selectiorthe bulk K, TigO;3 sample while the shapes of the spectra are
on the diameter of the grown nanowires. obviously different. The effective band gap as derived from
the absorption spectra is by definition the energy necessary
to create an electrone() and hole b*) pair. In principle
C. Optical property the excited electron-hole pair forms a bound state, i.e., Wan-
. . - nier exciton, and the behavior of the exciton may be calcu-
Optical measurements in the UV-visible range have been

made in order to obtain clues regarding the electronic strut:lf"ted using a “confined exciton” model which gives an

ture of the potassium titanate nanowires. Shown in Fig. 8 is't;;1 crease in the apparent band.gap energy. The'band gap may
a typical UV-visible absorption spectrutsolid ling) of the e estimated from the absorbtion spectra by a linear fit of the

: . $quare root of the absorption coefficient as a function of the

nanowires measured using powder samples and a UV-VIS- ) . .
. . photon energy near the band géhis procedure is strictly

NIR recording spectrophotometé8himadzu UV-310§) to- valid only for direct band gaps
gether with that obtained from the raw Ti@articles(dash y 9
line) of the anatase phase and a bulk sample ¢fik0O; —Jhv—E/h
(dot ling). Our sample of potassium titanate nanowires is “« VTR
indeed a mixture of nanowires and raw TiQarticles, but wherehv is the corresponding phonon energy. For a given
the TiO, particles were consumed during the growth of thewavelength\ of the phonon measured in nanometer, the
nanowires. Both XRD and TEM observations suggest thaphonon energy is given by this procedure givé&s
the content of the unconsumed Ti® less than 2% in our =3.22 eV for TiQ, andEy=3.45 eV for KTigO,5 of both
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FIG. 6. A series of TEM images showing the growth process of the nanow@eRaw TiO, particles with smooth surfacegy) many
protuberances appearing on the surface of a particle when reacted with KOH for orte) d#gEM image of a protuberance showing its
structure is the same as that of the nanowifdsHREM image of a particle showing the orientation relation between the “nuclei” of the
K,TigO13 nanowire and the anatase matrig) low magnification TEM image showing many thin crystal platelets grow out from g TiO
particle, andf) HREM image of a thin crystal platelet showing its structure is the same as that of,Tigl4; nanowires.
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FIG. 8. Experimental UV-visible absorption spectra obtained
from (a) nanowires sampleb) bulk K,TigO;3 sample, andc) a
sample containing TiQparticles of anatase phase.

toward the shorter wavelength region. This effect might re-
sult, among other possibilities, from quantum size effétts,
following the general trend exhibited by semiconducting
nanoparticles.

IV. SUMMARY

We have synthesized titanate nanowires with narrow di-
ameter distribution centered around 10 nm by one step hy-
drothermal syntheses. Comprehensive structural investiga-
tions using XRD and TEM and computer simulations show
that the nanowires have the same structure as that of
K,TigO;3. Experimental evidences are presented which sug-
gest that crystalline KTigO,5 particles were first formed in-
side the anatase matrix of the Ti@article and then grew
out mainly along th¢010] direction to develop into the one-
dimensional nanowire. UV-visible absorption experiments
suggest that the nanowire is a semiconductor with a band gap
of about 3.45 eV.

FIG. 7. (a)[010] view of K,TigOy3, with (200 lattice planes
lying nearly horizontally(b) [010] view of TiO, crystal of anataze
phase with(101) lattice planes lying horizontallyc) A schematic ACKNOWLEDGMENTS
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