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Colloidal Unilamellar Layers of Tantalum Oxide with Open Channels
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Layered tantalum oxide, RbTaOs, was delaminated into colloidal (b) Protonated form
TaOs unilamellar crystallites, which are characterized by an open-
channel structure as well as a very small thickness of ~1.0 nm.

(c) Nanosheet colloid
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Functional nanosheet crystallites obtained via exfoliation
of layered compounds have been widely investigated in the

. ; (2)RbTaOgz 1000

past decade because of their fundamental interest and I o
technological relevance® The nanosheets often exhibit A | Lo
distinctive_ physicoc_hemic_al prope_rties associated with ex- £10 2-3 0 o yin %0
tremely high two-dimensional anisotropy® and can be 20/ deg. (CuKa)

employed as a unique class of building blocks to fabricate Figure 1. XRD patterns for (a) the starting material and (b) the protonated
diverse nanostructured materials. To achieve effective andderivative. The inset (c) shows a X-ray halo from a nanosheet solid under

. . ’ . ... _a relative humidity of 95% (solid line) and a simulated pattern (broken
ratlonql de_S|gn of nanOStrUCturF"? with nanosheets, it IS line). A peak that could not be indexed is indicated by an asterisk.
essentially important to expand a library of nanosheets with
a wide range of compositions, structures, and properties. Forof the nanosheets are sometimes disadvantageous in applica-
example, nanosheets with holes would lead to new func- tions where efficient mass transportation in their stacked
tionalities and advantages because the diffusion of smallsystem is required. Here, we report that a nanosheet with
molecules or ions through the sheet may be expected by suctbpen channels can be derived from the layered tantalum
a “nanomesh” structure. The two-dimensional architectures oxide, the host layer of which has holes o011 width of
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= 0.8426(5) nm,c = 0.733(2) nm, and3 = 94.5(2).
Chemical analysis revealed that about 90% of the rubidium
ions was removed. No change in the chemical valence of
the tantalum ions during the acid treatment was confirmed
by XANES spectra (see Figure S2 in the Supporting
Information). As a result, the protonic tantalum oxide can
be formulated as RHp oTa0s-1.3H:0.

The protonated sample was shaken with a tetrabutylam-
monium hydroxide (TBAOH) solution at ambient tempera-
ture for>2 weeks. The dose of TBAOH was adjusted to be
the equivalent of the exchangeable protons in the oxide. A
translucent suspension was obtained after separation of an
unreacted residue in a small amount by mild centrifugation
at 2000 rpm. Figure 2. Crystal structure of the Taghost layer projected along (a) the

The dispersed material in the suspension could be totally b* axis and (b) thec* axis. The broken line shows a two-dimensional unit
sedimented by centrifugation at a higher speed of 10 000 :;ell. The reIaFive distance, and site multiplicity,m, for thejth atom are

. . isted in the right panel.
rpm. XRD measurement under a relative humidity of 95%
for the as-sedimented wet sample indicated that a drastic S oy
change occurred upon the treatment with TBA ions (Figure 3 £
1c), which involves the loss of the original basal reflections
and the evolution of a broad profile. A major halolike pattern
accompanied by sharp diffraction lines as a minor component
has been observed for other exfoliated nanosheet systems,
e.g., T.blgloz,ﬂ'b Mn02,5b CaN baolo,lz Mgz/yb\l 1/3(OH)2,GC and
Coy3Al 13(OH),.54 The broad pattern showed a characteristic
profile depending on each nanosheet, which can be accounted
for by the square of the structure factor with the scattering
vector normal to each unilamellar sheet. On the other hand, .
the sharp peaks are attributable to the diffraction from sheets b t» o
organized in parallel with a very large separation, which may Figure 3.  TEM micrograph of the Ta@nanosheets dropped on a copper
be an initial stage of restacking promoted by drying. Thus, grid and the selected-area electron diffraction pattern from a single
a structure factofF(6) for the single host layer with a  nanosheet.
composition of Ta@was calculated by the following equa-
tion on the basis of its architecture illustrated in Figure 2a:
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F(0) = %fTa + %fTa cos[2t{2 x 0.158 sing/A}] +

Intensity

%fo cos[2t{2 x 0.040 sing/2}] + f, cos[2t{ 2 x

0.084 sing/i}] + f, cos[2t{2 x 0.170 singlA}] +

1 : 2 3 4 5 6
=fo cos[2{ 2 x 0.332 sind/A}] 1/d (nm-1)

2 Figure 4. Synchrotron radiation in-plane XRD pattern for the monolayer
wherefr, andfo are the atomic scattering factors for tantalum film of the TaQ nanosheets. The indices with+ k = 2n indicate the
; . face-centered structure.
and oxygen atoms anfland/ are the diffraction angle and

wavelength of the X-ray, respectively. The square of the meters were obtained when the delamination was carried out
calculated=(0) designated by the broken line in Figure 1¢ py gentle intermittent shaking by hand. The selected-area
is similar to the broad component. This close matching is electron diffraction revealed a single-crystal pattern having
clear evidence for the formation of Ta@anosheet crystal-  sharp spots. The pattern can be indexed as a face-centered
lites. A large majority of the sheet is not stacked to induce rectangular unit cell (0.98 nm 0.87 nm), being consistent
interference of the X-ray, but the sheets individually scatter with the two-dimensional symmetry of the parent host layer.
the X-ray. This was corroborated by an in-plane XRD pattern for a
Transmission electron microscopy (TEM) observation self-assembled film (see Figure 4), in which the FaO
visualized the morphology of the Ta@anosheets. Atypical  nanosheets lie flat to the substrate in the monol&yail

image in Figure 3 shows two-dimensional sheets with very of the reflections in the @'region from 1.8 to 8.7 nnt can
faint but uniform contrast. The lateral size was several

hundreds of nanometers for the sample via exfoliation with (12) E7bina, Y.; Sasaki, T.; Watanabe, Molid State lonic2002 151,
a mechanical shaker. Larger sheets of up to a few micro- (13) Sasaki, T.: Ebina, Y.; Watanabe, M.: DecherQBem. Commui2000
2163.
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Figure 6. UV —vis absorption spectra for the colloidal suspension of the
TaO; nanosheets (0.03 g dif). The inset shows a plot ofxfw)? vs hv.

"
0 nm 5.5
Figure 5. AFM image of the Ta@nanosheets. The right panel shows a portion of (hv)? can be fitted by the straight broken line.
height profile along the broken line. This proportional relationship suggests that the Fa&hosheet
has a direct electronic transition near the band gap. The
i optical bandgap energy for the Ta@anosheets can be
2{21‘?'2:(&)) t?]rgsaengf:hg'iiggﬁagg'SEZESSSVEI;IE;;%;G“?W derived as about 5.3 eV at the intersection of the broken

: . ; : . . line and the abscissa. This value is larger than that of bulk

protonic form. Besides those, the intensity of each diffraction Ta,05, about 4 eV as a common tantalum(V) oxide. This
peak is substantially consistent with a square of the calculatedmay l;e attributabie to the size quantization effects. as has
structure factor for the parent host layer (see Figures 2b andbeen demonstrated for a titania nanosResThus. the T’a@
S3in the Supporting Information). These diffraction studies nanosheets can be described as a néw 'semiconductor
definitely indicate that the two-dimensional atomic arrange- nanomaterial with a wide bandgap.

ment in the original RbTag) or the 1x 1 mesh structure, It has been reported that some tantalum oxides are

W reserv r delamination. ST . o
as preserved after delaminatio promising in their application as ferroelectri€sAmong

The atomic force MICroscopy (.AFM) image of the _T@O them, RbTa@is attractive because of its high ferroelectric
nanosheets adsorbed on a silicon substrate exhibited a 16c :
number of sheets with a thickness of 183.05 nm and a performance and moderale™ Thus, the evaluation of such

, . . . a property for the Ta@nanosheet would be intriguing.
lateral size ranging from sub-micrometer to micrometers, as PR . . .
S . . . . Realization of ferroelectric nanosheets with the thickness of
shown in Figure 5. The average thickness is compatible with : : ) .
. ~1 nm will answer the increasing demand on thin ferro-
that of the host layer deduced from the crystallographic data . T . .
. ; . electrics for downsizing of the electronic device. Such a study
of RbTaQ; the vertical distance between the levels of upper .
, . is now underway.
and bottom oxygen atoms (O1 and 1 Figure 2a) of the In conclusion, we have demonstrated that the tantalum
host layer is 0.66 nm, and summing up the jonic radius of oxide nanosheét having open channels was successfull
these two oxygen atoms (0.28 nm) gives 0.94 nm. This good obtained via the soft chgm'gal delamination of the la eredy
agreement further supports the unilamellar nature of the ! via ! ninatio Y
crystallites tantalum oxide of RbTa@ The resulting unilamellar crys-

As demonstrated by the characterizations above, thg TaO tallites may be useful n a range of apphcaﬂons,l €.g.,
nanosheets obtained in this study possess two kinds of hole,{ anoscale'separat'o rs of lithium ion secondary batteries and
regularly arranged in the sheet. Based on the crystallographic erroelectric materials.
data of the parent host layer, the free open space of each Acknowledgment. This work was financially supported
hole excluding the ionic radius of the oxygen atoms can be by CREST of Japan Science and Technology Agency.
calculated as 0.13 0.06 and 0.11x 0.11 nn%. The size of
the holes is likely to allow the diffusion of alkali-metal ions
smaller than sodium ions. This is considered to be a new
feature of the exfoliated nanosheets, which may be useful
for some applications such as nanocoating of solid electro-
lytes. IC7004002

Figure 6 depicts a UVvis absorption spectrum for the
colloidal suspension of the Tanhanosheets. The TaO  (14) (a) Thomas, J. H., lI0. Appl. Phys1974 45, 835. (b) Chu, K.; Chang,
nanosheet exhibits intense absorption of UV light at a J. P.; Steigerwald, M. L.; Fleming, R. M.; Opila, R. L.; Lang, D. V;

L Van Dover, R. B.; Jones, C. D. W. Appl. Phys2002 91, 308.
wavelength of 250 nm and below. The molar extinction (15) Sakai, N.; Ebina, Y.; Takada, K.; SasakiJTAm. Chem. So2004

also be indexed to yield refined unit cell parameters;

Supporting Information Available: Experimental procedures
and listings of figures (XRD patterns, XANES spectra, and
calculated structure factors). This material is available free of charge
via the Internet at http:/pubs.acs.org.

coefficient was 1.15< 10* mol~* dm?® cm™* at 200 nm. The 16 %Z)GL'_SSSLM Ephys. Re. B 1970 2, 698, (b) Paz de Aratio, C. A
. - - a) Lines, M. yS. Re. y . az de Araujo, C. A.]
square of the absorption coefficient, times the photon Cuchiaro. J. D.: McMillan, L. D.: Scott. M. C.: Scott, J. Rature

energyhv, is plotted against the photon energy. The upsurge 1995 374, 627. (c) Subbarao, E. Gerroelectrics1973 5, 267.
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