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An Aurivillius phase, BjSrTa0O,, which consists of perovskite-like slabs and bismuth oxide sheets, was treated
with 3 M hydrochloric acid for 72 h, and the resultant product was characterized. Scanning electron microscopy
investigation indicated that no morphological change occurred during the acid treatment. X-ray diffraction (XRD)
analysis revealed that the product exhibited tetragonal symmetryawittD.391+ 0.004 nm anct = 0.98 +

0.01 nm, and thea parameter is consistent with a typical value for cubic perovskite oxides. High-resolution
electron microscopy (HREM) observations along both [001] and [010] showed that the structure of the perovskite-
like slabs in BySrTaOg was retained after the acid treatment. The compositional analyses revealed the loss of a
large portion of bismuth and a part of strontium (present in the bismuth oxide sheets dwe 8r Bisorder) and

the introduction of protons. These observations indicate that the bismuth oxide sheeSrira®y were selec-

tively leached and that protons were introduced into the interlayer space to form a protonated layered perovskite,
H1 g[Sro.eBio 2TaO7]. Though diffraction techniques (XRD and electron diffraction) demonstrated that an average
structure of HdSro dBiosTa0] consisted of perovskite-like slabs stacked without displacement, HREM observation
along [010] demonstrated that both a simple stacking sequence without displac@atgme)(and a stacking
sequence with a relative displacement byH b)/2 (I-type) were present in +{Srp gBig 2Tax07].

Introduction exchangeable, layered perovskites through exchange reactions
of interlayer cations with protor’s*6-° We have reported that
the acid treatment of an Aurivillius phase, ,BiNaNRO;,,
resulted in the formation of a protonated form of a layered
perovskite by the selective leaching of the bismuth oxide sheets
and the corresponding introduction of protons for charge
compensatiod? Thus, the overall reaction was the substitution
of the bismuth oxide sheets with protons without changing the
perovskite-like slab structure. Although the B-site cations of
the ion-exchangeable, layered perovskites are limited to Ti, Nb,
hind Tall various metal cations such as Fe, Mn, Ti, Nb, Ta, W,
and Mo can be present at the B-sites of the Aurivillius pha&es.
Consequently, a variety of protonated forms of layered perovs-
kites could be derived from the Aurivillius phases.

lon-exchangeable, layered perovskites consist of neg-
atively charged perovskite-like slabs and interlayer monovalent
cations, and two series of oxides are known: DBidacobson
phases, M[A-1BnOsn+1],1? and RuddlesdenPopper phases,
M2[An-1BrnOsnt1] (M = Rb, K, etc.; A= Sr, Ca, La, etc.; B=
Ti, Nb, and Ta; andn = perovskite-like slab thicknessy}.
Aurivillius phases (expressed as Bh-1BnOsnts or BixO,-
[An-1BnOsn+1]), whose ferroelectric properties have attracted
attention, also possess perovskite-like slabs; their structures cal
be considered to be intergrowths of perovskite-like slabs and
bismuth oxide sheefs.

Protonated forms of layered perovskites|@}-1BnOszn+1],
x =1 or 2) are generally obtained via acid treatments of ion-
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Protonated Form of a Layered Perovskite Tantalate

Here, we report the conversion of another Aurivillius phase,
Bi>SrT&0y, into a protonated form of a layered perovskite via
acid treatment. The acid treatment of single-crystabBi a0q
was previously reportet,but the variation in the XRD patterns
was interpreted as a structural change of the perovskite-like slabs
in Bi>SrTg0g during the acid treatment. In the present study,
Bi,SrTa0Oy powder was treated wit3 M hydrochloric acid,
and the resultant product was fully characterized. Furthermore,
we discuss the structure of the acid-treated product on the basis
of transmission electron microscopy observation.

Experimental Section

Preparation of Bi,SrTa,Os. Bi,SrTaOs was prepared from a
stoichiometric mixture of BiOs;, SrCQ, and TaOs by solid-state
reactions. The heating schedule is based on the preparative method
used for B;SrN,Oq: the starting compounds were thoroughly ground
and heated at 90%C for 15 h, 1000°C for 15 h, and 1200C for 24
h with intermittent grinding

Acid Treatment of Bi,SrTa,Os. About 1 g of Bi;SrTaOy was
dispersed in 200 mLfo3 M hydrochloric acid for 72 h. The acid-
treated product was centrifuged, washed with water, and air-dried. The
air-dried product was further heated at 12C under ambient
atmosphere.

Analyses.The amounts of metals were determined by inductively
coupled plasma emission spectrometry (ICP; Nippon Jarrell Ash,
ICAP575 Markll) after the samples were dissolved by heating in a
mixture of HCI, HNQ, and HF at 200C for at least 2 h. The amount
of hydrogen was determined by thermogravimetry (TG; MacScience,
TG-DTA2000S, 10°C/min). X-ray diffraction (XRD) patterns were
obtained by using a Rigaku RINT-2500 diffractometer (monochromated
Cu Ko radiation). A Rietveld analysis of BsrTa0s was performed
by using the program RIETAN. Lattice parameters of the acid-treated
product were refined by the nonlinear least-squares method. Electron
diffraction (ED) patterns and high-resolution electron microscopy
(HREM) images were obtained using a transmission electron micro-
scope (TEM; JEOL JEM-4000EX) operated at 400 kV. Morphology

was studied by scanning electron microscopy (SEM; Hitachi S-5000).
F
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Results and Discussion acid-treated BSrTa0,.

Acid Treatment of Bi,SrTa,Og. Scanning electron micro-
graphs of BiSrTa0Og and its acid-treated product are shown in
Figure 1. Both BiSrTa0Og and the acid-treated product consist
of particles with diameters of-15 um, and no notable change
in particle shape is observed, indicating that the dissolution of
Bi»SrTa0y and subsequent precipitation are very unlikely.

XRD patterns of BiSrTaOg and its acid-treated product are
shown in Figure 2. The XRD pattern of HrTa0y (Figure
2a) can be indexed on the basis of an orthorhombic eet (
0.5520(4) nmp = 0.5521(4) nmg = 2.505(2) nm), consistent
with a previous reportg = 0.5525(4) nmp = 0.5526(6) nm,

c = 2.508(5) nm; space group2;am).1® Thea andb parameters
correspond tov/'2a, (ay is the lattice parameter of the cubic
perovskite oxides and is ca. 0.39 nm). It is also noted that two
perovskite-like slabs are present in the unit cell, which is shown
by a doubledt parameter of BiSrTaOg (c/2 = 1.25 nm). The
crude acid-treated product showed broad peaks, which can be‘E':3
indexed on the basis of a tetragonal cell. After heating at 120
°C, we found that the XRD peaks became sharper, and the acid-r
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igure 1. Scanning electron micrographs of (a).8iTaOs and (b)
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igure 2. XRD patterns of (a) BSrTa0Os and (b) acid-treated
ierTEtOg.

eated product heated at 12@€ also exhibits tetragonal

symmetry (Figure 2b). The lattice parameters of the acid-treated

roduct heated at 120C area = 0.391+ 0.004 nm andc =
.98+ 0.01 nm. It should be noted that the lattice paramater

Chem.1996 126, 135-141. of the acid-treated product heated at 220s in good agreement
(15) (a) lzumi, F. InRieteld Analysis Young, R. A., Ed.; Oxford with the a, value.

University Press: Oxford, 1993; pp 23@53. (b) Kim, Y. I.; lzumi,
F. J. Ceram. Soc. Jpri994 102 401.
(16) Rae, A. D.; Thompson, J. G.; Withers, R.Acta Crystallogr.1992 a

Figure 3a shows the ED pattern of the acid-treated product
long the [001] zone and the corresponding HREM image of

B48, 418. the acid-treated product. The ED pattern can be indexed on the
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Figure 4. TG curve of acid-treated B$rTa0s heated at 120C.

per SegBio2Ta07. Since the layer charge of the perovs-
kite-like slab is—1.8 due to cation disorder ([§BioTa07]1%),

the amount of hydrogen is in good agreement with the following
overall reaction:

. . H+ .
(Biy §51550,)[Srg ¢Big 2Ta,07] — H; Sty gBig ,Ta,07]

Suzuki et alt3 reported the acid treatment of a;BiTa0q
single crystal. In the XRD pattern of the acid-treategSBT 8Os,
a series of peaks assignable to 4 fiflection was observed,
and the position of the low-angle peak= 0.9807 nm) is close

Figure 3. HREM images of acid-treated BrTaOs along (a) [001] to the c parameter in the present _study. Thus, the reported
and (b) [010]. Corresponding ED patterns are given in the insets. In Structural change of the EBrTg0s single crystal appears to
panel b, two simulated images f8F andI-type cells (middle) and an e identical to that observed in the present reaction.
enlarged, simulated image (right) are also presented. Structure of H Sro gBio2Ta,07]. Stacking sequences of the
perovskite-like slabs in the layered perovskites depend on both
basis of a tetragonal cell, consistent with the XRD results. The compositions of the perovskite-like slabs and interlayer cat-
HREM image exhibits a regular dot array, which is identical to ions!®2°In a simple stacking sequence, an adjacent perovskite-
[100] images of cubic perovskite oxides. The ED pattern along like slab is located exactly above the other perovskite-like slab
the [010] zone and the corresponding HREM image of the acid- without displacement. It is also possible that an adjacent
treated product are shown in Figure 3b. The HREM image can perovskite-like slab is stacked with displacement. For protonated
be explained on the basis of a lamellar structure. Theseforms of the layered perovskites, two types of stacking
observations clearly indicate that the structure of the perovskite- sequences of the perovskite-like slabs were reported: the simple
like slabs is retained after the acid treatment. We emphasizestacking sequence without displacenéfit'®?1.2%and the stack-
that all the examined particles of the acid-treated product ing sequence with a displacement layH{ b)/2.493.23.24The unit
(several hundreds) were crystalline on the basis of the ED cells of protonated phases possessing the simple stacking
analysis. sequences contain only one perovskite-like slab, and the space
A Bi:Sr:Ta metal composition ratio of 2.0:0.98:2.0 was found group reported so far B4/mfor H[LaNb,0O7].1° On the contrary,
for BioSrTa0g by ICP, consistent with the nominally indicated the relative displacement by ¢+ b)/2 leads to a doubling of
ratio. The composition of metals was drastically changed to 0.19: parameters, and the structures of$tNb,O7] and H[SrTa07]
0.79:2.0 after the acid treatment. Taking the ED and HREM (heated at 300C) were reported to possebsype tetragonal
results into account, we ascribe the loss of the large portion of cells® These previous reports suggest that either a unit cell
bismuth to the selective leaching of the bismuth oxide sheets with a simple stacking of the perovskite-like slabs (most likely
in Bi,SrTa0y. The remaining bismuth (Bi:Ta= 0.19:2) and a tetragonaP-type cell) or a unit cell with a stacking of the
the loss of a corresponding amount of strontium (SkT@ 19: perovskite-like slabs with a displacement by € b)/2 (a
2) should be ascribed to cation disorder<BSr), which was tetragonal-type cell) appears to be adopted foy §Bro sBio.>
observed in our previous study on,BiNaNBRO;,!° and struc- Ta,O7]. The presence of the (100) peak in both the XRD and
tural analyses of other Aurivillius phas&si®Hence, the com-  ED patterns (the (100) peak does not appear for tetragdyppe
position of the perovskite-like slabs in BirTa0g and its acid-
treated product should be SBig2Ta0;. (19) Sato, M.; Abo, J; qin, T.; Ohta, M. Alloys Cor_npd1993 192 81.
The amount of hydrogen in the acid-treated product was (20) ggﬁj_aigégﬂag;sf" T- Ye, 2-G.; Sato, M.; Hinatsu, Mater. Res.
determined by TG (Figure 4). The acid-treated product heated (21) Gopalakrishnan, J.; Bhat, V.; Raveau,\Bater. Res. Bull1987, 22,
at 120°C exhibits a mass loss (2.7 wt %) starting~&t80°C. 413.
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The mass loss, ascribed to dehydration, corresponds to 1.8 H N.: Fuertes, A.. Goez.Romero, PMater. Res. Bull 1996 31, 217.
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cells) and the lack of doubling of treeparameter (0.9& 0.01 like slabs in BjSrTaOg. Since no morphological change

nm) suggest that the structure of #5510 8Bio 2TaO7] possesses  occurred during the acid treatment, the conversion reaction

a P-type cell as an average structure. proceeded via the selective leaching of the bismuth oxide sheets
Closer inspection of the structure of HiSro éBio.2Ta07] by in Bi,SrTa0s. HREM observations further demonstrated that

HREM provides further information on the stacking sequence. two types of stacking sequencd?- @nd I-type) were present
The HREM image along the [010] shows the presence of two in HiygSroeBio2TaO7]. The present reaction is the second
types of stacking sequences (Figure 3b). To interpret this image,successful conversion of the Aurivillius phase into the protonated
we simulated HREM images of jH[Sro ¢Bio.2Ta0O7] for both form of the layered perovskite, and the present results strongly
P-type (no displacement) arletype (relative displacement by  suggest that this type of conversion reaction can be applicable
(a + b)/2) cells. In simulated images, black dots are assigned to various Aurivillius phases. Very recently, the conversion of
to TaG; octahedrons, and the displacement inlttgpe cell is a RuddlesdenPopper phase (#fLa;TizO1q]) into an Aurivillius
clearly demonstrated. The comparison of these two images withphase (BiLa,Ti3O15) was reported and corresponds to the
an enlarged image of H[Sro gBio 2Ta0;] indicates that the two reverse reaction of our conversiof¥$dence, the Ruddlesden
observed types of stacking sequences corresporiée- tand Popper phases and the Aurivillius phases are likely to be
I-type cells. Obvious streaks alongjin the corresponding ED interconvertible using newly discovered reactions.

pattern (taken with the [010] incidence) are consistent with this Acknowledgment. This work was financially supported in
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Bi,SrTa0Oy was converted into HgSrogBip2TaO7] via
acid treatment. HREM observations and diffraction results '€010266M

(XRD anq ED) of H.S[SVO.SBiO.ZTaQO7] clearly revealed tha_‘t (25) Gopalakrishnan, J.; Sivakumar, T.; Ramesha, K.; Thangadurai, V.;
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