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An Aurivillius phase, Bi2SrTa2O9, 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 symmetry witha ) 0.391( 0.004 nm andc ) 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 Bi2SrTa2O9 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 due to BT Sr disorder) and
the introduction of protons. These observations indicate that the bismuth oxide sheets in Bi2SrTa2O9 were selec-
tively leached and that protons were introduced into the interlayer space to form a protonated layered perovskite,
H1.8[Sr0.8Bi0.2Ta2O7]. Though diffraction techniques (XRD and electron diffraction) demonstrated that an average
structure of H1.8[Sr0.8Bi0.2Ta2O7] consisted of perovskite-like slabs stacked without displacement, HREM observation
along [010] demonstrated that both a simple stacking sequence without displacement (P-type) and a stacking
sequence with a relative displacement by (a + b)/2 (I-type) were present in H1.8[Sr0.8Bi0.2Ta2O7].

Introduction

Ion-exchangeable, layered perovskites consist of neg-
atively charged perovskite-like slabs and interlayer monovalent
cations, and two series of oxides are known: Dion-Jacobson
phases, M[An-1BnO3n+1],1,2 and Ruddlesden-Popper phases,
M2[An-1BnO3n+1] (M ) Rb, K, etc.; A) Sr, Ca, La, etc.; B)
Ti, Nb, and Ta; andn ) perovskite-like slab thickness).3,4

Aurivillius phases (expressed as Bi2An-1BnO3n+3 or Bi2O2-
[An-1BnO3n+1]), whose ferroelectric properties have attracted
attention, also possess perovskite-like slabs; their structures can
be considered to be intergrowths of perovskite-like slabs and
bismuth oxide sheets.5

Protonated forms of layered perovskites (Hx[An-1BnO3n+1],
x ) 1 or 2) are generally obtained via acid treatments of ion-

exchangeable, layered perovskites through exchange reactions
of interlayer cations with protons.2,4,6-9 We have reported that
the acid treatment of an Aurivillius phase, Bi2SrNaNb3O12,
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
compensation.10 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,
and Ta,11 various metal cations such as Fe, Mn, Ti, Nb, Ta, W,
and Mo can be present at the B-sites of the Aurivillius phases.12

Consequently, a variety of protonated forms of layered perovs-
kites could be derived from the Aurivillius phases.
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Here, we report the conversion of another Aurivillius phase,
Bi2SrTa2O9, into a protonated form of a layered perovskite via
acid treatment. The acid treatment of single-crystal Bi2SrTa2O9

was previously reported,13 but the variation in the XRD patterns
was interpreted as a structural change of the perovskite-like slabs
in Bi2SrTa2O9 during the acid treatment. In the present study,
Bi2SrTa2O9 powder was treated with 3 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 Bi2SrTa2O9. Bi2SrTa2O9 was prepared from a
stoichiometric mixture of Bi2O3, SrCO3, and Ta2O5 by solid-state
reactions. The heating schedule is based on the preparative method
used for Bi2SrNb2O9: the starting compounds were thoroughly ground
and heated at 900°C for 15 h, 1000°C for 15 h, and 1200°C for 24
h with intermittent grinding.14

Acid Treatment of Bi2SrTa2O9. About 1 g of Bi2SrTa2O9 was
dispersed in 200 mL of 3 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 120°C under ambient
atmosphere.

Analyses.The amounts of metals were determined by inductively
coupled plasma emission spectrometry (ICP; Nippon Jarrell Ash,
ICAP575 MarkII) after the samples were dissolved by heating in a
mixture of HCl, HNO3, and HF at 200°C 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 KR radiation). A Rietveld analysis of Bi2SrTa2O9 was performed
by using the program RIETAN.15 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).

Results and Discussion

Acid Treatment of Bi2SrTa2O9. Scanning electron micro-
graphs of Bi2SrTa2O9 and its acid-treated product are shown in
Figure 1. Both Bi2SrTa2O9 and the acid-treated product consist
of particles with diameters of 1-5 µm, and no notable change
in particle shape is observed, indicating that the dissolution of
Bi2SrTa2O9 and subsequent precipitation are very unlikely.

XRD patterns of Bi2SrTa2O9 and its acid-treated product are
shown in Figure 2. The XRD pattern of Bi2SrTa2O9 (Figure
2a) can be indexed on the basis of an orthorhombic cell (a )
0.5520(4) nm,b ) 0.5521(4) nm,c ) 2.505(2) nm), consistent
with a previous report (a ) 0.5525(4) nm,b ) 0.5526(6) nm,
c ) 2.508(5) nm; space group,A21am).16 Thea andb parameters
correspond tox2ap (ap 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 doubledc parameter of Bi2SrTa2O9 (c/2 ) 1.25 nm). The
crude acid-treated product showed broad peaks, which can be
indexed on the basis of a tetragonal cell. After heating at 120
°C, we found that the XRD peaks became sharper, and the acid-treated product heated at 120°C also exhibits tetragonal

symmetry (Figure 2b). The lattice parameters of the acid-treated
product heated at 120°C area ) 0.391( 0.004 nm andc )
0.98( 0.01 nm. It should be noted that the lattice parametera
of the acid-treated product heated at 120°C is in good agreement
with the ap value.

Figure 3a shows the ED pattern of the acid-treated product
along the [001] zone and the corresponding HREM image of
the acid-treated product. The ED pattern can be indexed on the
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Figure 1. Scanning electron micrographs of (a) Bi2SrTa2O9 and (b)
acid-treated Bi2SrTa2O9.

Figure 2. XRD patterns of (a) Bi2SrTa2O9 and (b) acid-treated
Bi2SrTa2O9.
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basis of a tetragonal cell, consistent with the XRD results. The
HREM image exhibits a regular dot array, which is identical to
[100] images of cubic perovskite oxides. The ED pattern along
the [010] zone and the corresponding HREM image of the acid-
treated product are shown in Figure 3b. The HREM image can
be explained on the basis of a lamellar structure. These
observations clearly indicate that the structure of the perovskite-
like slabs is retained after the acid treatment. We emphasize
that all the examined particles of the acid-treated product
(several hundreds) were crystalline on the basis of the ED
analysis.

A Bi:Sr:Ta metal composition ratio of 2.0:0.98:2.0 was found
for Bi2SrTa2O9 by ICP, consistent with the nominally indicated
ratio. The composition of metals was drastically changed to 0.19:
0.79:2.0 after the acid treatment. Taking the ED and HREM
results into account, we ascribe the loss of the large portion of
bismuth to the selective leaching of the bismuth oxide sheets
in Bi2SrTa2O9. The remaining bismuth (Bi:Ta) 0.19:2) and
the loss of a corresponding amount of strontium (Sr:Ta) 0.19:
2) should be ascribed to cation disorder (BT Sr), which was
observed in our previous study on Bi2SrNaNb3O12

10 and struc-
tural analyses of other Aurivillius phases.17,18Hence, the com-
position of the perovskite-like slabs in Bi2SrTa2O9 and its acid-
treated product should be Sr0.8Bi0.2Ta2O7.

The amount of hydrogen in the acid-treated product was
determined by TG (Figure 4). The acid-treated product heated
at 120°C exhibits a mass loss (2.7 wt %) starting at∼180°C.
The mass loss, ascribed to dehydration, corresponds to 1.8 H

per Sr0.8Bi0.2Ta2O7. Since the layer charge of the perovs-
kite-like slab is-1.8 due to cation disorder ([Sr0.8Bi0.2Ta2O7]1.8-),
the amount of hydrogen is in good agreement with the following
overall reaction:

Suzuki et al.13 reported the acid treatment of a Bi2SrTa2O9

single crystal. In the XRD pattern of the acid-treated Bi2SrTa2O9,
a series of peaks assignable to a 00l reflection was observed,
and the position of the low-angle peak (d ) 0.9807 nm) is close
to the c parameter in the present study. Thus, the reported
structural change of the Bi2SrTa2O9 single crystal appears to
be identical to that observed in the present reaction.

Structure of H1.8[Sr0.8Bi0.2Ta2O7]. Stacking sequences of the
perovskite-like slabs in the layered perovskites depend on both
compositions of the perovskite-like slabs and interlayer cat-
ions.19,20In a simple stacking sequence, an adjacent perovskite-
like slab is located exactly above the other perovskite-like slab
without displacement. It is also possible that an adjacent
perovskite-like slab is stacked with displacement. For protonated
forms of the layered perovskites, two types of stacking
sequences of the perovskite-like slabs were reported: the simple
stacking sequence without displacement2,6,8,19,21,22and the stack-
ing sequence with a displacement by (a + b)/2.4,9a,23,24The unit
cells of protonated phases possessing the simple stacking
sequences contain only one perovskite-like slab, and the space
group reported so far isP4/m for H[LaNb2O7].19 On the contrary,
the relative displacement by (a + b)/2 leads to a doubling ofc
parameters, and the structures of H2[SrNb2O7] and H2[SrTa2O7]
(heated at 300°C) were reported to possessI-type tetragonal
cells.9a These previous reports suggest that either a unit cell
with a simple stacking of the perovskite-like slabs (most likely
a tetragonalP-type cell) or a unit cell with a stacking of the
perovskite-like slabs with a displacement by (a + b)/2 (a
tetragonalI-type cell) appears to be adopted for H1.8[Sr0.8Bi0.2-
Ta2O7]. The presence of the (100) peak in both the XRD and
ED patterns (the (100) peak does not appear for tetragonalI-type
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Figure 3. HREM images of acid-treated Bi2SrTa2O9 along (a) [001]
and (b) [010]. Corresponding ED patterns are given in the insets. In
panel b, two simulated images forP- andI-type cells (middle) and an
enlarged, simulated image (right) are also presented.

Figure 4. TG curve of acid-treated Bi2SrTa2O9 heated at 120°C.

(Bi1.8Sr0.2O2)[Sr0.8Bi0.2Ta2O7] 98
H+

H1.8[Sr0.8Bi0.2Ta2O7]
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cells) and the lack of doubling of thec parameter (0.98( 0.01
nm) suggest that the structure of H1.8[Sr0.8Bi0.2Ta2O7] possesses
a P-type cell as an average structure.

Closer inspection of the structure of H1.8[Sr0.8Bi0.2Ta2O7] by
HREM provides further information on the stacking sequence.
The HREM image along the [010] shows the presence of two
types of stacking sequences (Figure 3b). To interpret this image,
we simulated HREM images of H1.8[Sr0.8Bi0.2Ta2O7] for both
P-type (no displacement) andI-type (relative displacement by
(a + b)/2) cells. In simulated images, black dots are assigned
to TaO6 octahedrons, and the displacement in theI-type cell is
clearly demonstrated. The comparison of these two images with
an enlarged image of H1.8[Sr0.8Bi0.2Ta2O7] indicates that the two
observed types of stacking sequences correspond toP- and
I-type cells. Obvious streaks alongc* in the corresponding ED
pattern (taken with the [010] incidence) are consistent with this
stacking disorder.

Conclusions

Bi2SrTa2O9 was converted into H1.8[Sr0.8Bi0.2Ta2O7] via
acid treatment. HREM observations and diffraction results
(XRD and ED) of H1.8[Sr0.8Bi0.2Ta2O7] clearly revealed that
H1.8[Sr0.8Bi0.2Ta2O7] retained the structure of the perovskite-

like slabs in Bi2SrTa2O9. Since no morphological change
occurred during the acid treatment, the conversion reaction
proceeded via the selective leaching of the bismuth oxide sheets
in Bi2SrTa2O9. HREM observations further demonstrated that
two types of stacking sequences (P- and I-type) were present
in H1.8[Sr0.8Bi0.2Ta2O7]. The present reaction is the second
successful conversion of the Aurivillius phase into the protonated
form of the layered perovskite, and the present results strongly
suggest that this type of conversion reaction can be applicable
to various Aurivillius phases. Very recently, the conversion of
a Ruddlesden-Popper phase (K2[La2Ti3O10]) into an Aurivillius
phase (Bi2La2Ti3O12) was reported and corresponds to the
reverse reaction of our conversions.25 Hence, the Ruddlesden-
Popper phases and the Aurivillius phases are likely to be
interconvertible using newly discovered reactions.
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