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Protonated forms of layered perovskites were derived from Aurivillius phases, Bi,-
ANaNb3;O;, (A = Sr or Ca), by the substitution of bismuth oxide sheets with protons via
acid treatment. The conversion into the protonated forms was achieved easily using 6 M
HCI at room temperature. Preservation of the structure of the perovskite-like slabs and
contraction in the ¢ axis were confirmed by X-ray and electron diffraction analysis as well
as by transmission electron microscopy. The compositions of the resulting products were
determined to be Hig[AosBio2NaNbs;Oi0] (A = Sr or Ca) by inductively coupled plasma
emission spectroscopy and thermogravimetry. The acid-treated product Hjg[SrogBio2-
NaNb3O10] was capable of accommodating n-alkylamines in the interlayer space, which is
in good agreement with the proposed layered structure.

Introduction

Extensive research has recently been devoted to
layered perovskites possessing ion-exchange capabili-
ties. These compounds are expressed by the general
formula Mz[An-1BnOsn+1] (the so-called Ruddlesden—
Popper phases?) or M[An-1BnO3n+1] (the so-called Dion—
Jacobson phases?), where M is an alkali metal ion, A is
an alkaline-earth or rare-earth metal ion, and B is a
transition metal ion. [A,-1BnO3n+1] denotes the perovs-
kite-like slabs derived by termination of the three-
dimensional ABO3 perovskite structure along the (100)
axis, which are interleaved with alkali metal ions, giving
a characteristic layered structure. Typical three-layered
structures are shown schematically in Scheme 1.

One of the unique characteristics of these oxides is
that the interlayer alkali metal ions can be exchanged
with other monovalent or divalent cations. For example,
reactions of MZ[AnlenO3n+1] and M[Anlen03n+1] with
aqueous acids lead to their corresponding protonated
forms H3[An-1BnO3zn+1] and H[AnN-1BnOsnt+1] via a
proton-exchange reaction (M* — H™).2=* These proto-
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Scheme 1. Schematic Structures of n = 3 Layered
Perovskites?

(a)

2 (a) Ruddlesden—Popper phases K;[A2B3010], (b) Dion—Jacob-
son phases Rb[A2B3010], and (c) Aurivillius phases Bi,O2[A;B3010].
The octahedrons represent the BOg units, and the black balls
represent the 12-coordinated A-site cations in the perovskite-like
slabs. The gray balls represent the interlayer K ions in (a) and
the Rb ions in (b). The gray and white balls in (c) represent the
bismuth and oxygen ions in the bismuth oxide sheets, respectively.

nated forms of layered perovskites have drawn consid-
erable interest across a wide range of chemistry fields
because they exhibit numerous properties,> examples
of which include ion-exchange capability,® Brgnsted
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acidity,?a2¢.6a7-10 proton conduction,** and photochemi-
cal properties.’? Various functional materials have also
been derived from these protonated forms of layered
perovskites, including intercalation compounds,2°2c.6a7-9
alkoxyl derivatives,'314 porous materials,1?*15 meta-
stable three-dimensional perovskites,*1¢ and layer-by-
layer assembly of exfoliated layered perovskites.”

The Aurivillius phases (Bi2An-1BrnO3sn+3 Or alterna-
tively expressed as Bi>O;[An-1BnOzn+1])!e are also mem-
bers of the layered perovskites, and extensive research
has been devoted to their synthesis as well as the
characterization of their ferroelectric property.’® As
shown in Scheme 1, the Aurivillius, Ruddlesden—
Popper, and Dion—Jacobson phases all possess analo-
gous perovskite-like slabs, [An-1BnOsn+1]. The major
difference between the Aurivillius phases and the ion-
exchangeable layered perovskites (Ruddlesden—Popper
and Dion—Jacobson phases) is that the perovskite-like
slabs are interleaved with bismuth oxide sheets in the
former case and with alkali metal ions in the latter.
Despite this structural similarity, the conversion of
Aurivillius phases into related layered perovskites or
vice versa has not been considered until recently.

We recently reported on the conversion of an Auriv-
illius phase, Bi,SrNaNb3O;,, to a protonated form of a
layered perovskite by acid treatment.2%2! The reaction
involves a selective leaching of the bismuth oxide sheets
with simultaneous proton incorporation into the inter-
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layer space formed between the perovskite-like slabs.
The incorporation of protons allows the preservation of
charge neutrality and the two-dimensional character-
istic of the layered perovskite structure. The resulting
product is therefore similar to the protonated forms of
layered perovskites obtained by the conventional proton-
exchange reaction (M*™ — H™) for the Ruddlesden—
Popper and the Dion—Jacobson phases. Acid treatment
of an n = 2 member Aurivillius phase, Bi,SrTa,Og, was
conducted earlier by Suzuki et al.?2 They reported that
an anisotropic structural modification occurred, but
attributed the modification to the decomposition of the
perovskite-like slabs. We have shown that acid treat-
ment of Bi,SrTa;Og leads to Hig[SrosBig,TaO;] via
selective leaching of the bismuth oxide sheets.? Another
interesting reaction concerning the Aurivillius phases
was recently reported by Gopalakrishnan et al.2* Rud-
dlesden—Popper phases were converted into Aurivillius
phases through metathesis reactions:

BiOCI

KZ[AnlenO3n+1] 800—900 °C

BiZOZ[AnlenO3n+1] +
2KCI (1)

The two correlated conversion reactions based on the
Aurivillius phases establish a new general relationship
between the Aurivillius phases and the ion-exchange-
able layered perovskites.

Here, we report the details of the conversion of two n
= 3 members of the Aurivillius phases, Bi,SrNaNbzO;;
and BiyCaNaNbzOj,, into their corresponding proto-
nated forms of layered perovskites. The reaction of Biy-
SrNaNbsO;, was reported in brief earlier.222! The
structures and compositions of the protonated forms as
well as the mechanism of the conversion reaction will
be compared and discussed with conventional proton-
exchange reactions.

Experimental Section

Synthesis of Bi;ANaNbsO;, (A = Sr or Ca). Polycrystal-
line Bi,SrNaNbz;O;, (BSNN) was prepared following a proce-
dure similar to that employed for Bi,sNaj;sNb3O1,?® and
BiCaNaNbz0;,.26 BSNN was prepared by a solid-state reac-
tion of a 1:1 mixture of BiSrNb,Oy and NaNbOs at 1100 °C
for 3 h. The calcination procedure was repeated after grinding
to ensure a complete reaction. Bi,SrNb,Og was prepared in
accordance with the procedures in a previous report.?” NaNbO3
was prepared from Na,CO; and Nb.Os by firing at 1000 °C
for 1 h in air. The purity of Bi,SrNb,Og and NaNbO; was
confirmed by powder X-ray diffraction (XRD, Mac Science
MXP? diffractometer with monochromated Cu Ko radiation)
and inductively coupled plasma emission (ICP) spectrometry
(Nippon Jarrell Ash, ICAP 575 MARK II). Polycrystalline Bi;-
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CaNaNbzO1, (BCNN) was prepared similarly by the solid-state
reaction of a 1:1 mixture of Bi,CaNb,Oy and NaNbOs.

The composition ratios of metals determined by ICP for
BSNN and BCNN were consistent with the nominal ratios
within the range of experimental error (see Table 1 in Results
and Discussion). The XRD pattern of BSNN was successfully
indexed based on a tetragonal cell. Structural refinement of
BSNN was performed by the Rietveld analysis program
RIETAN? using the space group 14/mmm. The final refined
lattice parameters were a = 0.39007(1) and ¢ = 3.2926(1) nm
(Supporting Information available). The XRD pattern of BCNN
was indexed on the basis of an orthorhombic cell. Structural
refinement was performed using the space group B2ch. The
final refined lattice parameters were a = 0.54836(3), b =
0.54585(4), and ¢ = 3.2731(1) nm (Supporting Information
available).

Acid Treatment of Bi,ANaNb3;O;; (A = Sr or Ca).
Typically, 1 g of BSNN or BCNN was treated with 200 cm? of
6 M HCI (M = mol dm~3) at room temperature for 72 h to
obtain acid-treated BSNN and BCNN. Acid treatment was
conducted with various acid concentrations and reaction
periods. The results for the acid-treated products presented
throughout this paper are for the products treated with 6 M
HCI for 72 h unless otherwise stated. The acid-treated products
were collected either by filtration or by centrifugation. After
being washed with deionized H,O, the products were dried at
room temperature or 120 °C.

Reaction of the Acid-Treated Product with Alkyl-
amines. The product obtained by acid treatment of BSNN
with 6 M HCI for 72 h was reacted with n-butylamine (C4A)
or n-octylamine (C8A) in a 50% alkylamine/heptane mixture
under reflux conditions. The products were washed with excess
heptane and dried at room temperature.

Analyses. The XRD patterns of the acid-treated products
were collected with a Mac Science MXP? diffractometer. The
lattice parameters of the acid-treated products were refined
by the nonlinear least-squares method. The cation ratios of
the products were determined by ICP. The products were
dissolved with a mixture of concentrated HNO;3 (5 cm?), HF (5
cm?®), and concentrated HCI (10 cm3) for the ICP measure-
ments. After ~30 mg of the products had been dissolved by
heating in the mixed acid, the resultant solution was further
diluted with 6 M HCI. Thermogravimetry (TG, Mac Science,
TG-DTA 2000S) was performed under a constant flow of dry
air with a heating rate of 10 °C min~t. The structural
characterization of the amine-treated products was conducted
by XRD (Mac Science MO3XHF?? diffractometer) with Mn-
filtered Fe Ko radiation. The morphology of the products was
studied with a scanning electron microscope (SEM, HITACHI,
S-2500). Transmission electron microscopy (TEM, Hitachi
H-8100A) was operated at 200 kV.

Results and Discussion

Structural Evaluation by Diffraction Tech-
niques. Figure 1 compares the XRD patterns of BSNN
and BSNN treated with 6 M HCI for 72 h after drying
at room temperature. After acid treatment, new diffrac-
tion peaks that could be indexed as a series of (00I)
reflections were observed. In contrast to the appearance
of new (00I) peaks, the positions of the (hk0) peaks were
unchanged. The broadness of the (hkl) (I = 0) peaks
compared to that of the (hkO) peaks suggests that
stacking disorders are present in acid-treated BSNN.
The (hkl) (I = 0) peaks of acid-treated BSNN sharpen
slightly and shift to higher diffraction angles after being
dried at 120 °C (Figure 1c).
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Figure 1. XRD patterns of (a) BSNN, (b) the room temper-
ature dried product of BSNN treated with 6 M HCI for 72 h,
and (c) the 120 °C dried product of BSNN treated with 6 M
HCI for 72 h.

Figure 2. ED patterns along the [001] and [010] zones of (a)
BSNN and (b) acid-treated BSNN obtained by 72-h treatment
with 6 M HCL.

Electron diffraction (ED) analysis was conducted for
BSNN and acid-treated BSNN to obtain further details
concerning the structural changes. The ED patterns of
BSNN and acid-treated BSNN were both indexed on the
basis of a tetragonal cell. Typical ED patterns along the
[001] and [010] zones are shown in Figure 2. The ED
pattern along the [001] zone for acid-treated BSNN was
essentially identical to that of BSNN and could be
indexed on the basis of a tetragonal cell with a ~ 0.39
nm, which indicates that no structural change occurred
along the a axes. On the other hand, the ED patterns
along the [010] zone revealed a contraction in the ¢ axis
after acid treatment. In view of the facts that the (00I)
planes are characteristic of a layered structure and that
the (hkO) planes are characteristic of the perovskite-
like slabs, it is concluded that acid treatment of BSNN
leads to a structural transformation only along the c
axis, while the perovskite-like structure is preserved
along the ab plane, corresponding to the XRD results.

Electron Microscopy Studies. Typical SEM images
of BSNN and acid-treated BSNN are shown in Figure
3. The size and platelike morphology are preserved after
acid treatment, showing that the acid-treated product
is not obtained by a dissolution—redeposition process.
It is notable that the ED patterns along the [001] zone
(Figure 2) were easily observable, while those along the
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Table 1. Cation Ratios of the Products

host treatment molar ratio

compound  time (h) acid Bi Sr Ca Na Nb?
BSNN 0 2.00 1.00 102 3
BSNN 1 6 MHCI 155 0.94 099 3
BSNN 12 6 MHCI 0.27 0.75 1.00 3
BSNN 24 6 MHCI 0.29 0.79 099 3
BSNN 72 6 MHCI 0.21 0.80 100 3
BSNN 720 6 MHCI 0.19 0.74 095 3
BSNN 72 3MHCI 0.22 0.76 099 3
BSNN 72 1MHCI 1.83 0.96 1.04 3
BCNN 0 1.96 1.03 104 3
BCNN 72 6 MHCI 0.19 082 099 3
aSet to 3.

10 pm 10 pm

Figure 3. SEM images of (a) BSNN and (b) acid-treated
BSNN obtained by 72-h treatment with 6 M HCI.

(a)

Figure 4. TEM images along the [010] zone of (a) BSNN and
(b) acid-treated BSNN obtained by 72-h treatment with 6 M
HCI.

[010] zone were much more difficult to observe. Such
tendencies are due to the preferential cleavage plane
along the c axis of the platelike morphology of the
samples. Furthermore, characterization of numerous
particles along the [001] zone revealed strong and well-
resolved diffraction spots for the acid-treated product,
indicating that no amorphous depositions were produced
during acid treatment. The streaks along c* suggest the
presence of stacking disorders, which is consistent with
the XRD results.

Typical [010] TEM images for BSNN and acid-treated
BSNN are shown in Figure 4. Rows of dark and light
contrast were observed at a periodicity of 1.6 nm for
BSNN, which corresponds to c/2 of the unit cell. After
acid treatment, the periodicity of the rows of dark and
light contrasts decreased to 1.4 nm, which is consistent
with the basal spacing observed by XRD and ED.

Compositional Evaluation. The cation ratios of
BSNN treated with 6 M HCI for various treatment
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Figure 5. XRD patterns of (a) BCNN and (b) acid-treated

BCNN obtained by 72-h treatment with 6 M HCI, followed by
drying at 120 °C.

periods are summarized in Table 1. A dramatic decrease
in the Bi/Nb ratio was observed upon acid treatment.
In contrast, the Na/Nb ratio remained at unity regard-
less of the treatment conditions. A slight decrease in
the Sr/Nb ratio upon acid treatment was also detected.
These results indicate a selective leaching of Bi from
BSNN. The composition of acid-treated BSNN was
unchanged for treatments longer than 12 h, indicating
that steady state was apparently obtained after 12 h of
treatment. Even when extensive treatment lasting up
to a month was conducted, a small amount of bismuth,
coupled with a decrease in strontium content, was
always detected. The progressive change in cation ratios
as a function of treatment time was in good agreement
with the structural transformation obtained by XRD
(Supporting Information available).

Compositional analysis of a supernatant solution was
also conducted. The amount of Nb in the supernatant
solution was <0.1 mass % of the initial mass of Nb used
for the reaction (~0.07 mg of Nb detected from an initial
~353 mg of Nb in 1000 mg of BSNN). Because the
results of the diffraction and microscopy analyses
indicated that no amorphous materials were produced
as a result of acid treatment, the cation ratios obtained
by ICP can be taken as the composition of the perovs-
kite-like slabs in acid-treated BSNN.

Acid Treatment of BCNN. Acid treatment of Biy-
CaNaNb3Oi,, the Ca analogue of BSNN, was also
conducted. Figure 5 compares the XRD patterns of
BCNN and BCNN treated with 6 M HCI for 72 h and
dried at 120 °C. The structural transformation observed
after acid treatment of BCNN was similar to that
observed after acid treatment of BSNN; new diffraction
peaks that could be indexed as a series of (00I) reflec-
tions were observed, while the positions of the (hkO)
peaks were unchanged. The cation ratios of acid-treated
BCNN are summarized in Table 1. The changes in the
cation ratios after acid treatment indicate a selective
leaching of Bi from BCNN. Partial loss of Ca and a small
amount of undissolved Bi was also detected, similar to
the observation for acid treatment of BSNN.

Reactions during Acid Treatment of BSNN and
BCNN. Figure 6 shows the TG curves of Hy g[Bip.2Sros-
NaNb3010] and Hl,g[Bio_ZCao_gNaNb3010], the pI’OdUCtS
obtained by treatment of BSNN and BCNN with 6 M
HCI for 72 h. The samples were dried at 120 °C to avoid
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Figure 6. TG curves of the products obtained by acid
treatment of (a) BSNN and (b) BCNN with 6 M HCI for 72 h,
followed by drying at 120 °C.

the influence of adsorbed and/or interlayer water. The
shape of the TG curves closely resembles those of
protonated forms of layered perovskites obtained by
conventional ion-exchange reactions with similar com-
position, such as HCa;NbgO1g,7¢811¢ H,La,Tiz010,11€ and
H,Sr1 5Nb3010.4° The observed mass loss of 2.7 mass %
between ~160 and ~550 °C can be attributed to dehy-
droxylation, which is in excellent agreement with the
anticipated mass loss of 2.8 mass% according to the
following equation:

. A
H, 4[Bi ,Sr gNaNb;O,] —
Biy ,SrygNaNb;Og; + 0.9H,0 (2)

Accordingly, the observed mass loss of 3.1 mass %
between ~130 and ~550 °C corresponds to the antici-
pated mass loss of 3.0 mass % according to the following
equation:

. A
H, g[Big,CaygNaNb;O,0] —
Bi, ,Ca, sNaNb,0, , + 0.9H,0 (3)

The slight amounts of residual bismuth and lost
strontium (or calcium) in Hyg[Big2SrosNaNbzO19] (or
Hy.g[Bio2CagsNaNb3zO10]) can be understood on the basis
of the partial occupancy of Bi in the A site of the
perovskite-like slabs of the host compounds, BSNN and
BCNN. Partial disordering of Bi in the bismuth oxide
sheets and the A-site cation in the perovskite-like slabs
(Bi = A) has been reported for n = 2 members of
Aurivillius phases Bi;AB,0Og (A = Ca, Sr, Ba, Pb, B =
Nb, Ta).?® It therefore seems natural to assume that
similar disordering also exists in BSNN and BCNN. It
is worth noting that this process can provide quantita-
tive information for the cation disorders in the Auriv-
illius phases. Because the type of A-site cation in the
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State lonics 1998, 112, 281. (d) Ismunandar; Kennedy, B. J. J. Mater.
Chem. 1999, 9, 541. (e) Macquart R.; Kennedy, B. J.; Shimakawa, Y.
J. Solid State Chem. 2001, 160, 174.
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Aurivillius phases affects their ferroelectric properties,3
this process appears to be a valuable approach to the
structural characterization of the Aurivillius phases.

Assuming that the residual bismuth is due to a
disorder of cations, the overall reaction could be ex-
pressed as

(Biy gA20,)"*"[Big ,A gNaNb;0, 20 HeL
H, g[Bi »A0sNaNb;0,]" nH,0
(A =SrorCa) (4)

where n denotes interlayer and/or surface adsorbed
water (typically n = 0.4 for an air-dried sample).3!

Accordingly, the overall reaction can be regarded as
the replacement of the positively charged bismuth oxide
sheets (containing Sr or Ca) with protons to compensate
for the negatively charged perovskite-like slabs ({-
(Bi1.gAp.202)18%} — 1.8xH™, where A = Sr or Ca). The
reaction is schematically shown in Scheme 2. This
should be compared with the proton-exchange reaction
(M* — H™") in ion-exchangeable layered perovskites.

Mechanism of Selective Leaching. Protonated
layered perovskites that possess perovskite-like slab
compositions similar to Hj g[Bio2SrosNaNbsO1] and
Hig[Bio2CagsNaNbzO;10] have been reported, for ex-
ample, H[BiNbgOﬂ, H[AszgOlo] (A =Sror Ca), H2[A1,5-
Nb3zO10] (A = Sr or Ca), and H[Ca;NaNb,0,3].20:4b9.12
These were obtained by ion-exchange reactions using
concentrated acids at 60 °C for a few days. These
conditions are similar to or more severe than the
conditions applied in this study. These previous results,
combined with the fact that the process in this study
involves no dissolution of Nb (as shown by the ICP
results of the supernatant solution), show the relatively
high stability of the Nb-based perovskite-like slabs in
Aurivillius phases toward acid treatment under the
present experimental conditions. The bismuth oxide
sheets in the Aurivillius phases, on the other hand, are
isostructural to those in the Sillén phase BiOCI, which
is also a lamellar oxide.3? BiOCI is known to be soluble
in acidic solutions.3® The selective leaching of the
bismuth oxide sheets can be therefore understood on the
basis of differences in the stabilities of the perovskite-
like slabs and the bismuth oxide sheets in acidic
solutions.

The use of high acid concentrations such as 6 M HCI
is not necessarily a prerequisite for complete conversion.
Identical ICP results (Table 1) and XRD results (not
shown) can be achieved under milder conditions, such
as by using 3 M HCI for 72 h. Even with 1 M HCI, a
slight decrease in the Bi/Nb ratio was detected after
treatment for 72 h, suggesting that the conversion

(30) Park B. H.; Kang, B. S.; Bu, S. D.; Noh, T. W.; Lee, J.; Jo, W.
Nature 1999, 401, 682.

(31) For a typical reaction of BSNN conversion to acid-treated
BSNN (72-h treatment with 6 M HCI at room temperature), 55.9 mass
% of solid was recovered after the treatment (0.7580 g of BSNN —
0.4240 g of acid-treated BSNN). Because the theoretical change due
to the reaction according to eq 2 is 57.8 mass % when n = 0.4, the
observed mass change amounts to a ~97% yield for the conversion.

(32) Sillén, L. G. Z. Anorg. Allg. Chem. 1941, 246, 331.

(33) (a) A Dictionary of Chemical Solubilities: Inorganic, 2nd ed.;
Comey, A. M., Hahn, D. A, Eds.; MacMillan: New York, 1921. (b) CRC
Handbook of Chemistry and Physics, 64th ed.; Weast, R. C., Astle, M.
J., Beyer, W. H., Eds.; CRC Press: Boca Raton, FL, 1983.
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Scheme 2. Schematic Representation of the Conversion of the Aurivillius Phases Bi,ANaNbz;O;, (A = Sr or
Ca) to the Corresponding Protonated Forms of Layered Perovskite H; gBip2A0sNaNbz;O;o (A = Sr or Ca) by
the Bismuth Oxide Sheet to Proton Substitution Reaction

a

Yilids
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reaction may progress at lower acid concentrations with
extended treatment.

Structural Consideration of the Acid-Treated
Products. Because the characteristic two-dimensional
structures of BSNN and BCNN were preserved in the
acid-treated products, the structures of Hj g[Big 2Sros-
NaNbzO10] and Hy g[Big2CagsNaNbzO10] should be closely
related to those of the host compounds. Initially, index-
ing of the XRD pattern of Hj g[Bio 2SrosNaNbzO10] (dried
at 120 °C) was attempted using a tetragonal cell with
body-centered symmetry (I4/mmm) and a ~ 0.39, ¢ ~
2.86 nm. Although most of the peaks could be indexed,
the sharp diffraction peak at 26 ~ 22.7° (d ~ 0.39 nm)
could not be indexed reliably as the (103) peak (26os)
~ 22.7°; 20cay ~ 24.7°). Moreover, we could not find any
evidence for c-axis doubling in either the XRD or the
ED patterns. The most reliable indexing of the XRD
pattern for acid-treated BSNN was based on a primitive
tetragonal symmetry with no c-axis doubling. In this
case, the sharp diffraction peak at 26 ~ 22.7° could be
reliably indexed as the (100) diffraction peak (26(ops) ~
22.7°; 20caiy ~ 22.7°). The refined lattice parameters for
H1g[Bio2SrosNaNbszO10] (dried at 120 °C) were a = 0.391
+ 0.002 and ¢ = 1.39 4 0.02 nm.34 Likewise, the XRD
pattern for Hig[Big.CapsNaNbs;O1o] (dried at 120 °C)
was indexed based on a primitive tetragonal symmetry
with no c-axis doubling; the refined lattice parameters
were a = 0.390 + 0.003 and ¢ = 1.41 + 0.01 nm.

H,La,Ti3z010 obtained by ion exchange of the Ruddles-
den—Popper phase K;La,TizO10 was reported to possess
a structure with a relative displacement of the perovs-
kite-like slabs by (a + b)/2, leading to a doubled c axis.*
Although the host compounds, BSNN and BCNN,
possess structures with doubled ¢ axes, no doubling of
the ¢ axis was observed in the acid-treated products.
Both the XRD [broadness of the (hkl) peaks] and ED
(streaks along c*) results for acid-treated BSNN indicate

(34) It is noted that the c lattice parameter was sensitive to the
measurement environment. The c lattice parameter of the 120 °C dried
product was slightly smaller than that of the room temperature dried
product (see Table 2). Also, when the product was measured in a half-
wet slurry state, the (001) peak was observed at 20 = 5.84° (d = 1.51
nm) with a shoulder peak at 26 = 5.32° (d = 1.66 nm).

3
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Figure 7. XRD patterns of (a) His[Bio2SrosNaNbzOio], (b)

C4A—Hlvs[BiolzsrolaNaNbgolo], and (C) CSA—Hllg[Bio,zsro,g-
NaNb3Om].

the presence of stacking disorders, which should com-
plicate the accurate determination of the cell symmetry
and stacking sequence of the perovskite-like slabs by
the powder XRD patterns. In fact, HREM observations
of Hy g[SrogBip2Ta,07] derived by a bismuth oxide sheet
to proton substitution reaction of an n = 2 member of
the Aurivillius phase, Bi,SrTa,0Og, indicated the exist-
ence of two types of perovskite-like slab stacking: a
stacking sequence with no displacement of the perovs-
kite-like slabs (P-type) and a stacking sequence with
relative displacement by (a + b)/2 (I-type).2® In contrast,
the XRD pattern of Hyg[SrogBio2Ta,07] was indexed
based on a structure without displacement of the
perovskite-like slabs. These observations indicate the
presence of more than one local interlayer environment
that cannot be detected by XRD in acid-treated BSNN.
The iﬂdEXiﬂg for Hl_g[Biolzsro_gNaNbgolo] and Hllg[Bio_z-
CapsNaNbzO40] based on a primitive cell without c-axis
doubling consequently represents only the “average
structure”, disregarding the local stacking sequence of
the perovskite-like slabs.
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Table 2. Lattice Parameters of the Aurivillius Phases, the
Corresponding Protonated Forms, and Intercalation

Compounds?
composition a (nm) ¢ (nm) ref
Bi>SrNaNbzO12 0.39007(1) 1.6463(1)e this
work
Bi,CaNaNbzO1, 0.38686(3)4 1.6365(1)¢ this
work
Hl_g[Bio_zsro_gNaNb3olo]'anob 0.390(1) 1.43(2) 20
H1.8[8io,sz’o_gNaNbaoj_o]C 0.391(2) 1.39(2) this
work
Hl_g[Bio_zcao_gNaN13)3010]C 0.390(3) 1.41(1) this
work
C4A—Hl_g[Big_zsro_gNaNb;;Olo] 0.390 2.43 this
work
CSA—Hl,g[Bio,ZSro,gNaNbgOm] 0.390 3.26 this
work
C4A—H[CazNb3010] 0.3855 2.4952 6a
C8A—H[CazNbs0O10] 0.3854 3.1514 6a

aThe lattice parameters of the host Aurivillius phases were
refined by Rietveld analysis. The lattice parameters of the proto-
nated forms were refined by the nonlinear least-squares method.
The a and c lattice parameters of the intercalation compounds were
calculated from the (100) and (001) diffraction peaks, respectively.
b Dried at room temperature. ¢ Dried at 120 °C. 9 For the sake of
comparison, the lattice parameter was reduced to a, = (a + b)/v/2
because of the difference in structure. ®¢ For the sake of compari-
son, the lattice parameter was reduced to c/2 because of the
difference in structure.

Intercalation Chemistry of H; g[Big2SrosNaNbs-
O10]. Because protonated forms of layered niobates are
known to accommodate alkylamines,59:35 reaction of
n-alkylamines with Hjg[Big2SrosNaNbzO10] was con-
ducted. After the reaction of Hjg[Bio2SrosNaNbzOio]
with n-alkylamines, all of the (00l) diffraction peaks
were shifted to higher diffraction angles, while the (hk0)
diffraction peaks were observed at the same diffraction
angles, indicating intercalation of n-alkylamines into the
interlayer space of Hj g[Bio2SrosNaNbzOio] (Figure 7).
The lattice parameters of C4A- and C8A-intercalated
Hig[Big.2SrosNaNbsO10] were in good agreement with
C4A- and C8A-intercalated HCa;Nbz010,22%2 as sum-
marized in Table 2. Chemical analysis revealed that 0.9
mol of C4A (C, 8.0 mass %; H, 1.9 mass %; N, 1.7 mass
%) and 1.0 mol of C8A (C, 14.7 mass %; H, 3.1 mass %j;
N, 2.0 mass %) per [Big2SrosNaNbzO10] were interca-
lated. To the best of our knowledge, this is the first
evidence of intercalation of alkylamines into layered
perovskites where the perovskite-like slabs possess a
charge higher than 1.36

(35) Mallouk, T. E.; Kim, H.-N.; Ollivier, P. J.; Keller, S. W.
Comprehensive Supramolecular Chemistry Vol. 7; Alberti, G., Bein, T.,
Eds.: Elsevier Science: Oxford, UK, 1996; pp 189—217.

(36) After our communication (ref 20), the intercalation of tetra(n-
butyl)ammonium and exfoliation of a number of Ruddlesden—Popper
phases (perovskite-like slabs possess a charge of 2) was reported by
R. E. Schaak and T. E. Mallouk (ref 17a).
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Conclusions

We have developed a novel method for obtaining
protonated forms of layered perovskites derived from
the Aurivillius phases. The structural and compositional
analyses revealed that Hjg[Bio2SrosNaNbzO;0] and
H1g[Bio2CapgNaNbsO10] were derived through acid
treatment of Bi,SrNaNb3;O;, and Bi,CaNaNb3O;;, re-
spectively. The bismuth oxide sheet to proton substitu-
tion reaction of the Aurivillius phases involves selective
leaching of the bismuth oxide sheets accompanied by
the introduction of interlayer protons ({ (Bir.gA0202)18}«
— 1.8xH™), a reaction resembling the conventional
proton-exchange reaction (M™ — H™). The small amount
of residual Bi in the acid-treated product was suggested
to result from the partial occupancy of Bi in the A site
of the perovskite-like slabs in the Aurivillius phases,
that iS, Bi1.8Ao,202[Bio_on_gNaNbgolo] (A = Sr or Ca).
The increase in basal spacing upon reaction of Hj g[Big -
SrogNaNbzO;0] with n-alkylamines provides evidence
for the preservation of the characteristic layered struc-
ture.

We propose that the Aurivillius phases can be con-
sidered as a new homologous series of oxides for
preparing protonated forms of layered-perovskite-
related oxides. Numerous Aurivillius phases have been
reported with combinations of various elements and n
values (A = Na, Ca, Bi, etc.; B= Nb, Ti,etc.;1 <n <
8).1819 The findings of Pb-substituted Aurivillius phases
have given rise to an even larger number of new
Aurivillius phases with varying perovskite-like slab
charge density.3” The novel method of converting Au-
rivillius phases into the protonated forms of the layered
perovskites opens up the possibility of obtaining an
extensive range of new compounds.

Acknowledgment. The authors thank Mr. Mineka-
zu Fujiwara at the Materials Characterization Central
Laboratory, Waseda University, for the TEM observa-
tions. Experimental assistance by Mr. Yu Tsunoda and
Ms. Fumi Nakasone is also acknowledged. This work
was financially supported in part by the Grant-in-Aid
for Scientific Research (No. 10555221) from the Ministry
of Education, Science, Sports and Culture, Japan.

Supporting Information Available: The output from the
Rietveld analysis, the crystallographic data obtained for Bi,-
SrNaNbzO;; and Bi.CaNaNb3;O12, and the stacked plot for the
variation in the XRD pattern as a function of reaction time
(PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.

CMO0115620

(37) Milléan, P.; Castro, A.; Torrance, J. B. Mater. Res. Bull. 1993,
28, 117.



