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Abstract

The structure of Bi5Nb3O15 was investigated by refinement of the powder neutron diffraction pattern as well as by structural change

through acid treatment and subsequent treatments of an acid-treated product with n-alkylamines. Rietveld refinement suggests that

Bi5Nb3O15 adopts a mixed-layer Aurivillius-related phase structure, [Bi2O2]+[NbO4]+[Bi2O2]+[BiNb2O7] [Pnc2 (space group No. 30)]

with a ¼ 2:1011ð4Þ, b ¼ 0:5473ð1Þ and c ¼ 0:5463ð1Þ nm. After the acid treatment of Bi5Nb3O15 with 3mol/L HCl, a new reflection (at

2.25 nm after drying at room temperature or at 1.89 nm after drying at 120 1C) appeared in the X-ray diffraction (XRD) pattern in

addition to the reflections due to Bi5Nb3O15. Upon acid treatment, a part of the Bi ions were lost and essentially no Nb ions were

dissolved during acid treatment to give a Bi/Nb molar ratio of 1.4. The TG curves of the acid-treated product showed mass loss (ca.

4mass%) in the range of 300–600 1C. It was also demonstrated that the particle shapes did not change upon acid treatment. The reaction

of the acid-treated product (after drying at room temperature) with n-alkylamines led to a shift of the newly appearing reflection to a

lower angle, and the d-value of the low-angle reflection increased linearly in accordance with the increment of the number of carbon

atoms in n-alkylamines. These results indicate that the [Bi2O2] sheet in Bi5Nb3O15 was partially leached by acid treatment to form a

layered compound H4BiNb3O11 �xH2O, capable of accommodating n-alkylamines in the interlayer space, and its anhydrous form,

H4BiNb3O11, upon drying. Based on the variation in the interlayer distance upon intercalation of n-alkylamines into the acid-treated

product, the structure of the acid-treated product can be suggested to comprise alternately stacked protonated [BiNb2O7] and [NbO4]

sheets, a result consistent with the Rietveld refinement of Bi5Nb3O15.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Layered perovskites consist of stacked nanosheets posses-
sing (1 0 0)-terminated perovskite-like slabs [Am�1BmO3m+1]
or (1 1 0)-terminated perovskite-like slabs [AmBmO3m+2]
(m: thickness of the perovskite-like slabs). Among these,
ion-exchangeable layered perovskites possess the exchange-
able interlayer cation, M, between the (1 0 0)-terminated
perovskite-like slabs and are expressed by the general
formula Mx[Am�1BmO3m+1] [1]. They are categorized into
e front matter r 2007 Elsevier Inc. All rights reserved.
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two phases according to the amount of the interlayer cation
per [Am�1BmO3m+1]: Dion–Jacobson phases, M[Am�1Bm

O3m+1] ðx ¼ 1Þ [2,3], and Ruddlesden–Popper phases,
M2[Am�1BmO3m+1] ðx ¼ 2Þ [4,5]. Acid treatment of these
phases leads to formation of their protonated forms,
Hx[Am�1BmO3m+1] [1,6,7].
Aurivillius phases, Bi2Am�1BmO3m+3, are layered per-

ovskites with intergrowth structures that have been
attracting attention as ferroelectric materials [8–10].
The structures of the perovskite-like slabs in Aurivillius
phases are essentially the same as those in ion-exchange-
able layered perovskites, and Aurivillius phases possess
[Bi2O2] sheets instead of interlayer cations between the
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perovskite-like slabs. Some Aurivillius phases can there-
fore be converted into new protonated forms of
ion-exchangeable layered perovskites through acid treat-
ment via selective leaching of [Bi2O2] sheets [11–18].
It has been reported that there are some disorders
occurring between A-site ions and bismuth ions ([Bi2O2]
sheets should therefore be [(Bi,A)2O2] [13,14]) and
that selective leaching provides direct insights into
these disorders. Selective leaching can therefore be
employed for structural characterization of the Aurivillius
phases.

Some layered compounds can accommodate organic
compounds in the interlayer space to form intercalation
compounds consisting of alternatively stacked inorganic
nanosheets and layers of organic molecules (or ions). The
protonated forms of ion-exchangeable layered perovskites
(Dion–Jacobson phases and Ruddlesden–Popper phases)
as well as those derived from Aurivillius phases via selective
leaching have been reported to exhibit the intercalation
behavior of n-alkylamines [1,3,12,14,19–24]. Intercalation
of guest species into layered compounds generally leads to
expansion of the interlayer distance with no change in the
lateral dimension [25,26]. Such phenomena provide insights
not only into the conformation of the alkylchains in the
interlayer space but also into the structure of the inorganic
nanosheets [25].

Known Aurivillius-related phases include mixed-
layer structures consisting of Bi2Am�1BmO3m+3 and
Bi2AmBm+1O3m+6; the intergrowth structure can be
expressed as [Bi2O2]+[Am�1BmO3m+1]+[Bi2O2]+[Am

Bm+1O3m+4] [27–30]. Some mixed-layer Aurivillius-related
phases have been characterized by X-ray diffraction
(XRD) analysis and transmission electron microscopy
(TEM) [28,31–33]. The bismuth niobate Bi5Nb3O15 ex-
hibits excellent ferroelectric, photocatalytic and optoelec-
tric properties [29,30]. Its structure was proposed based on
TEM observation to be a mixed-layer Aurivillius-related
phase that can be expressed as [Bi2O2]+[NbO4]+
[Bi2O2]+[BiNb2O7] (m ¼ 1, A ¼ Bi) [31]. The structural
refinement of Bi5Nb3O15 as a mixed-layer Aurivillius phase
was reported using the structure of Bi5TiNbWO15, but no
details such as its atomic parameters and R-factors were
provided because of the poor fitting [33]. The crystal
structure of Bi5Nb3O15 has therefore not been fully
clarified to date.

Here, we report the structure of Bi5Nb3O15 using
Rietveld refinement of the powder neutron diffraction
pattern, which can generally provide information concern-
ing light elements such as oxygen atoms in transition metal
oxides. In addition, acid treatment of Bi5Nb3O15 and the
reactions of the acid-treated product with n-alkylamines
are reported; the original structure of Bi5Nb3O15 is
discussed and compared to the structural refinement
based on the acid-treated product structure deduced from
the relationship between the d-values of the products
formed by the reaction of the acid-treated product with
n-alkylamines.
2. Experimental section

Instrumentation: The XRD patterns were recorded on a
Rigaku RINT-2500 diffractometer with monochromated
Cu Ka radiation and a Rigaku RINT-1100 diffractometer
with Mn-filtered Fe Ka radiation. The powder neutron
diffraction pattern was obtained with HERMES, installed
in the JRR-3M reactor at the Japan Atomic Energy
Research Institute with a fixed wavelength of 0.181386 nm
and a 2y step size of 0.11 in the 2y range from 71 and 1571
(1500 data points). The neutron diffraction pattern was
refined by a Rietveld refinement program, RIETAN 2000
[34]. The metal composition was determined by inductively
coupled plasma emission spectrometry (ICP; Thermo
Jarrel Ash, ICAP-574II) after dissolution with a
HNO3–H2SO4–HF mixture. The thermogravimetric (TG)
curves were obtained with a Perkin-Elmer TGA7 in the
range from room temperature to 900 1C (heating rate:
10 1C/min) under air flow. Infrared (IR) adsorption spectra
were recorded on a JASCO FT/IR-460 Plus instrument
with the KBr disk technique. Scanning electron micro-
scopic (SEM) observation was conducted with a JEOL
JSM-5600 microscope.

Preparation of Bi5Nb3O15: Bi5Nb3O15 was prepared by
conventional solid-state reaction based on an earlier report
[29]. A stoichiometric mixture of Bi2O3 and Nb2O5 was
pressed to form pellets (ca. 80 kN). The pellets were heated
at 800 1C for 2 h and at 1100 1C for 24 h.

Acid treatment of Bi5Nb3O15 and reaction of the acid-

treated product with n-alkylamines: For the acid treatment,
1 g of Bi5Nb3O15 was dispersed in 200mL of 3mol/L
hydrochloric acid at room temperature for 7 d. After
centrifugation and washing with water, the product was
dried at room temperature or 120 1C.
For the reaction with n-alkylamines, 0.1 g of the acid-

treated product and 40mL of an n-alkylamine–water
mixture ðv=v ¼ 1Þ (n-alkylamine: n-butylamine, n-hexyl-
amine or n-octylamine) was sealed in a glass ampoule at
80 1C for 7 d. After centrifugation and washing with
acetone, the product was dried at room temperature.

3. Results and discussion

3.1. Structural refinement of Bi5Nb3O15

The XRD pattern of Bi5Nb3O15 is shown in Fig. 1(a).
This XRD pattern is consistent with the reported pattern
and most of the reflections can be indexed with an
orthorhombic cell. Weak reflections at 2y ¼ 10:91, 15.11
and 32.11 (marked with asterisks) could not, however, be
indexed based on an orthorhombic cell. Although calcina-
tions under different conditions were attempted to prepare
single-phase Bi5Nb3O15, these unindexed reflections always
appeared.
Rietveld analysis using a neutron diffraction pattern was

conducted based on the assumption that Bi5Nb3O15

possesses a mixed-layer Aurivillius-related structure. Based
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Fig. 1. The XRD patterns of (a) Bi5Nb3O15, (b) the acid-treated product

after drying at room temperature and (c) the acid-treated product after

drying at 120 1C. Unindexed reflections are marked with asterisks.

Fig. 2. Final Rietveld plot of Bi5Nb3O15.

Table 1

The final refined atomic parameters for Rietveld neutron refinement of

Bi5Nb3O15, the space group Pnc2 ðZ ¼ 2Þ with a ¼ 2:1011ð4Þ, b ¼

0:5473ð1Þ and c ¼ 0:5463(1) nm

Atom x y z U

Bi(1) 0a 0.5a 0a 0.046(6)

Bi(2) 0.2442(5) 0.013(3) 0.481(7) 0.036(4)

Bi(3) 0.3675(5) 0.526(4) 0.484(4) 0.041(4)

Nb(1) 0.1074(4) 0.503(3) 0.480(6) 0.010(4)

Nb(2) 0.5a 0a 0.477(7) 0.006(5)

O(1) 0a 0.5a 0.393(7) 0.018(9)

O(2) 0.1949(8) 0.550(4) 0.426(8) 0.017(7)

O(3) 0.097(1) 0.187(6) 0.280(2) 0.06(1)

O(4) 0.0844(8) 0.754(5) 0.234(7) 0.017(4)

O(5) 0.413(1) 0.02(1) 0.395(1) 0.09(1)

O(6) 0.505(2) 0.218(5) 0.19(1) 0.06(1)

O(7) 0.305(1) 0.263(6) 0.229(9) 0.019(5)

O(8) 0.305(1) 0.748(6) 0.211(8) 0.011(5)

Rwp ¼ 7:16%, Rp ¼ 5:52%, RI ¼ 5:50%, RF ¼ 2:89% and S ¼ 2:90 for

422 reflections.
aFixed values.
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on an XRD pattern of Bi5Nb3O15, the space group Pnc2
(space group No. 30) was selected to allow refinement.1

Rietveld refinement of the neutron diffraction pattern led
to reasonable R-factors, Rwp ¼ 7:16%, Rp ¼ 5:52%,
RI ¼ 5:50%, RF ¼ 2:89% and S ¼ 2:90. The final Rietveld
plot is shown in Fig. 2, and the final refined atomic
parameters for the Rietveld refinement are listed in Table 1.
The structure thus derived is illustrated in Fig. 3. The
NbO6 octahedra exhibit distortion and Nb–O distances are
in the range of 0.181–0.231 nm, as indicated in Table 2.

Compared to the reported Rwp of Bi5TiNbWO15 (4.1%),
the resultant Rwp (7.16%) is slightly high [33]. In addition,
the bond valence sums approximately correspond to the
theoretical values, but deviations from theoretical values are
present for all the atoms (Table 2). These results might be
caused by the fact that our sample was not a single-phase
product. Thus, based on the structural refinements, we
propose that Bi5Nb3O15 possesses a mixed-layer Aurivil-
lius-related phase structure, consisting of a [Bi2O2]+
[NbO4]+[Bi2O2]+[BiNb2O7] stacking sequence, as illu-
strated in Fig. 3.

3.2. Acid treatment of Bi5Nb3O15 and reaction of the acid-

treated product with n-alkylamines

As described in the previous section, it seems likely that
the structure of Bi5Nb3O15 is a mixed-layer Aurivillius-
related phase. Since the acid treatment of the Aurivillius-
related structures is expected to provide further informa-
tion for the crystal structures through selective leaching
1For the structural refinement of Bi5Ti1.5W1.5O15 and Bi5TiNbWO15,

both of which are isostructural with Bi5Nb3O15, the refinement of the

neutron diffraction pattern was attempted with another space group Ima2

(space group No. 46) [32,33]. In the structural refinement of the present

results with the same space group, Ima2, however, negative isotropic

atomic displacement parameters were obtained for some atomic sites. A

similar result was reported for the structural refinement of Bi5Nb3O15 with

Ima2 [33].
of Bi2O2 sheets [11], we conducted acid treatment of
Bi5Nb3O15 and characterized the resulting acid-treated
product. The particle shapes of Bi5Nb3O15 and the acid-
treated product were investigated by SEM (Fig. 4(a) and
(b)). Very similar plate-like particles can be observed in
both the SEM images, demonstrating preservation of the
particle shapes upon acid treatment. These results clearly
contradict the occurrence of dissolution of Bi5Nb3O15 in
hydrochloric acid and subsequent precipitation.
The structure of the acid-treated product of Bi5Nb3O15

was investigated by XRD analysis (Fig. 1(b) and (c)). The
XRD pattern of the acid-treated product of Bi5Nb3O15

shows the appearance of a new low-angle reflection at
2.25 nm in addition to the reflections due to Bi5Nb3O15. In
the XRD pattern of the product after drying at 120 1C, the
reflection at 2.25 nm disappears and a new reflection is
observed at 1.89 nm. The d-values of the low-angle
reflections of Bi5Nb3O15 (a lattice parameter) and the
acid-treated product are listed in Table 3.
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Fig. 3. Structure of Bi5Nb3O15 derived from Rietveld structural refine-

ment of the powder neutron diffraction pattern.

Table 2

Bond length of M–O bonds and bond valence sums of Bi5Nb3O15

(M ¼ Bi, Nb)

Bi(1)–O(1) 2.14(3) Bi(2)–O(2) 2.67(3) Bi(3)–O(5) 2.44(4)

Bi(1)–O(1) 2.798(9)� 2 Bi(2)–O(2) 2.75(3) Bi(3)–O(5) 2.89(6)

Bi(1)–O(3) 2.59(3)� 2 Bi(2)–O(7) 2.23(4) Bi(3)–O(5) 2.99(6)

Bi(1)–O(3) 3.08(3)� 2 Bi(2)–O(7) 2.33(4) Bi(3)–O(6) 3.08(4)

Bi(1)–O(4) 2.59(3)� 2 Bi(2)–O(8) 2.30(4) Bi(3)–O(7) 2.40(4)

Bi(1)–O(4) 2.66(3)� 2 Bi(2)–O(8) 2.44(3) Bi(3)–O(7) 2.45(4)

Bi(3)–O(8) 2.18(3)

Bi(3)–O(8) 2.33(3)

SBi(1) 2.78 SBi(2) 2.57 SBi(3) 2.82

Nb(1)–O(1) 2.306(1) Nb(2)–O(5) 2.00(2)� 2

Nb(1)–O(2) 1.88(2)

Nb(1)–O(3) 1.95(5) Nb(2)–O(6) 1.93(4)� 2

Nb(1)–O(3) 2.05(4)

Nb(1)–O(4) 1.98(3) Nb(2)–O(6) 1.98(5)� 2

Nb(1)–O(4) 1.98(3)

SNb(1) 4.66 SNb(2) 5.46

SO(1) 2.09 SO(2) 1.59 SO(3) 2.08

SO(4) 2.39 SO(5) 1.87 SO(6) 2.16

SO(7) 2.21 SO(8) 2.47

Fig. 4. The SEM images of (a) Bi5Nb3O15, (b) the acid-treated product of

Bi5Nb3O15 and (c) the product of a reaction between the acid-treated

product and n-butylamine.
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Compositional analyses of Bi5Nb3O15 and the acid-
treated product by ICP demonstrate that the Bi/Nb molar
ratio was drastically decreased from 5.0/3 to 1.4/3 (based
on Nb ¼ 3), as listed in Table S1 (Appendix A). The mass
of Bi5Nb3O15 after acid treatment was decreased from 1.0
to 0.51 g (51% yield), and the Nb content (34.8mass%) in
the acid-treated product therefore corresponds to 99% of
Nb in original Bi5Nb3O15 (17.8mass%), indicating essen-
tially no dissolution of Nb during acid treatment and
selective dissolution of the Bi ions upon acid treatment.
The TG curve of the acid-treated product after drying at
120 1C (Figure S1 in Appendix A) exhibits a gradual mass
loss starting from room temperature with an abrupt change
in mass (ca. 4mass%) in the range of 300–600 1C, while no
mass loss was observed up to 600 1C for original
Bi5Nb3O15.
Fig. 5 shows the XRD patterns (Fe Ka) of the products

of the reactions between the acid-treated product and
n-alkylamines. The XRD patterns show new low-angle
reflections, shifting from 2.25 nm (dried at room tempera-
ture) to 2.78 nm (n-butylamine), 3.11 nm (n-hexylamine)
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Table 3

d-Values of low-angle reflections after the acid treatment and the reaction

of acid-treated product and n-alkylamines

Sample
d-Values of low-angle

reflections (nm)

Bi5Nb3O15 2.1011(4)a

Acid-treated product after drying at

room temperature 2.25

Acid-treated product after drying at

120 1C 1.89

Product of the reaction of acid-

treated product with n-butylamine 2.78

Product of the reaction of acid-

treated product with n-hexylamine 3.11

Product of the reaction of acid-

treated product with n-octylamine 3.30

aa lattice parameter.

Fig. 5. The XRD patterns of the products of the reactions between the

acid-treated product and (a) n-butylamine, (b) n-hexylamine and (c) n-

octylamine. Reflections due to Bi5Nb3O15 are marked with asterisks.

Fig. 6. The relationship between the number of carbon atoms, nc, and the

d-values of low-angle reflections of the products formed by the reactions of

the acid-treated product with n-alkylamines.
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and 3.30 nm (n-octylamine). The d-values of the low-angle
reflections of the products of the reactions of the acid-
treated product with n-alkylamines are listed in Table 3 and
the relationship between the number of carbon atoms, nc,
and the d-value of the low-angle reflection, d, is shown in
Fig. 6. The relationship is linear and is expressed as
d ¼ 0:13nc+2.30 (nm). In addition, the IR spectra of the
products (not shown) showed the presence of adsorption
bands due to the n(CH) mode at 2800–3000 cm�1, the
d(NH) mode at 1600 cm�1 and the n(CN) mode at
1150 cm�1 [35]. The SEM images also show no change in
particle shapes during the reactions with n-alkylamines
(Fig. 4(b) and (c)). These results suggest that the acid-
treated product possesses a capability for uptake of
n-alkylamines with an expansion along the stacking
direction.
3.3. Structure of the acid-treated product

Acid treatment of the Aurivillius phases, Bi2SrTa2O9,
Bi2A2Nb3O12 (A¼Ca or Sr), Bi2CaNaTa3O12 and
Bi2W2O9, led to the formation of protonated phases via
selective leaching of [(Bi,A)2O2] sheets. In these conver-
sions, the following phenomena were observed: (1) the
appearance of a new reflection at a higher angle appeared
in the XRD pattern of the acid-treated product after drying
at 120 1C, (2) selective dissolution of Bi, (3) the occurrence
of mass loss of the TG curves of the acid-treated product
after drying at 120 1C in the range from 200 to 600 1C and
(4) preservation of the particle shapes [13,14,16,17]. In the
present study, the following four phenomena are corre-
spondingly observed: the appearance of a new reflection at
a higher angle in the XRD pattern of the acid-treated
product after drying 120 1C (1.89 nm), selective dissolution
of Bi ions, mass loss of the TG curve of the acid-treated
product after drying at 120 1C in the range from 300 to
600 1C and preservation of the particle shapes as revealed
by SEM. The occurrence of mass loss of the TG curve
suggests that protons are present in the acid-treated
product. (So far we could not interpret the occurrence of
gradual mass loss from room temperature, so that we
tentatively attribute the mass loss in the temperature range
of 300–600 1C, which is higher than the previously observed
temperature range [13,14,16,17], to a loss of protons in the
interlayer space as H2O molecules.)
In addition, the acid-treated product exhibits a cap-

ability for uptake of n-alkylamines in accordance with
acidity due to the presence of protons. A linear relationship
is observed between the number of carbon atoms, nc, and
d-value of the low-angle reflection, d, and similar linear
relationships were reported for the intercalation of
n-alkylamines into various layered compounds [25,36],
including protonated forms of the Dion–Jacobson phases
[19]. The present results therefore suggest the formation of
a new protonated layered compound, which can accom-
modate n-alkylamines in the interlayer space, via the
selective leaching of [Bi2O2] sheets.
According to the previous conversions [13,14,16,17], the

present results can be interpreted based on the following
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idealized reaction:

Bi5Nb3O15�!
HCl

H4BiNb3O11. (1)

In the XRD patterns, two low-angle reflections are observed
at 2.25 and 1.85nm depending on drying conditions,
indicating the presence of two kinds of layered compounds.
Thus, a layered compound with a repeating distance of
2.25 nm (obtained by drying at room temperature) is an
H4BiNb3O11 hydrated phase, H4BiNb3O11 � xH2O, and a
layered compound with repeating distance of 1.89nm is
anhydrous phase, H4BiNb3O11, which forms after drying
at 120 1C.

In the present study, the resultant Bi/Nb molar ratio
(1.4/3) is higher than the expected value (1/3), suggesting
partial occurrence of selective leaching of [Bi2O2] sheets.
This result is consistent with the XRD results (Fig. 1), in
which reflections due to Bi5Nb3O15 are observed. We
attempted the acid treatment of Bi5Nb3O15 under different
conditions (different types of acids, concentrations of
hydrochloric acid, reaction time, temperatures, etc.) to
obtain a single-phase product (with a Bi/Nb molar ratio of
1/3). When concentrated acid was used, Bi5Nb3O15 was
mostly dissolved in acid. Milder reaction conditions such as
the use of low concentration of acid and fewer acid
treatments led to the formation of products with the Bi/Nb
molar ratios higher than 1.4/3, indicating that acid
treatment was insufficient. Thus, we have so far been
unable to obtain the single-phase product, but it should be
noted that the acid-treated products with milder acid
treatment (after drying at room temperature) possessed
new low-angle reflections, whose d-values (2.25 nm) were
the same as that observed for acid-treated product after
drying at room temperature with a Bi/Nb molar ratio of
1.4/3 (corresponding to repeating distance of H4BiNb3
O11 � xH2O). When the acid-treated products after drying at
room temperature with different molar ratio of Bi/Nb were
allowed to react with n-butylamine, the XRD patterns of
all the products showed the appearance of a new reflection
at 2.78 nm and the disappearance of the low-angle
reflection due to H4BiNb3O11 � xH2O. These results in-
dicate that acid treatment resulted in the formation
of a layered compound, H4BiNb3O11 � xH2O, that can
accommodate n-alkylamine irrespective of acid treatment
Table 4

The differences between the intercepts in the nc–d relationships of the n-alkylam

ion-exchangeable layered perovskites

Intercept (A) (nm)

The present study 2.30
n-Alkylamine–H1.8Bi0.2Sr0.8Ta2O7 intercalation

compounds [21] 1.13

n-Alkylamine–HCa2Nb3O10 intercalation

compounds for nc ¼ 2–5 [19] 1.62

n-Alkylamine–HCa2Nb3O10 intercalation

compounds for nc ¼ 12–18 [19] 1.71
conditions. We therefore conclude that the acid-treated
products essentially consist of H4BiNb3O11 � xH2O and
unreacted Bi5Nb3O15. Based on this interpretation, the
Bi/Nb molar ratio (1.4/3) indicates that 90% of Bi5Nb3O15

is converted into H4BiNb3O11 � xH2O.
For the linear relationship in Fig. 6, the intercept,

2.30 nm, could be regarded as a hypothetical d-value of the
intercalation compound possessing NH3 in the interlayer
space. The difference in value between the intercept and the
d-value of the acid-treated product after drying at 120 1C,
Dd, is calculated as follows and is listed in Table 4:

Dd ¼ ½intercept; ðAÞ; 2:30 nm�

� ½d�value of acid�treated product after

drying 120 �C; ðBÞ; 1:89 nm� ¼ 0:41 nm:

In a similar fashion, the Dd values for other protonated
forms of ion-exchangeable layered perovskites are calcu-
lated based on the reported intercalation behavior of
n-alkylamines (Table 3) [19,21]. These Dd values in
previous reports can be compared with the diameter of
the NHþ4 ion, 0.29 nm [37,38], which should be similar to
that of NH3; the Dd values are nearly equal to or smaller
than the diameter of the NHþ4 ion. The Dd value in
the present study (0.41 nm), which is much larger than the
diameter of the NHþ4 ion, therefore seems to suggest the
presence of two NH3 layers in the unit cell of the acid-
treated product. Since the d-values of the lower-angle
reflections of the acid-treated products (2.25 nm for the air-
dried product and 1.89 nm for the product after drying at
120 1C) are nearly equal to the a lattice parameter
(a¼2.1011(4) nm) of Bi5Nb3O15, the repeating distance
along the stacking direction of the acid-treated products is
assumed to correspond to one [NbO4] sheet and one
[BiNb2O7] sheet. If two [Bi2O2] sheets in a unit cell of
Bi5Nb3O15 are leached by acid treatment to form a new
layered compound possessing two interlayer spaces and
these sheets stack with no displacement, one [NbO4] sheet
and one [BiNb2O7] sheet should be present in the repeating
distance (Fig. 7). These considerations give us a Bi5Nb3O15

structure possessing an [NbO4] sheet, a [BiNb2O7] sheet
and two [Bi2O2] sheets in the unit cell, a model exhibiting
excellent consistency with the aforementioned structure of
ine intercalation compounds and the d-values of the protonated forms of

d-Value of the acid-treated

product (B) (nm)

Difference (A)�(B) (nm)

1.89 0.41

0.98 0.15

1.44 0.18

1.44 0.27
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Fig. 7. Structural model of the acid-treated product.
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Bi5Nb3O15, which consists of a [Bi2O2]+[NbO4]+
[Bi2O2]+[BiNb2O7] stacking sequence.

Taking the interpretation that acid-treated product
possesses two interlayer spaces, a [BiNb2O7] sheet and an
[NbO4] sheet into account, a slope of the linear relationship
per interlayer is estimated to be 0.065(¼0.13/2) nm/carbon
atom, and the slope is smaller than increment length of all-

trans alkylchain per one carbon atom, 0.127 nm. Based on
this value, two types of possible models can be proposed
for intercalation compounds: (1) interdigitated monolayer
arrangement of n-alkylchains with tilting angle 281 and (2)
bilayer arrangement of n-alkylchains with tilting angle 151
[25]; we cannot further discuss which model is appropriate
based on the present results.
4. Conclusions

We have demonstrated the characterization of Bi5Nb3O15

by refinement of the powder neutron diffraction pattern, and
the structure derived from the structural refinement is
confirmed by acid treatment of Bi5Nb3O15 and the reaction
of the acid-treated product with n-alkylamines. Bi5Nb3O15

seems to adopt a mixed-layer Aurivillius-related phase
structure with the orthorhombic cell (a¼2.1011(4),
b¼0.5473(1) and c¼0.5463(1)nm and Z ¼ 2). Acid treat-
ment of Bi5Nb3O15 leads to partial leaching of the [Bi2O2]
sheets to form a new layered compound, H4Bi
Nb3O11 � xH2O, possessing a capability for accommodation
of n-alkylamines, and its anhydrous form, H4BiNb3O11,
upon drying. The intercalation behavior of n-alkylamines
indicates the presence of two interlayer spaces, which are
originally occupied by [Bi2O2] sheets in the intergrowth
structure of Bi5Nb3O15, in H4BiNb3O11 with a repeating
distance (1.89nm), a result consistent with the structural
refinement of Bi5Nb3O15. This study provides a detailed
structural characterization of Bi5Nb3O15, and the present
structural characterization approach might be adaptable,
moreover, to other intergrowth structures.
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