BIRAT T AN A AR A ORI O
2 DORISENELZEADIST

EEE 10555221

TRl 0~ 1 2EEREMABRHDE (BEMRE (B) )

W R & &

Tl 4463 H

MREREE TR %HZ
(FARHAFHE TEEHRE0R)



x L & &

HR & (ERERZFEIZEEE)
AE —% (ERERFHEIZEERE)
PR % (BNRFEEERDT)

55600 TH
3600 TH
1600 TH
10700 FH

FRCL0ER ~ Pl 248

1) HLWHERBIRRT T A I FOAK

BIRATT 2 A A MIBAF OB - MBI ENT ESHREDR R0, FILVWERR T 7
ANA PEEBT BNV — b RS L7z AurivilliusHl (BigA, B, 03,+3) (2=3, A=(Sr,
Na), (Ca, Na), B=Nb ; n=2, A=Sr, B=Ta ; n=2, A 4 ¥ 7% L, B=W) ZBRMLHE L. Biy0,/E
ERFNICELIES L, BRHHEOLOICBHIC T by EASh, H L HEER
RETANA MRONTZ BigANaNbgO19 (A=Sr, Ca) ZIEMECUET2HIZL Y

Hy g[Big 9Ag gNaNbgOq 1%\ BigSrNboOg % 1M CILET A HIZ L 1

Hy g[Big 95t gNboO71 2 f7c0 M DBINRIERBGA 4 Y DT 4 A4 =512 L 5
bOTHY, BABETHEL 2o TWETA AL —F—REHTIHRL LTHLEET
?)Z)o ifl\ BlezOg%ﬁM(%ﬂ#%%b:l P)HszOg% E‘Fto ?%6%7’:&)&%01:
NETOERFETRBONE Do 72bDTH ), RFEOFHUERTERTH S,

-1-



2) ARFEAEER ABRESEROARK

HEERRT 725 4 MH[LaNbyO7 & BT VI — VORIBIC L ), BEREICT V3
FUNERZROBRROTANA VEAB LT, ShedlikeTazbicky, BER
BLZRVE) BNVF =TV I-VCERAEBHTELZLFWASPE B o7z, R
DRFTIZETEREADP S, KISA B =X DEIMAMEE T VI VA BB TWEZ L 2
LI LT2e COFHERIVA—-NVEDFIBIZDENTHY), TF LY IF—NV3Fdh 1o
DOHEZZFHRIG LTz, F72, FRRICHEARZAVAFREICL Y, KEICOHE Y
DVXFNVYEFY Y (HOSIMeyO) H) PRBREZBHTHI L EHLPII L2, 20
BRIZBRRTTZANA M EERBITOREALEW E LTHDTOEETHL, S5IZ,
M) ZNVAUBBREDRIGICE ), P 7MA a7y — PETRERBHTLILI2D
B L7 BB CIIBRABHIATRETH 72220, RIS EEE L,

3) 4A¥5=AV—¥a  BEREREAKOAR

1) CELAH LV HEEIRAT 724 4 My g[Big 9Srg gNbyO7]&n- 7 VF VT 3

YEDRIBI LY BRTT V2T A4 Y BT ABEEFSIC L Y 7V E LT
IVEAYI =TV = PERDZLITEI LT BRBILRER OB BRI
MLTBY, BIH L THESDAEL RO 2BRELRODDLEEE SN, KERIC
BIL T, [Big oSt gNbpO71 72 1) 1. 8HAHFET B 45, €DHTLOHL ARG L% Ao
o CORMREBRMOBEL T VENT IVORESHPHHBT A LI LT,

4) HEEICEE74 oI XADHE

2) CEBELZX b Y FEAHLaNby OIS TRIVEE IS L2 L 25, FL
Ol CNERETLLRLIGBELEY, BERNEERET L LIk WV EES
AL, BRESEL 2WFETHELE 2 A, RESIC L ) BREFRIZEA L, B
IPENRAIEINL 72 ChO OFERIZ, LFEETBEIES > TWa 2 L 2HHKICE



A) ARFFRICEY B3

Sugimoto, W., Shirata, M., Takemoto, M., Hayami, S., Sugahara, Y. & Kuroda, K.
Synthesis and Structures of Carrier Doped Titanates with the Ruddleesden-Popper
Structure (Srg ggLlag. 05)n+1T1 0341~ (1=1, 2). Solid State Ionics 108, 315-319
(1998).

Sugimoto, W., Shirata, M., Sugahara, Y. & Kuroda, K. New Conversion Reaction of an
Aurivillius Phase into the Protonated Form of the Layered Perovskite by the Selective
Leaching of the Bismuth Oxide Sheet. J. Am. Chem. Soc. 121, 11602-3 (1999).
Sugimoto, W., Ohkawa, H., Naito, M., Sugahara, Y. & Kuroda, K. Structure and
Semiconducting Properties of Carrier- Doped Niobates with a Four -Layered Perovskite
Structure. J. Solid State Chem. 148, 508-513 (1999).

Shirata, M., Tsunoda, Y., Sugimoto, W. & Sugahara, Y. Conversion of an Aurivillius
Phase BigpSrNaNb3g01q 9 into Its Protonated Form via Treatment with Various
Mineral Acids. Mater. Res. Soc. Symp. Proc. 658, GG6.24.1-5 (2001).

Sugahara, Y., Tsunoda, Y., Shirata, M. & Sugimoto, W. Preparation of a Protonated
Form of a Layered Perovskite by Selective Leaching of Bismuth Oxide Sheets. in Proc.
18th Internat. Japan-Korea Seminar on Ceram. 203-207 (Kagoshima, 2001).
Tsunoda, Y., Shirata, M., Sugimoto, W., Y., Liu, Z., Terasaki, O., Kuroda, K. &
Sugahara, Y. Preparation and HREM Characterization of a Protonated Form of a
Layered Perovskite Tantalate from an Aurivillius Phase BiySrTaq0q via Acid
Treatment. Inorg. Chem. 40, 5768-71 (2001).

Sugimoto, W., Shirata, M., Kuroda, K. & Sugahara, Y. Conversion of Aurivillius
Phases, BigANaNbgQO;9 (A=Sr or Ca), into the Protonated Forms of Layered
Perovskite via Acid Treatment. Chem. Mater., submitted.

Suzuki, H., Notsu, K., Takeda, Y., Sugimoto, W. & Sugahara, Reactions of Alkoxyl-
Derivatives of a Layered Perovskite with Alcohols: Substitution Reactions on the
Interlayer Surface of a Layered Perovskite. Chem. Mater.', submitted.

Tsunoda, Y., Sugimoto, W. & Sugahara, Y. Intercalation Behavior of n-Alkylamines
into a Protonated Form of a Layered Perovskite Derived from Aurivillius Phase
BigSrTagOq. Chem. Mater., submitted.



1 0) Takeda, Y., Suzuki, H., Notsu, K., Sugimoto, W. & Sugahara, Y. Interlayer Surface

Modification of a Layered Perovskite, HLaNbyO7 + n1H9O with Trifluoroacetate
Groups via Ligand-exchange-type Reaction between n-Alkoxyl-derivative of
HLaNbyO# * nH90 and Trifluoroacetic Acid. Langmuir, submitted.

B) AWEICHEET LD DT, UFHIMICRELRL

3)

Sugimoto, W., Mimuro, K., Sugahara, Y. & Kuroda, K. Synthesis and Structural Study

of the KNb4Og-type Compound. J. Ceram. Soc. Jpn. 107, 318-321 (1999).

Sugimoto, W., Naito, M., Sugahara, Y. & Kuroda, K. Synthesis of Naj. XLnXNbO3
(Ln=La, Nd, Sm, Gd) and their structures and electrical properties. Mater. Res. Soc.
Symp. Proc. 547, 267-272 (1999).

Sugimoto, W., Hirota, N., Mimuro, K., Sugahara, Y. & Kuroda, k. Synthesis of Reduced
Layered Titanoniobates KTiy.,Nby+,05. Materials Letters 39, 184-187 (1999).

C) DEZEX

1)

HHEHRESR, YRS, ER&kz, EH—%, BIBRRTTAHA  OBIRK %

 Big0o)l TBOBHIC L VESNATHBRATZANA FOBERTA VI —%
209

V=Y a VBIG, BIEHEARES I v 7 ABEKEY VRV T A, LHBAE,
108 (1998).

ANEE, EHAE, A%, EREZ, BH—F, MA, (Nb 0+ BELRHORK
BA=F TR OER LB L UBRINE, HAMRSEHRY Y RY T A, »
Eb¥ ALV A—7, 128 (1998).

YAY, HEMEE, BR&EZ, BH—%, BigNaANbgO;y (A=Ca,Sr,Ba) DEFK
R, HRMUFZER(T6EFESR), MK, 38 (1999).

HERER, B4, BR&e, BH-%, BIBRAT7A%4 O (Bi)0,)BNOHX
(X=CLBr,) I & 2 BRM R EH, HRMLERT6EBESR), MZE)IKE, 38
(1999).

EFME, RS, A%, BE&RZ, BH—%, BigATay0q (A=Sr,Ca) DER
7% Bi202BDBHICL VB OLNAHEBIRRT T A H 1 b OBE L FORIGH,
AARET Iy 7 ARASE12MKEY VRY T A, BMITH, 107 (1999).

BARE, UAY, BRERZ, BH-—%, BRABH L-BRT7OALL B
FATNVAFYNVEOTVI—-VEDIATVARBRES, BARYT I v 7 ABa%
12[EkEY VBRI Y A, BITH, 108 (1999).



7) BR&Z, UAR, DHEER, BEH—F, AuwivillisBEREoORBRXTOA N A
b OBSREIC & 5 BIRM %2 (Big0,)2 BOWH & £RT AFHBRAT TR A4 R
NX¥xF 75N E-Yary, BE~T)TVES - BRER) VEFESEFANES,
MUK, 118 (1999).

8)  Sugahara, Y., Shirata, M., Sugimoto, W. & Kuroda, K. Conversion of an Aurivillius
Phase into the Protonated Form of the Layered Perovskite via Acid Treatment, France
Japan Workshop on Nanomaterials, Tokyo Japan, August (2000).

9) KINZE, #HEE, YA, BFREZ, [Big0ylStNbyO7|OBMLEIC & 2 HEIBIR
RO TAAA PNOE#R, HERELT I v 7 ABEEL3EBEY VRV YA, LA
T, 10R (2000).

0) EFHE, YA, BREZ, TaRBRRTT7AHA M HS5EREN-HERRA
O7AAA VDAY F =T V=Y a b, H9EET I v 7 AEBREHRS,
E#Tfi, 18 (2001).

1) BFHE, BAE, BEREZ, BipSrTagOq DAL & A HEIGIRA T T Z 7 4
MOZEH, FI6EHALT Iy 7 x%éﬁ%%i%ﬁfﬁéﬁ WA, 7H
(2000).

1 2) Y. Sugahara, M. Shirata, W. Sugimoto, Novel Conversion of an Aurivillius Phase
Bi909[SrNaNbg01 o] into the Protonated Form of the Layered Perovskite by the
Selective Leaching of the Bismuth Oxide Sheet, Materials Research Society 2000 Fall
Meeting, Boston, USA, November (2000).

3) BEHK, MW, A, PG, ER#Z, BH—F, BiyStTa)0q0BLIEIC
IR 1% (9adibill =N B m@ﬁi@%iﬁfﬁ%ﬁg EI7M7 IVIA
W&20014E4%, EKX, 38 (2001).
4)%%%%,%*%%,%E%z,EiEKTw:%vwg%ﬁ?éE&anxw
A PR T VAOREREDRIS, HELT I v 7 AH&20014644%, X, 3H
(2001).



SOLID
STATE
IONICS

ELSEVIER Solid State Ionics 108 (1998) 315-319

Synthesis and structures of carrier doped titanates with the
Ruddlesden—Popper structure (SryosLag os), 4 T1,05,., (=1, 2)
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Abstract
Carrier doping in Sr,,,Ti,0,,,, (#=1, 2) was conducted by the substitution of La for Sr and the simultaneous

introduction of oxygen vacancies. Single-phase products of (St, 4sLa, 45),+ 11,0, 5 (1 =1, 8=0.05; n = 2,6 =0.125)
were synthesized by the solid-state reaction of Sr,TiO, (or Sr,Ti,0,), La,0, and Ti. When TiO, was used as one of the
starting compounds to maintain oxygen stoichiometry, compounds with higher n were observed besides the object phases.

Structural refinement by Rietveld analysis revealed that the a-axis expands while the c-axis contracts with La doping. The
contraction of the c-axis is attributed to a shortened (Sr,La)-O distance, since the TiO, octahedra elongated in both @ and ¢
directions with doping. The change in the structure is discussed on the basis of the size of the substituting ion. The resistivity
of the single-phase products was semiconducting with a very weak temperature dependence down to 80K. © 1998

Elsevier Science BV. All rights reserved.

Keywords: Electrical properties; Rietveld method; Solid-state reaction; Titanates

1. Introduction

The titanium-based Ruddlesden—Popper phase
A, Ti,0;,,, with n£ o has recently. attracted
attention due to its two-dimensional character. The
ideal structures of the n=1 and n=2 compounds
are shown in Fig. 1. Most studies have concentrated
on the changes of the chemical and physical prop-

*Corresponding author. Department of Applied Chemistry,
School of Science and Engineering, Waseda University,
Ohkubo-3, Shinjuku-ku, Tokyo 169-8555, Japan. E-mail:
kuroda@mn.waseda.ac.jp; fax: +81 3 5286 3199,

erties with the change of the A site ion, as the
structure can be maintained for ions of various size.
For example, the ionic conductivities [1-5] and ion
exchange capabilities [2,3,6—11] have been studied
for the n =1 and n = 3 compounds. Such properties
have been discussed based on both the difference in
the A site species and the value of n. Although it has
been known for nearly a quarter of a century that the
reduced n =  compound, SrTiO,_;, exhibits super-
conductivity [12], studies on the electrical properties
of the reduced n o titanates are limited. As far as
we know, the study of Ca, ,Ti,0,,,,_; (n =2, 3) is
the only one reported in the literature [13]. By

0167-2738/98/$19.00 © 1998 Elsevier Science BV. All rights reserved.
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Oxides with the general formula M[A,-iB,Os,+1] and
M>[A,-B, 03,41} (M = Rb, K, etc., A = Na, Ca, La, etc., B=Ti,
Nb and Ta) represent a class of perovskite-related oxides with
layered structures, where [A,-1B,0;,+1] denotes a negatively
charged perovskite-like slab with thickness of n, and M is an
ion-exchangeable monovalent-interlayer cation.'? The monova-
lent-interlayer cation is readily exchanged with protons (M* —
H*) by ion-exchange reactions with acidic solutions, resulting in
their corresponding protonated forms, H[A,-B,O3,+;] and
Ha{A,-1B,03,41].3% These protonated forms have attracted
increased attention, as they exhibit various properties and can be
utilized as hosts for various functional materials.” Because the
synthesis of M[A,-B,03,+] and M,{A,-B,0s,4+;] has been
limited to those with B = Ti, Nb, and Ta. the B-site cations of
the corresponding protonated forms have been restricted to these
elements.

The Aurivillius phases, Bi;O:[A,~B,O1,+1], are a series of
perovskite-related oxides possessing layered structures, where
[Asn-1B1Osr1] denotes the perovskite-like slab.? The perovskite-
like slab in Bi20:2[A,-1B,Ox.+1] is structurally analogous to that
in the layered perovskites with ion-exchange capability (Figure
1). The perovskite-like slab in the layered perovskites with ion-
exchange capability is relatively stable in acidic solutions, since
the protonated forms were obtained by acid treatment.?™ By
analogy, the perovskite-like slab in Bi;Os[A,~B,Os.4] is also
presumed to be stable in acidic solations. On the other hand,
bismuth oxosalts (which possesses a structure similar to the
bismuth oxide sheet in Bi201|A,—B,03,+1%) and bismuth oxide
are soluble in acidic solutions.” Such a large difference in acid
resistance between the perovskite-like slab and the bismuth

¥ School of Science and Engineering.

¢ Kagami Memorial Laboratory for Materials Science and Technology.

¥ Current address: Department of Fine Materials Engineering, Faculty of
Textile Science and Technology, Shinshu University, 3-15-1 Tokida, Ueda.
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Figure 1. The schematic structures of n = 3 layered perovskiles (a)
Kg[AzB}()]()] and (b) BizOz[AzB_xOuﬂ.

oxide sheet may lead to a selective leaching of the bismuth oxide
sheet by acid trcatment.

We report in this communication a new conversion reaction
for preparing a protonated form of a layered perovskite by
hydrochloric acid treatment of an Aurivillius phase BiO,-
[SrNaNb;O,¢]. The present reaction involves not only the selective
leaching of the bismuth oxide sheet, but also the introduction of
protons for charge compensation to maintain the layered perovs-
kite-like structure. As numerous Aurivillius phase compounds
have been reported with combinations of various elements and n
values (A = Na, Ca, Bi, etc.: B=W,Nb, Ti, etc.: 1 < n = 8),1
the present conversion reaction opens the possibility to achieve
protonated forms of layered perovskites with an extensive range
of compositions.

The synthesis!! of polyerystalline Bi;O,{SrNaNb;O,o] (BSNN)
was conducted by a procedure similar to those of Bi:O,[Biys-
Nay sNb3O 9] and Bi,0,[CaNaNb:O 1.1 The acid-treated prod-
uct (HSNN) was prepared by stirring 1 g of BSNN in 200 mL of
6 M HCI at room temperature for 72 h. After the reaction, the
centrifuged and washed HSNN was dried under ambient condi-
tions.

The lattice parameters of BSNN (tetragonal: S.G. [4/mmm, Z
=2;a=10.39007(1) nm, ¢ = 3.2926(1) nm) refined by Rietveld
analysis'* of the XRD pattern (Figure 2a) were comparable to
those of structurally related compounds, i.e. BiO,fBiysNa,s-
Nb:Oy0]* and Bi;O5[CaNaNb;Oy}."* The XRD pattern for HSNN
(Figure 2b) was successfully indexed based on a tetragonal cell
with a = 0.390 £ 0.00! om and ¢ = 1.43 £ 0.02 nm." The
(00/) diffraction peaks of BSNN disappeared after the acid
treatment, and new (00/) diffraction peaks appeared at higher 20
angles. On the other hand, the diffraction peaks characteristic of
the perovskite sublattice (110) and (200) were observed at the
same 26 angles. The (hk0) peaks revealed the retention of the
structure along the ab plane, while the presence of the (00/) peaks
at higher 28 angles indicated the contraction of the basal spacing.
The broadness of the (hkl) (I = 0) peaks compared to the (hk0)
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Figure 2. The XRD patterns (a) before and (b) after the acid treatment
of BiO[SINaND:O 4]

Figure 3. TEM Jattice images along the [010] zone (a) before and (b)
after the acid treatment of BiyO-[StNaNbzOy]. The corresponding ED
patterns are shown in the insets.

peaks indicated stacking disorder. The appearance of the (100)
diffraction peak showed that the doubling of the ¢ axis observed
in BSNN does not occur in HSNN. !¢ The lattice parameter of
HSNN was comparable to the values of protonated forms of
layered perovskite with n = 3 obtained by conventional ion-
exchange reactions, i.e. HCa;Nb:Oyy (¢ = 0.3849 nm and ¢ =
1.437 nm)t and HaLayTiO040 (@ = 0.382 nm and ¢ = 2.766 am
(the ¢ axis is doubled due to the displacement of the perovskite-
like slabs)).”

Transmission electron micrographs (TEM) and the correspond-
ing electron diffraction (ED) patterns along the {010] zone of
BSNN and HSNN are shown in Figure 3. Alternating rows of
durk and light contrast were observed for both BSNN and HSNN,
in accordance with the retention of the layered structure observed
by XRD. The periodicities between the alternating rows were 1.6
and 1.4 nm before and after the acid treatment, in agreement with

(16} The fack of ¢ uxis doubling implics that no displacernent of the
perovskite-like slubs is involved, unlike BSNN where the perovskite-hke stabs
are displaced by 1/2 adong the diagonal direction of the two ¢ axes.

Communications to the Editor

the ¢ axis (half the ¢ axis in the case of BSNN) obtained tfrom
XRD.

Scanning clectron microscopic observations showed no distinet
difference in the size (~3 um) or morphology of the particles
before and after the acid treatment. Furthermore, ED studies of
numerous HSNN particles showed no ring pattern, indicating that
all the particles were crystalline solids. Consequently, the
simultancous dissolation of both the bismuth oxide sheet and the
perovskite-like slab and the possitality of amorphization as a result
of the acid treatment can be disregarded.

Inductively coupled plasma emission spectroscopy (ICP)
revealed the composition ratios of metals were Bi:StNa:Nb =
2.00:1.00:1.02:3 for BSNN and B:Sr:Na:Nb = 0.21:0.80:0.95:3
for HSNN, indicating the selective leaching of Bi and the partial
loss of Sr from BSNN. As the composition analysis results were
the same even after acid treatment for a month, partially
undissolved Bi cannot be due to incomplete reaction. These
results, combined with the fact that (Bi+Sry:Nb = 1.01:3, suggest
that partial disordering of cations (Bi +> Sr) is present in the parent
compound BSNN, similar to that reported for BiyO:JANB.O7] (A
= Ca, Sr, Ba, and Pb)."

Thermogravimetric analysis of HSNN dried at 120 °C revealed
2.7 mass % loss which started from 160 °C. agreeing with the
proton content according to the overall reaction

Bi, (St ,0,1Big 51 sNaNb,O ] ——

H, 5IBi; 2,5t 5oNatg osNDy Oyl

Notice that the proton content is equivalent to the formal charge
of the perovskite-like slab. The overall reaction can thus be
regarded as the replacement of the positively charged bismuth-
oxide sheet (containing Sr) with protons so as to compensate for
the negatively charged perovskite-like slab ({[Bi, sSro,0.]' %"},
— 1.8xH™).

The intercalation of butylamine (C4A) and octylamine {(C8A)
was performed as alkylamines are known to be intercalated into
the interlayer space of protonated forms of fayered niobates.'®
The ¢ axis increased when HSNN was reacted with C4A (1.41
— 2.46 nm) and C8A (1.41 — 3.33 nm). while the « axis was
the same as that of HSNN (« = 0.390 nm). These values are
comparable 10 those of related intercalation compounds, C4A—
H[Ca,Nb3O1g] and C8A-—-H[Ca:NbyO].»"* Chemical analysis
revealed 0.9 mol of C4A and 1.0 mol of C8A per unit of [Biga-
SroaoNagesNbsO] were intercalated. These results show the
formation of C4A- and C8A-HSNN intercalation compounds.
which strongly supports the layered structure of HSNN. Although
fractional amounts of alkylamine intercalated into layered oxides
are not uncommon,'” unoptimized intercalation conditions may
also be a reason for the partial intercalation. The capability of
HSNN to accommodate alkylamines, in contrast to HalayTi:0,0.2°
suggests a notable difference in the reactivity ol the protons
attached to NbQs and TiOg octahedra. ™’
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ABSTRACT

A protonated form of a layered perovskite was prepared from an Aurivillius phase
Bi,StNaNb30, via acid treatments, and the effect of the type of mineral acids was investigated.
The treatment with HX (X = Cl, B, I) resulted in the formation of a protonated form
H; g[Srg gBig ,NaNb3O1¢], while no reactions were observed for HNO3 and H,SO, under the
present experimental conditions.  All the products obtained by HX-treatments exhibited layered
structures and the structures of the perovskite-like slabs were preserved.

INTRODUCTION

Layered perovskites possess two-dimensional perovskite-like slabs in their structures.
Among them, ion-exchangeable layered perovskites consist of perovskite-like slabs
([Ay-1B,O3p41]; A= S, Ca, etc., B = Ti, Nb, Ta) and monovalent exchangeable interlayer cations
(M; M=Na, K, Rb, etc.)[1]. There have been two homologous series reported, that are called
Dion-Jacobson phases (M[A,,_;B,,03,,+1]) [2,3] and Ruddlesden-Popper phases
(M3[A;.1B,03,+1]) [4-6]. When these layered perovskites were treated with mineral acids,
they were converted into corresponding protonated forms (H[A,, 1B,,03,+1] and
Hj[A,.1B;03,+1]) [3,6-8].  These protonated forms exhibit interesting properties including
photocatalytic behavior [9], proton conduction [10], and intercalation of organic amines [11].
These protonated forms can also be utilized as precursors for oxide syntheses [12].

Aurivillius phases (BiyA,,_ B, 03,13 or alternately expressed as Bi;Oy[A,,.1B,03,,+1]) are
known to exhibit excellent dielectric properties. In terms of structures, they consist of
perovskite-like slabs ([A,,_1B,03,+1]) and Bi,O, layers, and it should be noted that the structures
of perovskite-like slabs in the Aurivillius phases are identical with those in the aforementioned
ion-exchangeable layered perovskites [13].  Suzuki et al. [14] reported the acid treatment of a
Bi,SrTayOg single crystal, and observed drastic variation in X-ray diffraction patterns; they
ascribed this observation to the structural change in the perovskite-like slabs.  We have recently
reported that HCl-treatment of another Aurivillius phase, Bi;StNaNb;0,, led to the selective
leaching of the Bi,O, layers and the introduction of protons for charge compensation to form a
corresponding protonated form [15].  Since no structural change in the perovskite-like slabs
occurred, this reaction is considered to be the conversion of the Aurivillius phase into a
protonated form of a Ruddlesden-Popper phase (though the layer charge is slightly reduced from
2- per [A;,.1B,,03,+1], the general value for the Ruddlesden-Popper phases, to ~1.8- per
[A,.1B,03,+1] because of the disorder between Bi and Sr).  Very recently, Gopalakrishnan et al.
[16] reported a reverse reaction of the aforementioned reaction, namely the conversion of a
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Ruddlesden-Popper phase into an Aurivillius phase through a metathesis reaction using BiOCL
Thus, the Ruddlesden-Popper phases and the Aurivillius phases are actually interconvertible.

Here, we report the effect of the type of mineral acids used on the conversion of
Bi;StNaNb304,.  As acids, hydrochloric acid (HCI), hydrobromic acid (HBr), hydroiodic acid
(HI), nitric acid (HNOs), and sulfuric acid (HySO4) were used.  The products were analyzed by
X-ray diffraction (XRD), transmission electron microscopy (TEM), compositional analysis, and
scanning electron microscopy (SEM).

EXPERIMENTAL

Bi;StNaNb3; 015 (BSNN) was prepared by the heat treatment of a stoichiometric mixture of
Bi,StNb,Og [17] and NaNbO; at 1100 °C for 6 h with intermediate grinding.  The metal ratio
of BSNN (Bi:Sr:Na:Nb = 2.00:1.00:1.02:3) was consistent with the nominal one. The XRD
pattern of BSNN can be indexed based on a tetragonal cell.  The lattice parameters refined with
the Rietveld program RIETAN [18,19] and in the space group J4/mmm were a = 0.39007(1) and
¢ =3.2926(1) nm.

About 1 g of BSNN was dispersed in 200 mL of 6 M HX (X=Cl By, I), 6 MHNO;3, 0r3 M
H,S0, at room temperature for 72 h.  The resulting product was washed with water, and dried
at 120 °C.

XRD patterns were obtained using a Rigaku RINT-2500 diffractometer using
monochromated CuKo: radiation.  Compositions of metals were determined by
inductively-coupled plasma emission spectrometry (ICP; Nippon Jarrell Ash, ICAP 575 MARK
I0) after dissolving samples using a mixture of HNOj3, HF, and HCL.  The amounts of protons
were determined from mass losses above 160 °C by using thermogravimetry (TG; MacScience,
TG-DTA 2000S) operated in air.  Morphology of samples was studied by scanning electron
microscopy (Hitachi, S-2500). Transmission electron microscopy was performed using Hitachi
H-8100A.

RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of the starting material BSNN and the products of BSNN
treated with various acids. When BSNN is treated with HX (X=Cl, Br, I), the XRD patterns
drastically change. ~ The (002) peak, that corresponds to the thickness of one perovskite-like
slab and one Bi,0, layer in BSNN, shifts to higher angles after the HX-treatment.
Correspondingly, its higher orders clearly shift to higher angles, indicating the presence of
layered structures possessing smaller repeating distances in the HX-treated products.  On the
contrary, no shifts were observed for (hk0) peaks (typically (110) and (200) in Figure 1),
suggesting the preservation of the perovskite-like slabs after the HX-treatments. It should also
be noted that these three XRD patterns were very similar, indicating similar reactivity
irrespective of the type of the X-anion.  The peaks of the products treated with HX were
successfully indexed based on a tetragonal cell.  The lattice parameters of the product treated
with HCl are a = 0.39140.002 and ¢ = 1.3940.02 nm. The q parameter of the HCl-treated
product is essentially identical with that of BSNN, while the ¢ parameter is smaller than that of
BSNN, consistent with the aforementioned observations.
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Figure 1. XRD patterns of (a) BSNN, (b) BSNN treated with HNOj3, (c) BSNN treated with
H,80y, (d) BSNN treated with HCI, (e) BSNN treated with HBr, and (f) BSNN treated with HI.

The XRD patterns of BSNN treated with HNO3 and H,SOy are completely different from
those of BSNN treated with HX, and are essentially identical with that of BSNN.  Thus, under
the present experimental conditions, the reactions of BSNN with acids take place only when HX
(X =Cl, Br, I) is used even with the same proton concentration; halide ions seem to play an
important role in this conversion reaction.

Figure 2. TEM images of (a) BSNN, (b) BSNN treated with HCI, (c) BSNN treated with HBy,
and (d) BSNN treated with HI.

.16 -



(@ (b) © (@

Figure 3. Scanning electron micrographs of (a) BSNN, (b) BSNN treated with HCI, (c) BSNN
treated with HBr, and (d) BSNN treated with HI.

The presence of layered structures in the products treated with HX is clearly shown by TEM
images.  Figure 2 demonstrates the TEM images along the [010] zone. Alternating lines with
dark and light contrasts are observed for BSNN and all the products treated with HX, consistent
with the layered structures.  The repeating distance of the dark and light rows in BSNN is about
1.6 nm (~¢/2), and decreases to about 1.4 nm for all the products treated with HX, consistent with
the XRD observations (c = 1.39£0.02 nm for the product treated with HCI).

In order to investigate the structures of the products treated with HX, their morphology was
investigated with SEM (Figure 3).  All the HX-treated products exhibit a morphology that is
very similar to that of BSNN.  Thus, dissolution of BSNN and subsequent crystallization are
very unlikely as a mechanism of the present reactions with HX.

The variation in the compositions is demonstrated in Table . The drastic decreases in Bi
contents (from 2.0 to ~0.2) are clearly shown for all the HX-treated products.  On the other
hand, slight losses of Sr (~0.2 Sr per 3 Nb) are always detected for the HX-treated products.

We ascribe these observations to the selective leaching of the Bi, O, layers containing Sr due to
cation disorder (Bij gSry,0,) [15,20].  For charge compensation, 1.8 H* are introduced per3
Nb.  Thus, the overall reaction can be written as follows:

. . HX _
(Bi; §S19207)[Srg gBig ,NaNb3 0] > Hy g[Srg gBig ,NaNb30]

Table 1. Variation in compositions of BSNN afier the treatment with HX (X = Cl, Br, I)
(in molar ratio)

BSNN HX-treated
HCI HBr HI
Bi 2.0 0.21 0.25 0.23
Sr 1.0 0.80 0.77 0.78
Na 1.0 1.0 1.0 1.0
Nb* 3 3 3 3
H - 1.8 1.8 1.8

*set to be three
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For dissolution of metal oxides, the effects of anions have been reported. Basedon a

- surface complexation model [21], anions can influence the rate of dissolution via the formation of
surface complexes, inductive effects, and thermodynamic changes in solubility. Some of these
factors may play a role in the significant effect of anions observed in the present study.

CONCLUSIONS

We have demonstrated that the type of anion in the mineral acids exhibited a significant
effect on the conversion of the Aurivillius phase Bi,StNaNb;O, into its protonated form. HX
(X =Cl, Br, I) was effective for this conversion, while HNO5 and H,SO, did not lead to
successful conversion under the present experimental conditions. These observations imply
that halide ions play an important role in the conversion reaction.
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Carriers were successfully doped into RbCa,NaNb,0,; by the
substitution of Sr** for Na*, yielding electroconducting niobates
with a layered structure consisting of four perovskite-like layers.
Single-phase products of polycrystalline RbCa;Na,_.St.Nb,0,;
(x=0.2 and 0.4) were synthesized by the solid-state reaction
of RbCﬂ;NbgOm, Sl'5Nb4015, Nb;O,, and Nb metal. The
solid solutions were indexed based on a tetragonal structure,
corresponding to the end-member RbCa,NaNb,O,;. With
the increase in the amount of strontium substitution, an expan-
sion of the c-axis was observed while the g-axis was essentially
constant. The products showed semiconducting properties.
© 1999 Academic Press

Key Words: niobate; solid-state reaction; layered perovskite;
reduced oxidation state; Rietveld analysis; electrical conduction.

1. INTRODUCTION

A large class of transition metal oxides possess struc-
tures consisting of two-dimensionally stacked perovskite-
like slabs: An+ 1B,,03,,+1 (1), BizAn—an03n+3 (2), and
MA,-1B,Osp+1 are well-known examples (3, 4). These
structures are ideal for relating the thickness of the perov-
skite-like slabs n with the properties. For example, the
change in the electrical properties of (La, St)a+ s MNzOsn+1
(n=1,23,and o) (5), Str+1VaOas+1 {(n=1, 2, and o)
6, 7), Lay+1NinOsp+: (n=1, 2, 3, and oo) (8), and
(Sto.95, Lao.os)a+1 TinOan+1-s5 (n=1 and 2) (9) has been
discussed based on the difference in the thickness of the
perovskite-like slabs.

Recently, the incorporation of conducting electrons
into niobates with a layered-perovskite structure,
M{[ Ay~ Nb,O3,+1], has drawn attention. The structure of
M[A,-1Nb,O3,+ 1] consists of n perovskite-like layers with

f Current address: Department of Fine Materials Engineering, Faculty of
Textile Science and Technology, Shinshu Univetsity, 3-15-1 Tokida, Ueda
386-8567, Japan.

2To whom correspondence should be addressed. E-mail: ys6546@mn.
waseda.acjp.
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a monovalent cation M occupying the interlayer space. The
reduced niobates for the n = 2 and 3 compounds have been
synthesized by chemical or electrochemical intercalation of
excess ions (H*, Li*, and Rb*) into the interlayer (9-17)
and by cation substitution by solid-state reaction (18, 19).
Most of the early studies have emphasized the structural
characterization of the reduced products.

The electrical properties of carrier-doped n =2 and
3 members have been reported recently. We have reported
the synthesis and electrical properties of the n = 3 member
KCa,_,Ln,Nb3Oy4 (Ln = La, Ce, Nd, Sm, and Gd) (18,
19). The observed (log p) oc T dependence was interpreted
based on a model assuming tunneling conduction through
vibrating barriers, and the structure—-property relation was
established (18, 19). Recently, it has been reported that the
n =3 member Li,KCa,Nb;0O,, shows a superconducting
transition below 6 K (15-17), whereas the n = 2 member
Li,KLaNb,O, shows no superconducting transition down
to 0.5 K (15). This suggests that the thickness of the perov-
skite-like slabs influences the superconducting properties in
M[An— lenO3n+ 1]'

The synthesis and structural characterization of the n = 4
member, RbCa,NaNb,O, 5, have been reported (4, 20). The
schematic structure of RbCa,NaNb,O ; is shown in Fig. 1.
In light of the variation in the electrical properties as a func-
tion of n in the two-dimensional perovskites reported so
far, the electrical properties of higher n members of
MT[A,-{Nb,O;,+,] are of interest. Here, we report the
doping of carriers into the n =4 member of the layered
perovskite RbCa,NaNb,O, ; by the substitution of Sr** for
Na* and their structures and electrical properties.

2. EXPERIMENTAL

RbCa,;Nb; 044, SrsNbyOy 5, and NaNbO, were prepared
by the solid-state reactions of appropriate amounts of
Rb2C03, CaCO3, SrCO3, N32CO3, and Nb205 under am-.
bient atmosphere. A 50% excess amount of Rb,CO; was
used in the case of RbCa,Nb30,¢. The product was washed

@
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PROPERTIES OF REDUCED NIOBATES

‘—Rb*‘

[Ca,NaNb,0O,]-
; perovskite-like slab

J

< Rbt
<0 (5)
<«4—Nb(2), 0(4)

FIG. 1. Schematic crystal structure of RbCa,NaNb,O,;.

with deionized water after completion of the reaction. X-ray
diffraction (XRD) (Mac Science MXP? diffractometer with
monochromated CuKua radiation) of the above oxides in-
dicated single-phase formation, and inductively coupled
plasma emission spectroscopy (ICP) (Nippon Jarrell Ash,
ICAP575 Markll) showed that the cation ratios were consis-
tent with the nominal ones.

Polycrystalline samples with nominal compositions of
RbCa,Na; _,Sr.Nb,Oy5 (x =02, 0.4, and 0.5) were syn-
thesized from RbCa,Nb;0,,, NaNbO;, SrsNb,O, 5, and
Nb according to the following equation:

RbCa;Nb3O, g + (1 — x)NaNbO; + (0.2x)StsNb,0 5

+(02x)Nb — RbCa,Na, _,Sr,Nb,O; . [1]
All of the starting oxides were dried for at least 1 day at
100°C before use. The end-member RbCa,NaNb,O,; was
synthesized by the solid-state reactions of RbCa,Nb;0,,
and NaNbOj; at 1200°C for 3 h in air (20). After thorough
grinding, the reagents were pressed and placed in an
alumina boat surrounded by powders having the same
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composition to prevent contamination. The reactor tube
was evacuated to ~8.5x 1073 Pa before argon purging
and Ti powder was placed in the reactor tube as an oxygen
getter to minimize oxidation during the synthesis. The re-
agents were fired at 1200°C for several hours, with intermit-
tent grinding after every 3 h of firing. The firing sequence
was repeated twice.

The morphology of the products was studied with
a scanning electron microscope (SEM) (Hitachi, S-2500),
Crystalline phases were identified by XRD. Structural para-
meters were determined by the Rietveld analysis program
RIETAN (21, 22). The cation ratios were determined by ICP
analysis. For the ICP measurements, the samples were de-
composed in a mixture of HF, HCl, and HNO, by heating
at 200°C for at least 3 h. Resistivity data were collected from
80 to 280 K using a standard dc four-probe method,

3. RESULTS AND DISCUSSION

Table 1 summarizes the compositional analysis results of
the products obtained as single phases. The cation ratios
were in agreement with the nominal composition for all x.
Thus, the discussion herein is based on the assumption that
the substitution of Sr** for Na* produces an equimolar
amount of Nb** during the synthesis.

The XRD patterns of the products are shown in Fig. 2.
Preferred orientation was observed along the [00/] plane,
consistent with the plate-like morphology of the samples
observed in the scanning electron micrographs. The XRD
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FIG.2. XRD patterns of RbCa;Na, -, Sr,Nb, 0y, with (a) x =0,
(b)x =02, (c)x = 0.4, and (d) x = 0.5. Arrows in (d) represent peaks due to
the n = 3 compound. The peak with an asterisk in (d) is an unidentified
peak.
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PROPERTIES OF REDUCED NIOBATES

TABLE 1
Composition of the Products
x Composition™
0 : Rbl.oocaz.osNa1.osNb40u
02 _ Rbt.oocaz.ooNao.aosro.zlNb4013
04 Rb;1.04Caz.07Nag 61 810.40Nb, Oy

“ Compositions were normalized by setting the amount of niobjum to 4.
* Amount of oxygen was set to 13.

pattern for x = 0 was indexed based on a primitive-tetrag-
onal cell, in agreement with a previous report (20). Single-
phase RbCa,Na,_,Sr,Nb,0,; was obtained for x = 0.2
and 04 with repeated firings. No extra reflections for
x=0.2 and 0.4 were evident in the XRD patterns when
compared to that of x = 0, and all the diffraction peaks were
indexed based on a primitive-tetragonal cell. When x = 0.5,
an unidentified peak at 26 = 21.16° and weak diffraction
peaks due to RbCa,Nb,0,, were observed besides the
intended phase. A single phase for x = 0.5 could not be
obtained even with repeated firings or firing at higher tem-
perature. Thus, the solubility limit is between x = 0.4 and
0.5 under the present synthetic conditions.

The structure of the x =0 compound was refified by
Rietveld analysis assuming a random distribution of Ca and
Na at the 4 site (20). The crystallographic data correspon-
ded to those of a previous report (20). Since the indexing of

the XRD patterns for x = 0.2 and 0.4 indicated the preser- -

vation of the symmetry with substitution. Rietveld analysis
for these compounds was conducted with the same space
group as that for x = 0. A random distribution of the A-site
cations (Ca, Na, and Sr) was also assumed.. The outputs
from the Rietveld refinement are shown in Fig. 3, and the
crystallographic data are given in Table 2. The g-axis was
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FIG. 4. Evolution of the unit-cell volume as a function of x,
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TABLE 2

Crystallographic data for RbCa,NaNb,0,,, RbCa,Na,,Sr,,

NbO,s, and RbCa,Na, Sr, ,Nb,O,,*

Sample Atom Posiion x "y 2 B (nm?f
RbCa,NaNb,0,, Rb 4 05 0505 0.028(3)
A1 le 05 050 0.010(2)
a=038727(1) nm AP 2k 0S5 05 02240(7) 0010
c=181166)am  Nb(1) . 2 0 0 0.10572) 00028(9)
' Nb2) 2 0 0 032932 00028
Ry, =0.1299 of1) la 0 00 0.036(4)
R, =0.0969 oQ 4 0 050101(3) 0036
R, = 00340 o) 2 0 0 02052 0036
R, =0.0349 0(4) 4 0 0 0309) 0036
Ry =00217 o(5) 2 0 0 04200 003%
RbCa,Nay 51, ,Nb,0,; Rb 1d 05 0505 0.048(4)
LA fe 05 050 0.012(1)
a=038716(1)nm  AQ2p 2 05 05 02248(7) 0010
c=1500928)nm  NW(1) 2 0 0 010543) 00030(8)
Nb(2) 2 0 0 03289(3) 00030
Ry, = 00990 o) ta 0 00 0037(3)
R, = 00769 .0 4 0 0501042 0037
R, =0.0355 o) 22 0 0 02142 0037
R; = 00339 O 4 0 0 0308(1) 0037
Ry = 00221 o) 22 0 0 04162 0037
RbCa,Nag ¢Sty (Nb,0,;  Rb d 05 0505 0.044(5)-
AL fe. 05 050 0.008(2)
a=038704(3)nm  AQ2p 2k 05 05 02236(9) 0.008
¢ =1.9107(1) nm Nb(1) ¢ 0 0 010565 0.006{10)
' Nb(2) 22 0 0 032854 0006
R,, =0.1216 o(1) la 0 0 0 0.034(5)
R, =0.0881 0Q) 4 0 0501013 0034 -
R, = 00359 op) 2 0 0 02153 00M
- Ry =00426 o4 4 0 0 03092 001
Re = 00243 o5 22 0 0 04213 0034

“Space group Pd/mmm; No. 123. 20 step size = 004, total number of reflec-
tions = ca. 400, number of profile points = 2601, Number in parentheses repres-
ents estimated standard deviation. Values without standard deviation were
constrained. The occupation factor was set to unity for all positions.

" "The cation ratios in A(1) and A(2) were confined to Ca:Na = 2/3:1/3 for

© RbCa,NaNb0O, ;, Ca:Na:Sr =2/3:4/15: 1/15 for RbCa,Nay, g St,,Nb,0,,,

and Ca:Na:Sr = 2/3:3/15:2/15 for RbCa,Nay ¢Sro 4 Nb, 0,5
“The istropic atomic displacement parameters for the same cation species
were constrained to be equal.

essentially unchanged, while the c-axis increased linearly,
resulting in an overall increase in the unit-cell volume
(Fig. 4). The increase is attributed to the larger ionic radii
of Sr** (0.144nm) and Nb** (0.068 nm) compared to
Na*(0.139 nm) and Nb** (0.064 nm) (23).

Calculation of the bond distances showed that the Nb~O
bond extending toward the interlayer had the shortest dis-
tance (Nb(2)-O(5) = 0.177(6) nm). The longest Nb~O bond
was Nb(2)-0(3) = 0.216(7) nm. The inner two perovskite-
like slabs are closer to an ideal octahedron than the outer
ones, as was the case for x = 0(20). No drastic change in the
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FIG. 5. Teinperature dependence of the normalized resistivity for (a)
RbCﬂzNﬂo_gSl‘o_sz4013 and (b) RbCa;Nao,SSrMNb,;Om.

crystallographic environments of the inner and outer two
perovskite-like slabs upon doping was apparent.

The temperaturé dependence of the normalized resistivity
on a logarithmic scale is shown in Fig. 5. The samples
showed semiconducting behavior, with typical resistivity at
room temperature in the order of 10'~10> Q m. The resistivity
for RbCa;Nay ¢Srp 4Nb, O3 was slightly less temperature-
dependent than fhat of RbcazNao._gsro_sz4ol3. Sinee
a linear relation could not be obtained in the (log p) vs T 1
plot in the temperature region 80 < T < 280, the thermally
activated electron-hopping conduction mechanism could
not be applied. In the case of Na, -3 NDO5 (02 <
x <04) (24) and KCa,_,La,Nb,Oy, (0.1 < x <0.3) (18),
alinear (log p) oc T relation was observed in the temperature
region 80 < T < 280. The electrical properties in these com-
pounds were interpreted based on the tunneling conduction
of smalt polarons through vibrating barriers (25). The gen-
eral shape of the (log p) vs T plot (Fig. 5) suggests that the
resistivity behavior of RbCa,Na,  Sr, Nb,O, ; may also be
explained by the tunneling conduction of small polarons
through vibrating barriers (25). However, since the linearity
was not preserved throughout the whole temperature region
studied {80 < T <280), other conduction mechanisms
should also contribute to the electrical properties. A devi-
ation from the apparent (log p) oc T behavior was also
observed for Na, _,Sr,NbO; (x = 0.10 and 0.15) when the
Sr content was small (24). :

4. CONCLUSIONS

Polycrystaline samples of reduced niobates possessing
a four-layered perovskite structure, RbCa,Na, _,Sr,Nb,

Oy3 (x = 0.2 and 0.4), were synthesized and their structures
and electrical properties were studied. The tetragonal struc-
ture of the end member RbCa,NaNb,O,; was retained
with the substitution. The g-axis was essentially constant,
while the c-axis increased linearly with an increase in x.
Semiconducting properties were obtained for both x = 0.2
and x =04,
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Abstract

Bi,SrTa; Qg was treated with 3 M HCI, and a resultant product was structurally and compositionally
characterized.  Acid-treated Bi,SrTa,Qy exhibited a tetragonal symmetry with @ = 0.391+0.004
and ¢ = 0.98+0.01 nm.  After the acid treatment, the structure of perovskite-like slabs was
preserved, while the repeating distance (perpendicular to the perovskite-like slabs) decreased from
that of Bi,SrTa;Oy (¢/2 =1.253 nm).  The compositional analyses revealed that the acid-treated
product corresponded to Hjs[SrosBio2Ta;07].  These observations indicate that bismuth oxide
sheets in Bi;SrTa;0y were selectively leached to form a protonated form of a layered perovskite.
The presence of Bi in the perovskite-like slabs should be ascribed to the cation disorder between Sr
and Bi.  The morphology did not change after the acid treatment, supporting the aforementioned
reaction mechanism.

Introduction

It is well known that some layered compounds undergo topotactic reactions such as
intercalation reactions and ion-exchange omes, and clays, layered polysilicates, and layered
transition metal oxides were typical host oxides [1].  Since the structures of layers in the starting
compounds are preserved, only the axis perpendicular to layers (in many cases c-axis) is generally
changed.  Ion-exchangeable layered perovskites consist of perovskite-like slabs and interlayer
cations. Two homologous series called Dion-Jacobson phases (M[A,.1Bx03,+1]) and Ruddlesden-
Popper phases (Mz[A;.1B,O3x+1]) are known so far, and both of them are reported to exhibit ion-
exchange and intercalation capability [2,3].  Interlayer cations can be replaced with other
monovalent and divalent cations by ion-exchange reactions [4,5].  Similarly, the replacement
with proton can be achieved by acid treatments [4,6]. The protonated forms undergo
intercalation reactions with n-alkylamines by acid-base mechanism [2,3].

Aurivillius phases (BiA,.1B,Osn3 or alternatively expressed as (Biz02)[As.1B4Osn+1])
consist of bismuth oxide sheets and perovskite-like slabs [7]. Since the structures of the
perovskite-like slabs in the Aurivillius phases are identical with those of the ion-exchangeable
layered perovskites, it appears to be possible to convert the Aurivillius phases into protonated forms
of layered perovskites by the replacement of the bismuth oxide sheets with proton. In the
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previous work [8], we have demonstrated that the acid treatment of Bi;SrNaNb;O,, resulted in the
selective leaching of bismuth oxide sheets and corresponding introduction of proton for charge
compensation of negatively charged perovskite-like slabs.  Though this reaction was irreversible,
the structure of the perovskite-like slabs was preserved. ~ The compositional analysis revealed that
a part of Bi (11 %) was present in the perovskite-like slabs because of cation disorder.

Here, we report the conversion of Bi;StTa;Oy into a protonated form of a layered
perovskite by HCl treatment. ~ Suzuki ef al. [9] reported the structural change of Bi;StTa;05 upon
the acid treatment, and they ascribed the variation in X-ray diffraction (XRD) patterns to the
structural change in perovskite-like slabs. ~ We performed structural and compositional analyses
of the acid-treated Bi,StTa;0s, and revealed that the bismuth oxide sheets in Bi,SrTa,Qy were
selectively leached by the acid treatment.

Experimental procedures

Bi,S1Ta;09 was prepared from a stoichiometric mixture of Bi,Os, SrCOs, and Ta,0s
through solid-state reaction.  The calcination schedule was based on the previous report for
Bi;StNb,Og [10].  Typically, 1 g of .BiZSrTazOg was dispersed in 200 mL of 3 M HCI for 72 h at
ambient temperature.  Then the crude product was washed with water, and dried at 120.C for 24
h.

XRD patterns were obtained with a Rigaku RINT-2500 diffractometer using
monochromated CuK radiation.  Rietveld analysis was performed by using the program
RIETAN [11].  Electron diffraction (ED) patterns were obtained by using a transmission electron
microscope Hitachi H-8100A operated at 200 kV.  The compositions of metals were determined
by inductively-coupled plasma emission spectrometry (ICP; Nippon Jarrell Ash ICAP-575 II) after
dissolution by heating samples in a mixture of HCI, HNO3, and HF at 200.C at least for2h.  The
amount of proton in acid-treated Bi,S1Ta;O9 was determined by thermogravimetry (TG) using a
MacScience TG-DTA2000S (heating rate: 10.C/min).  The morphology was studied with a
scanhing electron microscope (HITACHI, S-2500). :

Results and Discussion

Figure 1 shows XRD patterns of Bi,StTayO9 and its acid-treated product.  The lattice
parameters of BiyStTa;Oy were refined based on the reported space group A2jam (with a
orthorhombic cell) and were determined to be a = 0.5520, b = 0.5521, and ¢ = 2.505 nm [12].
The a and b parameters were consistent with v 2a, (ap is the lattice parameter of cubic perovskite
oxides, and is around 0.39 nm).  Since the ¢ parameter is doubled, the thickness for one
perovskite-like slab and one bismuth oxide sheet should be ¢/2 (= 1.253 nm).

The XRD pattern of acid-treated Bi,StTa,Oy consists of broad peaks, which can be indexed
with a tetragonal cell.  Lattice parameters are calculated to be @ = 0.391£0.004 and ¢ = 0.98+

0.01 nm. It should be noted that the a parameter corresponds to a,.  Since (hk0) peaks of
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B1pSr1a;Ug |the (ZUU) and (UZU) peaks (overlapped) and the (£2U) one 1n F1g, 1] are present at the
same positions after the acid treatment, the preservation of the perovskite-like slabs is suggested.
The change in the lattice parameters for perovskite-like slabs (the a and b parameters for
Bi,S1Ta;0y and the a parameter for acid-treated Bi,SrTa,09) should be ascribed to the difference in
the symmetry of unit cells ([110] direction of acid-treated Bi,SrTa,O9 corresponds to [100] direction
of Bi;S1Ta;09).  The c parameter of acid-treated Bi,SrTa;Oy is not doubled, which is consistent
with the appearance of a (100) peak.  Thus, the repeating distance along the ¢ axis contracted
from 1.253 to 0.98 nm after the acid treatment.
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Figure1 XRD patterns of (a) Bi)SrTa;O9 and (b) its acid-treated product.

The preservation of the perovskite-like slabs during the acid treatment is further
demonstrated by the ED analysis.  Figure 2 demonstrates the ED pattern of Bi;SrTa;0y and that
of acid-treated Bi>StTa;0y along the [001] zone.  Since the a and b parameters of Bi;StTa;0y are
very close, we interpret the pattern of Bi;StTa;0y with a pseudo-tetragonal symmetry (aera = a/v 2)
These patterns are very similar, indicating that the structure of the perovskite-like slabs in
Bi,S1Ta;0y is essentially unchanged during the acid treatment.

Table 1 summarizes the ICP and TG results of Bi;StTa;O¢ and acid-treated BiySrTa;0,.
The Bi/Ta ratio decreases from 2.0 to 0.19 by the acid-treatment.  The Sr/Ta ratio also decreases
to some extent (0.98—0.79).  These observations indicate that the bismuth oxide sheets
containing Sr (present because of cation disorder) are selectively leached.  The layer charge is
calculated to be 1.8- ([SrosBig2Ta,07]"), which is well consistent with the amount of proton (1.8
per [SrosBig2Ta;01]).
-27-



Figure 2 ED patterns of (a) BiSrTa;09 and (b) its acid-treated product.

Table 1 _Composition of BiSr1a;Oy before and after the acid treatment (in molar ratio).

Bi Sr Ta* H**
Before the Acid Treatment 2.0 0.98 2 —
After the Acid Treatment 0.19 0.79 2 1.8

*Settobe 2.  **Determined by TG.

Scanning electron micrographs of Bi,SrTa;Oy and acid-treated Bi;SrTa; 0 are shown in Fig.
3. No obvious morphological change is evident.  Thus, it is very unlikely that the reaction
mechanism of this conversion is dissolution-recrystallization-type, supporting the selective leaching
mechanism.

Figure 3 Scanning electron micrographs of (a) BiSrTa;Oy and (b) its acid-treated product.
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Conclusions

We have demonstrated that the bismuth oxide sheets in the Aurivillius phase, Bi;SrTa;Oo,
were selectively leached by the HCI treatment to form the protonated form of the ion-exchangeable
layered perovskite, H; s[SrosBig2Tay07]. Since the B-site ions in the conventional ion-
exchangeable layered perovskites (the Dion-Jacobson and Ruddlesden-Popper phases) are very
limited, this conversion method from the Aurivillius phases can provide a variety of layered
perovskites, which cannot be prepared by the solid-state reactions.
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Protonated Form of a Layered Perovskite Tantalate

Here, we report the conversion of another Aurivillius phase,
Bi:SrTaz0q, into a protopated form of a layered perovskite via
acid treatment. The acid treatment of single-crystal Bi,SrTax0q
was previously reported,'? but the variation in the XRD patterns
was interpreted as a structural change of the perovskite-like slabs
in Bi;SrTaOy during the acid treatment: In the present study,
Bi,SrTa,0y 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 ohservation,

Experimental Section

Preparation. of Bi:SrTax0Os Bi:5rTa:0s was prepared” from a
stoichiometric mixture of BixOs, SrCOs; and Tax0s by solid-state
reactions. The heating schedule is based on the preparative method
used for Bi;StNb,Oy: the starting compounds were thoroughly ground
and heated at 900 °C for 15 h, 1000 °C+or 15 h, and 1200 °C for 24
h with intermittent grinding.’*

Acid Treatment of Bi;SrTa,0y. About 1 g of Bi,SrTa:,0s ‘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,
ICAPS75 Markll) after the samples were dissolved by heating in a
mixture of HCL, HNO- and HF at 200 °C for at least 2 h. The amount
of hydrogen was determined by thermogravimetry (TG: MacScience,
TG-DTA20008; 10 °C/min). X-ray diffraction (XRD) patterns were
obtained by using a Rigaku RINT-2500 diffractometer {monochromated
Cu Ka radiation), 'A Rietveld analysis of BizSrTa,0¢ was: performed

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 BiSrTa,0,. Scanning electron micro-
graphs of BirSrTa-0g and its acid-treated product are shown in
Figure 1..Both BirSrTax0s and the acid-treated product consist
of particles with diameters of -3 pm, and no notable change
in particle-shape is observed, indicating that the dissolution of
Bi,S1rTa-()y and subsequent precipitation are very unlikely.

XRD patterns of Bi>SrTa-Oy and its acid-treated product are
shown in Figure 2. The XRD pattern: of BipSrTa,Os (Figure
2a) can be indexed on the basis of an orthorhombic cell (o =
0.5520¢4) nm, b = 0.5521(4) nm. ¢ = 2.:505(2) nm), consistent
with a previous report (a-= 0.5525(4) nm. b ="0.5526(6) nm,
¢ = 2.508(5) nm; space group, A2;am).'® The ¢ and b parameters
correspond to-v/2a, (a, 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 doubled ¢ parameter of Bi:SrTax00 (¢/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
*(we found that the XRD peaks became sharper, and the acid-

{13y Suzuki, M Nagasawa, NopMachidac A Am, To Jpn Lo Appl. Phys.
1996, 25, L3064,

(14} Ismunandar; Kennedy, B, F; Gunawan: Marsongkohadi J, Solid State
Chem. 1996, 126, 135141,

{15y (a) lzumi, F. In Rierveld Analysisz- Young: R A, Eds Osford
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F. [ Ceram: Soc. Jpn. 19940 102, 401,

(163 Rae. A. Do Thompson, 1 G Withers, Ro Lo Aeta Crvsrallogr: 1992,
B48, 418,

by using the program RIETAN.!S Lattice parameters of the acid-treated’

Inorganic Chemistry, Vol, 40, No. 23, 2001 - 5769

Figure 1. Scanning electron micrographs of (a) BE:SiTa,00 and (b)
acid-treated B1;S5rTa:0e.

Intensity{aiL)

20/ {luka)

Figure 2. XRD patterns of (a) Bi:SrTa:QOq and (by acid-treated
Bi;v_Sl”Tag(}m

treated product heated. at 120 °C also. exhibits tetragonal
symmetry (Figure 2b). The lattice parameters of the acid-treated
product heated at 120 °C are @ = 0.391 =+ 0.004 nm and ¢ =
0.98 4 0.01 nm. It should be noted that the lattice parameter ¢
of the acid-treated product heated at 120 °C is in good agreement
with the g, 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 3. "HREM images of acid-treated Bi:S¢Ta,0s along (a) {001}

-and (b) [010]. Corresponding ED patterns are given in the insets. In
panel b, two simulated images for P- and Ftype cells (middle) and an
enlarged, simulated image (right) are also presented.

basis of a tetragonal cell, consistent with the XRD results. The
HREM image exhibils aregular 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
beexplained on the basis of a lamellar structure. These
observations clearly indicate that the structure of the perovskite-
like slabs is retained after the acid tréatment. We emphasize
that -all the ‘examined particles: of the:acid-reated -product
(several hundreds) were ‘crystalline ion the basis of the ED
analvsis.

A Bi:SriTa metal composition ratio of 2:0:0.98:2.0 was found
for Bi»SrTa>Oy 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 info account, we ascribe the loss of the large portion of
bismuth to the selective leaching of the bismuth oxide sheets
in BixSrTa,0¢. The remaining bismuth (Bi:Ta = 0:19:2) and
the loss of a corresponding amount of strontium (Sr:Fa =-0.19:
2) should be ascribed to cation disorder (B <= Sr), which was
observed in our previous study on: Bi>SrNaNb:0O;:! and struc:
tural-analyses of other Aunrivillius phases.!”:!$ Hence, the com-
position of the perovskite-like slabs in BizSrTa:0o and its.acid-
treated product should be SrygBig 2 Ta:On.
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

(I7) Blake, S0M: Falconer.M: 1. McCreedy, M. Lightfoot, P.J. Mater,
Chem. 1997:.7,1609.
(18y Ismunandary Kennedy, B Marer; Chem. 1999, 9,541,
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Figure 4. TG curve of acid-treated Bi;SrTa;0q heated at 120 °C.

per SrosBio:Ta;07. Since the layer charge of the perovs-
kite-like slab is ~1.8 due to cation disorder ([SrysBigTa,05118);
the amount of hydrogen is in good agreement with the following
overall reaction:

7%

. ; o H ;
(Bi,; 81,,0,){Sry 4Big ,T2,0,] — H, 4[Sr 4Bi ,Ta,0,]

Suzuki et al.?® reported:the acid treatment of a Bi:S1rTa,0Q
single crystal. In the XRD pattern of the acid-treated Bi»SrTa,0s,
a series of peaks assignable to a 00/ reflection was observed,
and the position of the low-angle peak (d = 0.9807 nm) is close
to the ¢ parameter in the present study. Thus, the reported
structural change of the Bi;SrTa;0y single crystal appears to
be identical to that observed in the'present reaction;

Structuare of H g[SrosBig 3 Ta;0]. Stacking sequences of the
perovskite-like slabs in the layered perovskites depend on both
compositions: of the perovskite-like slabs andinterlayer:cat-
ions.'*2% In a simple stacking sequence, an adjacent perovskite-
like slabis focated 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 displacement88192L.22 apd the stack-
ing sequence with a displacement by (a + b¥/2.49%2324 The unit
cells - of ‘protonated  phases possessing: the : simple stacking
sequences contain only one perovskite-like slab, and the space
group reported so far is Pd/m for HILaNb(0+].!? On the contrary,
the relative displacement by (a + #)/2 leads to.a doubling of ¢
parameters, and the structures of Ha{StNb>O5] and H2[SrTa,04)
(heated at:300 °C) were reported to: possess Jtype. tetragonal
cells.” These: previous. reports suggest that either a unit cell
with a simple stacking of the perovskite-like slabs (most likely
a tetragonal P-type cell)y.or a unit cell with a stacking of the
perovskite-like ‘slabs:with a displacement by (¢ + b)¥2 (a
tetragonal I-type-cell) appears to be adopted for H, g SrosBig -
Tax07]. The presence of the (100) peak in both the XRD and
ED patterns (the (100) peak does not appear for tetragonal /-type

(19} Sato, M.; Abo, 1; Jin, T.: Ohta. M. Alloys Compd. 1993, 192, §1.

(20) Toda. K.: Teranishi. T.: Ye, Z.-G.; Sato, M. Hinatsu, Y. Mater. Res.
Bull. 1999, .34, 971,

(21) Gopalakrishnan, J.; Bhat, V.;'Raveau, B. Mater. Res. Bull. 1987. 22,
413.

(223 Palacin. M. R. Liras M Gardfa, J. L Caldés, M. T.. Casafi-Pastor,
N.: Fuertes; A.; Gomez-Romero, Po Muater. Res. Budl 1996, 31,217,

(23) Richard, M.: Brohan, L.y Tournoux. M. J. Solid Srate Chem. 1994,
112, 345,

(24} ‘Schaak. R. E.; Mallouk, T. E. J. Solid State Chem. 2000. 155, 46—
54,
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Protonated Form of a Layered Perovskite Tantalate

cells) and the lack of doubling of the ¢ parameter (0.98 =+ 0.01
nm) suggest that the structure of H, 3{SrosBip2T2,07] possesses
a P-type cell as an average structure.

Closer inspection of the structure of Hy s[Sro sBip2Ta;04] 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 H; s[SrosBio2Ta>04] for both
P-type (no displacement) and I-type (relative displacement by
(a + b)2) cells. In simulated images, black dots are assigned
to TaOg octahedrons, and the displacement in the I-type cell is
clearly demonstrated. The comparison of these two images with
an enlarged image of H; g[Sro.sBig2Ta,0+] indicates that the two
observed types of stacking sequences correspond to P- and
I-type cells. Obvious streaks along c* in the corresponding ED
pattern (taken with the [010] incidence) are consistent with this
stacking disorder.

Conclusions

Bi;SrTa;09 was converted into H; g[SrosBig2Tax0;] via
acid treatment. HREM observations and diffraction results
(XRD and ED) of Hj g[SrosBig2Ta;07] clearly revealed that
H,; 3[Srp sBig2Ta;07] retained the structure of the perovskite-

Inorganic Chemistry, Vol. 40, No. 23, 2001 571711

like slabs in Bi;StTa;0y. Since no morphological change
occurred during the acid treatment, the conversion reaction
proceeded via the selective leaching of the bismuth oxide sheets
in Bi;SrTa;0y. HREM observations further demonstrated that
two types of stacking sequences (P- and I-type) were present
in Hj g[Sro3Big2Ta207]. 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[La;Ti3010]) into an Aurivillius

phase (BizLa;Tiz012) was reported and corresponds to the
reverse reaction of our conversions.?> Hence, the Ruddlesden—
Popper phases and the Aurivillius phases are likely to be
interconvertible using newly discovered reactions.
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Conversion of Aurivillius Phases, Bi;ANaNb3O;, (A=Sr or Ca), into the Protonated

Forms of Layered Perovskite via Acid Treatment

Wataru Sugimoto, ¥ Masashi Shirata,! Kazuyuki Kuroda'* and Yoshiyuki Sugahara, "t
Department of Applied Chemistry, School of Science and E ngineering, Waseda
University, Ohkubo-3, Shinjuku-ku, Tokyo 169-8555 JAPAN

Kagami Memorial Laboratory for Materials Science and Tt echnology, Waseda
University, Nishiwaseda-2, Shinjuku-ku, Tokyo 169-0051 JAPAN

Protonated forms of layered perovskites were derived from Aurivillius phases,
Bi,ANaNb;Oi, (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 layered structure of the host
Aurivillius phases 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 H 5[ Ao.sBio.2NaNb3; O]
(A=Sr or Ca) by inductively-coupled plasma emission spectroscopy and
thermogravimetry.  The acid-treated product H, s[Sro sBio2NaNb;O,0] was capable of
accommodating n-alkylamines in the interlayer space, which is in good agreement with

the proposed layered structure.
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Introduction

Extensive research has recently been devoted to layered perovskites possessing
ion-exchange capabilities. = These compounds are expressed by the general formula
Ma[A.1BxOsn+1] (the so-called Ruddlesden-Popper phases') or M[A,.1B,03.+1] (the so-
called Dion-Jacobson phasesz), 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,.1B.Os.+1] denotes the
perovskite-like slabs derived by termination of the three-dimensional ABO; 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.

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 M[A,.1B,O0s.+1] and M[A,.;B,Os,+1] with aqueous acids lead to their
| corresponding protonated forms H[A,.1B,Os3.+1] and H[A,,B,Os.+] via a proton-
exchange reaction (M'—>H").2*  These protonated forms of layered perovskites have
drawn considerable interest across a wide range of chemistry fields, since they exhibit
numerous properties,” examples of which includes ion-exchange capability,® Brensted
acidity,22>%"'% proton conduction'' and photochemical properties." Various

functional materials have also been derived from these protonated forms of layered

2b,2¢,6a,7-9 13,14

perovskites, including intercalation compounds, alkoxyl derivatives, ™" porous

12b,15 4,16

materials, metastable three-dimensional perovskites, and layer-by-layer
assembly of exfoliated layered perovskites.'”

The Aurivillius phases (BizA,-1B»Osn+3 or alternatively expréssed as Bi;O[A,-
1B,Osn+1])'® are also members of the layered perovskites, and extensive research has
been devoted to their synthesis as well as the characterization of their ferroelectric
property.19 As shown in Scheme 1, the Aurivillius, Ruddlesden-Popper and Dion-

Jacobson phases all possess analogous perovskite-like slabs, [A,.1B,Osn+i].  The
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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 Aurivillius phase, Bi,SrNaNb;O,,, to a
protonated form of a layered perovskite by acid treatment.zo’z.l The reaction involves
a selective leaching of the bismuth oxide sheets with simultaneous proton incorporation
into the interlayer space formed between the perovskite-like slabs.  The incorporation
of protons allows the preservation of charge neutrality and the two-dimensional
characteristic 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 »=2 member Aurivillius phase, Bi;SrTa;09, was
conducted earlier by Suzuki et al”>  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 treatment of Bi,SrTa,0o leads to
H, 5[Sro.sBig,TaOs] via selective leaching of the bismuth oxide sheets.?>  Another
interesting reaction concerning the Aurivillius phases was recently reported by
Gopalakrishnan et al.?* Ruddlesden-Popper phases were converted into Aurivillius
phases through metathesis reactions:

BiOCl

Ko[An1BiO3m1] —————3 Bir02[Ar1B:03.1] +2 KClI [1]
800-900 °C

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

perovskites.

Here, we report the details of the conversion of two n=3 members of the

Aurivillius phases, Bi,SrNaNb;O,, and Bi;CaNaNbs;O,,, into their corresponding
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protonated forms of layered perovskites.  The reaction of Bi,SrNaNb;O,, was

reported in brief earlier,**!

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;ANaNb3O;; (A=Sr or Ca). Polycrystalline Bi;SrNaNb;O;,
(BSNN) was prepared following a procedure similar to that employed for
Bi; sNa; sNb;01,”* and Bi,CaNaNb;0;,.2* BSNN was prepared by a solid-state
reaction of a 1:1 mixture of Bi,SfNb,Os and NaNbO; at 1100°C for 3 h.  The
calcination procedure was repeated after grinding to ensure a complete reaction.
Bi,StNb,Oy was prepared in accordance with the procedures in a previous report.?’
NaNbO; was prepared from Na,CO; and Nb,Os by firing at 1000°C for 1 h in air.
The’ purity of Bi;StNb,Oy and NaNbO; was confirmed by powder X-ray diffraction
(XRD, Mac Science MXP® diffractometer with monochromated Cu Ko radiation) and
inductively-qoupled plasma emission (ICP) spectrometry (Nippon Jarrell Ash, ICAP
575 MARK II).  Polycrystalline Bi,CaNaNb;O;, (BCNN) was prepared similarly by
the solid-state reaction of a 1:1 mixture of BiZCaszOg and NaNbO;.

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 I4/mmm. Thé final refined lattice
parameters were 4=0.39007(1) and ¢=3.2926(1) nm (Supplementary Information
available).  The XRD pattern of BCNN was indexed based on an orthorhombic cell.
Structural refinement was performed using the space group B2ch.  The final refined

lattice parameters were a=0.54836(3), b5=0.54585(4) and ¢=3.2731(1) nm
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(Supplementary Information available).

Acid Treatment of Bi;ANaNb3O;; (A=Sr or Ca). Typically, 1 g of BSNN or
BCNN was treated with 200 cm® of 6 M HCl (M=mol dm) 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 HC] for
72 h unless otherwise stated. =~ The acid-treated products were collected either by
filtration or centrifugation.  After washing with de-ionized H,O, the products were
dried at room temperature or 120°C.

Reaction of the Acid-treated Product with Alkylamines. 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 non-linear least-squares method. The cation ratios of the
products were determined by ICP.  The products were dissolved with a mixture of
conc. HNO; (5 ecm?), HF (5 cm®) and conc. HCI (10 cm®) for the ICP measurements.
After approximately 30 mg of the products had been dissolved by heating in the mixed
acid, the resultant solution was further diluted with 6 M HCl.  Thermogravimetry (TG,
Mac Science, TG-DTA 2000S) was performed under a constant flow of dry air with a
heating rate of 10°C min".  The structural characterization of the amine-treated
products was conducted by XRD (Mac Science MO3XHF?* diffractometer) with Ni
filtered Fe Ko radiation. = The morphology of the products was studied with a
scanning electron microscope (HITACHI, S-2560). Transmission electron

microscopy (TEM, Hitachi H-8100A) was conducted at 200 kV.
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Results and Discussion

Structural Evaluation by Diffraction Techniques. 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 diffraction peaks that could be indexed as a
series of (00/) reflections were observed.  In contrast to the appearance of new (00/)
peaks, the positions of the (hk0) peaks were unchanged.  The broadness of the (kl)
(/#0) peaks compared to the (%k0) 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 drying at 120°C.

Figure 1

ED analysis was conducted for BSNN and acid-treated BSNN in order to obtain
further details concerning the structural changes. = The ED patterns of BSNN and
acid-treated BSNN were both indexed based on a tetragonal cell.  Typical ED patterns
along the [001] and [010] zohes are shown in Fig. 2. The ED pattern along the [001]
zone for acid-treated BSNN was essentially identical to that of BSNN and could be
indexed based on a tetragonal cell with ¢~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 e¢-axis after acid treatment.  In view of the facts that
the (00/) planes are characteristic of a layered structure and that the (440) 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, in correspondence to the XRD results.

Figure 2

Electron Microscopy Studies. Typical SEM images of BSNN and acid-treated
BSNN are shown in Fig. 3.  The size and plate-like 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 (Fig. 2)

were easily observable, while those along the {010] zone were much more difficult to
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observe.  Such tendencies are due to the preferential cleavage plane along the ¢ axis
of the plate-like 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.

Figure 3

Typical [010] TEM images for BSNN and acid-treated BSNN are shown in Fig. 4.
Rows of dark and light contrast were observed at a periodicity of 1.6 nm for BSNN,
which corresponds to ¢/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.

Figure 4

Compositional Evaluation. The cation ratios of BSNN treated with 6 M HCI for
various treatment 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 regardless of the treatment conditions. A slight decrease in the St/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 (Supplementary

Information available).

Table 1

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
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BSNN). Since 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 perovskite-like slabs in acid-
treated BSNN.

Acid Treatment of BCNN. Acid treatinent of Bi,CaNaNb;0;,, the Ca analogue
of BSNN, was also conducted.  Figure 5 compares the XRD patterns of BCNN and
BCNN treated with 6 M HCIl 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 (00/)
reflections were observed, while the positions of the (hk0) 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.

Figure 5

- Reactions during Acid Treatment of BSNN and BCNN. Figure 6 shows the TG
curves of H; g[Big2SrosNaNb;O,0] and H, s[Bip>CagsNaNb;O,¢], the products obtained
by treétment_of BSNN and BCNN with 6 M HCl for 72h.  The samples were dried at
120°C in order to avoid 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 composition, such as
HCa,Nb;010,"%%!"° HyLa,Ti3O010,''* and HySr sNb3O10.  The observed mass loss of
2.7 mass% between ~160 and ~550°C can be attributed to dehydroxylation, which is in
excellent agreement with the anticipated mass loss of 2.8 mass% according to the
equation:

H, s[Bio2S10.sNaNb;O10] —2— Big2Sr0sNaNbsOs, + 0.9 H,0 2]
Accordingly, the observed mass loss of 3.1 mass% between ~130 and ~550°C
corresponds to the anticipated mass loss of 3.0 mass% according to the equation:

H, 5[Bio.2Cag sNaNb3 O] A, Big,CagsNaNb3;Oy,; + 0.9 H,O [3].
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Figure 6

The slight amount of residual bismuth and strontium (or calcium) in
H; s[Bio 2810 sNaNb3O;o] (or H; s[Biy2CagsNaNb;O;o]) can be understood based on 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 »=2 members of
Aurivillius phases Bi,AB,0y (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 quantitative information for the cation
disorders in the Aurivillius phases.  Since the type of A-site cation in the Aurivillius
phases affects their ferroelectric properties,’® 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 expressed as follows:

(Bi1.8A02020)"*[Bio.2A¢ §NaNb;O10]'* —2a.HCl,

H'\ 5 [Bio2A0gNaNbs;O10]*nH,0 (A=Sr or Ca) [4]
where n denotes interlayer and/or surface adsorbed water (typically #»=0.4 for an air-
dried sample).’!

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 ({(BijsA020:)'**}, —
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.

Scheme 2

Mechanism of Selective Leaching. Protonated-layered perovskites which
possess perovskite-like slab compositions similar to H, g[Big2SrsNaNb;Oy] and
H, 3[Bio2CaosNaNb3Oy0] have been reported; for example, H[BiNb,O;], H[A;Nb3O]
(A=Sr or Ca), Ho[A;sNb3O10] (A=Sr or Ca), and H[Ca;NaNbs0,3].2>**12  Thege
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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 towards 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 Sillen phase BiOCL, which is also a lamellar oxide.>  BiOCI is known to
be soluble in acidic solutions.”>  The selective leaching of the bismuth-oxide sheefs
can be therefore understood based on 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 reaction may progress at lower acid
concentrations with extended treatment.

Structural Consideration of the Acid-treated Products. Since the characteristic
two-dimensional structures of BSNN and BCNN were preserved in the acid-treated
products, the structures of H; s[Bio2Sro.sNaNb;O10] and H; 3[Big,Cag sNaNb; ;4] should
be closely related to those of the host compounds.  Initially, indexing of the XRD
pattern of H; s[Big2SrosNaNb;O] (dried at 120°C) was attempted using a tetragonal
cell with body-centered symmetry (/14/mmm) and a~0.39, ¢~2.86 nm.  Although most
of the peaks could be indexed, the sharp diffraction peak at 26~22.7° (¢~0.39 nm) could
not be indexed reliably as the (103) peak (26obsy~22.7°%; 28cay~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
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(28005~22.7°%  26cay~22.7°). The refined lattice parameters for
Hi [Bio 2819 §NaNb3 0] (dried at 120°C) were a=0.39120.002 and c=1.39+0.02 nm **
Likewise, the XRD pattern for H; [Bio.2Cao sNaNb;Oyq] (120°C dried) was indexed
based on a primitive tetragonal symmetry with no c-axis doubling; the refined lattice
parameters were a=0.390+0.003 and c=1.41+0.01 nm.

HyLa,Ti;010 obtained by ion-exchange of the Ruddlesden-Popper phase
KoLa;Ti3019 was reported to possess a structure with a relative displacement of the
perovskite-like slabs by (a+b)/2, leading to a doubled ¢ axis.* Although the host
compounds, BSNN and BCNN, possess structures with a doubled ¢ axis, 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 the
presence of stacking disorders, which should complicate 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 H, s[Sr0.sBio2Ta;07] derived by a
“bismuth oxide sheet to proton substitution” reaction of an =2 member of the
Aurivillius phase, Bi;S1Ta;Qy, indicated the existence of two types of perovskite-like
slab stacking: a stacking sequence with no displacement of the perovskite-like slabs (P-
type) and a stacking sequence with relative displacement by (at+b)/2 (I-type).®  On
the contrary, the XRD pattern of H; 5[Sr08Bio2Ta,0;] 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 indexing for H; 3[Bio.2Sro sNaNb;O;9] and
H; g[Bio.2Cao sNaNb; O] based on a primitive cell without ¢ axis doubling consequently
represents only the “average structure”, disregarding the local stacking sequence of the
perovskite-like slabs.

Intercalation Chemi_stry of H 5[Biy 2Sro sNaNb3Oq]. Since protonated forms of
layered niobates are known to accommodate alkylamines,”*>* reaction of alkylamines
with  Hjg[Big2SrosNaNb;Ojg] was conducted. After the reaction of

H, 3[Bio 2Sr0.sNaNb; O] with alkylamines, all of the (00/) diffraction peaks were shifted
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to higher diffraction angles, while the (5£0) diffraction peaks were observed at the same
diffraction angles, indicating intercalation of alkylamines into the interlayer space of
H, 3[Big2Sro sNaNb3O0} (Fig. 7). The lattice parameters of C4A- and C8A-
intercalated H; s[Bio2SrosNaNb;Ojo] were in good agreement with C4A- and C8A-
intercalated HCa;Nb; 00,2 as summarized in Table 2.  Chemical analysis revealed
that 0.9 moles of C4A (C, 8.0 mass %; H, 1.9 mass %; N, 1.7 mass %) and 1.0 mole of
C8A (C, 14.7 mass %; H, 3.1 mass %; N, 2.0 mass %) per [Bio21Sr0.80Nao 9sNb3O;0]
were intefcalated. 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 one.*

Figure 7
Table 2

Conclusions

We have developed a novel method for.obtaining protonated forms of layered
perovskites derived from the Aurivillius phases.  The structural and compositional
analyses reyealed that H, g[Bio2SrosNa;j oNb3O)o] and H; 3[Big2CaosNa; o(Nb3O;9] were
derived through acid treatment of Bi,SrNaNb;O;, and Bi,CaNaNb;O,,, respectively.
The bismuth oxide sheet to proton substitution reaction of the Aurivillius phases
involves selective leaching of the bismuth oxide sheets accompanied by the introduction
of interlayer protons ({(BiisA¢202)"*"}, — 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, i.e.
Bi;.3A020,[Big2A0sNaNb3O10] (A=Sr or Ca). The increase in basal spacing upon
reaction of H; s[Bi21S10.80Nag 9sNb3O1o] with n-alkylamines provides evidence for the
preservation of the characteristic layered structure.

We propose that the Aurivillius phases can be considered as a new homologous
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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.; lsnsS).m’19 " The findings of Pb-
substituted Aurivillius phases has given rise to an even larger numbers of new
Aurivillius phases with varying perovskite-like slab charge density.’  The novel
method of converting Aurivillius phases into the protonated forms of the layered

perovskites opens up the possibility of obtaining an extensive range of new compounds.
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Scheme 1.

Scheme 2.

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure7.

Figure captions
The schematic structures of »=3 layered perovskites.  (a) Ruddlesden-
Popper phases K2[A;B30;0], (b) Dion-Jacobson phases Rb[A;B30],
and (c) Aurivillius phases Bi;O;[A2B3010].  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.
Schematic representation of the conversion of the Aurivillius phases
Bi;ANaNb3;O;; (A=Sr or Ca) to the corresponding protonated forms of
layered perovskite H; sBig2A08NaNb3;O;9 (A=Sr or Ca) by the bismuth
oxide sheet to proton substitution reaction.

XRD patterns of (a) BSNN, (b) the room temperature-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.

ED patterns along the [001] and [010] zones of (a) BSNN and (b) ac?d-
treated BSNN obtained by 72-h treatment with 6 M HCI.

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

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

XRD patterns of (a) BCNN and (b) acid-treated BSNN obtained by 72-h
treatment with 6 M HCIl, followed by drying at 120°C.

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.

XRD patterns  of (a) H; 3[Bio2S10sNaj oNb3Oj0], (b) C4A-
H; s[Bio.2Sro 8Na; oNb3O10], and (¢) C8A-H; s[Bio.2Sro.sNa; ¢Nb3Oy0).
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Table 1. The cation ratios of the products.

Host Treatment Acid Molar ratio

compound time/h Bi Sr Ca Na Nb“
BSNN 0 — 2.00 1.00 —_ 1.02 3
BSNN 1 6 M HCI 1.55 0.94 — 0.99 3
BSNN 12 6 M HCI 0.27 0.75 — 1.00 3
BSNN 24 6 M HCI 0.29 0.79 — 0.99 3
BSNN 72 6 M HCI 0.21 0.80 — 1.00 3
BSNN 720 6 M HCI 0.19 0.74 — 0.95 3
BSNN 72 3 M HCI 0.22 0.76 — 0.99 3
BSNN 72 1 M HCI 1.83 0.96 — 1.04 3
BCNN 0 — 1.96 — 1.03 1.04 3
BCNN 72 6 M HCI 0.19 — 0.82 0.99 3
“Setto 3.

Table 2.  Lattice parameters of the host Aurivillius phases and the correspondmg
protonated forms and intercalation compounds.’

Composition a/nm c/nm reference
Bi,StNaNb;O, 039007(1)  1.6463(1)° this work
Bi,CaNaNbsO1, 0.38686(3)¢  1.6365(1)° this work
H; [Bio.2S10.sNa; ¢Nb3Oy0]-nH0°  0.390(1) 1.43(2) [20]

H],s[Bio_zSI‘o_gNal_oNb;;Olo] ¢ 0.391(2) 1.39(2) this work
H],s[BiogCao,sNal_()Nb3010] ¢ 0.390(3) 1.41(1) this work
C4A-H1‘3[Bio,zsro,sNal_oNb3Om] 0.390 2.43 this work
C8A-H1‘s[Bio.ZSI'o_sNal,oNb3Om] 0.390 3.26 this work
C4A-H[Ca;Nb30y] 0.3855 2.4952 [6a]

C8A-H[Ca;Nb;0] 0.3854 3.1514 [62]

“ The lattice parameters of the host Aurivillius phases were refined by Rietveld
analysis. The lattice parameters of the protonated forms were refined by the non-
linear least-squares method. The a and c lattice parameters of the intercalation
compounds were calculated from the (100) and (001) diffraction peaks,
respectlvely
® Dried at room temperature.

° Dried at 120°C.

? For the sake of comparison, the lattice parameter was reduced to a,=(a+b)/V2 due
to the difference in structure.

° For the sake of comparison, the lattice parameter was reduced to ¢/2 due to the
difference in structure.
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Scheme 1. The schematic structures of #=3 layered perovskites.  (a) Ruddlesden-

Popper phases Ky[A;B30i¢], (b) Dion-Jacobson phases Rb[A;B301¢],
and (c) Aurivillius phases Bi;O,[A;B3019].  The octahedrons represent
the BOs 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.
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Perovskite-like Slab
[Bi, ,A,sNaNb;O,(]

Perovskite-like Slab

Bismuth Oxide [Bio, 2A0.8NaNb3O1o]

Sheet to Proton
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-
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Bismuth Oxide Sheet

Proton (H, ¢)
(Bi; 3A(,0,)
Aurivillius Phase Protonated Form of
Bi,ANaNb,O,, Layered Perovskite
H, ¢Bi, ,AgNaNb,O,,
Scheme 2.

Schematic representation of the conversion of the Aurivillius phases
Bi,ANaNb;O;; (A=Sr or Ca) to the corresponding protonated forms of
layered perovskite H; gBig2A0sNaNb;O1o (A=Sr or Ca) by the bismuth

oxide sheet to proton substitution reaction.
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Figure 1.  XRD patterns of (a) BSNN, (b) the room temperature-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.
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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.

10 um 10 um

Figure 3.  SEM images of (a) BSNN and (b) acid-treated BSNN obtained by 72-h

treatment with 6 M HCl.
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Figure 4.  TEM images along the [010] zone of (a) BSNN and (b) acid-treated BSNN
obtained by 72-h treatment with 6 M HC.
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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.
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Reactions of Alkoxyl-Derivatives of a Layered Perovskite with Alcohols:
Substitution Reactions on the Interlayer Surface of a Layered Perovskite

Hiromi Suzuki, Kazuya Notsu, Yosuke Takeda, Wataru Sugimoto,
and Yoshiyuki Sugahara*

Department of Applicd Chemistry, School of Science and Engincering, Waseda
University, Shinjuku-ku, Tokyo 169-8555 JAPAN
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Abstract

Organic derivatives of a layered perovskite compound, HLaNb207-xH20 (HLN),
with interlayer surfaces possessing n-alkoxyl groups (n-decoxyl and n-propoxyl) have
been allowed to react with various alcohols and a diol (ethylene glycol) to form new
organic derivatives via substitution reactions. The reaction of a n-propoxyl derivative of
HLN with n-decanol leads to the formation of n-decoxyl groups bound to the interlayer
surface of the perovskite-like [LaNb207] slab. In a similar fashion, the reaction of an 7n-
decoxyl derivative of HLN with sec-propanol results in the formation of a sec-propoxyl
derivative. The reaction of the n-decoxyl derivative of HLN with zerz-butanol also
procéeds, though the reaction is not completed even after 14 d. Afier the reaction of the
n—dec'oxyl derivative of HLN with ethylene glycol, only one of the two hydroxyl groups
in ethylene glycol is reacted, and -OCH2CH20H groups are present on the interlayer
surface. Water is required for proceeding the substitution reaction between the 7-
propoxyl derivative of HLN and n-decanol, and the reaction mechanism involving
hydrolysis of the alkoxyl groups on the interlayer surface and subsequent esterification is

proposed.

Keywords: layered perovskite, Dion-Jacobson phase, alcohol-exchange, surface

modification, intercalation, hydrolysis, esterification
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Introduction

Inorganic-organic hybrids have attracted increasing attention as a new class of
materials. Various inorganic layered compounds can accommodate organic ions and
molecules in the interlayer space to form intercalation compounds, where inorganic sheets
and layers of the organic molecules or ions are interstratified at a molecular level 14
Intercalation compounds are generally prepared via ion-exchange reactions and/or
adsdrption based on interactions with interlayer cations or surfaces. In addition, grafting
reactions (alternatively called substitution reactions) of some layered compounds can be
utilized to form two-dimensional inorganic-organic hybrids, where organic groups are
covalently bound to the surfaces of inorganic layers. For example, layered polysilicates
(such as magadiite and kenyaite) can be modified via the reaction of their interlayer
surfaces, where silanol (SiOH) groups are located, with silylation agents (such as

chlorosilanes and alkoxysilanes)s 6

and alcohols.” Similar reactions ihvolving AIOH
groups were reported for kaolinite reccnﬂy.8’9 FeOCI can also react with various
compounds including amines and alcohols.Z" 10 Another typical example is zirconium
phosphate, which reacts with phosphoric ester jons.11:12

Ion-exchangeable layered perovskites (My;[A,-1B;,03,+1]; M=Rb, K, etc., A=Sr,
Ca, La, etc., B=Ti, Nb, Ta, m=1 or 2) consist of perovskite-like slabs (7: thickness of
the perovskite-like slab) and interlayer cations, and various cations including proton,
alkali-carth metal ions, and divalent cations are successfully intercalated. 1314 Some of
their protonated forms accommodate alkylamines, and intercalated alkylamines form
alkylammonium ions in the interlayer space via acid-base reactions.12"23 It is also
possible to replace protons with organic cations via ion-exchange reactions.242> We
have demonstrated that the reaction of a protonated form of a Dion-Jacobson phase (ion-
exchangeable layered perovskite with m=1, HLaNb207-xH20) with zn-alcohols did not-
result in simple intcrcmlaﬁon,26 but led to the formation of n-alkoxyl-derivatives, whose
interlayer surfaces were covered with alkoxyl groups.27

Metal alkoxide chemistry has been investigated for decades, since metal alkoxides

are attractive precursors for metal oxides via sol-gel proccss.28 . Among their reactions,
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those with alcohols have been studied extensively, since such reactions are utilizable for
preparing metal alkoxides possessing various alkoxyl groups;29
M(OR) +z R'OH @& M(OR),(OR),; + z ROH

- These reactions are called alcohol-exchange (or alcohol-interchange) reactions or

alcoholysis reactions, and niobium alkoxides were reported to undergo thesc.

reactions.30-33

Here, we report substitution reactions of alkoxyl derivatives of the protonated

form of the Dion-Jacobson-type layered niobate (HLaNb207-xH20; HLN) with alcohols
(n-decanol, sec-propanol, and tert-butanol) and ethylene glycol. The overall reaction
resembles the alcohol-exchange reactions of the metal alkoxides. Reaction products
were analyzed by X-ray diffraction (XRD), solid-state nuclear magnetic resonance
spectroscopy (NMR), differential thermal analysis (DTA), and compositional analyses.

. The reaction mechanism is discussed by focusing on the role of water in the reaction

process.

Experimental

Preparation of RbLaNb207. RbLaNb207 was prepared from a mixture of
Rb2CO3, La203, and Nb20s by calcining at 1100°C for 48 h with intermediate grinding
after 24 h.17 1203 was calcined at 1100°C for 1 h before use for dehydration.

Excess Rb2CO3 (30% as Rb) was added to compensate the loss of Rb during calcination.
The crude product was washed with distilled water and dried at 120°C. All the X-réy
diffraction (XRD) peaks of the washed product can be assigned to RbLaNb207.
Inductively-coupled plasma emission spectrometry (ICP) showed that the cation ratio of
the washed product corresponded to RbLaNb207. Al of these analytical results
indicated the successful formation of RbLaNb207.

Preparation of HLaN_b_zOrtzO (HLN). A protonated form
(HLaNb207-xH20; HLN) was prepared by the treatment of RbLaNb207 with 6 M
HNO3 at 60°C for 72 h. The product was centrifuged and washed with distilled water.
The product was then dried at ambient temperature, and further drying at 120°C led to the
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formation of a single-phase anhydrous phase (HLaNb207). The XRD pattern of the
product dried at 120°C showed a tetragonal structure with a = 0.389 nm and ¢ = 1.05
nm, consistent with the previous work (@ = 0.394 nm and ¢ = 1.095 nm).17 ICP

analysis revealed that 100 % of Rb were leached during the acid-treatment.

Modification of HLN with n-propanocl. HLN was modified with 7n-
propanol based on the previous rcport.27 Typically 2 g of HLN, 35 ml of n-propanol,
and 5 ml of distilled water were allowed to react in a sealed glass ampoule at 80°C for 3
d. The resultant product was centrifuged and air-dried to obtain a white powder. XRD
analysis revealed the increase in the basal spacing to 1.53 nm. The solid-state 13C
CP/MAS NMR revealed the presence of three carbon environments (12, 26, 80 ppm)
assignable to n-propyl groups. A DTA curve of the product exhibited exothermic peaks
at >300°C. All of these analytical results indicated the formation of an n-propoxyl
derivative of HLN (n-propoxyl-HLN).

Reaction of n-propoxyl-HLN with n-decanol. Typically, 2 g of n-
propoxyl-HLN was reacted with 40 ml of n-decanol in a sealed glass ampoule at 80°C
for 7 d. After centrifugation, the crude product was washed with acetone and dried at
ambient temperature to obtain a white powder. To investigate the effect of water, the
reaction was also conducted with a small amount of water; about 0.2 g of n-proi)oxyl-
HLN was reacted with 39 ml of n-decanol and 1 ml of distilled water (corresponding to
3 mass % of water) in a sealed glass ampoule at 80°C for 1 or 7d. The same reaction
was also conducted under dry coﬁditions; n-propoxyl-HLN (0.2 g) previously dried
under reduced pressure and decanol (40 mL) distilled over CaH2 under nitrogen
atmosphere were utilized, and they were sealed in a glass ampoule under nitrogen
atmosphere.

Reactions with other alcohols. Typically, 1.5 g of the reaction product
between n-decanol and n-propoxyl-HLN was reacted with 30 ml of sec-propanol, tert-
butanol, or ethylene glycol (EG) in a sealed glass ampoule at 80°C for 7 d (sec-propanol
and EG) or 14 d (tert-butanol). After the centrifugation, the crude product was washed

with acetone and dried at ambient temperature to obtain a white powder. The reaction
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product with EG was further dried at 200°C. The reactions with sec-propanol were also
conducted using HLN and the n-propoxyl-HLN as intermediates in a similar fashion.

Deintercalation reactions of the reaction product between n-decanol
and n-propoxyl-HLN. About 0.1 g of the reaction product between n-decanol and
n-propoxyl-HLN was hydrolyzed with 2 mL of distilled water, 3 M HNO3, or 3 M KOH
for 24 h with stirring. The resultant hydrolyzed product was centrifuged and air-dried.
In order to identify organic species formed via hydrolysis, the reaction product between
n-decanol and n-propoxyl-HLN was hydrolyzed with an excess of 3 M KOH (prepared
using D20) for 24 h. Organic species were extracted from 3 M KOH using deuterated
benzene (C¢Dg). Similarly, the reaction product between n-decanol and n-propoxyl-
HLN was dispersed in an excess of C¢Dg overnight. The hydrolysis of the reaction
product between EG and n-propoxyl-HLN was performed with 3 M KOH (prepared
using D20) in a similar fashion.

Deintercalation reactions at high temperature. The hydrolysis behavior
at 80°C was investigated as follows. About 0.2 g of n-propoxyl-HLN or the reaction
product between n-decanol and n-propoxyl-HLN was reacted with 40 mL of distilled
water in a sealed glass ampoule at 80°C for 4 d.  After centrifugation, the crude product
was washed with acetone and dried at ambient temperature. The same reaction Was also
conducted by using a mixture of 39 mL of 2-pentanone and 1 mL of distilled water. The
amounts of distilled water corresponded to 3 mass % of the total liquid (2-pentanone and
water).

Analyses. XRD patterns of the products were obtained with a Mac Science
MO*XHF?? diffractometer (Mn-filtered Fe Ko radiation). Solid-state 13C NMR spectra
were recorded on a JEOL NM-GSX400 spectrometer with cross polarization and magic
angle spinning techniques (CP/MAS) at 100.40 MHz. Contact time was 2 ms and pulse
delay was 5 s. Chemical shifts were all reported with respect to external TMS. Liquid-
state 1H (270.17 MHz) and 13C (61.94 MHz) NMR was performed with a JEOL NM-
EX270 spectrometer. Chemical shifts were reported using internal 2,2'-dimethyl-2-

silapentane-5-sulfonate (DSS) for aqueous solutions. DTA curves were obtained with
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MacScience TG-DTA2000S. The heating rate was 10°C/min and a-Al;03 was utilized
as astandard. The amounts of metals were determined by ICP using N ippon Jarrell

Ash, ICAP575 Mark I1.  The amounts of carbon were determined by internal service at
Waseda University Materials Characterization Center. The compounds released during
the reactions were identified by gas chromatography-mass spectrometry (GC-MS) using

a Hewlett-Packard H.P. 5971A instrument.

Results and Discussion

Reaction of the n-propoxyl-HLN with n-decanol. Figure 1 shows
XRD patterns of n-propoxyl-HLN and its reaction product with n-decanol. The basal
spacing calculated from the low-angle XRD peak increases from 1.53 nm to 2.73 nm
after the reaction with n-decanol. On the contrary, the XRD peak at 260 = 28.8°, the
(100) peak of HLN, is present after the reaction with #-decanol, indicating the
preservation of the structure of the perovskite-like slabs. Takahashi et al. prepared an n-
decoxyl derivative of HLN by the direct reaction between HLN and n-decanol, and

observed a similar basal spacing.27

Figure 1

The DTA curves of n-propoxyl-HLN and its reaction product with n-decanol are
demonstrated in Fig. 2. The DTA curve of n-propoxyl-HLN exhibits two exothermic
peaks at 342 and 415°C.  After the reaction with n-decanol, the first peak becomes

sharper and shifts to lower temperature (321°C), and the second peak becomes weaker.
Figure 2

Solid-state 13C NMR spectra of n-propoxyl-HLN and its reaction product with n-
decanol are shown in Fig. 3. After the reaction with n-decanol, the three signals
assignable to n-propyl groups disappear and new signals appear at 15, 24, 28, 33 (witha
shoulder at lower frequency), and 80 ppm. All of these new signals can be ascribed to
n-decyl groups. Thus, n-propyl groups are rgmoved and n-decyl groups are introduced

in the reaction product with n-decanol.

Figure 3
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The amount of n-decyl groups is estimated from the carbon content by assuming
that all the carbon atoms are present as the decyl groups (Table 1). The estimated value
is 0.87 group per [LaNb207] unit. This value is close to the number of propoxyl groups

in starting n-propoxyl-HLN (0.85).

Table 1

The supernatant liquid was separated after the reaction, and analyzed with GC-
MS. In addition to n-decanol, n-propanol was clearly detected, indicating that n-
propoxyl groups were released as n-propanol molecules.

Deintercalation of the reaction product between n-decanol and n-
propoxyl-HLN. After the C¢Dg treatment of the reaction product between n-decanol
and n-propoxyl-HLN, no organic specics was extracted. Hence, the reaction product
between n-decanol and n-propoxyl-HLN was treated with an excess of water (distilled
water, 3 M HNO3, or 3 M KOH) to remove the guest species from the interlayer space
via hydrolysis. When distilled water was utilized, the XRD pattern was unchanged,
indicating no reaction. A similar result was obtained for the treatment with 3 M HNOs.
On the contrary, the basal spacing decreases to 1.28 nm [close to that of HLN (1.22 nm;
hydrated phase)!”] after the treatment with 3 M KOH (Fig. 1). A DTA curve of the
KOH-treated product showed a mass loss up to 100°C (with an endothermic peak), and
no exothermic peak was detected. These observations indicate the successful removal of
the organic component from the interlayer space after the KOH treatment.

After the hydrolysis with 3 M KOH, organic compounds in 3 M KOH were
extracted using CDg, and n-decanol was clearly identified by H and 3C NMR. As
water-soluble specics, only a trace of n-propanol was detected by 'H and 13C NMR.

Guest Species in the reaction product between n-decanol and n-
propoxyl-HLN. The n-decyl groups can be present as n-decanol intercalated in the
interlayer space or n-decoxyl groups bound to the surface of the perovskite-like slabs.
The removal of n-decoxyl groups from the interlayer space should involve hydrolytic
bond cleavage, while n-decanol intercalated as a molecule is expected to be easily

removed by dispersing intercalation compounds in organic solvents. Since no organic
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compound was extracted from the reaction product using C¢Ds, the presence of 7-
decanol as an intercalated molecule is very unlikely; the presence of n-decoxyl groups is
strongly suggested. The presence of n-decoxyl groups appears to be further supported
by a large downfield shift of its a.-carbon signal from the signal position observed for the
liquid-state 13C NMR (62.7 ppm), since the methoxyl group signal of a methoxyl
derivative of HLN was observed at 69 ppm,27 which is shifted from the liquid-state 13C
NMR signal of methanol (49.3 ppm).34 A similar large downfield shift of the a-carbon
signal was observed for n-propoxyl-HLN (63.4 --> 80 ppm). These observations
indicate that the product is an n-decoxyl derivative of HLN. The n-decoxyl derivative of
HLN, hereafter labeled as n-decoxyl-HLN, was further utilized as an intermediate of the
syntheses described below.

Reactions of n-decoxyl-HLN with sec-propanol and fert-butanol.
The reactions of n-decoxyl-HLN with bulky alcohols have been examined. After the
reactions with sec-propanol and tert-butanol, the basal spacing decreases to 1.54 and
2.00 nm, respectively (Fig. 1). The preservation of the (100) peak position (26 = 28.8°)
indicates that the structure of the perovskite-like slabs is retained after the reactions.

- DTA curves of the reaction products with sec-propanol and terz-butanol exhibit
exothermic peaks (Fig. 2); a peak starting from ~270 °C for the product with sec-
propanol and a peak starting from ~ 190 °C for the product with tert-butanol. It should
be noted that the DTA curve proﬁlcs are changed from that of n-decoxyl-HLN after the
reactions.

Solid-state 13C CP/MAS NMR spectra of the products treated with sec-propanol
and tert-butanol are shown in Fig. 3.  In the spectrum of the product with sec-
propanol, the signals due to decyl groups disappear, and two Signals which can be
assigned to sec-propyl groups are detected at 27 and 84 ppm.- The a.-carbon signal (at - -
84 ppm) shifts considerably from that of sec-propanol (63.4 ppm), and similar downficld
shifts were observed for methoxyl—HLN27 and z#-alkoxyl-HLN (as described above).
Thus, it is concluded that n-decoxyl groups are exchanged with sec-propoxyl groups.

Similarly, signals due to tert-butyl groups are detected at 26 and 93 ppm in the spectrum
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of the product treated with terz-butanol. The a.-carbon signal (at 93 ppm) also exhibits a
considerable downfield shift from that of tert-butanol (68.7 ppm), suggesting that
organic species are present as fert-butoxyl groups. In the spectrum, however, the
signals assignable to n-decyl groups (marked with asterisks) are also present. Thus, the
reaction with sec-propanol is essentially completed, while that with bulkier terz-butanol
is not completed even after 14 d under the present experimental conditions. Based on
these observations, we conclude that the bulkiness of the reacting alcohol affects this type

of reactions.

The amount of alkoxyl groups is estimated for the product treated with sec-
propanol, and is determined to be 1.0 per [LaNbO7] unit (Table 1). This is slightly
larger than that of starting n-decoxyl-HLN, but does not exceed the amount of proton in
HLN (1.0 per [LaNb207] unit).

Reactions of n-decoxyl-HLN with ethylene glycol (EG). The XRD
patterns of a reaction product between EG and n-decoxyl-HLN are demonstrated in Fig.
1. After the reaction, the basal spacing decreases from that of n-decoxyl-HLN (2.73
nm) to 1.58 nm. The basal spacing further decreases to 1.46 nm upon drying at 200°C.

A DTA curve of the air-dried product with EG exhibits an exothermic peak at
~300°C (Fig. 2). It should be noted that the profile of the DTA curve is changed from
that of n-decoxyl-HLN.

The solid-state 13C CP/MAS NMR spectrum of the product heated at 200 °C
exhibits two signals at 64 and 77 ppm (Fig. 3). It is clearly shown that the n-decyl
groups are removed during the reaction. The guest species were extracted via
hydrolysis using 3 M KOH, and EG was clearly identified by both JH and 13C NMR.

Since the 13C NMR signals of a.-carbon atoms in NbOR groups show downfield
shifts from those of corrésponding alcohols in this study, the 77-ppm signal, which
shifts from the chemical shift of liquid EG (63.8 ppm), can be ascribed to the a-carbon
(Nb-OCH2CH20-). On the contrary, the solid-state 13C NMR analysis of several
organic derivatives of layered compounds prepared by the reactions with EG were

reported near that of EG; the derivatives of magadiite,3 5 kaolinitc,36’37 and bochmite38

-68 -



exhibited 13C NMR signals in the range of 62-65 ppm. This discrepancy appears to be
ascribed to the effect of metal atoms to which alkoxyl groups are bound; actually
methoxyl groups in the methoxyl derivative of HLN showed a 13C NMR signal at 69
ppm,27 while that in the methoxyl derivative of kaolinite showed a signal at 51.1 ppm;3?
Consequently, the 64-ppm signal is ascribed to the carbon atoms attached to hydroxyl
groups (Nb-OCH2CH20H).

The amount of C2H4 groups is estimated from the carbon content (Table 1). The
amount is 0.93 group per [LaNb207] unit, and is close to that of n-decoxyl-HLN. Since
0.5 EG per [LaNb207] unit is required by assuming both of the hydroxyl groups in EG
molecule are reacted, this value indicates that only one of the two hydroxyl groups in EG
molecule is reacted. Similar grafting styles of EG were reported for other derivatives of
layered materials. 3638

Reaction Processes. To investigate the effect of the intermediates, a direct
reaction between HLN and sec-propanol was attcmﬁted, and no reaction was observed;
intermediates should be utilized for the reaction with sec-propanol. Furthermore, when
n-propoxyl-HLN was utilized as an intermediate instead of n-decoxyl-HLN, no reaction
was observed with sec-propanol, indicating that an intermediate with appropriate alkoxyl
groups should be selected.

 In terms of an NbO octahedron, the present results can be summarized in the
following "alcohol-exchange” type equation as an overall reaction;

(RO)NbOs + R'OH — ¥ (R'0)NbOs + ROH.

Two reaction mechanisms appear to be possible for the observations. One possible
mechanism is the nucleophilic attack of alcohol molecules to the (RO)NbO: site and
subsequent release of ROH, which is similar to those for alcohol-exchange reactions of

29 The other one is a two-step process, which consists of hydrolysis of

metal alkoxides.
the (RO)NDOs site by water (present in the system as an impurity and produced by water-
generating esterification of an unmodified site [(HO)NbO5]) and subsequent esterification
of the (HO)NbOs site with alcohol.

In order to explore the reaction mechanism, the role of water is investigated (Fig.
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4). During the reaction of n-propoxyl-HLN with n-decanol containing 3 mass % of
distilled water, the peak due to n-propoxyl-HLN (1.53 nm) disappears within 1 d, and
the peak due to n-decoxyl-HLN (2.73-2.74 nm) develops after 7 d. It should also be
noted that the protonated form (HLN) is not detected in the XRD patterns. On the
cbntrary, the reaction of n-propoxyl-HLN with distilled n-decanol under dry conditions
did not lead to the appearance of new peaks, and only the peak due to n-propoxyl-HLN is
observed at d=1.54 nm even after 7d. Thus, it is likely that the reaction proceeded via

a hydrolysis-esterification mechanism.

Figure 4

The hydrolysis behavior was further monitored by heating n-decoxyl-HLN or n-
propoxyl-HLN in distﬂlcd water or 2-pentanone containing 3 % of distilled water. Asa
solvent 2-pentanone was selected, because it dissolves water and bears no hydroxyl
groups. 'When n-propoxyl-HLN was heated in distilled water, partial hydrolysis was
observed, as shown by the presence of two XRD peaks corresponding to z#-propoxyl-
HLN (1.53 nm) and anhydrous HLN (1.07 nm). On the contrary, n-decoxyl-HLN was
not hydrolyzed after 4 d. Thus, without base catalysis, the hydrolysis of the n-decoxyl
gioups was very slow even at 80°C, consistent with the hydrolysis behavior at ambient
temperature (described in "deintercalation of the reaction product bctwecrxn n-decanol and
n-propoxyl-HLN" section). Since the interlayer space of n-decoxyl-HLN is more
hydrophobic than that of #-propoxyl-HLN, partial hydrolysis occurred only for -
propoxyl-HLN. When the water-containing 2-pentanone was utilized, both n-propoxyl-
HLN and n-decoxyl-HLN were hydrolyzed. Interestingly, an opposite tendency was
observed; the hydrolysis proceeded to a large extent for n-decoxyl-HLN, while the
degree of hydrolysis for #n-propoxyl-HLN was very low. Thus, it is likely that the n-
alkoxyl groups in the intermediates (#-decoxyl-HLN and n-propoxyl-HLN) were
hydrolyzed by a small amount of water in organic sblvents that can dissolve water, such
as alcohols and diols.

Based on these observations, the reaction mechanism is proposed as shown in

Scheme 1. Initially, the (RO)NDOs site is hydrolyzed to form the (HO)NbOs site. The

-70 -



(HO)NbOs site then undergoes the esterification reaction with a reactant alcohol (R'OH)
(or ethylene glycol) to form a new modified site, (R'O)NbOs. For the unmodified
(HO)NDOs site, which is present initially in the intermediate, the esterification can occur
directly, and generated water further reacts with an (RO)NbOs site.  Since the direct
reaction between HLN and sec-propanol did not proceed, it is reasonable to assume that
the esterification reaction proceeds before collapse of the layers by complete hydrolysis of
the z-alkoxyl groups in the same interlayer space; the unhydrolyzed site, (RO)NDBOs,
expands the interlayer space to make the intercalation of the reactant alcohol or diol
molecules possible. The advantage of n-decoxyl-HLN over n-propoxyl-HLN as an
intermediate appears to be ascribed to faster hydrolysis of n-decoxyl groups in organic

solvents and/or a larger interlayer distance.
Scheme 1

Conclusions

We have demonstrated that the alkoxy! groups bound to the surface of the
[LaNb207] slab can be substituted with other alkoxyl groups and HOC2H40 groups by
heating in the corresponding alcohols (-decanol, sec-propanol, tert-butanol) and the
diol (EG). The reactions are affected by both the kind of #-alkoxyl groups in the
intermediates and the bulkiness of reactant alcohols. The admwée of this type of
reactions is clearly demonstraﬁ:d by the unsuccessful direct reaction between HLN and
sec-propanol. 'Water, which is present as impurity and produced in situ by esterification
of unmodified site, plays an important role, and the reaction mechanism via the
hydrolysis of the alkoxyl groups on the surface of the perovskite-like slabs and
subsequent esterification is proposed. The present results provide new methodology for
modifying the interlayer surface of layered perovskites; and appear to be useful for

designing their interlayer spaces via chemical modifications.
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Figure 1.

Figure 2.

Figure 3.-

Figure 4.

Scheme 1

Figure Captions

XRD patterns of (a) HLaNbz0O7 (amhydrous HLN), (b) n-propoxyl
derivative of HLN (n-propoxyl-HLN), (c) n-propoxyl-of HLN after the
treatment with n-decanol (z-decoxyl-HLN), (d) n-decoxyl-HLN hydrolyzed
with 3 M KOH, (e) n-decoxyl-HLN treated with sec-propanol, (f) n-
decoxyl-HLN treated with tert-butanol, (g) n-decoxyl-HLN treated with
ethylene glycol (EG), and (h) (g) heated at 200 °C.

DTA curves of (a) HLaNb207 (anhydrous HLN), (b) n-propoxyl derivative
of HLN (n-propoxyl-HLN), (c) n-propoxyl-of HLN after the treatment with
n-decanol (n-decoxyl-HLN), (d) #n-decoxyl-HLN treated with sec-propanol,
(¢) n-decoxyl-HLN treated with fert-butanol, and (f) n-decoxyl-HLN treated
with ethylene glycol (EG). | |
Solid-state 13C CP/MAS NMR spectra of (a) n-propoxyl derivative of HLN
(n-propoxyl-HLN), (b) n-propoxyl-HLN after the treatment with n-decanol
(n-decoxyl-HLN), (c) n-decoxyl-HLN treated with sec-propanol, (d) »-
decoxyl-HLN treated with ferz-butanol, and (e) n-decoxyl-HLN treated with
cthylene glycol (EG).

XRD patterns of (a) n-propoxyl-HLN after the treatment with »n-
decanol containing 3 mass % of distilled water for 1 d, (b) n-propoxyl-HLN
after the treatment with n-decanol containing 3 mass % of distilled water for
7 d, (c) n-propoxyl-HLN after the treatment with distilled n-decanol for 1 d,
(d) n-propoxyl-HLN after the treatment with distilled #-decanol for 7 d.

Proposed reaction mechanism.
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Table 1. Amounts of alkloxyl groups bound to HLN
after the treatments with alcohols

Alcohol Amout of Groups per
[LaNb207]
n-propanol* 0.85
n-decanol** 0.87
sec-propanol*** 1.0
ethylene glycol*** 0.93

*Prepared by the direct reaction with HLN (n-propoxyl-HLN).
**Prepared by the reaction with n-propoxyl-HLN (n-decoxyl-HLN).
***Prepared by the reaction with n-decoxyl-HLN.
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Figure 1. XRD patterns of (a) HLaNb,0, (anhydrous HLN), (b} n-propoxy} derivative of HLN (n-propoxyl-HLN),
(c) n-propoxyl derivative of HLN after the treatment with n-decanol (n-decoxyl-HLN),

(d) n-decoxyl-HLN hydrolyzed with 3 M KOH, (e) n-decoxyl-HLN treated with sec-propanol,

(£) n-decoxyl-HLN treated with tert-butanol, (g) n-decoxyl-HLN treated with ethylene glycol (EG),

and (h) (g) heated at 200 °C.
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Figwe2.  DTA curves of (a) HLaNb,0, (anhydrous HLN), (b} n-propoxyl derivative of HLN (n-propoxy!-HLN),

(c) n-propoxyl derivative of HLN after the treatment with n-decanol (n-decoxyl-HLN),
(d) n-decoxyl-HLN treated with sec-propanol, (€) n-decoxyl-HLN treated with tert-butanol,
and (f) n-decoxyl-HLN treated with ethylene glycol (EG).
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Figure 3. Solid-state 1°C CP/MAS NMR spectra of (a) n-propoxyl derivative of HLN (n-propoxyl-HLN),
(b) n-propoxyl derivative of HLN after the treatment with n-decanol (n-decoxyl-HLN),

(c) n-decoxyl-HLN treated with sec-propanol, (d) n-decoxyl-HLN treated with tert-butanol,

and (¢} n-decoxyl-HLN treated with ethylene glycol (EG).
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Figure 4. XRD patterns of (a) n-propoxyl-HLN after the treatment with n-decanol containing 3 mass % of distitled water for 1 d
(b) n-propoxyl-HLN after the treatment with n-decanol containing 3 mass % of distilled water for 7 d,

(¢) n-propoxyl-HLN after the treatment with distilled n-decanol for 1d,

(d) n-propoxyl-HLN after the treatment with distilled n-decanol for 7 d.
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Scheme 1 Proposed reaction mechanism.
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Interlayer Surface Modification of a Layered Perovskite, HLaNb;O7-nH,0 with

Trifluoroacetate Groups via Ligand-exchange-type Reaction between n-Alkoxyl-
derivative of HLaNby;O7-nH,0 and Trifluoroacetic Acid

Yosuke Takeda, Hiromi Suzuki, Kazuya Notsu, Wataru Sugimoto,$
and Yoshiyuki Sugahara* '

Department of Applied Chemistry, School of Science and Engineering,
Waseda University, Shinjuku-ku, Tokyo 169-8555 JAPAN
§Current Address: Department of Fine Materials Engineering, Faculty of Textile Science
and Technology, Shinshu University, Ueda, Nagano, 386-8567 JAPAN

Abstract:

Trifluoroacetate groups (CF3COO; TFA) have been successfully bound to the interlayer
surface of a protonated Dion-Jacobson-type layered perovskite, HLaNbyO7-nH,0
(HLN), via the reaction between its n-propoxyl derivative and trifluoroacetic acid
(CF3COOH; TFAH).  The basal spacing increases to ~1.8 nm upon the treatment
with TFAH, and varies because of water adsorption in the interlayer space. ~ The high
stability of the guest species upon dispersing in organic solvents and the change in IR
profile from that of TFAH indicate that the guest species are the TFA groups bound to
the surface of perovskite-like slabs of HLN.  The TFA groups possess a bilayer
arrangement, and an unidentate type of coordination is assumed based on structural
consideration.  After the treatment of an n-decoxy! derivative of HLN with acetic acid,
the acetate groups bound to the interlayer surface do not form, and most of the n-
decoxyl groups are removed.  We interpret this observation based on the instability of
the acetate groups; the acetate groups are once bound to the surfacé of the perovskite-
like slabs and are then hydrolyzed.  On the contrary, the TFA groups are stable
against hydrolysis, consistent with water-adsorption property of the TFAH-treated

product.
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Introduction
It is well known that some layered compounds can accommodate organic ions

and molecules in the interlayer space to form intercalation compounds.!?  The
interactions between organic guests and inorganic hosts range from week ones, such as
hydrogen bonding and ion-dipole interactions, to strong ionic bonds CIf layered
inorganic compounds possess reactive groups on the interlayer surface, it is also
possible to bind organic groups via covalent bonds through grafting reactions.
Typical examples of host compounds are layered polysilicates (magadiite, illerite,
kenyaite), where silanol groups (SiOH) are present on the interlayer surface; the silanol
groups can react with silylation reagents, such as cholorosilanes and alkoxysilanes to
form new siloxane bonds and alcohols to produce alkoxide groups bound directly to
silicate layers.>>  Other typical examples are kaolinite® and FeOCL, where OH groups
and OCI groups undergo grafting reactions, respectively.

Ion-exchangeable layered perovskites (MyA,.1B;035+1, ; M=Rb, K, etc., A=Sr,
Ca, La, etc., B=Ti, Nb, Ta; x=1: Dion-Jacobson phases, x=2: Ruddlesden-Popper
phases) consist of perovskite-like slabs ([A,.1B,O3n+1], 7 represents its thickness) and
exchangeable cations.® They can be easily converted into their protonated forms by

acid treatments.>!®

One of the protonated forms of the layered perovskites,
HLaNb,07:nH,0 (HLN), feacted with n-alcohols to form n-alkoxyl groups bound on
the perovskite-like slabs via esterification.'®  Recently, we have reported that these
alkoxyl derivatives of HLN reacted with other alcohols to form new alkoxyl groups on
the interlayer surface.'”  In terms of an NbOg octahedron, this reaction can be
expressed as follows;

(RO)NbOs + R’OH ----» (R’O)NbO5 + ROH.
It should be noted that this reaction is very similar to alcohol-exchange reactions of
metal alkoxides,'® though the reactions proceed via a hydrolysis-esterification
mechanism. '’ On the other hand, it is also known that metal alkoxides react with
carboxylic acids via ligand-exchange reactions; '3

M(OR); + yR'COOH ----> (RO),.,M(R'COO), +y ROH.
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In terms of niobium alkoxides, this type of reaction with acetic acid was reported.'®
Thus, it is expected that n-alkoxy! derivatives of HLN can react with carboxylic acids to
“undergo ligand-exchange-type reactions.

Here we report the reaction between an n-propoxyl-derivative of HLN and
trifluoroacetic acid (CF3COOH; TFAH).  The structural and spedtroscopic
characterization is presented to identify guest species and to discuss the structure of the
interlayer space.  We also report the reaction of n-alkoxyl-derivatives of HLN with
acetic acid (CH3COOH; AcOH).  The reaction mechanisms are discussed for the

reactions with these two carboxylic acids.

Experimental

Preparation of n-Propoxyl-derivative of HLN.  The preparation of RbLaNb;O7
and its conversion into HLaNbyO7-H,0 (HLN) were described elsewhere.!” HLN
possessed a tetragonal cell with g = 0.389 nm and ¢ = 1.22 nm, and drying of HLN at
120°C led to the formation of its anhydrous form (HLaNbyO7: a = 0.388 nm and ¢ =
1.05nm).2  The composition of metals in HLN was determined by inductively
coupled plasma emission spectrometry (ICP, Nippon Jarrell Ash, ICAP-575MK-II)
after the dissolution of HLN in a mixture of HNO3, H2SOy4, and HF at 200°C for 2 h,
and was well consistent with its formula.  The amount of hydrogen in dried HLN was
determined to be 0.97 per [LaNbyO7] by thermogravimetry (TG).

The n-propoxyl derivative of HLN (n-propoxyl-HLN) was prepared by
refluxing HLN in an excess of n-propanol containing 10 mass % of water for3d.  The
product was centrifuged, washed with acetone, and air-dried.  The basal spacing
increased to 1.54 nm, consistent with the pervious report. '7  The solid-state °C
NMR revealed the presence of signals at 13, 26, and 81 ppm.  The downfield shift of
a-carbon signal (81 ppm) from that of n-propanol (63.6 ppm) indicated the formation
of n-propoxyl groups, which were covalently bound to the perovskite-like slabs. !’

The n-decoxyl derivative of HLN (n-decoxyl-HLN) was prepared by heating a mixture
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of about 1 g of n-propoxyl HLN and 40 mL of r-decanol at 80°C for 7 d in a sealed glass
ampoule, as described elsewhere.

Reaction of n- Alkoxyl-HLN with Trifluoloacetic Acid or Acetic Acid.  Typically
0.5 g of n-propoxyl-HLN and 25 g of trifluoloacetic acid (CF3COOH; TFAH) were
sealed in a glass ampoule, and heated at 70°C for 7d.  The producf was centrifuged,
and dried at 80°C under reduced pressure. ~ The supernatant liquid separated by
centrifugation was characterized by BcNMR. For the reaction With acetic acid
(CH3COOH; AcOH), n-propoxyl-HLN and n-decoxyl-HLN were used as intermediates.
A direct reaction between HLN and TFAH (containing 10 mass % of Hy0) was
performed in a similar fashion.

Deintercalation of n-Propoxyl-HLN Treated with TFAH.  N-propoxyl-HLN
treated with TFAH was dispersed in an excess of water, benzene, or hexane for 1 d.
Then, the solid was removed by centrifugation, and the supernatant liquid was
characterized by P NMR.

Analyses.  XRD patterns were obtained with a MacScience MO3XHF%2
diffractometer (Mn filtered Fe Kq radiation). =~ TG-differential thermal analysis (DTA)
curves were recorded simultaneoﬁsly on a MacScience TG-DTA 20008 instrument
under dry air flow.  The heating rate is 10°C/min, and a-Al,03 was used as a DTA
standard.  Solid-state 13C MAS NMR spectra were obtained with a JEOL CMX-400
at 100.54 MHz. A 90° pulse was used and repetition time was 30s. IR spectra
were recorded on a Perkin Elmer Spectrum One spectrometer with KBr or Nujo! mull
technique. ~ Samples were prepared under nitrogen atmosphere if nujol technique was
employed.  Liquid-state NMR was performed with a JEOL NM-EX270 at 67.94
(13C) and 254.05 (19F) MHz.  Water adsorption measurements were performed with
a Nippon Bell Belsorp 18 instrument operated at ambient temperature. ~ The samples

were heated at 80°C for 5 h before the measurements.
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Results

A direct reaction between HLN and TFAH did not led to any change in a XRD
pattern, in&icating no reactions.  Thus, we used n-propoxyl-HLN as an intermediaté.
The XRD pattern of the reaction product between n-propoxyl-HLN and TFAH is
demonstrated in Figure 1 along with those of HLN and n-propoxyl-HLN. The low-
angle peak of n-propoxyl-HLN becomes broad and shifts to a lower angle. A typical
d value of the low-angle peak was 1.83 nm, but varied to some extent (vide infra). The
(100) peak of HLN at 26 = 28.8° does not shift after the reaction, indicating that the
structure of the perovskite-like slabs is preserved during the reaction with TFAH.
Thus, the reaction with TFAH changes the interlayer distance without affecting the
structure of the perovskite-like slabs.  Hereafter, we interpret the low-angle peaks as

the peaks expressing basal spacings.

Figure 1

lThe basal spacing varied in the range from ~1.7 nm to ~1.9 nm among the
reaction products.  For example, when the basal spacing of a dried TFAH-treated
product was measured twice with an interval of 15 min, the basal spacing increased from
1.75nmto 1.92nm. A probable reason for the variation in basal spacing is
‘demonstrated by the water adsorption measurements (Fig. 2).  Compared with HLN
and n-propoxyl-HLN, the reaction product adsorbed a much larger amount of water.
Thus, the variation in the basal spacing of the reaction product should be ascribed to the
intercalation of water.  The obsérvations on HLN and n-propoxyl-HLN are
reasonable; the interlayer space of n-propoxyl-HLN should be relatively hydrophobic

and only a limited amount of water can be present in the interlayer space of HLN."2
Figure 2

The *C MAS NMR spectra of n-propoxyl-HLN and its reaction product with
TFAH are shown in Fig. 3. The signals of the n-propoxy!l groups at 13, 26, and 81
ppm disappear, and new signals appear at 116 and 164 ppm, which are consistent with
chemical shifts for TFAH (114.0 and 160.2 ppm) as well as those for the TFA groups

bound to titanium in complexes (114.23-115.41, 160.06-163.66).%°
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Figure 3

The IR spectrum of the reaction product between n-propoxyl-HLN and TFAH
(spectrum with the KBr technique; Fig. 4b) exhibits no V(cH) and §cy) bands that are

clearly detected in the spectrum of the n-propoxyl- HLN (Fig. 4a; V(cHy 2853, 2875,
2920, 2937, 2965, and 2973 cm'l; Scn) 1457 cm'l), consistent with the loss of the n-

propoxyl groups shown by 3C MAS NMR results. 2"  Instead, new bands appear
at 1000-1200 (br), 1450, 1667, and 3000-3500 (br) cm™! (Fig. 4b).  The broad band at
3000-3500 cm™ should be ascribed to a V(on) band of adsorbed water, since this band
disappears in the spectrum of the dried product measured with the nujol technique to

prevent the exposure to air (Fig. 4c).  The new band at 1000-1200 cm™! can be
assigned to V(cpymode. 2 The bands at 1450 and 1667 cm™ are shifted

considerably from those of TFAH (V(co) 1463 cm'l; V(c=0), 1784 cm'I; Fig.4d). It
should be noted that the band at 1667 cm™ can be overlapped with the o) band of
water in the spectrum with the KBr technique, so that the precise band position is

determined in the spectrum with the Nujol-mull technique to be 1664 cm’! (Fig. 4c).
Figure 4

The DTA curves of n-propoxyl-HLN and its reaction product with TFAH are
exhibited in Fig. 5.  The profile drastically changes after the reaction with TFAH; the
exothermic peak of n-propoxyl-HLN shifts to lower temperature (~240°C), being

consistent with spectroscopic results showing the variation in organic components.
Figure 5

The released species after the treatment of n-propoxyl-HLN with TFAH was
identified by liquid-state >C NMR.  Signals at 10.1 (s), 22.3 (s), 72.0 (s), 115.3 (q)
and 163.4 (q) ppm were observed, and were ascribed to CF;COOPr”, that should form
via esterification between TFAH and Pr"OH. ._

The stability of the reaction product between n-propoxyl-HLN and TFAH is
demonstrated by dispersing in an absolute amount of a solvent.  If the reaction
product is dispersed in benzene or hexane, the basal spacing is similar to that before the

extraction, indicating no deintercalation reaction.  On the contrary, the basal spacing
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decreases to 1.23 nm, when the reaction product is treated with water.  The basal
spacing of 1.23 nm is consistent with that of HLN (hydrated phase). IR Ianalysis of
the residue revealed that no organic species was present in the residue, and
cprrespondingly TFAH was clearly identified in a supernatant liquid by PF NMR.
The reactions with AcOH (CH3COOH) were conducted uéing two
intermediates. = When n-propoxyl-HLN was treated with AcOH, no reaction was
observed under the present experimental conditions.  On the other hand, the reaction
of n-decoxyl-HLN with AcOH led to the decrease in the basal spacing (2.73 = 1.14 nm).
IR analysis exhibited that no AcOH molecules or AcO groups (CH3COO) were present
in the product treated with AcOH.  The amount of carbon considerably decreased;
based on the TG curve, remaining n-decoxyl groups were estimated to be 0.07 groups

per [LaNbyO7], which was significantly lower than that of n-decoxyl-HLN (0.71).

Discussion

Identification of Guest Species in the TFAH-treated Product.  The presence of
TFAH (CF3COOH) or its related species in the interlayer space is indicated by the fact
that TFAH is identified after the deintercalation by water. The stability of the guest
species in the organic solvents (hexane and benzene) indicates that the guest spices are
strongly bound in the interlayer space (Fig. 1).  This is supported by the relatively-
high decomposition temperature without thermal deintercalation (Fig. 5).

Furthermore, the IR profile of the reaction product between #-propoxyl-HLN and
TFAH in the range from ~1400 to ~1700 em’ is very different from that of the TFAH
molecule (Fig. 4).  Thus, the presence of TFAH molecules in the interlayer space is
very unlikely, and we conclude that the TFA groups (CF3COO) are directly bound to
the perovskite-like slabs to form CF3COO-Nb bonds.  On the basis of this
interpretation, the IR bands at 1450 and 1664 cm’! can be assigned to the Vs(coo) and
Vascoo) modes of the TFA groups (vide infra).**

Structure of TFAH-treated Product. The TFA groups should be present on the

interlayer surface, as indicated by the increase in the basal spacing.  Thus, the apical
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oxygen atoms in the NbOg octahedra actually form CF3COO groups.  The basal
spacing of the dried TFAH-treated product is around 1.7 nm, while that of anhydrous
HLN is 1.05 nm; gallery height is thus ~0.7 nm.  Since the maximum size of the TFA
group is ~ 0.37 nm, the TFA groups appear to form bilayer arrangement in the interlayer
space.  The intercalation of water into the interlayer space of the TFAH-treated
product upon exposure to air is ascribed to the presence of hydrophilic COO groups
and the relatively high stability of the TFA groups against hydrolysis (vide infra).

Three types of coordination are known for carboxylate groups [including TFA
and AcO groups (CH3COO)]; unidentate-type, bidentate-type, and bridging-ty pe. %
In the perovskite-like slabs of HLN, Nb atom is coordinated by six oxygen atoms. |
Thus, bidentate state of the TFA groups is very unlikely because seven-coordinated Nb
atom should be present.  Bridging state is also unlikely because of the relatively long
Nb-Nb distance (the shortest distance corresponds to the a parameter of HLN; 0.389
nm) and the requirement of seven-coordinated Nb atoms caused by additional
coordination of the C=0 group to the neighboring Nb atom; thus only unidentate-type
coordination is probable.

The coordination type is frequently discussed on the basis of IR spectra. 2*

In terms of TFA groups and the AcO groups in complexes, a separation between a

Vcoo) band and a V,qcoo) band (A V) is indicative of the type of coordination.  If
the observed AV is much larger than those of ionic compounds, the type of coordination
is unidentate. - If the observed AV is much smaller than those of ionic compounds,
bidentate or bridging type is indicated.  In the present results, the observed Av is 214
cm’!, which is slightly larger than that of the TFA groups in ionic NH4(TFA) (202 cm”
1); the observed AV does not support the presence of unidentate TFA groups. A
recent papers on the AcO groups on the surface of M gQ, however, claimed the
exception; though A v values are ~120-130 cm’! and those of ionic compounds are in the
range of 140-160 om’! , the IR measurement with polarized light evidenced the presence

of unidentate AcO groups.”’>  Thus, it is probable that the unidentate TFA groups on
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the surface of the perovskite-like slabs show smaller A v values than those in complexes
(264-372 cm™).26
Reaction Mechanism.  The release of n-propanol (detected as CF;COOPr")
indicates that the overall reaction (in terms of an NbOg octahedron) should be expressed
és follows; |

(Pr"0)NbOs5 + CF3COOH ----) (CF3CO0)NbOs + Pr"OH.
In the presence of an excess of TFAH, the reaction is considered to be initiated by the
protonation of an NbOg octahedron.  Only an apical oxygen atom forming the
NbOPt” group can accept proton in a (Pr"O)NbOs site, since the other oxygen atoms
are involved in forming corner-sharing NbOg network.  If TFA anion subsequently
attacks to the protonated (Pr”O)NbOs site [(Pr"(H)O)NbOs], a (CF3COO)NbO:; site
should be directly formed with a release of ROH (Scheme 1, patha).  In addition,
since water should be prdsenf as an impurity or form in situ by the feaction between
TFAH and n-propanol, another pathway involving hydrolysis can be possible (Scheme
1, path b).  The hydrolysis of the (Pr"O)NbOs site gives a (HO)NbOs site, which can
be further protonated. A subsequent attack by the TFA anion leads to the formation
of the (CF3COO)NbOs site.  The hydrolysis of the (Pr"O)NbOs site did not proceed
at room temperature even under acidic conditions, but it proceeded to some extent at
high femperature without catalysts.!”  Furthermore, the presence of organic solvents
that dissolve water promoted hydrolysis. = Thus, the second path is also probable in
the present system.  The reaction between the protonated (HO)NbOs site
[(H20)NbOs] and the TFA anion should also be considered for an unmodified

(HO)NbO:s site, which is initially present.
Scheme 1

In spite of successful modification using TFAH, the reactions of n-alkoxyl

derivatives with AcOH (CH3COOH) give different results.  AcOH does not react
with n-propoxyl-HLN, and the reaction between AcOH and n-decoxyl-HLN leads only

to the loss of the n-decoxyl groups.  Since TFAH is much stronger acid than AcOH
(AcOH, pK,=4.75; TFAH, pK,=0.23), the presence of a much smaller amount of

-90 -



protons may explain the lack of reaction between n-propoxyl-HLN and AcOH. On
the other hand, the loss of the n-decoxyl groups instead of CH3COO-Nb (AcO-Nb)
formation upon AcOH treatment appears to be ascribed to the difference in hydrolysis
behavior. It is likely that the hydrolysis under acidic conditions is initiated by the
protonation at a carbonyl oxygén atom.  Then the subsequent attack of water and the
migration of H' cause the release of R?COOH and H;0" to give the (HO)NbOjs site
(Scheme 2).  Since the hydrolysis behavior of esters generally depends on the steric
factor, the bulkiness of the CF3 groups is expected to reduce the hydrolysis rate with
the presence of limited amount of water.  Thus, CF3COONbD groups are clearly
detected in the final product. ~ On the contrary, the hydrolysis of the CH3COONb
groups is more facile because of the size of the CH3 groups.  Thus, the CH3COONb
groups once form through the path shown in Scheme 1, and are subsequently
hydrolyzed to give the (HO)NbOs site. . This is consistent with the uptake of water

by the TFAH-treated product without collapsing via hydrolysis.
Scheme 2

Conclusions

We have demonstrated that the surface of perovskite-like slabs of HLN
(HLaNb,O7-nH,0) can be modified with the TFA (CF3COO) groups via the treatment
of n-propoxyl-HLN with TFAH (CF3COOH).  The stability of the guest species and
IR profile analysis indicate that the TFA groups are covalently attached to niobium.
The TFA groups form bilayers in the interlayer space, and the type of coordination
appears to be unidentate.  The reaction could proceed via 1) the direct reaction of the
TFA groups with a protonated (Pr"O)NbOjs site and/or 2) the hydrolysis of the
(Pr"O)NbOs site and subsequent attack of the protonated (Pr"O)NbO; site by the TFA
ions.  The reaction between n-decoxyl-HLN and AcOH (CH3COOH) results in the
loss of the n-decoxyl groups only.  The unsuccessful modification using AcOH is
ascribed to the instability of the CH3COO-Nb groups against hydrolysis; the
CH3COO-Nb groups once form, and are subsequently hydrolyzed.  The stability of
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the TFA groups against hydrolysis is consistent with water-absorbing property of the
TFA-treated product.  The present results provide an additional method for the
modification of the interlayer surface of layered perovskites to design the interlayer

space with various functional groups.
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Figure Captions

Figure1  XRD patterns of (a) HLaNbyO7 (anhydrous HLN), (b) n-propoxyl-HLN,
and (c) the reaction product between n-propoxyl-HLN and TFAH.

Figure2  Water-adsorption isotherms of HLaNb,O7 (anhydrous HLN; O ), (b) n-
propoxyl-HLN (A ), and (c) the reaction product between n-propoxyl-
HLN and TFAH (). '

Figure3  Solid-state MAS 13C NMR of (a) n-propoxyl-HLN and (b) the reaction
product between n-propoxyl-HLN and TFAH. A peak with asterisk is
ascribed to materials in the probe.

Figure 4 IR spectraof (a) n-propoxyl-HLN, (b) the reaction product between -
propoxyl-HLN and TFAH (KBr method), (c) the reaction product between
n-propoxyl-HLN and TFAH (Nujol-mull method), and (d) TFAH.

Figure 5 DTA curves of (a) HLaNbyO7 (anhydrous HLN), (b) #-propoxyl-HLN, and
(c) the reaction product between n-propoxyl-HLN and TFAH.

Scheme 1  Proposed reaction mechanism for the reaction between n-propoxyl-HLN and

TFAH.
Scheme 2 Proposed reaction mechanism for the hydrolysis of RCOO-Nb groups.
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Figure 3 Solid-state MAS °C NMR of (a) n-propoxyl-HLN and
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A peak with asterisk is ascribed to materials in the probe.
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Intercalation Behavior of n-Alkylamines into a Protonated Form of a Layered

Perovskite Derived from Aurivillius Phase BiSrTa,0
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Abstract:

Intercalation behavior of n-alkylamines into a protonated form of a layered perovskite
H) §[Srg.gBig 2Tay07] derived from an Aurivillius phase, Bi,81Tay0yg, has been
investigated. H1,8[Sr0'gBi6_2Ta207] can accommodate n-alkylamines (C,,H,. NH,;
m=4, 8; 12, 18) to form intercalation compounds vig an acid-base mechanism. The
basal spacing increases to 2.12 (m=4), 2.88 (m=8), 3.99 (m=12), and 5.22 (m=18) nm.
On the contrary, H; g[Srg gBiy ,Tay07] does not form any intercalation compound
with pyridine, which is a weak base, indicating that the protons in

Hj g[Srg gBig 2 Tay07] are weakly acidic. The IR spectra of the intercalation
compounds with n-alkylamines (m=12 and 18) clearly show that n-alkyl chains possess
an all-trans conformation. A linear relationship is observed between the basal spacing
and the number of carbon atoms in n-alkyl chains, and this corresponds to a bilayer
arrangement of the n-alkyl chains with a tilt angle of 65°. In spite of the relatively high
proton content (1.8 H* per [Srg gBij Ta,04]), only 0.9-1.0 mol of n-alkylamines per
[Srp gBig ;TayO] is intercalated. This observation can be reasonably interpreted based

on the surface geometry of the perovskite-like slab and the size of n-alkylamines.

Keywords: intercalation, layered perovskite, Aurivillius phases, protonated form, acid-

base reaction, n-alkylamine
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Introduction

It 1s well known that various layered compounds accommodate organic ions
and molecules to form intercalation compounds. 13 The reaction mechanisms include
ion-exchange, ion-dipole interaction, hydrogen-bonding, redox reactions, and acid-base
reactions. The acid-base reactions are involved in intercalation chémistry for
protonated forms of various layered transition metal oxides,4 such as layered titanates,5
titanoniobate,6’7 and niobates.’

Ion-exchangeable layered perovskites consist of perovskite-like slabs
terminated along the <100> plane of 3D perovskites and interlayer cations. These are
classified into two groups, Dion-Jacobson phases (M[A,, ;B,,03,,+1]) and Ruddlesden-
Popper phases (M,[A _IB,,O3,,+1]).9‘12 Both of these phases can be converted into
their protonated forms (H[A,,.;B,,03,41] and H,[ A, 1B,,03,,+1]) by acid
treatment. 10:13-18  Tpe protonated forms of the Dion-Jacobson phases can
accommodate n-alkylamine in their interlayer spaces via the acid-base
mechanism 10:14:15,19-24 o, 4p,e contrary, a protonated form of a Ruddlesden-
Popper phase, H,La, Ti30,, did not accommodate n-alkylamines.22 This difference
was ascribed to the displacement in layer étacldng by (a+b)/2 in H,La,Ti30¢q. Schaak
et al.-25 recently reported the partial intercalation of n-dodecylamine into
H;CaNaTa30 in heptane, and to the best of our knowledge this is the only report on
the intercalation behavior of the protonated forms derived from the Ruddlesden-Popper
phases via the acid-base mechanism.

| Aurivillius phases (BiyA,,.1B,O3,.3), another series of layered perovskites,
consist of perovskite-like slabs and bismuth-oxide sheets.26-2° We have reported that
acid treatment of the Aurivillius phases resulted in the formation of the protonated
forms of layered perovskites; so far, two conversions, from Bi;ANaNb304, into
H) g[Ag gBig ;NaNb3010] (A=St, Ca)>%-32 and from Bi,SrTa, 0y into

H; g[Srp gBig 2 Tay04] (HST),33 have been reported. The compositions of these
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protonated forms are close to those of the Ruddlesden-Popper phases, but the layer
charge decreases slightly from -2 per [Aj1B,03,41] to -1.8 per [A7.1B,03,+1] because
of a cation disorder (Sr, Ca «—— Bi). We have shown that H, 3[Sro Big ;NaNb;0;]

can accommodate n-butylamine and #-octylamine in the interlayer space via the acid-

base mechanism 3032

The amounts of intercalated n-alkylamines, however, were about
1.0 per [Srg gBip 2NaNb301); only approximately half of protons reacted with n-
alky]amines.

We report here the intercalation behavior of n-alkylamines into
H g[Srq 3Bip ,Ta,04] (HST). We propose the structural model of the resulting
intercalation compounds based on the amounts of intercalated n-alkylamines and
discuss the reason for the intercalation of limited amounts of n-alkylamines.l To the

best of our knowledge, this is the first systematic study of intercalation behavior of

protonated forms of layered perovskites Hx[A,,,lB,,O;;,,H] with x>1.

Experimental
Intercalation of n-alkylamines. The preparation procedures for HST were described

elsewhere. 3>

As reactants n-alkylamines, n-butylamine (C4A), n-octylamine (C8A),
n-dodecylarrﬁne (C12A), n-octédecylamine (C18A), and pyridine (Py) were utilizd.
About 0.5 g of HST was dispersed in 30 mL of an n-alkylamine (or pyridine)-
tetrahydrofuran (THF) mixture (1:1 as volume) and refluxed for 7d. After
centrifugation, the crude product was washed with THF and arr-dried.

Analyses. The X-ray diffraction (XRD) pattemns of the products were obtained with
MacScience MO3XHF? with Mn filtered Fe Kq radiation. Elemental analysis was
performed as an internal service at the Waseda University Material Characterization

Center. The infra-red (IR) spectra of the products were recorded on a Perkin-Elmer

Spectrum One spectrometer with the KBr-disk technique.
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Results and Discussion

Figure 1 shows the XRD patterns of HST and its reaction products with 7-
alkylamines (hereafter expressed as CmA-HST, where m represents the number of
carbon atoms in n-alkylamines). After the reactions, the (00/) peaks of HST disappear,
and new sets of peaks that can be ascribed to (00/) reflections appear. The d value
calculated from the low-angle peak position for the reaction products with n-
alkylamines increases with an increase in the number of carbon atoms in the n-alkyl
chain; 2.12 (C4A-HST), 2.88 (C8A-HST), 3.99 (C12A-HST), and 5.22 [C18A-HST;
calculated from the second order value (2.61 nm)] nm. On the contrary, the (160) and
(110) peaks of HST are observed at the same position. Thus n-alkylamines are
successfully intercalated into HST without any structural change in the perovskite-like
slabs.

Figure 1

The reaction of HST with pyridine does not result in any change in the XRD
pattern, indicating no intercalation reaction (Fig. 1b). Since pyridine is a much weaker
base (pK},=8.82) than the n-alkylamines used (pK},=3.35-3.40), the basicity of pyridine
is not large enough for intercalation; the protons in HST are thus weakly acidic.

| Figure 2 demonstrates the IR spectra of C12A-HST and C18A-HST. Both of
the spectra exhibit four major bands in the CH stretching region. It is well known that
the positions of the anti-symmetric stretching band (~2920 cm-1) and the symmetric
stretching band (~2850 em'!) of CH, groups (abbreviated Vas(CHz) 204 VgCra),
respectively) are sensitive to chain conformation; these two bands shift to lower
wavenumbers as disorder (kink and gaush) is introduced into the n-alkyl chains 34:33
Actually, these band positions have been utilized to the conformational analysis of the
n-alkyl chains of alkylammonium ions in the interlayer space of montmorillonite 3¢ In
the IR spectrum of C12A-HST, the V,qcppp) band and the Vs(CHy) band are observed at

2918 and 2849 cml, respectively, and these band positions correspond to an all-trans

- 106 -



conformation.3® The IR spectrum of C18A-HST also exhibits these two bands at the

same wavenumbers, indicating that the n-alkyl chains possess the all-trans conformation

in C18A-HST.

Figure 2

The relationship between the basal spacing (dp) and the number of carbon
atoms in the n-alkyl chains (n¢) is demonstrated in F igure 3. A linear relationship is
clearl& observed, as expressed with d,=0.23nc + 1.18. Since IR analysis of C12A-
HST and C18A-HST indicates that the n-alkyl chains in these intercalation compounds
essentially exhibit the all-trans conformation, the linear relationship observed in Figure 3
strongly suggests similar conformations for the n-alkyl chains in C4A-HST and C8A-
HST. The mean increment of the basal spacing (Ady/Anc)is 0.23 nm. This value
corresponds to a tilted bilayer arrangement of the #-alkyl chains in the interlayer space
of HST. The tilt angle of the n-alkyl chains with respect to the surface of the

perovskite-like slabs (ab plane) is calculated to be 65°.
Figure 3

The amounts of intercalated n-alkylamines are listed in Table 1. Though 1.8
H* per [Sty gBig 2 Ta,07] are available for the acid-base reaction, only 0.9-1.0 mol of n-
alkylamines per [Sro gBig 2TayO] is intercalated. It should be noted that a similar

observation was reported for another protonated form derived from an Aurivillius

phase, H; g[Sty gBip ,NaNb30].

Table 1

The present results can be further compared with the intercalation behavior of

n-alkylamines into the Dion-Jacobson phases, H[A -1B1#03,,+1]; the surface geometry
of the Dion-Jacobson phases is essentially identical to that of HST, but the proton
concentration on the surface is lower, ideally 1.0 mol per [Ay1B,03,+1]. Inthe

studies of triple-layered compounds, H[Ca;Nb;0 1] 19 and H[CaLaszTiO]o],21 a

few bilayer arrangements of the n-alkyl chains with different tilt angles were observed
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for each layered perovskite, and some intercalation compounds exhibited two basal
spacings corresponding to different arrangements. In the present study, on the
contrary, only one arrangement was detected . Among these reported arrangements, a
similar tilt angle was observed for H[Ca,Nb30;,] (expressed as dy,=0.2249n + 1.7129
nm for C12A-C18A).19 As a double-layered compound, an intercalation compound of
H[LaNb,0-] with C8A was reported with a basal spacing of 3.038(5) nm,15 which is
slightly larger than that of C8A-HST (2.88 nm). It should be noted that the reported
amounts of n-alkylamines in fully-intercalated compounds were essentially 1 mol per
[A.1B;O3p+1]; all the protons were involved in the acid-base reactions. 121

These analytical results and the aforementioned comparison indicate that the
intercalation behavior of HST and that of the Dion-Jacobson phases are similar. In
order to discuss this sinﬁlarity, a structural model for the interlayer space of CmA-HST
should be proposed. For the ion-exchangeable layered perovskites (Dion-Jacobson
phases and Ruddlesden-Popper phases), however, the structures of intercalation
compounds with n-alkylamines have not been sufficiently discussed. On the contrary,
another series of <100> terminated layered perovskites, the so-called organic inorganic
perovskites, (RNH3),[(CH3NH3),,.1M,,X3,,+1] (Where M is divalent metal and X is
halogen; note that CH;NHj acts as A-site ions and RNHj is present in the interlayer
space), have been structurally characterized; the n-RNH3 ions fit into cavities on the
<100> surface of the perovskite-like slabs to form hydrogen bonds with halogen
atoms.37 Thus, though the sizes of the cavities in these [(CH3NH3),,.1M,X3,,+1] slabs
are larger than those in the [A,,.1B,03,+1] slabs in the ion-exchangeable layered
perovskites, we assume similar configurations of reacted n-alkylamines in the following
discussion.

Figure 4 demonstrates a proposed structural model along the ab plane for the
CmA-HST intercalation compounds. In the Ruddlesden-Popper phases, the amount of

protons is equal to the number of cavities, and a comparable amount of protons is
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present in HST (corresponds to ~90% of the number of cavities). On the other hand,
the amount of protons corresponds to only half the number of cavities in the Dion-
Jacobson phases. (It should be noted that these relationships do not depend on the
thickness of the perovskite-like slabs, as indicated by the general formula H,[A,,.
1BxO3n+1].) The diameter of n-alkylamines with the all-trans n-alkyl chain is
estimated from the cross-section (0.186 nm)3 8 to be 0.486 nm, and the distance
between the nearest neighboring cavities (center to center) corresponds ap proximately
to a;, (a parameter of cubic perovskite oxide, about 0.39 nm) for all the ion-exchangeable
layered perovskites. Thus, as shown in Figure 4, if one cavity is occupied, the nearest
neighboring cavities are not available for another guest species. The second-nearest
cavities are separated by ~0.52 nm (V2 X ap), and this distance is sufficient to
accommodate two n-alkyl chains. In the protonated forms derived from the Dion-
Jacobson phases, on the contrary, reacted n-alkylamines are expected to occupy every
other cavity. Thus, the distance between the nearest occupied cavities is ~0.52 nm.
These structural considerations provide a reasonable interpretation for HST behavior,
which is similar to that of the Dion-Jacobson phases. The above discussion is also
consistent with the presence of 2 mol of RNHj ions per [A,,.1B,,X3,+1] in the organic
inorgé.nic perovskites, since the nearest neighboring cavities are separated by ~0.5 nm,
which is sufficient to accommodate two n-alkyl chains.37 Since the interlayer surface
geometry of HST is essentially identical with that of H, g[Srg gBig y;NaNb;01,], the
intercalation of limited amounts of C4A and C8A (0.9-1.0 mol per

[Sro 8Bip ;NaNb301¢]) can be interpreted in a similar fashion.

Figure 4

Conclusions

We have demonstrated that Hj 8[Sro.3Bip 2Ta;07] (HST) can accommodate 7-

alkylamines (C,,H,;,+1NHy; m=4, 8, 12, 18) to form intercalation compounds vig the
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acid-base mechanism. Pyridine, which is a weak base, cannot be intercalated into HST,
indicating that the protons attached to TaOg octahedra in HST are weakly acidic. The
four n-alkylamines examined exhibit only one type of orientation in the interlayer space
of HST: a bilayer arrangement of the n-alky! chains with a tilt angle of 65°. The
amounts of intercalated n-alkylamines are 0.9-1.0 mol per [Sro gBig 2 Ta,04], though 1.8
mol can be maximally intercalated on the basis of the proton content. The interlayer
surface geometry of the [Srg gBig ,Ta,07] slabs clearly explains the limited intercalation
behavior by assuming the presence of reacted n-alkylamines in the cavities on the
surface of the perovskite-like slabs; the n-alkylamines are too bulky to fit every cavity,

and the presence of the n-alkylamines is spatially possible only in every other cavity.
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Figure 1

Figure 2
Figure 3

Figure 4

Figure Captions

XRD pafterns of (a) Hj g[Sro.gBig.2Ta,07] (HST), (b) Py-HST, (c) C4A-
HST, (d) C8A-HST, (e) C12A-HST, and (f) C18A-HST.

IR spectra of (a) C12A-HST and (b) C18A-HST.

Plot of basal spacing () versus the number of carbon atoms in the alkyl
chain (nc) for the n-alkylamine-HST intercalation compounds.

Idealized structural model along the ab plane. Large circle indicates cross-

section of n-alkylamine.
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Table 1 N-alkylamine Contents of the CmA-HST intercalation Compounds.

Amine C /mass % N-alkylamine Content /
mol per [Sro 8Bip 2 TayO7]
C4A 6.62 0.9
C8A 11.8 0.9
C12A 17.6 0.9
C18A 24.7 1.0
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Figure 1. XRD patterns of (a) HLaNb,O, (anhydrous HLN), (b) n-propoxy! derivative of HLN {(n-propoxyl-HLN),
(c) n-propoxyl derivative of HLN after the treatment with n-decanol (n-decoxyl-HLN),

(d) n-decoxyl-HLN hydrolyzed with 3 M KOH, (¢) n-decoxyl-HLN treated with sec-propanol,

(f) n-decoxyl-HLN treated with tert-butanol, (g) n-decoxyl-HLN treated with ethylene glycol (EG),

and (h) (g) heated at 200 °C.
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Figure2 IR spectra of (a) C12A-HST and (b) C18A-HST.
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Figure 3. Solid-state ~C CP/MAS NMR spectra of (a) n-propoxyl derivative of HLN {(n-propoxyl-HLN),

(b) n-propoxy! derivative of HLN after the treatment with n-decanol (n-decoxyl-HLN),
(¢} n-decoxyl-HLN treated with sec-propanel, (d) n-decoxyl-HLN treated with tert- butanol,
and (¢) n-decoxyl-HLN treated with ethylene glycol (EG).
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Figure 4. XRD patterns of (a) n-propoxyl-HLN after the treatment with n-decanol containing 3 mass % of distilled water for 1 d,
(b) n-propoxyl-HLN after the treatment with n-decanol containing 3 mass % of distilled water for 7 d,

(c) n-propoxyl-HLN after the treatment with distilled n-decanel for 1 d,

(d) n-propoxyl-HLN after the treatment with distilled n-decanol for 7 d.
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s were successfully doped into RbCa,NaNb,0,, by the
n of Sr** for Na*, yielding electroconducting niobates
'red structure consisting of four perovskite-like layers.
se products of polycrystalline RbCa,Na,_.Sr,Nb,0,,
nd 0.4) were synthesized by the solid-state reaction
Nb3Oy, SrsNbO,s, Nb,Os, and Nb metal. The
ions were indexed based on a tetragonal structure,
ling to the end-member RbCa,NaNb,0,;, With
se in the amount of strontium substitution, an expan-
+ c-axis was observed while the g-axis was essentially
The products showed semiconducting properties.
tic Press

rds: niobate; solid-state reaction; layered perovskite;
didation state; Rietveld analysis; electrical conduction.

1. INTRODUCTION

: class of transition metal oxides possess struc-
sisting of two-dimensionally stacked perovskite-
i An+1BsOsns1 (1), BizAn-1BuOsn+s (2), and
Oss+1 are well-known examples (3, 4). These
are ideal for relating the thickness of the perov-
slabs n with the properties. For example, the
the electrical properties of (La, St)y+ 1 Mn,O3ps1
3, and 0) (5), Sta+1VaOsa+1 (n=1, 2, and )
+1NLOsas1 (=1, 2, 3, and o) (8), and
lo‘os)n+1Ti,,O3,,+1—5 (n =1 and 2) (9) has been
based on the difference in the thickness of the
3-like slabs.

y, the incorporation of conducting electrons
bates with a layered-perovskite structure,
Vb4O3p+1], has drawn attention. The structure of
¥b,O34+ 1] consists of n perovskite-like layers with
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a monovalent cation M occupying the interlayer space. The
reduced niobates for the n = 2 and 3 compounds have been
synthesized by chemical or electrochemical intercalation of
excess ions (H*, Li*, and Rb*) into the interlayer (9-17)
and by cation substitution by solid-state reaction (18, 19).
Most of the early studies have emphasized the structural
characterization of the reduced products.

The electrical properties of carrier-doped n=2 and
3 members have been reported recently. We have reported
the synthesis and electrical properties of the n = 3 member
KCa,_.Ln.Nb;O,, (Ln = La, Ce, Nd, Sm, and Gd) (18,
19). The observed (log p) «c T dependence was interpreted
based on a model assuming tunneling conduction through
vibrating barriers, and the structure-property relation was
established (18, 19). Recently, it has been reported that the
n =3 member Li,KCa,Nb;0,, shows a superconducting
transition below 6 K (15-17), whereas the n = 2 member
Li,KLaNb,O, shows no superconducting transition down
to 0.5 K (15). This suggests that the thickness of the perov-
skite-like slabs influences the superconducting properties in
M[Au— len03n+ 1]-

The synthesis and structural characterization of the n = 4
member, RbCa,NaNb,O, ;, have been reported (4, 20). The
schematic structure of RbCa,NaNb,O, ; is shown in Fig. 1.
In light of the variation in the electrical properties as a func-
tion of n in the two-dimensional perovskites reported so
far, the electrical properties of higher n members of
M{[A4,-1Nb,Os,, ] are of interest. Here, we report the
doping of catriers into the n = 4 member of the layered
perovskite RbCa,NaNb,O, ; by the substitution of Sr** for
Na™ and their structures and electrical properties.

2. EXPERIMENTAL

RbCa,;Nb;0, ¢, SrsNb O, 5, and NaNbO; were prepared
by the solid-state reactions of appropriate amounts of
Rb,CO3, CaCO;, SrCO;, Na,CO;, and Nb,O5 under am-
bient atmosphere. A 50% excess amount of Rb,CO; was
used in the case of RbCa,Nb;0,,. The product was washed
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[CazNasz;Om]-

e perovskite-like slab

/

e R

<40 (5)

<4—Nb(2), 0(4)
<«4—Cay/3Nay,3(2),0(3)
<«4—Nb (1), 0(2)
“4—Cajy/3Nay/3(1), 0(1)

FIG. 1.

Schematic crystal structure of RbCa,NaNb,O, ;.

ith deionized water after completion of the reaction. X-ray
firaction (XRD) (Mac Science MXP? diffractometer with
onochromated CuKuo radiation) of the above oxides in-
cated single-phase formation, and inductively coupled
asma emission spectroscopy (ICP) (Nippon Jarrell Ash,
"AP575 Markll) showed that the cation ratios were consis-
nt with the nominal ones.

Polycrystalline samples with nominal compositions of
oCa,Na; - Sr,Nb,Oy; (x = 0.2, 04, and 0.5) were syn-
esized from RbCa,Nb;0,, NaNbO;, SrsNb,O,s, and
b according to the following equation:

)Casz3Om + (1 — X)NaNbO3 + (0.2X)Sr5Nb4015

+ (0.2x)Nb — RbCa,Na; ., Sr,Nb,O;. (1]
I of the starting oxides were dried for at least 1 day at
0°C before use. The end-member RbCa,NaNb,O,; was
nthesized by the solid-state reactions of RbCa,Nb;O,,
d NaNbOj; at 1200°C for 3 h in air (20). After thorough
inding, the reagents were pressed and placed in an
imina boat surrounded by powders having the same

composition to prevent contamination. The reactor
was evacuated to ~85x107® Pa before argon pu
and Ti powder was placed in the reactor tube as an ox
getter to minimize oxidation during the synthesis. Th
agents were fired at 1200°C for several hours, with inte
tent grinding after every 3 h of firing. The firing sequ
was repeated twice.

The morphology of the products was studied
a scanning electron microscope (SEM) (Hitachi, S-2
Crystalline phases were identified by XRD. Structural |
meters were determined by the Rietveld analysis prog
RIETAN (21, 22). The cation ratios were determined by
analysis. For the ICP measurements, the samples wer:
composed in a mixture of HF, HCl, and HNO, by he:
at 200°C for at least 3 h. Resistivity data were collected
80 to 280 K using a standard dc four-probe method.

3. RESULTS AND DISCUSSION

Table 1 summarizes the compositional analysis resul
the products obtained as single phases. The cation r:
were in agreement with the nominal composition for :
Thus, the discussion herein is based on the assumption
the substitution of Sr** for Na™ produces an equir
amount of Nb** during the synthesis.

The XRD patterns of the products are shown in Fi
Preferred orientation was observed along the [00] p.
consistent with the plate-like morphology of the sam
observed in the scanning electron micrographs. The X

J (a)

=

Intensity (a.u.)
—
g

o | =— = =

W
e ML

26 [°(CuKa)

FIG.2. XRD patterns of RbCa,Na, . Sr.NbO,3 with (a) x
{b)x = 0.2,(c) x = 0.4, and (d) x = 0.5. Arrows in (d) represent peaks d
the n =3 compound. The peak with an asterisk in (d) is an uniden
peak.
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TABLE 1 :
Composition of the Produc

Composition®?*

Rb;.00Caz.06 Na; 06 Nbs Oy 3
Rb; 00Caz,00Nag.80Sr0.2: NbsOy 35
Rb;1.04Ca2.07Na0.615T0.40ND2 O13

! Compositions were normalized by setting the amount of niobium to 4.
* Amount of oxygen was set to 13.

ittern for x = 0 was indexed based on a primitive-tetrag-
1al cell, in agreement with a previous report (20). Single-
1ase RbCa,Na, .. ,Sr,Nb,O,; was obtained for x = 0.2
d 0.4 with repeated firings. No extra reflections for
= 0.2 and 04 were evident in the XRD patterns when
mpared to that of x = 0, and all the diffraction peaks were
dexed based on a primitive-tetragonal cell. When x = 0.5,
. unidentified peak at 20 = 21.16° and weak diffraction
aks due to RbCa,Nb;O,;, were observed besides the
tended phase. A single phase for x = 0.5 could not be
itained even with repeated firings or firing at higher tem-
rature. Thus, the solubility limit is between x = 0.4 and
5 under the present synthetic conditions.

The structure of the x = 0 compound was refined by

etveld analysis assuming a random distribution of Ca and .

a at the 4 site (20). The crystallographic data correspon-
d to those of a previous report (20). Since the indexing of

2 XRD patterns for x = 0.2 and 0.4 indicated the preser-

tion of the symmetry with substitution: Rietveld analysis
: these compounds was conducted with the same space
sup as that for x = 0. A random distribution of the 4-site
tions (Ca, Na, and Sr) was also assumed. The outputs
ym the Rietveld refinement are shown in Fig. 3, and the
ystallographic data are given in Table 2. The a-axis was

O
= 0.286 —
k|
7]
g
"g" 0.285 | o
£ 0.284
O
T T T T T
0_.0 0.1 0.2 0.3 0.4
x value

FIG. 4. Evolution of the unit-cell volume as a function of x.

TABLE 2 :
Crystallographic data for RbCa,NaNb,O,;, RbCa,;Na,;S:
Nb,O;;3, and RbCa,Na, (Sry,Nb,O,;"

Sample Atom  Position x y z B (nn
RbCa,NaNb,Q,; Rb 14 0.5 05 05 0.028(
) A(1p® 1e 05 050 0.010(

a = 0.38727(1) nm CAQRY 2h 0.5 05 0.2240(7) 0.010

¢ = 1.89116(6) nm Nb(1) 2g 0 0 0.1057(2) 0.002f
Nb(2) 28 0 0 032932) 0002

R, =0.1299 o(1) la o. 0 O 0.036(
R, = 0.0969 (o] 3] 4i ] 0.5 0.101(1) 0.036
R, = 0.0340 O(3) 2g 0 0 02052) 0.036
R; = 0.0349 O(4) 4i 0 0 0309(1) 0.036
Ry = 0.0217 o5 2g 0 0 04202) 0.036
RbCa,Nag 381, Nb,Oy; Rb id 05 0505 0.048(
ALY 1c 05 050 0.012(

a = 0.38716(1) nm AR 2h 0.5 0.5 0.2248(7) 0010

¢ = 1.90092(8) nm Nb(1) 2g 0 0  0.1054(3) 0.003(
Nb(2) 2 0 0 0.328%3) 0.003(

" R,y = 0.0990 o(1) la 0 o 0 0.037(
R, = 0.0769 o) 4 . 0 05 01042 0037
‘R, = 0.0355 O(3) 2g 0 0 02142) 0037
R, = 0.0339 O 4i 0 0 0308(1) 0037
Rp = 00221 o) 2z 0. 0 0416() 0037
RbCa,Nag ¢Srp.4Nb,O;5  Rb 1d 05 05 05 0.044(
A(1)® le 05 050 0.008(

a = 0,38704(3) nm AQ2P 2h 0.5 0.5 0.2236(9) 0.008

¢ = 1.9107(1) nm Nb(1) 2g 0o 0 0.1056(5) 0.006(
Nb(2) 2g 0 0 0.32854) 0.006

R,, = 0.1216 o(1) 1a 0 0 0 0.034(
R, = 0.0881 Oo2) 4i 0 0.5 0.101(3) 0.034
R, = 0.0359 O(3) 2g 0 - 0 02153 0034
R, = 0.0426 O4) 4 0 0 0309(2) 0034
Rp = 0.0243 o(5) 2g 0 0 0421(3) 0034

2Space group P4/mmm; No. 123. 20 step size = 0.04, total number of re
tions = ca. 400, number of profile points = 2601, Number in parentheses rep
ents estimated standard deviation. Values without standard deviation \
constrained. The occupation factor was set to unity for all positions.

B The cation ratios in A(1) and A(2) were confined to Ca:Na = 2/3:1/2
RbCa,NaNb,O,,, Ca:Na:Sr = 2/3:4/15:1/15 for RbCa,Na, g Stg;Nby
and Ca:Na:Sr = 2/3:3/15:2/15 for RbCa,Nag ¢Sre.4Nb, Oy,

<The istropic atomic displacement parameters for the same cation spe
were constrained to be equal.

essentially unchanged, while the c-axis increased linea:
resulting in an overall increase in the unit-cell volu
(Fig. 4). The increase is attributed to the larger ionic ra
of Sr?* (0.144nm) and Nb** (0.068 nm) compared
Na*(0.139 nm) and Nb3* (0.064 nm) (23).

Calculation of the bond distances showed that the Nb
bond extending toward the interlayer had the shortest ¢
tance (Nb(2)-O(5) = 0.177(6) nm). The longest Nb-O be
was Nb(2)-O(3) = 0.216(7) nm. The inner two perovski
like slabs are closer to an ideal octahedron than the ou
ones, as was the case for x = 0 (20). No drastic change in -
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ABSTRACT

Polycrystalline samples of Na; ,1.n,NbO3 (Ln=La, Nd, Sm, Gd) were synthesized by
solid-state reactions. Reduced niobates were obtained as single-phase perovskites for x=0.05 and
0.1 when Ln=La and Nd and x=0.05 when Ln=Sm. The Gd-substituted samples could not be
prepared under the synthetic conditions studied. Compositional analysis of the products revealed
a slight amount of sodium loss during synthesis. The structural parameters obtained from Rietveld
analysis revealed an increase in unit-cell volume. All of the obtained samples showed
semiconducting behavior. Similar semiconducting behavior was observed for the same x value,
suggesting the weak influence of the different Ln species to the electrical properties.

INTRODUCTION

Transition-metal based oxides possessing perovskite and perovskite-related structures
have attracted attention owing to interesting properties ranging from insulating, semiconducting,
metallic to superconducting [1-3]. A few electroconducting niobates with perovskite structure
possessing 4d0 - 4d! electrons have been synthesized [4-11]. Sr,NbO3 and Ba,NbOj3 (c.a. 4d!)
exhibit metallic behavior [4-8]. Unique semiconducting behavior has been reported for lightly-
doped niobates, Naj_,Sr,NbO3 [9] and La; gsNb3Og [11]. Alog p = T relationship was observed
in a wide temperature range (80-300 K) for Najy_,StyNbOs, and this behavior was interpreted
based on the tunneling conduction through vibrating barrier model [9]. The resistance of
Laj osNb3Og exhibited a 'bell-like' temperature dependence [11]. We reported earlier that
electroconducting niobates A'1.xA"yNbOj can be synthesized not only by heterovalent
substitution of the monovalent alkali metal ions with a divalent jon (A"=Sr2+), but also by the
substitution of the monovalent alkali metal ions with a trivalent jon (A"=La3*) [12]. The existence
of a wide variety of lanthanoids with slightly different ionic radii presents an opportunity to vary
the structure of the solid solutions and study the effect on the clectrical properties systematicaily.
In fact, the variation in the clectrical/magnetic properties of the orthorhombic RTiO3 (lanthanoid
and Y) as a function of R has becn examined, and the correlation between the structurc and the
propertics has been discussed [13].

We report here the synthesis and propertics of Naj_¢LnyNbO3 (Ln=La, Nd, Sm, Gd),
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emphasizing on the variation in the structure and electrical propertics with the various Ln specics.
EXPERIMENTAL

Polycrystalline samples with nominal compositions of Nay_,Ln,NbO3 (Ln=La, Nd, Sm,
Gd; 0sx<0.2) were synthesized from pelletized mixtures of appropriate amounts of NaNbOs,
Ln;03, NbyOs, and Nb metal. NaNbO3 was.obtained by the solid-state reaction of stoichiometric
amounts of Na,CO3 and Nb;Os under an ambient atmosphere. The pelletized samples were
fired for up to 50 h at 1200°C (with intermediate grinding every 10 h) under Ar atmosphcre.

Inductively coupled plasma emission spectroscopy (ICP) (Nippon Jarrel Ash
ICAP575Mark 11) was used to determine the cation ratios of the products. Crystalline phases
were identified using a Mac Science MXP?3 diffractometer (monochromated Cu Ke radiation).
Crystallographic data were obtained by the Rietveld analysis program RIETAN [14,15]. Resistivity
data were collected from 5 to 280 K using a standard dc four-probe method.

RESULTS

All of the XRD reflections for Ln=La, Nd (x = 0.05 and 0.10) and Sm (x = 0.05) could be
indexed based on an orthorhombic cell, consistent with the parent compound. LnNbO4 was
observed as the impurity phase for higher x values. When Ln=Gd, a single phase could not be
obtained even for x=0.05. The XRD patterns of the single-phase compounds are shown in Fig. 1.
The solubility limit decreased in the order La=Nd>Sm, which is consistent with the order of the
decrease in the ionic radius of Ln (Table I). A similar tendency was reported for Ry, Nb3Oyg
(R=La, Ce, Nd) [11].

Table 1 The ionic radius of the ions (ref. 16)
) ionic radius / nm
I~ ion :
8 12 coordinated 9 coordinated
= Nat 0.139 0.124
=
E Lot 0136 0.122
Nd3* 0.127 0.1163
sm3+ 0.124 0.1132
3+ - 0.110
= T T T = Gd !
20 25 30 35 40 45 50
26/°CukKa

Fig.1 The XRD patterns for the products of
nominal composition (a) NaNbOs,
(b) Nag ysLag gsNbOa. (¢) Nag goLag 1oNbO3,
(d) Nay 9sNd;, jsNbO3, (¢) Nayg goNdy 1oNbO3,
(1) Nag ysSmy osNbO3.
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The ICP results arc summarized in Table II. The Ln/Nb ratios in all of the samplcs were
consistent with the nominal compositions within experimental error. The Na/Nb ratios were slightly
lower than the nominal values, indicating a slight loss of Na during synthesis.

Table Il The composition of the single-phase samples

Ln x value composition(a) formal Nb valence(P)
. 0 Naj oo NbO; 5
La 005 Nago Lag g NbO; 4.92
0.10 Nag gy Lag ;) NbO; 4.86
Nd 0.05 Nagg, Ndg g NbOy 4.90
0.10 Nag g, Nd 1, NbO, 4.82
Sm 0.5 Nag g1 Smg g6 NbO; 4.91

(a) The compositions were normalized by setting the values of niobium and

oxygen to nominal ones.

(b) The formal Nb valences were calculated based on the ICP results and

assuming nominal niobium and oxygen contents.

The same space group as the parent compound, NaNbO3 (Pbem) [17], was adopted for
the Rietveld analysis, as no clear change in the symmetry of the cell was observed. The obtained
lattice parameters are summarized in Table I11. The a/b axis ratios for the solid solutions approach
to unity with the increase in x, indicating that the structure approaches to a lctragonal symmetry.

Table III The lattice parameters for Na | Ln, NbO

unit-cell parameter / nm

X

b

alc
¢

Nd

Sm

0 0.55067(2)  0.55690(2)
0.05 0552684)  0.55514(5)

0.10 0.5545(1)  0.5549(1)
0.05 0.55213(3)  0.55390(4)
010 0.5532(1)  0.5534(1)
0.05 0.55155(4)  0.55363(1)

1.55143(6) 0.989
1.5626(1)  0.996

1.5657(1)  0.999
1.5609(1)  0.997
1.5631(2)  1.000

1.5602(1)  0.996

Numbers in parenthesis represent estimated standard deviation.
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The unit-cell volume increased monotonously with an increase in x for all Ln, as shown
in Fig. 2. The increase is attributed to the increase in the ionic radius of reduced niobium
(Nb5+—>Nb4+; 0.064—0.068 nm)) [16], as the ionic radii of Ln are smaller than that of Na (Table

I). Moreover, the unit-cell volume decreased in the order La > Nd > Sm, which corresponds to
the decrease in the jonic radius of Ln (Table I.

O
. 0.481-
g
§ 0.4804
g O
= 0.479-
> O
$ 0.478-
2 -
= 0.477-
A
0.476
0.00 0.05 0.10
x value

Fig.2 The variation in unit-cell volume as a
function of the x value in Na,_,Ln,NbO; with
Ln=La (circles), Nd (squares), and Sm (triangies).

All of the Ln-substituted compounds showed scmiconducting behavior in the temperature
range of 5 < T < 280 [K]. The normalized resistivity for x=0.05 and 0.10 is shown in Fig. 3. The
x=0.10 samples exhibited a slightly weaker temperature dependence compared with the x=0.05
samples. Based on the one-electron energy diagram for ReO3 by Goodenough (1}, itis assumed
that the =* conduction band is formed by the overlapping of 4d (f2,) and O 2p orbitals in
Naj_,Ln,NbOs. A similar one-energy diagram has been proposed for Naj_,Sr,NbO3 [9] and
Eu,NbO3 [18]. The localized electrons are expected to occupy states below the a* conduction
band, and localize near Ln3"', due to the charge difference between Na* and Ln3+. Also, the
random distribution of Na* and Ln3*, as well as the presence of cation vacancies, may lead to
Anderson localization.

The resistivity behavior could not be sufficicntly explained by the thermally-activated
hopping conduction (log p x 1, variable-range hopping conduction (log p 7°0-25), or tunncling
conduction through vibrating barrier (log o & T), as a lincar rclation could not be obtained in a
wide range ol‘lcmpcraturcé for any of these plots. However, as the general shape of the resistivity
curve was similar to the lightly doped samples of Nay_,Sr,NbO3 (x=0.10 and 0.15) [9]. the
resistivity behavior observed in Naj_LngNbOz may be characteristic behavior of lightly-doped
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Fig.3 The temperature dependence of normalized resistivity for (a) x = 0.05 and (b) x = 0.10
with Ln=La (circles), Nd (squares), and Sm (triangles).

niobates with distorted perovskite structures. Note that the formal valence of the samples prepared
in this study (Table I, Nb**2+ - Nb482+) are comparable to those of Naj_,Sr,NbO3 (x=0.10 and
0.15) [9]-

No apparent influence on the Ln species to the electrical properties was observed, even
though a monotonous change in the structure was observed with the different L. This suggcests
that the semiconducting behavior in lightly-doped NaNbOs is intluenced mainly by the carrier
concentration, and the effect by the structural parameters is weak. It is noted that a similar weak
dependency of the Ln species to the electrical properties was observed in reduced niobates with
a layered-perovskite structure [19].

CONCLUSIONS _

Single-phase samples of polycrystalline Nay_,La,NbO3 (x=0.05, 0.10), Na;_,Nd,NbO
(x=0.05, 0.10) and Naj_,Sm,NbO3 (x=0.05) were obtained by the solid-state reactions under
inert atmosphere. The a/b axis ratios obtained from Rietveld analysis approached to unity with
the increase in x, indicating that the structure of Naj.xLn,NbO3 is approaching to a tetragonal
structure. An increase in the unit-cell volume with the increase in x was obscrved for all of the
singlc-phasc samples obtained, which was attributed to the larger jonic radius of Nb¥*. All of the
samples showed semiconducting propertics. No clear influence of the Ln species on the
scmiconducting behavior was observed, despite the variation of their structures.
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Abstract

Polycrystalline samples of KTi,_,Nb, 05 (x=0.1, 0.2, 0.3) were synthesized by solid-state reactions. The synthesized
compounds were blue-colored, suggesting reduced oxidation states. Single phase KTi,_,Nb,,,O; was obtained for
0 < x <0.2, suggesting that the solubility limit is between x = 0.2 and 0.3. The reduced oxides exhibited semiconducting

behavior. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Titanoniobate; Reduced oxidation state; Semiconducting behavior

1. Introduction

Reduced niobates with layered-perovskite struc-
tures show electrical properties ranging from semi-
conducting, metallic, and even superconducting [1—
51 As sufficient dt,,—pm orbital overlap is crucial
for electrical conduction, it is important to take into
consideration the connectivity of the octahedra. In
the case of the layered-perovskite structures, corner-
sharing octahedra spread over two directions. On the
other hand, many structures consisting of corner-
sharing octahedra in one direction and edge-sharing
octahedra in another direction are known [6,7).
Potassium molybdenum oxide, K,MoO, is one of
these oxides, and exhibits high conductivity [8—10].

There are a variety of titanates, niobates, and
titanoniobates possessing corner-sharing octahedra
in only one direction, e.g., Na,Ti;O,, KTiNbO;,

* Corresponding author

KNb,O; [6]. The schematic structure of KTiNbO; is
shown in Fig. 1 as an example, showing the different
connectivities of the octahedra. These oxides may be
good candidates for studying the structure /electrical
property relation in low-dimensional structures, as
the octahedra connectivity is similar to that of
K,MoO;. However, the synthesis of these oxides
possessing reduced oxidation states have not been
reported so far. Based on the successful report of a
homologous system K,_,Ti,_,Nb,, O, (d° state)
{11,12], the preparation of the solid solution
KTi,_,Nb,,, 05 (d°-d"° state) is thought to be
possible. We report here on the syntheses of reduced
titanoniobates which possess a layered structure dif-
ferent from the layered-perovskite structures.

2. Experimental'

KTiNbO; was synthesized by the solid-state reac-
tion of stoichiometric amounts of K,CO,, TiO, and

00167-577X/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.

Pll: S0167-577X(99)00003-8
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by

Fig. 1. Schematic structure of KTiNbOs. The arrows indicate the corner-sharing octahedra along the y-axis. The light- and dark-shaded
octahedra represent the octahedra with the B, and B, atom at the central position, respectively. The circles represent K ions.

Nb,O; under an ambient atmosphere at 1100°C for
10 h [11]. KNbO, was synthesized by the solid-state
reaction of stoichiometric amounts of K,CO, and
Nb,Os under an ambient atmosphere at 1000°C for 1
h. Polycrystalline samples with nominal composi-
tions of KTi,_ Nb,, Os (0 <x < 0.3) were synthe-
sized from pelletized mixtures of appropriate amounts
of KTiNbO;, KNbO,, Nb,O; and Nb metal. The
syntheses were performed under Ar atmosphere in
order to prevent oxidation. The pelletized mixtures
were fired under Ar atmosphere for 10 h at 1000°C
followed by firing at 1100°C for 20 h. The samples
were ground and pelletized after every 10-h firing to
ensure homogeneity.

Crystalline phases were identified using a Mac
Science MXP* diffractometer (monochromated Cu
Ka radiation). Crystallographic data were obtained
by the Rietveld analysis program RIETAN [12,13].
Inductively coupled plasma emission spectroscopy
(ICP) (Nippon Jarrel Ash ICAP575Mark II) was

used to determine the cation ratios of the products.
For the ICP measurements, samples were decom-
posed in a mixture of HF, H,SO, and HNO, by
heating at 200°C for at least 2 h. The solution was
then measured up with a mixed solution of HNO;,
(NH,),C,0, and distilled H,O. Electron-spin reso-
nance (ESR) spectra were recorded with a JEOL
RE2XG spectrometer at room temperature. Standard
dc four-probe method was used to collect resistivity
data.

3. Results and discussion

The compositional analysis showed that the cation
ratios were consistent with the nominal ones for all
compositions. Thus, the discussion hereon will be
based on the assumption that the formal d-electron
state was preserved during synthesis. The presence
of reduced oxidation states was also confirmed by
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increase in x) and the appearance of paramagnetic
signals in the ESR spectrum for x = 0.2. We could
not determine which transition metal was reduced
from the ESR spectrum. The samples were stored in
an evacuated desiccator since the samples gradually
lost their color when kept in air.

The XRD patterns for x=0-0.3 are shown in
Fig. 2. The XRD measurements were carried out
under ambiernt atmosphere as the degradation of the
sample during the course of measurement was negli-
gible. For x = 0.2, the XRD patterns were indexed
based on an orthorhombic symmetry, consistent with
the end-member KTiNbO;. On the other hand, a few
peaks besides the intended phase were present in the
XRD pattern for x = 0.3. A single phase for x =0.3
could not be obtained even with repeated firing.
Therefore, the solubility limit for KTi,_,Nb,, O is
between x = 0.2 and 0.3 under the present synthetic
conditions. This solubility limit is comparable to the
solubility limit reported for K,_,Ti,_,Nb,, O, by
Takeda et al. [12].

As the XRD patterns suggested the formation of a
solid solution for x = 0.2, the same space group as
the parent compound, KTiNbOs (Pnma) [14], was

the color change (light blue to t{?ark blue with the

C_
b

*
* *
W L_—-J‘_AA J\J LA«M
T T T T
10 15 20 25 :

26/° CuKa

Fig. 2. The XRD patterns for KTi, _ ,Nb, , O with x =(a) 0, (b)
0.1, (c) 0.2 and (d) 0.3. Asterisks represent unidentified peaks.

5

Table 1
Crystallographic parameters for KTi, _ Nb,, Os

x  Lattice Ti fraction
parameter (nm) of occupancy
a b c T T,

0 0.64433(1) 0.379674(1) 1.83967(3) 0.80(1) 0.20(1)
0.1 0.64615(7) 0.37945(4) 1.8572(2) 0.71(1) 0.19(1)
0.2 0.64787(4) 0.37978(2) 1.86809(9) 0.68(2) 0.12(2)

Number in parenthesis represent estimated standard deviation.
7, and 7, represent the Ti fraction of occupancy in sites B, and
B,.

adopted for Rietveld analysis. The obtained lattice
parameters are shown in Table 1. The lattice parame-
ters for KTiNbO; were consistent with earlier studies
[11,14]. The monotonous variation of the lattice pa-
rameters as a function of x verifies the formation of
a solid solution for 0 < x < 0.2. The distribution of
the transition metals over the sites B, and B, was
studied by allowing the occupation factors of Ti and
Nb to vary in the Rietveld refinement. The Ti frac-
tion of occupancy in sites B, (r,) and B, (7,) are
given in Table 1. A preferential distribution of the Ti
ions at the B, site and Nb ions at the B, site was

Temperature / K
330 300 270 240 210 180 150

job—l L1 | ! {
. rf“
5 —@j}‘
7 x=01 ¥
g 107 3 AT
& 5 "
2 ; x =02
>
% j
[
c 10° 4
10' o
1 T T 1
3 4 5 6 7 8

1000 x T /K"

Fig. 3. The temperature dependence of resistivity for
KTi,_ Nb,, Os with x=0.1 (circles) and 0.2 (squares).
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observed for all x. Similar results were reported for
KTiNbO, and K gTij4sNb, 1505 (d¥ state com-
pounds) [11]. It was suggested that the smaller Ti'*
ion preferably occupies the B, site as it is more
repelled from its five-neighboring octahedra com-
pared to three for the B, site [1 1]. Since the structure
of the compounds synthesized in this study is analo-
gous to KTiNbO,, the crystallographic environment
of the octahedra are unaffected. Therefore it is rea-
sonable that the Ti** ions mainly occupy the B, site
as the ionic radius is smaller than Ti'*, Nb°* and
Nb** [12].

The temperature dependencies of the resistivity
for x =0.1 and 0.2 are shown in Fig. 3. Data above
10 K Qm could not be collected as it exceeded our
apparatus limits. Both the samples of x=0.1 and
0.2 showed semiconducting behavior. The resistivity
behavior agreed with the log p-T~' law, indicating
that the electrical properties are dominated by the
thermally activated hopping electrons. The activation
energy for hopping calculated from the slope of the
log p-T~' plot was 0.4 and 0.1 eV for x =0.1 and
0.2, respectively.

In summary, reduced oxidation states were intro-

duced into a low-dimensional structure possessing
-corner-sharing octahedra in only one direction. Sin-
gle-phase samples of titanoniobates possessing re-
duced oxidation states, KTi,_ Nb,, O;(x=0.1 and
0.2), were obtained by the solid-state reaction under
an inert atmosphere. The reduced compounds pos-
sessed the same structure as KTiNbO;. The
monotonous change in the lattice parameters sug-
gested the formation of a solid solution for 0 < x <
0.2. The resistivity of the samples showed semicon-
ducting behavior.
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ARNFASEELZBIRRO TR A4 M HLaNb207 12 B1F 3
FALZERERTT

Introduction

ERRBMTRIIMEE BB SIZHH T2 - LA TE. BRELIZL>TREDE &
ETIEHHONATVS, BEBRERARESTILAYOPIIIRTRILFE 2L >Ta
HRBOELERTLDOEH 3,

Fujishima 5(% Nb20s 2 T4 / —LIRGH TENRLEBHT 2 2 L T, (KEML Nb ([ZEE
TRABEOEGHRAINZZLERELTVE Y, ZORKIE. T4/ —LHEH &
LTER L IRBREND DER L EESICR I3 EZ5h TS, 2DOL S 4 Nb20s D
AECBRREBRELATZLI-LICLANERRSE AT ENTES,

17 2 MEBIRROTIDA N D—FETH 3 MAr- 1INbnO3n+1]IZ RO TR A4 kB
[An- INbnO3n+ 11D BRANF A > M ENLTRABELRD, BEETERET2 79, OB
BAhFAUIIFLBRTLAYLRE (H. Li*. Na*. K. Rb*. Ce') TA #4 > XMMayLe
THH PTEEEATFALHT0 M DBEIE. BRENVSEETT, B2 (£, Kb
ELTRRROTZHA M AV ZBAE. BRITESBHIDEYIZTbh. RO K
MIRE LTHVLLATWS TIO2L D b EBAMEEERT I LATOATNE D £,
HERBRXOTROA ME BRICEL ARSI TEER D AL B SRS ks
BIENTED ™ BIIXS /- LEDRETIZ. BREITA NS BERET 2 L
ShTVB ™, Z0OEDHAY / —ILEDRISIZL > TEBS N3 EBMADLEHIL. £0
HARERBE & RRICERBEN D ZIERMIZITD I Nb20s & (3RE > R BARISHERE T =
%o

KER{E Nb BHMEMIS. BEBMATL. ZOEEN - BESWMEIISHEIIEATVS,
RBRIL Nb DERITIZF ¥ U7 — R—THTERTHD . ChETIZHALRBETE v Y
P—RF=ThEHABoNTEL, 2BHEE (n=2) TH MLaNb207 (25 L\ Tl (LY.
BREFEBT. KBERLREIZLBZF v UT— R—THBEIATNS W 1.
Hamada 5(3 3 BI8ED A U1 Mo REALETATEMRL £ KCaz-xLaxNb2010
(RE=La. Ce. Nd. Sm. Gd) D&ME L UZOERMMEIZOLTHE L. BREDHE
MIZHE>THEMEMETZEMEL TS O | 858, KLaNb207. KCa2Nb3010
Zn-TFINI)FOLN-~NFHUBRTETILIZLE>T BREAD MRS 4 F 1w it
LiDAZY—HAL —2a RIGHE I, Li SOEMIZE-> TIBEI SDE. 252
KCa2Nb3O10 (ZH WV TILBIZEAAELLT 3 & L S BEREVIMEBEI LTI B 719
CDLICBIRROATRIAA MIBIFEF+ UT— R—TIZET(L AL . DM 1
Mt LToTEE 2RO TN S,

ZITHRRTIIFEBF Y UT - R—TOHEEE LT BRROTRHAA NERAY
—LEDRIGIZE > T/RONDERMONIFHBRERE T2 6B0ET 3, 26
AOWEBRROTIAA ML, Sato 5 2212k > CTHMICEEBRIFALINATL S
HLaNb207 &3 2,
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Experimental Section

ESE

RbLaNb207 DA RKDERIE LT Rb2CO3 (FRIEB{L%E) « La203 (7L 9F{LE) .
Nb20s (FOXAEE) #ALVE, b, La203 IREML. /KEEEEBS ¢ 7=, 1100°C. 1 i
B EREETo 0

ZILA=IEAH / —)L ; CH3OH (FOHAEZR. 454k) £2HLE,

HLaNb207 D& 5

RbLaNb207 (ZBE%RIZ L . Rb2CO3. La203. Nb205 D;E&4 (Rb2CO3 [FE P DiE
FEZERLT30%BF) £. 1100°C, 48 b5/ (24 BRI T & I2HF:) Z=ERPTHEK L. %
KI5 D Rb & KBRIDK TR LIE. 120°CTEIRT 2 2 L TBE, /ML XRD %
MEDLTOE-VIIMARE LTREBTE., Reatvelt BHTH S L B—ETHBZ L 5TE
FB UL (BTFEH ;a=5.4499(2), b=21.9997(9). c=5.499(2). ZZRE¥ ;Imma) , /= ICP
AL ZNZNOTELLIZEMALEED TH- 2,

15 5 17z RbLaNb207 % 6 M-FHER/KIARAP T 60°C. 72 BRI L (24 B 2 L ICHERE
KBRERXR) . ZDE. EBLDBE. KR, BIRTE2LTTO LXK ESE, B
SEFIE. #kF (HLaNb207) (& 120°CE2iE. 7&F04) (HLaNb207 - xH20) (3/@E & L
=0 770 b >3k HLaNb207 D &%l XRD 947 ICP HEXS Iz L D iEA L=, XRD
ML D HLaNb207 (ZIEA &RIZIRE X . a=0.389nm. c=1.05nm &4 ) . BEEERODE & |F
EF—E U7, £/, ICPREADITLD . BLEBIZL>TRd N 100%BELTVB L%
R U7z, KM E(F 3 TG o h 5. E/kEIL 3.6mol,/HLaNb207 T 1 . BEERDE

(3.4) &IFIF—BLL,

a (0] - W
HLaNb207 - xH20 % X % / — LKA (10mass/%H20) T=iE. 7 BRiE#H L. &
DB, 1R (BR) 72FICLVENE/E, Bon=HRIE XRD 2FDOEZER. EXE
BmDIBANREShi=, TG-DTADHTL D . 300°CU L THRME M > EEER LN
NAY ) —ULDBRITRVMESEERLTWVLWRZENMbh o, £ FARIRI <Y K
)L (Perkin- Elmer FTIR- 1640, KBr i%) N5, BEREBFER IR MLHBEBS I, W

LEDAS ) —IITBRITA NFIREEERLTWE I EEER L,

HIFE R |
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E LR, |

FRBHEICK > TER L ZREEL=F 7LEWOHILE (L. SQUID (Quantum Design
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—IEDY A V)L THEREGID ON-OFF %48VBL. FUIUTLF X —4 — CIEAEE
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AL EITo=,

Results and Discussion

PhI-NEDRBIZED/FENIZERMICHBIH LizE 23 RBHET CIZES G
[ZEE® U7, Fig1 [CHBHEEORNTRIBBURF R Y MLETRT . KBEHED I <4 |
MZR 5h 3 500~800nm (ZH\(FTDIRUNIE. 8N-HCI D Nb** ([NbOCI]> or
[NbOJ**) ZRY ML 2V [ZDBIRTH B, Thd b, RBSHEOHEHOTEEELN
BITICEK>TERLUEEBEND ICL2EDEEZHND,

HEFICL->TEELAHBIBIIZ2HAWMESE SQUID ESHEBLTEELE,
HALRDREKAFIEE Fig2 IR, B{bEIX. Curie- Weiss #9281 % 7= L. KLaNb207
NDLIDAYY—hlL—-2a REDLS hEBERIZR AL o=,

o, EMNTIEEH 2D RBEITHASIBRBEOLTILEBE L, Fig. 3 [ZXRBHIERE L
ENEOEILERT . HBFHRDEMCHE > T, BAIZEMITED U, IR A
10 BLAEICA D SIRIAMEIXREM T 2{EMICH D . Zhil EXBHBEEEIL LTS KR
BIIFEALEDS BNz ThEDIEEME ND 253 —TEBULIFEBLAVEDE
Bhhd,

LYV o o —

Il
&)

RICFBTREDAH ZZXLIZDWTRET B, Fig. 3 DREEHY 1 /L LIBREDE
ED05 CORBISTERGODLSIZBbID, LHL. 2OV A ZILEEDIRLITS &\
BEERETIN (LS, JOL5(Z, FEECETILRAZETABRIILIRE %
EfTaeie (3 BERMRRIIKE) HHELLHBET 2, ZOLLEKE. FeEasR
RNz, BREIOEREINLRHFCL>TELLTLEERBDAS,

Fig. 4 LEHEMDIRARY MLETRT , BERE D 1130cm ' HEDH L E— 2 (LBRO
ANFIELCBBEINDEEZISATLEN, $EHBTIEZOE—2ILERLE,

E72. TG-DTA S LD . HULEB TR X MFSBHOMBIC L 2RME N> - ERH
DRBFBE NI 300°CHHENSDERFLRIL 220% Th ok, ZhiZ. ZLOEKOD
BEFEERYT B & HLaND207 O70 DB L 2 EERAO B 1.81% L FIF—HKT 3
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/. HFROERD XRD /¥4 — /tr Fig. 6 IZRd, $bABOERTREIRIL.
HLaNb207 DEAEMBE IFFE L <D A MFSHOBB I > TERBARL LT
WaZe&hah oz,

. BRICBVWT, BRRROT7RXHM4 POEEBIRIZD T Raman 94F L D H1EH

BONBERETNTWVWBZENS. Raman 3751772, 85 N7= Raman A~x% ML
7& Fig. 7 12T o A MNFIEIZERTZE—-71F. BB TIHERLTWR Z D90
%0 £7/= 940~1000cm ' fhEDE— 7 X BRIIZMUL =520 Nb-O #2812 L2EDTH N .
COE—JIBHBIIBWTEFELR->TWS (Flg 8) o BEHRIZL B & . Nb-O DEEER
BOEIZEDE-21Z27 b L. BHEAIADS 7 MIEA REOEN., KEHREIAND
DT MNMEBRBOBMZLBEDETN TS, HLaNb207 L tEE T2 & A NFIED
FERKIZEWCDE~2H 984, 968cm 1T L TWB, ThlEX 2862 LD Nb-
O 2 BEORLRZBENMEAELTVWRZELEBRLTE D, ChIZBMEIzRILEE W
Nb-O DIEREY 1 hDSEE 5 L. X MF RIS & 1S Takahashi S5 DER &
—HT 3, O HZOEFHEELTVE YA MIA MFILIZL ZERIBOEINIT 4
2T, O-HZEDOBEERAHMFE< A& D Nb-O ERIEIZERSIIUETVESAMERZ DL
SRBD. E—VIX@mmERICS I N T2, £ A MFbah=t 4 MEND-O-C &
BOEMIZED . Nb-O OFESRENRBIL L. E— I DMRRMAIZS T M2, St
TlE. & 512.984,968cm' DE— 7 [Lifd L. 974,955cm ' A& &L L TL 3 ,974cm™
(& HLaNb207 LB U TH D X MFEDIRREIZ L 2 ERIBORADIZH#E L., O-H
BE{EAH HLaNb207 L ARREIZh o= EBbh 2, ZL T, 955cm' DE— 213 L D
ELERRE. THRDBEL NDb-O HADEEETE LTWS, JhILNEBEIZL 2B
DA MFEORBEICE > THREARBIECEZLIZED . @HAULREID Nb-O EA&HNEL
RollzbeEZ NS,

INETIZRESNATVWBZLI-LOXRPERETIZ. ZILI-LEZLTFE R, =
BILRERICBEIh2ELTNWE "2 22T, XBHRICLDRETIEHD GC 9
WhaIT21EZ3 bIFOTIEDE D, CO2DEMDIERINE, ChEbh. BRIDOA b
FOERIMSHDOFREELZT CO2 FTRIEThTWB W THETNE, L LRI
LPLFER®, A9/ =)L E. CO2UNDRAN TS T, B#llA AN =X AIXREET
oz,

Summary

A hF A28 Uz HLaNb207 [ZHE W THIRFHZ L o> TIRERME Nb (ZEET 25886 %
Heel U7oo KERGTRSREDEMIZEE > T, EREBREILRL L, XBHEORB OB xR
(& Curie-Weiss FIZEE)Z R L. EB~NDERIHB I hahol, £z, KBHIZLD F
ET 5605 CO2DEMMERI Nz, Thi D BRIDA M D EIIFE S HhOFRRE
ZRETCO2XTRILTNTVE ZENTEINS,
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Figure 1. Absorption spectrum of HLaNb207-MeOH (a) before and
(b) after irradiation for 5 minutes (Ar flow).
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Figure 2. Magnetic susceptibility of photoreduced
HLaNb207-MeOH (photoirradiated for 5 and 10 hours). -
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Figure 3. Time dependence of resistance of HLaNb207- MeOH
for a cycle of photoirradiation.
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Figure 4. IR spectra of (a) HLaNb207-MeOH as prepared, (b)

HLaNb207-MeOH exposed to sun for 3weeks and (¢c) HLaNb207.
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Figure 5. TG-DTA curve of (a) HLaNb207-MeOH,
(b) HLaNb207-MeOH exposed to sun for 3 weeks and
(c) HLaNb207 exposed to sun for 3 weeks. |
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Figure 6. XRD patterns of (a) HLaNb207-MeOH as prepared
(room temperature dried sample), (b) HLaNb207-MeOH exposed

to sun for 3weeks (120°C dr
(120°C dried sample).

ied sample) and (c) HLaNb207
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Figure 7. Raman spectra of (a) neat methanol (b) HLaNb207-MeOH
as prepared (¢) HLaNb207-MeOH exposed to sun for 3weeks.
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Figure 8. Raman spectra of the HILaNb207
layered oxide compound : (a) HLaNb207-

MeOH as prepared ; (b) HLaNb207-MeOH
exposed to sun for 3weeks ; (¢) HLaNb207.
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