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Abstract: A topochemical route to nondefect, three-dimensional perovskites from lamellar-Démobson

and RuddlesdenPopper precursors was demonstrated. The method involves reduction of one of the ions (in
this case E#") in the precursor phase and concomitant loss of oxygen. b0, a three-layer Dion
Jacobson compound, was ion-exchanged to ARNbO; (A = Na, Li) and reduced in hydrogen to form the
SrTiOs-type perovskites AETi,NbOq. Similarly, K:EwTisO10, a three-layer Ruddlesdefopper compound,
underwent divalent ion exchange to form the Diglacobson compounds'Bu,TisO10 (A" = Ca, Sr) and
MU"Ew,TizO10 (M" = Ni, Cu, Zn), which were reduced in hydrogen to perovskite-ty&uTizOg and M'-
EwTi30y, respectively. The Aand Ed* ions of A'Eu,TizOg remain ordered, while A-site disordering occurs

in the other perovskites. In all cases, the anisotropic texture of the layered precursors is retained in the product
perovskite phase.

Introduction High temperatures are needed to drive most solid-state
reactions because diffusion is rate-limiting. Alternative strategies
that sidestep the diffusion limitation open the door to a wider
variety of solids made by design. These include thin film

methods, such as evaporatipulsed laser depositiohelec-

Perovskites are metal oxides of simplest formula ABi@
which B is a small transition metal ion and A is a larger cation
of an s-, d-, or f-block elementStoichiometric and oxygen-

deficient perovskites, as well as intergrowth compounds that trodepositior? and molecular beam epitafySoft” solid-state

T e e e cunes eaclons, n th olher hand, vercome the difusion probler
9 prop ' in bulk syntheses by making use of precursors that already

f_erroelectr!cs, high-Tc superconductors, colossal magnetoresm-con,[ain most of the bonds of the desired prodddtamiliar
tive materials, and catalysts.

. . examples are the intercalation reactions of lamellar compounds
Perovskites and other refractory metal oxides are normally

. ; -~ 7 and ion exchange reactions of open-framework solids such as
prepared by high-temperature reactions of the appropriate .
. . . . L zeolites.
mixture of oxides, carbonates, and/or nitrates. While this is a | b . hni ¢ h )
useful route to thermodynamically stable compounds, it does _# €SS common but very attractive technique from the point
not in general allow fine control over the microscopic or of view of rational materials synthesis is the topochemical

macroscopic structural features of the product, or provide accesstr"’mSformat'On of a Iamell_ar solid |_nto a three-dimensional
to more complex metastable phases. Better synthetic control jsProduct phasg. Topochemical reactions have now been used
needed to prepare, for example, magnetoresistive perovskitesUccessfully in a few such systems to obtain metastable
with ordering of different types of A and B io#sintergrowth compou.nds thb,lt are |nacce53|ple byllother technlqugs. The
structures such as superconductors with specific sequences ofynthesis of TiNb,Oy from HTINbOs, ™ the topochemical
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Synthesis of 3-D Petskites from Lamellar Precursors

reduction of LiVMoQ; brannerites to form LiVMo@!2 and the
syntheses of hexagonal W®om W0O5-1/3H,0 and Re@-type
MoOz from MoOs-Y/3H,0® serve as important examples.
Among the perovskite family of transition-metal oxides, topo-

chemical reactions have been used to make novel cation-

deficient metastable phases such ag[#03,'* Nd,Tiz0o,'°
SrTa-xNbOs,16 and CaNbgO19.17 Currently, the only routes
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added to compensate for loss due to volatilizatioEéTizO10

(A" = Ca, Sr) and MEWTi3O10 (M" = Ni, Cu, and Zn) were prepared

by ion-exchangig 1 g of K;EwTi3050 in 100 mL of 1 M aqueous
solutions of the appropriate nitrate salts. The ion-exchange reactions
were accomplished by stirring the mixture at4Dfor 8 days. ZnEpt
TizO10 Was also prepared by ion-exchangingEk,TizO10 in molten
ZnCl, at 300°C for 2 weekS2 AEU,Ti,NbOi (A = Na, Li) compounds
were prepared by ion-exchanging CsEuNbOy, in the molten alkali

available to transform layered perovskites into metastable three-njrates at 350C for 2 weeks. All ion-exchange solutions and molten

dimensional phases involve either a dehydration mechatigm,
which inevitably leaves a cation deficiency on the A site, or
high-pressure techniques, which require low coordination
numbers? or anion deficiency in the lamellar precursor.
Members of the DiorrJacobson family of layered perov-
skites?0 A[A n—1'BnOsn+1] (A = alkali, A’ = alkaline earth or
rare earth, B= transition metal), have an equal number of A(A

salts were replaced every 2 days to ensure full exchange, and all
products were washed thoroughly with deionized, distilled water. ZnEu
TizO10 prepared using Znglwas also washed with dilute HNQo
remove a ZnO impurity. The completeness of each ion-exchange
reaction was estimated by energy-dispersive X-ray emission analysis
(EDAX) and by phase purity as evidenced by powder X-ray diffraction
(XRD). The ion-exchanged precursors were reduced in flowipgtH

650 to 850°C for 6 to 12 h. Additionally, all AELTioNbOs, A"Ele-

and B cations, so they are ideal precursors to nondefective, threei.o, and M'Ew,TisO, compounds were synthesized directly from the

dimensional perovskites of the general formula AAB,Osn.
Recent examplésof divalent ion exchange in the Ruddlesden
Popper series of layered perovskitésAz[An—1'BnOsnti],
provide an even wider choice of stoichiometric Diefacobson

corresponding oxides and carbonates in flowingaiti1000°C for 1
day.

X-ray Diffraction. X-ray diffraction (XRD) patterns were obtained
on a Phillips X'Pert MPD diffractometer using monochromatized Cu

precursors to three-dimensional perovskites. A method for Ke (4 = 1.5418 A) radiation. Diffraction patterns from powdered

transforming these lamellar compounds into extended perov-
skites could take advantage of the composition and stacking
sequence of the precursor layers to access particular structure
and properties. Since methods already exist for chemically

“peeling” Dion—Jacobson phases apart into single sRéatsd
restacking them in any desired sequence on a sutfaire,
principle one might design and synthesize a very rich variety
of new perovskites in this way as thin films. We describe here
a first step toward this goal, which is a new topochemical
reduction reaction that transforms Diedacobson precursors
into nondefective three-dimensional perovskites.

Experimental Section

Synthesis.K,EwTizO10 and CsEwTi,NbO;q were prepared by the
solid-state reactions of stoichiometric amounts €8s, EwOs, TiO,
and NBOs at 1050°C for 1 day. A 40% molar excess of,80; was

(11) Rebbah, H.; Desgardin, G.; RaveauMater. Res. Bull1979 14,
1125.

(12) Gopalakrishnan, J.; Bhuvanesh, N. S. P.; Vijayaraghavan, R.;
Vasanthacharya, N. YJ. Mater. Chem1997, 7, 307.

(13) (a) Figlarz, MProg. Solid State Chen1.989 19, 1. (b) McCarron,

E. M. J. Chem. Soc., Chem. Commu®9386 336.
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B 1996 53, 10641.
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(18) Vander Griend, D. A.; Boudin, S.; Poeppelmeier, K. R.; Azuma,
M.; Toganoh, H.; Takano, MJ. Am. Chem. S0d.998 120, 11518.

(19) Byeon, S.; Kim, H.; Yoon, J.; Dong, Y.; Yun, H.; Inaguma, Y.;
Itoh, M. Chem. Mater1998 10, 2317.

(20) (a) Dion, M.; Ganne, M.; Tournoux, MMater. Res. Bull.1981
16, 1429. (b) Jacobson, A. J.; Johnson, J. W.; Lewandowski, [hoFg.
Chem.1985 24, 3727. (c) Treacy, M. M. J.; Rice, S. B.; Jacobson, A. J.;
Lewandowski, J. TChem. Mater199Q 2, 279.

(21) (a) Hyeon, K.; Byeon, SShem. Mater1999 11, 352. (b) Mclintyre,

R. A,; Falster, A. U.; Li, S.; Simmons, W. B., Jr.; O'Connor, C. J.; Wiley,
J. B.J. Am. Chem. S0d.998 120, 217. (c) Lalena, J. N.; Cushing, B. L.;
Falster, A. U.; Simmons, W. B., Jr.; Seip, C. T.; Carpenter, E. E.; O’'Connor,
C. J.; Wiley, J. Blnorg. Chem1998 37, 4484. (d) Mahler, C. H.; Cushing,

B. L.; Lalena, J. N.; Wiley, J. BMater. Res. Bull.1998 33, 1581. (e)
Cushing, B. L.; Wiley, J. BMater. Res. Bull1999 34, 271.

(22) (a) Ruddlesden, S. N.; Popper,Azta Crystallogr.1957, 10, 538;
Ruddlesden, S. N.; Popper, Rcta Cystallogr.1958 11, 54. (b) Uma, S.;
Raju, A. R.; Gopalakrishnan, J. Mater. Chem1993 3, 709.

(23) (a) Jacobson, A. Mater. Sci. Forum1994 152-153, 1. (b)
Jacobson, A. J. I€@omprehensie Supramolecular Chemistrplberti, G.,
Bein, T., Eds.; Elsevier: Oxford, UK, 1996; Vol. 7, pp 31335.

(24) Fang, M.; Kim, H. N.; Saupe, G. B.; Miwa, T.; Fujishima, A,;
Mallouk, T. E.Chem. Mater1999 11, 1526.

samples held on a quartz zero background plate were obtairgeddn

geometry. Lattice parameters and atomic positions of precursor and
roduct phases were determined by the Rietveld method using the
SAS structure refinement packaie.

Scanning Electron Microscopy.SEM images were recorded at the
Electron Microscope Facility for the Life Sciences in the Biotechnology
Institute at the Pennsylvania State University, using a JEOL-JSM 5400
microscope at 30 kV accelerating voltage. Prior to imaging, the samples
were affixed to double sticky carbon tabs and sputter coated with 10
nm of Au/Pd in a BAL-TEC SCDO050 sputter-coater.

Results and Discussion

Topochemical Reduction of Dion-Jacobson Phases to
Perovskites. The conversion of a DionJacobson phase
A[A 1-1'BnOsn+1] to a perovskite AA-1'BnOsn requires that
either the A, A, or B ion be reducible. While many of the
interesting product phases are B-site mixed valence compounds
(for example, M4+ magnetoresistive materials and&"
superconductors), for proof-of-concept purposes we have used
Eu* as an easily reduced Aite cation. When a DionJacobson
phase AEWB30;¢ is heated in hydrogen, Et is reduced to
Ew*, and the concomitant release of water creates oxygen
vacancies within the lattice. If the oxygen vacancies order along
the interlayer gallery, a topochemical collapse of the layered
structure is possible, with the B@ctahedra of the [A-1'BnOan]
perovskite blocks encasing the A ions in the interlayer gallery.
The idealized topochemical mechanism is sketched in Figure
1.

Synthesis and Structure of Dion-Jacobson Precursors
and Perovskites AEuU,TioNbO;o compounds of the lighter alkali
metals (A= Na, Li) adopt a three-dimensional structure when
synthesized directly, so CsElioNbOyq (Figure 2a) was pre-
pared as the DionJacobson phase precursor to these com-
pounds. Layered perovskite phases provide large sites for
interlayer cations, so the use of Cs favors these structures, as
previously noted for the ASrLaNM" Qg series?® For the same
reason, Cs is too large to fit into the A site of a three-dimensional
perovskite. The Li and Na (Figure 2b) forms of AHiLNbO;o
were accessed by ion exchange of the Cs compound in the
molten alkali nitrates. EDAX confirmed the removal of Cs from

(25) (a) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65. (b) Larson,
A. C.; von Dreele, R. BProgramversion: PC-98 Los Alamos National
Lab. Rep. No. LA-UR-86-748, 1994.

(26) Gopalakrishnan, J.; Uma, S.; Vasanthacharya, N. Y.; Subbanna, G.
N. J. Am. Chem. S0d.995 117, 2353.
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Figure 2. XRD patterns for (a) CsEllioNbOo, (b) NaEuTioNbO;¢
xH20, and (c) NaEgli-NbQOy. Unindexed peaks represent a pyrochlore
impurity phase.

the precursor. Since the ratio of Eu to Ti in AHiLNbO, is
1:1, the stable pyrochlore phaseEi3O; also forms readily
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Figure 1. Topochemical transformation from a layered to a three-dimensional perovskite. The octahedra represenitdvi@e gray circles
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Figure 3. XRD patterns for (a) KEw,TizO10°2H,0, (b) CaEuTizO10,
and (c) CaEglliz0q.

and could not be avoided as an impurity. The pyrochlore phase Table 1. EDAX Results for Divalent lon Exchange

remained unchanged during both the ion exchange of the-Dion
Jacobson phase and the hydrogen reduction of the -Dion
Jacobson phase to perovskite AEigNbOq.

AEW,Tio-NbOy (A = Na, Li) forms a SrTiQ-type cubic
perovskite (Figure 2c). The absence of layer lines in the X-ray
diffraction pattern indicates disorder of the alkali and Eu ions
among the available A sites of the perovskite lattice. Both Na
and Li are monovalent and sufficiently small that the high
temperature of the reduction reaction allows them to move in
the perovskite lattice. Similar disordering of A-site cations

compound % K exchanget!
CaELtTig,Olo 80
SrEwTiz010 76
NiEUzTi3010 75
Cu ELtTisolo 70
ZnEWwTi3010 (aq) 68
ZNEwTi3010 (ZnClz) 78

aPercent exchange is based on an analysis of the remaining K

nitrates was equally effective, although as in the solid-state

occurs in the lower temperature topochemical synthesis of reaction some of the precursor phase remained unchanged. The

cation-deficient perovskites SrIaNbsOs from HoSrTa—«-
Nb,O7.16

Conversion of Ruddlesder-Popper Precursors to Per-
ovskites. The n = 3 RuddlesderPopper phase #u,TizO19
hydrates immediately upon exposure to air, so the hydrate K
EwTiz0:10-2H,0, which is structurally identical to K a;TizO10°
2H,0,1427 was used (Figure 3a). Divalent ion-exchange in
RuddlesderPopper phases has recently been stutfieshd

exchange products W Tis010 (A" = Ca, Sr) and MEu,-
Tiz010 (M" = Ni, Cu, Zn) were dried at 400C to remove
interlayer water, and the resulting XRD patterns matched those
predicted for the anhydrous phases. The EDAX data shown in
Table 1 indicate that approximately 70 to 85% of the interlayer
potassium ions were removed by the aqueous ion exchange,
which is consistent with the exchange efficiencies obtained using
the anhydrous nitraté-¢ ZnEwTi30;o was also prepared with

most exchanges have been carried out by heating an intimatea similar exchange efficiency using molten ZpGis the
mixture of the lamellar precursor and the anhydrous alkaline exchange saft?

earth nitrate in a sealed tube. In all cases, these exchanges are
incomplete. In our hands, exchange in aqueous solutions of the

(27) Toda, K.; Watanabe, J.; Sato, Mater. Res. Bull1996 31, 1427.

AV'EWTizOg (A" = Ca, Sr) also has an SrTidype perovskite
structure, but the presence of low-angle reflections in Figure
3c indicates that the alkaline earth and Eu ions remain ordered
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Figure 4. Structure refinement (GSAS) for the cation-ordered per-
ovskite phase SrklizOy, showing calculated (top, solid line) and
observed (top, crosses) XRD patterns. The difference curve (bottom,
solid line) indicates the agreement between the observed and calculated
patterns. Bragg reflections are indicated by the tick marks below the
peaks.

in separate layers. The XRD pattern for SfsEYOy was 2-Theta

simulated (Figure 4), and atomic positions refined wejf & Figure 5. XRD patterns for (a) ZnEiTi30,0 prepared from the Zngl
0.10687%8 on the basis of an ordered tetragonal structure with Precursor, (b) the intermediate products made by heating this compound
c/a = 3.015. Similar results were obtained with=ACa (c/a = in H, at 650°C for 8 h, and (c) the cation-disordered perovskite ZAEu

A TizOg Obtained after heating in4&t 850°C for 4 h. In panel b, indexing

3.016). Apparently, the charge and size of the divalent ioffs for the ordered three-dimensional phase is indicated by asterisks.

and Ed@" provide a sufficient barrier to disordering. The cation

ordering provides good evidence that the reaction is topocheml-the product of direct synthesis under hydrogen, argues strongly

cal, since the direct synthesis of' Bu,TizOg from the oxides . S ; - -
and carbonates under hydrogen produces a mixture of phasesthat the reduction reaction is topochemical. Similar cubic phases

- : - : - : : ; the ultimate products with'M= Ni and Cu. No metallic
including the SrTi@type cubic perovskite with the alkaline were
earth and Eu ions disordered among the A sites. It is worth Ni or Cu was detected by XRD of the reduced phases, so

noting that the ordered'¥Ew,TisOs (A" = Ca, Sr) phases were decomposition to a zerovalent metal dispersed on a defect

formed from the AEW,TizO10 precursors withi 1 h ofreduction EupTiOs perovskite is unlikely. However, a detailed electron
in hydrogen at 750C. Such a rapid synthesis is consistent with microscopy study is necessary to unambiguously characterize

a topochemical mechanism. the ;amples. ) . _— .
Similar reductive syntheses of M,TizOg (M! = Ni, Cu Since the divalent ion exchanges are not stoichiometric, the

Zn) from Dion—Jacobson MEwWTizO10 precursors provide some unexchanged potas_s_il_Jm must be accoqnted for in the_reduced
insight into the topochemical mechanism of the reduction Phases. One possibility is that potassium and europium are
reaction. The progression of phases formed in this reaction is Mixed on the A and Asites, such that even full exchange leaves

shown by the XRD patterns in Figure 5. In the initial stages of SCMe potassium in the perovskite block. However, n&'Buas
the reaction of the Zn compound, carried out at 680 the detected in the wash from the interlayer ion exchange reactions.

white precursor ZnEiTizO10 changes gradually in color from Another possipility is that both potassium_and the divalent

white to gray to black. After 8 h, the XRD pattern in Figure 5b exchange cations randomly occupy t.he m;erlaygr .gallery.

is obtained. This pattern can be indexed to a mixture of layered ASSUMing that a single cation per stoichiometric A-site ion (for

tetragonal phases, one with= 3.809,c = 27.544, and the a Dion—Jacobson phase) is necessary for the topochemical
other witha = 3.885,c = 12.131. The former has slightly larger  c0llapse to occur, only/2 (n = number of unexchanged’K

a-axis andc-axis spacings than the precursor Diafacobson per formula unit) potassium ions are required to fill all of the
phase & = 3.7729,c = 27.09). Thea-axis (in-plane) expansion A sites, leaving extra potassium that is not accounted for. While

suggests that the new phase is an intermediate containingeaCh of these scenariog could bg partially correct, the most
reduced E&" ions, which are larger than Etions. Interest-  reasonable explanation is that regions of unexchangéalK
ingly, the largerc-axis value is consistent with the larger size 113010 rémain and do not topochemically collapse. Evidence
of EL2*, and also possibly reflects the introduction of hydrogen fOr this is provided by XRD, which shows weak impurity peaks
prior to the collapse shown schematically in Figure 1. The consistent with the noncollapsed layered structure g

second phase is the fully collapsed perovskite compound znEu 113010 The impurity peaks have significant line broadening,

TisOo, which has partial disorder of divalent Zn and Eu A-site Which could indicate the presence of small regions of the
cations. Further heating yields the fully disordered cubic Unéxchanged phase among the collapsed exchanged phase.

perovskite, as shown by the XRD pattern in Figure 5¢. The EDAX confirms that, even after thorough washing to remove

appearance of intermediate ordered phases on the way to thé"Y soluble alkali impurity, the residual potassium is present

thermodynamically stable disordered perovskite, which is also I the final ABO; perovskite phase. _
: : : Structural Description of New Perovskite PhasesCsEy-
(28) The structure of SrkliisOg was refined (GSAS) using an ordered Ti,NbOyis structurally identical to CsL&i,NbOyo, where Cs

tetragonal unit cell belonging to space grdegmm Structural and profile Lo .
parameters were refined to convergence that leRdo= 0.1068,R, = lies in the pocket between perovskite blocks that are stacked

0.1426, andRy, = 0.2178. directly on top of each othéf. The smaller Na and Li ions fit
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Table 2. Colors and Lattice Parametérs overlook the possibility that some“fiand Ni&* were reduced
compound color a A ¢ A to Ti** and NB*, respectively. Assuming that all of the Eu
KEGTi-0m white 3.8215(3) 29.505(d) was reduced, additional mixed valency qf T|. and Nb woulq
KoEtTis0102H,0 white 3.8072(2) 16.663(2) create small numbers_o_f oxygen vacancies in the perovs_k|te
CsEuTi,NbOy, white 3.8087(2) 15.203(2) lattice that would be difficult to detect by powder XRD. It is
CaEuyTiz0r white 3.7854(3) 14.107(5) worth noting that KLaTi,NbO;p and KCaNbzO;o were reduced
CaEuTisO, black 3.8763(2) 11.6901(9)  in hydrogen under the same conditions used to form the three-
SrEWTi5010 white 3.785(2) ~ 14.20(2) dimensional perovskites, and no structural change was apparent
SrETi30o black 3.8830(1) 11.7056(6) b der XRD. Th ders t df hite to light
LiEu,Ti-NbOxo white 3.776(1)  28.01(1) Dy powder ARD. 1he powders turned from white to ight gray,
LIEU,TioNbO, black 3.9195(1) indicating that a small fraction of the Ti or Nb was reduced.
NaEwTi,NbOyrxH,O  white 3.7971(3) 34.067(5) This is in contrast to the samples containing Eu, which turned
NaEwTizNbOy black 3.9191(1) black upon reduction.
H:Eﬂg:zggo Eif&fen ??ggzg((??)) 14.197(8) SEM Investigation of Particle Morphology. CSEuTioNbO1g
CUELTIsOm0 It. brown/green  3.7791(6)  14.190(9) and KEwTi3010 are h|ghly anisotropic apd grystalllze as flat
CUEWTiz0s black 3.8790(3) platelets that range in size from 0.5 to A in diameter (Figure
ZNEwTi3010(ZNChL)  white 3.7729(9) 27.09(2) 6a). The divalent ion-exchange reactions preserve the platelet
ZnEWTi30, (ZnCly) black 3.9079(3) morphology of the precursors (Figure 6b). Figures 5¢ and 5d
ZnEwTis010 (aq) white 3.772(1)  14.57(1) show that the particles remained highly textured after the
ZNELTisOs (aq) black 3.9010(2) hydrogen reduction. In contrast, the same compounds synthe-
a Standard deviations are given in parentheses. sized directly from the oxides and carbonates in hydrogen form
a mixture of products including SrTigdype perovskites that
best in a smaller pocket, so the perovskite slabs in Aku are cation-disordered (or that contain only Eu and no other A-site
NbOy, are staggered bw2. The result is a change in space cations), and their particles are smaller and cubic in shape
group fromP4/mmmfor CSEuTioNbO;g to 14/mmmfor AEuU,- (Figure 6€). Again, this striking difference in texture provides
TioNbOyo (A = Na, Li). NaEuyTioNbOso hydrates on exposure  evidence of the topochemical nature of the reaction. If the
to air, whereas the Li compound remains anhydrous. lamellar precursors had decomposed during the reduction
As expected, KEWTizO10 and KEU,Tis01-2H,0 are iso- reaction, the particle morphology would likely have changed
structural with the corresponding La compoufti¥ The to that of the same compounds synthesized directly under

anhydrous form hagl/mmmsymmetry, while the hydrate adopts hydrogen. Also, decomposition phases would have been evident
the eclipsedP4/mmmsymmetry. All of the aqueous divalent by XRD. Referring again to the progression of diffraction
ion exchanges result in similaP4/mmm (eclipsed) Dior- patterns shown in Figure 5, there is no evidence that any
Jacobson structures. Interestingly, ZaEyO1o ion-exchanged decomposition or dissolution of the precursor compounds occurs
in molten ZnC} retains the 4/mmmsymmetry of its Ruddles-  prior to product formation.

den—Popper parent phase, whereas the aqueous exchange

product shifts taP4/mmm It is likely that the intercalation of ~ Conclusions

H,O during the aqueous ion exchange opens the interlayer
galleries sufficiently far to allow lateral mobility of the
perovskite slabs, which move to adopt the more stable eclipsed
conformation. The AEfTi:NbOq (A = Na, Li) compounds

In this paper, we have demonstrated the first example of a
topochemical route to three-dimensional perovskites from
layered precursors. The selection of the interlayer cation
. . . determines whether the structure will be ordered or disordered.
were also ion-exchanged in molten salts rather than in aqueoUSgeally, any cations that can be incorporated into the interlayer
solution, and also adopé#/mmmstructures. gallery of the Dior-Jacobson and RuddlesdeRopper precur-

Lattice parameters as determined by profile fitting using gors can be included in the three-dimensional perovskite. lons
GSAS are shown in Table 2. The lattice parameters for @SEU  hat are normally too small to fit into the perovskite A site, or

TizNbOyo and KEwpTizOr0and its r;ydrate are somewhat smaller o that typically favor a structure other than perovskite, could
than those of the La analogu€s?®reflecting the smaller size  possibly be trapped in a perovskite lattice through this topo-

of the Ed* ion relative to L&". The AEwTi-NbOyo (A = Na, chemical method. Also, the extension of this chemistry to
Li) compounds show a small decrease in éparameter due  jncjyde other reducible A-site or B-site ions could lead to
to size differences, and the perovskites AHWNDOg (A = Na, interesting new metastable materials.

Li) have nearly identical lattice parameters, since the unit cell
is defined by the presence of the large?Eion that occupies
two-thirds of the A-sites. The lattice parameters for SO0

are slightly larger than those for CaHizO1p as expected, and
the a-parameters for SrkllisOy and CaEwTizOg increase by
2.5% relative to AEW,TizO10 to accommodate the larger Eu
ion. Thec/a ratios for A'Ew,TisOg (A = Ca, Sr) remain nearly
identical (ca. 3.015). The lattice parameters fotBv,TizO1
and M'EwTizOg are consistent with the size variation among
Ni2*, Cw?t, and Zriit.

It is well-known that both Ti and Nb can become mixed-
valent in the chemical reduction of perovskites and layered (31) Gopalakrishnan, J.; Sivakumar, T.; Thangadurai, V.; Subbanna, G.
perovskiteg1<30although not nearly as easily asEuWhile N. (%E?gﬁ;%é%,%?;llgﬁilr%?é, M.: Sugahara, Y.: KurodaJKam. Chem.
we suspect that all of the Etiwas reduced to EI, we cannot So0c.1999 121, 11601.

(33) Kodenkandath, T. A.; Lalena, J. N.; Zhou, W. L.; Carpenter, E. E.;
(29) Gopalakrishnan, J.; Uma, S.; Bhat, Ghem. Mater1993 5, 132. Sangregorio, C.; Falster, A. U.; Simons, W. B., Jr.; O’Connor, C. J.; Wiley,
(30) Armstrong, A. R.; Anderson, P. Anorg. Chem.1994 33, 4366. J. B.J. Am. Chem. S0d.999 121, 10743.

This reaction adds to a growing toolbox of topochemical
transformations of perovskite-type compounds. Recently, Go-
palakrishnan and co-workers have shown that Ruddlesden
Popper phases can be converted to Aurivillius phases by ion
exchange intercalatiof,and Sugahara et al. have converted
Aurivillius phases back into lamellar perovskif@swiley et
al. have used similar techniques to make interesting perovskite
copper halide intergrowtt¥ When these methods are combined
with layer-by-layer deposition techniqu&sit is obvious that
many intergrowths and anisotropic textures of three-dimensional
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Figure 6. SEM images of (a) KEWTi301o, (b) CaEuTizO1, (C) CaEuTisOs, (d) ZNEwTizOy prepared from molten Zngland (e) CaEsTis0q
prepared directly from the oxides and carbonates in hydrogen. XRD patterns fosT@sEsynthesized directly and from CaHiisO0 are shown

in panel f.

perovskites should be possible. In this regard, one of the
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