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Abstract

Alkali metal halide layers were constructed within Dion-Jacobson (DJ) layered perovskites
by a two-step sequential intercalation method. Reductive intercalation with an alkali metal,
followed by oxidative intercalation with chlorine gas, leads to the formation of compounds of
the general formula, (A,Cl)LaNb,O7 (A =Rb, Cs). Rietveld refinement of X-ray powder
diffraction data shows that an alkali metal halide layer is formed between the perovskite blocks.
The alkali metal cation is eight-coordinate with 4 oxygens from the perovskite layer and 4
chlorides from the new halide layer; this environment is similar to cesium in the CsCl structure.
Thermal analysis indicates that these are low-temperature phases where decomposition begins
below 200°C. Details on the synthesis and characterization of this set of compounds are

presented and the general utility of this approach discussed.
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Chapter 1 Introduction and Background

1.1 Perovskites and layered perovskites

Perovskites are mixed oxides with the formula ABO3, where A typically corresponds to
lanthanides, actinides, alkaline or alkaline earth metals, and B generally corresponds to
transition metals.' The ideal structure of perovskite-type oxide compound has a Pm3m space
group. Its prototype is CaTiOs. Perovskites form one of the most important structure classes in

inorganic solid-state chemistry.

The perovskite structure is shown in Figure 1.1. It can be described as a three dimensional
network of corner sharing BOg octahedra with the A cation twelve-coordinate in the body center.
Alternatively, the structure can also be described as a cubic close packed array of anions with
the oxygen at the body center replaced by A cation, which is similar in size to oxygen.” The
close-packed layers are parallel to the (111) planes. One-fourth of the interstitial octahedral sites

are filled with the B cations.

The stability of a perovskite oxide depends on the relative sizes of the A and B cations. A
tolerance factor t, has been empirically defined that allows one to predict the occurrence of the

structure for a particular set of cations:
t = (Ra+ Ro)/+/2(Rs + Ro)

where Ra, Rp, and R, are the Shannon and Prewitt ionic radii of the A and B cations and oxygen,
respectively. Perovskites are found for values of t ranging from 0.8 to 1.1. The flexibility of the
perovskite structure is further manifested in its ability to tolerate a relatively large number of
defects. Non-stoichiometric phases, in which there is a deficiency or excess of species on the
anion or cation sublattice are quite common. Local oxygen displacements, another kind of
structural defect, normally accompany cation vacancies and are also present in

cation-disordered doped systems when the dopant and host atoms have different radii.



Grey sphere, B sites.

Green sphere, A site,

Red, oxygen.
BOg octahedral

Fig 1.1 The perovskite structure ABOs, unit cell is illustrated. The Octahedral (B

sites) and dodecahedral (A Site) coordination is also represented.

The crystal structure and the large number of possible combinations of atom, including
mixed-valence pairs, provide for diverse electronic properties. Perovskite-related oxides have
been found to exhibit very interesting transport and magnetic properties as well. Colossal
magnetoresistance (CMR)’ is observed in many mixed-valence manganese perovskites, and
ferroelectric behavior’, high-temperature superconductivity’ and catalytic activity’ are also

shown in perovskite related oxides.

Layered perovskites are intergrowths of perovskite and other structures, and they consist of
two-dimensional perovskite slabs interleaved with cations or cationic structure units. The
Dion-Jacobson series of layered perovskites7’8, A’[An1BnOsns1] (A’ = alkali or alkali earth metal,
A =rare earth, B = transition metal), has one interlayer cation per formula unit.
Ruddlesden-Popper phase”'”, A’5[Apn.1B1Osn+1], have two interlayer cations per formula unit and

possess twice the interlayer charge density. The number of perovskite layers is given by “n”.

Fig 1.2 illustrates the structure of Dion-jacobson and Ruddlesden-Popper phase.



Yellow octahedral: NbOg
Red/green sphere: Alkali metals

Blue sphere: transition metal

(b)

Fig 1.2 Illustration of (a): Double layered Dion-Jacobson phase and (b):
Ruddlesden-Popper phase

Double-layered Dion-Jacobson phases A’LaNb,0O7 (A’ = alkali metal cations) have been
extensively studied. The distinctive feature of these compounds is the electronic configuration of
the d° transition metal on the B site. It is known that d° cation in a octahedral environment has an
out-of-center distortion as result of second order Jahn-Teller effect and consequently some of the
exciting features of the material containing d° cation can be directly traced to this distortion."'
The phases containing larger interlayer cations such as Cs” or Rb", favor the formation of layered
perovskites because Cs" fits better in the large interlayer A-site of a layered perovskite than in
the smaller A-site of a three dimensional perovskite. Small cations, such as Li” or Na" are often
difficult to synthesize as phase-pure materials at traditional reaction temperatures (>1000 °C)
where three-dimensional perovskites are usually more stable. Smaller cations compounds can
only been synthesized by ion exchange reactions. The relative orientation of adjacent perovskite
slabs of ALaNb,0O5 can be influenced by the size of the interlayer cation; NbOg octahedral in

adjacent LaNb,O; " layers are aligned for the larger rubidium and cesium ions phases, partially



staggered for intermediate-sized potassium phase, completely staggered for the smaller lithium

and sodium phases'”. The structure details is shown in Fig. 1.3

(a) (b) (c)

Fig. 1.3 NbOg octahedral alignment in adjacent perovskite blocks. (a):LiLaNb,O;
(b)KLaNb,O; (c):RbLaNb,0;.Yellow octahedral: NbOg, Red sphere: Alkali metals, Blue
sphere: transition metal

In the alkali metal DJ double layered series the difference between each member arises from the
particular mode coordinating the alkali metal within the layer. Therefore, the Cs and Rb
members are eight fold coordinated to the apical oxygens of the Nb(Ta)Og octahedra with full
occupancy. In contrast, 50% of the crystallographic A sites are occupied by the alkali ion in the
ALaNb,O7 (A=K, Na, Li) analogues. Potassium ion has a trigonal prismatic coordination
whereas the sodium and lithium ions have almost perfect tetrahedral coordination. The
tetrahedral coordination in oxides is unique for Na but not for Li. However the tetrahedral
coordination of Na ions observed in NaLaNb,O7 would be essentially unstable at ambient

temperature.



1.2 Solid state synthetic method

Availability of pure, well-characterized solid samples is crucial to all solid state studies.
Knowledge of the various experimental methods available for the preparation of solids
therefore becomes an important and integral part of solid state chemistry. A brief reflection on
the development of solid state science reveals that, in many cases, it is the synthesis of a novel

compound that has triggered a new line of research.

It is well known that solid state synthesis is quite different than those methods applied in

organic or coordinated systems. The most common method used is “heat and beat” high
temperature ceramic method. Fine mixing is required in this case, because ceramic reactions are
diffusion limited. Thorough grinding is always applied to help increase the contact surface area
between reactants. Much of the time in such reactions, intermediate grinding is carried out.
Despite its wide spread use, the simple ceramic method has several disadvantages. High
temperatures and long reaction time are generally required. This requires a large input of energy.
In addition, the phase or compound desired may be unstable or decompose at such high

temperatures.

To avoid such a brute force method and obtain better control of structure, stoichiometry and
phasic purity, various chemical processes have been developed. Among them are the precursor
method, sol-gel method, ion exchange, intercalation/deintercalation, and topochemical methods.
These low temperature, chemistry-based approaches, sometimes are called “soft chemistry”
(chimie douce). Soft chemistry offers a potentially powerful alternative for controlling those

thermodynamically inaccessible structural and morphological features at the kinetic level ™.

Topotactic reactions
Solid state reactions differ from those in homogeneous fluid media in a fundamental respect;

while reactions in the liquid or the gaseous state depend mainly on the intrinsic reactivity and



concentration of the chemical species involved, solid state reactions depend to a large extent on
the arrangement of the chemical constituents in crystals. Chemical reactivity is determined
more often by the crystal structure and defect structure of the solid rather than by the intrinsic

chemical reactivity of the constituent.

This feature of solid state reactions is clearly brought out in topochemical reactions. “when the
reactivity of a solid is controlled by the crystal structure, rather than by the chemical

15
””*?_ Thus one can

constituents of the crystal, the reaction is said to be topochemically controlled
determine the relative positions of the atoms before and after the reaction. And hence deduce

the metrical relationships that needed to be satisfied for the reaction to proceed.

lon exchange

Ion exchange reactions are well known in inorganic solids. It was first reported in 1850. Ton
exchange had been restricted to clays and zeolites for many years until it was extended to the
inorganic oxides. Some systems exhibiting ion exchange reactions are: lamellar metal oxyhalide
FeOCll(’, lamellar niobate HNb3Og‘H2017, spinel-type material Li,Mn,04'* and wurtzite-type
NaAlO,." In ion exchange reactions, one weakly bonded species can be substituted by another
species. These reactions typically are carried out in aqueous or molten salt media. A
concentrated exchange liquid aids in overcoming the significant kinetic barrier, the rate
determining step is diffusion within the solids. Another important factor of ion-exchange, the
thermodynamic aspect, favors exchange between ions of comparable size. In the Dion-Jacobson
series, the interlayer cations can easily be exchanged at low temperatures. Actually,
Dion-Jacobson phase with small alkali metal Li, Na can only be formed via ion exchange

20
route.

Though the kinetic factors usually result in a higher mobility for lower charged cations,
identical charges are not necessary. Aliovalent exchange have been reported in our group.”
Intercalation

Intercalation is defined as insertion of guest species into the interlayer region of a layered host



while the structure of the layers are essentially maintained. It was first reported in graphite, and
then extended in many other systems including layered perovskites. Intercalation refers to a
solid state reaction involving reversible insertion of guest species G into a host structure [Hs].
The host provides an interconnected system of accessible unoccupied sites, [. The reaction can
be schematically represented as

x G+ [Hs] — G«[Hs]
The reaction is considered to be topotactic because the host matrix retains its integrity with
respect to structure and composition in the course of intercalation and disintercalation. Since the
1960’s, intercalation chemistry has received wide attention, in view of it significance in a
number of technically important problems such as reversible electrodes for high-energy density
batteries, superconductivity and catalysis. A wide variety of inorganic solids such as layered
transition-metal oxides, chalcogenides, halides, oxyhalides, layered silicates, zeolites and even
metal alloys have been used as host materials'®. Guest species range from simple atomic species
such as hydrogen, alkali metals and halogens, through neutral molecules to complex
organometallics.
Reductive intercalation with alkali metals
Alkali metals are very popular intercalation candidates due to their unique chemical and
physical properties. Since they are very strong reductive reagents, the intercalation processes
are always accompanied by reduction of transition metals, which can result in mixed valence
products. Herein we briefly introduced the process for alkali metal reductive intercalation.
Appropriate amount of alkali metal was weighed out on a piece of Pyrex tubing (6mm of) for
ease of handling, combined with DJ phase ALaNb,O-, the combination was placed in a Pyrex
tube (12mm od) along with 0.2g of sample, and the tube was sealed under vacuum. The excess
alkali metal partly compensated the loss due to reaction with the glass. There was no physical
contact between the powder and alkali metal. Fig.1.4 illustrates the arrangement. The Pyrex
tube was then heated for enough time in different temperatures. The Pyrex tube was

periodically rotated to expose fresh sample surfaces to the alkali metal vapor. The mixed



valence product had a homogeneous dark gray color. Unreacted metal was distilled away from
the product by heating the sample tube in a temperature gradient. The intercalation reagents and
products were all handled in an argon-filled dry box to minimize the air and moisture exposure.

@ gl 1D

sample powder |
Na metal on glass
piece

Fig. 1.4 Reductive intercalation occurs in Pyrex turbe

Chlorine and oxygen oxidative intercalation

Both oxygen and chlorine gas are active oxidative reagents, that can be used to produce mixed
valenced compounds. The reductive intercalation products were oxidized with chlorine gas, the
procedure is briefly described here. The reaction set up”” is illustrated in Fig. 1.5. Reactants
were measured and sealed into a bottle with rubber cap in argon filled dry box. The bottle was
then connected into reaction flask by two cannulas. First, nitrogen was flowed for about 30
minutes to remove all the air in reaction system. After that, chlorine gas is introduced into the
system. The reaction temperature is controlled by an oil bath and the unreacted chlorine was
treated by NaOH solution. Reaction is often indicated by a color change, the black sample cha
became white on full oxidation. After the reaction had been finished, the system was flushed
with nitrogen to remove the remaining chlorine gas.

Oxidation with oxygen can be carried out in a Pyrex tube analogously to what is shown in
Figure 1.4, with a carefully calculated amount of Ag,O or KCIOj; treated in different

temperatures.



Chlorine gas

Nitrogen gas cannula

cannula

open to air

concentrated
sulphuric acid

powder

‘ ! oil bath

heater

| NaOH
solution

Fig.1.5. Chlorine oxidation apparatus set up. Three bottles are used to control the gas flow
rate and avoid overpressure. Cannula is used to introduce gas to reaction system while
keep airtight. Temperature can be controlled by oil bath or heating element.

1.3 Crystallography

Once a material is obtained, its characterization is the essential part of all investigation in the
solid state chemistry. The most important step in characterization of a material is structural
determination. Various methods can be used to represent the crystal structure. Among those the
unit cell approach gives the most common interpretion. In this approach, crystal structures
represent a regular three-dimensional arrangement of atoms. This arrangement can be seen as
repeating units, and they are called the unit cell, which can be defined as "the smallest repeating
unit which shows the full symmetry of the crystal structure".

Symmetry

There are seven unique crystal systems, which reflect the symmetry of crystals while not
including the positions of the atoms in the unit cell. There are cubic, hexagonal, tetragonal,

trigonal, orthorhombic, monoclinic and triclinic.



Table 1.1 The seven crystal systems”

Crystal system

Unit cell shape

Essential symmetry

Space lattice

Cubic

Tetragonal

Orthorhomic

Hexagonal

Trigonal (a)

(b)

Monoclinic

Triclinic

a=b=c, a=p=y=90°
a=b+*#c, a=p=y=90°
a7#=b7#c, a=p=y=90°

a=b“#c, a=p=90°,
y=120°

a=b“*#c, a=p=90°,
1=120°

a=b=c, a=p=y7#90°
aZb7#c, a=p=90°,
c7#90°

aZzb+*c,
a=B=y#90°

Four threefold axes
One fourfold axis
Three twofold axes
or mirror planes

One sixfold axis

One threefold axis

One threefold aoxs
One two fold axis
or mirror plane

None

P,F, 1

P, 1

P,F,I, A (Bor
0

P

The symbols in this column stand for P-primitive, F-all face centered, I-body centered,

R-rombohedral, A-A face centered, B-B face centered, C-C face centered.

Bravais lattice

An array of points can represent the repetition of atoms, ions or molecules in the crystals and

they are called lattice points. The lattice points together with the crystal systems give the Bravais

lattice (periodic array of the repeated units such as single atoms, groups of atoms, molecules,

ions, etc.), which appears exactly the same from whichever of the points is viewed of a structure.

There are fourteen possible Bravais lattices (e.g. primitive monoclinic or face centered cubic,

etc.).

Based on the symmetry elements which operates in a crystal system, there are 230 possible space

groups accounting for the site atoms in a particular crystalline lattice.

10



Miller indices

Consider the three-dimensional array of lattice points. The array of points may be divided up into
many different sets of planes, and for each set there is a characteristic perpendicular distance, d,
between pairs of adjacent planes, which is called interplanar d-spacing. Lattice planes are labeled

by Miller indices to each set. The derivation of Miller indices is illustrated in fig 1.6

(111)

y

Fig 1.6. examples of derivation of miller indices (111)

Consider that plane which is adjacent to the one that passes through the origin. Find the
intersection of this plane on the three axes of the cell and write these intersections as fractions
of the cell edges. In this case, the plane cuts the x axis at a, y axis at b and the z axis at c. the
fractional intersection are 1/1, 1/1,1/1, take reciprocals of these fractions ,this gives (111).
These three integers are the miller indices of the plane.

Directions in lattices are labeled by first drawing a line passes through the origin which parallel
to the direction. The line pass through a point with general fractional coordinates X, y, z, [X y Z]
are the indices of the direction. [hkl] direction is always perpendicular to the (hkl) plane in

cubic system.

11



For different crystal system, d spacing is calculated from Table 1.2

Table 1.2 Interpalanr spacing

Unit cell Interplanar spacing
Cubic y ~ h2+k2+|2
>
Tetragonal 2, k2 | 2
/ (;2
Orthorhombic E
STty
Hexagonal / ~ i +hk + k> N E
3 a’ c’
Monoclinic / _2 2 gin ,3 |2 _ 2hlcos '3]
sin ﬁ a’ b* C2 ac
Triclinic / h*b’c’sin’ o + k*a’c’sin 28 +1°a’h’ sin 2 + 2hkabc’(cos a cos 3
—cos ) + 2kla*bc(cos B cos ¥ — cos ar) + 2hlab’c(cos & cos ¥ — cos )]

1.4 Characterization method

X-ray Diffraction

X-ray diffraction represents the most powerful techniques used in phase recognition. X-rays are

electromagnetic radiation of wavelength ~ 1A. Monochromatic X-rays are used in almost all

diffraction experiments. A beam of accelerated electrons is driven to strike a metal target, often

copper. It has sufficient energy to ionize the copper 1s electrons, then an outer orbital electron

drops to occupy the vacant 1s orbital while emitting X-radiation. These transition energies have

fixed values equal to copper 2p— 1s or transition 3p—1s transition, called K, and Kg,

respectively. The K,, radiation occurs more frequently and is a doublet due to slightly different

energy for two spin states of 2p electron which makes the transition. The intensity-weighted

12




average is 1.5418A.

When wavelike radiation hits on a sample having a regular lattice, diffraction effects may occur.
While X-rays are scattered mainly by electrons that surround atomic nuclei, neutrons are
scattered either by the atomic nucleus or by a magnetic field in the sample. The scattering power
for the X-rays is proportional to the electron density of the sample under investigation and

therefore heavier atoms with more electrons scatter more strongly than the lighter elements.

When X-rays come across an atom, they are scattered in all directions and the result is a set of
scattered beams, which are in phase with one another. A radiation beam coming to a sample
having a regular array of scattering centers gives rise to constructive interference of the radiation
if the radiation has a similar wavelength with the sample periodicity. The condition for
constructive interference of the radiation is usually expressed in terms of Bragg's law:

nA = 2dsin0,
where A is the monochromatic radiation, d is the regularly spaced planes of the scattering centers,
n is an integer called the order of reflection and 6 is the angle of incident beam of the atomic

planes involved.

dsint

Fig 1.7 the diffraction geometry. The parallel atomic planes are separated by d, and the beam has

the incidence angle 6. The path difference between the optical beams for two plane is dsin®.

A powder pattern has two characteristic features, the d spacings which are characteristics of the
unit cell, and their intensities, which are characteristic for the arrangement of atoms in a specific
unit cell. The intensity of the scattered radiation depends upon the nature of the interaction with

the sample and the internal structure of the material.

13



Intensity

Each electron in an atom scatters X-rays and the scattering intensity is a sum of the individual
intensities. The scattering factor also called form factor, f, for an atom is proportional with the
number of the constituent electrons. The path difference for the two beams was found to be
2dsin®, and for constructive interference to occur this difference must be an integer multiple of
the wavelength.

However, there may be further scattering centers present in the sample, which do not satisfy this
criterion. To quantify their effects, the phase of the scattered wave from any arbitrary point is
determined and then a summation over all points in the sample is carried out. Measuring the
phase difference for the two scattered waves in radians gives 0 = 2n(2rsin0)/A, where I is the
vector connecting the points. For a given direction of the scattering, a vector r* may be defined
with r* = 2sine/A and o = 2nr*r. The wave may be written mathematically as Aexp(ip), where A
is the amplitude and ¢ is the phase, the summation over all scatterers in the sample becomes:
F(r*)=> fiexp(id)=)_ f exp(i2ar*r)= j p(r)exp(i2zr*r)dr

f; gives the scattering power of the particular point. The sum may be written as an integral when
the scattering density is continuous (e.g. electron density, p(r)). The relationship between the

diffracted waves and the sample scattering density is a Fourier transform. The expression may

now be used to find the intensity of a diffracted beam in any arbitrary sample byusing the
relationship | oc |F|2 .

The structure factor equation relates the intensity of the diffracted beam to the internal structure
of the material. This comes from the first part of the equation for F(r*), after r* is replaced by

hkl the structure factor F(r*) is changed to F(hkl).

F(hkl)=>" f exp(27(hx+ky +1z))

Where f; is form factor and the sum is carried out over all the unit cell.

14



Rietveld refinement

Rietveld refinement is a widely used method for polycrystalline samples refinement. In this
method, the powder diffraction profile for the structural model is calculated by taking into
account the following factors: a) lattice parameters - to determine peak positions; b) atomic
position and thermal parameters - to determine peak intensities; ¢) 26 dependent analytical
functions — to describe the peak shapes and peak widths; d) a description of the background
intensity. The pseudo-Voight function is most extensively used function for the peak shape of
the X-ray powder diffraction data because it allows the variation of both Gaussian and
Lorentzian character. To describe the 20 dependence of the peak width, analytical functions are
also used. The excitement of Rietveld method is that the calculated powder diffraction pattern is
compared point by point, with the experimental powder diffraction, and selected parameters
defining the structural model and describing the profile are adjusted by least-square methods to
give the best fit. The agreement between the experimental and calculated powder diffraction
patterns is commonly expressed by some factors. The R factor (Ry), the weighted R factor

(Ryp), and y* are defined as the following:

profile, R, =>[Vio = Vicl/D. Voo

weighted profile, R = [Z W, (Y, —Yi)/ Z w,(y,,)* 1"

goodness of fit (GOF), z* =[R,, /Ry, 1*. Ry, =[(N=P)/ > w,ys]"?,

Y, and Y, are the observed and calculated intensities, W; is the weighting factor, N is the
total number of Y, data when the background is refined, and P is the number of adjusted

parameters.

EDS (Energy Dispersive Spectrometry)
Energy Dispersive Spectroscopy (EDS) is a standard procedure for identifying and quantifying
elemental composition of sample areas as small as a few cubic micrometers. Characteristic

X-rays are produced for each element when a material is bombarded with electrons in an

15



electron beam instrument, such as those produced with a scanning electron microscope (SEM).
Detection of these X-rays can be accomplished by an energy dispersive spectrometer, which is a

solid state device that discriminates among X-ray energies.

1.5 Purpose of this research

DJ double layered compounds of general formula ALaM,0;'** (where A= H, alkali metal,
NH,, Ag, Pyridine, n-amine, C,Hz,+; and M = Nb™*, Ta5+) as well as triple layered compounds,
ACa,M;0;0"® (where A = H, alkali metal, n-amines and M = Nb5+, Ta5+) are known. In the
alkali metal DJ double layered series the difference between each member arises from the
particular fashion in which the alkali metal is coordinated within the interlayer. The Cs and Rb
members are eight fold coordinated to the apical oxygens of the Nb(Ta)Og octahedra with all A
sites occupied, while 50% of the crystallographic A sites are occupied by the alkali ion in the
ALaNb,O7 (A =K, Na, Li) analogues. Potassium ion has a trigonal prismatic coordination

whereas the sodium and lithium ions adopt almost perfect tetrahedral coordination.

The distinctive feature of these compounds is the electronic configuration of the d° transition
metal on the B site. It is known that d° cation in a octahedral environment has an out of center
distortion as result of second order Jahn-Teller effect™ and consequently some of the exciting
features of the material containing d° cation can be directly traced to this distortion.
Gopalakrishnan and coworkers'> showed that the formation of layered structures exhibiting
ion-exchange and intercalation as well as Brensted acidity is a direct consequence of the MOg
octahedra deformation which results in unequal M-O bonds (two different M-O bond length on
the z axis and four ordinary M-O bond length in the xy plane). Since the oxygens of the shorter
M-O bonds on z axis are less basic relative to other oxygens, protons attached to these sites can
readily intercalate amines between layers. By intercalating long chain amine between layers, the
DJ compounds have been expanded and individual crystallites can exfoliate to form very thin

sheets in the direction perpendicular to the layers.”® All of these layered perovskite compounds
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are suitable systems for investigation of two-dimensional physical properties, such as ion
conduction®® and luminescence®’. Since these physical properties can be controlled by
ion-exchange, the compounds are thought to be good candidates for new heterogeneous

catalysis and ionic conductors.

The new interest in DJ compounds started in 1999 when it was demonstrated that they can
coexchange both cations and anions to form (MX)LaNb,O,** (M = Cu; X =Cl, Br). The new
structure contains CuO,X4 octahedra that corner-share with NbOg octahedra from the perovskite

layer and edge-share with each other along all four equatorial edges.

Multistep reaction strategies involving a combination of ion exchange and reductive
intercalation have also been utilized to construct lithium and sodium chloride layers within DJ
hosts. Herein we report a new approach to the fabrication of metal halide arrays within
receptive hosts. Multistep reactions based on sequential intercalation steps can be used to
construct new metal-anion layers; reductive intercalation followed by oxidative intercalation of
layered perovskite hosts produces new layered perovskites containing alkali halide layers with a
cesium-chloride-like structural features. We have also examined the oxidative intercalation of

oxygen, and extended the strategy to other DJ compounds.
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Chapter 2

Building Metal-Anion Layers within a Perovskite Host by Sequential Intercalation

2.1 Introduction

Topochemical reactions, such as ion exchange and intercalation, are powerful tools for
performing structural modifications on receptive host compounds. Recently researchers have
been quite effective in the manipulation of a variety of perovskite systems with these methods"
2. Reactions with layered perovskites of the Ruddlesden-Popper A,[A’;.1BnO3n+1] (RP) 3 4,
Dion-Jacobson A[A’,.1BnO3n+1] (DJ) 5 6, and Aurivillius BiQOQ[A’n_anO3n+1]7’ Sstructure types
have been especially fruitful. These sets of compounds readily undergo ion exchange and the
DIJ series are also receptive to reductive intercalation. One goal among current researchers has
been to use such layered hosts as templates for directing the growth of new metal-anion arrays;
the formation of such layers can be viewed analogously to epitaxial thin film growth, though
here the new layer forms within a crystal versus on the crystal surface. Some of the initial
reports in this area have involved the formation of transition metal halide and metal oxide
layers. Metal halide layers (MX; M =V, Cr, Mn, Fe, Co, Cu; X = Cl (Br)) have been
constructed within DJ hosts by ion exchange with simple metal halides (MX3) to produce
compounds such as (MX)LaNb,O-.(*'*) Metal-oxide layers have been inserted into layered
perovskites by reactions with mixed metal oxyhalides '* '°; Ca,La,CuTiyO10, for example, has
been prepared from NaLaTiO4 and Ca,CuO,Cl, . Multistep reaction strategies involving a
combination of ion exchange and reductive intercalation have also been utilized to construct

16 1 :
617 Herein we report a new approach to

lithium and sodium chloride layers within DJ hosts
the fabrication of metal halide arrays within receptive hosts. Multistep reactions based on
sequential intercalation steps can be used to construct new metal-anion layers; reductive
intercalation followed by oxidative intercalation of layered perovskite hosts produces new

layered perovskites containing alkali halide layers with a cesium-chloride-like structural

features.
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2.2 Experimental

2.2.1 Sample Preparation.

The Dion-Jacobson phase, RbLaNb,0O7, was prepared by a method similar to that reported in the
literature. '® Initially, La;O3 and Nb,Os were heated at 1050°C for 12 h to remove absorbed water
and carbonates, then stoichiometric quantities of La,O; (Alfa, 99.99%) and Nb,Os (Alfa,
99.9985%), with a 25% molar excess of Rb,COs (Alfa, 99%), were thoroughly ground together,
annealed at 850°C for 12 h, and heated at 1050°C for 24 h. The excess of Rb,CO3; was added to
balance that lost due to volatilization. After the reaction, the solid product was washed
thoroughly with distilled water and dried at 150°C overnight. The cesium analogue was prepared
by the same procedure as rubidium, starting from Cs,CO3 (Alfa, 99.994%). The other members
of the series, ALaNb,O7 (A = Li, Na, K), were obtained by ion exchange from RbLaNb,O; and
the corresponding alkali metal nitrates in a 10:1 molar ratio. LiLaNb,0O7, NaLaNb,O; and
KLaNb,0O7 were prepared with LiNOs (Alfa, 99.98%), NaNOs (Alfa, 99.0%) and KNO; (Alfa,
99.0%), at 300°C, 400°C and 350°C for 2 days, respectively. '* '® The resulting products were
washed with distilled water and dried at 100°C overnight. The completion of the ion-exchange
reaction was confirmed by X-ray powder diffraction; the unit cells of the products were in good

agreement with published values'®.

2.2.2 Reductive Intercalation.

The series A,LaNb,O7 (A = Li, Na, K, Rb, Cs) was prepared by reductive intercalation.
Rb,LaNb,0; was obtained by intercalation of RbLaNb,O; with Rb metal vapor. '° Varying
amounts (10, 2, 1.5, 1-fold molar ratio) of alkali metal were weighed out onto pieces of Pyrex
tubing (6 mm o.d., open both ends) for ease of handling, the combination was placed in a Pyrex
tube (12mm o.d.) along with 0.2 g of RbLaNb,O; sample, and the tube was sealed under
vacuum (< 10 torr). The excess alkali metal partly compensated the loss due to reaction with
the glass. There was no physical contact between the powder and alkali metal. The Pyrex tube

was then heated for 3 days at 200°C. The tube was periodically rotated to expose fresh sample
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surfaces to the alkali metal vapor. The product Rb,LaNb,0O7 had a homogeneous blue-black
color. Unreacted metal was distilled away from the product by heating the sample tube in a
temperature gradient for 7 days. The Na, K and Cs analogues were prepared by a similar
procedure, except that due to slight differences in melting points for the alkali metals, samples
were heated for 4 days at 300°C, 250°C and 200°C, respectively. The intercalation reagents and
products were all handled in an argon-filled dry box to minimize exposure to water and oxygen;
the intercalation products are especially air sensitive. Lithiation to form Li,LaNb,O7 from
LiLaNb,O7 was performed using an excess of n-BuLi (Aldrich 1.6 M in hexanes) in a solution
of hexane *°. The reaction was maintained under constant stirring at ambient temperature on a
Schlenk line under argon atmosphere for 1 day and subsequently washed many times with

hexanes before drying.

2.2.3 Oxidative Intercalation.

The reductive intercalation products, A,LaNb,O;, were reacted with chlorine gas (Matheson,
99.99%). In the case of Rb,LaNb,O7, about 0.2 g of compound was loaded under argon into a 40
ml scintillation vial fitted with a TFE/silicone septa cap. The vial was connected to a gas system
by two stainless steel cannulas and purged with nitrogen for about 30 minutes before the
introduction of chlorine gas. The chlorine gas was bubbled through sulfuric acid in a system
similar to that described by Jolly *' . The Rb,LaNb,O- sample was initially blue-black in color
but changed to white after a 1 h chlorine treatment at room temperature. The system was then
flushed with nitrogen to purge the remaining chlorine gas. The unreacted chlorine was scrubbed
out with a 10 M NaOH solution. (Warning: chlorine is a highly toxic, corrosive gas that should
be handled with extreme caution. **) The cesium analog was prepared in a similar fashion.
Li,LaNb,0, Na,L.aNb,0O7 and K,LaNb,O, however, did not oxidize even at elevated

temperatures up to 100 °C.
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2.2.4 Characterization.

X-ray powder diffraction data were collected on a Philips X’Pert System equipped with a
graphite monochromator and Cu Ka radiation (A = 1.5418A). Typical scans were collected in
continuous mode from 5 to 95°26 with a scan rate of 0.02°/s. Peak positions were determined
with the program PROFILE FIT * and lattice parameters were refined by a least-squares
method. The crystal structures were refined by the Rietveld method with GSAS.’ The refined
parameters were scale factor, zero-point shift, 8 background parameters, peak shape parameters,
cell parameters, and atomic coordinates. Regions between 26.930-27.910 and 38.730- 39.110°

20 were excluded due to the presence of small amounts of impurities.

The products were found to be insoluble in a variety of acids even though they were maintained
in acidic solutions for several days. Therefore, the elemental analysis was carried out by energy
dispersive spectroscopy (EDS) of several individual crystallites. EDS analysis was performed
on a JEOL JSM 5410 scanning electron microscope equipped with an EDAX-DX Prime

microanalytical system.

Differential scanning calorimetry (DSC) was carried out in flowing argon on a Netzsch 404S

thermal analysis system. Samples were heated at a rate of 10°C/min in alumina pans.

2.3 Results
2.3.1 Synthesis.
Rb,LaNb,07 is known to readily form by reductive intercalation of RbLaNb,O; with excess Rb

metal vapor (Eq. 2.1).

RbLaNb,0O- + Rb” — Rb,LaNb,0; (Eq. 2.1)
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Rb,LaNb,07 is then be oxidatively intercalated with chlorine gas to produce (Rb,Cl)LaNb,O
(Eq. 2.2).

szLaszO7 + 1/2C12 - (szCl)LaNb207 (Eq 22)

X-ray diffraction data showed that the product was always accompanied by a small amount of
RbClI byproduct. It was thought that this byproduct might come from the use of an excess of Rb
metal in the reductive intercalation step where some residual metal remains on the sample
surface even though the sample was heated in a temperature gradient. A series of Rb,LaNb,O7
samples, prepared from various amounts of Rb metal, was then reacted with chlorine. It was
found that the sample prepared with close to 1:1.2 ratio of Rb metal greatly reduced the RbCl
impurity, though a very small amount could still be observed in the powder diffraction patterns
(Figure 2.1). Elemental analysis by EDS indicated that the relative composition of the
compound was 1.92:0.95:1.0:2 for Rb:Cl:La:Nb.

The two-step intercalation process can also be applied to CsLaNb,0O7 to produce
(CsyCl)LaNb,O7, though the resulting product is less crystalline. For LiLaNb,07, NaLaNb,O
and KLaNb,O, the corresponding A,LaNb,O7 are all known, but none of them showed
evidence of oxidation with chlorine even with long reaction times and elevated temperatures.

2.3.2 Structural Characterization.
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Figure 2.1. X-ray powder diffraction data for (a) RbLaNb,O, and the intercalation products (b)
Rb,LaNb,07 and (c) (Rb,CI)LaNb,O;. Rb,LaNb,07 is a calculated pattern from reference 19,
Miller indices are indicated for select reflections of (Rb,Cl)LaNb,O7; asterisks (*) indicate
minor RbCl impurity, peaks marked as “p” come from polymer which covered the surface of

Rb,LaNb,07 during measurement

Figure 2.1 shows a comparison of the powder diffraction patterns for RbLaNb,O7, Rb,LaNb,O;
and (Rb,CI)LaNb,0O;. The reflections in (Rb,CI)LaNb,O~ could readily be indexed on a
tetragonal unit cell (Table 2.1). A large expansion in the ¢ parameter (ca. 3.94 A) occurred
relative to the starting material RbLaNb,O;. Though several possible structural models were
considered based on the bonding preferences of rubidium and the degree of layer expansion, the
model where rubidium was contained in cubic coordination was found to give the best match.

Rietveld refinement was then carried out on this model in the P4/mmm space group; refined data
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are presented in Figure 2,2 and Table 2.2.

X10E 4

2.5

[ P P

Counts

|
0.0 300 40.0 SO0 &0.0 700 200 =l
Z=Theta, deg

Fig. 2.2 Rietveld refinement plot for (Rb,Cl)LaNb,O;. Crosses indicate observed data and a

solid line indicates the calculated pattern; the difference plot is shown at the bottom.

Table 2.1. Tetragonal Unit Cell Parameters for the parent and the Exchange Product

compound unit cell (A) cell volume
a c (A%
RbLaNb,O7" 3.896 11.027 167.4
Rb,LaNb,0O," 4.029 11.555 187.6
(Rb,Cl)LaNb,O, 3.889(1) 14.917(2)  225.7(1)

b

avalues from reference ' °converted from orthorhombic cell in reference '°.
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Table 2.2. Crystallographic data for (Rb,Cl)LaNb,O7*

atom site X y Z g UiSO(Az)
Rb 2g 0 0 0.3648(2) 1 0.0261(10)
La la 0 0 0 1 0.0098(8)
Nb 2h 12 172 0.1517(1) 1 0.0054(10)
0] 4i 0 12 0.1252(7) 1 0.0133)
02 2h 12 1/2  0.270(1) 1 0.018(5)
03 Ic 12 12 0 1 0.075(10)
Cl 1d 12 122 112 1 0.02403)

“P4/mmm; Z = 1 R, = 9.51%; Ry, = 12.95%; x> = 4.456;
g is occupation factor.

Figure 2.3 shows the (Rb,Cl)LaNb,O5 structure. The perovskite blocks are maintained during the
two-step intercalation process while a new double layer of rubidium chloride (Rb,Cl) was
constructed within the interlayer. Here the rubidium resides in an eight coordinate site, similar
to cesium in the CsCl structure, except that the rubidium is bound to 4 chlorides from the new
halide layer and 4 oxygens from the perovskite block. The chloride also has cubic coordination
being surrounded by eight rubidium cations. Metal-anion bond distances are provided in Table
2.3. The Rb-O distance (3.092(2) A) is shorter than the average distance reported for the
RbLaNb,O; parent compound (3.129 A), while the Rb—Cl (3.410(7) A) distances are long
relative to those of the simple binary compound RbCl (3.291 A), respectively. The coordination
in the latter compound, however, is octahedral rather than cubic. The cesium compound (a =

3.894(4) A, ¢ = 15.19(2) A) appears isostructural to (Rb,CI)LaNb,O5.

Table 2.3. Selected Bond Distances for (Rb,Cl)LaNb,O;

bond type  bond distance (A)
Rb-Cl  3.4102)

Rb-02 3.092(7)

La—Ol  2.696(7)

La—03  2.750(1)

Nb-O1  1.984(2)
Nb-02  1.77(1)

Nb-03  2.262(2)
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Figure 2.3. Structure of (Rb,CI)LaNb,O7 where large red spheres are lanthanum cations, small
red spheres are oxygens, green spheres are chlorines and purple are rubidiums. The octahedra
represent NbOg.

2.3.3 Thermal analysis.

(Rb,Cl)LaNb,O7 is a low temperature phase. After annealing at various temperatures under
argon, XRD shows that this compound starts to decompose by 200 °C.  On decomposition,
RbCl and the poorly crystalline parent compound, RbLaNb,0O5, are produced. At higher
temperatures, DSC shows a reversible endotherm at 716 °C corresponding to the melting point

of RbCl.

2.4 Discussion

A new approach is presented for the construction of metal-anion arrays within receptive
perovskite hosts. A two-step sequential intercalation method involving both reductive and
oxidative intercalation is used. While the reductive step has been reported by other
researchers, '* the oxidative step, especially when used in this tandem approach, is significant in

that it leads to for the formation of metal-anion layers. Here we have demonstrated this with
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the construction of rubidium chloride and cesium chloride layers within a double-layered

perovskite.

This sequential intercalation method appears to be dependent on the precursor used. Oxidative
intercalation reactions with other A;LaNb,O~ (Li, Na, K) did not occur up to 100 °C. This is
likely related to the smaller layer spacing associated with this set of compounds relative to
those of the rubidium and cesium; the layer spacings are 10.16, 10.45, 10.77, 11.105, and ? for
Li, Na, K, Rb, Cs, respectively. Previously, our group has shown that both (LixCl)LaNb,O;
and (Na,Cl)LaNb,O; can be prepared by reductive intercalation of (CuCl)LaNb,O7 '".  The
initial introduction into the perovskite layer of the relatively large chloride ion, by ion exchange
of RbLaNb,O; with CuCl, ® prior to the reductive intercalation step appears to be important in
accessing the lithium and sodium halide compounds. Efforts to prepare (RbsCl)LaNb,O7 from
(CuCl)LaNb,O7 were not successful, and resulted in a mixture of several phase. This result
also indicates that with the larger alkali cations, it is better to introduce the cation into the layer

prior to that of the anion.

It is known that the use of low-temperature (< 500 °C) topotactic reactions can lead to the

synthesis of low temperature as well as metastable phases. "> '

Many of these reactions were
carried out above 300 °C and typically lead to compounds that decompose by 700 °C. In the
case of (Rb,Cl)LaNb,0O7, the oxidative intercalation step was carried out at room temperature.
Such lower reaction temperatures might prove to be important in that they could expand the
synthetic window available for exploring new compounds. This is confirmed here where

(Rb,Cl)LaNb,O7 is a low temperature phase that shows evidence of decomposition by 200 °C —

several hundreds of degrees lower than seen in other systems.

The sequential reductive and oxidative intercalation reactions allow the construction of an A,Cl

layer intermediate to the perovskite blocks. The coordination of rubidium in (Rb,Cl)LaNb,O-
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with these layers is eight coordinate (i.e., RbO4Cls). While cubic geometry is seen for
rubidium in the parent, RbLaNb,O-, in simple binary chloride, RbCl, the coordination is
octahedral. It is only with the larger cesium cation in the CsCl structure that cubic
coordination is observed. The square oxygen base of the perovskite block likely directs
rubidium into this coordination. One can view this as an “internal epitaxy” where the

geometry of the host directs the structure of the new rubidium halide layer.

The reaction strategy presented here exploits a sequential set of reductive and oxidative
intercalation reactions for the construction of new metal halide layers within a perovskite host.
The extension of this approach to other hosts and different sets of intercalants should lead to
new compounds. (*°: Preliminary results indicate that this method can be extended to triple DJ
perovskites series as well as a the intercalation of oxygen.) Further, the idea of repetitive
reductive/oxidative processes to continuously add a series of new layers to a host is intriguing.
Such methodologies would not only allow the fabrication of structurally interesting materials,

but could lead to magnetically and electronically properties in rationally designed compounds.
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