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THE SIS

ABSTRACT

Phases of the general formula Lay, (NijOgy,, (where N = 1,2,3,4
and 00) have been prepared and isolated in the La-Ni-O system. Struc-
tural and electronic properties of all the compounds and relates ones
are discussed. The N = O phase was prepared by a new route at

650-700°C from the precurser NH,La Ni(N02)6 X Hy0 in addition to methods

4
used by other workers. Of the intermediate phases, the N = 3 phase
(La4Ni3Olo) was once previously reported. The other two compounds
La3NiZO7 and LaSNi4Ol3 were unknown prior to this work. They have the
Fmmm structure similar to La4Ni3OlO. They have the following lattice

constants :-

5.397+ 0.0018, b = 5.448+0.001% and

i) La3Ni207 a

20.509+0.0048

c
ii) LagNig0p3 a = 5.4158, b = 5.4568 and c = 34.99R

The perovskite LaNiO3 was studied by thermogravimetry and the
T.G.A. curve showed evidence of the N = 1, 2 and 3 phases being
involved in the decomposition. Part of the T.G.A. curve was
reproduced electrochemically employing a solid state oxygen pump
and gauge. Two types of curves were produced by this technique :-

a) At constant temperature - the G(X) curve.

b) At constant partial pressure of oxygen - the T(X) curve.
Thermodynamic properties of all the compounds except LaNiO, were
determined by measuring the variation of the oxygen partial pressure
against temperature in solid state electromotiveforce (e.m.f.) cells
based on Ytrria Stabilized Zirconia solid electrolyte. The values

obtained read :-

1) N= L4Gf = - 2065.5 + 0.364T * 13 kJmol™l 1150K< T < 1340K
1) N = 2,46, 1

O
3AGg

1160K< T ¢ L460K

3150 + 0.542T + 13 kJmol™

4239 + 0.792T + 13 kimol ' 1150K {T< L31OK

iii) N



Iv

iv) N = 4 AG? = - 5330 + 0.915T + 13 kdmol ' 1100K ¢ T 4 1270K
These properties correlate with the deductions made from the T.G.A.

curve of LaNiO3.

At high temperatures the nonstoichicmetry of the compounds
is discussed in terms of the formation of metastable or solid
solution compounds. This is observed in the e.m.f. vs temperature
curves as a change of slope and in the T(X) and G(X) curves as the
broadening of triphasic regions. At low temperatures the nonstoichio-
metry in all the Lay,;NiyO3ny) compounds was studied by high
resolution electron microscopy (lattice imaging). This technique
showed that the nonstoichiometry is by the formation of coherent
intergrowths of other neighbouring LaN+1NiNO3N+l phases sharing the

perovskite sublattice.
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CHAPTER O

Introduction

0.1 General Comments

Perovskite oxides that are electronic conductors have been well
studied within the last decade or so notably as catalytic cathodes for
the electrochemical burning of fuelsas. One example of this class of

compounds 1is LaNiO5 which has the distorted perovskite (R3m) structure.

It has been tested in both high and low temperature fuel cellsl'2a and
has been tested as an electrochemical ethanol sensor82.
7,36
The electrocatalytic effect as shown by LaNiO3l ! embraces

two properties. One is the property of the metallic continuum for
charge transfer which is a bulk property, The other is due to the
chemical nature of the transition metal ion which according to
Sachlter91 is restricted to the first few monolayers of the solid.
Both of these are properties of stoichiometry. For a ternary oxide
such as LaNiO3 if one component, say oxygen, is removed or added
defects may accumulate or crystal structure may change and the oxida-
tion state of the catalytic ion will be affected.

A knowledge of the mechanism of defect accumulation is there-~
fore invaluable. This description may, as suggested above, involve
the formation of other phases. Accordingly relative phase stabilities

and relationships i.e. the phase diagram, demands elucidation.

0.2 Anion Elimination in ABO3 Perovskites

The ABO3 (Pm3m) perovskite structure can be considered the end
member of a family of oxides having the A;BO4 (I4mmm) structure
as the other end member. Gross anion deficiency in the perovskite
matrix is by the elimination of whole rows of BOg octahedra. This pro-

cess produces structures and compositions intermediate between ABO,



and A2BO4. The conditions to be satisfied can broadly be grouped into
two categories :-

1) Crystallographic ~ by taking away slabs of BOg octahedra

from the ABO4 matrix coulgmbic forces may develop between two halves of
the structure. One half of the structure is therefore displaced half-
way along a diagonal [110] axis.

Geometrically structures of 1 octahedra in width and 2N+1 octa-
hedra in height are possible - these are shown in Figure 8 of Chapter 1.
When N = 1 we are at the extreme of anion elimination - alternate BO

6

sheets are removed =-and we obtain the A BO, phase which as described

2
above is furthest away from ABOj. The A, BO, structure is a layer
structure of BOg octahedra sandwiching larger A cations; each layer

being displaced halfway along the [110] axis.

When N = 2 layer thickness = 2 = the composition is A3B,07
n N = 3 " " = 3 - " [1] " A4B 30 lo
" N =4 " " =4 = " " " ASB4013

and so on up to N = 00 - perovskite (ABO3). The generalised chemical
formula is AN+1BNO3N+1' The space group for all these intermediate

phases is ideally I4mmm as it is for A,BO, N =1).

2) Thermodynamic - The Gibbs phase rule must be obeyed.

At fixed temperature and pressure anion elimination takes place within
a three phase equilibrium. This equilibrium is formed between two
ternary phases and a binary phase. From 1) above it is implicit that
the 1line connecting ABO5 and A,BO, in the Gibbs ternary triangle is
discontinuous. The three phase region is therefore hounded by one of
the two binary oxides of the triangle and two ternary oxides along the
discontinuous ABO3 - ApBO, line. This isshown in Figure 1. BAs we
move towards the perovskite (N=00) the differences in thermodynamic

properties between two phases sharing a common tangent become smaller.



T=const.
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Figure 1 - Typical A-B-O 'phase diagram' showing Ay41BNO3y+) Phases
intermediate between ABO3 & A,BO,.

The phases closest to A,BO4 (N = 2— N = 4) are readily dis-
tinguishable by X-ray diffraccion methods. For example Ruddlesden et

al?2

isolated and identified the N=2 and N=3 phases in the Sr-Ti-O
system 23 years ago. Part of this project is devoted to the preparation
and characterisation of similar phases in this 'easily accessible'’
ran9de of the La-Ni-O phase diagram,

Synthesis and structural characterisation of phases nearer
ABO; are difficult. The former by the very small changes in A:B that are
required and the accurate control of preparation atmosphere (poz) and
temperature. Tackling these problems via ordinary ceramic prepara-
tion techniques may seem like cracging a nut with a sledgehammer,
The latter problem appears to be more soluble using high resolution
electron microscopy. However the larger perovskite building blocks
may also impart new and different structural features. In addition
the uncertainty as to when, where and if a point defect model success-

fully competes requires analysis outside the scope of this project.

For these reasons no studies were carried out in this 'poorly



accessible'! region of the La-Ni-O phase diagram.
0.3 Phase Study
The stable phases within a system are those arrangements of
atoms that possess the minimum in Gibbs free energy G where G = H-TS.
The properties of the constituent atoms such as bond lengths (near
neighbour relationships) and therefore bond energies correlate more
closely with the enthalpy H whereas properties related to disorder
(non near neighbour relationships) correlate more closely with the
entropy Sal. This project in part entails the evaluation of G for
La-Ni-O compounds at high temperatures.
In A-B-O systems G is more often than not measured in terms of
ALOz - the chemical potential of the solid phases being assumed to be
constant. The idealisedl- X curve is a step function in which
g%§)= O for 3 solid phase regions (system is invarient) and
G%%9==OO for 2 phase regions (system is univarient). In other words at a
fixed temperature the tangent formed by three coexisting phases (any
one of the triangles in Figure 1) demarcate a certainjl(gz. For those
regions thereforg1102 and in consequence G varies with temperature at
fixed referencg‘L02 and the converse. The slope of the AL(T) curve de-
fines the reaction entropy AS and its intercept the reaction enthalpy/\H.
For oxide systems galvanic cells employing oxide ion conductors
(such as Yttria Stabilised Zirconia (¥YSZ)) provides a very accurate
technique for determining thejhjz(T) relationship at high temperatures.
There is no need for a conventional noble metal electrocatalyst (eg Pt)
on the sample side of such cells when using electrocatalytic oxides as
those in the La-Ni-O system. This amounts to a simplification in the
design of such cells, The limitation of such cells depends on whether
the voltage that develops across the electrolyte results in partial
electrolysis such that t02-<:l. Normally Ew1l.5 V at Tw1200K is the
acceptable limit on Y8258° For the LaN+lNiN03N+1 oxides, air, P02 =

21.3kPa was an adequate and accurate reference because Poy coexistence



ranges of the phases with N = 1,2,3,4 and @ were typically
0.1 pa-100kPa (ie E (150-5) mV at 1000K< T <1460K.

The application of galvanic cell techniques although elegant is

dependent absolutely on the ability to synthesise phases. The

M~ T - X surface of a 3 component system will show a series of stepg2
smoothing out at higher temperatures where coexistence broadens. Each
pair of steps constitutes two 3 phase regions joined by a common tan-
gent (one phase common to both). Under these conditions the Gibbs-
Duhem equation is applicable for the determination of thermodynamic
properties for unisolated phases observable in both T-X and G-X curves.
From any single pure ternary phase these profiles are obtainable
electrochemically employing two cells :-

i) A pump so that the current i = £(Qg,)

ii) A gauge so that the voltage E = f(pg,).
Pump and gauge modulation depends ou. the choice of experimbntal vari-
ables, We term the possible titrations as follows :—-

a) Potentiocoulometric - P (Q) (G-X curve) - T constant

b) Thermocoulometric - T (Q) (T-X curve) - Po, constant.

The latter is well known as the conventional T.G.A. profile obtainable
using a mass balance.

The electrochemical techniques for both triphasic and mono-
phasic specimens clearly have advantages in accuracy and the size of
specimens required over other techniques such as gas equilibration. One
limitation however is the low ionic conductivity of the oxide electro-
lyte at temperatures below 650°C. This is partly traded off against
extended equilibration times for the electrode processes. On the debit
side phase resolution is sharper at lower temperatures and manifestly
more in correlation with data from structure sensitive techniques such

as X-ray and electron microscopy obtained by and large at 300K.



0.4 Non-Stoichiometry of Perovskite-Related Compounds

All the AN+lBNO3N+l compounds share the perovskite sublattice.
Non-stoichiometric faults instead of random point defect can be intro-
duced in any one compound by the insertion of rows or columns or blocks
of another compound because the structures are geometrically

. 3,87-,88 ' ' . .
compatible . Thus for 'common tangent' phases anion excess in
one phase may be considered as anion deficiency in the other. 1In
other words the perovskite type lattices intergrow coherently.

Lattice imaging is the direct method for studying such inter-

3 88

growth or 'metastable' phases. Tilley and Carpy et al. have used
the technique to study intergrowths in er+lTiNo3N+l and CaNaNNbNO3N+l
compounds. These compounds (in both families) are insulating and have

. s 3,8 3 86
a high permittivity € . The former school and Iguchi suggested a
high permittivity is diagnostic and defect accumulation by extended
defect (intergrowth) formation. The large value of e is due predamin-
antly to the ionic polarisability term. This is large for small
'highly polarising' cations which can occupy a distorted polyhedron
environment,

Intergrowth structures, as will be discussed later, are observed
in all the LaN+lNlNO3N+l phases so far isolated. If ionic size is, in
the final analysis, the operational criterion for extended defect
formation, then it appears to be fulfilled for the LaN+lNiNO

3N+1

compounds., The LaN+lNiNO3N+l compounds are metallic or semiconductors
2+

of low activation energy. In addition Ni

4+ 4+
typical B (e.g T1i ) 1is, to varying degrees, incorporated in these

which is larger than

compounds. These observations suggest that extended defect formation
cannot be explained purely on the basis of the ideas developed for

insulating oxides. This topic will be further discussed in Chapter 6.



CHAPTER 1

Ternary Compounds in the System La-Ni-O

1.1 LaNiQ, = Lanthanum Trioxonickelate III -

1.1.1 Structure :-

The oxide has the rhombohedrally distorted perovskite
structure (either R3m or R3¢ - Figures 2a and 2bh respectively = but
changes to the ideal cubic form (Pm3m) at 1213K according to Obayashi
et al4° We have found good agreement for the unit cell parameters as
reported by Wold et al? and Demazeau et al? as is summarised in
Table 1. There are however discrepances in the indexing of the X-ray
5

powder diffraction pattern (Plate 1 B (i)) as reported by Wold et al;

Details of these are listed in the Appendix (Table Al).

(a) (b)

Figure 2 - Distorted Perovskite Structure of LaNiOg3
{(a) R3m (b) R3c

Plate 2(a) shows the electron diffraction pattern of LaNiO4 indexed on
the hexagonal basis. On the left of the picture is the indexing on
the rhombohedral R3m basis. The very small distortiqn from cubic
symmetry is apparent in the first picture (i.e. B = [ibo]

(rhombohedral) A\~ 90° ).
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Plate 2a

Single crystal electron diffraction pattern of LaNiQ

( Ri3m' indexed on the hexagonal basis.

10
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TABLE 1 Lattice Parameter of LaNiO3 =

Author Wold et al? Demazeau et alg This work
ra/R 7.676 - 7.672
R3m o o
&/ 90°43" - 90 32!
(o]
[ a/A 5,461 5.393 -
Rsﬁ
\a /° 60°49" 60°48' - -
a/R 5.456 5.459 5.453
Hexa~ /R 13.122 13.131 13.128
gonal

It is uncertain whether LaNiO., adopts the R3¢ (z = 1) or the RE&(Z=2)

3

symmetry. In R3c all the Ni ions are equivalent. In R3n there are

two distinguishable Ni positions - La displaced along l%g so that
' . . .

dLa-Ni £ dLa—Ni (Figure 2). The physical reason for this would be

unclear in pure LaNiO3. According to Rao7, Goodenough and Longo

LaCoO3 changes from R3c where all the Co ions are in the low spin

6
state (CoIII - t2 S =0 =) to R3 at higher temperatures where there
g
. . III 3+, 4
is nearly equal population of Co and Co (t2 eg, S=2). As a
g

result the compound shows localised &—Pelectron behaviour,
The electrical and magnetic properties of LaNiO3 (next section)

shows no such 'spin cross-over' effect as is evident in LaCo04 by the

7 4161719110122
semiconductor &—pmetal transition . Indeed metallic conduction

/1

and weak Pauli paramagnetism are observed from liquid hydrogen

4
temperatures to 1313K where, according to Cbayashi et al., it decom-

poses. By inference therefore NiIII(tggeé, S = %) and not
3+ 5 2 3 —
Ni (t2geg' S = 5J is retained and the symmetry is R3c after Demazeau

et al? and Goodenough et al?
However as will become evident later in this Chapter
LaN+lNiNO3N+1 oxides having distinguishable Ni positions(NiIII and

2+
Ni“" ) have almost identical [001] zones - electron diffraction - to



12.

the[IfTﬂ, Rgh/ zone of LaNiO, (Plate 2(a){(l)). It is tentatively

3
assumed therefore that under known and existing conditions of synthesis
6 2

there is some population of N12 (tdeg' S = 1) in which case the sym-
metry is R3m and not R3c and in accordance the composition is not
LaNiO3 but LaN+lNiN03N+1 where N is large but less than infinity. The
purest of pure might be R3c or even cubic (Pm3m). The argument (to be
elucidated later) is also supported firstly by the fact that we have
observed phases of the above type having N = 6 or 7 at the same tem-
perature where LaNiO3 is supposed to be cubic4. Secondly, by
Ganguly and Rao'sl0 work showing signigicant differences in conductiv-
ity and Seebeck Coefficient measurements of samples prepared by the
two old and established methods of Wold et al? and Goodenough et al].'l
Thirdly, and this point should become clearer in Chapters 3 and 4,
thermodynamic measurements on samples hitherto thought of as pure
LaNiO5 = having an X-ray powder pattern similar, if not identical, to
those reported in the literature - show=d that they were in fact
LaN+lNiNo3N+1' Fourthly the constant detection of NiO however low has
been observed by the author in several samples of LaNiO5 prepared by
different routes. This has also been reported by Matsumoto et al.36
and Koehler et al.l3

Goodenough and Longo8 suggest that nowadays the RX structure
can be assumed now that accurate lattice positions can be experi-
mentally observed. This is based on the fact that LaA103 has been
shown by a whole host of techniques such as NQR to have the R3c
symmetry, It is worth pointing out that, for all intents and
purposes, Al displays only +3 valence and therefore the situation

might not be parallel with the transition metal perovskites as a conse-

quence of the variable valence,
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1.1.2 Bonding :-

The bonding in ABO3 perovskites have been treated
excellently by a qualitative scheme pioneered by Goodenough and
co-workers?'g'll'lzThe ABO, lattice (Figure 3) to first approximation
can be treated like the BO3 lattice (Réo3 type - Pm3m -)since B-B,B~A~B

and A-O-A interactions are feeble (large atomic distances). Only

B-0O-B interactions are significant.

Figure 3 - B-O-B bonding in
ABO, (Pm3m)

The essentials of the bonding scheme (Figure 4) are summarised below:-
(i) We start with a) 4s, 4p and 3d levels of B = column 1l
b) 2s and 2p levels of oxygen -~ column 5
(1i) Degenerate 4p levels are unaffected by the Oy field of
oxygen (the ligand field) but the 34 are split into the

y
(iii) The Pm3m field (Figure 3) splits the degenerate 2p levels

3t2g(dxy, d,, and dzyx) and the 3eg(dX2 = g2 and d,7) = column 2

of oxygen into (a) 235 which point towards nearest neighbour B
and are lower in energy than (b) 23“ which point away from
nearest neighbour B and lies in empty space,

The 3eg levels point towards nearest neighbour O and the 3t2g

point away from nearest neighbour O into empty space = column 4.
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(iv) From (iii)&fe type bonding is symmetry allowed and is continuous
throughout the crystai. Each is associated with a certain set of
wave functions of varying degrees of 4p, 4s, 3eg, 225 and 2s
characters., Similarly TQ.is allowed between 3t2g and Zir but result-
ing bands tend to be narrower.

(v) The final positions of all resulting bands are egqually governed
by the Madelung Energy of the ABO3 lattice and by the energy of the
respective levels in the isolated atoms - column 3.

(vi) The number of states available for electron occupancy is
governed by the principle of conservation states., For example a band
of primarily tZg character has a maximum capacity of 6 electrons per
ABO, and the 2pT; band derived from 2s and 2p states of O, a maximum
of 12 (i.e. 3x 2 x 3) and so on - Figure 4 -.

(vii) For the filling of states, to a first approximation only the
top bands are affected by the electrons of the A cation which must be
added to the pool.

Whether a given perovskite displays metallic conductivity is

dependent on :=-
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(viii) Sufficient B-~O overlap (i.e. 3t2g-2pﬁ or 3eg-2% ).

(ix) Spin - B-0 overlap is impaired for high spin cations. The
orbitals tend to be contracted about B.

(x) The total number of electrons to be accommodated is such that
at least one band must be partially filled - conduction band.

(x1i) Alternative to (x) 'Spill Over' of charge carriers from filled
bands into otherwise empty bands.

Goodenough8 makes the point that for A(G-M)

B@O3 there is an
increase in covalence with M - there are stronger B-0O-B interaction and
correspondingly wider bands. He defines a critical size of overlap
integral b (bc) for band formation such that :=-
al b,< bﬁ_ T} + band formation .
' (delocalised electrons)
b) b, < bd' & e bPand formation
c) bc> 1;’ r be” bﬁ i §e and [, collapses into 3t,  and
3 eg states respectively (i.e. localised
electrons),
He also defines a critical size for the overlap integral bm (relative
to bc) below which magnetic ordering takes place at low temperatures.
Sophisticated band structure calculations have been carried out on

bh,84
ReO5 (metallic), SxTiO, (insulator)and KTa04 (insulators “and have

3

supported the Goodenough scheme. As known,the majority of M=3 perov-
skites of the third row do not have the cubic Pm3m) symmetry but a
small rhombohedral distortion as is the case for LaNiO3° This does

not appear to have impaired electrical properties4 and so the

Goodenough scheme is applicablell°

l.1.3, Properties :-

The configuration of the isolated 'Nio3' 'molecule' is

6 1
t2geg (i.e. S = %). According to the above scheme the e; configuration

is delocalised and therefore crystal configuration is t6(fi (neglect-

ing lower energy states). The comgound is metallic ( q the resistivity
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increases with temperature) with a room temperature resistivity of
1o'%n, cm according to Obayashi et al? (for sintered bars of 80%
density). The oxide has a negative Seebeck Coefficient increasing
linearly with T indicating partially filled bands and conduction by
electrons’®, Thornton et al‘?2 have shown that the transition (in the
X-ray Photoelectron Spectra) associated with the Be; configuration is
broad and diffuse, indicating delocalisation. No magnetic ordering
has been observed down to lOKl3 - only weak Pauli Paramagnetism.
Demazeau et al? have carried out a fairly systematic study of
the LnNiO3 (Ln = La-=3Lu) compounds, but only LaNiO3 has the perov-
skite structure and appears to be metallic. Of the others YNiO3 and

LuNiO show G type magnetic ordering at low temperature.

3
The compounds LaBO3 (B=Co, Ni and Cu) are directly comparable

under the Gecodenough scheme since they are isomorphous - Table 2.

TABLE 2 Properties of LaBOj Compounds

Oxide
Property *Gopalakrishan *This work *Goodenough
et al.l4 et ali

o
ay/A 5.499 5.453 5.502
cH/?s 13.089 13,128 13.228
spin S 0.2 b 1
b bwb, ]%-> b, bc> b
elect 6, . 4.2 6 .} 6 2

° t ¢t t t

conf. € e S'e Se
elect. A Scey m metal metal
cond.

* Source of lattice parameter data.
. , III 3+
In the borderline case (LaCoO3) at 300K there is a 70:30 Co :Co

. 14 C , .
ratJ.ol where it is a semiconductor. At 1270K when it becomes a metal,

this ratio changes to almost 50:50. There is a cleare:x analogy
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between LaNiO3 and LaCuO3 as they are both metals. In the latter

; 15 . 16b
compound (prepared by Demazeau et al. and Arjomand et al. ) the

2

conduction band (from the 3eg configuration) is half filled while it
is only quarter filled for LaNiO.

The electrocatalytic effect of LaNiO; has been extensively

. 2,17,18 ;
studied by Matsumoto et al. This scheol has attempted to
explain the exceptionally high activity as being due to the<5'n
e
configuration. Presumably the Fermi level EF for such configurations
*

lie close to the 0, 271 for charge transfer. By analogy LaCu04
should be catalytically active.

1.2, A Possible Nomenclature for Refractory Phases

Because of the relative underdevelopment of Refractory
Inorganic Chemistry and in contradiction the potential enormity of
the field there is tremendous ambiguity concerning the name of a com-
pound in this 'line of work'. For example in the literature both
LaNiO3 and LagNiO4 are both individually and collectively called nickel
lanthanum oxide and lanthanum nickel oxide respectively. The author
uses the following notation throughout this text which is open to
discussion, change or development.

(1) The A site substitution is always named first as in the

periodic table,

(2) The B site substitution is named last ending in ‘ate’.

(3) A Roman numeral follaows (2) to indicate the oxidation

state of B (I precedes II).

(4) The prescript chloro, fluoro, oxo etc precedes (2) to

indicate the ligand.

(5) The word di, tri, tetra etc. (to indicate the 'formula

co=ordination') precedes (4).

(6) A dash then an integer succeeds (l) to indicate the

number of A cations.
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(7) A dash then an integer followed by a comma before (4)
to indicate the number of B cations.

Thus for a system A-B-O where A = Author and B = Beryl :-

3+
a3t O, = Author trioxoberylate III
3+ 3+
A5 By OlO = Author 5-4, decoxoberylate III

Subrules :-
(i) Ternary systems where B = B' but differing only in
oxidation state is treated like a guarternary system and rule
(3) applies.
(ii) Quarternary systems :~
(a) Fractional stoichiometries must be corrected so
that only integers appear in the formula.
(b) The reciprocal of the fractional correction (in (a))
precedes all corrected formulae,
(c) A site substitution follows from rule (1)
(d) B site substitution follows from rule (2).
Thus for a system E-A-B-O where E = Edwin

EA BIIIO7 = Edwin Aunthor =-2-heptoxoberylate III

2
And for a system A-B-F-O where F = Florence :-
III
AB; Fy 07 = 2' Author-4-1,6 heptoxoflorencateberylate
: I, III
s 3+ 4+ 04 _ o —5—
while ABO 4 BO 6 5' Author-5-2,3 tetroxoberylate III,IV

1.3 La2NiO4 -~ Lanthanum-2-tetroxonickelate II

1.3 .1 Structure :-
The oxide crystallize with the tetragonal K2N1F4(I4mmm)
structure (Figure 5). The structure is a layer structure derived
from perovskite in which each of the perovskite layers are displaced
half way along the diagonal Elld] axis. Examination of Figure 5 will
show that the structure is comprised of alternate Pm3m (perovskite)

and Fm3m (rock salt) unit cells.
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Rocksalt Fm3m

Perovskite Pm3m

Ni Figure 5 = The LazNiO4(I4mmm) Lattice

Results from the X-ray powder diffraction pattern (Plate 1 A

(1)) obtained in this work agree well with the results of Rabenau et
19
al. Details are summarised in Table 3.

From gecmetric considerations it can be shown that cw3a;
thus the tetragonality ratio is a characteristic property for this
class of compounds. The [bld] single crystal electron diffraction
pattern (Plate 2(b)) confirms that ¢

a
Many of the electron diffraction patterns of LaZNiO4 contain

V\3.

weak (non allowed) superlattice spots (e.g. X in the [Iid] picture -
Plate 2(a)). The author has not analysed these in detail but believes
that these may be as a result of intergrowth of other La~-Ni-O phases
sharing the common perovskite sublattice and/or iatergrown NiO which
is probably just compatible. The author has, during this project,
experimented with both A site (with Sr2+) and B site (with Li+) sub-

II

stitution in LazNiO4, both of which incorporates NiI in the A5;BO,

lattice.



Plate 2b

Single crystal E.M. diffraction pattern of N =1
(LazNiOh) Fmmm

o
12,65 A

(¢}
]

X may re (i)
ref'lections.

hexagonal perovskite superlattice
(i1) Intergrown NiO along 100 - Chapter 6.

20
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(i) A site := The compound SrLaNiO4 {Strontium lanthanum

tetroxonickelate III) has an X-ray diffraction pattern (Plate 1 A(ii)

almost identical to that ofLazNiO4 and accordingly a ¢ ratio close to
7 . III a

that of LayNiO, and by inference the d (Ni ") configuration does not

appear to have led to a tetragonal (Jahn-Tellar) distortion.
Gopalakrishnan et alzo7 in a nicely reported study showed that the ¢
a

reaches a maximum at x=0.5. This was

ratio in the system Sr La 4

Ni
Dex io

attributed to a tetragonal distortion due to the d7 configuration.
(ii) B site := The compound La2Ni.5Li.504 (2'lanthanum~4-1,1,
tetroxolithiatenickelate I,III) as reported by Blasse2l has an enormous
tetragonal distortion. The X-ray diffraction pattzrn (Plate 1A) (iii))
is very different from La2NiO4 and SrLaNiO4. The compound is also
different visually. The latter two are black like LaNiO3 indicating
possible delocalised electron behavicur while LazLi.SNi.SO4 is greyish

brown.

TABLE 3 Crystallographic Data of A,,BO4 Compounds of La and Ni

Author Compound a/g c/X -%
19 .
Rabenau La2N104 3.855+0.001 12,652+0.003 3.28
This work | La,NiO, 3,85140,001 | 12.650+0.005 | 3.28
Demazeau?® | SrLaNiO, 3.826+0,005 | 12.450+0.02 | 3.25
Blassel | srianio, 3.80 12.69 3.29
This work SrLaNiO4 3.817:9,002 12.46219.005 3.27
21 . ars
Blasse LaszSNfSO4 3.77 12.89 3.44
This work | La,LicNi o0, | 3.768#0.003 | 12.864+0.02 | 3.41
27
Gopalak- Sr_La. _Nio 3,817 12.766 3.35
righnan 5 1.5 4
1.3.2, Bonding :

to the lower symmetry and in part to the danger of making invalid

This is a relatively underdeveloped field due in part
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assumptions concerning A-O bonding. It is known from Crystal Field

Theory that for tetragonal field splittings the relative position of

53
levels are dependent on the magnitude of the splitting A and the

g_ratio§4 In Figure g (b) the author has put together from sparsely
a
available literature a picture of likely orbital energy splittings and

consequently bonding after the effect of the I4mmm field,

r‘bd\z ------n.]

eroqead
|

, -
\
|
i

xey) , !

.o oo o e -a s

3

1 2. 3 4 Valence 5

(b)

(a) Orbitals available for bonding

Figure 6 = Bonding in La_NiO (b) Sche%atic Energy level Diagram of
24 d° in the I4mmm Lattice

Ganguly et al]-'O have suggested that LazNiO4 is an n type semiconductor
at 300K transforming to a metal at (500-600)K. The explanation of
this in terms of a bonding scheme has been treated by Goodenough23.'
However neither schoollo'23 have said whether the conduction is two
dimensional and how the tetragonal field affeqts the relative posi-
tions of the d orbitals,

From purely pictorial considerations, Figure 6a shows that
7 type overlap is possible between d22 and 2p, and § type overlap

between dx2—y2 and 2p, and 2py. The criterion for the formation of

band states according to Goodenough23 is the magnitude of the Ni-0-Ni
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23
o
separation. This is 3.855A in LazNiO4 (4.1772 in NiO). Goodenough

and Gangulylo suggested that since there is a strong tendency to
collective electron behaviour in NiO; in La2NiO4 the tendency is
greater. For the d8 system Figure 6b should apply; the following are
the two possibilities :-
(i) 2pz, dz2 —_ ﬂb,max° of 4 electrons per La2Ni04
(ii) 2py. 2py, de2 —» 6‘a)max. of 6 electrons per La,NiO,.

2 4
23
Goodenough suggests that the latter case is operative and the
configuration of LayNiO, is Sid]Z? i.e. the dz2 electron remains
localized. The d12 configuration posseses a magnetic moment of 1 BM
z
and below 500K it splits the Cf; band (presumably through spin orbit
coupling). At (500-600)K the thermal motion of the ions destroys the
short range antiferromagnetic coupling and the¢5'a band becomes
continuous. The semiconductor ¢«-» metal transition is therefore not a
sharp one.
Any tendency of dﬂa band formation in La2Ni04 should be
. . 7 o 20
enhanced in SrLaNiO, (d )(dN. ., = 3.,82A)., Demazeau et al, have
i-0O-Ni
confirmed the metallic behaviour of SrLaNiO4. The situation in
LasLi N1504 (d7) might not be parallel as thexre are perturbations in
the important lattice site (B) along every lattice translation. 1In
+
other words the Li 2s might be too small for sufficient overlap and

I
the NiII (d7) electrons remain localized.

1.3.3 Properties

The compound is an n-type intrinsic semiconductor at
room temperaturelo transforming to a metal 500K < T <600K as discussed
previously. Samples prepared by Ganguly et al}O appear to have a room
temperature resistivity of about 0.5«% cm. There is some indication
that properties are variable with conditions of synthesis. Fox

27
instance Gopalakrishnan et al, reported that samples prepared in air
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are black and contain about 15% Ni and a room temperature resistiv-

ity ( e 3OOK) of 0.3 cm while samples prepared under nitrogen were
green containing 3-5% NiIII having e 300K = 28 cm., The author has
also observed (unpublished work) differences in the lattice parameter
of samples prepared in air and oxygen respectively although both have
the I4mm powder diffraction pattern. These indirectly support the
explanation given for superlattice reflections in Plate 2(b).

26b
Timofeeva et al. have established that the tetragonal structure of

La2NiO is retained up to 2023K where it melts.,

4
Because of the layer structure this class of compounds have

been studied as possible examples cf 2-dimensional antiferromagnetism
- Figure 7. 1In AzBO4 compounds provided that A has no magnetic moment

and B has, 180° exchange is possible along [100] and [010).

a. Unfilled 4 2_.2 Case

/
l . (1) _—-'A_J"\ 1:;—
o/

A

25 C) 010
=0

®
(2) — —

pd
Y

1Qo

Q Ni:"} na (Bod
\ Alco Filled 2p O @ Nii} La (Body

3 1 O a Centred
(spin polarise Position)

b. Unfilled dzz

. o . .
Figure 7(a) - 180 Exchange interaction Figure 7(b)- 2 Dimensional
Case (1) Strong interaction Antiferromagnetism in
Case (2) Weak interaction AzBO4 Compounds

According to Smolenskii et al?4 N12+ in LazNi04 has an effective

magnetic moment (‘AL ) of 1BM, They reported departure from Curie—
Weiss Law at 200K and a negative Weiss constant @ = =300K and the Neel

temperature TN below 77K. They concluded that the negative Weiss
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; 2
constant indicated antiferromagnetic ordering. Legrand et al.5 in a

Neutron Diffraction Study did not observe antiferromagnetic ordexing.

26a . . . . ,
Klienschmager et al. have studied La2N104 as interconnection material
for the high temperature H2/02 fuel cell.

1l.4. Layer Structures Derivable from Perovskite (Geometric
Considerations)

Elimination of BO6 octahedra from ABO3 (perovskite Bn3m) and
translation of half of the structure along [llcﬂ produces layer struc-
tures of varying layer thickness, Structures with N perovskite layers

have a composition AN+lBNO and possess ideally I4mmm symmetry (2Z=2)

3N+l
Fig.8 afterTilléivand Carpy et g?.shows the N=1-9N=4 structures and their
relation to perovskite MN=®). Clearly phase distinguishability by
X-ray will become impossible for large values of N as X-ray wave

lengths are of the order of the B-0-B separation. The building blocks
of these structures can be considered as Fm3m {perovskite) and Fm3m.
(rock salt). It is easily seen that if these building blocks do not
change (i.e. the I4mmm symmetry is retained) then the unit cell para-
meters obey the rule cpwn (2Ni-l)ac where a, is the lattice constant

of the Pm3m) lattice (i.e. the B-O-B separation) and is normally

about 3.85 X, The tetragonality ratio is therefore a characteristic
property of this class of compounds, This has been previously out-
lined for the N = 1 case in the La-Ni-O system (i.e. LagNiO4). Table

4 summarises the unit cell properties of AN+lBNO3N+l compounds.

If the building blocks of these structures change from Pm3m and Fim3m
then the compounds will not have I4mmm symmetry. This condition is

satisfied if there is a distortion in the perovskite subcell from

Pm3in symmetry.
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Structures derivable from Perovskite,
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TABLE 4 Idealized Unit Cell Properties of 1N+lBNO3N+l Phases
Space Approx
N Formula Group Approx ¢ c (N=1) Fig. 8
(Ideal) a c=1)
1 A2BO4 I 4mmm 3 1 a
2 A3B07 I4mmm 5 5/3 b
3 A4B3°10 I4mmm 7 7/3 c
5 A B0, I4mmm 11 11/3
(® ABO, Pm3m 1 1/3 e )
i

If the perovskitepossess a rhombohedral distortion and in consequence
R3m or R3c symmetry as dces LaNiO3, then the new building blocks will
be based on R3m/R3C and R3 and the symmetry lowers from I4dmmm to Fmmm.
Under these conditions :-

ag =72 B eeececcssrecacecatetcocestassancssacscanasnss(l)
so that ¢ = (2N+l)a, ecccecoecs-.. coececoececesscesoconosssos(2)
Where Dy~ @  ceoicecccecocsecasarnessssscacscsasccascacossncsoss(3)
The remainder of this Chapter will be devoted to phases in the La-Ni-0O

system possessing the Fmmm symmetry. Some of these phases are new

prior to this,work others are sparsely reported.

1.5. N=2) La3Ni2

l.s;l. Structure :-

05 Lanthanum=-3-1,1,heptoxonickelate II,III

The compound crystallizeS with the Fmmm structure as
discussed above. The author has attempted to draw the unit cell -
Figure . Electron diffraction (Plate 2(c), B =[001])confirms the
small distortion along'{llg° Zero layer reflections in the B:=Eﬁﬁﬂ
picture and reflections in the B =[OOI:show that the tetragonality
ratio co/aTv~ 5. If the zero layer reflections in Plate 2(c)

B =[110] are compared with those in Plate 2 (b), B = [104] the
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Fm3m

;. Fm3m

Form

Figure 9 - Unit Cell of LajNi 0

7
relationship oy=p/Gy=*> 5/3 (Table 4) is vindicated. The [001]zone
of La3N1207 is almost identical to the[OOI](REh) zone of LaNiOg
(Plate 2(a)). This supports the view that there 1is some Ni2+
'normally prepared' LaNiO3 as was outlined in Section 1l.1.

The indexing of the X-ray powder diffraction pattern of

La3N1207 (Plate 1 B (iv)) is listed in Table 5.



Plate 2c¢

Single crystal E.M. diffraction pattern of N = 2
(LB.3N1207) HFmmm

113 | e

004, 0010
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TABLE 5 X-ray Powder DiffractionPattern of La3N1207

o} o o 2
dops/A| dea1/A | I/I, | Bkl 4 /A A1/ I/1, hkl
3.770 | 3.776 16 111
1.6710 | 1.6721 24 226
3.420 3.418 8 006 :
1.6347 | 1.6318 8 2010
3,347 | 3.342 4 113 1.6384 0210
2,797 2.7929 100 115
1.5869 | 1.5861 28 135
2,724 2.724 47 020
1.5746 | 1.5750 30 315
2.694 2,698 51 200
1.4480 | 1.4477 7 0212
2.327 2.323 8 117 1.4431 2012
2,132 2.130 26 | 026
1.3620 | 1.3627 10 040
2.115 2,115 23 206
1.3494 | 1.349 9 400
2.0595 | 2,0595 1o | oolo
1.2887 | 1.2902 6 0214
1.9585 | 1.9564 18 119 1.2875 2014
1.9153 | 1.9155 72 220
1.2657 | 1.2652 9 046
1.7119 | 1.7152 5 131
1.2586 | 1.2559 11 406
1.7095 | 1.7025 311
: ° o 22159 2 24
1.7091 13 oo1a| 1e2171 | 1.215 1 0
1.2081 | 1.2091 8 420
1.6777 | 1.6764 3 1111

The pattern was indexed using the programmes EGUIN and LSUCRE34 and KC1

as an internal’standard. Data was collected on a Guinier focussing

o
camera employing monochromatic CoK (A= 1.79027) X-radiation,

=
Intensity measurements were collected on a Phillips automatic

diffractometer. The lattice dimensions are summarised below :-

o o o
5.397 + 0.0013, b = 5,448+0.001A and c = 20,509+0.004a

a

[}

1.0088, co = 5.37 and Q) 0 = 162 (cf Table 4)

a7

The existence of La3NiZO7 especially at high temperature has been

o

discounted by Seppanen?9

The author is aware of only one other A3Bzo7 phase having a 50:50

Ir IIT . . 28
B :B ratio. This is the compound EusTi,O05 - McCarthy et al, -

3+ .3+

which could also be written as Eu2+Eu2‘Ti o7 as the rare



31.

earth displays variable valence, Other A B,O, type phases have been

3 7

reported but only for the 2:4 A-B-O systemsgz.

1.5.2. Bonding :=-

The bonding scheme to describe this compound must be

more complex than for La,NiO0, (N=1) because of the lower symmetry.
8,11

However following on from the arguments developed by Goodenough !

concerning cationic spin contracting d like atomic orbitals and so

impairing B-O bonding,; it might be tentatively assumed that in La3N1207

there are two principal reasons why dyj_o-_yi = (i,e. Fmmm

d'
Ni-O-Ni
and not I4nmm symmetry) :-

(38)

o) o
. . . - o. = 0.56A
(i) Size of cation rNi2+ Q.70A rNi3+ o)

s . . . .IIr, 6 1
(ii) 1If there are low spin trivalent Nickel =Ni (tdeg

L2+ 6 2
and Ni (tdeg

Szlz) -

S = 1) there might be unequal spin orbit

III ) # ait

coupling interactions such that d(Ni o).

In this project the author has attempted the
synthesis of SrLajNij0O; and La3Li gNi O, (unpublished work). Both
sets of experiments gave diphasic mixtures of A;BO4 and A3B;07. 1In
the case of the Sr-La-Ni-O system the compound appears to have I4mmm
symmetry - no splitting of the 110 reflection - whilst the lithium
analogue was Fmmm {splitting of 110 into the 020 and 200 reflections)
like La3NipO5. This, although a preliminary study, suggest spin and
ionic size play a role in symmetry as in the former compound all

IIx

are Ni and all Ni-O-Ni distances are equal while for the latter

there are unequal Li-O- (Li+ S = 1) and Ni-O distances
(Ni3+ or Nill g = 3 or 1 respectively).
2 2

1.5.3 Properties :-

No properties of La3Ni207 have been measured but the

IIT

existence of the 1l:1 Niz+:Ni ratio might lead to unusual magnetic
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properties. For example magnetic ordering at temperatures higher than

.24
for La2N104 is a possibility.

1.6. (N=3) La4Ni 0,~ -Lanthanum-4-1,2, decoxonickelate II,III

3710

1.6.1. Structure :-
The compound crystallizes with the Fiimm structure as
does La3N1207. There has been one report of its existence (prior to
the writing of this script) by Sappenenzg. Data from the X-ray powder

diffraction pattern, Plate 1 B) (iii), is listed in Table 6 below.

TABLE 6 X-ray Powder Diffraction Data of La4Ni3OlO

dgpe/® | dear/R | T/, |mk1 | dg /A |d /R | 1/1 | nkl
3.796 | 3.793 18 | 111

1.7030 | 1.7035 1 311
3.540 | 3.541 5 | 113

1.6777 | 1.6779 | 15 228
3.484 | 3.481 8 | oos

1.6716 | 1.6717 6 1115
3.156 | 3.156 4 | 115

1.6060 | 1.6063 | 11 0214
2.765 | 2.760 | 100 | 117

1.6022 | 1,6016 | 12 2014
2,717 2.719 48 020

1.5780 | 1.578L | 5¢ 2210
2.697 | 2.696 47 | 200 1.5776 137
2,404 | 2.408 4 t 119

1.5680 | 1.5687 | 28 137
2.143 2.141 21 028

1.4768 | 1.4774 6 2212
2.132 2,132 20 208

1.4660 | 1.4668 6 0316
2,111 | 2.113 8 | 111

1.4629 | 1.4632 5 2016
1.9920 | 1.9909 | 11 | ool4

1.4250 | 1.4221 1 1311
1.9160 | 1.9146 | 60 | 220

1.4147 | 1.4155 1 3111
1.8712 | 1.8707 1 | 1113

1.3809 | 1.3800 | 11 2214

1.7160 1.7149 1 131

34
The indexing was performed by the programmes EGUIN and LSUCRE and

using KC1l as an internal standard - same apparatus and procedure as
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Single crystal E.?. diffraction pattern of N = 3
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for La,Ni,O5. The lattice parameter obtained in this study.,

3

9
Seppanen's work2 together with data from the only other reported oxide

of this type,- La,Co_,0 - are summarised below in Table 7.

4773710

TABLE 7 Lattice Parameter of La4B3OlO Compounds (B = Ni and Co)
31 3
Author Seppanen29 This Work Seppanen Janeck et ;i-
oxide La4Ni3OlO La4Ni3Olo La4Co3Olo La,Co3014
a /& 5.413+0.001 | 5.396+0.001 5.42 5.414
o
b /A 5.46540.001 | 5,438+0.001 5,47 5.471
o
c /A 27.968+0.,002 | 27.872+0.002 27,81 27.810
b/a 1.0096 1.0077. 1.0092 1.105
*c/aT 7.306 7.304 7,256 7.264
**c (N=3)
- 2.202 - 2,194
c (N=1})
* Equation (1) ** Table 4 Column 5.

There is a discrepancy between findings in this work and Seppanen's
work?g. However data in this study is from a Guiner focussing camera
while Seppanen's data was from a diffractometer.

Electron diffraction, Plate 2(d] (i)-B =[110], confirms the
tetragonality ratio Cc/aTl of about 7. Comparing zero layer reflec-
tions of Plate 2(p] (i) and Plate 2(d) (i} shows that c (N=3)/c(N=1)
is about 7/3. Plate 2(d) (ii)-B =[010]shows the small distortion along

[1Q] The picture is very similar to the [J217] zone of LaNio. (Plate 2

3
(a)] as was Plate 2(c} (N=2}.

1.6.2 Bonding :
Following on with the arguments (developed for
La3N1207) concerning cationic spin and the Fmmm symmetry, if these

assumptions are correct then the ratio bo/aO should decrease as the



35‘

IIT
population of Ni increases (i.e. N—>300). We see that for

La3N1207, bo/aO = 1.0094, whilst for La4Ni3OlO bo/ao = 1.0077. 1In
other words the splitting of hkO reflections should decrease as the
B-O bonding interaction becomes less and less unequally spin impaired.
1.6.3. Properties :-
As with La3Ni207 only assumptions can be made.
It is plausible that properties will show more and more collective

electron behaviour as the perovskite building blocks become larger -

Figure 8.

1.7. (N=4) LaSNi4013-Lanthanum—5—l,3, tridecoxonickelate II,III
1.7.1. Structure :
The structural evidence for LaSNi4Ol3 (N=4) is not

as . strong as the evidence for La,Ni,O5 (N=2) and LayNi.O (N=3).
3N+2¥7 4 10

3
However the compound,like its other relatives, appears to have the
Fomm symmet.y. The X-ray powder pattern shows that by now the split-
ting between reflections 020 and 11(2N+1) (i.e. h=l, k=1 and 1=(2N+l))
appears to be zero - Plate 1 B) (ii). In other words the 119 and 020
reflections overlap and in consequence the extinction around 200 and
020 are different from N=2 and N=3 (Plate 1 B) (iii) and (iv)). The
X-ray diffraction pattern of (as prepared) LaSNi4Ol3 is indexed as
shown in Table 8.

Samples prepared had a small amount of La,Nij0,, {(N=3) -
Plate 1 B) (ii). However only few reflections could be detected, for
example the 117 which is the strongest reflection in the N=3 diffrac-
tion pattern.

There was insufficient time to get a comprehensive set of
electron micrographs. Nevertheless Plate 2(e) (i) appears to be a G1a]
or EI.OO] zone slightly off axis showing very small reciprocal distances

— \
along c* and Plate 2(ii) is a EOOll zone which is similar to the

[Téiﬂ zone of LaNiO3 (Plate 2(a) (i)).
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Plate 2e

Single crystal E.M. diffraction pattern of N = 4
(LaSNin

13).

A poor picture in part due to the very small
grain size of the crystals.

o] 0 _ @)
a, = 95.415 4 b, = 5.45€ 4 co = 34.99 4
C v 9 aT = ao
S JZ

#eak non allowed reflections (X) may be from tie rexa-
¢onal perovskite sublattice as is seen in Plate 2a(b)
and Plate 2b(b).
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TABLE 8 X-ray Diffraction Pattern of LaSNi4Ol3

(@] (o]
dops/d | a_ /A f1/1 | nk1 | ago/R |d /A |1/ | Bkl
3.280 | 3.281 m 111
1,921 | 1.922 s 220
3.658 | 3.648 w 113
1.722 | 1.723 w 131
3.495 3.500 vw | 0010
1.711 | 1.7109 | w 311
3.041 | 3.047 | vww | 117
1.6833 | 1.6847 | m 2210
2.732 2.733 vvs 119
020
1.6754 | 1.6766 | w 135
2.705 | 2.705 s 200
1.5849 | 1.5840 | w 0218
2.282 | 2.301 w | 208
1.5803 | 1.5796 | m 2018
2.219 | 2.205 vw | 1113
1.5674 | 1.5772 | wvs 139
2.186 | 2.187 vw | 0016
1.5688 | 1.5674 | wvs 319
2.151 | 2.153 w/m | 0210
1.3647 | 1.3654 | m 040
2.136 | 2.140 w/m | 2010
1.989 | 1.993 0212
1.983 w/m o012
(o] o (@]
Thus a = 5.415A b = 5.456A and c = 34.99A

so bo/aO = 1.0075 and co/aT = 9.146 (cf Table 4).

The indexing was performed by the programmes EGUIN and LSUCRE34 using KC1
as an internal standard. Data was obtained on the same equipment as
previously described.

As stated previously the N = 4 phase appears to be the limit

where X-rays are able to distinguish La

Ni ds. F
N1 lN03N+1 compounds or

example the X-ray powder pattern of LaGNi5016 (N = 5) - not represented

here - is identical to the diffraction pattern of LaNiOB. Qther
5534013 phases have been isclated but in pseudo ternary systems,
Carpy et al?8 have synthesised ASB4013 and AGBSOlé type phases in the

pseudoternary. Ca0 NaNbO3 system,
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1.8. Other Phases in the La-Ni-O system

1.8.1. LaN:i.204 - Lanthanum-1,1l,tetroxonickelate II,III

Von J. Sieler et al?2 reported that the compound
LaNi2O4 (CaFe204 type structure) can be prepared by reacting LaNiO3 and
NiO under Argon at SOOOC. This has been tried several times without
success. Thermodynamic measurements - Chapter 4 - on these samples
confirmed that they had a stoichiometry close: to LasNiSOlG (N = 5)
although the diffraction pattern was that of LaNiO3. At higher
temperatures the same reaction mixture gave equilibrium mixtures of
N = 2,3 or 4.

1.8.2. 'Compound X'
33a

A number of workers, notably Nakamura et al. and
A, Wold et al?3b reported the existence of a phase - compound X -
in the La=Ni-O system lying between LaNiO3 and La2NiO4 and formed at
(lOOO-lloO)OC. The author velieves that this is probably a compound

L having N = 2,3 or 4 or an equilibrium mixture of these.

a Ni O
N+1 TN 3N+1

1.9. Experimental

(1) X-ray powder diffraction data obtained on -
(a) Guinier focussing camera employing mono-
chromatic Co K, (X = 1.78892%) .
|
(b) Phillips automatic diffractometer employing mono-
o
chromatic Cu K, (X = 1.5418a)
(ii) Indexing of powder diffraction pattern was performed
34a 34b
by the programmes EGUIN and LSUCRE =
(a) EGUIN corrects Guiner film measurements. The pro-
gramme determines the slope of the straight lines
between successive Standard reflections. Corrections
are then applied to data points lying between Standard

reflections using this calculated slope. The Standard

o)
used in this work is KC1 - ao = Fm3m; a, = 6.29314a,
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Output is in the form 46,26 and Sinze.
(b) LSUCRE requires these output values, trial cell
parameters, symmetry information, N and a range of
experimental exrror over which matching can be accepted
in the refinement. If more than one calculated
value of 28 agrees, the reflection is not used in
refinement.

LSUCRE output is of the form hkl, do

bs’

d 26 ; 206 - 28 r refined lattice
obs

cal’ 28 cal’ obs cal

parameter and corresponding standard deviation.

Samples suitable for electron diffraction were obtained

by grinding the powders under butan-1-ol or liquid nitrogen in

an agate mortar. These were then suspended on holey carbon

films.

Electron diffraction was performed on a JEOL 120CX

Electron Microscope with double tilt stage (d = i.6oo)

operating at 100 kV (A= 0.0378) .
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CHAPTER 2

Synthesis of La-Ni-O Compounds

A good preparative route is the key to obtaining reproducible
measurements. It can also be optimized for yield, purity and above
all cost. In preparative Solid State Chemistry synthesis is usually
at elevated temperatures because refractory materials such as oxides
are commonly used as starting materials and diffusion times are
long at lower temperatures. In appropriate cases however heating,

time and temperature can be considerably lowered by :-—

(i) The use of suitable precursors (eg Gallagher on_the
preparation of LnCoO, 37by
(ii) Electrochemical synthesis.

2.1. LaNiQO,; - Lanthanum trioxonickelate III

According to Mekhandzhiev35 above 573K Ni2o3 is thermodynami-
cally unstable - a temperature often considered too low for perovskite
formation - and therefore NiO, which is also much cheaper, is a tradi-
tional starting material for the synthesis of the trioxonickelate
III's - equation (4).

MLn,03 + NiO + %07 — 3 LONiO; eeerncncnncnecciannnness.(4)
There is also ample evidence of the instability of the trioxonickelate
III's at high temperature (Chapter 4); thus ceramic synthetic tech-
niques involve serious technical difficulties primarily the mainten-
ance of high oxygen pressures.

The majority of workers have used the 'flux method' as
developed by Wold et al? over 22 years ago for the synthesis of
LaNiO3. This involves using La,O3 and NiO in a NayCO3 flux. Great
care is needed to produce reasonably pure - NiQ free - LaNiO3l3'15
and of course the method has certain restrictions if large scaleée

application was desired :-

(i) The standard 'removal and grinding' procedure.
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(ii) The long heating time - 72 hours at BOOOC.

(iii) The corrosive nature of the Na,COq flux ~ gold

apparatus has to be used.

Goodenough et al]:l heated coprecipitated oxalates at SOOOC (in
pure oxygen) for 3 days; Matsumoto et alJ:7 heated nitrates at SSOOC
for 2 days. Demazeau et al? prepared LaNiO3 at 95000 (from a mixture
La203:NiO:KClO3 1:2:1.5) in a platinum capsule at 60kBars in only
12 minutes. This was followed by residence at 500°C for 48 hours

at a pressure of 4kBars. Golub et al‘?7

adeveloped the precursor
2La203.4Ni0.3C02.nH20 (n = 18 —= 22) by coprecipitation of carbonates
from nitrate solution. They concluded that perovskite formation began
at 700°C but was not complete until 9OOOC.

All the above methods, to varying degrees, involve synthesis at
temperatures T w (800 - 950)OC and heating times in excess of 48 hours.
The author has used the precursor NH4Law:Ni(N02)6} X HZO to prepare
LaNiO3 at 6SOOC—7OOOC in only 12 hours without the need for removal

and grinding.

2.1.1. The Precursor NH,La [.Ni(N02)6] x HyO0

39

Goodgame et al:” have undertaken a systematic

spectroscopic study of the Ni-N102 and the Ni-ONO bonding in such com-

pounds. However most of the work on the hexanitronickelate II's seems
b MIIMI[N'(NO ) H,0 (wh = 1 or 2) and M,[®i(NO,)

to be on M, "M, [ Ni(NO, 6] x H,O (where x = 1 or an 4[.1 2 é] X

H70. Only one example has been observed in the literature of

IT 4
M, [Ni(NOzlé] , that when M = Sr l,and no examples of

IIT I
M M [Ni(NOz)g have been observed.

It is generally believed that stability of these

. Lo : . 41 .
complexes increase as ionic radius ry increases . Since

o} 38
3+ = = . o
tra l.18a, rSr2+ 1.168 and rNH4+ > rNa+ = 0.99A

it is likely that the formation of NH, La [bﬁJNoz)G] is favourable

4
+

+ +
4 (aq) , La3 (aq) and Na (aq).

from a solution containing NH
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It also follows that NH, La [ Ni (N02)6] and Sr., ENi (NO?.)G]
might be isomorphous distinguishable only by the N-H stretching
'peaks' in the infra-red. The presence of 'lattice water' could be
confirmed or refuted by infra-red O-H stretching. The electronic
spectra (uv and visible) of the compound(s) should decide whether the
co-ordinating atom is N(nitro) or O(nitrito) or a mixture. None of
these studies were carried out because of lack of time and also
because characterisation of the precursor was not the main interest
of this study, but rather its decomposition product.
2.1.1. (1) Preparation of NH4Ln [Ni (N02)6] x Hy0 (Ln = Caand Ce)
(a) A 1:1:1 agueous solution of NH4NO3:Ni (NO3) :Ln (NO3) was
prepared and cooled on ice.
(b) To (a) was added an ice cold concentrated aqueous
solution of NaNO2 containing (relative to (a)) 6~7 moles of
NaNO,.
() The mixture was stirred vigorously until a beige precipi-
+ 3+ + - 2+
tate formed - NH, (ag) +Ln~ (aq) +6Na (aq) +6NO2 (ag) HNi (ag) —
NH Ln [Ni(N02)6] + 6NA (BQ) eerererececaroncrasesarnconans(5)
(@) The precipitate formed was washed with ethanol and then
ether and air dried.
(e) X-ray diffraction showed that NH,Ce [-Ni (N02)6] and

NH,La ENi (N0, ) 6] were isomorphous.

2.1.1. (i1) The T.G.A. of NH,La[ Ni(NO,) ] x Hy0

In order to determine x (the number of moles of
lattice water) and the decomposition temperature of the complex,
the T.G.A. of the complex was studied. Figure 10 shows the
profile obtained at 2ominute-l. If we assume that equation (6)
is valid :-

NH, La Ni (NOp) gXH,0 —p %Laj03.NiO+(x+1)H,0+3NO,+3NO+NH; (6)
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The 'calculated' percentage weight loss at the 'final decomposi-

tion'is 52% , putting x as 2, which is normally the case for

other hexanitronickelates39’41. Figure 10 shows nearly 80%

o o o
weight loss at 600 C and 26%-27% at 100 C-150 C.

80

60 =40 )

$Wt.loss .

40 «+20 ‘

.
.’...c-

PR K]
.

2042 oo - -I.}.‘fg"_e..%

e, s e - - - e .- e e

]

L L} L] 1

100 200 300 400 500 600
/%

Figure 10~ T.G.A. Curve of NH4LaE\Ti (NO2);I XH,0
These findings disagree with the assumptions discussed above
because, it seems, the sample was wet. If the first 20% weight
loss, which occurs at lOOOC, is offset (dotted line in Fig. 1l0O)
then the (6-=7)% (T = (lOO-lSO)OC) is in agreement with x = 2
and the 54% (T = 6OOOC) is in accordance with equation (6).

A more detailed study is needed to determine x and
therefore final decomposition products. Nonetheless Figure 10
shows that decomposition seems to be complete at GOOOC. This
temperature is in the range where Bogwlawska et al%o and
Davies et al?2 have observed for other hexanitronickelates.
The decomposition mechanism according to both schcao].s40'42
involves the formation of an M-nitrite (M(Noz))_ If this is

so it might explain why the oxidation Ni2i;, NiIII occurs at
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such a relatively moderate temperature. The oxidising power of

thesNé2 (radical) is well known in free radical organic chemistry.

2.1.1. (iii) Decomposition product of NH4La Ni(N02)6

Plate 3 A) shows the powder X-ray diffraction pattern of
LaNiO3 prepared by :-

(a) Heating NH4LaNi(N02)6 at 6800C for 12 hours

without periodic removal and grinding.

(b) The flux method of Wold et al5 with the latter

containing the greater NiO impuxity.

(d) and (e) compares results for sarples held at

SSOOC for 12 hours using the precursor technique (a)

above, and mixed acetates. The pattern in (@)

resembles highly disordered LaNiO3 by its fuzziness

and clearly indicating that perovskite formation

begins at 550O by this method. It is impossible to

draw the same conclusions concerning the acetate

mixture.

2a,17

Matsumoto et al. have claimed the preparation of
cubic LaNiO3 but have given no crystallographic evidence to
support this claim. The fuzzy pattern shown in Plate 3 A) @)
might have been considered as the "cubic" form of LaNiO3.

Energy dispersive X-ray microanalysis, performed on
a JEOL 120 CX TEMSCAN operating in the STEM mode, of samples
prepared via the precursor is shown in Figure 1l. Only La and
Ni peaks (Cu peaks being from the specimen grid) and peaks from
small amounts of rare earth impurities are observed.

Re-oxidized Lanthanum trioxonickelate III used in this

study was also prepared by firing LaNiO3 (either flux prepared

or 'precursor' prepared or samples prepared via the oxalate
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Figure 1l - X-ray Energy Dispersive Microanalysis of SrLaNiO4 & LaNiO3
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o
coprecipitation technigue) at 850 C for 12 hours under

240 atmos of oxygen in the apparatus shown in Figure 12,

! I

T X

10cm

Figure 12 - Internally heated pressure furnace
A-high tenstile bolts; B-nichrome wound furnace;
C-alumina block; D-water cooling; E-alumina powder;
F-alumina boat; G-silica tube; H-samples;
I-phospher bronze assembly for electrical leads
J-metal ceramic seal; K-thermocouple sheath.

2.2, La2N104 - Lanthanum-2-tetroxonickelate II

19
This was prepared as described by Rabenau et al, , Smolenskii

et a1.24 and other527i80The method consists of roasting LajyO3 and NiO
at 1200°C for 4-6 hours with periodic removal and grinding. The
author did observe a difference in lattice parameter for samples pre-
pared in air and accidently in oxygen - the a axis seems to be largexr
in the latter case. There was also a difference in colour, the former
is very dark green while the latter is black. Gopalakrishnan et al?7
have quantified this as explained in Section 1.3.3.

43
Kniga et al- have studied the kinetics of the formation

reaction of LazNiO4. They concluded that surface diffusion was the
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controlling step. They were also able to obtain single crystals
presumably from the melt at 1670°¢c.
2.2.1. SrLaNlo4 and La2L1.5N1.504
The SrLaNiO4 - Strontium Lanthanum-textroxonickelate

IITI and La,Li 5Ni 50, = 2'Lanthanum~4-1,1,tetroxolithiatenickel~-

2 4

ate I,IIT mentioned in the text were prepared by the method of

21 with some modifications.

Blasse
Sr(N03)2 and Lay03, Ni(NO3)2.4H20 were heated in
oxygen at 800°C for 24 hours. The same treatment was applied
to the Li2CO3/La203/NiO mixture for the latter compound. The
reaction mixture so formed was then heated at 900°C for 24

hours under 240 atmos. of oxygen in the apparatus shown in

Figure 12.

For the preparation of the La-Ni-O phases we have dealt with
both extreme cases; that in which maximum presence of oxygen is
desirable (preparation of LaNiO3) and its converse (preparation of
LaoNiOy) . For the phases LaN+lNiN03N+l there is an increasing
NiIII/Ni2+ ratio as Ne—) @0 and thus the oxidizing conditions must
be adjusted accordingly - at fixed temperature. Viewed from the

other standpoint the decreasing decomposition temperature, at fixed

Poz, must be taken into account.

2.3. La3Ni207 - Lanthanum-3-1,1, heptoxonickelate II,III

This was prepared by two methods :-

(o]
(1) Heating 3 Lag03 : 2Ni(NOj),.4H,0 at 1150 C in air

for 5 hours with about 5 cycles of the inevitable removal and
grinding procedure.

o
(ii) Heating pellets of LaNiO3 : LazNiO at 1150 C in air

4

for about 12 hours with one removal and grinding.
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2.4. La4Ni3OlO - Lanthanum-4-1,2,decoxonickelate II,III

o
(1) Heating 2La203 :  3Ni(NO .4320 at 1080-1100 C in

3)2
air for 12 hours with about 6 cycles of removal and grinding.
(ii) Heating 4La(NO3)3.4H20 : 3Ni(0H)2 in the same
o
fashion as (i) for about 4 hours at 1100 C.
(iii) Heating pellets of 2LaNiO3 : LayNiO, overnight at
o .
1100 C as case (ii).
25

The author was unaware of Seppanen's method of preparation

of LagNi30,, when the synthesis was carried out.

2.5. LaSNi4Ol3 - Lanthanum=-5-1,3,tridecoxonickelate II,III

This proved very difficult to prepare. The majority of mix-
tures were based on what was learnt from the preparation of La3Ni207
and La4N13OlO. When typical charges of 3Ni(NO3)2 : 2La203 were made

o On . . .
and heated to 1100 C-1150"C in air La3Niy04 and La4NJ_3OlO and to a
lesser extent La,NiO,were obtained. Plate 3 B)(a) and (b) shows this.
This Plate is presented also to show that La3Ni2O7 and La4Ni3olO are
clearly distinguishable compounds - identical patterns are also
ocbtained where 'pure' LaNiO3 is heated to these temperatures.

The successful methods developed in this work of preparing
La5Ni4O13 are :-

(1) Heating pellets of LaNiO, : La,Ni_O.. at 1050°C

3 473710
for 24 hours with about 5 regrinding cycles.

o
(i1) Heating 5LayO3 : 4NiO in a K, CO3 flux at 1050 C

for 48 hours.

2.6. Experimental :-

Starting materials were :~
(1) LaNiO3 (flux method) :- La,03 (99.9% Johnson Matthey)
NioO (99.9% Koch Light I

Na,CO3 (AR, Hopkins and Williams)
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(2) LaNiO3 = oxalate method -~ Starting materials were
Lay0, (as (1)) and Ni(NO3)2.4H20 (AR - Koch Light)
using (COOH)2.2H20 (AR Hopkins and Williams) as
precipitating agent.

(3) LaNiOj precursor :~ La(NOj)3.4H;0 (AR Koch Light)

Ni(NO3)2.3H20 (AR Koch Light)

NH4(NO3) (AR Hopkins and Williams)
NaNO, (AR Koch Light)
(4) La2NiO4 :~= As case (1)
(5) SrLaNiO, :- La,03 (99.9% Johnson Matthey)
Sr(NO5)2 (AR. Koch Light)
Ni(NO3)».4H,0 (AR Koch Light)
(6) La2Li'5Ni.504 2= Lazo3 (99.9% Johnson Matthey)
Li2CO3 (AR Koch Light)
NiO (99.9% Koch Light)
(7) Lag+1NiyOy4) phases :-

(i) N=2 Lay05 (99.9% Johnson Matthey)
Ni(NO3)2.4H20 (AR Koch Light)
(ii) a) N=3 As case (7)(i).
b) La(NO3)3.4H2O (AR Koch Light)
and Ni(OH) 5 (Koch Light)
(iii) As case (1).
Where La203 was used it was calcined and weighed when hot.
Heating was usually in a horizontal tubular furnace although
sometimes (case (4)) a muffle was used.
Grinding was done manually in an agate mortar.
X-ray microanalysis - narrowbeam - was on a JEOL 12CCX on copper
and nylon grids - OPERATING IN STEM MODE.

T.G.A. of NHyLaNi(NO3)g was performed on a STANTON 770 MICRO

ELECTRONIC BALANCE (at a heating rate of 2 degrees per minute).
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CHAPTER 3

Thermodynamic Properties of the LaN+lNiNO3N+l phases

3.1 Galvanic Cell Application

Because of the singularities in thermodynamic properties of
N-phase regions of an N component system (i.e. the activities of all
components being fixed at fixed temperature and pressure) the preci-
sion obtainable from galvanic cell measurements makes these regions
accessible to quantitative study. Galvanic cells can give accurate
values of partial pressures and from the temperature dependence of
the e.m.f., entropies and enthalpies can be calculated. The e.m.f.
must be calculated under open circuit conditions (i.e. equilibrium
established between electrodes). For electrocatalytic oxides cell
design is simplified by using a solid electrolyte such as Yttria
Doped Zirconia (¥YDZ) without a conventional noble metal electro-
catalyst such as Pt on the sample side and in appropriate cases the
use of air sz = 21.3 kPa as reference electrode.

3.1.1, Cell Voltage of 3 Component Oxide Systems

The cell voltage is a measure of the activity (pez(s))

according to the Nernst equation :-

E=RT Ln ® 9 ¢ 6 ° 0 ° 0 %P OO OO P e DS QT 8OO eO 7)
RT 932(5) (
ZFr a—

ref
p02 ( )

where Z = no, of moles of electrons involved in the reaction
11

R = 8.314 J mol k F = 96450C.and T = Temperature

in K.
Following the I.U.P.A.C. convention the e.m.f. is positive (+ve)
if the right hand electrode is +ve against the left hand elec-

trode. For 3 coexisting solid phases in a system A-B-O this amounts

to the following :-
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SAMPLE ELECTROLYTE REFERENCE say
ﬁl!B&(Dn
AR Bﬁ OU. YDZ air
67353073
P0,= ? but<21l.3kPa Py = 21.3 kPa
de™ — % 20%" oo | a—— de”

When p02 ref = 101.325 kPa according to Chan Li Chuan et alfl4
3

E= _1_ (- l)ld G (A,.B
2Fd r3 Lo
i=1 (&~ & ¥ are stoichiometric numbers.)

O ) ereceraceiociioe.. (8)

Where d is the determinant formed by the stoichiometric numbers of
the 3 coexisting solid phases and d ,3 is the minor of d formed by
eliminating the third row and the ith line of d - the stoichiometric
numbers of oxygen -, For such 3 phase regions it is imperative to
study 2 ternary phases which have one side in common with one of the
two legs of the Gibbs Triangle (oxygen forming the third leg). In
the La-Ni-O system this amounts to :-

{1)  LagyNigOgy, | Nio |  Lap+1NipOsny
and (11)  Lay,NigO3N+1 | Lay0y | Lag  NijO3,49
accordingly for (i) :-

d = |N+1 N 3N+1

It

N -n
n+l n 3n+l
o 1 1
= + = e = e - °
dl'3 n+l d2,3 (N+1) and d3,3 (N-n)
Thus (i) can be written as :-

N Layg,iNiOgygy; —> (W1)Lay, NipOs ., +(N-n)NioO +(N-2-n)02... (9)

The condition for coexistence is therefore N—n = l. Under these

conditions Z=2 and equation (8) can be written :-

N 3N+

{(N-J—llAGf(Lam_lNl n%3n+1! +AG Wio) -NAG (LaN Ni O .- (10)
2F '
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and since 2.303RT log:L Pg =AGOZ cosnessescsascassess (l0a)

2 Q 2

where p / kPa = 21.3 eXpP =4EF .c.es0s0cacacossscss (1OD)
02 RT
Equation (10) can be written :=-
- o o, . o]
A Go=t1A G ] +Ac i) -vaG, [N] ...eo.....(1D)

where Eﬂ and [ﬁ] are the ternary La-Ni-O phases,

Similarly for (ii)

d = | N+1 N 3N+1 = < (N-n)
n+l n 3n+l
2 0 3
dl,3 = =2n d2,3 = 2N and d3,3 = = (N-n)

Thus (ii) can be written :-

2nLaN+lNiNO3N+l +(N-n)La203 —3 2NLa +lNino3n+l +{N-n) O, ecaeas{l2)

n > 2

Accordingly :-
o o o
ATo,= 284G, [n] - 2nAc; [N] -AGL(ay09) «eeennini(13)
as N - n= 1 as case (i),
Often in this text the author refers to a phase by its stoichiometric
number as is shown above. For example if 010 = Ni, 001 =0 and 100 = La
then (203) = La,O; and (011) =Nio. Ternary Lay,,Ni O, . phases are
referred to by the value of N. Mixtures are therefore named in
accordance e.g. n = 1,2(011l) defines a mixture of two ternary phases

n=1and n= 2 with NiO.

3.2. The Activity Cell and its Calibration

The design of the apparatus and measurement procedure are
described in the experimental section of this Chapter. In all cases
the reference electrode was airx p02 = 21.3kPa. The cell was cali-
brated using the Ni/NiO (010,011) equilibrium.

Ni + % 0) ——) NiO sivvececercnerccenecccenannnsns(ld)

Figure 13a(i) shows plots of e.m.f. vs T(K) and Figure 13b(i) the plot



54.

6704

E/mV

620

570

(a)

(i) (01o,011)

Ni/NioO

(11) N=1, (010) (203) La NiO,/Ni/La,0,

(id)

9.860

1

1100

FPigure 13 - Galvanic Cell Measurements (al E(T} (b) loglopo2 (l/T)

1
1200

T/K

1300

10,60+
3

11op

11.60CH

12.6C

13.

()

Po

(i)

(ii)

(x0,011)

N=1, (OLQ} (203)

8

(1)

(ii)

0.85

103/

0.80




55.

of loglop02 vs lOB/T. Least squares treatment of the latter gives :-

_ 3
lOglopoz - 249736 X lO + 9.204 iOolS ..........-...(15)

’ 1150Kg T 1350K
Putting equation (l10a) in equation (15)
A Gy,= - 236.8 + 0.0881T + 1.5kIMOL wecvoronon oeesenns (16)
Assuming that Ni and«azare in their standard states at 1200K egn. (16)
is the expression for&G? (NiO) which is in agreement with the data of
steele?® (AHC = -234.2 + 0.%kamo1™, As® = 84.89K Tmo1
900Kg TK 1400K)

o o
Remembering that AGE—-AHf = TA S cieiececscssesessccassscasaces(l?)

o
At 1200K the Third Law Treatment for the entropy S (NiQ) reads :-

o o o o
IX = - - (] S S 0 O & * 9 O OO DO B P PO PO O SO g e s e e
S sNio %S 0y Syi (18)
o) - -1
S... = 111.5JK lmol
Nio

o -
Usingl\ S from equation (16) where So = 250X lmol and
2

SS. = 74.5>Jxrlmol as calculated from heat capacity data given in
i

Kubacheweski46 as outlined in Appendix A 3. The calculated value for
- -1
NiO is 102.5JK lmol which agrees with equation (18).

3.3. Results of Galvanic Cell measurements on the LaN+1NiNO

3N+
Phases. L

Excellent data is available on the thermodynamic properties
of NiO as is evident from the previous section of this Chapter. The

same is not true for La203. Examples can be cited in the literature

47,48
of authors using enthalpies and entropies at 1000K-1200K with a

- -1 -1
variation as large as 86kJmol 1 and 29JK mol respectively. In con-

o . 46,50
sequence uncertainties are large in measurements concerning La203' .

3.3.1. N = 1, La,NiO

5 4 " Lanthanum-2-~-tetroxonickelate II -

The e.m.f£f. vs T curve for the reaction

La203+Ni+;202 ——.—_—é LazNiO4 ao-oo.ol---.---o-(lg)

and the corresponding log vs 1/T plot are shown in
lOpO2
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Figures 13(a) (ii) and 13 (b) (ii) respectively labelled as N=1, (0l0) (203).
Least mean square treatment of the latter gives :-

3
loglopo2 = —26.l§ X10 + 9.285 i_oélo

Therefore A-GB2=-250.2 + 0.0889T + 1.0 kJmol™ T

.-..............(20)

Assuming Niand Ozare in their standard states and using a value of

(] -
A;Gf (La203) = -1811 + 0.289T + 12kJmol L gives :=-
AGY (LaNiO,) = =2061 + 0.377T + 12kTmOl " +ueovenesacnnsnnn (21)

1150K & T 1340K
o
z&Gf (La203) is calculated from heat capacity data given in

Kubacheweski et alfl6 and Barin et alfl9 and are given in Appendix A2.

Sreedharan et alfl8 have measured the thermodynamic properties cf

La2N104 using NiO as reference electrode within the same temperature

range, and arriving at the value of :-

1

a) AG](La,Ni0,) = -2057,1 + 0.322T # 17.3 kimol .

2

(]
For the reaction :- LaZO3 + NiO .___§La2NiO4 they obtained

b) AG = -25.568 + 0.03018T + 0.19 kdmol™l. When this is

combined with the dataforrﬁx)andLa203 as is used in this work the

final result reads :-
c) ZSGg (La,NiO,) = -=2070 + 0.351T # 0.19 kJmol—l°
In other words the calculated value is more in agreement with
equation (21). From the data of Sreedharan (b) above it is implicit
that TNG=0 ~ 847K i.e. the decomposition temperature of La2NiO4.
26b

Timofeeva et al® reported that La_NiO

5 4 melts congruently at 2023K.

Under these circumstances the author thinks it best to use an average

between data obtained in this work and that derived from Sreedharan
48

et al. for further calculations. The value obtained is :-

1

4 AGy (La,Ni0,) = 2065.5 + 0.364T + 13kJmol™ T .....(22)
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3.3.2. N = 2, La Ni207 - Lanthanum -3-1,1,heptoxonickelate II,III -

3
a) Along the NiO phase boundary :-

Equation (9) applies with N = 2 and the reaction

2La3Ni207 — 3La2Nio4 + Nio + %02 crososesacssss (23)
e.m.f.ys Tandloglopoz vs 1/T plots labelled as N = 1,2, (011l) are
shown in Figures l4(a) (i) and 15(a) (i) respectively. Least mean sqguare
treatment of the latter gives :-

p,, = 13.528 x103

+9.052+O.l ........'O..‘.....(24)
10702 T -

log

1

Therefore A Gy, =-129.5 + 0.0866T + 1KJMOL™™ sieeevanenceorannnns (25)
Putting equation (25) in equation (11) i.e,

ATo,=3AGR(N=1) +AG2(OL1) =2AGg(N=2)eeruuvnnonnns (26)
Now using the data of Steele45 forAGg(NiO) together with equation (22)
in equation (26) :-

A GJ(LagNi 0.) = 3150.5 + 0.5452T + 13k3mol™ " uuaens.. (27)

(1160K<K T 1460K)

Figure 14 (a) (1) also shows the decomposition temperature (i.G=O) of
La3Ni207. Graphically this is v~ 1505K while equation (20) gives
1494K. The significance of this will become apparent in the follow-

ing Chapter.

b) Along the Lazo3 phase boundary :-

Equation (12) applies with N = 2. The reaction

3
e.m.f. vs T & loglopO vs 1/T plots labelled as N=1,2, (203) are shown
2

2La N1207 + La203______+ 4La2N104 + %02 ceecececesscsccs (28)

in Figures 14(b) (i) and 15(b) (i) respectively. Least squares treat-

ment of the latter gives :-

- - 3
loglop02 = 12.;32X10

and therefore A'é-02=-121.8 + 0.08864T + SkJmol—l eececascsssscsss (30)

+9.259 io.s o-..o-'-oconnce.o'(zg)

Putting N=2 in equation (13) gives :-

O frr _ O yar o AT
2A G2 (N=2) = 4B G2(N=1) ~AG(203) ~AT, c.eceversrens(31)
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Now combining equations (22), (30),(31) andAGg(LaZOB) gives :-

A GZ(LaNi 0,) = =3164.6 + 0.5391T + 18KImOL eueenevnenn. (32)
(1160Kg T 1320K)

compared with equation (27) determined along the NiO phase boundary.
In this study small amounts of NiQ in(as prepared)La3NiZO7

interfered with the equilibration process 48. In consequence equili-

bration times were very long indeed, sometimes up to and greater than

12 hours at 1000K T¢ 1300K. There is also quite a larger scatter

as 1s evident in the large uncertainty.

3.3.3. N=3$La4Nl3olO — Lanthanum-4-1,2,decoxonickelate II,III -

a) Along the NiO phase boundary :-

Equation (9) is valid for N =3, i.e.

3La,Niz0yy ———> 4LagNi 07 + Ni0 + My e.evenroansns.(33)
The e.m.f. vs T plot for this reaction is shown in Figure 14 (a) (ii)
labelled as N=3,2(011). The system shows a change of slope at 1310K.
From 1150K to 1310K equation (36)is obeyed i.e. the system is uni-

varient. Above this temperature metastable 'nonstoichiometric' phases

are formed and the variance changes. This,termed 'subdivision
equilibrium' by Anderson52, is reviewed more fully in Chapter 5. It
is primarily as a result of phase broadening making phase dis-

tinguishability small or non-existent. The two branches of the E(T)

curve are summarised below :

E/mV = 589.9 - 0.4182T i l ...--oooqooo.nqoo.c-c--c~..-(34)
(1150K T 1310K, TnG=0 = 1432K)
E/mV = 451.12 = 0.300T + 1 .euvecececsccsosccessceasssses(35)

(1310K<S T 1495K, R o = 1503K)
The high temperature branch extrapolates to the decomposition temper-
ature of LaBNi207 (i.e. formation of La2NiO4) which indicates some
participation of the latter compound (N=1) in the subdivision equili-
brium process. The loglop02 vs 1/T plot is shown in Figure 15 (a) (ii)
labelled as N = 3,2 (0l1l). Least squares treatment of the low

temperature branch gives :-



loglopoz = -12&‘113 + 8.460 io.l ....0'..........'.(36)

and A§02=—115.9 + 0.0810T + 1kImol™ tiveieeannl. (37)
Putting N = 3 in equation (11) gives :

3A60MN=3) = 4AGO(N=2) + A\ Go(0ll) -ZiG (38)

f f f ,_\020000-.0.0
Combining equations (27),(37L¢LG:(N10)4%nd (38) gives :-
-1
G (La,Ni 0, ) = 4239.6 + 0.7239T + 13kJmol = ......(39)
(1150K T 1310K)

b) Along the La,O, phase boundary :-

3
Equation (12) is applicable with N =3 i.e.

4La4N130lo + La203 —— 6La3N1207 + %0, .....(40)
The E(T)aniloglop02 (1/T) plots labelled as N=2,3(203) are shown in
Figures 14 (b) (ii)and15(b) (ii) respectively. Regression analysis of

the latter yields :-

3
= * + . . .......".Ql'.(
loglop02 15.017X10 10.488 + 0.3 41)

T
A Gg,=-143.8 + 0.1004T # 3kImol ™t Liiiei.... (42)
Putting N = 3 in equation (13) gives :-
ANG (N=3) = EAG. (N=2) -Ac0(203) -AG (43)
Af - - f - f O %2 600000000 s
Puttinan?(La2O3), equations (27)and (42) in equation (43) gives :-

o . _ -1
zﬁGf(La4N13Olo) = -4236.3 + 0.7293T + 1l6kJmol ceees. (44)
(1080K< T < 1230K)

compared with equation (39) when determined along the NiO phase
boundary. \
As was the case for N = 2 (La_Ni_O_) traces of NiO in (as

3727

prepared) La4Ni3OlO interfered with the equilibration process and

6l.

times were inordinately long. It was decided to terminate the studies

involving La203.
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3.3.4. N = 4/La5Ni40l3 - Lanthanum-5-1,3,tridecoxonickelate II,III -

Along the NiO phase boundary :-

Equation (9) holds for N = 4 ji.e.

4La_Ni 0, = SLa4Ni

N1 0,5 +NJ.O+1:02 ceccssesenecoss (45)

o
3710
As for the previous case the E(T) plot shcws a change of slope above

a certain temperature, indicating the formation of metastable phases.

The details of the E(T) plot, Figure 14 (a) (iii), are as follows :-

E= 585 -004290Til.5 mv ..-......‘C..'..‘-...-.....'.(46)
(1100KL T 1270K T = 1360K)
TS Ac=0
E = 254.3 - 001698T i l mV e0 000 o o.ootoco-oooo---ooo-o-(47)
(1270K§ T 1400K TAG=O = 1500K)
As before the latter high temperature branch shows that LazNio4 is
involved in the sub-division equilibrium processsz_ The low temper-

ature branch of the loglop02 vs 1/T plot shown in Figure 15 (a) (iii)
as analysed by least squares is shown below :—

3
loglopoz—_ll.;46 XlO +8.648 io.l -qo.‘..c'....q..oo(48)

AGp = -112.45 + 0.0831T + 1kJmol™l L.ili.iiieeen... (49)
Putting N = 4 in equation (1ll) gives :-
o} _ O (p= (e} A
4AGf (N“‘4) - SAGf(N 3) +AGf(Olll AGOZ @ ® @G ® 9 "e eSS SO (50)

45
Combining Gg(NiO) with equations (39),(49) and(50) yields :-

o . - _ -1
A G, (LagNi O,4) = -5330 + 0.9129T # 13kJmol

(1100K < T< 1270K)

cececasecese(51]

The e.m.f. was constant in the regions studied indicating that no

other phases exist in this region of the La-Ni-O phase diagram at

these temperatures. The 'anomalous' E (T) behaviour observed for

some of the oxides constitutes metastable phases which are solutions

of the various ternary oxides dissolved in one another. The tempera-
IIT

ture at which the anomaly begins appears to decrease as the Ni

content increases (i.e. T = 1310K, T

4¢3

and (46}, suggesting that compounds with the larger value of N are less

3¢m2 = 1270K, equations (34)
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stable and are probablY more apt to enter into’solution'. Data collec-
ted for samples of LaNiO heavily doped' with NiO from 'failed'
attempts to prepare Von J. Sieler's32 LaNi O, - Section 1.5.1 -

24
fitted the data of (as prepared) La_Ni O._. This further supports

57413
the view that although 'LaNiO3' samples might have an X-ray diffrac-
tion pattern of LaNiO3 compositionally this might not be the case.
Table 9 summarises Free Energy Reaction for the so far known com-

pounds in the La-Ni-O system.

TABLE 9 Free Energy of Transformation of the LEN+lNiNO3N+l Phases

)Reaction 4LH/kJmol—l .I‘xS/.:!‘K_lmol“l U/kJmol"l Temp.range/K
: N=1é—- N=2 129.5 86.6 1 1160~-1460
N=24— N=3 115.9 82.0 1 1150-1310
5 N=3¢—N=4 112.4 83.1 1 1100-1270
)N=l+—-N=2 121.8 88.6 5 1160.1320
N=2¢— N=3 143.8 100.4 3 1080.1230
a) determined along the NiO phase boundary
b) " n " o 1a Q. " n U = uncertainty

273

The derived thermodynamic properties (from b) above) of the

Ni . s m
LaN+l lNO3N+l phases are summarised below in Table 10.

TABLE 10 Thermodynamic Properties of LaN+lNiNO3N+l Compounds :-

N | Formula A;H;/kJmol—l U/kJmol-l -lSO/JK_lmol-l Tg/K s®/Mevk~1
1 La2NiO4 2065.5 13 364 2023* 3.92

2 LaBNi207 3150 13 542 1505 6.55

3 La4NJ.3OlO 4239 13 729 1420 9.25

4 LaSNi4O13 5330 . 13 915 1360 11.92

Tq is the decompasition temperature accurate to * 5°

O*Melting point26b

S /mevK~l is the Third Law Entropy (at 1200K) calculated from the
relationship - NS° [ﬁ] = (N+1)s©° ﬁz + SO{NiO) + 3s° o -AS .. (52)
Where [NI and:n} are coexisting ternary phases and So J‘%s the

reaction entropy shown in Table 9.



64.

Outside the 'anomalous' region in the E(T) plots (Figures
14(a)and 15(aJy,the univarient conditions approximate to a set of
parallel slopes. For the 3 three-phase regions there is one
phase common to two regions, therefore the difference in activity
between the 'common' phases at a particular temperature is reflected
in the difference in cell voltage G=f(£yu021). At 1214K this amounts
to the following :

A = 31 mV and@ AE = 21 mV. One would need to

E
N=2/N=3 N=3/N=4
know the activitiy of at least one more component say NiO to be able

to calculate absolute activities of the ternary phases.

3.4. The La-Ni-O Phase Diagram

Cassendene51 reported only two phases in the pseudobinary
La203/NiO phase diagram namely LaNiO5 and LapNiO,. We are now in a
position to expand on this. We can use two models :-

a) Pseudobinary

We consider the formation of a series of 'solutions' along

the line connecting La2NiO4 (N=1)and LaNiO3(N=GD) as shown in equation

(53) below.

La2N104 + (N-l) LaNlO3—‘> LaN+lNlNO3N+l e Qs eece0e0s e (53)
solute solvent 'matrix!’
(N = 1) (N = Q)

83

According to the Gibbs-Duhem relation ~:-

G(N) = XN=1GN=1_ + )(bl__:mGN:m .-ooo-o-.-.-a-ooooo-.o.--o.(54)

where GN' = G
i dn
N]_ Nle'P

and from equation (53) the mole fraction of La2NiO4 is given by :-

X = .........'...'.I‘...n.......O....‘..Q.'..(55)
N=l -1

so that Lim X = 0,
N-+ 00 N=1

Combining equations (54)and (55) leads to :-

GMN) = NX . [-GN=1 - N(N—l)Gng + 1\1(1\1--1)@1\]_;Oo ececacso.(56)

Both E&_lénd E&_ are in principle determinable from the slope and

8]



65.

intercept of the G(X) plot. Arbitrarily we know that as

N-— @© on and therefore p02 increases.

Table 11 summarises G(N) calculated fromA;Gg =f;H? - TZ&SO at 1200K

and the corresponding XN—l calculated using equation (55)

TABLE 11 Free Energy of LaN+1NiNO3N+l 'solutions' as f(xN=l) at 1200K
N . Formula Xy : G (N) /kJmol™1
1 LayNio, 1.00 1628
2 LasNi 07 0.50 2499
3 La,Nij0q, 0.33 3361
4 LagNi 0, 5 0.25 4232
: *
5 La6N15016 0.20 5101
0 LaNi03 0,00 ?

* determined from coulometric studies on LaNiO3 (Chapter 4)

The data in Table 1l is plotted in Figure 16 below.

(T=1200K) X A

5000
4000 o
G/kJmol~1

3000 -

1.'00 0.75 0.50 0.20 0.00

() -
-
U1 o
8

~
of 1l 2
B 0300

Figure 16 - G=X plot for the pseudobinary LaNiO, (N=) :La,Ni0, (N=1)
System at 1200K.
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The envelope formed by the coexistence tangents approximates to a
smooth curve (dotted line)., This can easily be mistaken for a smooth
bivarient curve if crystallographic data was lacking or if the thermo-
dynamic measurements were too widely spaced. The inability to distinguish
phases increases with N (i.e. Xy=1 decreases). Now if each phase
represents the most probable configuration of the atoms at this
temperature, the Third Law of Thermodynamics tells us that this is
a distribution function of the type :-

W= exp - G Where w = probability

kT
Fluctuation in the most probable distribution may occur if there is

a net gain in free energy according to Anderson52° At fixed tempera-
ture this will predominantly be dependent on the separatlon along X.
If w is aparabolic function, the 'width' of the parabola should
indicate how readily a phase mixes randomly with neighbouring phases.
As w becomes narrower this random mixing will increase and £fluctua-
tions in w increases. This is indicated as x in Figure 16.

b) Ternary

We consider the formation of a solution of 3 components of

the type shown in equation (57) :-

N+ + i0 + -1)'0? i cecesse
('2 l)La203 N NioO (N2l) 0! — LaN+lN1N03N+l (57)
and G(N) = XLa203GLa203 + X oGyio T XOGO
Now X = N + 1 so that Lim = 1
La203 g — NaogLaZOB z
and xo =N-1 so that Lim X =1
AN N»OC e Z
while .. = N = l= const.
leO N 2

Data from Table 9 is used to calculate Molar Free Enexgies G (N)
using AG =AH - TAS (T = 1200K). These are tabulated with the

relevant mole fractions in Table 12,



TABLE 12

Molar Free Energies & relevant Mole Fractions for the

LaN+lN1NO3N+l phases at 1200K

N % on X X, G /kmo1 L
1 0.500 0.000 0.500 +10.60*

2 0.375 0.125 " ~25.50

3 0.333 0.166 " -17.50

4 0.312 0.187 " ~12.80

5 0.300 0,200 " ~11.63%*
o 0.250 0.250 " ?

48
* calculated from the data of Sreedharan et al.

** calculated from P-X profile of LaNiO3 obtained coulometrically
(Chapter 4)

Figure 17 shows the Molar Free Energy surface for the La-Ni-O system

at 1200K plotted in 2kJ steps approximately

o)
!
- T = 1200K
X
]
0.8 ' 0.8
]
\ 1
\ {
\\ !
0.6 \ \ 0.6
* 1
|
' X
xLa203 \ o
{
0.4 : 0.4
YW G =7 (N=(O)
Weomseoos sesosvocsscom > ad ase 200 awosose
1
!
0.2 ' - 11.63  (N=5)
) — D -12.80 (N=4)
" = 17.50 _ (N=3] \
! - 25.50 (N=2) \
\ 0.1
L}
' (+ 10.60) (N=1)
N 7, A -
Laj03 0.2 0.4 ZXyjo 0.6 0.8 Nio

Figure 17 - Molar Free Energy Surface for the La-Ni-O System
(LaN+lNiNO3N+l Phases) at 1200K in approximately 2 kJ steps.
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Figure 17 reiterates the small steps in Free Energy (say 02) to change
from configuration N to N' at this temperature particularly as N-3»0O.
G(N) for the latter compound (i.e. LaNiO3) is indicated by a dotted
line on the Figure as no thermodynamic properties are available. The
partial molar free energy for the formation of La2N104 from La,05 and
NiO is +ve at 1200K according to the data of Sreedharan et al?

This is out of character with the values for the other oxides

(Table 12) and indeed contrary to expectation.

3.5. Experimental

(a) The Activity Cell

A long tubular activity cell design (Figure 18) was
adopted. This has several advantages over the conventional 'pellet
cell' as was used by Screedharan et al4.8 or small crucible type cells
a® reviewed by Steelesg. These advantages include :=-

(i} The possible use of a cold seal such as

araldite between electrolyte tube and 'sealing off

facilities', For the small crucible type cells a

glass ceramic seal is normally used. This seal has

to be made at high temperature (lOOOOC - 1400°C) and

is not suitable for application in cells running at

Tw llOOOC particularly for samples of low oxygen

potentials (closed cells),

(ii) The reclycleability of the cell particularly

when the compounds to be studied are very soluble iﬁ a

solvent such as dilute acid in which the electrolyte

is only sparingly soluble. This condition is fulfilled

for the La-Ni-O compounds when the solvent is dilute

HNO3 and the electrolyte YSZ,

The cell used in this study is shown in Figure 18.

The electrolyte tube was manufactured by the Zircoa Coxporation
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containing about 1% Fe?t impurity and having a nominal thickness of

lmm. The air electrode was made by firing on platinum paste
(Englehard Type 6082) as recommended by the manufacturer; contact to

the thermocouple leads was made by 'tying on' Johnson Matthey

The D.V.M. was manufactured by Data Precision

10
(series 2000, type 2400) with an input impedance of 10 W

specpure platinum gauze.

15cm furnace

s E T1/C aluming red T/C sheath Sp Pt

(a) Cell Design :=~

air
S = araldite seal La=Ni-0
Sp = specimen 1 =1 323 (Pt/RhA
e = YSZ tube Pt /R0
J = ground glass joint
v = glass vacuum value | /C
D.V.M
/7J‘7/ 1019 nn
(Bl Equivalent circuit for E(T)
measurements

Figure 18 - Activity Cell for the Evaluation of Thermcdynamic
Properties of the La-Ni~-O Compounds

(b) Setting Up Procedure

After any one cycle of experiments was completed the
cell and the solid alumina rod were washed thoroughly first with
dilute HNO3, then with distilled water and occasionally with diethyl
ether. The cell was then left in an oven to dry for 2-3 hours or
where a very dry cell was required degassing was performed at lOOOC

on a silicone oil diffusion pump.
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All specimens were in powdered form. These were mixed
thoroughly in an agate mortar. The best way for loading the cell was
by using a specially made long paper funnel. For good e%ectrical
contact, powders were pressed firmly to the bottom of the tube by an

alumina rod longer than the one shown in Figure 18.

The internal volume of the system was determined by
filling the system, as it is in Figure 18 but without the sample, with
water. This was then weighed. The volume was typically (11-13)cm
depending on the electrolyte tube. It was calculated that (1-1.5)g
samples were more than adequate to‘fill the system' with the po2

at the triple point.

(c) Specimens

(1) Calibration :
Koch Light Ni0(99.9%) and Johnson Matthey Ni
(specpure) were used. The powders were thoroughly mixed in an
agate motar. The cell was then evacuated down to lo- Torr on
a silicone oil diffusion pump and sealed off via v in Figure 18.
E(T) values obtained on both heating and cooling cycles are

shown in Figure 13(i). The experiment took about 12 hours,

(2) Test Cases :

(i) La203/Ni/La2NiO4 - Ing l:1:1 ratio an evacuated
cell was used. Koch Light La203 (99.9%), Johnson
Matthey Ni (specpure) and as prepared, La2NiO4 were
used. E(T) values obtained-on both heating and cooling
cycles are shown in Figure 13 (ii). The E(T) profile
was determined once and taokw18 hours, No phase
changes were cbserved in the region where B{T] ‘was
determined. At lower temperatures (1150K< T < 1220K)
E 'settled down' in about 40 minutes after temperature

change, but values were taken as an average over a
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(60-90) minute perind, At higher temperature

1220K £ T < 1300K equilibrium was established in v~ 20 minutes
after temperature change but voltages were taken as an average
over a (40-60) minute period,

3
profile was determined, As prepared, La3Ni207

(ii) La Ni207/La2Nio4/NiO - In a 2:2:1 ratio the E(T)

together with the previously described La2N104 and NiO were
used. Voltages obtained on both heating and cooling cycles
are shown in Figure 14(i). The E(T) profile was studied in
the ranges 900K < T < 1100K and 11l00K < T < 1469K. Measure-
ments in the low temperature range took up to 120 minutes to
reach equilibrium and there was more scatter in the E(T) data
obtained in this region. In the high temperature range
equilibrium was established in about 30 minutes (for T ) 1150K)
but readings were averaged over a (40-60) minute period. The
E(T) profile was determined 4 times; twice within the low
temperature range (data not shown) and twice within the high

temperature range over a 10 day period. A typical EMF vs T

reads :-

a) High Temperature Range b) Low Temperature Range
T/K E/mV Time/Mins. T/K E/mV  Time/Mins.
1164 196.3 3 954 220 o}

170.7 37 295 30
168.3 60 290 60
169.0 75 293 90
- 1les+l - - 292+1 -
1272 105.9 5 990 252 10
102.4 20 257 30
102.0 35 264 60
102.5 45 266 Q0

- 10240.5 - - 265.3+1 -



High Temperature Range

T/K

1332

1369

1399

1437

1457

E/mv
74.8
74,1

74
74+0.5 =
55.1
54.8

54 -
5440.5
41.6
41.9
42.2,
42.240.2
24,7
25,3
25.3+0.1
13.9
14.6

14,7

- 14.7+0.1 -

3

an open cell,

(iii) La N1207/La2N104/La203

(1)) and excluding the NiO.

range 900K € T < 1100K and 1100K < T < 1300K.

Materials were as in (ii) but using La O

72.

Low Temperature Range

Time/Mins. T/K
5 1008
20
30
40
5
20 1029
30
10
20 1079
30
(@]
25 1087
0]
10 1119
20
1127
1159

E/mV Time/Mins.

236

244

247.

246

246.

220

238

239

239,

210

214

215

214.

210

212

212,

187

193

192.

186

189

189,
168.

171.

10
30
6 55
75
6+l -
o}
50
60/60
9+1 -
o}
30
60
541 =
10
60
oxl -
10
55
6+1 -
6
60
431
o} 10
7+l 60

- in a 2:2:1 ratio were used in

03 (as in

E(T) was determined within the

Equilibrium in

the latter range (not shown in Figure 14 (b) (i)) took up to



18 hours to establish because of small traces of NiO in, as

prepared, LaBN:i.zo7 and La2
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Nio 4° In the high temperature range

(Figure 14 (b) (i) equilibrium was still sluggish (e.g t% 5 hours

at w 1150K). Overall E(T) was determined 4 times over a 10

day period.

(iv) La4N13010/La3N1207/NiO - Determination of E(T) was by

using a 2:2:1 mixture. Materials were as in (ii) but replacing

LazNiO 4 with as prepared La 4NJ'.3010. Three determinations of
E(T) were carried out one within the range 900K < T< 1150K
(not shown in Figure 14 (a) (i) )where the voltage was by and
large reversible for heating and cooling cycles. The other
two were within the range shown in Figure 14 (a) (ii)

(i.e 1150 < T < 1490K). Voltages up to 1300K were reversible
but at temperatures greater than 1300K (where the wvariance
changes) voltages were not reversible, From 1190K downwards
E(T) lay in between the E(T) for the N=1,2 (0ll) equilibrium
and the N=2,3(011) equilibrium - Figure 14. Equilibrium was

faster than in (ii). Typically equilibrium was established

(with the high temperature range atsw 1200K) in about 30 minutes

but readings were averaged over a 40-60 minute period.
(v)‘ La4Ni3010/La3Ni20.7/La?_03 - A 2:2:1 ratio was used.

Materials were as in (iv) but replacing NiO with La203 as in

(i). E(T) was determined 4 times; twice within 900K T € 1100K

(not shown) and twice within 1100K < T< 1250K (shown in
Figure 1 4(b) (ii)). Equilibrium times were long because of
traces of NiO in La4N13Olo and La3Niy0, (e«g »~ 24 hours at
1000K), and results showed a large amount of scatter.
Results for studies involving La203 were not as good

as those involving NiO. The author believes a more thoxough

investigation of the La-Ni-O phase diagram along the La,04

phase boundary is necessary.
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(vi) LaSNi 4013/La 4Ni3olO/NiO ~ E(T) was determined from a
2:2:1 mixture. Materials were as in (iv) but replacing
La3NJ.2O.7 with as prepared La5N1 4013. E(T) was determined
trice; twice within the range shown in Figure 14 (a) (iii)
1100K < T < 1400K and once within the range 900K T< 1100K.
Voltages were reversible up to about 1270K where the variance
changes. Equilibrium times were relatively short (e.g. at

1200K typically t* 20 minutes) but readings were averaged over

a 40-60 minute period.
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CHAPTER 4

Thermogravimetric and Coulometric Studies on Lanthanum Trioxo-
nickelate IIT (LaNiOB)

4,1 Thermogravimetric

The thermal decomposition of any compound is controlled by
Kinetic and thermodynamic factors; the former of which is not con-
sidered in this work. We can say however that even on purely thermo-
dynamic grounds the decomposition profile should indicate what species
are formed and suggest a model for intermediate phase formation and

decomposition., For a ternary oxide such as LaNiO. formation of at

3
least one of the two binary oxides that form two of the legs of the
ternary triangle (Figure 18] is possible. In other words at normal
oxXygen pressures and at T:>500K La203 or NiO, We know from previous
studies that ternary phases of the type LaN+lNiNO3N+1 are formed so it
is more than likely that they are involved in the decomposition process.

A number of workers notably Gai and Rao>® and Obayashi et al.4
have studied the T.G.A. (or T-X) profile of LaNiO,. Both schools
reported that there was evidence of oxygen loss in well defined equili-
brium stages. Pigure 19 shows that the T.G.A. of LaNiO3 in air
('po2 = 21;3kPaI performed on a Stanton 707 Electro Microbalance. The
sample was flux prepared (Chapter 2} then reoxidised at 850°c under
240 atmospheres of oxygen for 24 hours. Since neither La nor Ni form
volatile oxides under these conditions, then the following is wvalid.

Weight loss = oxygen loss

Since mass of 1 mol of LaNiO3 = 245.613g

% oxygen in LaNiO3 = 19.54%

and therefore if x is the % weight,los%.no the number of

moles of oxygen loss per mol of LaNiO3 then

= 3x
19.54

Both x and nqy are plotted vs T in Figure 19.
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Figure 19 confirms the oxygen loss in steps. The decomposition was
complete at x = 3.25% (nO = 0.500) for temperatures greater than 1250°C.
X~-ray analysis confirmed the final product to be a mixture of

LapgNiO, and NiO. Gai and Ra056 carried out a study to x = 1%

(T = lOOOOC) and suggested phases of the type LaNNiNO3N_l with N =7, 9
and 13 were formed. They added that the rhombohedral cell was retained
at all compositions; its volume increasing only slightly upon oxygen
loss. Obayashi et alo4 performed both T.G.A. and D.T.A. reporting

that the latter technigue showed an exothermic peak at 335°C and
endothermic peaks at 94OOC, 1120°C and 1200°c. They explained the
T.G.A. Curve in air on the following scheme :-

] o]
oraNioy 240°C, orawiog _1120C . 1a,Nio, + NiO + %0,

R3m cubic (Pm3m)
1200°C

La203 + NiO

They concluded that LaNiO3 decomposed at LaNi02°75 rather than LaNi02.5
because the La and Ni coordination numbers in LaNiO2.5 change from 12
to 10 and 6 to 5 respectively in spite of the fact that the tolerance
factor for LaNiOz.5 falls within the range where the perovskite struc-
ture was stable.

The author's explanation of the T.G.A. profile is at variance
with the major part of those given by both schools.4'56

The thermal scan rate might be faster than the inherent phase
transformation. Nevertheless we can to a first approximation assume

that there are basically two types of regions in the T.G.A. profile :=-

a) The 2 phase regions where the system is univarient (V = 1)
and atr w0

3N,
b) The 3 phase regions where the system is invarient (V = 0)

‘)T w QO

37
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Ideally the T-X (T.G.A.) curve is a series of steps (Figure 19) (T = a
step function of n)) as v oscillates between O and 1, but hysteresis is
observed for reasons of fast thermal scan which may result in non-
equilibrium situations and the thermal broadening of phase fields at
high temperatures. Figure 12 shows the effect of thermal scan rate
(curves I and II}where significant detail is lost in the region
100OK T 1200K at a heating rate as low as 3°min—l.

If there are p-l1 intermediate compounds formed the T-X curve
can be considered as the sum of p-1 T-X curves of the intermediate
phases. Accordingly each is separable by an amount in ng units -
Weppner et al?2 . Figure 20 shows the effect of thermal broadening

on A .

Figure 20 - Typical T-X plot of
systems with a due succession of
phases showing ‘phase broadening'
at higher temperatures.

Whether the composition hysteresis F can be interpreted as 'the width
of the stoichiometry' or as a metastable phase is dependent on the
free energy of mixing of the phases at the triple point. This view
will be expanded on in Chapter 5.

Table 13 summarises T and ng taken at triple points in Figure 20.
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TABLE 13 Oxygen Deficient Phases in the T.G.A. of LaNiO3

T/K nO ngigglgaggs
1505 0.4946 LaNiOy 5o54
1423 0.3420 LaNiOp g58
1340 0.3120 LaNiOz.ng
1268 0.1602 LaNiOy g39g
1243 0.1409 LaNi°2.859l
1000* 0.1230 LaNi02.877

653* 0.0840 | LaNiOj 9160

* only major peaks shown in this region.
4
Taking the suggestion of Obayashi et al.” that LaNiO2 5 'decomposes’!
?
according to the following scheme :-
LaNiO, . = l:Laleo
the first peak (T

4 + %Nio

1505K) can be explained., If this is true for

N=1 (LazNiO4) then it should be true for N+1 (La3Ni207). If peak 2

(T=1423K) corresponds to the formation of LaBNi O~ then the following

2
is valid :-

La3Ni207 + NiO = La3Ni308 = LaNiOZ.666'
The agreement is fair considering the possible effect of thermal

broadening. It therefore appears that LaN+lNiNO3N+1 phases are formed

in decomposition process and we shall carry out further analysis.

4.1.1 Analysis of the T-X (T.G.A.) profile of LaNiO3

If we start with LaNiO3 (N = 00) then equation (60) is valid

s Heatin . :
LaNio 1l La Ni O + 1 NiO + 1 0n cecececans(60)
NF Ll N+1 N 3N+1 _N+l - (—N+1)

and the "formula' of each phase is :-

£f= LaN:LO3N+2

N+l o-o..o.o.....c.....0.0'0.¢¢¢00ooa..v.coo(6oa)

At each triple point

no= l and Eno = l ; .......O’G.G’Q.Q.Oﬁotﬂ.ﬂ.l'..a(61)
N+1 2 (N+1}
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For ‘coexisting' phases [N; and [N:E] (i.e. Nyj-Ng = 1)

no= =é l - l i o.Q.o.o.o.......‘.°.°.°."....'.(62>
(I, +1) (N+1)
= 1

(N +1) (Ng+1)
The above is meaningful only if we start at N = @© (LaNiO3) . If we
start at the right side of eguation (60) for overall transitions from

'defect composition® LaNiO then equation (63) applies.

3N+2
N+
La Ni O —-» L La Ni O + N-n NiO
— —_— + ——
Nil N+1 N 3N+1 il n+l "n 3n+l (N+1) (ntl)
+ P ()]
N-n O2
2 (N+1) (n+l1)
n, = N-n andén = N-n g ececscasascccncnsanrese (64)
(N+1) (n+1) 2 20D (oD
Now Lim N-n = 1 [Lim N - Lim n :l sees-eeso(64a)
N-»¢0 (N+1) (n+1) (n+1) N300 (N+1)  N-30O (N+1)
r
= 1 l.l - ol .
(n+1) |
So that equation (64) approaches equation (6l) for LaNiO3.
For N< o but large N # 1 andthe approximation n = O might be
(N+1) (N+1)
toco rough. Since by definition nx1 1 seems a better approxima-
(N+1)

tion(say for N 3. 20) for the last term in equation (64a) for N @

but large. Equation (64) can therefore bs written :-

ng= N1 1  ana §n02=1; N-l 1 ) eeeeeven..(64D)
[N+ (n+1) N+1 (n+l)

Il

and

—I 1 - 1
N+1 (n.+1) (n_+1)
= i £

"'l-l l o.-oo.o.oo-o-o-ooo-o-o-o---c-.-(64C)
N+1| (nl+l) (nf+l)

(remembering also that AOZ =% A o )

Returning to Table 13 we see that the transition N=l¢—==N=2 (formation

of La2NiO4) occurs at ny = 0,4946 (T=1505K). Putting ng and n=1 in

equation (64b) gives :-

2(0.4946) = N—l ieeo N = 180
N+1|
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d therefore from ti 6 £ = i0
an refo equation (60a) LaNi 2.9944

of the starting material. To all intents and purposes this can be con-

as the stoichiometry

sidered as LaNiO3 (i.e. N is very large) and We can use equations
(60)-(62) as the basis of further calculations. Table 14 compares
the observed 'transitions' in the range 1200K« T< 1510K against those
calculated on the basis of equations (60)-(62).

TABLE 14 Intermediate LaN+lNiNO Phases in the T.G.A, of LaNiO3

3N+1
Transi-|. calculated (N = 0O) Observed
N tion
Neey no | 102 £ ng Tk} TR
1 0.500 LaNio 0.494 1505 1500
2.
1 2 16.67 500
2 0.333 LaNiO2 666 0.342 1423 1434
2«3 8.33 °
3 0.250 LaNiO2 750 (0.312) 1340 1360
4¢3 5.00 ‘
4 0.200 LaNio - - -
54 3.34 2.800
5 0.1l66 LaNiO,, 0.160 1268 -
. 833
6¢—5 1.93 2783
6 0.143 LaNiO2.856 0.140 1243 -

T4 is the decomposition temperature

* taken from = (T) thermodynamic studies (Chapter 3 - Table 10)

We note that in Table 14 certain transitions appear to be masked and
indeed there appears to be a 'carrying over' of certain transitions to
the final N=l&—N=2 transition. The thermodynamic reasons for this
are not obvious but they are probably two-fold :-—
(i) Fast thermal scan may lead to premature decomposition
and in consequence poor resolution of the profile;
(ii) Thermodynamic properties of the N“»1 phases are similar
(662 steps are small) and random mixing occurs. In other
words solid solution (metastable) phases are formed as a
consequence of thermal broadening of the phase fields and
B (Figure 20) is significant.

The fact, however, that the N = 3 and 4 phases are not well resolved
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while the N = 5 and 6 appears to be, poses a contradiction. Figure 21

o o
shows the part of the T-X curve of interest 900 C< T <1400 C,

8
1.8
17Q0- b
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Figure 21 - The T.G.A, Curve of LaNiO, 900°c <T< 1400 cC.
Figure 21 (ITI) shows the 'expected' behaviour of the LaN+lNiNO3N+l

oxides.

In working up the 'expected' curve a straight line is drawn

between the decomposition temperature of the phases that coexist as

determined in Chapter 3 plotted against N, shown in Table 14.

Noting

that the important N=2¢- N=3 transition is masked and the N=l¢— N=2

appears at 1470K instead of at 1500K at 3om_1'.n_l

the idea that the

beforementioned transitions are thermally masked seems reasonable.

Accordingly the idea of the 'expected' T-X curve has some plausibility.

The foregoing analysis is reasonably ¢onsistent with f£indings

' on the thermodynamic properties of the isolated La-Ni-O compounds
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(i.e. decomposition temgeratures determined in Chapter 3). The sugges-

4
tion by Obayashi et al that La2N104 decomposes into La203 and NiO at

1200°C is in direct contradiction, firstly, with the age-old prepara-

tive technique for LazNiO4 which is by heating La203 and NiO at
(1200—1400)OC and secondly, with the work of Timofeeva et al.26b
who melted the material at 1670°C. . In addition that LaNio,

tolerates roint defects up to LaNiOy 45 is questionable. The above
formula is explainable on the basis of equation (60a) and Table 14
i.e. N= 2 for the defect phase above. Gai a.ndRao's56 suggestion of
LaNNiNO3N_1 with N = 7, 9 and 13 does not explain the absence of

N =1 - N = 6 phases for N = 8,10,11 and 12. These authors also
suggested that superlattice reflections in the electron diffraction
pattern of the 'oxygen deficient' phases gave the following cell
dimensions :

a=-¢c fiéc and b = 2aC (either orthorhombic or bedy

centred tetragonal symmetry)

This appears to be partially correct as we know from Chapter 1 that
ax®bw fﬁac and ¢ = (2n+l)a, (ag = 3.858) holds for the intermediate
La-Ni-O compounds (having Fmmm symmetry). The preceding analysis is
also supported by the fact that X-ray analysis of LaNiO3 heated to
1050°C and 1150°C in air showed equilibrium mixtures of N=1,2,3 and
NiO and N=1,2 and NiO respectively, This was previously outlined in
Section 2.5.

There still remains one important question. Why is there
preferential NiO formation? The answer simply is that we are moving
to the La203 rich side of the phase diagram as we know from the crystal-
lography of the compounds. We know from equation (12) that La203 is
consumed (not produced) as one approaches the thermodynamically more

stable oxides (ie N— 1),
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4.2 Coulometric Studies

If the assumption concerning the unresolved band in the T-X
curve of LaNiO3 (Figure 21 - 1270K< T < 1340K) is correct then in prin-
ciple resolution is possible by electrochemical means. The technique
has the following advantages :-

i) Electrical quantities (E and i) can be measured with

greater precision.

ii) Small quantities of oxygen are titrable (e.g. ImC = 10_9

moles of 0,).

iii) Finer control of experimental variables (E = f(POQ) and

i = f£(ng,) is possible.

iv) Actual equilibrium measurements can be obtained under open

circuit conditions the only tedium being the equilibration time.
In principle both T-X and P-X curves are obtainable. A large part of
this Chapter is devoted to an apparatus designed with this in mind.

4.2,1 The Electrochemical Oxygen Pump and Gauge

(1) The Gauge :-

The gauge is a solid electrolyte galvanic cell that measures the
equilibrium oxygen partial pressure against a suitable reference accord-

ing to Nernst Law - E = RT Lnp, /po (ref) ceceranesecnancecacnsacas (65).
arF 2 2
A 'minigauge' (in situ) was adopted - Figure 22. The reference

electrode was the Ni/NiO equilibrium and the electrolyte was . YSZ.

Now the Ni/NiQ electrode is by reputation a slow elec-

45
trode. As a general case for solid state reactions, equilribium attain-

ment is limited by the diffusion of particles in a concentration grad-

57
ient. According to Kofstad vacancies are the main diffusing species

in NiO. At 1200K the chemical diffusion coefficient\g;liO = 7.7186x10_8
cm2 s~1 where D. = 2D,/ and 3D, for singly and doubly ch 4
NiO Vi Vi singly oubly charge
vacancies respectively. Gauge response should be sufficiently fast (of
63
the order of minutes) if the electrode microsystem involves a small

area of electrode surface.
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.. R Y DRI SOy oy oL 7. T~ gen .
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Ni/NiO YSZ Pt
TAutostick! tube (Air)

0.,05cm thick

’ Vac. System - 35cm long
(two tubes)

= Ground Glass Cone
= vacuum stopcock
A = Araldite seal

Pigure 22 - Ni/NiO minigauge

<@

«

The response time of a gauge ideally should be as small as
64
possible. This is a subject now undergoing intensive development.

1,6
""“have studied sensing time as a function of

The Kleitz sch.ogci'6
electrode configuration for air gauges and recently by Haaland > for
'nonequilibrium' oxygen gauges. Although the Ni/MNiO gauge has not
undergone such an intensive 'kinetic' study the E(T) is well known;

materials are cheap and minigauge construction simple. The gauge

calibration against air (po2 = 21,3kPa) is shown in Figure 23 below.

650
60Q =
E/my
550 =
E/mV = 1202 -0,46T+l.5
500 =
I I J
1150 1200 1300 T/K 1400 1500

Figure 23 - Minigauge Calibration
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(ii) The Pump
The pump is a secondary oxygen 'battery' - a solid
electrolyte galvanic cell - which can deliver a quantity of oxygen Q
according to Faraday's Law.
40%" ——> 20, + 4de”

n02 = Q '.00....-0.-..00O--.0.......000.......0.0.0...(66)

aF

charge = [ i at

Q
F = 96450C

Figure 24 shows the pump design adopted. The unusual feature is that
the Ni/NiO electrode rather than air was adopted as a source/sink of
Oxygen. The reason for this is primarily to 'kill two birds with one
stone'. Commercially available electrolyte (Y¥SZ) tubes are very often
porous at the temperature range required; with a metal/metal oxide
electrode therefore there is no need for'suxrounding electrolyte
tubes with an outer annulus.

Equilibration in analytical pump-gauge systems is largely
controlled by the hydrodynamics of the system and the response time of

the gauge. Pump speed is usually low on the list of priorities.

Q p > T o T
e P9 g T L 2850 @a% mivet.e te e w TP et ks b, F s L e el
TR Rt L RS T oY P g e -

Pt Akl I
It b v § 1 3

Q.Sam[

A—p

erd v S3) J el o0 @ PRSI ,";_.‘,-_v‘-'-; ;:v: RO (A RIS iy yet
Vel I a e e et Y LUWEMR T s N S

P A A

G A Alumina Ni/Nio YSZ SE
o tube t+»lmm
3cm

Figqure 24 - The Ni/NiQ pump. G = Ground glgss. cane A = Araldite Seal
SE = Sample Electrode EE = Exterior Elec-
trode
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The Ni/NiO pump has one poor feature in that the equilibrium cell vol-
tage at 1200K is about 69mV relative to oxygen; for electrodes of
high oxygen potentials such as LaNiO3 and the other La-~-Ni-O compounds
(Chapter 3) the over potential at which electrolysis of the YSZ
electrolyte occurs (Ni/NiO + ve) might be low, Against air

(PO2 = 21.3kPa) at 1200K electrolysis set in at E v 0.8V {(Ni/NiO + ve)

and Ew1,2Vv (Ni/NiO - ve)(58 )

. Electrolysis results in t02- £ 1
because of the high electronic conductivity of the species so formed.,

(iii) The 'Pump and Gauge'

The minigauge fits into the pump as is shown in Figure 25
leaving only a small gap for the sample to be studied. The apparatus
has a very small internal volume, it is robust primarily because of
the Ni/NiO annulus and it is portable. Because the La-Ni-O
compounds are very soluble in dilute acid, the apparatus can be
cleaned and reused several times. There is nevertheless one unsatisfac-
tory feature of the design in the use of a common between the
pump anode (sample electrode) and the gauge. This can result in

polarisation of the gauge voltage during pumping cycles.

15cnm furnace

0 40004 ver e ® o 0a 2004 0 tee R0 008 TeomIEeas § 50 400NIEtImI SETSACMAEI O SR POIELEIT ¢ 400400 0 0 0TS

Figure 25 - The 'Pump and Gauge'
s = space reserved for sample -
3 and 4 are thermacouple leads
2 is the common connection between pump and gauge.
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Equations (65)and(66) tell us that pump and gauge modulation

depends on the choice of experimental variables and in consequence on

the types of experiments required., We have the following variables

at our disposal :-

We adopt

Mode 1

(a) Temperature - by and large independent of the net
electrochemical reaction.

(b) Eg = f(Poz) - since Eg = A -XT (i.,e. gauge temperature
varies with sample temperature), for studies involving
constant p02 {(i.e. a T-Q profile) meodulation of E is
essential. For the corresponding P-Q (T=const.) profile
modulation is elegant but not essential.

(c) ip = f£(Q) = f(no2) - modulation is not necessary if

we modulate Eg but for reasons outlined above conterning

the electrolysis of the electrolyte it is desirable to have

a voltage limit or simply to use a constant voltage

especially if Eg is modulated by simple proportional control.

two modes of operation : (1) E = £(Q),T = const.
(2) T = £(Q) (and’'so E = £(T))
We adopt the configuration shown in Figure 26,

-—_ 9
I M

r P I twlmm
XV - hCN

?

ov

: h % |2
| 2

p.v.M. | p

¢ —) T

Figure 26 - Simple equivalent SiXcCUit of the Mode I configuration.

I = Time;Electronic T.S.1l00On Digital Integration

DVM =(Data Precision 2005 type 2400)

R = lva. P = Pump; G = Gauge. Normally
300mv<, X < 900mv
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The arrangement amounts to a simple titration cell. Automation was
not included in the circuitry because the small internal volume should
facilitate rapid equilibration after pumping cycles.

The magnitude of gauge polarisation will depend on the
electrode kinetics of the sample S (Figure 26). This should have
little effect on the final steady state value of the e.m.f.

Measurements on the LaNiO, samples (Sections 4.3 and 4.4.)
revealed that the gauge voltage polarisation depended on the stoichio=-
metry of the sample. This was largest for samples containing a

2+

higher concentration of Ni - i,e. the more reduced samples.

Mode 2 For T'= £(Q) (902 const. so that E = £(T)) we adopt the
configuration shown in Figure 27. Accurate control of both T and p02
is necessary. The former is afforded by a commercially available
(Eurotherm type 015) P.I.D. temperature controller and the latter by

a simpler proportional controller.

.—._9 Q
I
{______]
XV —
- T beesem—r
5 ]
v P
I | ,"‘ ~,
ﬂ{lﬂ .; [‘ ".
—_—3 T
Ry
R3

1

Figure 27 - Equivalent circuit - T £(Q) operation

R
Normally §§.= %5 . C = Proportional Controller

All other symbols have the same meaning as in Figure 25.
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The controller has a 0-19mV input and maximum input impedance of lk.n,
the operational amplifier is merely to make Eg fall within this
range. The controller is a wire wound potentiometer connected to

a millivolt set pointer. The pre-set output of this potentiometer

is connected in series with the gauge voltage (Eg) amplified down (as
shown) by the buffer amplifier. The error difference (Eg - Eget) is
amplified by a chopper amplifier which controls a relay in a manner
so that the relay is enerxrgised when Eg is above set point. This is a
very simple form of modulation but the mainstay of this work was not
the design and evaluation of 'pump gauge' systems, but rather the

application of one.

4.2,2. Calibration of the Apparatus

One important property of the system must be its internal
volume (c?pacity). This in principle is determinable by filling the
gap reserved for the sample (Figure 24) with an inert material such as
platinum gauze having a shape and compactness similar as far as
possible to that of a typical 'non-inert! sample to be studied.
Reproducible and meaningful results can be obtained only from
electrochemically ‘clean' apparatus. Clean means free from carbon-
aceous matter which are Oxygen scavengers at low oxygen potentials
(i.e. the CO/CO2 equilibrium), In this connection the separation
of the araldite seal shown in Figure 24 from the end of the furnace
was more than adequate for the above requirements for operations of
up to 5 days.

(4) Mode 1

According to MeasGO at time t = 0 if Po' Eo and n, are the
initial values of oxygen pressure, cell voltage, and number of moles
oxygen in the system respectively and at time t PP, +A P, EO 4 E

and n;— n then from equation (65)
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E=£{_r-_[‘_ Ln PO+P =RTP o.oooooo.-000000000000.0005-.0(67)

4F —_— 4F P (1f changes are small)
Py )

a.rld Since PV = nRT .o-.-.Oooco-oooootooooo.-ooooo'eOO'OOOOOOQOO.(68)
APV =AnRT B....'.‘Q..'QCQ.QO.‘.Q...'.i‘O.‘G...'C.'Q..C(68a)

and from equation (66)

an = a9
4F

Putting equations (66a)and(68a) into equation (67) gives :

A._E = ﬁ l ..........'..OGOODOQ.0'0.0..‘0'0.(69)
Ao AF, PoVeq

Figure 28 shows a typical response time of the system at 1211K when

S is a clean piece of Pt gauze.

Figure 28 - (Pumping in)

Gauge Response. Voltage

Peaks correspond to polar-

isation during pumping cycles
some is however due to a

}lOmV genuine concentration gradient.

At E = 360mV and below we

observe a gradual voltage rise

due to buffering effect of

carbonaceous species.

Ef=412mv

E4=530my Ef=527mV
— ——
1 v ¥ v Y 4

5 10 15 20 25 30
tlmins

The response time is moderate considering the small volume of the
system, The shape may be a factor that enlarges the response time,

i.e. two large volumes separated by small diffusion pathways.
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A typical E(Q) plot for the system when clean is shown in Figure 29.

The cleaning procedure involves evacuating the apparatus when cold

to 5 X 107°

Torr using a silicone oil diffusion pump. This is followed
o
by degassing at (300-400) C under the dynamic vacuum using a liquid
nitrogen trap. From the calibration graph (Fig. 29) :-
AE =9.5 ¢t
Q
At T = 1220K Eo = 420mV

Where p02 x/kPA = 21.3 exp 4EéFF

RT
Where Eé is the gauge calibration voltage at 1220K as is shown

in Figure 22. P, can therefore be calculated.
Poz/Pa= 21278 exp 4F(Eé-Eo) /RT = 4,7929Pa

Putting T, P,, and AE in equation (69) gives : Veq = 14.9 cm3
AQ

/4
440+ <3,,q
’//
T = 1220K
E/mV
430=
AE _ -1
EE 9o5 VC
4204
T T T 7 T -t
1 2 3 Q/mCc 4 5 6

Figure 29 - E(Q) plot for the system at 1220K
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According to Meas the reciprocal of equation (69) is a capacitance
-1

in Farads (Cv )

-1 2
C/CV =A-£= E. POV .oo-oooo.ooo..ooo..v.-oooooooo.oo(70)

AE |RT ed

For a clean system it is possible to determine its volume from a

Frequency vs Time constant study.

(idi) Mode 2

Putting equation (68) into equation (66) gives :

[41};_1:] veq = QOTO e 2 B
AQ

‘4FP V .-..'.oonOQQOQOGOOOOOQO-o-.OOOOOQOO'(72)
—— e

A(1/T) R

At time t = O, To and Q are the initial values of temperature and

'quantity' of oxygen so that AQ =Q - Q, and A(1/T) = (1/T,) - (1/T)
after time t. Therefore from the slope of the Q(1/T) plot the
equivalent volume Veq can be determined. Operation is more complex
than for Mode 1. The basic difficulty is the polarisation of the
gauge voltage Eg during pumping cyecles especially for applied pump

voltages E_. e 700mV (Ni/NiO + ve). The 'Mode 2' operation is in

P
effect an electrochemical microbalance. Ideally T and Q should change
simultaneously but this requires much more sophisticated circuitry

and controller than shown in Figure 27, For the present design it was
best operationally to let Q lag behind T. Figure 29(3) shows

Eg = f(time) (the voltage peaks correspond to the controller relay

energised] .

Immv
1215K
E | 1200K
g T

- k...s;______l S""“ E

SE S £

Ei 10mins

— —

Time (very long)

Figure 29(al - Eg=£(t] - Mode 2 - For E;=438my; E=426mv (holding at 1OPa)
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Times were very long primarily because of polarisation of E_ so that

g
on cycles were overtly short. To overcome this the controller had tobe
'helped' along by manually setting set point above the required pre-
set voltage (i.e. for the maintenance of constant p02) until about

90% of the required charge Q (estimated from previous experimental
runs) was passed. This therefore corresponds to a 'semi=-automatic

mode of operation. Figure 30 shows a typical Q vs 1/T plot for the

system cleaned as described earlier.

2.0 \<>\
\ = 1lOPa
902
Q/mC
1.54" ~_
L9 _ ...
A—(I)— 112cK
T
1.0m i
0.70 0.75 103 /p k"L 0.0 0.84
Pigure 30 - Q(L/TI plot for the system when clean
Putting AQ and P in equation (72) gives - Veq = 23.8cm3 which is

A(L/T)

in fair agreement the calibration results of the Mode 1 experiments.

4,3, The (Electrochemical) P~X Curve of Lanthanum Trioxo-
nickelate III - LaNiO3 -,

The P-X (E(Q)) curve of LaNiO, can be considered as N-1

3

P-X curves of the phases LaN+lNiNO3N+1 and therefore ideas for the

analysis follows directly from Section 1 of this Chapter. For 1 mole
of 'pure! LaNiO3 as starting material we obtain discontinuities at

1 moles of O, - equation (61) in the E(Q) plot. Putting
2 (N+1)
equation (61) into equation (66) gives = Qu = 2F  c.cecescassss (73)
(N+1)
and correspondingly the separation along Q for coexisting phases
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N| and|{N + 1] are given by putting equation (66) into equation (63)
] putting eq

iﬂe. = 2F '.'OOO'OQ..OOQ‘O’Q‘O...Q..‘O...'.OO(74)
fo) —_—
A0y (N5 +1) (N_+1)

Identical analysis for 'impure' LaNiO5 as starting raterial

(i.e. Nil mol of LaN+lNlNO3N+l) gives :-

QN = N-—] 2F o.os.cl..ooo....cooooc-a-.-e-noot.(75)
N+ (n+1)
and putting equation (66) into equation (64c) gives :=-

AOZ = N_ﬂ 2F .o‘o.cocenc‘o'aooonooooc(76)
N+3; (ni+l) (nf+l)

As before 3 and 2 phase regions are distinguishable by the slope of
the E(Q) curve beingQ and O respectively as the variance oscillates
between O and 1 respectively. Figure 31 shows the E(Q) curve of flux
prepared LaNiO3 at 1214K. We ncte firstly that the slopes and shapes
are different from the calibration curve suggesting that an active
sample is being investigated. Equilibrium was rapidly established at
high Py, (61lmvg E < 5301V - 6.13CkPagp. . 0.277kPa -(typically

o2~

t v~ (30 - 60) mins. but became progressively sluggish with decreasing

Po (e.g. tv 5 hours at E = 490mV - Py, = 0.075kPa). The latter part

2
of the profile was not studied primarily because of lack of time. We
also note that B the "compositional hysteresis' is large. This means
that the E(Q) slopes of 2 and 3 phase regions are <00 and>0
respectively. This is indicative of either -
(i) Equilibrium not being fully established after
titrating cycles, or
(ii) Metastable phases being formed as a result of phase
broadening at the temperature of the experiment. Chapter 5
discusses this pRenomenon.
The triple points in Figure 31 could not be explained on the basis
of equation (73) (i.e. LaNiO3 as starting material). The starting

stoichiometry is calculable from equation (75) provided a particular

transition (decomposition) is correctly assigned. Table 15 summarises
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Figure 31 - The Electrochemical G(X) Curve of LaNiO3
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N calculated according to equation (75).

TABLE 15 N calculated from triple points (Qn) in the E(Q) curve
(Fig. 31) using equation (75)

n* ) **lO-BQn/C i N

2 58.569 22
3 44,150 22
4 38.541 25
5 29,735 25

* ,
n of Lan+lN1nO3n+l
** Q. taken at a point near the mid-point of the 2-phase regions

Taking N = 23 from equation (60) :-

£

1

LaNiO2 9583 is the stoichiometry of the starting material.

Table 16 below compares calculated and observed values of Q, and 0y

on the basis of equations (73) and (74) (LaNiO, (N =@ ) as starting

3
material) and on the basis of equations (75) and (76) (i.e.

LaNio2.9l66 (N = 23) as starting material).

TABLE 16 Transformation in the E(Q) cuxrve (Fig.3l) of "LaNiO3"

. N=Co N=23 Obs N=00 N=23 Obs
PRET Qn/kC | Qn/kC | Qp/kC 1A /kC A/ke | A/ke |
1 96.45 | 88.73 -

162 32,150 | 28.578 -
2 64,30 | 59.15 | 58.56:

263 1 16.075 | 14.789 | 14.47
3 48,22 | 44.36 44.15

3¢4 ‘ 9.645 8.874 8.609
4 38.58 | 35.49 | 35.54

4¢5 6.431 5.915 5.806
5 32,14 | 29.57 | 29.73 |

S5¢ 6 . 4,592 4.226 4,145
6 27.57 | 25.35 | 26.76

6e7 |

A is 13‘32 ’ *nf-ni are decompositions shown in

equation 9.
The agreement between the calculated and observed values are fair and

equations (75) and (76) seems reasonable approximations.
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4.3.1. Thermodynamic Properties of Unisclated Phases

In 3 phase regions the Poy is constant. For example the

region bounded by N = 4 and N 5 is represented below :-

lLa Nl + INiO + 1 O
16 = 2
g °° 3 12

éLa5N14Ol3 + INiO + 1 O

Along the path of the coulometric titration

dG = an'_SGN_5+dI1N_4G _4 + dI]NlOGNlO + dn.02 02 oo.'ooaoooo‘o.c(77)

Now
Llo2 = const.
DNio
@—GD2] {% J .oo-oo'oo-o-ocoo.-n0(78)
=5 nNiOI;102 GO anlo

55

Following the arguments in Lewis and Randall and Darken and Gurry83:-

log %" 02
log XN=4-logX=5= - h_o dlogxo2 ceoesee(79)
b N=4 Eoanlo ,

log ¥ 0y

log ¥ = log ay_, =AGN=4(—-N=3
a

-3 .
and Yoy, = 2o,
log be) 2(N=4)
= - 2,303RT
GN=4¢_ N=5 ok et LOZ
N (N+1) L dlo eeeen..(80)
=5 Go,MNio 9 Po,

log p02 (N=5)
EEOZJ has to be evaluated as a function of p02 from the

coulometric titration curve. The integrand approaches Q@ as Ny=5
approaches zero, but this is a two-phase region and should not affect
our ESTIMATE. Figure 32b shows the plot of X5, Vs log Poy the
former being calculated on the following bas:.)s(Nm—1

(i) Allowance is made for the fact that the starting material

was not LaN103 but La24N123O7O/NJ.O (iee. N = 23),
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(idi) X02 = 292 where 50<§ n<; 60

600
and XN=4 = 1 - no2 L
800 6
From Figure 32b - 502 = 11.47 - 4.73 log Po, ceceoecescesnsss (81)
X\=
N=4
o 1.70
and so AG = 2.303RT
30 11.47 - 4,73 log p02 dlog 902
- 2.08

2.303RT (0.600)
30

so Z&Gl2l4K = 4657 and A G that corresponds to equation (9) is
25 times this value
1.6.AG N=4€—=N=5 = 11.64KJc<vcccccccccoccsocacscsaceacscsescsss(8la)
o
From equation (11) :-AG = 6AG, N=4 +AGZ(Ni0) - SAGE(N=5)....(82)
PuttingAGg(N=4) from Table 10 and the data of Steele45 for
o, . .
Gf(NlO) gives :-
o : - - -1
szf(La6leol6) 5101 kJmol (at 1214K) ceoeecacacaseses (83)

Similar techniques have been used by Weppner et al.62 in the Cu-Ge-0O

system and in the Li-Sb and Li~Bi systems79.
Equations (8la) and (83) were the values tabulated in Tables 10 to
12 respectively and were both used in Section 3.4.
According to equation (79) IOgXNi = f(poz). The preceding
arguments have also suggested that as n—00 in LaNNiNO3N+l
then the separation aNi+1 should become progressively smaller.
Accordingly log'QSK" - the separation of three phase regions (which
are a series of parallel slopes) =~ is reflected in the voltage separa-
tion. Although the activity of at least one solid phase would be
required to calculate the activity of all the other phases that co-
exist within the series we make the following deductions frem Pig.32a:=
i) ZSEN=1/N=2 somy Very approximately as the final

decomposition was not studied,

ii) AEN=2/N=3 31mv 69.5 Pa ' po2< 253.4pPa.
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LD Enes/n=a  21av 253.4Pa $ Po, < 524pa
iv) AEyog/N=5 30mv 524 .Pa < Po, & 32g2pa
VA ENa5 /N=6  12mV 328.2pPa < p02 < 6049pPa

From Figures 14 and 15 (Chapter 3) the voltage separation at 1214K for
En=2/N=3 and En=3/N=4 from galvanic cell studies are in good agreement
with ii)} and iii) respectively. This indicates that the minigauge is
accurate. The argument does not appear to hold for the final two
three phase equilibration. This is primarily because titration steps
were Jlarge (W5C) and therefore a more detailed study of these regions
is ﬁecessary. Obayashi et alﬁ reported that the T-X (T.G.A.) curve
was reversible below 1140°C ("where LaNiO3 decomposes”). This sug-
gests similar thermodynamric properties £for the intermediate phases.
Figure 31 (II) however shows the absence of reversible behaviour in
the P-X curve at the three phase region bounded by N=3, 4(01ll).
Presumably reversibility is concentration dependent and is attainable
at higher POz’

Nakamura et al?3a have studied the P-X profile of LaNiO3 by
gas equilbration. They reported that :

i) at 1273K LaNiO3 decomposed into La2Ni04 and NiO wvia an

intermediate X phase at lOl.325kPa<:p02<:l.Ol325Pa.

ii) the decomposition :- NiO —3 Ni + 30, at Po, = 0.68 u Pa
(lo—ll.»7 atmos)

iii) the decomposition :- La,NiO - La,O, + Ni at Ppop = 32nPa
-12.5 2 4 273
(10 «> atmos).

For the first observation we know that the 'X phase' is a family of
Cclosely related phases which the thermogravimetric balance presumably
could not resolve. They assumed also that at 25.45kPa(lO"o'6atmos)
that the following is true :
2 LaNiO3 —— LayNiO, + NiO + %0,
A G = RTIn Po, = 3.64 kJmol *

which we know is not true.
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Using the same relationship between free energy and decomposition
pressure they calculated AG for the transformations in (ii) and (iii)
above. We also know that AG at a triple point in the G-X curve

is zero - Weppner et al:]9

The author is not sure of the basis of
any calculations as those, which are not based on the Gibbs-Duhem

relationships.

4.4. The (Electrochemical) T-X Curve of Lanthanum Trioxonickelate III
(LaNiO;)

The 'Mode 2' operation of the apparatus (i.e. as a microbalance)
necessitates the use of an isobar. In other words § from E = A - 3T
was not included in the circuitry (Figure 27). Iscbar for 10l.325Pa

(10'3atmos) is shown in Figure 33 below.

5104

Isobar for 101 Pa

470-

E/mvV

430+

3904

3507 R T L
1200 1300 T/K 1400 1500
Figure 33 - Ni/NiO Minigauge Isobar
Ideally an offset voltage would have been preferred at the amplifica-
tion stage to increase the sensivity of the controller, but this
would probably would have left the system floating.

Figure 34 shows the T-X curve of LaNiO., at 1.0132kPa (L0~ 3atmos) .

3
The profile was studied as before only to La3Ni207 because of the

extremely long equilibrium times. The resolution is fair when the

effect of phase hroadening is considered.
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60 ) 1073g/c
. 0.Q 45.0 50.0 55.0
Lo l c ‘ ! ' 60.0 65.0
P02 = 10'3Atmos
1200+
25°K
1220 B T T
: 5 40°x
1240 o :f 8993X;LO Cc '
’ o~
T/K :
1260 = .
; 15.79x10%C
.\
1280 = '
9.07 10.36 11.66 102N ! ' 6.
. 0°N, 14.25  15.52 16.74

Figure 34 - Electrochemical T.G. Curve of LaNiO3 at 10~ 3Atmos

As in the previous case the separations and

triple points (n02)

could not be explained on the basis cf equations (73) and (74)

(i.e. LaNiO3 as starting material) so the starting stoichiometry is

calculable from equations (75) and

(76) .

TABLE 17 Q, for Lan+1Nin03n+l compounds in the T-X curve of

LaN+lN1NO3N+l (Figure 34)
n Q,/kC N*
2 61,00 32
3 45.40 30
4 35.10 -

* N calculated from equation (75)
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1l

Taking N 31 and putting this into equation (60a) gives :-
= : 3t : '
£ LaNlO2°9687 for the sample of flux prepared 'LaNiO3' used.
Table 18 compares calculated and observed (Equation (75) and (76)) for

Q, in Figure 34.

TABLE 18 Transformations in the T-Q curve (Fig. 34) of 'LaNiO3'

Transi- calc. obs i calc, obs
N tion (N=31) (N=31)

ng  ny Q,/kC Q,/kC A /xc A /xc
1 90.604 -

lé&= 2 30.201 -
2 60,403 6l .00

26—3 15.103 15.000
3 45.402 45.40

3¢6—4 9.061 8.940
4 36,241 -

Allowing for the quantity of each phase since G is an extensive
property, G at triple points should be the same in both T-X and P-X

profiles.

ie.  Gpyx ™ Gruyx

or 521 log 902 = 52210g Po,

2 2

where 2 N-1: 2, = 0.9399 (T-X) and Z, = 0.9166 (P-X)
N+1
Table 19 below summarises G from the two techniques.

2

TABLE 19 Transitions in P-X and T-X profiles of 'LaNiO5'
(a comparison)

Transi- T-x(p02 = lo"3atmos) P=X (T = 1214K)
tion —

Ne Ny T/K G/kJ 902/atmos G/kJ
24— 3f 1260 80.403 7.422x10"% 79.318
36— 4| 1217 69.899 2.272x1073 65,035

It must be emphasised that these are values relative to starting
material 'pure LaNiO3'. Fuller analysis on the basis of equation (80)
is needed to calculate approximate enthalpies of transformation on

the T-X curve.
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Although resolution of the T.G.A. profile was advanced a step further
it was originally hoped to resolve the pattern more completely. The
experimental programme had to be curtailed because of the very long
equilibration times.

4.5, Experimental

(1) Thermogravimetric Studies :

These were performed on a Stanton 707 Electromicrobalance
fitted with a platinum furnace and running at maximum sensivity. The
thermocouple was v~ 1mm- vertical to the sample. Measurements
shown in Figure 19 were in static air,typically (5-10)mg samples of
oxide were used. These samples were from re—oxidised (240 atmos 02)
LaNiO5 prepared as described in Chapter 2,

For the higher temperature range 1000 C < T < 1450°C the
T.G.A. profile was scanned rapidly ((5-6) °min) up to about 970°C then
held at this temperature for <bout an hour. The remainder of the
profile was scanned at lomin—l((or 3Omin) as is shown in Figure 19
The low temperature range SOOC <1<l lOOOoC was scanned normally at
20min—l. Typically a profile under a given atmosphere (say air)
took up to 2 days to obtain in its entirety.

The author believes more work is needed at even slower
thermal scan - say O.Somzi.n"l to elucidate the T.G.A. profile of

LaNiO3 more completely.

(2) The Oxide ion 'pump and gauge! :

Electrolyte tubes were manufactured by Zircoa Corporation.
They were quoted as having a 1% Fe2+ impurity = this imparted
a yellow colour to the tube. The pump tube was about O.lcm in
thickness and the gauge tube approximately O0.05cm. Platinum paste
electrodes were made using Englehard (type 6082) paste firing as

recommended by the manufacturers, Better adhererice on the gauge
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tube was obtained when the paste was applied into o pre-sputtered f£ilm
of platinum (tv~%ﬂp).

The Ni/NiO electrode used in both the pump and the gauge was
from a mixture of Ni (Johnson Matthey - specpure =) and NiO (Koch Light
99.9%) in a 10:6 ratio. The reascn for this ratio is to overcome any
moisture that may be present in NiO and indeed any NiIII oxides,

The Ni/NiO mixture was packed firmly into the gauge tube
(in the gauge application) around the thermocouple. The holes within
the thermocouple sheath (Figure 22) were sealed off at the hot end
with the Ni/NiO mixture and with araldite at the cold end. The gauge
was sealed from air using 'autostick' sealing agent.

No carbonaceous matter from this material or indeed the
araldite seal were observed to affect the results for 'clean' systems.
For example when erroneous results were obtained they were diue to
carbon from solvents such as acetone e.g. from rotary pump oil.

(2.1.) Setting Up Procedure

After an experiment was over, the cell was washed with dilute
HNO3 and then distilled water and blow-dried using a hot
air blower. Carbonaceous solvents such as ether, acetone etc.
were avoided as they tend to 'dirty' the systemn.

For all measurements the system was evacuated down
to about 5 x 10‘ Torr using a silicone oil diffusion pump
having a liquid nitrogen cold trap.

The cell had an internal volume of about 1l3cm
(determined via the 'water' experiment - See 3.5) and

typically 1.3-1.5g of samples of LaNiO., were used. These

3
were very large samples and in consequence equilibrium times
were longer than they would otherwise have been.

Equilibrium times were of the order of 30 minutes

at »600mV but became progressively longer reaching about
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5 hours at 490mV, and thereafter increasing as the percentage

of NIII

in the oxide(s) decreases,

The profile was studied three times (twice to the
formation La3Ni207) and it was hoped to resolve the higher
'p02 branch' of the profile (i.e. 611 <E < 530 mV more
completely but there was insufficient time.

(2.2.) Voltage and Current Measurements :

Voltage was measured on a Data Precision (Series
200 Model 2400) with a maximum input impedance of 1010 ~—.
Current was integrated automatically with a Time Electronic
(type TS100n) digital integrator. The input was voltage
developed across a high accuracy l.a.resistor rated at
0.75 watts. For the sange of current{fQ.ImA< i < 20mA) the
voltage drop was assumed to be negligible, The proportional
controller used in the 'Mode 2' operation was manufactured
by Control Instruments (type B Pll) with a quoted centrol
sensivity of 25-40};&]o |

Furnace and Temperature Controller :

All measurements were made in an inductively wound platinum

furnace. These were effectively noise free primarily because the

output impedance of the gauge was low. Furnace temperature was

controlled to i?o by a P.,I.D. Controller (Eurotherm type 0O1l5).
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CHAPTER 5
Stoichiometry of LaN+lNiNO3N+l Phases

5.1. Resume on some Defect Models of A-B-0 Systems

It is known that perovskite oxides show both oxidative and

reductive nonstoichiocmetry i.e. ABO3+ and ABO respectively.

X 3-x

6
Tolfield et al. 6 have studied LaBO3+x systems (B = Ti - Fe) by neutron

diffraction. They suggested that the 'nonstoichiometry' could be
explained on the basis of defects on both A and O sites. Galy et al?
and Nanot et al.68 proposed that structures A B Oj ., Wwere rational in
the systems CazNizo7 NaNbO3 and La2Tizo7 - CaTio3 (i.,e. pyrochlore -
perovskite). On the reductive side Jacobson and Horrox69 studied
Bal_xSrXMnO3_x by neutron diffraction proposing a model based on order-
ing of oxygen point defects ordering along certain crystallographic
directions. Later Hutchison et al.7o confirmed the 'preferred
ordering' of cation and oxygen defects although they did not propose

a model involving any 'phase formation'. In the SrFeOB_X system
Tolfield et al.7l isolated the compound SrFe02.75 (Sr4Fe4Oll). Grenier

72
et al. , subsequently, rationalised such ABO systems on the basis

3=-x

of phases AanO intermediate between perovskite (ABO3(n = @)} and

3n-1
brownmillerite (A,B,05 (n = 2)).

It is clear that in such ternary system description of non-
stoichiometry on one sublattice and in many cases on two sublattices is
an inadequate if not inappropriate formalism. In A-B~O systems removal
of one component, say oxygen, leads to a rearrangement and redistribu-
tion of cations A and B. A description in terms of anion and cation
arrangement and distribution is a necessary condition for full

appreciation of the equilibrium situation with such compounds.

5.2 B ~ Phase Width or Metastable Phase?

Provided there are no phase transformations, there is a broader
composition range of existence for refractory compounds at high tempera-

tures. The G-T-X surface for a system A-B-O having a succession of
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phases say AN+lBNO3N+1 is shown in Figure 35.

(b)

Figure 35 - (al General G-T-X surface of a system A-B-O with a
succession of phases
(Bl G~X curve for two !common tangent' phases that
accept defects unequally.
The envelope within which the system is invarient (i.e. N+1, N+2 and BO
coexist) closes at some critical temperature T, above which one ternary
nonstoichiometry phase, m and possibly a binary BO, phase exists.

The G-X curve of each ternary phase will depend on the
"flexibility" of its composition. For similar pheses (in the thermo-
dynamic and crystallographic sense) sharing a common tangent, a
regular solution should be formed above T, - the G-X curve should be
symmetrical about its mid-point. In practice one structure accumulates
defects more readily. According to Anderson52 such a phase will have
a less well defined G-X curve about the 'univarient composition' (Xﬁ
Fig. 35b). The mutual but unequal displacement of the two curves
about X: widens the co-existence ranges but under these conditions the
G-X curve is asymmetrical about its mid-point.

In Figure 31 (the G-X curve of LaNiO3 at1214K) we saw the
broadening of diphasic regions especially the N = 3/NiO region.

Between two triphasic regions the "state of affairs"™ is shown in

Figure 36.
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Figure 36 - Broadening of diphasic regions N /BO involving
disolution of other ternary phases.

The ideal composition of phases N+l and N are at ¥ and X respectively.
The quantity of each phase is some function of the quantity of oxygen
i.e. along the path of the decomposition of the LaN+lNiNO3N+1 phases.

Along I this amounts to :-

1-x. [n+1] X, [N X Ni at X moles of O
mlE = ;fl[ 1. ﬁ%m)[ I D) 2

where 0 < X 1

And along II :-

X, W, 1-x, F-1] and 1-X, [Nid_ at __ X, O,
2 N-1 (N-1)N 2(N-1)N

To a first approximation the quantity of each phase [N+I] (at P) and
v-1] (at R) that mixes intimately with [I\ﬂ in the pseudo~univarient

region is given by :-

Bopr M) x 1 and  Bpy N-10x 1
ZS-——n+l N+1 (S‘—n-l N-1

This treatment avoid the necessity of using absolute quantities of
oxygen, therefore data from T.G.A. studies as well as data from coulo-
metric studies can be treated. Treatment of data taken from Figure 31
is shown in Table 20, Also tabulated is Ai (obtained from

equation (74)) .
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TABLE 20 Phase Width of La NiBO3N+l Phases at 1214K

N+1
Regi A A
gion B/kC By+1/kC Py~1/kC N+1/kC N-1/kC
N=2,NiO 3 1 2 14.78 29.23
N=3,NiO 5 2 3 8.874 14,78
=4 ,NiO 2.3 1 1.3 5.916 8.874

The actual composition of the 'univarient'can be described
as a ratio Q&+l:QN:Q§—1 where Q; is calculable from egquation (73) and
Q; =By Q- An approximate free energy of formation of these

compos%tions can be calculated from the relationship :-

Gp (soln) & X AGRIN+1) +(L-Xg, =X  WGZ(N) + X AGE(N-1)
where X; is the mole fraction of phase i and is related to Qi.
Table 21 summarises the calculated composition and free energy of forma-
tion of the regions listed in Table 20. Data for the thermodynamic
calculations are taken from Table 11,

TABLE 21 Composition and Free Energy of Formation of LaN+1NiNO3N+l
Phases at 1214K

Ideal 1
Compos— Composition of 'univarient' Z&Gg/kJmol
ition

N =2 0.088La4Ni 010:0.867La Ni207:0°044La2NiO4 -2534, -2499*

3 3

N =3 [0.155LagNi 0, 3:0.689La,Ni30;4:0.246LasNiy0; | =3586, -3361%

N =4 O.lO9La6Ni5016:O.776La5Ni4Ol3:O.ll3La4Ni3OlO -4220, -4232*

o
- . .
[&Gf calculated for the ideal LaN+lNJ.NO3N+l phases (Table 11).,
The foregoing analysis assumes zero or small enthalpy of
mixing. The actual enthalpies of transformation have been tabulated
in Table 9. The enthalpy of solution A‘Hsol can be calculated from
the relation :-
= A
A Hgoy = Xy By * Xy Mgy
where [&Hi is the transformation enthalpy listed in Table 9.
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This analysis alsoomits the effect of the binary phase NiO. Whether
it enters the common pool must ultimately be a matter of structural
compatibility and free energy. This will be reviewed later.

If such an intimate mixture, as just described, is possible
then B (Section 4.1) represents a metastable phase and the 'phase
width' description is inadequate.

5.3. Conditions for Metastable (Solid Solution) Phase Formation

According to Anderson52'73 the necessary conditions for such
an intimate mixing of phases are :-

(i) The thermodynamic criterion. This is such that there
is a net gain in free energy when any single phase enters the 'solution'
phase (G(sol) < G(single phase)). This condition appears to be sat-
isfied for the compounds listed in Table 21, A fuller analysis of the
prevailing equilibrium processes invclve principles developed for
Subdivision or Operational Equiljbriums2 which is outside the scope
of this text, However the following may serve as a useful, if not
over-simplistic example:-

At lower temperatures (below T, - Fig. 35) the equilibrium
process shown in (a) is operative,

(N+2) La

(a) (N+1)La e

A + Nio + %0,

The system is invarient, the equilibrium composition of each phase is
given by :-

-+, x [, X widl at X o)
(N+2) . (N¥1) (N+2) (N+1) 2 (N+2) (N+1)

and }\bz # £(X) but Ho, = £(T) in accordance with (a).
At higher temperature, above Tc’ coexistence ranges become

broadened and (b) is operative.

(b) (N«}lILaN +oNiN4103n +4..;(N+21‘LaN +1NiN4103y4; + NiO + %0,
NLagNig ,O03y.p + NiOo + %0,

i.e, There are two competing equilibrium processes.
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The equilibrium composition of each phase is given by :-

1-8 a-x v+l ,ox W], T x Wmid? at § x 0
N+2 (N+1) (N+2) (N+1) (N+2) (N+1)

1-% w[n-11 , (1—‘5) W Nig] at (1 -8)wo

N N (N+D) NMHD) | 2

A nonstoichiometric phase is formed with the above quantities of phases
N+1] and [N-1] intimately mixed with, or dispersed in, phase [jﬂ .

Under these conditions Uo, = £ ($ ) and the slope of the U(T) changes

above T, (variance changes). This phenomenonis observed in Figure 37

for triphasic mixtures N=2,3 with NiO and N=3,4 with NiO previously

studied in Chapter 3 (Figure 14).

1100 1200 T/K 1900
0.00 :
9,64
G/KJmol
19.29_]
o N =4,3 (011)
=
A N = 3,2 (011)
o
28.94

Figure 37 = G(T} plots showing Change of. Variance at High Tempexr-
ature for N+l N (011) mixtures indicating formation
of a grossly defective nonstoichiometric phase.

ex 52 . .
Agc after Anderson represents the decrease in free energy in

transforming mixture into the "metastable" nonstoichiometric phase.
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(ii) The structural criterion. The primary reason for
terming the pseudo univarient range metastable is that it should be
monophasic. Structures must be compatible for solid solution forma-
tion i.e. possesses at least one sublattice in common. It is becoming
increasingly acceptable that such phases possess a high degree of
local order - regions of phases Iv+1] and tN=ﬂ dispersed in phase[ﬁ].

Coherent intergrowth is possible between ABO3(Pm3m) and
its Idmmm polytypes (Figure 8) along two interfaces. The same is true
for the rhombohedrally distorted analogues R3m and Fomm (Section 1.4)
respectively, The remaining boundaries of each phase may remain
cocherent or involve an edge dislocation. This, as will be seen later,
is important for phases with only two unit cell edges in common
e.g LapNiOy (N=1) and La3NipO7 (N=2) having I4mmm and Fmmm symmetries
respectively.

The efrect of NiO 4d(Ni-0-Ni)= 4.1772 as a solute will
depend on whether cocherence is possible along the perovskite sub-
lattice of the LaN+lNiN03N+l (d(Ni-0-Ni) = 3.852)compounds, It is
only speculation that NiO might intergrow coherently probably
separating out as Guinier-Preston Zones. The 'concentration' of
these zones might be low because of the appreciable lattice
constant variation.

Twinning of NiO and LaN+lNiNO3N+l compounds might
also become important. The cw (2N+1l)a "lattice constant rule"
outlined in Section l.4. shows that (2N+1l) NiO unit cells are just as

compatible with the ¢ axis of the ternary compounds.
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5.4. Nonstoichiometry = The low temperature situation -

At higher temperatures the 'solid solution formation' range
should be widened, under the conditions outlined in Section 5.3. At
these temperatures there may also be :-

(i) Solute and solvent decomposition, for example a

fraction of the solvent phase [N:l decomposing into Phase

N-1 .

(ii) Solubility of other phases say E\H’@ and E\I-Z’ albeit

in lower concentrations. This situation arises lecause of

the widening of the 'univarient condition'.
Any quantitative treatment meets formidable thecretical difficulties,
for example how is the solubility related to anion and cation
diffusion etc.

Under normal conditions where quenching can be drastic,
i.e. removal from furnace, some of the solid sulution can be frozen.
The amount of each phase which separates out nust largely be a matter
of quenching speed and solubility product. The expression for the
mole fraction of each phase as a function of temperature,according
to Anderson52 is :

ex
Xorl = Xy exp kA G
(solute) (solvent) RT

where k = f(l—XN+l). Since A is a function of temperature (Fig. 37)
it is impossible to say, from these simplistic considerations, how

much the fractionX'N_J_l/XN (i.e. the ratio of solute to solvent) will
decrease from, say, 1200Kto 300K. But even if it is as large as 50%
i.e. 50% each of phases [N+l and [N-I] respectively, this still
represents a considerable stoichiometric broadening., The case for
phase N=2, La3Ni207 (Table 21)is shown belows-

0.088La4Ni3Olo:O.867La3N:i.207:O.O44La2NiO4 1214K

0.044LagNi§014:0.934La,Niy07:0,022LaNi0y 300K
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corresponding to a composition La30154N12 022079066° This composition
is monophasic but a typical diffraction patterxrn contains two sets of

spots :-

(i) Strong reflections from the parent subcell, La3Ni207,
and is independent of composition.
(ii) Weak superlattice reflections indicating rational mule-
tiplicities i.e. the presence of other Lan+lNiﬁ33N+l cells
which according to Anderson73'%1ange with composition and
is indicative of a single mode of defect ordering.
The author refers to Plate 2(a~-e) where such superlattice reflections
were opserved. They have not been analysed in detail, but it can be

inferred that they indicated adaptive ordering along the perovskite

subcell of either ternary La-Ni-O phases, as exemplified in Figure 33

and/or of NiO, as discussed in Section 5.3,

ig, 38 - i i
Fig (a] Ordering of L§N+1NiEO3N+l
®) along perovskite sublattice
° (b] Interfaces largely
identical
£~ a. i
5.5. Electron Microscopic Studv of the La-Ni-O Phases

Modern electron microscopy is such that it is now possible
to study materials on the unit cell level. It is well known that a
fringe image is formed by recombining, through the objective aperture,

the transmitted electron beam and some or all of the diffracted beams.
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There is, however, not necessarily a one to one correspcndence between
fringe spacing and the lattice planes which gave rise to the
diffraction 75. In an excellent review Allpress and Sanders74 out-
lined the conditions under which there is a one to one correspondence.
(1) The use of very thin crystals.
(ii) The use of n, where n > 2, diffracted beams to form
the image.

(iii) The use of an objective aperture which restricts the
number of beams in (ii) according to its diameter. This
arises because although in principle the more diffracted
beams used to form the image the greater the image detail,
in practice objective lens spherical abberation increases
for beams with increasing Bragg angile,

! Spherical abberations
>33 (typically 3-5mm)

I
0Q
0]
W
0
n
fl

o
Wavelength (typically 0.037A)

>’
]

5

Retardation

Lattice spacings, d v SOR will suffer a phase retardation
of M or more, which will modify the contrast in the image
and hinder or prevent successful interpretation.

(iv) Because of the objective aperture, amplitude contrast
from excluded beams will appear in the image, Experience
has shown that this effect is minimised at slightly under-
focussed conditions, i.e. image possesses maximum contrast.
(v) Careful control of the specimen orientation so that
the structural features which are of interest lie exactly
parallel to the direction of the incident beam. This is
achieved by the use of a goinometer stage in the microscope.
The two possible types of orientation are :-

(a) The Systematic orientation is such that the
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specimen is tilted so that a single line oI reflections
such as hOO, OkO, 00l etc., dominates the pattern. The
image then contains a set of fringes lying parallel to
the diffracting planes. In brief this is the condition
for a one dimensional lattice image.
(b) The Zone Axis orientation is such that the
incident beam is parallel to a crystallographic
direction UVW and the section of reciprocal lattice
containing a set of spots so that hv + kv + 1W = O,
Thus for example B = [blo] the diffraction pattern
will contain hOl reflections and the resulting lattice
will be two dimensional,
Lattice imaging is now accepted as one of the most powerful

tools for the investigation of the microstructure of real crystals.

To date most of the work on ternary or pseudoternary systems appear

o be on perovskite polytypes. For example, Hutchison et al-O on

76
the Ba Sr MnO3_. family of phases, Horiuchi et al. on the

1-x

. . 72 .
B12CaNan_2anO3n+3 phases and Grenier et al. on the perovskite -

brownmillerite (CaTiO3-CajFe, Oy - Ca, (FeTi) O3 , ] system. For

+
n+_Bm

"pure" A -0 systems the work appear to centre around 1:5 and

3
2:4 systems. For example the work of Tilley on the Sr-Ti-Q system
77
and Hervicu et ale on the Ca-Nb-O system,

The author is aware of only two reports of the study of

78
oxide., These were short notes by Marquis et al.

on the oxide LaCoO3 and by Gai et al§6

3+
a 3:3 e.g. La BB+O3

on LaNiO3. The author believes
that there are two principal reasons why many of the important 3:3
perovskite systems have escaped attention, The first is a historical
one in that the first defect oxides studied were the CS phases of

86,920
Tiogp, Nb,Og, and WO3_, etc. and there was a natural extension of ideas
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to ternary oxides such as CaNbOj, KTaO,, SrTiO3, etc. which were
known to be defective. The second reason is the belief that the
greater the formal charge on B, the greater the tendency to reside in
distorted polyhedron environment. By this scheme the larger B3+
cations of the first row (e.g. Co, Ni and Cu) would resist the forma-
tion of Cg§ type phases,

5.5.1 Lattice Images of the La~Ni-O Perovskite Related Phases

The types of images obtained in this study were by using
the OOl systematic orientation - Section 5.5(v) (a). Therefore under
conditions outlined above a one to one correspondence 1is possible.

Lattice images were obtained on a JEOL 120CX Electron
Microscope at 100kV (A = 0.0371(2) , fitted with a double tilt stage
(o4 = i600 ) and anticontamination unit. Specimens were crushed
under butan-l-ol or liquid nitrogen and dispersed on holey carbon
films,

(1) Well ordered Lay;iNiyOgg;) — Plate 4

Plate 4 shows one dimensicnal (00l) lattice images of
N =1 (LagNiOy4) , N =2 (La3NiZO7) and N = 3 (La4Ni3OlO). Remembering
from Chapter 1 that results of X~ray diffraction of these oxides gave
c = 12.6512, 20.50922 and 27.942 respectively the agreement is fair.
The transition N= 1,—* 2,~? 3 is clearly shown in the fringe spacing
and corresponds to the reciprocal lattice spacings shown in Plates 2 (b)
-2(4).

In Plate 4(b) we observe a lamella of N= 3 intergrown
coherently within the N = 2 matrix. This makes the overall stoichio-

)

metry of the crystal (La3NiZO7)Z(La4Ni3O where Z23 Y.

10'y

o
(ii) Disordered N = 2 (La3Ni207 - ¢ = 20.5094a).
Plate 5 shows a section of a highly disordered N = 2 crystal,
There are intergrown lamellae of N = 4, N = 3 and N = 1. It is

difficult to deduce a stoichiometric formula since the size of U,v,X and Y



Plate 4 120

ID Lattice images of "well ordered" N =1, N =2
and N = 3 crystals using the OOL systematic orientation.




Plate 5
ID lattice image of disordered N=2 (La3N12O7)
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of U(N=4):V(N=3):X(N=2):Y{(N=1) depend on the area of the specimen

chosen. Overall V D> Y and the specimen might be loosely named

"oxygen rich La N1207“. Coherence does not appear to be restricted to

3
phases with AN = 1. For example areas of N = 3 are shown to inter-
grow coherently with N = 1. Thus all the phases are very similar as
they all have the perovskite subcell.

Another interesting feature of Plate 5 is where the N =1
fringes terminate within the crystal thexre seems to be an edge disloca-
tion - labelled as Xx. The fact that the N~ 1 phases are distorted to
the orthorhombic may result in all interfaces not being coherent with
those of the N = 1 phase and dislocations at these interfaces are there-
fore energetically favourable.

(1ii) Disordered N = 3 (La,Nij0py - 27.94K)

Plate 6(a)and (b) are images of different crystals of
LayNi3015 taken at2500001nagéification. The latter shows lamellae of
intergrown N = 2 and N = 4 making the overall composition somewvhere
between N = 3 and N = 2 since Z/X of X(N=4):Y(N=3) :Z(N=2) is a very
large ratio. The regions marked X and Y are probably G.P. zones but
these were not studied in any detail, The crystal in the latter
picture was sliced into two as shown with the crystal on the right
being better oriented.

(iv) Disordered N = 4 (LagNig013 - ¢ = 34,998 -)

Plate 7 is the image taken of a crystal (of La5Ni4Ol3) at

250000 magnification. The specimens were of extremely small grain size.
The photograph shown approximates to about 90% of the actual size of
typical crystal.

There is evidence of intergrown lamellae N = 2 and N = 3
and larger slabs of, what can be described as N = @ (LaNiQ3), since

resolution of these regions were not possible. There is a huge



Plate 6

123
Lattice image of disordered N = 3 (LakNi

3010)

X shows boundary tetween two small crystals.
Y is probably a GP zone.



Plate 7
12
Lattice image of highly disordered N = 5 (LaSNiH_O:B) 4

MAGN.-2-5m



Plate 8

ID lattice image of disordered LaNiO3 showing 125
intergrown lamellae of LaN+1N1NO3N+1

2

>

a) From caption shown in b) below

The %ample was flux prepared then hot pressed at
1000 °C under oxyger.. Finally argon ion thinned.
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dislocation running at the foot of the picture and there is a strange
feature at Y which seems to be a dislocation loop (parallel to the
reflecting planes) having a diameter of w 141?“

(v) Disordered N = @ (LaNiO3)

Plate 8 shows the image cf disordered LaNiO3. Specimens
were from fluxed prepared LaNiO3 which was then hot pressed at 1ooo°c
in pure oxygen and then Argon-Ion thinned. This sample had the X-ray
diffraction pattern of LaNiO,3 as reported in the literatures.

Tilley3, on the SrN+lTjNO phases, has stated his pre-

3N+1
ferences for the interpretation of the fringes in the perovskite
N=0) as planar faults rather than coherently intergrown phases. The
author believes that this is an unnecessary formalism as coherence is
possible on all interfaces of all phases sharing the perovskite sub-
cell, although the best strain free coherence is between phases where
AN is small, so therefore unresolved slabs can be interpreted as
regions where N is large.

Generally gyw (N+l)a, where a,“~ 3092 so that N " £(N)

is calculable for the LaN_*_le_NO 1 phases, and is shown in Table 22.

3N+
TABLE 22 Approximate Unit Cell Parameter ¢ for the Lay +le‘No3N+l
Compounds
) ) )
N c/A c/A

(observed by X-ray)

1 12 12.658
2 20 20.509
3 27 27.94
4 35 34.99
5 43 -

6 51 -

Plate 8(a) shows that areas with yx= 3,4,5,6,7 and possibly 8 and 9 are
present in LaNiO,; prepared under the conditions discussed above. IfAN

is the principal criterion for strain free coherence then it must get

larger as N increases and phases gradually ~become indistinguishable.
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CHAPTER 6

Discussion

6.1. The validity of the formula LaN+lN1NO3N+l and a critique

of the experimental methods in the evaluation of N.

The method of identifying the compounds was by comparing X-ray
crystallographic data of isolated phases with the data of known and
similar phases of other systems. Since no chemical analysis data were
presented in the text, this could seemingly pose a question as to the
validity of an assumed formula. By similar arguments the absence of
density measurements which would have been checks on the number of
formula units per unit cell are not supportive of the assumptions based
on the X-ray powder diffraction data.

The fact however that lattice imaging studies indicated the
grossly defective nature of the compounds shows that such data could
well have been misleading.

Data from coulometric and thermogravimetric studies in
Chapter 4 shows that NiO is produced at every phase transformation
tending towards the more stable oxides (i.e N=1l). Accordingly the
formula LaN+lNiN03N+1 is plausible - for example the separation along
the absissa in Figures 19, 31 and 34 - although N could not be
determined with any great certainty because of the broadening of
phase fields within the temperature range of interest i.e.
lOOOOC <€ T K 14500C. The occurrence of NiQO in most, if not all, of
the prepared oxides shows that N cannot be determined simply from an
assessment of the macroscopic ratios of the amounts of both metal
oxides used in any preparation although the X-ray detection limit of
NiO in such compounds may be quite low.

56

Gai and Rao suggestion that the intermediate phases in the

La-Ni-O system were of the type LaNNi is at variance with the

NO3N-1

structural findings in this work. These authors did not consider that
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the segregation of the NiO phase accompanies all the phase transformation
shown in the T.G.A. of LaNiO3, and consequently writing a defect formula
purely on the basis of oxygen loss was over simplistic.

The isolation and identification of La3Ni207 and to a lesser

extent LasNi4Ol3 provide vital evidence as to the existence of a family

based on the formula. Seppanen's29

suggestion that f£rom his T.G.A.,
studies on LaNiO3, La3Ni207 did not exist especially at high temperatures,
was perhaps an oversight. The findings in this work on the T.G.A.,
coulometric and structural studies refute this arcument completely.
However the structural data collected for LaSNi4Ol3 is not very con-
vincing. Synthesis of N» 4 phases in the La-Ni-O system appear to demand
new sets of experimental guidelines and procedure. The author believes
in the authenticity of the compound (e.g its decomposition temperature
(Figure 14) has been determined) but further believes that purer samples
and correspondingly better X-ray and electron diffraction patterns are
needed for fuller characterisation.

No structural evidence of a phase LaNi204 (as reported by
Von Sieler et al.32) has been observed during this study.

6.2. Factors controlling the formation of La

Ni O phases and
N +
their coherent intergrowth N+1 3N+1

Only in the N = 1 compound was La203 ever detected (by X-ray)

throughout this study. In addition, NiO is present as a decomposition
product of LaNiO3 and all the intermediate compounds. The preferential
retention of La3 must be due to the energy barrier for the formation
of La203 being larger than that for the formation of NiO. The ion

2+

La3t normally sits in ten or twelve-fold coordination while Ni or

NiIII normally sits in six or four-fold coordination (six-fold normally

with oxygen).
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The long axis of all the N OO phases have strings of
N+1 La3+ ions not sandwiched by oxygen ions - Figure 8. Coulombic
forces of repulsion might become great at large values of N so that
such phases might not be cbtainable without the use of dopants such

2+ . 3+ n+ m+ .
as Sr which has a similar size to La . Other A B, O inter-

N+1 N 3N+1
mediate phases have been characterised but predominantly in 2:4
(i.e. n:m) systems (for example Ruddelesden et al.92 on the Sr-Ti-O
system) and in doped 1:5 systems, e.g.Carpy et al.88 on the
(Ca)Na=-Nb—-O system. The a cations in these systems have a smaller
charge to radius ratios. It is plausible that the coulombic repulsive
forces along the ¢ axis will not develop as rapidly (with increasing
values of N) as it does in 3:3(2) systems. This is probably why
the 2:4 and doped 1l:5 compounds were the first to be discovered
historically.

The compounds in the Sr-Ti-O and (Ca)Na-Nb-O are known to be
microstructurally defective., They are also known to have a high
permittivity EB. There is a modern held view that a high E is
diagnostic of defect accumulation by intergrowth (extended defect)
formation. The high E is dominated by the ionic polarizibility term
according to Tilley3° On the ultra-microscopic scale small highly
charged B cations (i.e Ti4+ and Nb5+) can occupy a distorted poly-
hedron environment. By this argument stabilisation of intergrowth
interfaces requiring only minimal shifts in atomic positiFns (and
free energy) would be favourable. It is known however that covalency
increases with ionic charge93 - the Ti-O bond is estimated to be
50% covalent - and Goodenoughs'll makes the point that this markedly
affects the band structure of SrTiO3. It is therefore unwise to
discuss this phenomenon purely on the basis of ionic charge to radius
ratio.

_138
1l has an e/r of 4.8/0.60 nCm 1 while for

38

Nevertheless Ni

5+ L respectively.

A+ _ -
714" and Nb it is 6.4/0.60 nCm 1 and 8.0/0.64 nCm
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Secondly Ni2+ (e/r = 3.20/0.74 nCm_l)38 is to varying degrees incor-
porated in all the N < @ compounds. A concomitant argument is that
all the La-Ni-O oxides are metallic conductors or semi-conductors of
low activation energy. These factors may represent significant
departures from the rules that have been applied to explain the
intergrowths in the insulating Sr-Ti-O and Na(Ca)-Nb-O compounds.

On the unit cell level a more general condition for the
occurrence of such phases and their intergrowth appear to fit the

2
! model more closely. That is to say two or more phases

Anderson5
should have at least two crystallographic directions (one sublattice)

in common.

6.3. Interpretation of non-stoichiometry in La-Ni-O Compounds

The compounds LaNiOj3 and LaZNiO4 have been studied extensively

7,18,36

(the former more so) for electrochemical applicationsl’2a’l +18, .
As a result their stoichiometry has, from time to time, been

18,36
scrutinized. Matsumoto et al.” ' have suggested that the formula

5 89
of LaNiOj as prepared by the flux method was LaNiO2 84° Cong et al.

19
have suggested that LazNiO4 prepared by the method of Rabenau et al.
had a formula LaZNiO4+§_ whereX« 0,186, Similar observations have

2
been forwarded by Gopalakrishaan et al.27 All these schools suggested
o : ) 3+ 2+ .
that nonstoichiometry involves a variable Ni :Ni ratio.
2a,18,19
Although the Matsumoto school has on several occasions

observed the formation of NiO in LaNiO336 they did not suggest that

the oxygen nonstoichicmetry of the ternary phase included the
'separating out' of the NiO phase and in consequence a La-Ni ratio
greater than one in the 'defective compound'. Lattice Imaging studies
(Chapter 5) have shown that nonstoichiometry in such A-B-O systems

is a multiple sublattice problem and in accordance a nonstoichiometric

formula is best written using the scheme developed in Section 5.2.
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6.4. Correlation of microstructural and thermodynamic observations
on the La-Ni-O Compounds

To reconcile structural studies and thermodynamic findings is
a speculative exercise. The major difficulty in correlating the two
approaches for refractory materials is the difficulty in obtaining
reliable thermodynamic data at low temperatures and paradoxically
obtaining detailed microstructural data at high temperatures.

In the ideal world N of La

N+1N1N03N+l is both a macroscopic

and a microscopic entity explainable on both structural and thermo-
dynamic grounds. We know from our microstructural studies in
Chapter 5 that in all the isolated compounds, there is always a
perturbation in the mean value of N. This is inspite of the fact
that the materials on the macroscopic level (i.e. from their X-ray
powder diffraction studies) behave monophasic. The thermodynamic
properties evaluated in Chapter 3 relies on the as§umption of mono-
phasic behaviour i.e. N being invarient.

Thermodynamic measurements on triphasic mixtures show that
there is an intimate mixing of phases at higher temperatures. The
random motion of ions at these elevated temperatures breaks down the
uniqueness between the lattices. This is primarily due to the fact
that all the phases have two common crystallographic directions.

A problem arises on how to describe the phase mixing on an Operational
or Subdivision Equilibrium Model as explained by Anderson52 and others.
The problem is made more intractable by the fact that we are dealing
with a three component system. We can, to a first approximation,
assume that two ternary N phases will intergrow in another N phase
matrix so that A N =1+ 1, The possibility exists that a fourth

phase (NiO) also participates.
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The formation of a high temperature solid solution based on
a mixing of sublattices as shown in Figure 8 is either a catastrophic
or gradual process. In the former case the temperature must be such
that ionic vibrations break down uncommon crystallographic directions.
This is similar to the melting of a solid. The e.m.f. Vs temperature
curves for triphasic mixtures should show a sharp deviation at the
temperature of solution formation. O©On the other hand if the latter
case 1s operative, there should be a gradual solvation of solute species
as solubility increases with temperature, We also know that as the
temperature increases both the solute‘and the matrix are decomposing
to the more stable phase(s) - i.e. N— 1l. We would under these
conditions expect curveture in the E(T) plots., The data collected
shows a sharp break in the E(T) plots - Figure 37. This points to a
catastrophic process although this behaviour is unexpected. The
data points collected are probably too widely spaced to rule out
(for certain) the case of gradual solvation.

Structurally the data collected on cold, as it were, gquenched
samples showed evidence of intergrowths not restricted to thedN = +1
rule. Thus the assumptions in the penultimate paragraph are not
wholly valid. By analogy the composition of the high temperature
solid solution is more complex than that described by the simplistic
thermodynamic model developed in Section 5.3.

The microstructural data collected in this work could best be
described as preliminary. No satisfactory explanation of the super-
lattice reflections present in Plate 2 - Chapter 1 - has been given.
In consequence there is a probability that 2 dimensional disorderxr
exists in the compounds investigated. These reflections show that
there are structural features along the perovskite{010}and [toc] direc-

tions in all the I4dmmm and Fmmm structures of the N ¢ @O phases. The



133.

reflections represent the breakdown of unit cell centering conditions.
Now this could take the form of adjoining perovskite type subcell
without the heavier La ion or in other words blocks of NiO intergrown
on the unit cell level. They could also signify the intergrowth of
other N phases having slightly different symmetries, Studies are
now in progress to investigate these assumptions.

The occurrence of intergrowths in all the compounds investi-
gated questions the validity of the E(T) plots for triphasic N-phase
mixtures given in Chapter 3 (Figure 14a). The validity rests on the
assumption that for all phases, the concentration of matrix is
high in relation to solute species. This is supported by low tempera-
ture X-ray data. For the N » 1 phases we do not know the extent
of matrix decomposition at high temperatures or how the E(T) relations
are affected by any concentration of solutes. This regquires analysis
outside the scope of a macro-thermodynamic model.

On the experimental front the N 7 4 oxides have smaller
enthalpies and entropies of transformation., They have correspondingly
smaller voltage separations in the general E(T) plot for all triphasic
mixtures as exemplified in Figure 14. The problems of theoretical
analysis could be mitigated if those regions of the phase diagram
could be investigated at lower temperatures. It is a parcdody however
that from an analogy with the microstructural data collected on
LasNi4Ol3 and LaNiO3 - Plates 7 and 8 ~ these phases are probably more
apt to be grossly defective,

6.5. The Electrocatalytic effect of LaNiO3 - The probable
operational situation

The electrocatalytic effect of LaNiO3 has been well studied

by Matsumoto et al.za'l7'18'36. These authors have on several

2a,36
occasions claimed the preparation of Cubic LaNiO3 having a

lower catalytic activity for oxygen reduction than the normal
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-

hexagonal LaMiO3 prepared by the flux method; The author has
observed no such 'cubic! LaNiO3 and believes the fuzzy X-ray
diffraction pattern for poorly crystalline LaNiO3 as was shown in
Plate A) (d) might well have been mistaken for 'cubic! LaNiO3

Matsumoto et al.36 suggested that the rate of low temperature
oxygen reduction on LaNiO3 (in alkaline solution) is controlled by
oxygen absorption into oxygen vacancies within the first few mono-
layers. This is probably interpretable in terms of thick layered
perovskite LaN+1NiN03N+l phases (i.e. N large) forming and decomposing
under the applied electrochemical field, The speed of such processes
might be rapid as enthalpies and entropies of transformation would
necessarily be small., Experiments are now in progress in collaboration
with the Chemistry Department of the College to investigate this
assumption.

If catalytic activity is dependent on the concentration of
NiIII in the La-Ni-O compounds and consequently on electrode
conductivity which should increase with the size of the perovskite
building blocks (i.e. N), from the results obtained in Section 4.3.
we can say that LaNiO3 is not suitable for high temperature electrode
application under oxygen pressures less than one atmosphere. This
is because at these temperatures, under atmospheres with a Po, as
high as air (PO2 = 21,.3kPa) LaNiO, does not exist., Catalytically
less active LaSNi4Ol3, La4NiSOlO and La3Ni2O7 exist in this region

of the phase diagram,

CONCLUSION

New ternary LaN+1NiN03N+l compounds have been prepared. The
N = 2 and 3 phases were fully characterised structurally (by X-ray
diffraction) but more structural data is needed for the N = 4 phase.

Thermodynamic measurements indicated that differences in thermodynamic
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properties ( A;Hg and Sol of phases sharing the common tangent

( AN = 1) decreases as N —»® (perovskite building blocks become
larger). However more data (investigation of more phases) is needed
to fully elucidate this phenomenon.

Nonstoichiometry involwves coherent intergrowth of LaN+1NiNO3N+l
phases and in consequence is a multiple sublattice problem. Above
about (1270-1310)K nonstoichiometry appears to involve one grossly
defective 'metastable phase'. Full theoretical description of

52,90b

this on an Operational Equilibrium Model is beset by difficulties

primarily the multiplicity of sublattices.
No electrokinetic studies on LaNiO3 have been discussed in

this text, but the author believes that mechanism of the reported
11,17

excellent electrocatalytic effect of LaNiO5 might involve

formation, decomposition and reformation of thick layered perovskite

LaN+1NiNO3N+l phases (i.e. N large) in the electrochemical reaction.
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PPENDTIX

The LaNiO3 Powder Diffraction Pattexrn :

TABLE Al - Indexing of the X-ray Powder Diffraction of LaNiO
on the Hexagonal (H) and Rhombohedral (R3m) Basis

dope/A | dar/A hk1 gy hklgig hkl hkl(j;) /1, | 1P
3.829 3.828 020 100 012 101 29 S
2,718 2.721 220 101 110 110 100 | vs
2.696 2.693 220 110 104 012 86 Vs
2.312 2.315 131 - 113 - 2 -
2.298 2.294 131 - 015 - 1 -
2,223 2.223 222 111 202 021 21 M
2.188 2.189 222 111 006 003 8 W
1.9183 | 1.9179 040 200 024 202 51 S
1.7223 | 1.7234 240 201 122 211 6 VW
1.7089 | 1.7089 240 210 116 113 6 W
1.5744 | 1.5751 422 21T 300 122 12 s
1.5690 | 1.5690 | 242 - 214 - 32 -
1.5508 | 1.5512 242 211 018 104 12 M
1.3631 | 1.3640 | 440 202 220 220 11 M
1.3485 | 1.3484 | 044 220 208 024 11 M
1.2779 | 1.2786 | o060 300 306 303 3 | vww

o
N = 1.7902A (Co Ka); KCl used as internal Standard.

The diffraction pattern was indexed using the programmes

EGUIN and LSUCRE.

(5) Indexing after A.

q

2R

5.45388,

o
7.672a,

C,
H

&

(5)

Wold et al,

o o o_ (5)
= 13.1283 a, = 5.456a, cy = 13.122a
= 90°32" a_ = 7.6768, o = 90°43"

R
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o
A2 Calculation of A Gf (La203) at 1200K

For the reaction -

3

A H ,qq = 1758,5 + 13 kJmol
A o -1 46,49
S 298 = 124.9 + 3 JK mol
12§30
As® = As° A - - -1
S 1200 As g + ~ Cp %g 289 Jk “mol

5 A s P 3 A c ar 1818 + 15kJmol
= - m
“8£1200 298 298 P * °

-1 -1
Where Cp is of the form aT + bT + (JK mol ).

6
Taken from Kubachewaski et al.4

s
72

o
TABLE A2 - Heat capacities used in evaluation of &G f(La,O3)

a _l_Oili 10"
La203(298—ll7l)K 120.75 12,886 -13.723
*La (298-800)}K 25,18 6,694 -
O2 (228-3000)K 29,957 4,184 - 1.673

* The assumption is made that no phase change takes place up to 1200K.

A3 Third Law Entropies

o
TABLE A3 - S for components in the La-Ni-O- phase diagram

Phase Sozga/JK-lmolm:L S?.OSO/JK_IEOJ' Sizoo/JK-lmol
0, 205.10 246.02 250.06
Nio 38.07 94,90 102.47
Ni 27.79 70,03 74.44
La 56,90 94.44 98,89
La203 124,90 289,73 308.24

s® is calculated from Cp data in (48) and (49) and the *'Third Law
Treatment' (Chapter 2).
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