JOURNAL OF SOLID STATE CHEMISTRY 73, 338-347 (1988)

Lithium Intercalation in Ln,3NbO; Perovskite-Type Phases

{Ln = La, Nd)

A. NADIRI, G. LE FLEM, anp C. DELMAS

Laboratoire de Chimie du Solide du CNRS, Université de Bordeaux I, 351,
cours de la Libération, 33405 Talence Cedex, France

Received April 8, 1987

Lithium can be intercalated either chemically or electrochemically in Ln,;NbO; perovskite-type
phases (Ln = La,Nd). In the starting material the electrostatic repulsion between rare earth ions leads
to relative ordering within the NbO; network. Every other plane of perovskite cavities contains rare
earths. The related formula is (J,,(Ln,51',s)NbO;. In both systems, solid solutions are observed in the
first part of the intercalation reaction. While almost all perovskite cavities are filled in the neodymium
phases, the higher ionic character of the La-O bonds prevents practically the [’ sites from Li
intercalation. For the highest intercalation rates which attain 0.80, a new site is involved. The physical
properties of the intercalated materials have been described in connection with the electrochemical
behavior. Whatever the intercalation rate, the d electrons remain localized and the electronic behavior

is characterized by a hopping mechanism.

Introduction

In the scope of the investigations devoted
to alkali metal intercalation reactions (/-3)
interest has been shown in the recent years
to studies of 3D-skeleton materials, espe-
cially of perovskite-derived structures.

Intercalation reactions have been carried
out in two main classes of materials:

(1) strictly corner sharing structures like
WO; (5, 6), ReO; (7-9), or tungsten
bronzes (10, 11);

(i) ReO; crystallographic shear plane
structures (with simultaneous corner and
edge sharing) such as TiOx(B) (I, 2) VO,(B)
(13), VeOy3 (I4) and FeV305 (7, 9, 15).

In the first group of materials the relative
flexibility of the structures allows octahe-
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dra rotations without framework bond
breaking during the intercalation processes.
In Liy3sWO; for instance the WOq octahe-
dra tilting leads to two unequivalent alkali
metal sites respectively 4 and 12 coordi-
nated (6). From ReO; Murphy et al. have
obtained ilmenite-related phases, LiReOs
and Li,ReQs; (7, 8). In this case the octahe-
dra twisting converts the perovskite 12-
coordinated cavity into two face sharing
octahedra.

In the ReOQ; crystallographic shear plane
structures the edge sharing makes MOy
twisting difficult during lithium interca-
lation and the framework is practically not
modified.

It has been shown recently that lithium
ions can be incorporated in the lattice of the
LnisNbO; rare earth perovskite-derived
structure by a coupled substitution formally
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of type Nb** = Li* + Ti*" (16). The
materials have been characterized from the
crystallographic point of view. The perov-
skite framework is maintained for small
insertion rates, while an aeschynite-type
phase (derived by crystallographic shearing
from the perovskite structure) is observed
for larger x-values. The lithium mobility has
been determined by impedance measure-
ments and NMR spectroscopy (17).

Preliminary work has also shown that
lithium can be electrochemically interca-
lated in Nd;sNbO; (16).

This paper describes lithium intercalation
in both La;sNbO; and Nd;sNbO;. These
materials can be considered as intermediate
between the two previously reported types
of structures. The NbO; framework is made
up of NbOg corner sharing octahedra, the
structure being stabilized by the rare earth
ions inserted in the perovskite A cavi-
ties. These phases can be compared to
Lay ;sWO; (6) where the lanthanum ions are
randomly distributed over the same 12-
coordinated sites, whereas relative order-
ing exists in the niobate structure (18, 19).

Structure Description

The Ln;sNbOj; structure shown in Fig. 1
has been described by P. N. Iyer and A. J.
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Smith (18). The rare earth ions are partially
ordered within the 3D-NbO; network. In
the representation given in Fig. 1, the cen-
ters of the 12-coordinated perovskite cavi-
ties form planes at z = 0 and z = 3.
Two-thirds of the z = 0 sites are randomly
occupied by rare earth atoms, whereas the
z = % sites are empty. Such a distribution
leads to doubling of the c-parameter of the
cubic perovskite-type cell, so that a tetrag-
onal symmetry could be expected. In fact a
small orthorhombic distortion occurs: aqmn
= deub; Borth = deub; Corth = 2dcup. Vacancies
at z = % lead to opposite shifts of the
niobium (z = 0.262) and oxygen (z = 0.226)
atoms from their ideal positions (z = 0.25).
Off-centering of Nb’* leads to alternating
short and long Nb-O bonds along the c-
axis.

Experimental

(@) Starting Phase Preparation:
LnisNbO; (Ln = La, Nd)

These materials are obtained by direct
synthesis from stoichiometric amounts of
the binary oxides Ln,O; and Nb,Os. Pellets
of the starting mixture undergo three 20-hr
thermal treatments, respectively, at 1200,
1300, and finally 1350°C. Resulting powder
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FiG. 1. Structure of Ln;sNbO; phases.
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materials are white (Ln = La) or purple (Ln
= Nd).

(b) Intercalation Reactions

Lithium intercalation reactions were
achieved both electrochemically and chem-
ically with organometallic reagents. Inter-
mediate Li compositions were obtained by
the ‘‘chemical short circuit method”’ re-
cently developed in this laboratory (20).
For each example special attention must be
paid to grinding of the starting material: as a
matter of fact, lithium intercalation can be
Iimited for large size grains by the reaction
Kinetics.

Electrochemical Intercalation

The following electrochemical chain has
been used:

Li/LiClO4 in PC/Ln;3NbO; + graphite.

To ensure a macroscopic electronic con-
ductivity, graphite representing 30% in
weight has been added to the positive elec-
trode. All the discharge-charge processes
are assured galvanostatically. They are
monitored by a real time-time slicing
HP1000 A600 computer (2/). To obtain the
thermodynamic emf vs composition curves,
relaxation periods are allowed until con-
stant voltage values are found. After the
electro-chemical reaction the positive elec-
trode material is recovered, washed with
hexane, dried under vacuum, and then
characterized by X-ray diffraction using the
Guinier technique.

Chemical Intercalation

Large amounts of lithium intercalated
compounds were obtained using solutions
of n-butyllithium in hexane or lithium naph-
thalide in THF. While the former reagent
allows materials with potentials equal to 1.0
V vs Li/Li* electrode to be obtained, very
reductive phases can be obtained with the
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latter one, as its potential is lower than 0.5
V vs Li/Li* (22). This reagent is obtained
by dissolution of lithium in a solution of
naphthalide in THF (23).

Deintercalation reactions were done to
test the reversibility of the reactions using
iodine as oxidation medium.

Chemical Short Circuit Method

This method has been used to obtain
large amounts of intercalated phases with
intermediate compositions. It requires mix-
ing of two phases with different interca-
lation rates. As a matter of fact, the nonin-
tercalated starting phase is mixed with an
intercalated phase previously synthesized.
To enhance the reaction speed the mixture
is wetted with a liquid electrolyte and then
pelletized to ensure a good contact for
electronic mobility. The resulting mixture
can be considered as a rocking chair-
battery in short circuit and the following
reaction occurs:

a(H) + le1<H> — (a + l)Lixl/(aH)(H}

More generally the nonintercalated phase
(H) can be replaced by a partially interca-
lated one, Li, (H).

When equilibrium is reached, an electro-
chemical cell is built, with a small fraction
used to check its potential vs the lithium
electrode and to compare with the thermo-
dynamic emf curves.

In the present research this method has
been utilized to obtain easily phases only
slightly intercalated for optical studies.

Results

(a) Electrochemical Intercalation

The cell voltage variations vs composi-
tion under constant current density are
represented on Figs. 2 and 3 for the two
Li//Li,LnsNbO; systems. The behavior of
the cells clearly shows the reversibility of
the intercalation reactions.
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Fi1G. 2. Cell voltage variation vs Li rate in a Li//
Li,La,3sNbO; cell (J = 50 uA/cm?).

Thermodynamic emf vs composition
curves are plotted in Fig. 4. In both systems
a solid solution with upper limit x = 0.53
(Ln = La) and x = 0.64 (Ln = Nd) has been
found. This phase is in equilibrium during a
further discharge process with a second
phase corresponding to x = 0.80). While the
discharge and the thermodynamic curves
are quite similar for x > 0.1, a strong
difference is observed for the small interca-
lation rates.

(b) Chemical Intercalation

Li,La;sNbO, phases were also obtained
by this method. An excess of n-butyllithium
allows the composition Lijs3La;sNbO; to
be obtained, while a formulation Lig g
La;sNbO; can be reached with the lithium
naphthalide solution. The composition of
these materials has been checked by chemi-
cal analysis.

Electrochemical cells were built up from
the lithium intercalates to corroborate the
above results. The starting ocv values and
the shape of the charge and discharge
curves confirm the complete analogy be-
tween chemical and electrochemical inter-
calation.

A lithium deintercalation reaction from
Lip gpla;sNbQO; using iodine dissolved in
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Fic. 3. Cell voitage variation vs Li rate in a Li/
Li,Nd;sNbO; cell (J = 50 uA/cm?).

CH;CN leads to composition Lijglas
NbO;. Afterward to prove the complete
reaction reversibility the latter material has
been electrochemically reintercalated.

All these results have been obtained
using La;sNbO; of approximately 1 um
grain size. If materials with larger grains
(~10 pm) are used, the intercalation with
n-butyllithium seems to be more restricted.
After a 1-week reaction an overall x = 0.22
value has been obtained as intercalation
limit, even if a large excess of n-butyllith-
ium is used.

FiG. 4. Variation of the thermodynamic potential
(ocv) vs Li rate for Li//Li,Ln;sNbO, cells (Ln = La
and Nd).
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TABLE I

UNIT CELL PARAMETERS OF THE LiLa;sNbO; PHASES

Li,La,;NbO,

0=x=<007 x=022 x=05 x=080

a(A) = 0.003 A 3.907 3.917 3.921 3918

b(A) + 0.003 A 3.919 3.917 3.921 3.918

c(A) = 0.0059,& 7.901 7.909 7.911 7.900
V(A% + 0.3 A3 120.9 121.3 121.6 121.3

cla + 0.003 2.022 2.019 2.017 2.016

(c) Cell Parameter Variation

Tables I and II display the unit cell
parameter of the Li,Ln;sNbOs phases. Re-
sults obtained by the various intercalation
methods are idential.

The X-ray diffraction patterns of all inter-
calated phases have been indexed in an
orthorhombic system similar to that of the
starting phases with space group P,,,». For
all samples with x > xf" (x}* = 0.07, x}¥ =
0.10) splitting between (hkl) and (khl) lines
disappears, apparently giving evidence of a
tetragonal unit cell. Nevertheless, from
powder diffraction patterns, it is impossible
to draw unambiguous conclusions. For the
lower intercalation values (x < x£"), corre-
sponding to the first part of the ocv curve,
no significant modification of the X-ray dif-
fraction pattern can be detected.

TaBLE II

UNIT CELL PARAMETERS OF THE Li,Nd,;sNbO,
PHASES

Li,Nd|/3NbO3

0=x=<010 x=064 x=10.80

a(A) = 0.003 A 3.902 3.909 3.912
b(A) * 0.003 A 3.916 3.909 3.912
c(A) = 0.005 A 7.766 7.811 7.828
V(A% = 0.3 A3 118.7 119.3 119.8

cla = 0.003 1.990 1.998 2.001

(d) Electronic Conductivity

Niobium(V) is reduced during the lithium
intercalation. The ESR spectrum obtained
at 4.2 K for the LiggsLa;sNbO; composi-
tion shows unambiguously the existence of
Nb** ions with a g-factor of 1.81.

In all cells, graphite must be added to the
positive electrode material to ensure a suf-
ficient electronic conductivity. Such a re-
quirement clearly shows the low electronic
conductivity of the intercalated perovskites
even for high lithium content (x = 0.80).

The electronic conductivity has been de-
termined by the four probe technique. That
of the starting phase La;sNbQ; is very low,
i.e., smaller than 10719 Q! cm™! at 20°C.
Figure 5 shows a plot of log o vs reciprocal

-3.0

r (b)

AE = 0.32 eV

AE = 0.53 ev

= 103 /7(k)

-9.0
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F1G. 5. Variation of the conductivity vs reciprocal
temperature for Lij 5,1.a,sNbO; (a) and Lig gJ_a,sNbO,
(b).
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Fi1G. 6. Diffuse reflectance spectra for Li;La,sNbO,
phases for (a) x = 0, (b) x = 0.005, (c) x = 0.010, (d)
x = 0.015, and (e) x = 0.070.

temperature for the x = 0.22 and x = 0.80
Li,La;sNbO; phases.

(e) Diffuse Reflectance

An optical investigation has been real-
ized by recording the diffuse refiectance
spectra in the UV and visible regions for
several compositions (Fig. 6). The gap de-
termined for x = 0 (Eg = 3.1 eV), in good
agreement with that observed for Nb,Os
(Eg = 2.92 eV) characterizes an 0~ —
Nb’* electronic charge transfer. It holds for
slightly intercalated phases, while an ab-
sorption, almost constant along the ex-
plored wavelength domain and which char-
acterizes a hopping phenomenon, increases
with the intercalation rate. This behavior is
emphasized by the observed color changes:
The starting phase La;3;NbO; is white.
Slightly intercalated niobates are gray blue
and become darker with increasing interca-
lation rate and even black for x > 0.07.

Discussion

(a) Electrochemical Behavior

This investigation shows clearly that the
3D-network remains unchanged even for
high intercalation amounts. The interca-
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lation reaction exhibit a good reversibility,
as shown by Figs. 2 and 3 as well as by
iodine deintercalation. The strong polariza-
tion which appears at the end of the charge
process (x = 0.2) arises from the formation
of a thin skin of Lrn,sNbQ; which is insulat-
ing from both ionic and electronic points of
view.

An interesting feature to discuss is the
cell voltage difference observed in compar-
ing the behavior of the lanthanum and neo-
dymium phases (Fig. 4). The higher voltage
observed for the neodymium niobate cells
results from a higher oxidizing character of
niobium in this phase than in the lanthanum
phase. This behavior can be related to the
more ionic character of the La-O bond
which enhances the covalency of the
niobium-oxygen bond and makes it more
difficult to trap an extra electron on the
niobium atom. On the contrary, the lower
energy of the niobium level increases the
oxidation rate of Nd;;sNbOj.

It is well known that the intercalation
kinetics is directly connected to the grain
size of the intercalated material. A small
grain size increases the active intercalation
surface area and simultaneously decreases
the number of jumps required for the mo-
bile ion to reach an equilibrium position in
the grain bulk.

Intercalation with a large excess of
n-butyllithium on large size grains of
La;sNbO; leads to an overall composition
close to LigLa;sNbO; after 1 week reac-
tion. As shown in Fig. 4 the open circuit
voltage obtained for this composition (1.62
V) is very far from the n-butyllithium po-
tential. One may infer that the material is
not in equilibrium conditions at the end of
the experiment. To illustrate this behavior
an electrochemical cell was set up just after
removing the sample from the organometal-
lic solution. The variation of its open circuit
voltage vs time plotted on Fig. 7 illustrates
progressive relaxation of the material. At
the begining the low potential value shows
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Fic. 7. Variation vs time of the open circuit voltage of a Li/Liy ;;La;sNbOj; cell. The time origin has
been taken when the material of overall composition Liy ;,L.a,sNbQs is removed from a »-butyllithium

solution after 1 week contact.

the existence of a thin film of highly interca-
lated phase. Afterward Li* ions and elec-
trons diffuse within the grain and the poten-
tial reaches its normal equilibrium value
(1.62 V).

(b) Crystal Chemistry

As expected the presence of strong Ln-0O
bonds in the perovskite lattice hinders large
rotations of skeleton octahedra such as
those observed for Li,WQ; (6) or LiReO;
and Li;ReQ; (8, 9) phases.

Precise knowledge of the lithium distri-
bution could require neutron diffraction
investigations. These experiments are in
progress for the Ligx»la;sNbO; and

Liggla;sNbO; compositions. Neverthe-
less, from a close examination of the struc-
ture of the starting phase some reasonable
hypotheses can be formulated. Figure 8
shows two adjacent perovskite-type cavi-
ties within the NbO; network. This repre-
sentation has been deduced from the
atomic positions published by P. N. Iyer
and A. J. Smith (I8). As discussed above,
Ln’* ions are statistically distributed in the
cavity planes situated at z = 0 and z = 1.
Assuming as previously that the vacancies
at z = 0 and z = 3 are, respectively, labeled
as [ 1" and [T}, the formula of the uninterca-
lated niobate can be written (1;(Lnys[Jle)
NbO;. As (1 is surrounded by a smaller
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FiG. 8. Drawing of two adjacent cavities in the
LnsNbO; lattices.

number of Lr** than [0’ (Fig. 1), this site
can be more easily filled by Li* ions from
an electrostatic point of view. As a result
the x = 0.50 value is only slightly exceeded
for lanthanum niobate (x = 0.53). On the
contrary, in neodymium niobate the lower
ionic character of the Nd-O bond de-
creases the lithium-neodymium repulsion
and allows easier lithium intercalation in
the rare earth surrounded, [’ site (leading
to x = 0.64).

In both systems the plateau observed in
the final part of the discharge curve shows
the presence of a two phase domain limited
by the x = 0.80 composition. As an x value
larger than % is observed, a new lithium site
must be involved.
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Taking into account the lithium ion size,
a close examination of the perovskite cav-
ity located at z = 4 shows that it is possible
to introduce two Li* ions in the same
cavity. But such a distribution would lead
indeed to very large Li*-Li" repulsions. As
a result this hypothesis must be rejected.

Another position can be considered: the
center of each bottleneck of the A-type
tunnels situated at z = § (bottleneck ABCD,
for example, in Fig. 8). Although such a
position is unusual for lithium, it can be
considered as it leads to realistic Li-O
bond lengths (1.96 and 2.17 A) and large
Li-Li distances (3.91 and 4.33 A). The total
occupancy of this site would correspond to
one Li* ion per La;sNbO; unit.

Such a square planar Li environment
already has been detected in Liy,0ReOs,
Liy 3WOs, and Li(Cus_,Li,) [Tis—xM;4,]101;
(M = Nb,Ta) phases with perovskite-like
structures (6, 24, 25). In those materials the
square planar environment results from
new sites which appear in the ReOs frame-
work as a result of large octahedra tilting.
In the present case, occurrence of rare
earth atoms in the perovskite cavity hinders
such a large tilting and the pseudosquare
sites occupied by extra Li™ ions would be
therefore, simply, the bottleneck between
the A cavities of the perovskite structure.

This hypothesis has to be checked indeed
by neutron diffraction.

(c) The Slightly Intercalated Materials

Electronic conductivity and optical study
of Li,La;sNbO; (x = 0.07) clearly show the
semiconducting character of this material.
This behavior is characteristic of a hopping
phenomenon. It seems that the number of
intercalated electrons on one hand, and the
Nb** 4d shells extension and their overlap-
ping with oxygen psr orbitals on the other
hand are too small to lead to an electron
delocalization as observed in some tung-
sten bronzes (26).

Furthermore, for small amounts of inter-
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calation another phenomenon seems to ex-
ist, as suggested in both systems by the
high voltage values observed (Fig. 4).
These values are very close to the open
circuit voltage values obtained for unin-
tercalated niobate: 3.27 V for Li/Lays
Nb03 and 3.10 V for Ll//Nd1/3NbO3

In addition, two other results should be
pointed out from the structural point of
view:

(1) The ESR signal observed for Lig s
La,sNbO; is wide (400 G). Moreover, the
expected hyperfine structure characterizing
the isolated Nb*" ion has never been de-
tected as, for instance, in the Nasicon-type
related phosphate Na,Nb(PO,); when
doped with Nb** (27). This behavior could
suggest Nb**—-Nb** interactions.

(ii) The diffuse reflectance spectrum ob-
tained for very slightly intercalated phases
(0.005 = x = 0.015) does not show the
expected absorption band characteristic of
free Nb** ions (28, 29), but rather shows
simple overlapping of a constant absorption
over the whole explored wavelength do-
main, due to hopping phenomena, and the
O™ — Nb’* charge transfer band situated at
3.1eV.

All these features are consistent with the
presence of small clusters of reduced nio-
bium within crystallites of global composi-
tion close to that of the starting Ln;;NbO;
phase.

For these compositions the open circuit
voltage of the cells remain in the vicinity of
those of unintercalated niobates (Fig. 4).

Of course these clusters are too small to
be detected by X-ray diffraction and the
diffraction spectrum remains identical to
that of the starting material. It should be
noted that no line broadening has been
observed for these compositions. For the
overall lithium rates x = 0.07 (Ln = La) and
x = 0.10 (Ln = Nd) the clusters probably
percolate and a classical disordered solid
solution is then obtained, as shown by the
modification of the cell voltage values (Fig.

NADIRI, LE FLEM, AND DELMAS

4) and the change in the unit cell

parameters.
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