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Topochemical Reactions of Li,NbO,
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Intercalation and deintercalation of lithium in Li,NbO, were carried out by electrochemical and chemi-
cal methods. The hexagonal system for the compounds was retained over the whole range of x
observed (0.51 < x < 0.93). The a parameter was increased with decrease of x, while the ¢ parameter
remained almost unchanged. This variation of the crystallographic parameters was explained by the
deformation of NbOs trigonal prisms caused by weakening of Nb—-Nb bonding in the (NbO,), sheets.
Temperature-independent paramagnetism on the order of 10~ emu/mole and semiconductive behavior

were observed for Li,NbO,.

Introduction

Intercalation and deintercalation of lith-
ium or sodium have been investigated ex-
tensively on inorganic compounds because
of their potential use as cathode materials
for a secondary battery (I) or in order to
prepare metastable compounds which can-
not be obtained by usual methods (2). The
most attention has been directed to transi-
tion metal dichalcogenides having the gen-
eral formula of MX, (M, transition metals of
group VIB, VB, or VIB; X, S or Se). This
group is characterized by van der Waals
bonded layers between which various
chemical species can be accommodated.

In addition to the dichalcogenides, many
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attempts to prepare new metastable oxides
by intercalation or deintercalation have
been made by using layered or framework
oxides such as rutile (3), spinel (¢), ReO;,
and a-NaFeO, (5) type compounds. Among
them, a-NaFeO, type and its analogous
compounds are the group which have been
studied most numerously. A review by
Delmas and Hagenmuller gives comprehen-
sive understanding concerning structural
changes on intercalation and deintercala-
tion of these compounds (6).

Although LiNbO,, which was first re-
ported by Meyer and Hoppe (7), has a simi-
lar formula to a-NaFeO,-type compounds
and its analogs, they are different in the
structure of layer. The layer of LiNbO, is
composed of edge-sharing of NbOg trigonal
prisms and is similar to the 2H-type transi-
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tion metal dichalcogenides. Transition
metal ions in the other group are sur-
rounded by six oxygens octahedrally. In
LiNbO,, the existence of Nb—Nb bonding
is supposed by Burdett and Hughbanks (8).

We will describe here electrochemical
and chemical intercalation and deintercala-
tion of lithium in Li,NbO, and changes of
the structure and magnetic properties of the
products.

Experimental

Starting powder of Li,NbO, was pre-
pared by heating a mixture of powders of
LizNbO4 (9) and NbO (0) in a molar ratio
of 1:2 in a vacuum silica tube at 1050°C for
60 hr. Li;NbO, was obtained by heating a
mixture of Li,CO; (99.9%) and Nb,Os in a
molar ratio of 3: 1 at 900°C in air for 48 hr,
and NbO was prepared by firing a mixture
of Nb,Os and metallic Nb in a molar ratio of
1:3 in an evacuated silica tube at 1100°C
for 72 hr. Weight gain on oxidation in air
revealed that the Nb/O ratio for NbO pre-
pared here was almost 1: 1.

Chemical deintercalation was carried out.

by stirring the starting powder (1-2 g) in
0.1-2 M acetonitrile solution of iodine or
bromine. A solution of n-butyllithium in
hexane (6%) was used for chemical interca-
lation. The reaction temperature was room
temperature or 60°C and the duration time
ranged from 5 to 96 hr for both reactions.
Products were separated by centrifugation
and washed with acetonitrile or hexane sev-
eral times and finally with ethanol. The
amount of lithium released into the solution
in the case of deintercalation was deter-
mined by the atomic absorption spectros-
copy.

The cells for the electrochemical reaction
were built up as follows:

Li|1 M LiClO, in propylene
carbonate| Li;NbQO,.

The cell was discharged or charged at a
constant current of 500 wA/cm?2,

Products thus obtained were identified by.
X-ray powder diffractometry with CuKa
radiation. Lattice parameters were deter-
mined by least-squares refinement of pow-
der data taken with a scanning speed of {°/
min. Silicon was used as an internal
standard. The crystal structure of a dein-
tercalated compound was refined using the
Rietveld method (11). The powder data was
collected by using CuKa radiation with a
graphite monochromator for 20 sec at 0.05°
intervals over 20 angle from 10 to 100°.
Magnetic susceptibilities were measured
with a Faraday balance from 80 to 300 K at
several magnetic field strengths up to ap-
proximately 1 T. Electric resistances were
measured on powder samples pressed at
approximately 40 MPa at room temperature
by the two-probe method in the tempera-
ture range 80 to 300 K. Samples for the
structure determination and magnetic mea-
surement were produced by the chemical
method.

Results

Preparation of the Starting Material

An X-ray powder pattern of the reddish
brown product was very similar to that of
LiNbO, (7). The lattice parameters were
calculated to be a = 2.912(1) and ¢ =
10.46(1) A in the hexagonal system. The a
parameter was slightly larger than the one
reported for LiNbO,,#vhile the ¢ parameter
coincided. The chemical analysis showed
that the ratio of Li/Nb was 0.87. The weight
gain of 11.5% on oxidation of the product at
900°C in air agreed well with the value of
11.4% calculated on the assumption that
Nb ions in Liog;NbO, were oxidized to
Nb’*. The value of the a parameter is larger
than that of LiNbO, and is generally ob-
served for the deintercalated phase as men-
tioned later. These facts indicate that the
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Fi1G. 1. Lattice parameters vs lithium content x in
Li,NbO,. Triangles represent values reported by
Meyer and Hoppe (7).

compound used as the starting material was
nonstoichiometric. The nominal composi-
tion of the starting powder implies that the
average valence of Nb is 3.13, composed of
Nb*+ and Nb**.

Chemical Treatment

Chemical deintercalation changed the
color of the sample from reddish brown to
black. The minimum value of x, corre-
sponding to the maximum extraction of Li,
was found to be x = 0.51, when deintercala-
tion was carried out by using bromine as an
oxidizing agent at 60°C for 72 hr. An X-ray
powder diffraction pattern of the product
showed a slight shift of peaks to lower 26
angles from those of starting material ex-
cept 00/ reflections and was indexed with a
hexagonal cell.

On the other hand, the color of the sam-
ple was not changed on lithiation by using
n-butyllithium. The maximum value of x of

0.93 was attained at 60°C for 50 hr. The
lattice parameters for the sample were cal-
culated to be a = 2.908(1) and ¢ = 10.46(1)
A. Contrary to the deintercalation, a slight
decrease of the a parameter was observed,
while the ¢ parameter remained almost con-
stant.

By intercalation or deintercalation of Li,
extensive structural change does not seem
to occur, except for a change of the a pa-
rameter. The evolution of lattice parame-
ters on intercalation and deintercalation is
shown in Fig. 1. The a parameter, which
corresponds to the Nb—Nb distance in the
(NbO,), layer, is strongly dependent on x in

“the region of 0.7 < x < 1, and slightly in-

creases in x < 0.7. The ¢ parameter remains
almost constant, independent of x. This be-
havior of the ¢ parameter is unusual when
compared with increase of the ¢ parameter
of other ABO, compounds with a-NaFeO;-
type structure and its analogs on deinterca-
lation.

Electrochemical Method

The open circuit voltage (OCV) vs the
composition is shown in Fig. 2. Variation of
OCV with x was continuous during deinter-
calation and intercalation, indicating that
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FIG. 2. Open-circuit voltage against lithium content
x in Li,NbO,.
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FiG. 3. Rietveld refinement patterns for Li,NbO,. Observed data are shown by dots and calculated
pattern is drawn by solid line in the upper portion of the figure. Positions of refractions calculated for
CuKa, and Ka, are marked by vertical bars in the middle part of the figure. The lower portions are
plots of AY, the differences between observed and calculated intensities.

there is no region of multiple phases over
the observed composition range and that
the composition changes continuously. De-
intercalation proceeded up to x = 0.5 with
OCV of 2.95 V but further extraction was
not carried out because of partial decompo-
sition of the electrolyte. Intercalation was
attained up to x = 0.96 with OCV of 2.5 V.

The lattice parameters of products ob-
tained by the electrochemical method
changed in the same way as those for prod-
ucts obtained by the chemical method, hav-
ing similar magnitudes to the latter at the
corresponding compositions. The change in
color also agreed with the change by the
chemical method.

Structure Refinement

As mentioned above, no structural
change was observed on the intercalation
or deintercalation of Li,NbO,, but unusual
dependence of the a and ¢ parameters on x
was observed. In order to estimate the in-
teratomic distances, the structure refine-
ment by the Rietveld method was carried
out for a deintercalated product by suppos-
ing the same space group of P6;/mmc with
LiNbO, (7). The sample was prepared by

the chemical method and its composition
was LiyssNbO,. The final R factors, Ryp,
Ry, and Rg, defined in Ref. (12) were 14.9,
11.6, and 9.1%, respectively. Observed and
calculated diffraction profiles are shown in
Fig. 3 and the atomic coordinates and tem-
perature factors are shown in Table I.

Electric and Magnetic Properties

In the whole measured composition
range (0.51 < x < 0.93), Li,NbO, showed
temperature-independent  paramagnetism
and semiconductive behavior. The mag-
netic susceptibility increased slightly with
decrease of x, while its magnitude ranged in
the order of 10~5 emu/mol (Fig. 5). Unlike
the result reported by Meyer and Hoppe

TABLE 1

PosiTioNAL AND THERMAL PARAMETERS FOR
Lip ssNbO, (ESTIMATED STANDARD DEVIATIONS
IN PARENTHESES)

Atom Position x y z B(AY
Li 2a 0 0 0 24)
Nb 4d £ 3 i 0.4(2)
O 4f % E 0.133(2) 6.4(7)




TOPOCHEMICAL REACTIONS OF Li,NbO, 37

3 ¢
* 0.5
- 0.69
2
£ .
o -
%
o
o
-
087
’ .,4-"'-:'2- et * % 003
-

3 5 7 9 n
1037 (K™

F1G. 4. Temperature dependence of electrical resis-
tivity of Li,NbQ,.

(13), clear dependence of the susceptibility
on magnetic field strength was not ob-
served. As seen in Fig. 4, positive depen-
dence on temperature was observed for the
electric resistivities of Li,NbQO,. In the re-
gion of high x, near the stoichiometric com-
position, the temperature dependence of re-
sistivity is slight, while it is much larger at
low x. The resistivities increased with a de-
crease of x.

Discussion

By extraction of alkali ions from inter-
layer spaces of AMO, (A = Li, Na; M = Cr,
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FiG. 5. Magnetic susceptibilities of Li,NbO,.

Ni, Co), the structures of which are a-Na
FeO,-type or are related to it, a decrease of
the a parameter and an increase of the ¢
parameter are generally observed on ex-
traction of A (I4). This change in the crys-
tallographic axes is considered to result
from a decrease of ionic radius of the transi-
tion metal ion in the layer and an increase
of repulsive force between layers. The a
parameter corresponds to the metal-metal
distance in the (MO,), layer, therefore con-
traction of part of the transition metal ion
by oxidation causes the decrease of the a
parameter. The partial oxidation results in
decrease of negative charge on the sheet
and positive charge in the interlayer spaces,
and the attractive forced between the sheet
and alkaline ions is weakened and repulsive
force between O?~ and the opposite sheets
increases. Then, the ¢ parameter increases.

As an exception, a contraction of the ¢
parameter was observed for 1.iVO, and Na
TiO; (15, 16). In these compounds, migra-
tion of the transition metal ions from intra-
layer to interlayer octahedra was supposed
on deintercalation, and therefore the transi-
tion metal ions in the interlayer spaces was
considered to fasten a connection between
sheets and decrease the ¢ parameter.

On the other hand, expansion of the a
parameter and the almost constant ¢ param-
eter were observed on extraction of Li*
ions from interlayer spaces in the system
of Li,NbO,. The interatomic distances in
Lig ssNbO, as well as those for LiNbO, (7)
are listed in Table II. Expansion of LiOg
and the larger separation of sheets are
clearly seen in LiyssNbO; when compared
with the stoichiometric compound. At the
same time, the NbOg trigonal prism de-
formed so that it contracted along the c-axis
and its basal plane was enlarged.

In spite of the almost constant ¢ parame-
ter for Li,NbQ,, its interlayer spacing is in-
creased on partial oxidation as a-NaFeO,-
type and related compounds due to the
repulsion between layers. However, the
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TABLE II

INTERATOMIC DISTANCES AND THICKNESSES OF THE
SHEET AND INTERLAYER SPACE

Distances (A) LiNbO,* Liy sNbO,?
Li-O 2.13 2.19
Nb-O 2.11 2.09

(LiOy)* 2.64 2.78
(NbO,),¢ 2.59 2.46
< Ref. (7).

4 This work.

¢ Thickness of interlayer space was estimated from
the position of oxygen.

4 Thickness of the (NbO,), sheet was estimated from
the position of oxygen.

contraction of the NbOg trigonal prism
along the c-axis compensates the expansion
of interlayer spacing. As a result, the ¢ pa-
rameter seems to remain unchanged. The
expansion of the interlayer spacing by 0.17
A for LiyssNbO, from the stoichiometric
compound is comparable to the increase of
the ¢ parameter by 0.22 A for Lig 4C0; 0102
).

The reason why the NbOg prism deforms
in the above-mentioned way on partial oxi-
dation should be interpreted by taking ac-
count of the bond scheme of Nb in the tri-
gonal prismatic environment. Burdett and
Hughbanks (8) proposed the stabilization of
this structure by the metal-metal bonding
similar to that for MoS,, although the stabil-
ity range for the trigonal prism is narrow
around d? configuration. This means that a
two-dimensional Nb network linked by the
metal-metal bonding is formed parallel to
the basal plane. By partial oxidation, the
electron density in metal-metal bonding is
reduced and consequently the metal-metal
bonding is weakened. This leads to an ex-
pansion of Nb—Nb distance. At the same
time, the oxygen—oxygen distance (length
of shared edge perpendicular to the Nb net-
work) is considered to be shortened in or-
der to reduce the repulsion between Nb
ions which have more effective positive

charge. A similar shortening of the shared
edge is observed for VO,, when the metal-
metal bonding is broken (/7). The magni-
tude of shortening is calculated to be 0.12 A
for VO, and 0.13 A for Li,NbO,.

Burdett and Hughbanks (8) also pre-
dicted stoichiometric LiNbO, to be a dia-
magnetic semiconductor. We could not pre-
pare the stoichiometric compound, only
nonstoichiometric compounds, Li.NbO,.
All of them showed the temperature-inde-
pendent paramagnetism with very low sus-
ceptibility. The magnitude of susceptibility
depended slightly on x, and at x = 0.93,
which is closest to the stoichiometry among
the observed compositions, the susceptibil-
ity was minimum, but still not diamagnetic.
Because the electric resistivity was mea-
sured on the pressed body of a powder sam-
ple, we could not positively determine if the
compound near stoichiometry was a semi-
conductor. The fact that the electric resis-
tivity increased with degree of deviation
from the stoichiometry and the low tem-
perature-independent susceptibility might
indicate that the nonstoichiometric com-
pounds, Li,NbQO,, prepared here are semi-
conductors with the van Vleck paramag-
netism. The stability range of the trigonal
prism is so narrow that oxidation of
Li,NbO, extended beyond our range might
result in formation of NbOg octahedra from
the trigonal prism.

Summary

(1) Li,NbO, (0.51 < x < 0.97) was pre-
pared topochemically from Ligg;NbO, by
means of electrochemical and chemical
methods.

(2) In all composition ranges, the com-
pounds showed semiconductive behavior
with weak van Vleck paramagnetism.

(3) The ¢ parameter remained almost un-
changed, while the g parameter increased
with decreasing x.

(4) The change of crystallographic pa-
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rameters was related to the slight deforma-
tion of the NbOg trigonal prism.

(5) The deformation of the NbQg prism

was considered to be caused by a weaken-

in

g of the Nb-Nb bonding in (NbO,),

sheets.
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