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Chemical insertion of Li in NbOzF has been performed under various conditions. NbOzF prepared 
from Nb-metal and a mixture of HF(aq) and HNOJaq) was used as starting material, since Nb02F 
made from NbzOS and HF(aq) was shown to be NbOzF HF. The products, with the formula Li,NbOzF 
(0 < x 5 1.8), have been analyzed for Li content using atomic absorption spectrometry. According to 
the X-ray powder diffraction results, the Li-incorporated samples with 0.2 < x < 1.3 contained two 
phases, namely, one of cubic and one of hexagonal symmetry, whereas specimens with x > I .3 were 
single phase of a hexagonal structure type. Samples with x = 0.0, 0.3, 0.5, and 1.2 were studied by 
electron diffraction and high-resolution electron microscopy techniques. Crystals of specimen x = 0.3 
were shown to consist predominantly of a cubic phase surrounded by a shell of hexagonal LiNbO, 
structure type, while the crystals of Lil.rNbOZF seemed to be built up mainly of the hexagonal 
phase. Q 1989 Academic Press, Inc. 

Introduction 

Metal oxides with framework structures 
have in recent years become interesting as 
host compounds for Li-insertion, due to 
their potential use as electrode materials. 
Several articles describe Li-incorporation 
in Re03 (I, 2) as well as other isostructural 
phases such as WO3 (2), NbOxF (3), and 
TiOF2 (3). Their structures are built up of a 
three-dimensional network of corner-shar- 
ing MX6 octahedra. The Li-inserted prod- 
ucts obtained from these compounds seem 
to be structurally very similar, although 
small variations of the Li content have been 
observed. Studies of these systems using 
X-ray and neutron diffraction data show 
that one cubic phase of a distorted 
perovskite type and two hexagonal phases 
of LiNb03 type are formed. Li-insertion in 

metal oxides with shear structures, e.g., 
Nb205 (4, 5) and Nb307F (4), have also 
been studied. 

The present investigation has mainly 
been focused on topochemical incorpora- 
tion of Li into Nb02F. The products have 
been characterized by X-ray powder dif- 
fraction and high-resolution electron mi- 
croscopy (HREM) methods. 

Experimental 

Nb02F was synthesized by treating 
niobium metal powder (Pierce Inorganics 
B.V., 99.8%) with a mixture of HF(aq) 
(Merck, 48%, p.a.) and HN03(aq) (Merck, 
65%, p.a.). The resulting clear liquid was 
left in room temperature for about 2 weeks 
for evaporation to dryness. The white crys- 
tals obtained were ground and heated in air 
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at 550 K for 5 hr. Prior to use in the inser- 
tion reactions, the product was identified 
by X-ray powder diffraction and found to 
be a single-phase sample with good crystal- 
linity. Its thermal stability was examined by 
differential scanning calorimetry (DSC, 
Perkin-Elmer DSC-2) and by thermogravi- 
metric analysis (TG, Perkin-Elmer TGS-2). 

Li was inserted chemically into the oxide 
fluoride by reaction with n-butyllithium dis- 
solved in n-hexane (Merck-Schuchardt, 1.6 
M, zur Synth.). All reactions were carried 
out in a drybox with N2 atmosphere. Ap- 
proximately 200 mg of Nb02F was treated 
with OS-4 ml 1.6 M n-Bu-Li in n-hexane 
plus IO-20 ml pure n-hexane. The mixtures 
were stirred for 1-18 days at 295 K. The 
resulting dark blue or black crystals were 
washed three times in n-hexane and dried in 
vacuum for about an hour. The products 
were found to be unstable in air and were 
therefore all kept in the drybox. The start- 
ing material and Li-containing products 
were characterized by their X-ray powder 
diffraction photographs taken with a 
Guinier-Hagg camera using CuKai radia- 
tion and Si as an internal standard (a = 
5.430880(5) A at 298 K (6)). 

All products were analyzed with atomic 
absorption spectrometry (AAS) for Li con- 
tent. Approximately 10 mg of the sample 
was dissolved in a small amount of HF(aq), 
and the solution was diluted with deionized 
water. Six water solutions of L&CO3 (Baker 
Chemical Co.) with different concentra- 
tions were used as external standards. 

Electron-microscope specimens were 
prepared by crushing a small amount of the 
sample under acetone in an agate mortar. 
Since the samples are sensitive to air and 
water the preparing times were minimized. 
Acetone was found not to react with the Li- 
containing crystals. These were examined 
at 125 kV using a Siemens ELMISKOP 102 
with a double-tilt lift stage, at 200 kV using 
a JEM-200CX electron microscope 
equipped with a high-resolution top-entry 

goniometer stage, and at 400 kV using a 
JEM-4000EX electron microscope 
equipped with an ultra-high-resolution ob- 
jective lens polepiece (C, = 1.0 mm) and a 
top-entry goniometer stage. Simulated im- 
ages were calculated with the multislice 
method, using a locally modified version of 
the SHRLI suite of programs (7). 

Results 

NbOzF can be synthesized either by dis- 
solving Nb205 in HF(aq) (8) or from Nb- 
metal as described above. The synthesis 
from Nb205 gave a sample with a structure 
of cubic symmetry with the cell parameter 
a = 3.9098(3) A, yielding diffuse diffraction 
lines. According to (9) and references 
therein NbOzF has a = 3.898 8, and starts to 
decompose at 825 K. However, the product 
here obtained started decomposing already 
at approximately 485 K. Thermogravi- 
metric studies showed that the sample lost 
about 15 f 2% in weight when heated to 
573 K, at which temperature the cubic 
phase was still present according to the X- 
ray powder photograph. However, the a- 
axis shrank and the diffraction lines became 
more diffuse with the heat treatment of the 
sample. 

When synthesized from Nb-metal the 
product had the same cubic structure type 
with a somewhat shorter u-axis (3.9015(l) 
A). The powder pattern showed sharp dif- 
fraction lines, and major decomposition of 
the product did not occur until above 825 
K. Thermogravimetric studies showed that 
this sample lost about 2% in weight when 
heated to 573 K, and the powder pattern did 
not change much in this process. 

The 15 + 2% weight loss suffered by the 
product obtained from Nb205 indicated a 
probable loss of one formula unit of HF or 
Hz0 per NbOzF (corresponding to full oc- 
cupancy of the perovskite site). The theo- 
retical weight loss in the two cases is 12 and 
1 I%, respectively; thus a differentiating 
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test was needed. A Pt-crucible containing 
Nb02F was covered with a piece of sodium 
glass and was exposed to the same heat 
treatment as in the TG experiment. The 
glass was etched when Nb02F made from 
Nb205 was heated, indicating that HF was 
released, but was not at all affected by the 
product obtained from Nb-metal. The pow- 
der photographs confirmed that the resi- 
dues were the same as those obtained in the 
thermogravimetric analyses. The behavior 
of the Nb02F samples thus seemed to de- 
pend on whether it was made from Nb205 
or from Nb-metal. The former sample ap- 
parently corresponds to the formula 
Nb02F * HF. Therefore all insertion reac- 
tions were made in NbO*F synthesized 
from Nb-metal. 

All insertion products with the formula 
Li,NbOzF (0 < x < 2) were examined by X- 
ray powder diffraction. It was observed 
that when Li was introduced into the cubic 
Nb02F, the diffraction lines became dif- 
fuse. The powder patterns could be in- 
dexed, however, but the cell parameters 
could not be refined with high accuracy. 
The first appearance of a hexagonal phase 

could be observed for the sample with x = 
0.2, although the major part of the speci- 
men still consisted of the cubic phase. As x 
was increased the transformation became 
more pronounced, and for x > 1.3 the spec- 
imens were mainly single phase with a 
structure of hexagonal symmetry. The new 
phase could be recognized as being of the 
LiNb03 structure type described in (10). 
The Guinier film could be indexed, but 
since the diffraction lines were diffuse an 
accurate refinement of the unit cell parame- 
ters was not possible. For the cubic phase 
the unit cell volume was shown to decrease 
with increasing Li content from 59.4 A3 
(x = 0.0) to 57.5 A3 (x = 0.4). This tendency 
is consistent with that observed in (3). 

Four samples with different Li contents, 
viz., x = 0.0, 0.3, 0.5, and 1.2, were chosen 
for the EM studies. All Li-containing crys- 
tals were unstable in the electron beam, and 
it was shown that the instability increased 
with increasing Li content. Figure 1 shows 
a diffraction pattern with sharp reflections 
and a HREM image of a well-ordered crys- 
tal fragment of pure Nb02F. 

The electron diffraction (ED) patterns 

FIG. 1. (a) ED pattern of Nb02F along [loo] exhibiting sharp diffraction spots. (b) HREM image 
showing a well-ordered crystal. (Siemens ELMISKOP 102.) 
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FIG. 2. (a) ED pattern of LiO.,NbOzF indicating a crystal of cubic symmetry. (b) A low magnification 
of a fragment of cubic structure with a shell of hexagonally arranged metal atoms. (c) The same 
fragment after approximately 20 min, showing a diminished shell. (d) A larger magnification of (b). 
(JEM-4OOOEX.) 
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from the specimen with x = 0.3 are consis- 
tent with the crystals having cubic symme- 
try. The diffraction spots were relatively 
sharp as can be seen in Fig. 2a. HREM 
studies also showed that the crystals pre- 
dominantly consisted of a well-ordered, ap- 
parently cubic structure. The outermost 
shell often looked amorphous, but in some 
cases a hexagonal structure could be ob- 
served. The hexagonal shell was destroyed; 
it shrank and finally disappeared during the 
exposure to the electron beam. In the end 
there was just a thin, amorphous shell 
growing into the cubic structure, and the 
crystals obtained looked like the ones on 
which no hexagonal shell could be de- 
tected. 

The hexagonal shell of the x = 0.3 sample 
could best be studied with the 4000EX elec- 
tron microscope. Figure 2b displays a lat- 
tice image of a fragment of Li0,3NbOzF, 
which mainly shows a simple square net 
corresponding to the metal atom arrange- 
ment. However, at the edge of the crystal 
there are areas within which atoms are hex- 
agonally ordered. The width of the shell de- 
creases with increased exposure time, as 
can be observed by comparing Figs. 2b and 
2c. An enlargement of the edge of the crys- 
tal (cf. Fig. 2d) shows that the boundary 
between the cubic and hexagonal structures 
is disordered, as can be expected due to the 
mismatch between the two lattices. Despite 
this, a theoretical structure model compris- 
ing the LiNb03 structure type and the cubic 
framework of octahedra is given in Fig. 3. 
The repeat distance perpendicular to the 
projected plane of the computing model is 
taken as 39.3 A, which corresponds to 10 
layers of corner-sharing octahedra (3.93 A 
each) in the cubic part and 17 layers of octa- 
hedra (2.31 A each) in the hexagonal part, 
arranged in such a way that pairs of face- 
sharing octahedra are formed. The connec- 
tion between the two structure types has 
been visualized by one slab of tilted and 
twisted octahedra, although the HREM im- 

fa 

FIG. 3. One slice (2.31 A) of the proposed structure 
model (a = 34.8 I% and b = 31.1 A) comprising the 
connection between the cubic and the hexagonal struc- 
ture types. The arrow marks a slab of tilted and 
twisted octahedra. Black dots = Li or Nb atoms. Fifty 
percent of the metal atoms (Li or Nb) in the six-mem- 
bered rings of MX, octahedra belonging to the next 
layer are shown (open circles) in order to visualize the 
pattern of spots observed in Figs. 2b-2d. One-third of 
the u-axis of the model is depicted. 

ages show that there are mostly more than 
one slab of displaced octahedra involved in 
the boundary and the rows of octahedra in 
the cubic phase are bent toward the hexago- 
nal phase. It can also be observed that the 
angle between the two lattices changes 
along the edge of the crystal. In order to 
calculate the contrasts of the atoms in the 
coalescence of the cubic and hexagonal 
structures an ideal model of the lattices 
drawn parallel to each other has been con- 
structed. Images were simulated by using 
atomic coordinates derived from the pro- 
posed structure model (Fig 4). The pro- 
jected unit cell axis (39.3 A) was divided 
into slices 2.31 A thick. By comparison of 
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FIG. 4. Simulated images of the structure calculated as a periodic continuation of the model shown in 
Fig. 3. Accelerating voltage 400 kV, objective aperture corresponding to 1 .O A-‘, C, = 1.0 mm: beam 
convergens 0.50 mrad, and focus spread 30.0 A. Crystal thickness 23 A; slice thickness 2.31 A. 

the observed and calculated images quite a 
good match can be seen at a defocus value 
of -100 A. The contrast is reversed in the 
simulated image of the hexagonal structure, 
while the atoms in the cubic structure ap- 
pear dark and the four-sided tunnels white. 
At a defocus of -400 A all atoms are black 
while at -1100 A the contrast is reversed 
with respect to that at -100 A. Thus, the 
choice of “best” defocus is ambiguous. 

When studies of the specimen x = 0.3 
were performed using the JEM-200CX, the 
crystals seemed to be sensitive to the beam. 
Fragments investigated along [ 1001, 
showed elongated diffraction spots in the 
ED patterns (Fig. 5a) while the reflections 
in the ED pattern along [ll I], were rela- 
tively sharp (Fig. 6a). However, the HREM 
images in both directions revealed a high 
degree of disorder (Figs. 5b, 6b). 

The sample with x = 0.5 appeared to be 
even more unstable in the beam. Here, too, 
the ED pattern showed that the crystals 
were built up of a cubic structure, but it was 

noticed that the diffraction spots became 
more diffuse with prolonged exposure to 
the electron beam. HREM images showed 
the same type of disordered cubic structure 
as for the sample with x = 0.3. However, 
the amorphous parts of the fragments were 
larger, and they steadily grew inward from 
the edge during the time in the beam. No 
hexagonal shell could be seen. 

The last sample (x = 1.2) was very un- 
stable and after approximately 30 set the 
hexagonally shaped crystals turned into a 
totally amorphous state. Therefore, this 
specimen was difficult to study by this type 
of HREM technique. The ED pattern of a 
Lii.2Nb02F crystal (Fig. 7) shows a charac- 
teristic hexagonal arrangement of the spots, 
which deviates from that calculated for the 
rhombohedral LiNb03 along the [ll l] di- 
rection. The hexagonal setting of the latter 
requires conditions for possible reflections 
-h + k + 1= 3n, which is not fulfilled in the 
diffraction pattern of Li1.2Nb02F. 

In order to determine to what extent the 



STRUCTURAL STUDIES OF Li-INSERTED NbOzF 27 

FIG. 5. (a) ED pattern of Li,,3NbOzF along [IOO], with elongated spots. (b) HREM image with a high 
degree of disorder. Rows of Nb atoms are disrupted (A) or curved (B). (JEM-200CX.) 

Li content of the product was dependent of 
the reaction time and of the concentration 
of the Bu-Li solution, the insertion reac- 
tions were carried out under several differ- 
ent conditions. When 24 ml 0.27 M Bu-Li 
in n-hexane was allowed to react with the 
Nb02F the Li content, i.e., x in Li,NbO*F, 
increased from 0.8 after 1 day of reaction to 
1.8 after 18 days. For solutions of lower 
concentration than 0.27 M the tendencies 
were the same, but after the same number 
of days the x values were always lower. 
However, a higher concentration, e.g., 14 
ml 0.46 M Bu-Li in n-hexane, also gave 
lower x values (see Discussion). 

Discussion 

AAS was always used to analyze the in- 
sertion compounds for Li content. This 
method is simple, quite exact, and appears 
to be of good reproducibility. Other meth- 
ods such as acid-base titration of excess 
Bu-Li or total delithiation with iodine in 
acetonitrile followed by an iodometric titra- 
tion of excess iodine have also been tried 
((II) and references therein). None of them 
was well reproducible, and the main prob- 
lem with the delithiation method was to ex- 
tract the total amount of Li. Further studies 
of the delithiation methods are in progress. 
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FIG. 6. (a) ED pattern of Lb3NbOzF along [ill],. (b) Electron micrograph exhibiting a heavily 
disordered crystal flake projected along [ 1111,. (JEM-ZOOCX.) 

The chemical insertion process implies a 
diffusion of foreign atoms into an existing 
structure. The Li atoms penetrating the 
structure can be thought of as distorting the 

FIG. 7. ED pattern recorded from a crystal of the 
Li1.2Nb02F sample showing diffuse spots in a hexago- 
nal arrangement. (Siemens ELMISKOP 102.) 

lattice by forcing some of the metal atoms 
to move a little. This beginning of a struc- 
tural transformation from cubic to hexago- 
nal structure or amorphous state may give 
rise to the very diffuse lines in the X-ray 
powder diffraction patterns. 

The Li content of the products seemed to 
depend on the particle size. When NbOzF 
was carefully ground before use the x value 
increased for each particular combination 
of reaction time and Bu-Li concentration. 
It was further shown that the reproducibil- 
ity of the Li content improved when the 
Nb02F was ground to a smaller and more 
homogeneous particle size. 

The maximum x value obtained was 1.8, 
which corresponds to 90% filling of the oc- 
tahedral interstices available for Li in the 
approximately hexagonally close-packed 
anion structure. Theoretically it would be 
possible to insert 2 LiIM (A4 = transition 
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metal), which also has been reported for the 
Li,Re03 compound (2). 

Since Li-incorporation is a surface reac- 
tion, it is natural to suggest that the outer- 
most shell of the crystals should exhibit 
higher Li content than the central part, 
which is in agreement with the HREM stud- 
ies (cf. Fig. 2). The formation of a shell of 
hexagonal structure around the relatively 
undistorted cubic one might explain the fact 
that solutions of high Bu-Li concentration 
gave lower x values. The higher the concen- 
tration of the solution, the quicker this shell 
was formed and the slower the diffusion of 
more Li atoms into the particles. 

Only a small fraction of the fragments ex- 
amined showed this kind of edge structure 
and it seems likely that these represent the 
original surface of the crushed crystals. 

The hexagonal structure seen in the 
HREM images could be any niobium com- 
pound with hexagonal symmetry. How- 
ever, the X-ray powder diffraction shows 
that the new structure obtained is of the 
LiNb03 type. 

A proposed structure model of the con- 
nection between the cubic NbO*F projected 
along [loo], and the hexagonal “LiNb03” 
along [OO1lh is given in Fig. 3. According to 
the observed HREM images, the width of 
the disordered area between the two struc- 
ture types varies (Fig. 2). However, the aim 
of the model is to demonstrate a possible 
way of connecting the two different polyhe- 
dral frameworks through a few distorted 
and tilted octahedra. The proposed model 
for the transformation from a cubic to a 
close-packed hexagonal structure of Li, 
Re03 given by Cava et al. (1) corresponds 
to a rotation of approximately 60” about the 
cubic (111) direction, which presumes that 
(11 l)c is parallel to the (OO1)h direction. 

However, from the HREM images of Li, 
NbO*F the transformation mechanism 
seems to be of a different kind, as the (loo), 
and (0Ol)h directions are parallel, although 
both models involve twisting of octahedra. 

Results concerning the thermal stability 
of the insertion compounds will soon be 
published elsewhere. 
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