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The Structures of Lithium Inserted Metal Oxides: Li,FeV;0;
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Neutron diffraction powder profile analysis has been used to determine the structure of Li,FeV;0s.
The compound is prepared from FeV;0;, which has the VO,(B) structure type, by a lithium insertion
reaction employing n-BuLi. Only minimal distortion of the host lattice occurs on Li insertion. The Li
ions occupy five coordinate square pyramidal sites with an average Li—~O bond distance of 2.04 A.
These five coordinate sites occur commonly in the capped perovskite cavities of crystallographic shear

structures based on ReQ;.

Compounds which can reversibly incor-
porate lithium at room temperature are of
interest due to their potential use as posi-
tive electrode materials in secondary bat-
teries (I). Of the framework structure tran-
sition metal oxides, those with the rutile
structure and ReO; based shear structures
(such as V¢O;3) have been the subject of
many studies. The structures of Li inserted
metal oxides are of interest both to deter-
mine the preferred Li coordination geome-
tries and the changes in the host lattice dur-
ing insertion. The unavailability of single
crystals of the lithium inserted metal oxides
makes conventional structural character-
ization techniques nonapplicable. The re-
ported structures of Li insertion com-
pounds obtained from ReOs, (LiReO; and
Li,Re03) and LiM0oO; and the high temper-
ature lithium bronze Li, :,WO; were deter-
mined by neutron powder diffraction or
powder profile analysis (NDPPA) (2—4).

In LiMoO,, LiReO;, and Li;ReO;, the
inserted Li ions occupy LiOg octahedra,
some of which are severely distorted. Such
octahedral sites are already present but va-
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cant in the MoO; rutile structure, but in
ReO; (which is made exclusively of corner
shared ReOg octahedra) they are created on
lithium insertion by an extensive twist to a
structure of the PdF; type. In a large class
of Li insertable host structures based on
shear derivitives of the ReO; type struc-
ture, octahedrally coordinated interstitial
sites are not present and the lattice parame-
ters do not change radically on lithium in-
sertion, implying that the crystallographic
shear (CS) may prevent the distortion of the
host lattice to produce such octahedral
sites. Lithium therefore is not likely to oc-
cupy octahedral environments in this type
of compound, which includes important
materials such as VgO;s.

We have chosen lithium inserted
FeV;0z, Li;FeV30g as a prototype of the
ReO; derived CS compounds. This report
elaborates on a preliminary discussion pub-
lished elsewhere (5, 6). The structure of
FeV10gis that of a (2,2) shear of ReOs, also
found in VOy(B), TiOx(B), and AINbO,,
and contains one dimensional channels
formed by interconnected perovskite-like
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F1G. 1. Perovskite related cavities in ReO, and vari-
ous vanadium oxide crystallographic shear structures.
(A) ReOQ; cavity, (B) Bicapped cavity found in V,0s,
(C) Tricapped cavity found in V40,,, (D) Tetra-capped
cavity found in VOx(B).

cavities in the shape of four-capped cubo-
octahedra. The cavity is illustrated in Fig.
1, and is compared to those in ReO; and
other CS structures. The channels are of
the same dimension as those in V¢O;3, and
the overall structure is that of V¢O; with
one plane of corner shared octahedra miss-
ing. The formation of Li;sVO,(B) by Li in-
sertion and similar results for TiO»(B) (7)
have been reported. This stoichiometry
would require three lithium ions per
perovskite-like cavity. We have been un-
able to prepare either of these compositions
with diffraction patterns suitable for
NDPPA. This may be due to the thermal
instability of TiO,(B) and VO,(B) which
prevents crystal growth during their syn-
thesis. Our NDPPA results on Li;FeV;04
indicate that the two Li per perovskite-like
cavity are accommodated in five-coordi-
nate LiOs polyhedra, with minimal distor-
tion of the FeV30j structural framework.

Procedure and Results

The mixed metal compound Fe,,,V;_,0s
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(x = 0.06) was grown by Muller et al. (8)
from a molten vanadium oxide flux. We
have determined that good quality poly-
crystalline powder samples can be prepared
from stoichiometric mixtures of FeVO, and
VO, at 700°C. Reaction of FeV;0; with n-
BuLi at room temperature results in stoi-
chiometries of Li,FeV10; (x = 1.5). Treat-
ment at 50°C with n-BuLi gives x < 2.3.
Delithiation with iodine removes only ~2.0
equivalents of Li after treatment at 50°C
(~1.5 at room temperature). Because of
this discrepancy and the NDPPA results it
is probable that the Li in excess of two is
present in a second phase. Studies of the
Li,FeV305 system using x values from de-
lithiation reactions calculated on the basis
of the limiting formula Li,FeV3;05 show sin-
gle phase regions for0 <x=<0.9and 1.75 <
x < 2.0 with a two phase region for interme-
diate values of x. The lattice parameters
(determined by X-ray diffraction) and
the X-ray powder diffraction pattern for
Li,FeV,0; are given in Table 1.

TABLE I

X-RAY POwWDER DIFFRACTION PATTERN AND
MonNocLINIC UNIT CELL PARAMETERS FOR

LizFGV;Og

h k { deae s L
0 0 1 6.176 6.181 80

2 0 0 5716 5.724 40
~2 0 1 4.993 4.997 10
1 1 0 3.691 3.700 40

0 0 2 3.088 3.087 100
-4 0 1 2.946 2.943 30
4 0 0 2.858 2.857 10
3 1 0 2.725 2.726 20
-4 0 2 2.496 2.495 10
4 0 1 2.344 2.344 10
0 0 3 2.059 2.059 80
-6 0 1 1.994 1.995 30
-3 2 1 1.733 1.733 10
6 0 1 1.686 1.685 10
4 0 3 1.477 1.477 10

Note: X-ray cell parameters (A): a = 11.963(3), b =
3.899Q2), ¢ = 6.464(2), B = 107.5(3)°.
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TABLE II

EXPERIMENTAL CONDITIONS USED TO COLLECT THE
NEUTRON POWDER INTENSITY DATA FOR Li,;FeV;04

reflection 220 of a Cu monochromator
1.5416(3) A

(a) in-pile collimator 10’ arc
(b) monochromatic beam collimator: 20’ arc
(c) diffracted beam collimator: 10’ arc

Monochromatic beam:

Wavelength:

Horizontal
divergences:

Monochromator

mosaic

spread: ~15" arc
|

Q ”,

can ~10 mm in diameter

Angular ranges
scanned by
each detector:

Angular step:

10-40, 30-60, 50-80, 70-100, 90-120
0.05°

Neutron diffraction measurements were
performed on the high resolution five
counter powder diffractometer at the NBS
Reactor, with neutrons of wavelength
1.5416(3) A. The experimental conditions
used to collect the data are presented in
Table II. The powder profile refinement
was performed using the Rietveld program
(9) adapted to the five detector diffractome-
ter design and modified to allow the refine-
ment of background intensity (10). The pro-
gram has been further modified to describe
non-Gaussian profiles with the Pearson
type VII distribution, which allows the line
shape to be varied continuously from Gaus-
sian to Lorentzian by changing one addi-
tional profile parameter. This method, de-
scribed in detail elsewhere (11), was critical
in the refinements of the structure.

The neutron scattering amplitudes em-
ployed were b(Li) = -0.214, b(V) =
—0.038, b(Fe) = 095, and b(O) = 0.58
(x10712 c¢m) (12). Initial lattice parameters
were obtained by a least-squares fit to the
X-ray diffraction data. Approximate values
of the background parameters were ob-
tained at positions in the pattern free from
diffraction effects. Several regions in the
powder pattern, of length 1 to 2° in 26, were
omitted from the refinement due to the
presence of diffracted intensities from a
small fraction of impurity phase. In the re-
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finement of the structural models, all struc-
tural, lattice, and profile parameters were
refined simultaneously. Refinements were
terminated when in two successive cycles
the factor R,, (see Table III) varied by less
than one part in a thousand. In the final
refinement 19 profile and 17 structural pa-
rameters were varied.

In the initial refinements of the structure,
only the atoms of the FeV;03 host structure
were included. These were placed in the
positions 4i (x,0,z) of space group C2/m,
with the coordinates determined for
FeV3;03 by Muller et al. (8) (two formula
units per unit cell). Difference Fourier syn-
thesis, employing the observed and calcu-
lated structure factors extracted from the

TABLE III

STRUCTURE OF Li;FeV;0; (SPACE GROUP: C2/m,
Z = 2, AtoMs IN POSITION 4i)

Atom X Y z B(4?)
Li 0.951Q2) 0.0  0.659(3) 3.4(3)
Ml 0.278(2) 0.0  0.585(4) 0.0(1)
M2 0.3968(7) 0.0  0.314(1) 0.0(1)
01 0.3494(4) 0.0  0.9954(8) 0.59(3)
(07] 0.2287(4) 0.0  0.3416(8) 0.59(3)
03 0.4424(5) 0.0  0.6413(7)  0.593)
04 0.1207(4) 0.0  0.6840(7) 0.59(3)

NP =0.0625 NI =0.1875
NY =0.4375 Ny =0.3125

Note: Ry = 9.15%, R, = 5.84%, R\, = 7.77%, Rg =
3.45%.

_ Z}Kobs) ~ I(calc)|

N =1(obs)
B 2| y(obs) — y(calc)|
P 3 y(obs)
_ Swly(obs) — y(calc)]?yi2
Ry = { Sw[y(obs)P }
B {N -P+ C}Nz
E 7 IZwiy(obs)P

where N = number of independent observations, P =
number of parameters, C = number of constraints, y =
counts at angle 26, I = integrated Bragg intensities,
and w = weights.
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Fi16. 2. Observed and calculated powder neutron diffraction profile intensities for Li,FeV;0g. Under
the profile for each of the five detectors, plotted on the same scale, are the differences between the

observed and calculated profiles.

profile fitting procedure, were employed to
locate the positions of the inserted lithium
atoms. Such positions are clearly visible as
regions of negative scattering density in the
difference map. The four Li per unit cell are
also located in a position of type 47 (x,0,z).
As reported by Muller et al., the iron and
vanadium in the host structure are disor-
dered over two octahedral metal positions.

The disorder can be described with the fol-
lowing chemical and structural constraints
for the occupancies of N¥ of the metal sites
M1 and M2:

Ml Nie + NY = 0.5
M2: NEe + NY = 0.5
Fe balance: Nf® + Ni® = 0.25
V balance: N{ + Ny = 0.75
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where the sum of the occupancies for each
site is given by the multiplicity four of the
site of type (x,0,7), divided by the multiplic-
ity eight of the general position. Refinement
of the occupancy parameter Ni¢ showed
that the vanadium/iron distribution in our
host material was in excellent agreement
with that published by Muller et al. The fact
that the M1 site is occupied almost exclu-
sively by vanadium (N} = 0.4375, Ni® =
0.0625) results in a very small contribution
of that site to the structure factors, making
characterization of the M1 metal atoms diffi-
cult by means of neutron diffraction. The
Fe/V site occupancies were therefore fixed
at the values determined by Muller ez al.,
and the thermal parameters for the cations
in the sites M1 and M2 of the host structure
were constrained to be equal. The thermal
parameters of the four independent oxygen
atoms were also constrained to be equal.
Such constraints on the thermal parameters
are somewhat artificial but are not likely to
be violated significantly in a compound of
this type, and do not affect in any way the
determination of the positional parameters.

The structural parameters for the final
model of Li;FeV30s are given in Table III,
as are the agreement factors for the Bragg
intensities (Ry), the profile and weighted
profile fits (R, and R,,), and the agreement
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expected solely from statistics (Rg). As for
the case of the lithium insertion compounds
LiReO; and LiReO,, the diffraction line
profiles for Li,FeV;0g are not strictly Gaus-
sian. For well-crystallized materials, dif-
fracted line profiles are Gaussian to an
excellent approximation under the ex-
perimental conditions employed. The de-
viation from Gaussian for the lithium inser-
tion compounds may be due to particle size
distribution or strain. The line profiles for
Li;FeV;0; were approximated by the Pear-
son type VII distribution, with m = 3. Ob-
served and calculated profile intensities are
shown in Fig. 2.

The FeV3;0g host structure has under-
gone only minimal distortion on lithium in-
sertion. Figure 3 presents a view of the
structure down the monoclinic b axis in
which the ReO; type blocks and extensive
edge sharing of the VO,(B) type structure
are evident. Host lattice metal ion octahe-
dra are outlined. The large perovskite-like
cavities occur along the unit cell edges, and
are occupied by two lithium ions. The lith-
ium ions are coordinated to three oxygen
ions in the same plane perpendicular to b
and two oxygen ions b away, in an LiOs
polyhedron which is best described as a
square pyramid. The coordination geome-
try is shown in detail in Fig. 4.

Fi1G. 3. The structure of Li,FeV;03 in projection down the monoclinic 4 axis. Closed circles are
atoms at y = 0 and open circles are atoms at y = 4. The metal-oxygen octahedra of the FeV,04 host

lattice are outlined.



LITHIUM INSERTED METAL OXIDE STRUCTURES

315

FIG. 4, (A) Positions of the Li atoms in the FeV;04 cavity: Li closed circles, oxygen open circles. (B)
The five-coordinate lithium-oxygen square pyramid in Li,FeV;0;. Lithium—oxygen bonds are shown
as solid lines, and edges of the pyramid are shown as dashed lines. The lithium atom is only slightly out

of the plane of the square face of the pyramid.

Bond lengths and angles for the final
structural model of LiFeV;0Og are pre-
sented in Table IV. Due to the very low
scattering power on the M1 site (primarily
occupied by vanadium), the M1-oxygen
distances obtained by NDPPA cannot be
considered realistic. The M2-oxygen coor-
dination (M2 is primarily occupied by iron)
is a slightly distorted octahedron, with an
average M2—oxygen separation of 1.98 A,
not significantly different from the M2-ox-
ygen separation found in FeV;0; of 1.96 A.
The M2-oxygen coordination of Li,Fe V304
is somewhat more regular than that in
FeV30;3, as observed in Mossbauer effect
measurements which have shown iron to
remain Fe3* during Li insertion, which is
therefore accompanied by reduction of va-
nadium (13). The regularities of both the
M1 and M2 octahedra are indicated by their
oxygen-oxygen distances, which average
2.807 and 2.790 A, respectively, in Li;
FeV;0g, slightly larger than the average
separations of 2.73 and 2.77 A reported for
FeV;0s. The fivefold Li—~O coordination is
quite regular, with Li—O bond distances be-
tween 1.96 and 2.15 A, (and O-Li-O angles
close to those of an ideal octahedron) in
very good agreement with Li—-O bond dis-
tances reported for six coordinate Li ions in

other ternary metal oxides. Lithium ions in
the same perovskite-like cavity in Li,
FeV;05 are 4.20(5) A apart, and the near-
est Li neighbor, in an adjacent cavity shar-
ing one edge of the LiOs square pyramid, is
located at a distance of 2.65(5) A. This sep-
aration is much greater than that of the Li in
face shared octahedra in Li,ReO; (2.11(4) A
(2)) and larger also than that of the Li in
Li,O (2.31 A). The relatively large Li tem-
perature factor (Table III) may either be ev-
idence of significant diffusion-like motion
of Li at room temperature, or vibration of
Li in a relatively flat potential well.

Discussion and Conclusions

We have found that FeV;03 accommo-
dates two Li per formula unit in a VO,(B)
type structure with minimal distortion of
the host structure. Such lack of distortion is
not surprising in structures where extensive
CS is present, and is in strong contrast to
the distortions in ReO; where the host is
exclusively corner shared. In the structures
with crystallographic shear the perovskite-
like cavities are not extensively distorted
on Li insertion, and therefore Li must be
accommodated in coordination geometries
already defined by the host. We have found
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TABLE IV

BoND LENGTHS AND ANGLES FOR Li;FeV;0;3 (NEUTRON REFINEMENT CELL PARAMETERS: a = 11.9591(5),
b = 3.9179(2), ¢ = 6.4652(3), B = 107.228(3))

M1 octahedron M?2 octahedron Li polyhedron
M1-02¢ 1.51(3) M2-03 1.86(1) Li-0O2 2.15(2)
M1-03 1.89(3) (2) M2-04 1.97(1) (2) Li-03 1.963(1)

2) M1-02 2.02(1) M2-01 1.97(1) Li-04 1.99(2)
M1-04 2.16(3) M2-03 2.02(1) Li-0O4 2.13(2)
M1-01 2.54(3) M2-02 2.08(1)

Avg 2.02 Avg 1.98 Avg 2.04
01-03 2.826(8) 01-02 3.001(8) 02-04 2.8747)
01-04 2.876(6) 01-03 2.873(6) 04-04 3.151(8)
02-03 2.71K(6) 02-03 2.71K(6) (2) 02-03 2.859(5)
02-04 2.874(7) 03-03 2.594(11) (2) 03-04 2.809(4)

(2) 01-02 2.873(5) (2) O1-04 2.797(5) (2) 03-04 2.848(5)

(2) 02-02 2.770(6) (2) 02-04 2.699(5)

(2) 03-02 2.859(5) (2) 03-04 2.809(4)

(2) 04-02 2.699(5) (2) 03-04 2.848(5)

Avg 2.807 Avg 2.790 Avg 2.882
02-M1-03 105.3(17) 03-M2-01 97.3(4) 03-Li-03 172.5(11)

(2) 02-M1-02 102.4(7) (2) 03-M2-04 96.1(3) (2) 03-Li-0O4 92.3(7)
02-M1-04 101.7(12) 03-M2-03 83.8(4) (2) O3-Li-04 86.6(6)
02-M1-01 176.8(17) 03-M2-02 166.7(5) (2) 03-Li-02 88.0(7)

(2) 03-M1-02 93.8(7) (2) O1-M2-04 90.5(2) 04-Li-04 99.9(10)
03-M1-04 153.0(15) 01-M2-03 179.0(5) 04-Li-02 175.6(12)
03-M1-01 77.9(8) 01-M2-02 96.0(4) 04-Li-02 84.5(7)
02-M1-02 151.1(17) 04-M2-04 167.6(6)

(2) 02-M1-04 80.3(9) (2) 04-M2-03 89.4(3)

(2) 02-M1-01 77.2(8) (2) 04-M2-02 83.8(3)
04-M1-01 75.1(9) 03-M2-02 83.0(4)

7 The M1-0 distances obtained by NDPPF are not considered realistic.

relatively regular square pyramidal five-co-
ordinate sites to be occupied by Li in Li,
FeV305. Such sites are common to all CS
structures based on ReO;. In contrast, the
Na in the Na,TiO,(B) bronze was found to
occupy an eight-coordinate site at the cen-
ter of the cavity (14). There are two addi-
tional five-coordinate square pyramidal
sites present in each cavity in Li;FeV;0s,
which are not equivalent to the two occu-
pied by Li. Refinements of Li occupancy in
these sites showed them to be vacant. The
approximate coordinates of the vacant sites
are (0.85,0,0), best visualized in Fig. 3 by
the equivalent position (0.35,0.5,0), ap-
proximately ;b below an Ol atom. These

square pyramids share corners with those
occupied by Li in Li,FeV;0s, and have Li-
O bond distances between 1.96 and 2.39 A
(average 2.08 A). If all four sites in the cav-
ity were to be occupied, no lithium ion
would be less than 2.70 A from its nearest
Li neighbor. Based purely on geometrical
and bond length considerations, then, ac-
commodation of at least four Li per cavity
is possible in VO,(B) type structures, with
resulting stoichiometry of one Li per host
metal atom. These sites are probably par-
tially occupied in Li;sVO,(B). For the re-
ported inserted Li stoichiometry in nonstoi-
chiometric V6013, Li7_6V5013, 3.8 Li per
triply capped perovskite cavity (see Fig. 1)
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are required (2); 6 Li per formula unit can
be accommodated in square  pyramidal
sites. In an undistorted V,0s host, the dou-
ble capped cavity (Fig. 1) allows the accom-
modation of one Li per host metal atom in
square pyramidal sites.

Minimal distortion of the host structure
and fivefold square pyramidal coordination
of lithium in perovskite-like cavities are
likely to be common in lithium inserted
ReO; based CS structures such as those
found for vanadium and niobium oxides in
which the crystallographic shear defines
ReO; blocks of finite size in two of three
dimensions. Noncapped perovskite-like
cavities occur in many CS structures within
which neither octahedral nor square pyram-
idal sites are present. The host structure
distortion which occurs for compounds
such as LigW0O;(2), allowing the Li to as-
sume square planar coordination, may not
be possible in many CS structures. Struc-
tural studies of Li inserted CS structures of
that type would therefore be of interest.
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