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LigZr,0,, a New Anion Vacancy ccp Based Structure, Determined by
ab initio Powder Diffraction Methods
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The structure of LigZry0;, Fw 336,08, has been determined ab initio using Patterson methods on
X-ray powder diffraction data and refined using a combination of powder X-ray and neutron diffraction
data, LigZr,0; crystallizes in the monoclinic space group C2/¢ with ¢ = 10.4428(1), b = 5.9877(1),

= 10.2014DA, g = 100.266(1)°, ¥ = 627.67(DAY, Z = 4, and D, = 3.56 g cm™*. The structure is
based on a distoried ccp oxygen array with § of the oxygens missing. Zr and Li adopt a rock salt
distribution with Zr in six-coordinate sites but with Liin five-coordinate square pyramidal sites arising
from the anion vacancy. The Zr octahedra are arranged in edge-sharing pairs which corner-share with
other pairs to give the three-dimensional structure. The lithium square-based pyramids which share
edges with the Zr octahedra are arranged in clusters around the anion vacancy. The structure possesses
some similarity to the hcp-based ramsdetlite structure; the two structures are compared. The final R
factors for the combined refinement are R,, = 10.76%, R, = 5.01%, x* = 4.60 for 53 basic variables

with 11,895 observations, corresponding to 535 X-ray and 1264 neutron reflections.

Press, Inc.

Introduction

The Li,0-Zr0, system has been studied
by a number of workers in recent years.
Some compounds formed within this system
have been investigated because of their
properties as solid electrolytes (I, 2),
whereas others have found quite different
applications as linings for fusion reactors
{3-5). The slow solid state reaction between
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refractory ZrQ, and volatile Li,O at elevated
temperatures can lead to lithia loss, espe-
cially in materials with a high lithia content,
As aresult, lithium zirconates can be partic-
ularly difficult to prepare in pure form. De-
spite these problems, a variety of composi-
tions have been identified and their crystal
structures characterized, including Li,ZrO,
(6) and LigZrO, (7).

Phases with the stoichiometry Li,ZrO,
have been reported by a number of work-
ers (8—-10). In an extensive study of these
systems, Enriquez ef al. ({1} reported the
existence of two polymorphs of LiZrQ,,
obtainable from reaction mixtures contain-
ing 67 mole% in Li,CO;, which they desig-
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nated « and 8. X-ray powder diffraction
data for the « form, which was quenched
from 900°C, were in agreement with the
previously established powder diffraction
pattern for Li,ZrQ, (12). However, subse-
quently this powder pattern has been reas-
signed to a more lithium-deficient phase,
LigZr,0, (13, 14). The # material, which
was obtained by quenching from 1400°C,
showed a different diffraction pattern. In
addition, Enriquez et al. also identified a
metastable form of Li,Zr,O,, which was
prepared by quenching a mixture contain-
ing 60 mole% Li,CO; from temperatures
between 600 and 750°C.

We have prepared a sample of LigZr, 0,
with a powder pattern corresponding to
that which had previously been attributed
to Li,ZrQ,. In the absence of any obvious
structural analegues, ab initio techniques
of structure determination offer a route
by which the crystal structure may be
clucidated. The structure solution of Lig
Zr;0, represents an ideal problem for
heavy atom methods of structure determi-
nation because of the dominant X-ray scat-
tering of Zr in this system. However, the
weak scattering of X-rays by lithium makes
it difficult to obtain accurate parameters
for this ion from X-rays alone. Here we
report the ab initio crystal structure deter-
mination of LigZr,0, using powder X-ray
data and its refinement using a combination
of X-ray and neutron powder diffraction
techniques.

Experimental

Preparation

LizZr,0, was prepared by solid state
reaction between Li,CO, and Zr0O,. An
appropriate quantity of ZrQ, was mixed
with excess Li,CO; ("Li,CO, for neutron
diffraction samples) and ground as a slurry
in ethanol for 15 min. The dried powder
was placed in a gold boat and heated in
a muffle furnace at 650°C for 6 hr followed
by 24 hr at 900°C. The final product was
quenched rapidly in liquid nitrogen. Weight
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loss measurements confirmed loss of the
excess Li,O.

Data Collection

X-ray powder diffraction data were col-
lected on a Stoe STADI/P high resolution
diffractometer in symmetric transmission
mode using Ge-monochromatized CuKey
radiation. Data were collected in the 28
range 10°-120° in steps of 0.02°, using
a small linear position-sensitive detector.
Calibration was with an external Si stan-
dard. No absorption correction was ap-
plied.

Time-of-flight powder neutron diffraction
data were collected on the HRPD diffracto-
meter at [SIS, Rutherford Appleton Labora-
tory. Approximately 10 g of finely ground
material were placed in a 12 mm diameter
vanadium can 1 m in front of the backscat-
tering detectors. Data were collected in the
time-of-flight range 30230 ms at 298 X, with
only the data between 30 and 102 ms used
in refinement.

Data were fitted by a combined Rietveld
method using the program GSAS (15), with
peak shapes modeled by a convolution of a
(Gaussian and two exponential functions (16)
in the case of the neutron data and a pseudo-
Voigt function for the X-ray data. The neu-
tron scattering lengths used were 'Li =
—0.220, O = 0.5805, and Zr = 0.716 x
10~12 ¢cm ({7). Scattering curves for neutral
atoms (/8) were used in the X-ray refine-
ment. Structural projections were generated
using STRUPLO (/9) and PLUTO (20).

Structure Determination

Automatic indexing of the X-ray powder
pattern using the program TREOR (2/) con-
firmed the monoclinic cell previously re-
ported (/3). Systematic absences in the re-
flection data indicated that the likely space
groups were Cc or C2/c (Nos. 9 and 15,
respectively). The centrosymmetric option
C2/c was assumed for subsequent data anal-
ysis. Extraction of integrated intensities
from the X-ray data was carried out by the
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method described by Le Bail er al. (22),
which fits the whole pattern without a struc-
tural model, but allowing the usual profile
and lattice parameters to vary. One hundred
ninety-three reflections were extracted in
the range 5°-80° 28. These were used to
generate a Patterson map, from which the
position of the Zr atom was clearly evident.
This atom was then used as input to a Riet-
veld refinement of the full data set (10°-130°
26, 535 reflections). After refinement of the
Zr atomic coordinates, a difference Fourier
synthesis revealed the positions of the four
oxygen atoms as the strongest peaks. Subse-
quent refinement of these positions, fol-
lowed by a further difference Fourier syn-
thesis, revealed three probable Li positions.
These were then introduced into the re-
finement, which proceeded with all atomic
and profile parameters varying. No further
atoms were evident in subsequent differ-
ence Fourier analyses.

The dominance of the heavy atom in the
X-ray scattering was reflected in the rela-
tively poor ¢sd’s obtained for the atomic
parameters of the lighter atoms. In order to
improve the accuracy and precision of these
parameters, a high resolution powder neu-
tron diffraction data set was introduced into
a combined refinement with the original
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X-ray data. For each data set, scale, peak
shape, and five polynomial background pa-
rameters were refined individually with lat-
tice, atomic, and thermal parameters refined
in combination. In the final refinement iso-
tropic thermal parameters were refined for
all atoms. The final combined refinement
terminated with R,, = 10.76%, R,
5.01%, and x* = 4.60 for 53 basic variables
with 11,895 observations, corresponding to
535 X-ray and 1264 neutron reflections. The
final parameters from the combined refine-
ment are shown in Table I with significant
contact distances in Table 11

Discussion

The structure of Li,Zr,0, is based on a
distorted ccp oxide ion array with § of the
oxygens missing. Zr and Li adopt an ordered
rock salt distribution in the lattice, with Zr
in six-coordinate octahedral geometry, but
Li ions in five-coordinate square pyramidal
sites, The square pyramidal sites arise from
the vacancy in the anion lattice and corre-
spond to five apexes of an octahedral site
in a full ccp array.

The detailed three-dimensional structure
of LigZr,0, is best described by first con-
sidering the zirconium oxide framework,

TABLE 1
REFINED ATOMIC PARAMETERS FOR LigZr;O; WITH ESD'S IN PARENTHESES

X-ray Ry, = 1237%, R, = 4.80%, x° = 6.64

Neutron R, = 8.38%, R, = 5.29%, x' = 2.1l

Combined R,, = 10.76%, R,, = 5.01%, x' = 4.60

a = 10.4428()A, b = 5.987DA, ¢ = 10.2014(D)A, 8 = 100.266(1)°

Atom Site xla yib e Oce. Uy, (A} x 100)
Zx 8f 0.1833(1) 0.1223(2) 0.3642(1) 1.0(—) 1373
Li(1} Bf 0.2927(7) 0.1286(16) 0.1075(7) 1.0(—> 1.6(2)
Li(2) Bf 0.4341(7) 0.4030(18) 0.3980(7) LO(—) 1.2(2)
Li(3) 8f 0.0622(7) 0.3539(20) 0.0833(8) 1.0(=) 1.8(2)
o de 0.0(-) 0.1467(9) 0.25(—) 1.0(-) 1.6(1)
o) 8f 0.1343(2) 0.3639(9) 0.5023(3) 1.0(—) 0.72(7)
0(3) 8f 0.3784(3) 0.3775(8) 0.0216(2) 1.0(—) 0.73(6)
0O(4) 8f 0.2505(3) 0.3R67(5) {.2550(3} 1.0(-3 1.04(T)
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TABLE II

SELECTED CoNTACT DISTANCES (A) IN LigZr,05,
WITH ESD'S IN PARENTHESES

Zr-0(1) 2.061(1)
Zr-0(2) 2.144(4)
Zr-0(2") 2.137(3)
Zr-00) 2.047(4)
Z1r-04) 2.125(5)
Zr-0(4") 2.061(4)
Li(1)-O(2) 2.16(1)
Li(1)-0(3) 2.02¢1)
Li(1)-0(3") 2.02(1)
Li{1}-0(a) 2.26(1)
Li{1)-0(4") 2.12(1)
Li(2)-0(1) 2.29(1)
Li(2)}-0(2) 2.0%(1)
Li(2)-0(3) 1.95(1)
Li(2)-0(3") 1.98(1)
Li(2)-0(4) 2.19(1)
Li(3)}-0(1) 2.29(1)
Li(3)-0(2) 2.08(1)
Li(3}-0(2" 2.08(1)
Li(1)=0¢3) 1.92(1)
Li(1)-0{4) 2.40(1)

which may usefully be compared with that
of ramsdellite (y-MnO,). In ramsdellite,
MnQO, octahedra share opposite edges to
form columns; pairs of adjacent columns
further edge-share to give double columns.
In LiZr,O, the ZrOg octahedra are also
arranged in these edge-sharing double col-
umns but with alternate octahedra vacant,

(a)
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leaving the ZrO, octahedra isolated in
edpe-sharing pairs. The characteristic six-
sided channel structure of ramsdellite is
formed by corner-sharing between the dou-
ble columns of octahedra. In LigZr,O, simi-
lar six-sided channels also resuit from
corner-sharing between the double col-
umns and contain Lit ions. The principal
difference between the two structures lies
in the nature of the oxygen packing and the
resulting relationship between the double
columns. The distorted hep packing of ram-
sdellite results in two different orientations
of the double octahedral columns with re-
spect to the channels (Fig. 1a). This com-
pares to the single orientation observed
in LigZr,O,, where a distorted ccp-based
arrangement is preferred (Fig. 1b). Each
ZrQ octahedron shares one edge and three
corners with neighbouring octahedra while
one oxygen atom, O(3), does not bridge to
other octahedra. The average Zr-O bond
length of 2.10 A is typical of octahedral
zirconium in these systems and compares
with an identical average in Li,Zr0O, (6).

Three five coordinate LiT ion sites can
be identified in the structure (Fig. 2). All
three Li* ions adopt a square pyramidal
geometry. The Li(1) ions are located above
and below the Zr octahedra when projected
onto the a/c plane and have four short
bonds (2.02-2.16 A) and one long (2.26

(b)

Fi1G. 1. Projection showing channel structure of {a) ramsdellite and (b) LigZry0,. Close packing
directions are indicated by arrows. Li* ions have been omitted from (b} for clarity.
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FiG. 2. Projection onto a/c cell plane of LigZr.O,,
with octahedra and open circles representing ZrQ, units
and Li* ions, respectively.

A) bond to oxygen. Li(2) and Li(3) ions
lie between the zirconium octahedra when
projected onto a/c¢; both have three short
(1.92-2.09 A) and two long bonds
(2.19-2.40 A) to oxygen, although in the
case of Li(3) one of the long bonds is
considerably longer than the other. Face
sharing between polyhedra is avoided. The
Li(1) and Li(2) sites both have four edge-
sharing contacts to Zr octahedra and a
further four to Li polyhedra. Li{3) differs
in that it has only three shared edges with
neighboring Zr octahedra, with five further
edge sharing contacts to Li polyhedra. The
arrangement of Li polyhedra is such that

Fi1G. 3. Cluster of lithium square pyramids around
oxide ion vacancy in LigZr;05.
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they are clustered around the anion vacan-
cies (Fig. 3). Since Li* ions are located
between the Zr octahedra in columns as
well as within the channels formed by the
columns, Li,Zr,0; cannot be regarded as
a true channel structure.

The fit to both data sets appears satisfac-
tory asrevealedina plot of the difference pro-
files (Fig. 4). The use of the combined re-
finement results in a general improvement in
esd’s by a factor of 2-3, particularly for the
Li and O positional parameters. This is ex-
plained not only by the increase in the num-
ber of observables but also by different con-
tributions of Zr, Li, and O to the scattering
of X-rays and neutrons. Use of the combined
datatherefore improves the refinement of the
lighter atoms with respect to the heavier Zr,
and also allows for a meaningfu! refinement
of individual isotropic thermal parameters
for all atoms.

The present study once again shows that
relatively simple inorgani¢c crystal struc-
tures can be determined in a straightforward
manner from laboratory X-ray diffraction
data. When data quality is very high, as in
this case, even the positions of light atoms
in the presence of a heavy scatterer can be
deduced. This is in contrast to previous
studies such as the structure determination
and combined refinement of BaBiO, 5 (23)
where the oxygen atoms were only unam-
biguously located after examination of the
neutron data. The merits of a joint X-ray
and neutron refinement can also be seen
clearly in this work. Not only are the errors
on refined structural parameters improved
several times, but also successful refine-
ment of individual isotropic thermal param-
eters has been possible. The structural pa-
rameters are in good agreement with the
parallel single crystal X-ray study (24).
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by markers.
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