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Abstract

New complex oxides with general formula Li, M(II)Sn;Og (M = Mn, Zn) have been synthesized and studied by powder neutron
diffraction. They crystallize in the orthorhombic system, space group Cmc2;, Z = 12. For Li;MnSn;Og, the lattice constants
obtained from the refinement are ¢ = 18.3795(6), b = 10.6080(3); ¢ = 9.90056(6) A; for Li,ZnSn30g, a = 18.2048(8), b = 10.5098(5)
and ¢ = 9.87158(7) A. The structure consists of a hexagonal close packed array of oxygen layers stacked along {¢) direction in a
sequence (ABCB) in which cations occupy 1/8 of the tetrahedral and 1/2 of the octahedral interstices. The structure can be derived
from that of the partially disordered LiFeSnO4 (space group P63;mc) described earlier, assuming complete cation ordering. The
influence of two antagonistic factors that govern the cation distribution (the electrostatic repulsion between the adjacent high
valence cations and the geometrical factor, that accounts for the ionic size) is discussed.

© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Structural studies of lithium-containing complex
metal oxides have gained much interest because of their
contribution to better understanding of important
physical properties, such as electronic and ionic
transport, reversible lithium intercalation, -electro-
chemical sensing, etc. Oxides with general formula
LizXM4,3XS1’12+x08 (M =7n, Mg), (067<X<10)
comprise a group of quaternary compounds formed on
the join M>SnO4—hypothetical Li4SnsO; of the phase
diagram Li,O-MO-SnQO;. The structure of these phases
represents a double-hexagonal (DH) array of four
oxygen layers, stacked along the {c¢) direction in a
sequence ABAC. Cations occupy the octahedral—o6(c)
and 2(b) and the tetrahedral—2(a) and 2(b) lattice sites
of the space group P63mc [1]. This structure is tolerant
with respect to isomorphic cationic substitutions.
Successful synthesis of many members of the same
structural type, containing large number of other iso- or
aliovalent cations such as Fe*, Sb>*, Cr*t, A", Ga’*,
Cu’*, Ti*' was reported [1-4]. The DH structure is
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stable at temperatures between 800°C and 1100°C. At
higher temperatures (1200-1300°C) it transforms rever-
sibly to ramsdellite [2,4,5] or spinel-type [3,6] structure.
Recently, a reversible transformation between the spinel
LiMn;04 and the DH Li;_Mn;04 was reported. It
clarified the anomalies of the potential-composition
profiles of LiMn,04 cathode materials upon lithium
extraction/reinsertion [7].

It is well known that practically all the physical and
chemical properties of the metal oxide materials are
directly related to their elemental composition, crystal
structure and cationic distribution. All these phases
exhibit mixed occupancies of the 6(c) lattice sites as a
rule. In some of them, the rest of the lattice sites are
occupied by individual atoms: Li: 2(a), Zn: 2(b) and Sn:
2(b) in Lil‘(,an‘ﬁSnz'gOg; Li: 2(a), Mg 2(b) and Sn: 2(b)
in Lij (Mg, (Snp30s [1]; Li: 2(a), 2(b) and Sb: 2(b) in
LizCI’zAleOg, LizCI’zFCSbOg and LizCI’AlebOg [3],
Mixed occupancy (Li,Fe) in the 2(b) tetrahedral site was
observed for LiFeSnOy [2,4], while Li;Fe;SbOg exhibits
mixed occupancies of the 2(«) and 2(b) tetrahedral and
the 2(b) octahedral lattice sites [3]. One can hardly
expect that this disorder is inherent to the particular
structural type. It could be rather compositionally and
geometrically conditioned.
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In the present paper, we report the synthesis and
structural characteristics of two new compounds—
Li;ZnSn3;Og and Li;MnSn;Og that, contrary to the
mentioned disordered phases, exhibit complete cation
ordering.

2. Experimental

The samples of Li,ZnSn30g and Li;MnSn;Og were
synthesized by solid state reaction between Li,CO3, ZnO
or Mn(II) oxalate, and SnO;. Li;CO;3; and ZnO were
commercial products of analytical grade purity. Mn(II)
oxalate—Mn(COO),. 2H,0 was precipitated by adding
an excess of concentrated solution of oxalic acid to
0.2 M solution of KMnO4. The white crystalline
precipitate was filtered, washed with distilled water
and dried at 60°C in air. The freshly prepared SnO, with
high specific surface and enhanced reactivity was
obtained by dissolving metal tin of 99.999% purity
(United Min. and Chem. Corp.) in dilute nitric acid.
Stannic acid was precipitated from the clear solution
upon boiling. The precipitate was washed continuously
until neutral reaction and heated at 400°C for 3 h.

A 15 g sample of Li;ZnSn;Og for neutron diffraction
studies was obtained by mixing and grinding stoichio-
metric amounts of the initial compounds in an agate
mortar. Prior to mixing, Li;CO3 and ZnO were heated
at 300°C for 2 h. The homogenized powder was pressed
into cylindrical pellets (12 mm diameter and 5 mm high)
at 430 MPa, and heated at 1000°C for 12 h in air, with
one intermediate grinding. The same steps were followed
to prepare a reference sample with composition
Lij Zn; ¢Sn;50g.

In order to prevent the oxidation of Mn**, a different
preparation procedure was used to obtain a 12 g sample
of Li,MnSn3;Og Pellets of the starting reagents, pre-
pared in the same way as that of Li,ZnSn;Og, were
deeply buried in a large volume of powdered reaction
mixture placed in a corundum boat. The boat was
introduced into a muffle furnace in an atmosphere of
flowing argon, heated at 800°C for 2 h and annealed
slowly to room temperature. The treatment was
repeated at 1000°C with intermediate grinding.

X-ray powder diffraction (XRD) data, for prelimin-
ary characterization, were collected from 5° to 145° 20
with a constant step of 0.02° 20 and 5 s/step counting
time at room temperature, on a DRON-3 automatic
powder diffractometer using filtered CuKa radiation.

For neutron diffraction experiments, fine powdered
samples were placed in a 12 mm vanadium can. Powder
patterns were collected at room temperature with
a constant wavelength of 1.594 A over the range
5-160° 20, with a step 0.05° 20, on the high-resolution
neutron powder diffractometer D2B at the Institute
Laue-Langevin in Grenoble, France. At each point of

the diffraction pattern the counts were averaged over the
different detectors.

The FULLPROF program suite [8] was used for the
structural refinements. The pseudo-Voigt function de-
fined within seven full-widths at half-maximum
(FWHM) was used for approximation of the diffraction
profiles. The refined instrumental and structural para-
meters were: zero shift, scale factor, background
parameters, lattice parameters, line profile parameters,
atomic positional parameters, individual isotropic dis-
placement parameters and cation site occupancies. The
scattering lengths used were: (Li) —0.190, (Sn) 0.6225,
(0) 0.5803, (Mn) —0.373 and (Zn) 0.568 fm.

The infrared (IR) spectra were recorded with a Bruker
IFS 25 FTI spectrometer in the range 400-4000 cm ™!
(resolution <2 cm™!). The routine KBr technique of
sample preparation was used. lon exchange or other
reactions between the sample and KBr were not
observed.

The XPS measurements were carried out in the UHV
chamber of the electron spectrometer ESCALAB MKkII
(VG Scientific) equipped with a MgKa excitation
source. The spectra calibration was performed by using
Cl1s line of adventitious carbon, centered at 285 eV.

3. Results and discussion

The powdered Li,ZnSn;Og sample was white, while
that of the Li;MnSn3;Og was light yellow. Routine XRD
analyses showed that the samples prepared in small
batches and for shorter reaction time were single phase.
Small amounts of SnO, impurity, coming from the
protective powder coating, were detected in the batch
of Li,MnSn3;Og prepared for neutron diffraction
experiments.

The XPS of the Mn 2p spectral region is presented in
Fig. 1. The manganese photoelectron binding energies
of 641.3 eV for the 2p3), and 653.0 eV for the 2p; ),
transitions, and especially the existence of the satellite
peak at approximately 5.4 eV below the main 2ps),
peak, evidence the presence of Mn>* species only [9,10].
In particular, this explains the observed color of the
sample.

According to Choisnet et al. [1], Li;ZnSn3;Oyg is the
end member of a series of phases with general formula
Lipy My 3,Sny, ,Og that form in the compositional
interval 0.67<x<1.0. These phases are of DH-
type and crystallize in the space group P63mc. The
unit-cell parameters of the particular composition
Lij 6Zn 6Sn50g are a, = 6.06 A, ¢, = 9.88 A, the axial
ratio ¢/a = 1.63 being very close to the ideal value
(1.633) for hexagonal close packing. The cations form
two distinct layers. One is Kagomé net [Ocs] built of
(Lip2Zng,>Sngye) average ions with octahedral coordina-
tion. The other is [75Oc]. It is built of individual Li and
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Fig. 2. Crystal structure of Lij¢Zn;sSny;gOg projected along the c-
axis. (a) [T2Oc] layer, (b) [Ocs] layer formed by identical “average”
(Lip.2Zny»Sn(6)O¢ octahedra. The unit cell is outlined.

Zn in tetrahedral coordination, and Sn in octahedral
coordination—see Fig. 2a and b. Contrary to the spinel
structure, the octahedral vacancy in the Kagomé layer is

blocked on both sides not by two occupied tetrahedra
but by one octahedron and one tetrahedron.

XRD patterns of Li,ZnSn3;Og and Li;MnSn;Og
contain one set of diffraction lines, which are consistent
with the space group and unit-cell parameters of the
DH-phase described above, along with another set of
additional lines (see Fig. 3). The angle positions and
intensities of the latter could not be attributed un-
ambiguously to any known impurity phases of the
system. Indexing of the whole pattern of the
Li;ZnSn3;0g phase (ITO, TREOR) resulted in excellent
figures of merits for two different cells: one hexagonal
with ¢ = 10.50 and ¢ = 9.87 A and the other C-centered
orthoorhombic with a=18.18, »=10.50 and c¢=
9.87 A. The axial metric relations showed that both
cells are super-cells of the DH-phase. The existence of a
super-cell implies some kind of ordering. Therefore,
splitting of the position occupied by the “average’ ion
of the disordered structure in two or more individual
positions should be expected.

Systematic extinctions (00 1 = 2n) for the hexagonal
cell indicated possible space groups P63, P6322 and
P63 /m. Obviously, the most plausible structural model,
that accounts for the observed supercell should be
similar to that of the DH-phase. The packing sequence
of the oxygen layers should remain unchanged. The
ordered [7,Oc] layer in the DH-phase could not give
rise to additional super-structure reflections. Therefore,
the super-structure must imply cation ordering in the
[Ocs;] layers. The cation content of this layer is Sn,Li.
Thus, the problem is reduced to finding an arrangement
of one Li and two Sn atoms of the [Ocs] layer in one of
the three hexagonal space groups. However, none of
them allows complete ordering. Nevertheless, XRD
Rietveld refinements of models with partial ordering
were tried. They ended with unsatisfactory fits to the
data, the site occupancy factors being in drastic
disagreement with the content of the formula unit.
Lowering the symmetry to trigonal P31m did not help.

Complete cationic ordering only became possible by
further lowering the symmetry to Cmc2; which is a
subgroup of P63mc. Refinements in this space group
ended with tolerable values of statistical criteria,
acceptable bond lengths and site occupancy factors for
the heavy Zn, Mn and Sn atoms. Because of the low
values of the atomic scattering factors of the light atoms
and the large number of variable parameters, the
positional and displacement parameters of the lithium
and oxygen atoms were determined with relatively high
standard deviations. These results were used as a
starting model for structure refinement of the neutron
diffraction data.

Tables 1 and 2 contain the final refinement parameters
of the two samples. The fitted neutron diffraction
patterns are shown in Figs.4 and 5. Table 3 gives
selected metal-oxygen distances and corresponding
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Fig. 3. XRD pattern of Li,ZnSn3;Og. Upper set of tick marks below the pattern indicates Bragg positions for the disordered (P6smic)
Li; ¢Zn; ¢Sny 3Og phase. Lower set of tick marks shows Bragg positions for the ordered (Cmc2;) phase.

Table 1

Refined structural parameters for Li;MnSn3;Og

Space group a (A) b (A) ¢ (A) VA
Cmc2; (No.36) 18.3795(6) 10.6080(3) 9.90056(6) 12
Atom Wyck. x/a y/b z/c B (A?) SOF
Sn(1) 8b 0.0877(6) 0.0733(8) 0% 0.32(3) 1.000
Sn(2) 8b 0.0860(4) 0.5926(8) —0.003(1) 0.32(3) 1.000
Sn(3) 8b 0.1708(4) 0.335(1) —0.003(2) 0.32(3) 1.000
Li(1) 8h 0.251(1) 0.085(2) 0.004(3) 1.4(2) 1.000
Li(2) 4a 0 0.836(2) 0.001(3) 1.4(2) 1.000
Li(3) 4a 0 0.016(3) 0.290(2) 1.2(2) 1.000
Li(4) 8b 0.1836(9) 0.479(2) 0.279(2) 1.2(2) 1.000
Mn(1) 4a 0 0.334(4) 0.190(1) 0.83(8) 1.000
Mn(2) 8b 0.166(2) 0.838(2) 0.185(1) 0.83(8) 1.000
Sn(4) 4a 0 0.671(2) 0.282(1) 0.34(6) 1.000
Sn(5) 8b 0.1679(8) 0.170(1) 0.277(1) 0.34(6) 1.000
o(1) 4a 0 0.161(2) —0.114(2) 0.59(2) 1.000
0Q2) 8b 0.0850(9) —0.081(1) —0.121(2) 0.59(2) 1.000
0Q3) 4a 0 0.664(2) —0.107(1) 0.59(2) 1.000
04 8b 0.0837(8) 0.420(2) —0.116(2) 0.59(2) 1.000
o(5) 8b 0.2476(8) 0.413(2) —0.125(1) 0.59(2) 1.000
0(6) 8b 0.1633(9) 0.670(1) —0.113(1) 0.59(2) 1.000
o(7) 8h 0.1645(9) 0.170(2) —0.107(1) 0.59(2) 1.000
0O(8) 4a 0 0.008(1) 0.097(2) 0.43(3) 1.000
0(9) 4a 0 0.522(2) 0.124(2) 0.43(3) 1.000
0(10) 8b 0.0936(7) 0.240(1) 0.123(2) 0.43(3) 1.000
O(11) 8b 0.0754(6) 0.735(1) 0.142(2) 0.43(3) 1.000
0(12) 8b 0.1650(8) 0.020(1) 0.135(2) 0.43(3) 1.000
O(13) 8b 0.2380(8) 0.2565(8) 0.138(2) 0.43(3) 1.000
0O(14) 8b 0.1636(6) 0.501(1) 0.097(1) 0.43(3) 1.000

2 Determines origin. Rp = 7.27, Ryp = 8.21, Rg = 2.27, Ry = 1.87, > = 3.61.

calculated bond valence sums (BVS). The Li;MnSn3;Og larger tetrahedral ionic radius of Mn>* (0.66) compared
unit-cell parameters are higher than the corresponding to that of Zn>*(0.60) [11], but also to the larger lithium—
ones for Li,ZnSn3;Og. This fact is not only due to the oxygen distances of Li(1) and Li(2) in the [Oc;] layers.
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Table 2

Refined structural parameters for Li;ZnSn3;Og

Space group a (A) b (A) c (A) V4

Cmc2, (No.36) 18.20438(8) 10.5098(5) 9.87158(7) 12

Atom Wyck. x/a y/b z/ec Bio (A?) SOF

Sn(1) 8b 0.0875(6) 0.0715(9) 0* 0.31(4) 1.000

Sn(2) 8b 0.0856(4) 0.5927(9) 0.001(2) 0.31(4) 1.000

Sn(3) 8b 0.1726(4) 0.334(1) 0.004(2) 0.31(4) 1.000

Li(1) 8b 0.249(2) 0.082(3) 0.007(3) 1.3(4) 0.93(1)Li0.07(1)Zn
Li(2) 4a 0 0.836(3) 0.010(4) 1.3(4) 0.88(2)Li0.12(2)Zn
Li(3) 4a 0 0.032(3) 0.293(3) 1.4(3) 1.000

Li(4) 8b 0.182(1) 0.481(3) 0.279(2) 1.4(3) 1.000

Zn(1) 4a 0 0.331(4) 0.190(1) 0.39(5) 0.88(1)Zn 0.12(1)Li
Zn(2) 8b 0.167(1) 0.831(2) 0.193(1) 0.39(5) 0.987(8)Zn 0.013(8)Li
Sn(4) 4a 0 0.669(3) 0.283(1) 0.37(6) 1.000

Sn(5) 8b 0.168(1) 0.168(2) 0.281(1) 0.37(6) 1.000

O(1) 4a 0 0.159(2) —0.108(2) 0.44(3) 1.000

0Q2) 8b 0.0834(7) —0.078(1) —0.121Q2) 0.44(3) 1.000

0(3) 4a 0 0.664(3) —0.105(2) 0.44(3) 1.000

04) 8b 0.0825(8) 0.420(1) —0.1112) 0.44(3) 1.000

0(5) 8h 0.2490(9) 0.415(2) —0.119(1) 0.44(3) 1.000

0(6) 8b 0.1651(7) 0.670(1) —0.108(1) 0.44(3) 1.000

o(7) 8b 0.165(1) 0.171(2) —0.103(1) 0.44(3) 1.000

0O(8) 4a 0 0.007(2) 0.108(2) 0.42(2) 1.000

009) 4a 0 0.520(2) 0.135(2) 0.42(2) 1.000

0(10) 8b 0.0918(7) 0.241(2) 0.128(1) 0.42(2) 1.000

o(11) 8b 0.0773(8) 0.738(2) 0.141(2) 0.42(2) 1.000

0(12) 8b 0.1648(9) 0.014(2) 0.139(2) 0.42(2) 1.000

O(13) 8b 0.2389(8) 0.251(1) 0.147(1) 0.42(2) 1.000

0O(14) 8b 0.1653(7) 0.500(2) 0.100(2) 0.42(2) 1.000

2 Determines origin. Rp = 6.29, Ryp = 7.36, Rg = 2.19, Rp=1.78, %> = 3.03.
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Fig. 5. Fitted neutron diffraction pattern of LiMnSn3;Osg. The lower set of Bragg positions belongs to 3.1 wt% SnO, impurity.
Table 3 i
Selected metal-oxygen distances (A) and calculated valence sums for (a) LiMnSn3;Og and (b) Li,ZnSn;04
Central Ligands Average Valence
(a) LiyMnSn;0g
Sn(1) O(1)-2.18(1) 0(2)-2.03(1) O(7)-2.04(2) 0O(8)-2.00(1) 0(10)-2.15(2) 0(12)-2.03(2) 2.073(8) 3.87(8)
Sn(2) 0O(3)-2.03(1) 0O(4)-2.15(2) 0(6)-1.97(2) 0(9)-2.16(2) O(11)-2.09(2) 0O(14)-1.99(2) 2.064(8) 3.97(8)
Sn(3) 0(4)-2.15(2) 0(5)-2.03(2) O(7)-2.03(2) 0(10)-2.14(2) 0(13)-2.04(2) 0(14)-2.03(2) 2.070(8) 3.88(9)
Li(1) 0(5)-2.23(2) 0(6)-2.15(2) O(7)-2.13(3) O(12)-2.15(2) O(13)-2.26(2) 0O(14)-2.02(2) 2.16(1) 0.94(2)
Li(2) 0(2)-2.15(2) 0(2)-2.15(2) 0O(3)-2.12(3) 0O(8)-2.05(3) O(11)-2.24(2) O(11)-2.24(2) 2.16(1) 0.93(3)
Li(3) O(1)-2.10(3) 0(2)-1.92(2) 0(2)-1.92(2) O(8)-1.92(3) 1.96(1) 1.06(6)
Li(4) 0(4)-2.37(2) 0O(5)-1.90(2) 0(6)-1.94(2) 0(14)-1.86(2) 2.02(1) 1.02(4)
Mn(1) 0(3)-2.01(2) 0(9)-2.10(4) 0O(10)-2.09(2) 0O(10)-2.09(2) 2.07(1) 1.87(8)
Mn(2) O(7)-2.06(1) O(11)-2.04(2) 0(12)-1.99(3) 0(13)-2.01(4) 2.03(1) 2.12(9)
Sn(4) O(1)-2.06(2) 0(4)-2.08(2) 0(4)-2.08(2) 0(9)-2.22(2) O(11)-2.07(2) O(11)-2.07(2) 2.10(9) 3.60(8)
Sn(5) 0(2)-2.06(2) 0(5)-2.03(2) 0(6)-2.01(2) 0(10)-2.18(2) 0(12)-2.13(2) 0(13)-2.10(2) 2.08(9) 3.74(9)
(b) LizZnSn_; 08
Sn(1) O(1)-2.13(2) 0(2)-1.98(2) 0O(7)-2.02(2) 0O(8)-2.03(1) O(10)-2.19(2) 0O(12)-2.06(2) 2.071(8) 3.93(8)
Sn(2) 0(3)-2.02(2) 0O(4)-2.13(2) 0(6)-1.98(2) 0(9)-2.18(2) O(11)-2.06(2) 0O(14)-2.00(2) 2.061(8) 4.01(9)
Sn(3) 0O(4)-2.18(2) 0O(5)-2.04(2) 0O(7)-2.03(2) O(10)-2.15(2) O(13)-2.05(2) 0O(14)-1.99(2) 2.072(9) 3.88(10)
Li(1) 0O(5)-2.16(4) 0O(6)-2.14(3) O(7)-2.09(4) 0(12)-2.14(4) 0(13)-2.25(3) 0(14)-2.00(3) 2.13(1) 1.08(4)*
Li(2) 0(2)-2.18(3) 0O(2)-2.18(3) 0O(3)-2.14(4) 0O(8)-2.03(4) O(11)-2.17(3) O(11)-2.17(3) 2.15(1) 1.07(4)*
Li(3) O(1)-2.19(4) 0(2)-1.82(2) 0(2)-1.82(2) O(8)-1.86(4) 1.92(2) 1.26(5)
Li(4) 0(4)-2.36(3) 0O(5)-1.91(3) 0O(6)-1.96(3) O(14)-1.81(3) 2.01(1) 1.04(4)
Zn(1) 0(3)-2.03(2) 0(9)-2.07(4) 0(10)-2.10(2) 0(10)-2.10(2) 2.03(1) 1.56(6)*
Zn(2) O(7)-2.01(2) O(11)-1.98(3) 0(12)-2.00(3) 0O(13)-1.94(2) 1.98(1) 1.87(6)*
Sn(4) 0O(1)-2.09(3) 0(4)-2.07(2) 0(4)-2.07(2) 0(9)-2.15(3) O(11)-2.11(2) O(11)-2.11(2) 2.10(1) 3.55(8)
Sn(5) 0(2)-2.05(2) 0O(5)-2.00(3) 0(6)-2.02(3) 0O(10)-2.19(2) O(12)-2.14(3) O(13)-2.05(2) 2.08(1) 3.84(11)

#Values calculated for mixed occupancy sites (see Table 2).

For both structures, the ¢/a ratio of the hexagonal sub-
cell (1.616 for Li;MnSn3;Og and 1.628 for Li,ZnSn30g)
is smaller than the ideal value of 1.633 for the hexagonal

close packing.

The new structure has the same polyhedral represen-
tation as that of the DH phase; with the only difference
being that cations in the mixed [Ocs] layers are ordered

(see Fig. 6). Octahedra occupied by Sn(1), Sn(2) and
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Fig. 6. Projection of the structure of Li;MSn3;Og (M = Zn, Mn) along the c-axis. (a) [T,Oc] layer and (b) [Ocs] layer showing complete ordering of

tin- and lithium-occupied octahedra. The unit cell is outlined.

Sn(3) form six-member isolated rings, linked together by
six individual Li(1) and Li(2) occupied octahedra. The
metal-oxygen interatomic distances (see Table 3) agree
well with the corresponding ionic radii. The calculated
BVS confirm the occupation of the particular lattice
sites by individual ions. To our knowledge, such cation
ordering in DH-type structures is reported for the first
time.

The metal-metal distances are listed in Table 4. As
can be seen, the Sn—Sn distances within the [Ocs] layer
are larger than those of Sn—Li within the same layer.
This is an indication of the strong electrostatic repulsion
between the high-valence ions, occupying the edge-

sharing octahedra. These distances are higher than
metal-metal distances reported for the phases with
disordered [Oc;] layers, and agree with the values
observed in the SnO, (cassiterite) structure [12]. The
large Sn—Sn distances within the [Oc;] layers explain the
smaller than ideal ¢/a ratio. The so-formed Kagomé
layer has two types of holes, one surrounded by six
SnOg octahedra and the other by three LiOg and three
SnOg octahedra. The geometry of the [T,Oc]| layer is
identical to that of the DH-phase. The octahedral holes
in the [Oc;] Kagomé layer are blocked by Sn** occupied
octahedra and M>* occupied tetrahedra, while the Li*
occupied tetahedra link groups of three octahedra
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Table 4
Octahedral metal-metal distances (A) in Li;MnSn;Og and
LizZI‘lSH}Og

Sample LiMnSn;Og LiZnSn30g
Distances within [Ocs] layers
Sn(1)-Sn(1) 3.22(2) 3.19(2)
Sn(1)-Sn(3) 3.17(1) 3.17(1)
Sn(2)-Sn(2) 3.15(1) 3.12(1)
Sn(2)-Sn(3) 3.16(1) 3.14(1)
Li(1)-Sn(1) 3.00(2) 2.94(3)
Li(1)-Sn(2) 3.00(2) 3.02(3)
Li(1)-Sn(3) 3.03(2), 3.02(2) 2.99(3), 2.97(3)
Li(2)-Sn(1) 2.99(2) 2.94(3)
Li(2)-Sn(3) 3.03(2) 3.00(3)
Distances between [Ocs] and [T,0] layers
Sn(1)-Sn(5) 3.28(1) 3.30(2)
Sn(3)-Sn(5) 3.28(1) 3.25(2)
Sn(2)-Sn(4) 3.34(1) 3.29(2)
Li(1)-Sn(5) 3.24(2) 3.21(5)
Li(2)-Sn(4) 3.29(3) 3.21(5)
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Fig. 7. Infrared spectra of (a) Li,MnSn;0Og, (b) Li»ZnSn;O0g and (c)
Lij 6Zn; 6Sny50s.

(two occupied by Sn** and one by Li"). In this case, the
Sn(4) and Sn(5) octahedra of the [T,Oc] layer have
larger Sn—O distances on average, and, respectively,
lower valence sums, compared to those of the Sn(l),
Sn(2) and Sn(3) in the [Ocs] layers. Although the mean
values of the octahedral and tetrahedral bond lengths
are in a good agreement with those reported in the

literature [1-6], all coordination polyhedra are rather
distorted.

The cation ordering and coordination polyhedron
distortions can also be seen from the examination of the
infrared spectra of the two compounds (Figs. 7a and b).
The IR-spectra of Li;MnSn3Og and Li,ZnSn;Og are
very complex and exhibit a relatively large number of
sharp bands within the range 400-800 cm~'. The two
high intensive bands in the range 450-650 cm~! can be
attributed to the vibrations of the SnOg octahedra.
Their splitting is in agreement with the presence of
five crystallographically different octahedral posi-
tions for Sn** ions and with the different bond lengths
between the cations and oxygen atoms. For compari-
son, we show on the same figure (Fig.7c) the IR-
spectrum of the DH-phase (Lij¢Zn;¢Sn;gOg) which
exhibits only a few relatively broad bands, as should
be expected for compounds with mixed site occupancies
[13].

There are at least two antagonistic factors, which play
a role for the cation sub-lattice of the DH-type
structure. The first is the electrostatic factor. From
this point of view, the occupation of two adjacent,
edge-chairing octahedra by high valence cations leads to
an electrostatic repulsion and lattice instability. The
second is the geometrical factor. From this aspect, the
occupation of one site by ions with different ionic radii
is unfavorable since it would introduce high local
distortions. The balance between these two factors
may depend on phase composition and synthesis
conditions. The observed two-dimensional ordering in
the [003] layer for LizZl’lSn30g and LizMnSn30g
indicates that for both compositions the second factor
prevails over the first one. In this particular case, the
difference between the octahedral ionic radii of Sn**
(0.69) and Li™ (0.76) seems to be dominant and leads to
the expulsion of Li" from the mixed sites into the
linking sites of the Kagomé layers. The same factor
explains the ordering in Li»SnOs3 and other LixM*tO;
structures [14]. The geometrical size factor seems to be
responsible also for the cation ordering in spinel
Li,MTi3;08 (M = Zn,Co) [15], Li,MGes;Og [16] and
LiAl5;Og [17], where the difference between the octahe-
dral ionic radii of Li"(0.76) on one hand and
Ti*"(0.605), Ge**(0.53) and AI**(0.535) on the other,
is even more drastic. In all compounds, the octahedral
sub-lattice splits. Titanium atoms occupy 12(d) and
lithium ones—4(b) positions of the space group
P4532.
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