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The synthesis of orthorhombic Mn3(VO4)2 via a simple solid state route as well as the description of a

new tetragonal high temperature phase are reported in this paper. Additionally, the system LiMnVO4–

Mn3(VO4)2 (¼Mn1.5VO4), described by the formula LixMn1.5�x/2VO4, is investigated in detail, showing

that substitution of one Mn2þ in Mn1.5VO4 by two Liþ ions favors the formation of the tetragonal high

temperature phase for xr0.22. This substitution is facilitated by the statistical half occupancy of the 4b

site by Mn2þ in tetragonal Mn1.5VO4, whereas additional crystallographic sites would have to be

occupied in the orthorhombic phase. The inverse substitution of Li by Mn in orthorhombic LiMnVO4 is

also shown to be possible in the range 0.72rxr1. For 0.22rxr0.72, there is a large miscibility gap

with a two phase mixture of the tetragonal Mn1.5VO4 type and orthorhombic LiMnVO4 type phases.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Olivine type phases with the general formula LiMPO4 (M¼Fe,
Mn, Co, Ni) [1–7] are promising cathode materials for the use in
lithium ion batteries, especially for M¼Fe and Mn [2]. LiMnVO4 is
reported to crystallize in the orthorhombic Na2CrO4 type struc-
ture with space group Cmcm [8–15], being isotypic with LiMgVO4

[10,16–18] and Li1.2In0.6VO4 [19]. The structure (Fig. 1) is made up
of isolated VO4 tetrahedra forming a distorted cubic close packed
arrangement of oxygen atoms. In contrast to the spinel type
materials Li[6]Co[6]V[4]O4 [11,20,21] and Li[6]Ni[6]V[4]O4 [11,22,23]
(coordination numbers for the ions shown in superscript
parentheses), Li is located on a tetrahedral site. These tetrahedra
share an edge with the VO4 ones. Mn is located in an octahedral
site, sharing vertices with the VO4 tetrahedra and building up
chains of octahedra sharing edges among each other. Thus, the
orthorhombic phase may be written as Li[4]Mn[6]V[4]O4. Although
Li cannot be extracted from this phase, the high pressure spinel-
type modification hp-Li[6]Mn[6]V[4]O4 allows the reversible
extraction of about 0.6 Li at a voltage of 3.8 V [8], which is
slightly lower compared to a voltage of about 4.0 V in LiMnPO4 [2].
Although the electrical conductivity of orthorhombic LiMnVO4 is
lower compared to that of the spinel-type compounds LiCoVO4

and LiNiVO4 [11], it is still higher by about 5–6 orders of
magnitudes compared to LiMnPO4 [24].
ll rights reserved.

. Beck).
There are only few reports about Mn3(VO4)2 (from now on
written as Mn1.5VO4 to clarify the similarity to LiMnVO4). Clark
et al. [25] reported that they could not synthesize pure Mn1.5VO4.
They explain this observation with instability of that phase
decomposing easily to Mn2V2O7 and Mn4V2O9. X-ray powder
diagrams of the latter could not be indexed and a structural
characterization was not possible. However, such a phase was
also reported by Brisi [26]. Single crystals of Mn1.5V0.94Mo0.04O4

were grown by Wang et al. [27] from a eutectic mixture of
Mn1.5VO4 and MnMoO4. They reported this phase to crystallize
in an orthorhombic structure (Fig. 2) with space group Cmca (not
to be mixed up with the structure of LiMnVO4 in space group
Cmcm, which is clearly different). Mn occupies two crystallogra-
phically different octahedral sites (4a, 8e); V is on the tetrahedral
site 8e in a distorted ccp arrangement of the oxygen atoms.
Mn1.5VO4 is therefore isotypic with other divalent (transition)
metal vanadates M1.5VO4 (M¼Mg, Co, Ni, Zn) [16,28–33].

In this paper, we report on the first synthesis of pure phase
orthorhombic Mn1.5VO4 (with space group Cmca) via a simple
solid state route as well as a new tetragonal high temperature
phase of Mn1.5VO4 and solid solutions of the latter with LiMnVO4.
2. Experimental

For the synthesis of the low temperature phase of Mn3(VO4)2

(¼Mn1.5VO4), stoichiometric amounts of MnO (99%, Alfa Aesar) and
V2O5 (99.6þ%, Aldrich) were milled for 2 h in a planetary ball mill
(Fritsch pulverisette 7) at a speed of �440 rpm. The as-received
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Fig. 1. The crystal structure of LiMnVO4 according to Padhi [8]. Vanadium is

located in the solid tetrahedra.

Fig. 2. The crystal structure of Mn1.5VO4 according to Wang [27]. V5þ is located in

the solid tetrahedra.
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powder (LT phase) was pressed into a pellet and heated to 800 1C for
15 h under dry flowing Ar of purity 4.6. The high temperature phase
of Mn1.5VO4 was made by heating the low temperature phase to a
temperature of 950 1C for 15 h in an alumina or Pt boat, again under
flowing Ar (purity 4.6). A second boat, filled with MnO and placed in
front of the boat with the reaction pellet/mixture in the direction of
the Ar flux, allowed a further purifying of the Ar atmosphere from
traces of O2/H2O.

Samples of composition LixMn1.5�x/2VO4 were made from
stoichiometric amounts of Li2CO3 (99þ%, Aldrich), MnO (99%,
Alfa Aesar) and V2O5 (99.6þ%, Aldrich), also by use of the
planetary ball mill. The samples were heated in Pt boats under
dry flowing Ar (purity 4.6), depending on the value of x, to
temperatures varying between 850 and 950 1C, with 1 intermedi-
ate regrinding. Lower temperatures were preferably chosen for Li
richer samples to avoid melting. Again, a second boat filled with
MnO was placed in front of the one containing the reaction
mixture. According to our experience, the chosen temperature
treatments do not cause any loss of lithium and even further
treatment at the maximal chosen temperature does not result in
any changes of the refined sample composition and determined
lattice parameters.
XRD patterns were recorded on a Panalytical Philips X’Pert Pro
diffractometer with focusing Bragg–Brentano geometry and a fine
focus X-ray tube with Cu anode in a 2y-range from 101 to 1401. No
primary beam monochromator was attached. A fast PIXcel detec-
tor and a variable divergence slit were used. The total scan time
was between 3 and 14 h.

The whole 2y-range was used for Rietveld analysis by the
program TOPAS 2.1 [34] (Bruker AXS, Karlsruhe, Germany). The
instrumental intensity distribution and peak shape parameters
were determined empirically according to the fundamental para-
meters set [35] after a reference scan of LaB6. Positional para-
meters, microstructural and lattice parameters were refined
during Rietveld analysis. To refine microstructural parameters,
the program TOPAS [34] uses a double Voigt model. For multi-
phase mixtures, the displacement parameters of all atoms of all
phases were constraint to an overall B-value to minimize errors of
phase quantification. For single phase samples, the structural
model of the according phase was constrained to a composition
LixMn1.5�x/2VO4, and x was refined accordingly. Indexing [36] and
Fourier difference analysis of the pattern of the high temperature
phase of Mn1.5VO4 were done using the program TOPAS 4.2 [37]
(Bruker AXS, Karlsruhe, Germany). Based on our experience, the
standard deviations for the lattice parameters given in this article
are the ones calculated by the Rietveld procedure multiplied by 4.

The DTA measurement was recorded on a Netzsch DTA/TG
(STA 409) up to a temperature of 1020 1C with a heating and
cooling rate of 5 1C/min under a flowing Ar atmosphere.
3. Results and discussion

3.1. On Mn3(VO4)2 (¼Mn1.5VO4)

Sample preparation has a high influence on the phase purity of
the received Mn1.5VO4. Using a ball mill and compacting the
powder into a tablet gave a product with a significantly lower
amount of impurity phase. Also, placing a boat with fine ground
powder of MnO into the furnace helped to avoid the oxidation of
the Mn2þ in the product by traces of O2. The reaction tempera-
ture was chosen to be 800 1C. Following this procedure yielded a
product with a negligible amount of Mn2V2O7 (about 1.2%). The
diffraction pattern of the as received powder is given in Fig. 3a,
the structural results of the refinement, which are in good
agreement with the results of Wang et al. for their Mo doped
Mn1.5VO4 phase, are given in Table 1. The refined M–O distances
(Table 2) are in excellent agreement with the sum of the ionic
radii of the different ionic species [38].

Since Clark [25] reports the decomposition of orthorhombic
Mn1.5VO4 when raising the reaction temperature, the sample was
heated to 950 1C in an alumina boat. Indeed, also in this work,
a complete disappearance of the orthorhombic Mn1.5VO4 was
observed. A single new phase, with a diagram closely resembling
the Mn4V2O9 phase reported by Brisi [26] and Clark [25],
appeared instead, but no impurities of Mn2V2O7 could be
detected. The result of the indexing indicates a tetragonal unit
cell in the space group I42d and lattice parameters a¼7.0073(1) Å
and c¼19.6981(3) Å. A database [39] search for similar phases
showed that Co1.5AsO4 [40], Mg1.5AsO4 [41], Na1/3Mg4/3VO4

(NaMg4(VO4)3) [42], Li1/3Mg4/3VO4 (LiMg4(VO4)3) [43–45] also
crystallize in that space group with lattice parameters similar to
the ones found for our new phase. Using the positional para-
meters of Mg1.5AsO4 [41] as starting parameters for the Rietveld
refinement (Fig. 3b), the results (Table 3) confirm that this phase
has the composition Mn1.5VO4 – and not Mn4V2O9 – and that it is
isostructural to Co1.5AsO4 [40] and Mg1.5AsO4 [41]. This is
especially given by the refined approximate occupancy of the 4b



Fig. 3. Rietveld analysis of the XRD patterns of the synthesis product for the low

(a) and high (b) temperature phases of Mn1.5VO4. Refined curve (black), measured

curve (gray) and difference curve (black). The most intense reflection of the small

amount of the impurity phase Mn2V2O7 in (a) is marked with an asterisk. The

background slope results from the varying divergence slit of the diffractometer.

Table 1
Results of the refinement for the low temperature phase of Mn1.5VO4, space group

Cmca.

Wyckoff Atom sort x y z Occupancy B

4a Mn2þ 0 0 0 1 0.84(3)

8e Mn2þ 1/4 0.1376(1) 1/4 1 0.84(3)

8f V5þ 0 0.3795(1) 0.1217(2) 1 0.13(2)

8f O2� 0 0.2565(3) 0.2234(3) 1 0.73(4)

8f O2� 0 0.9997(3) 0.2496(4) 1 0.73(4)

16g O2� 0.2802(3) 0.1174(2) 0.9927(2) 1 0.73(4)

a[Å]¼6.2595(2), b[Å]¼11.7254(4), c[Å]¼8.4938(2), Rwp¼0.99%, RBragg¼0.55%,

GOF¼1.84.

Table 2
Comparison of the refined M–O distances of the low temperature phase of

Mn1.5VO4 (space group Cmca) to the sum of the ionic radii after Shannon [38]

with N being the number of neighbors.

Atom site/
atom sort

N Refined

distance (Å)

Average M–O

distance (Å)

Sum of ionic
radii [38]

4a/Mn2þ 2 2.120(3) 2.193 2.187

4 2.230(2)

8e/Mn2þ 2 2.108(3) 2.188 2.190

2 2.206(2)

2 2.250(3)

8f/V5þ 1 1.681(4) 1.717 1.715

2 1.685(2)

1 1.784(4)

Table 3
Results of the refinement for the low temperature phase of Mn1.5VO4, space

group I42d.

Wyckoff Atom sort x y z Occupancy B

8c Mn2þ 0 0 0.2269(1) 1 0.97(2)

8d Mn2þ 0.2403(2) 1/4 1/8 1 0.97(2)

4b Mn2þ 0 0 1/2 0.491(3) 0.97(2)

4a V5þ 0 0 0 1 0.42(2)

8d V5þ 0.6540(2) 1/4 1/8 1 0.42(2)

16e O2� 0.0515(5) 0.1976(4) 0.0438(1) 1 1.57(4)

16e O2� 0.0523(4) 0.2720(5) 0.3968(1) 1 1.57(4)

16e O2� 0.4979(5) 0.2166(5) 0.0585(2) 1 1.57(4)

a[Å]¼7.0073(1), c[Å]¼19.6981(3), Rwp¼0.86%, RBragg¼0.42%, GOF¼1.73.
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Mn2þ site of about 0.5. This statistical disorder is also observed
for Co1.5AsO4 [40] and Mg1.5AsO4 [41]. A Fourier difference
analysis indicates that there is virtually no remarkable missing/
excess electron density. This is also confirmed considering our
synthesis attempts of phase pure Mn4V2O9. In doing so, an
additional unknown phase besides ht-Mn1.5VO4 was observed,
which might be a yet unknown manganese richer phase in the
system MnO–V2O5. Further investigations are clearly necessary to
determine the detailed nature of that phase.
In contrast to the orthorhombic modification of Mn1.5VO4, which
has a distorted cubic close packing of the oxygen atoms, the
tetragonal high temperature modification is built up by a distorted
hexagonal close packing of oxygen atoms, where the layers are
stacked along the [1 1 0] direction. The crystallographic density of
4.06 g/cm3 is remarkably lower than that of the orthorhombic form
(4.21 g/cm3) as often found for high temperature phases. Table 4
summarizes the refined M–O distances for the high temperature
phase of Mn1.5VO4, whose structure is illustrated in Fig. 4. Mn2þ is
in a distorted octahedral coordination at the 8c and 8d sites, whereas
V5þ is found in tetrahedral coordination with almost equal V–O
distances, but with O–V–O angles deviating from the ideal tetra-
hedral angle of 109.451. The deviations of these two coordination
species from higher symmetry may well be understood according to
Pauling’s rules for edge sharing polyhedra. The Mn2þ ion on the 4b

site is found in an unusual [4þ4] coordination (Fig. 5); this
coordination polyhedron is known as Hoard dodecahedron [40,46]
and also as stella quadrangula and it is found in quite a few
compounds [47,48]. The Mn–O distances are clearly too large
compared to what would be expected according to the ionic radii
[38] (Table 4). Nevertheless, such large M–O distances are also found
for Co1.5AsO4, whose structure was determined using single crystal
data [40]. In that case, a higher displacement parameter is found for
the Co2þ ion on the central 4b position. An independent refinement
of the thermal parameter in our case gave no indication of thermal
or static disorder on that site although it is to be expected.

A DTA measurement (Fig. 6, all temperatures given as onset-
temperatures) on the orthorhombic phase showed that the phase
transition to tetragonal starts at a temperature around 946 1C.
Melting of the sample starts at a temperature of 972 1C and the
DTA measurement combined with XRD showed that both thermal
processes are reversible. Anyway, since the phase transition is
completely reconstructive (hexagonal-cubic close packing of the
O2� ions), the transition is rather sluggish at lower temperatures
and the high temperature phase can be obtained by quick cooling.



Fig. 4. The crystal structure of the tetragonal high temperature phase of Mn1.5VO4. Vanadium is located in the center of the filled tetrahedra.

Fig. 5. The coordination sphere of the Mn2þ ion (dark gray) on the 4b site. The

viewing direction is slightly shifted along the c axis. The Mn–O distance is 2.296 Å

for the black and 2.810 Å for the gray oxygen atoms. O–O distances are given in Å.

Fig. 6. DTA measurement on the orthorhombic modification of Mn1.5VO4. Tem-

peratures are given as onset-temperatures.

Table 4

Comparison of the refined M–O distances of the high temperature phase of Mn1.5VO4 (space group I42d) to the sum of the ionic radii after

Shannon [38] with N being the number of neighbors. The sum of ionic radii for fourfold coordinated Mn2þ was approximated by

comparison with Mg2þ (n).

Atom site/atom sort N Refined distance (Å) Average M–O distance (Å) Sum of ionic radii [38]

8c/Mn2þ 2 2.188(3) 2.225 2.193

2 2.211(4)

2 2.275(3)

8d/Mn2þ 2 2.109(3) 2.171 2.193

2 2.163(3)

2 2.242(4)

4b/Mn2þ 4 2.296(4) CN¼4: 2.296 CN¼8: 2.553 CN¼4: 1.97n CN¼8: 2.31

4 2.810(3)

4a/V5þ 4 1.671(3) 1.671 1.715

8d/V5þ 2 1.669(3) 1.696 1.725

2 1.722(3)

O. Clemens et al. / Journal of Solid State Chemistry 184 (2011) 2640–2647 2643
In the presence of oxygen during heat treatment, the material
decomposes under formation of Mn2V2O7 and Mn3O4 in a first step.
This emphasizes the importance of a high purity inert gas
atmosphere. Mn2V2O7 does not react further and Mn3O4, once
formed, is not reduced back to MnO at our chosen reaction
temperatures.

3.2. On LixMn1.5�x/2VO4 in the range 0oxr0.2

On the manganese rich side of the system LiMnVO4–Mn1.5VO4,
i.e. 0oxr0.2 in LixMn1.5�x/2VO4, the high temperature phase of



Fig. 7. Rietveld analysis of the XRD patterns of the synthesis product

Li0.2Mn1.40VO4. Refined curve (black), measured curve (gray) and difference curve

(black). The background slope results from the varying divergence slit of the

diffractometer.

Fig. 8. XRD patterns of the system LixMn1.5�x/2VO4 for 0rxr0.2. All composi-

tions are found to crystallize in the tetragonal space group I42d. The inset shows

the angle dependency of the (2 2 0) and the (0 0 8) reflections.

Fig. 9. Normalized lattice parameters and cell volume as function of the degree x

of substitution in LixMn1.5�x/2VO4 (for 0.3rxr0.7 two phase mixture of the

tetragonal and an orthorhombic LiMnVO4 like phase is obtained, see Sections

3.3 and 3.4).

Table 5
Results of the Rietveld refinements for the tetragonal ht-Mn1.5VO4 type phase

(space group I42d) for the compositions LixMn1.5�x/2VO4 with 0rxr0.2.

x in LixMn1.5�x/2VO4 a in Å c in Å Refined
composition/refined x

0.00 7.0073(1) 19.6981(3) Mn1.497(4)VO4

0.05 7.0088(1) 19.6641(4) x¼0.05(2)

0.10 7.0091(1) 19.6534(2) x¼0.11(2)

0.20 7.0135(1) 19.5893(3) x¼0.25(2)
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Mn1.5VO4 (I42d) is the only stable one (the refinement for
Li0.2Mn1.40VO4 is exemplarily shown in Fig. 7, an overview of the
recorded XRD patterns is given in Fig. 8). Fig. 9 shows the variation of
lattice parameters with composition. As one Mn2þ ion has to be
substituted by two Liþ ions, the half-filled 4b site in Mn1.5VO4 is an
ideal candidate for this substitution process; the occupation of this
site was therefore constrained to the formula LixMn1.5�x/2VO4

(0rxr1/3), whereas occupation of the other Mn sites was restricted
to Mn2þ only. In contrast, such a substitution seems to be energe-
tically unfavorable in the orthorhombic modification of Mn1.5VO4,
since additional crystallographic sites would have to be occupied. We
also found that the addition of small amounts of Li3VO4 forces
orthorhombic Mn1.5VO4 to a structural transition into the tetragonal
phase already at temperatures between 800 and 850 1C, which is
about 80–130 1C below the observed phase transition temperature
for Mn1.5VO4.

Although it is not possible to locate Liþ ions by x-ray diffraction,
occupation of the 4b site can be assumed from the similarity to the
AB4(VO4)3 structures mentioned above such as Li1/3Mg4/3VO4 [43,44]
and Na1/3Mg4/3VO4[43], where the alkaline earth metal is also found
in the Hoard dodecahedron. Furthermore, the inverse substitution is
possible for Li1/3Mg4/3VO4, following LiyMg1.5�y/2VO4 in the range
0.2ryr0.3 [45] and, in general, there seems to be a remarkable
similarity between the systems Li2O–MgO–V2O5 and Li2O–MnO–
V2O5 [39], as most compounds are isostructural to the corresponding
compound of the accordant system. The refined compositions and
site occupancies are in very good agreement with the suggested
substitution mechanism.

When raising x to a value of 0.3, about 17 wt% orthorhombic
LiMnVO4 (space group Cmcm) are found as a second phase, which
does not disappear after longer heat treatment. This indicates that
a stoichiometric compound Li1/3Mn4/3VO4 does not exist in this
system. A more detailed determination of the miscibility gap is
described in Section 3.4.

Substitution is accompanied by a decrease in unit cell volume for
increasing x (Fig. 9). This might be explained by the smaller ionic
radius of Liþ compared to Mn2þ (0.74 vs. 0.82 Å for sixfold coordina-
tion [38]). The change of lattice parameters is not uniform. Whereas c

decreases for increasing x, a slightly increases (see Figs. 9, 8 and
Table 5). The Hoard dodecahedron is connected to four Mn2þ octa-
hedra by edges within the a/b plane, whereas the edge connection to
four V5þ tetrahedra is also directed with a component along [0 0 1]
(Fig. 10). Therefore, the substitution of manganese by lithium lowers
the repulsive forces between the 4b site and the V5þ site, which
might contribute to the contraction of the structure in the c direction.

Again, equilibrating the sample with x¼0.1 at 600 1C for 60 h
causes a decomposition of the former single phased tetragonal
material into orthorhombic Mn1.5VO4 (�17.2 wt%) and tetragonal
LixMn1.5�x/2VO4 (�82.8 wt%). The latter can thereby be estimated
to have an approximate composition Li0.12Mn1.44VO4. In contrast,
such a decomposition is not observed for x¼0.2, which indicates



Fig. 11. Rietveld analysis of the XRD patterns of the synthesis product

Li0.7Mn1.15VO4. Refined curve (black), measured curve (gray) and difference curve

(black). The background slope results from the varying divergence slit of the

diffractometer.

Fig. 12. XRD patterns of the system LixMn1.5�x/2VO4 for 0.7rxr1.0. All composi-

tions are found to crystallize in the orthorhombic space group Cmcm. The small

amount of impurity phase (�3 wt%) of tetragonal LixMn1.5�x/2VO4 for x¼0.7 is

marked with asterisks.

Table 6
Results of the Rietveld refinements for the orthorhombic LiMnVO4 type phase

(space group Cmcm) for the compositions LixMn1.5�x/2VO4 with 0.7rxr1.

x a in (Å) b in (Å) c in (Å) Refined x

1.0 5.7632(3) 8.7474(4) 6.3502(4) not constrained

0.9 5.7644(2) 8.7507(3) 6.3724(2) 0.90(1)

0.8 5.7679(3) 8.7446(4) 6.3821(3) 0.84(2)

0.7 5.7715(2) 8.7337(3) 6.3899(2) 0.81(2)

Fig. 10. Connection of the Hoard dodecahedron (4b position, black atom) to the

neighboring polyhedra. Vanadium is located in the filled tetrahedra, other Mn2þ

ions are plotted in dark gray color.

Fig. 13. Normalized lattice parameters and cell volume as function of the degree x

of substitution in LixMn1.5�x/2VO4.
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that Liþ acts in a way to stabilize the tetragonal phase at lower
temperatures. This indicates that there is a reduced miscibility in
the range 0rxr�0.1, caused by a higher stability of the
orthorhombic Mn1.5VO4 phase at lower temperatures. (It could
also be possible – although not found experimentally – that the
tetragonal phase is unstable at lower temperatures and trans-
forms to orthorhombic Mn1.5VO4 (Cmca) and orthorhombic
LixMn1.5�x/2VO4 (Cmcm, see Section 3.3). Since the formation of
orthorhombic LixMn1.5�x/2VO4 (Cmcm) would also be accompa-
nied by a complete structural reorganization, this could probably
only be realized in very long firing times.)

3.3. On LixMn1.5�x/2VO4 in the range 0.7oxr1.0

Phases of this composition are found to crystallize in the
orthorhombic space group Cmcm, adopting the structure of
LiMnVO4 [8] (the Rietveld refinement is exemplarily shown for
x¼0.7, see Fig. 11). The XRD patterns are shown in Fig. 12. For
x¼0.7, a small amount of tetragonal LixMn1.5�x/2VO4 is found
(�3 wt%, see Fig. 11). Therefore, the miscibility gap is expected to
lie close to the composition Li0.7Mn1.15VO4).

Substitution leads to an increase of unit cell volume for
decreasing x (Table 6, Fig. 13). This can be explained by the larger
ionic radius of Mn2þ compared to Liþ (0.82 vs. 0.74 Å for sixfold
coordination [38], see above). Furthermore, the dependence of the
lattice parameters on x is not uniform. For decreasing x, a and c

both increase, whereas b slightly decreases. The Rietveld refine-
ment indicates a substitution of two Liþ ions on the 4c site by one



Fig. 14. Refined weight fractions of different phases in the synthesis of LixMn1.5�x/2

VO4 compounds.
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Mn2þ ion leaving one defect position. The Liþ/Mn2þ ions are in
fourfold coordination on that site, sharing an edge with a
vanadium tetrahedron along the b axis. Therefore, a shrinkage
of the b axis, which causes a lowering of the Mn2þ–V5þ distance,
is very small in the magnitude of about 0.1–0.2% (Fig. 14).

3.4. LixMn1.5-x/2VO4 (0.3rxr0.7)

The investigation of compositions with 0.3rxr0.7 prepared
at 900 1C shows the formation of a two phase mixture containing
an orthorhombic LiMnVO4 like (Cmcm) and a tetragonal Mn1.5VO4

like (I42d) compound. The refinement of relative amounts and
lattice parameters of the phases existing in the range 0.3rxr0.6
was performed by fixing the atomic positions and occupancies to
the ones found earlier for x¼0.2 and 0.7, respectively. For the
tetragonal phase, the lattice parameters and the volume are
nearly constant in this range and this indicates the beginning of
the miscibility gap at xE0.24 to 0.27 (see Fig. 9). The lattice
parameters depicted in Fig. 9 were fitted by linear equations. The
refined lattice parameters of the orthorhombic phase showed a
complex behavior and could not be interpreted unambiguously.
Nevertheless, the refined weight fractions give a clearer picture
and indicate limits of doping around Li0.22–0.23Mn1.39�1.385VO4 for
the tetragonal phase and Li0.71–0.72Mn1.145�1.14VO4 for the ortho-
rhombic one, and this is in agreement with the beginning of the
miscibility gap at the Mn richer side determined by the lattice
parameters only. It needs to be taken into account that solid state
preparations of the Li richer phases have to be done at lower
temperatures due to a lower melting point.

The miscibility gap seems to be caused by an intolerance of
LiMnVO4 towards a high degree of Li substitution for Mn. This can be
understood in view of the edge connectivity of the Li and V tetrahedra
and the resulting higher repulsive forces of doubly charged Mn on
this site. In principle the formation of a tetragonal compound
Li0.33Mn1.33VO4 should be possible without the occupation of further
crystallographic sites by Li (see Section 3.2). The appearance of the
orthorhombic LiMnVO4 type phase for x50.33 might be explained
either by its higher thermodynamic stability or by a lowering of
Madelung energy in the tetragonal phase in the course of the
substitution of the higher valent cation by the lower valent one.
4. Conclusions

In this paper, we have shown that orthorhombic Mn1.5VO4

(space group Cmca) can be prepared by a simple solid state route.
A second former unknown modification of Mn1.5VO4 is found
when heating the material to a temperature of 950 1C. This
modification is isostructural to Co1.5AsO4 and Mg1.5AsO4 and
crystallizes in the tetragonal space group I42d. The major part
of Mn2þ (8/9) is found in octahedral coordination, whereas the
rest is in an unusual [4þ4] coordination called Hoard dodecahe-
dron or stella quadrangula, with this special crystallographic site
being half occupied. The phase transition back to orthorhombic is
possible, but kinetically limited on quick cooling.

Substitution of Mn2þ for two Liþ favors the formation of tetra-
gonal LixMn1.5�x/2VO4 for 0rxr0.2. The tetragonal structure
facilitates such a substitution, as the Mn site with [4þ4] coordi-
nation is only half occupied from the beginning on. Full exchange
giving a final composition Li1/3Mn4/3VO4, which would then be
isostructural to Li1/3Mg4/3VO4 [43–45] and Na1/3Mg4/3VO4 [43], is
not possible. Synthesis attempts of such a phase resulted in the
formation of an additional LiMnVO4 type phase (space group
Cmcm). Furthermore, the substitution goes with shrinkage of cell
volume, with decreasing c, but increasing a parameter. This can be
explained by comparison of the ionic radii of Mn2þ and Liþ and
by the connectivity of the coordination polyhedra. Furthermore, a
substitution following the scheme LixMn1.5�x/2VO4 is not found
for orthorhombic Mn1.5VO4, not even for small values of x. This
structure does not allow such a substitution, since additional
crystallographic sites would have to be occupied.

For 0.7rxr1.0, the samples are found to crystallize in the
orthorhombic structure of LiMnVO4 (space group Cmcm). One
Mn2þ is found to substitute two Liþ on the tetrahedrally
coordinated 4c site, leaving also vacancies on this site.

When trying to synthesize samples in the range 0.3rxr0.7,
we found two phase mixtures of tetragonal and orthorhombic
phases mentioned afore. Rietveld refinement of the phase ratios
showed that at temperatures between 850 and 940 1C there is a
miscibility gap between Li0.22–0.23Mn1.39�1.385VO4 on the tetra-
gonal and Li0.71�0.72Mn1.145�1.14VO4 on the orthorhombic side.
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