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It is shown that MgV206 and LiVMo06, both of the brannerite-type structure, exhibit miscibility in the 
entire composition range resulting in the formation of MgLi = Mgr-,Li,Vr-,Mo,06 solid solutions. For 
y > 0.5 significant capacity of the MgLi matrix to the excess Mo6+ cations compensated by cation 
vacancies 0 appears and MgLi0 = Mg,-,-,01LiYV2-ti-,Mo 2r+Y06 solutions become stable. Pro- 
nounced negative deviations from Vegard’s law are simultaneously observed for MgLi solid solutions. 
An unusual phenomenon is thus observed: monovalent cation (Li+) substituted for bivalent cation 
(Mg2’) strengthens the brannerite-type lattice and increases its toleration to cation vacancies. A similar 
effect has recently been observed for ZnLi and ZnLiO solid solutions (K. MocaIa and J. Zi&kowski, J. 
Solid Stare Chem. 71,426 (1987)); the effect is absent, however, in the case of MnLi and MnLi0 (J. 
ZiHkowski, K. Krupa, and K. Mocaha, J. Solid Stare Chem. 48, 376 (1983)). Some speculations 
concerning this effect and some predictions are offered. X-ray data are listed for MgLi solid solutions 
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Introduction: Outline of the Idea Na, Ag) compounds (2, 3). In former works 
(4-10) we have shown that some of the 

A number of bivalent metal vanadates above-mentioned MeV206 compounds 
MeV206 (Me = Mg, Mn, Co, Cu, Zn, Cd) form solid solutions with MOOS and L&O of 
crystallize in the monoclinic brannerite- the general formula Mei-,-,0XLi,V2-ti-, 
type structure or at least one of the poly- Moti+,,O~ (labeled MeLi0) in which Mo6+ 
morphs exhibits this structure (1). In the ions are substituted randomly for V5+ and 
brannerite-type structure V06 octahedra similarly Lit and cation vacancies 0 for 
sharing edges and corners form the anionic Me2+. As Me1-,-,0~Li,V2-2r-yMo2r+y06 = 
sheets parallel to (001) plane and it4e2+ (1 - X - y) ikfev206 + y LiVh’fOo,j + 2X 

cations situated also in octahedra link the Mo03, it is convenient to represent the 
anionic layers along [OOl]. The same struc- range of existence of MeLi using the 
lure is adapted also by LVMo06 (L = Li, equilateral composition-triangle MeV206- 

LivMO06-M00j (Fig. l), where composi- 
* To whom all the correspondence should be ad- lion variables X = 100x and Y = 100~ are 

dressed. marked along the MeV206-Moo3 and 
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FIG. 1. Composition triangle MeV206-LiVMo06- 
MoOJ in which the areas of stability of solid solutions 
MeLi = Me,-,-,0,Li,Vz-2,-yMo~+~O~ are marked 
for Me = Mn, Zn. Composition variables X = 100x and 
Y = 100~ are marked along the arms MeV206-Moo3 
and MeV206-LiVMo06, respectively. The extreme 
cases of MeLi are: Me0 (at y = 0), MeLi (at x = 0), 
and LiO (at x + y = 1). 

MeV206-LiVMo06 arms, respectively. 
The extreme cases of MeLi are: 

Me0 = Me1-x0xV2-tiMoti06 
(at Y = O), 

MeLi = Me, -,Li,Vz-,Mo,Oe 
(at x = O), 

Li0 = Li,-,0,V,-,Mo,+xO,j 
(atx + y = 1). 

Li0 exists in the range 0 s X 5 16 (2). 
Me0 are known for Me = Mn, 0 I X % 45 
(4), Me = Co, 0 5 XI 22 (9), Me = Zn, 0 5 
X 5 15 (IO).’ MeLi solid solutions have 
been found (8, 10) for Me = Mn, Zn (CoLi 

’ It will be useful to mention that the Mn0 solution 
is also formed in the matrix of the high temperature 
MnV20, modification of the pseudobrannerite-type 
structure but only in the range 0 5 X 5 4 (4) (the same 
applies to MnLi, 0 5 Y 5 4 (8)). The main difference 
between brannerite (B) and pseudobrannerite (P) 
structures consists in higher distortion of VO6 octahe- 
dra in the latter structure, so that coordination of 
vanadium is reduced to five and (001) anionic layers 
are replaced by isolated chains of trigonal bipyramids 
V05, paralleling the [OlO] direction. 

has not been studied yet) and exist in the 
whole composition ranges, i.e., between 
MeV206 and LiVMoOd. MeLi exist also 
for Me = Mn, Zn (8, IO) and their stability 
ranges are marked in Fig. 1. Behind the 
border of saturated MeLi solutions we 
deal with a mixture of saturated MnLiO + 
MOO, in the first of the discussed systems. 
In the second one there are several fields in 
which such phases coexist’ as saturated 
ZnLi0, ZnMo04, VzMoOs, Mo03, and 
solid solution of Moo3 in V205. 

Solid solution highly analogous to 
MeLi is also known for Me = Cu with Li+ 
replaced with Cu+, however, in this case X 
and Y may change in a very limited range 
(6). The quoted papers (4-10) contain de- 
tailed data concerning the preparation of 
the above-mentioned solid solutions, X-ray 
studies, and phase diagrams of the systems 
to which the solutions belong. Moreover, it 
has been pointed out (4) that Me0 solutions 
are not formed for Me = Mg, Cd. 

Comparative analysis of the data gath- 
ered for all systems studied so far (10) has 
led us to the following conclusions. The 
MeV206 matrix is amenable to substitution 
of Mo6+ for Vs+ in a quantity exceeding 
50%, especially when charge compensation 
is accomplished by substitution of Li+ for 
Me2+. On the contrary, the “solubility” of 
cation vacancies 0 is strongly dependent 
on the kind of Me, both in Me0 and 
MeLi0. For Me0 it changes from the 
nought (Me = Mg, Cd) to X = 45 (Me = 
Mn). An interesting phenomenon has been 
observed for MnLi-MnLiO and ZnLi- 
ZnLi0 pairs of systems. In the first case the 
lattice parameters of MnLi (as a function of 

z These phases belong to the quatemary ZnO- 
V205-Mo03-L&O system, ZnV206-LiVMo06-MoOj 
being only its pseudo-ternary part. Therefore the 
composition of the observed phases is not necessarily 
expressed on the scale of the latter subsystem. A 
detailed explanation of this problem is given elsewhere 
(9, IO). It will be seen below (Fig. 4) that in the case of 
the Mg-containing system we deal with an analogous 
situation. 



554 MOCAtA AND ZI6tKOWSKI 

composition) closely follow Vegard’s law 
and simultaneously the border of saturated 
MnLiO solution extends almost linearly 
between saturated MnO and LiO (cf. Ref. 
(8) and Figs. 1 and 3). In the second case 
(Ref. (10) and Figs. 1 and 3) marked nega- 
tive deviations from Vegard’s law are ob- 
served for the ZnLi matrix suggesting that 
the synergistic effect linked with the simul- 
taneous presence of Zn*+ and Li+ increases 
the stability of the matrix. Simultaneously 
the capacity of the ZnLi matrix to vacan- 
cies increases strongly to about X = 30 at Y 
= 25 (being only 15 and 16 for the end 
members ZnO and LiO, respectively). It is 
unusual that a monovalent ion substituted 
for a bivalent one may increase the stability 
of the lattice,3 but the experimental evi- 
dence leaves no doubt. 

It also seems worth recalling that the 
lattice parameters of all studied solid solu- 
tions depend in a characteristic manner on 
the sizes of dopant ions and on the com- 
pactness of the brannerite-type matrix in 
various directions. In particular, parameter 
b (direction of the tight package of the 
lattice) is strongly dependent and parame- 
ter a (moderate package) is temperately 
dependent on the MO/V ratio in the anionic 
sheets, while both are practically insensi- 
tive to the occupation of the original Me 
position. On the contrary, parameter c (or c 
sin p) is almost solely Sensitive to the size 
of Me*+lLi+/0 in the cationic sublattice (it 
has been found that vacancies behave as 
ions of a size smaller by about 0.06 w than 
the exhausted cations (10)). 

In view of the above facts two problems 
may be raised concerning MgV206. The 
first is why an MgO solid solution does not 
exist. A partial answer results from the data 
shown in Fig. 2 where the unit cell volume 

3 Let us stress that Zn’+/Li+ in the brannerite-type 
structure are not trapped in the network of O-V-O- 
MO-O bonds but make the necessary bridges linking 
the lattice in the [Ool] direction. 
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FIG. 2. Volume of the unit cell Vdrawn vs the cubed 
cation-oxygen distance R’ for a number of MeV?Oc 
and LVMo06 compounds (Me = Mg, Cu, Co, Zn, Mn, 
Cd; L = Li, Na, Ag) of the brannerite-type structure. 
R is calculated as a sum of the ionic radii taken from 
(II) (black points) or (12) (open points). The points of 
arrows mark the expected values of V for LVMo06 
compounds resulting from the extrapolation (see text). 
The radius of Ag+ in six-fold coordination is assumed 
to be 1.15 A (12) because that (II) resulting from the 
structure of Ag,O (which probably has not been well 
resolved) has an irrational value. 

V is drawn vs cubed Me-0 distance R,3 
calculated as a sum of the ionic radii 
(II, 12). It can be seen that the points for all 
MeV206 compounds forming the 0-con- 
taining solid solutions (including Me = Cd, 
whose case will be discussed at the end of 
this work) lie exactly on the straight line 
while V of MgV206 is relatively larger, 
proving that in this case the lattice is looser 
and weaker. 

Thus it is no wonder that the MgV206 
matrix does not tolerate vacancies in Mg2+ 
sites since removing Mg*+ would further 
weaken the structure and lead to its de- 
struction. It seems worth noting that the 
V-R3 dependence for LVMo06 brannerites 
which also form O-containing solid solu- 
tions of LO type is also practically linear 
(Fig. 2), though, due to some ambiguities 
concerning the values of ionic radii, this 
line is determined with lower precision. 



SOLID SOLUTIONS MgV206-L&O-Moo9 555 

Theoretically the two lines should be paral- 
lel and should reflect the difference of im- 
pacts of (VO& and (Vo.sMoo.s06), sheets in 
the unit cell volume of MeV206 and 
LVMo06 compounds, respectively. The 
expected distance of the discussed two 
lines may be determined by their extrapo- 
lation to the point at which the radius of 
cation is equal to nought i.e., to R3 = 
R&fgen and it is equal to 17.5 A3 (extrapo- 
lation is done with the least-squares 
method). The expected values of V for the 
LVMo06 compounds are marked in Fig. 2 
by arrows. The conclusion is that the 
LVMo06 structures are more compact as 
compared to MeV206. This may be the 
reason for the curious effect observed for 
ZnLiO (increased capacity to vacancies in 
the presence of Li). It seems very probable 
that the described effect of the monovalent 
dopant may have more general significance 
provided that L’ and Me2’ are of compa- 
rable size. Namely, no significant effect of 
Li+ was observed when it was introduced 
to MnV206 containing Mn 2+ ions of much 
larger size. 

The above considerations encourage us 
to raise the second question of whether 

MgV206 matrix-in analogy to ZnV206- 
could be strengthened by doping with lith- 
ium. We intend to clear up this problem 
experimentally in this work by attempting 
to synthesize MgLi and MgLiO solid solu- 
tions. 

Experimental and ResuIts 

The X-ray diffraction patterns of the 
studied samples were obtained with the 
DRON-2 diffractometer using CL&~! radia- 
tion. Phase identification was based on pub- 
lished patterns of MgV206 (I), LiVMo06 
(2), MgMo04 (13), and V205 (14). Determi- 
nation of the lattice parameters was carried 
out in the same way as described in Ref. 
(4). Anticipating the data described below 
we would like to mention that we have 
managed to prepare some MgLi and 
MgLiO solid solutions. The X-ray patterns 
of all these samples could be easily indexed 
in a monoclinic system with systemic ex- 
tinctions for h + k = 2n + 1. The deter- 
mined lattice parameters of MgLi samples 
are presented in Table I and compared in 
Fig. 3 with those for ZnLi and MnLi. 

Two methods were used to synthesize 

TABLE I 

LATTICE PARAMETERS AND THEIR RELATIVE CHANGES Ap% FOR THE 
MgLi = Mg,-,LiyVz-,MoyOB SOLID SOLUTIONS 

Y a [Al b [Al c [Al P [deal c sin p [A] v @‘I 

0.00 9.284 (1)” 3.491 (1) 6.731 (1) 111.74 (1) 6.252 (1) 202.63 
0.10 9.278 (4) 3.5115 (16) 6.706 (3) 112.00 (1) 6.218 (3) 202.57 
0.20 9.282 (4) 3.5305 (15) 6.687 (3) 112.14 (1) 6.194 (3) 202.97 
0.30 9.290 (4) 3.557 (1) 6.669 (3) 112.21 (1) 6.174 (3) 204.02 
0.40 9.2% (3) 3.575 (1) 6.654 (2) 112.18 (1) 6.162 (2) 204.80 
0.50 9.308 (4) 3.5895 (18) 6.652 (3) 112.15 (1) 6.161 (3) 205.86 
0.60 9.311 (4) 3.605 (2) 6.642 (3) 112.09 (1) 6.154 (3) 206.57 
0.70 9.316 (4) 3.617 (1) 6.641 (2) 111.98 (1) 6.158 (2) 207.49 
0.80 9.322 (4) 3.622 (2) 6.638 (2) 111.92 (1) 6.158 (2) 207.90 
0.90 9.332 (4) 3.635 (2) 6.639 (3) 111.76 (1) 6.166 (3) 209.20 
1.00 9.338 (5) 3.644 (2) 6.632 (4) 111.63 (2) 6.165 (4) 209.79 

Ap% 0.65’ 4.38 -1.49 -1.75 3.55 

a Estimated standard deviation. 
b In the case of nonmonotonous dependencies extreme values are taken into 

account. 
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FIG. 3. Lattice parameters of MgLi solid solutions 
as function of composition. For comparison the data 
for MnLi and ZnLi are included. 

MgLi solid solutions. One of them involved 
a solid state reaction between MgV206 and 
LiVMoOG. Calcination at 550-600°C for 
50-100 hr in air was necessary for total 
consumption of reactants. According to the 
X-ray phase analysis all mixtures of the 
composition corresponding to Y > 20 trans- 
formed to homogenous MgLi solid solu- 
tions of univocally indexable patterns. 
Samples of Y I 20 were nonhomogeneous 
mixtures of phases of brannerite-type struc- 
ture with some reflexions broadened or 
split into doublets. As MgV206 transforms 
at 535°C into the P-polymorph (I), the 
latter-mentioned result, highly analogous to 
that already described for MnO (4), sug- 
gests that increasing the temperature above 
550°C (necessary for completion of the re- 

action) apparently results in entering such 
an area of the phase diagram where MgLi 
solid solutions of B and P structure and 
different Li-content coexist, nonhomoge- 
nizing on cooling. 

The second method of preparation con- 
sisted in the application of the amorphous 
citrate precursor method (15) as adapted to 
our systems (8). The starting materials were 
Mg(N03h . 6H20, LhCO3, (NH&M07024 
* 4H20, and NH4V03, all of p.a. grade. As 
the final thermal treatment in air at 500- 
530” for 6 hr was sufficient, the second 
method turned out to be successful in pre- 
paring the MeLi solid solutions in the whole 
range of composition. The same method 
was applied in an attempt to prepare a 
number of solid solutions of the MgLiO 
stoichiometry (Fig. 4). The synthesis was 
successful only for two samples of X = 10, 
Y = 60 and X = 14, Y = 80 (open circles in 
Fig. 4). The other samples from the 
Mgv206-LivMOo6-MOo~ field (triangles 
in Fig. 4) contained homogenous brannerite 
along with MgMo04 and V205. The de- 
scribed results clearly demonstrate the en- 
tire miscibility of MgV206 and LiVMo06 
leading to the formation of the MgLi solid 
solution. On the other hand, incorporation 

FIG. 4. The area of stability of the MgLi0 solid 
solution. MgV206 and LiVMo06 show miscibility and 
form solid solutions in the whole composition range. 
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of an excess amount of Mo6+ to MgLi, 
compensated by cation vacancies (MgLi0), 
may take place in a significant extent only 
at Y higher than about 50. One cannot 
exclude (and it even seems highly probable) 
that the area of existence of MgLiO is 
extended up to MgV206, however, the ex- 
perimental methods used so far are insensi- 
tive to the presence of 0 at X < 2. 

Conclusions 

The lattice parameters of MgLi solid so- 
lutions shown in Fig. 3 change with the 
composition in a nonlinear manner. In anal- 
ogy to ZnLi, evident negative deviations 
from Vegard’s law are observed for c, c sin 
/I and V; moreover, a minor negative devia- 
tion is observed for a, while the changes of 
b show a positive deviation. The resultant 
deviation corresponding to the changes of 
V with composition is negative and more 
pronounced than that for ZnLi. Simulta- 
neously, the MgV206 matrix does not toler- 
ate the substitution of Mo6+ for V5+, com- 
pensated solely by cation vacancies in the 
Mg2+ sublattice, while V5+ may be ex- 
changed with Mo6+ up to 50% provided that 
Mg2+ is simultaneously replaced by Li+ 
(MgLi solutions). Moreover, at least at a 
higher content of Li+, a part of Mo6+ can be 
compensated by cation vacancies and 
MgLiO solid solutions are formed. There- 
fore, in analogy to the formerly studied 
Zn-containing system, and in agreement 
with the hypothesis set up in the Introduc- 
tion, the MgV206 matrix can be strength- 
ened by doping with lithium. This is already 
the second example of an unexpected effect 
of increasing the stability of the brannerite- 
type lattice by the substitution of a mono- 
valent cation for a bivalent one. The eluci- 
dation of the nature of interactions respon- 
sible for this effect shall require further 
investigation. 

Nevertheless, based on the described 
empirical observations (and taking into ac- 

count that L+ substituted for iUe2+ should 
not be too small), one could predict an 
analogous phenomenon in the brannerite- 
type matrices containing such pairs of 
cations as, e.g., Co2+ + Li+, Mn2+ + Na+, 
and Cd2+ + Na+ . 

In view of the V-R3 dependence shown 
in Fig. 2, CdV206 should belong to the 
brannerite-type matrices forming the solu- 
tion of the Me0 type. Failure in the synthe- 
sis of Cd0 probably results from the fact 
that it transforms to a pseudo-brannerite- 
type polymorph (hardly forming Me0 solu- 
tions (4)) already at 170°C (I) while higher 
temperatures were used to complete the 
reaction. Cd0 is expected to be formed by 
using the method proposed recently by 
Garcia-Clavel et al. (16, 27) that is success- 
ful in the synthesis of CdV206 and includes 
the solid state reaction between oxides car- 
ried out at 20-150” in an atmosphere satu- 
rated with water vapor. The experimental 
verification of the above predictions is in 
progress. 
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