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Phases of the formula Cu3*,_,Cul*¢,Vy-2,-y M0, , 05, Where ¢, represents a vacancy at Cu?** site,
have been synthesized and characterized by X-ray diffraction, DTA, and magnetic susceptibility
measurements. The extent of their homogeneity range has been established. All crystallize in the
structure closely related to the brannerite type with the symmetry reduced from monoclinic to triclinic
because of a Jahn-Teller distortion of CuOg4 octahedra. On heating they undergo a phase transforma-
tion to a monoclinic phase. Unit cell dimensions and transition temperatures were compiled for eight
samples of the solid solution, and correlations were established between the chemical composition
(x, v) and the structural parameters. Changes in unit cell parameters involve the expansion of the
lattice and the systematic evolution of the triclinic unit cell to the monoclinic one.

Introduction

Cupric metavanadate, CuV;0g, is known
to crystallize in two modifications. The
low-temperature « form is triclinic C1 (un-
conventional setting of P1), with a =
9.168(5), b = 3.543(3), ¢ = 6.478(7) A, a =
92.25(8), B = 110.347), v = 91.88(6)° (/).
The structure is closely related to that of a
series of monoclinic MV, 04 compounds (M
= Mg, Mn, Co, Cd, Zn, Hg) belonging to
the brannerite type (2). In this structure,
both M?** and V** ions are octahedrally
coordinated. VOs octahedra, sharing three
edges, form anionic sheets parallel to the
(001) plane. M?* ions, binding these sheets
together, are located in octahedral inter-
layer positions. M Qg groups share two

* To whom correspondence should be addressed.

edges, with M Og4 groups symmetrically re-
lated by a b-axis translation, forming chains
parallel to this axis.

If Cu®" ions are introduced into M?**
sites, the MO, octahedra exhibit a strong
Jahn-Teller distortion (Fig. 1), leading to
an irregular square-plane coordination of
four oxygen ligands at the distance of 1.90
and 2.05 A, with the two additional O atoms
only weakly bound at 2.44 A. The elon-
gated axes of the octahedra, inclined to the
square plane, orient parallel to each other.
This strong Jahn-Teller effect destroys the
original monoclinic symmetry characteris-
tic of the brannerite-type compounds, and
leads to a triclinic, distorted unit cell.

On heating, CuV,0q4 transforms gradu-
ally from the initial triclinic « phase into the
high-temperature monoclinic 8 phase (3).
The transformation may be easily followed
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FiGg. 1. Jahn-Teller distortion of CuQg groups in
CuV,04.

since in the course of temperature rise the
reflections with 4kl and hkl indexes, clearly
separated at room temperature, shift con-
tinuously towards each other and overlap
above 625°C. A DTA examination shows a
weak endothermal peak at 628°C support-
ing additional evidence for such a transfor-
mation. At this temperature the obtained
high-temperature modification may be de-
scribed by a monoclinic brannerite-type
unit cell with parameters a = 9.27(1), b =
3.548(4), ¢ = 6.525(6) A, and 8 = 108.8(1)°.
The described phase transition exhibits an
apparent second-order character and prob-
ably involves a dynamic equilibration of the
long and short bond iength leading to regu-
lar CuQg octahedra in time average. Such
transitions to a dynamic distortion are com-
monly encountered in oxide systems con-
taining Jahn-Teller ions (4).

In recent papers (2, 5) we have pointed
out that one may introduce into the bran-
nerite-type vanadates ion combinations
which simultaneously give rise to cation

vacancies at M sites, a type of defect to
which the brannerite structure is par-
ticularly tolerant. The following solid
solutions have been identified so far:
M, ¢V, Mo,;06 (M = Li, Na, K, Ag)
(6,7) and Mn,_,¢,V,_3,M0,, 0 (2, 5), In
which Mo®* ions replace at random V®*
ions. The highest concentration of the M-
site vacancies ranged from 12 mole% (Li)
to 45 mole% (Mn).

The aim of the present work was to
prepare and characterize possible solid so-
lutions in the CuV,04-Mo00O,; system. In
analogy to the Mn-containing system, these
solutions might be expected to be
Cuit, ¢, Vi, ., Mot Os. However, our pre-
liminary syntheses failed to produce
single phases of this composition and
we have examined the formula
Cuif,CultV3r,Mo*0Os, where charge
compensation requirement is met in a dif-
ferent way. Finally the existence of
mixed-type charge compensation solid
solution of the general formula
Cu%tr—ycu}ﬁd)xV2-2x—yM02x+y06 was  €s-
tablished.

Experimental

The solid solutions under study were
prepared by two methods with the use of
the p.a. grade, commercial reactants.

(1) The *‘dry’’ method consisted in the air
heating (520-600°C, 20-60 hr with several
intergrindings) of the appropriate mixtures
of CuO, V.05, and MoO,. Sometimes in-
stead of commercial CuO, a fresh ‘“‘CuQ”’
preparation was used, obtained by thermal
decomposition of basic copper carbonate at
250°C for 5 hr and containing still 3.5%
volatiles. The dry method, however, did
not produce a single phase from the mixture
of CuO/V,0; = 1:1, yielding, even on
prolonged heating at 520-600°C, a mixture
of CuV,04, Cu, V,0;, and V,0;.

(2) To overcome this difficulty, the
wet”’ method has been developed, which

X3



DEFECT STRUCTURES IN VANADATES 99

yield both homogeneous CuV,0; and
CuV,04-Mo00O; solid solutions. NH,VO;,
“Cu0,” and (NH,)Mo;0,, - 4H, O were
combined in an aqueous solution of ammo-
nia (1:1) in such a way as to obtain a thick
pulp. The pulp was dried at 80°C for 2 hr
and heated up to S500°C at a rate of
10°C/min. The product was ground and
annealed at 520-580°C for 40-60 hr with
several intergrindings.

The DTA and X-ray examination have
been carried out as described in Refs.
(2, 5). The phase identification was based
upon the published patterns or single-crys-
tal data for CuO, V.05, M0oO; (8), CuMoO,
(9, 10), a-CuV,04 (1), B-CuV,04 (3), a-
Cu, V.0, (/1), and 3-Cu, V,0; (12).

Thermogravimetric experiments were
performed with a 4102-type Sartorius ther-
mobalance (sensitivity of 107¢ g) under 160
Torr pressure of oxygen, using samples of
200 mg.

Magnetic susceptibility was measured
between 170-300 K using the Gouy method
as described in  (/3, ]4) and tris
(ethylenediamine) nickel (II) thiosulfate
as calibrant (10y, = 10.82 at 25°C) (15).
The susceptibility, which was found to be
independent of the field strength, was de-
termined at H = 4 kOe. The correction for
the susceptibility of the glass tube was
determined experimentally, and the
diamagnetic corrections were calculated
according to Klemm’s method (/6).

Results and Discussion

(i) Homogeneity Range of the Solid
Solutions

Preliminary experiments aimed at estab-
lishing the chemical composition of the
solid solutions in the CuV,0s~Mo0O; sys-
tem were performed with mixtures of
CuO, V,0;, and MoO; taken in the quan-
tities corresponding to  the  for-
mulas:  Cui’,¢,V, 5,M0,,0 (x type),

Cuif,Cu}*V,_,Mo0,0s (v type), and
Cuif, ,Cul b, Vosr y M0y, Os (xy type).
In the last case x = v was arbitrary chosen.

Table I summarizes the final phase com-
position of the studied mixtures after pro-
longed heating. The x-type mixtures con-
tain an excess of V,0; in relation to the true
composition of solid solution formed, and
the y-type mixture contain an excess of
copper oxide which, apparently due to the
thermodynamic preferences, appears as
CuMoO, instead of CuO. As to the xy-type
series, the mixture x = 0.2, v = 0.2 yields
the homogeneous solid solution. The com-
position x = 0.25, y = 0.25 evidently lies
outside the stability range of the solution in
the direction of MoO; excess; the results
obtained for the samples with lower Mo
content (x + y < 0.4) indicate that homoge-
neous solid solutions are formed when x <
V.

The above observations may be general-
ized in the following manner. If the initial
mixture contains an excess of V,0; or CuQ
(exactly CuMoQ,), the reactions obey Egs.
(1) and (2) respectively:

(1 —x")CuO
+ (1 —x" = ¥/2V,05 + (2x' + v )MoO,
= F Cuft,,Cul, Vs s yMoy,(, O
+ [l =—x" =2/ - F(1l — x
= ¥/DIV205 + F(y/4)0:, (1)
and
(1 = x"HCuO + (1 — x'
=¥ /2V,05 + (2x" + y')MoO;s
= F Cutl, ,Cuy "¢, Vopr—y M0yt Og
+ [(1 —x") — F(1 — x)]CuMoO,
+ F(y/4)0,, (2)

where (x’, v') denote the composition of the
intended solid solution, (x, y) the composi-
tion of the solution really formed, and F the
mole number of the latter. Equations (1)
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TABLE 1
Puase COMPOSITION OF THE SOLID-STATE REACTION PRODUCTS IN THE MIXTURES OoF CuQO, V,05, AND
MOOaa
A. Intended composition: Cu;_,¢, V,_2-M0,,04 (x type)
X 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Phase a-S,
composition trace of V a-S,V?® a-S,V a-S,V a-S,V a-S,V a-S, V.M
B. Intended composition: Cu3t,CultV,_,Mo,0O; (¥ type)
y 0.10 0.20 0.30 0.40 0.50 1.0
Phase
composition a-S a-S,CM¢ a-S,CM a-S,CM oa-S,CM a-S,CM
C. Intended composition: Cult,_,Cul*d, Vi or y M0z, Os (xy type)
X 0.05 0.10 0.15 0.20 0.25
y 0.05 0.10 0.15 0.20 0.25
Phase a-S a-S a-S
composition trace of V trace of V trace of V a-S a-S,M

Note V=V,05, M—Mo00;, CM-CuMo0Q,, a-S solid solution of MoO; in a—CuV,0; identified due to the shift
of some X-ray reflection positions with respect to those of pure CuV,0s.
¢ As determined at room temperature after the following thermal treatment of the mixtures: (530°C, 20

hr) + (550°C, 20 hr) + (570°C, 20 hr).
® The content of V increases along the series.
¢ The content of CM increases along the series.

and (2) make it possible to determine the
boundaries of the stability range of the xy-

type solid solution from the set of simple
stoichiometric relations:

balance of MoQ, X' +y' =F2x +y) (1a)
balance of CuO 1-x"=F( —x) (1b)
oxygen evolved F(y/4)=A (1)
balance of V,Os 1—x"—y'/2=F(1-x-y/2) (2a)
balance of CuMoO, (1-x"Y—-F(—-x)=Q2x +y)—FQ2x +y) (2b)
oxygen evolved F(y/9=A (20)

if only the quantity A of oxygen evolved
is determined experimentally.

The gravimetric method has been used to
determine the aggregate oxygen loss (A) as
a function of the reaction mixture composi-
tion (x’, y'). The reaction between V,0s,
MoO,, and ‘““‘CuO’’ was carried out at
560°C for a period of time ensuring its
completion. X-Ray analyses of the prod-

ucts present on termination of the heating
indicated if reaction (1) or (2) took place in
a given mixture. x and y factors have been
calculated fromx’, y’, and A with the aid of
(1a), (1b), (1¢) or (2a), (2b), (2¢c) sets with
the accuracy of +5%. The results obtained,
presented in Fig. 2a, reveal the stability
field of the xy-type solid solutions formed in
CuV,0,—Mo0; system. A formal ‘‘ternary
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FiG. 2. (a) Stability field of Cu?f,_,Cul*¢d, Vo s, yM0214, 06 (Syy). (b) Formal ternary phase diagram
of the CuO-V,0;-MoO0; system. Open circles represent the nominal compositions of solid solutions,
black circles represent their real composition as found with the gravimetric method. The respective

pairs of points are joined with arrows (tie lines).

phase diagram,’’ in which we do not distin-
guish two valence states of Cu (+ 1 and +2),
was constructed in Fig. 2b. It is easily seen
that points (x’, ¥’) lie on the tie lines
between points (x, y) and V,05 or Cu-
MoO,, respectively, which strongly sup-
ports the reliability of this analysis.

On the basis of the above findings a series
of the xy-type solid solutions of composi-
tion listed in Table II was prepared and
studied, as described in further paragraphs
of the paper.

(it) DTA

DTA of pure CuV,0¢ agreed well with
the earlier literature data (3, /7). Endother-
mal peaks corresponding to the phase
transformation (very weak effect) and in-
congruent melting were observed at 628
and 642°C, respectively; a liquidus line was
reached at 740°C. As concerns the solid
solutions Cui?,_,Cultd, Vo s, yM0ss1, 06,
the effect of phase transformation has not
been observed despite undoubtful evidence
of this phenomenon with the high-tempera-
ture X-ray method (cf. Table IIT and the last

paragraph of the paper). At temperatures
550-740°C the solid solutions show three or
four endothermal effects. Since the deter-
mination of the phase diagram of this qua-
ternary system would be a very ambitious
undertaking, we restricted our studies to
preliminary characterization of the solid
solution thermal stability. The peaks ap-
pearing at the lowest temperature, listed in
Table II as T, are thus assumed to corre-
spond to the decomposition of solid solu-
tions. The X-ray phase analysis of Mo-rich
solid solutions annealed at 600°C, i.e.,
above T, reveals the presence of an admix-
ture of a nonidentified compound.

(iii) Magnetic Susceptibility

The results of magnetic susceptibility
measurements for pure CuV,04 and (x =
0.15, y = 0.25) solid solution are shown in
Fig. 3. The determined values of magnetic
moment of Cu®* ions amounting to 1.95 and
2.04 wy, respectively, are practically the
same and characteristic of the bivalent cop-
per (/6—18). The Weiss constant is —40 K
for both samples. The magnetic susceptibil-
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FiG. 3. Magnetic susceptibility of pure CuV,0; (1)
and (x = 0.15, y = 0.25) solid solution (2) as functions
of temperature.

ity of 5.46 x 1075, as measured at 20°C for
CuV,Qq, is reduced by a factor 0.61 to
3.36 - 10°¢ for the solid solution studied;
i.e., itis exactly proportional to the content
of paramagnetic Cu®* ions. As is seen from
Fig. 3, this conclusion is valid for the whole
temperature range studied. The results set-
tle the questions of valence isomerism of
the solid solution. They favor a valence
structure Cu?t,_,Cul*d,.Vit,, ,Moft, O
and rule out a description of the solid
solution as Cu3f, ¢, Vity, 2, Vit Molt,, Os.
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In the latter formula the content of para-
magnetic ions is much higher than in the
former (yCu®* + yV**). Thus the estimated
X should be greater than 6- 1075, i.e.,
about twice as large as the experimental
value (3.36 - 107%). On the other hand, the
second formula leads to the average Cu*>*—
V4 magnetic moment of 1.51 w,. This
value is decidedly too small, the more so
that p.y of V4* ions surpass usually 2 u,; due
to the large orbital contribution (/8).

(iv) X-Ray Studies

Table II lists the cell parameters and the
triclinic-monoclinic phase transition tem-
peratures, as determined with a high-tem-
perature camera, for eight samples of the
solid solution, ranging from a pure host
compound CuV,0Qq to a highly substituted
structures. Multiple-regression analysis
was used to establish correlations between
the chemical composition (x, y) and varia-
bles listed in Table III, expressed as

Z =ay+ a,x + dyy.

Table III lists the regression coefficients,
the maximum residual (z — z,,;)max and the
correlation index R2. (a;/a) - 100% and

TABLE 11

CELL DIMENSIONS AND TRANSITION TEMPERATURES FOR EIGHT SAMPLES OF
Cu?t,_,Cultd, Vs 5,y M0z, 05 SOLID SOLUTION

Composi-
tion
a b ¢ « B Y ¢ sin 8 Vv T, T4
£ v (&) (A) A) (deg.) (deg.) (deg.) (A) (A% (O (0
0 0 9.162(5) 3.553(2) 6.477(3) 92.31(1) 110.28(4) 91.82(5) 6.075 197.40 625 642
0.01 0.10  9.203(3) 3.573(1) 6.472(1) 92.07(2) 110.86(2) 91.49(3) 6.048 198.57 440 609
0.025 0.13  9.209(5) 3.584(1) 6.462(1) 91.89(2) 111.01(2) 91.32(4) 6.032 198.84 370 617
0.05 0.17  9.240(6) 3.592(1) 6.457(2) 91.68(2) 111.13(4) 91.14(3) 6.023 199.70 300 609
0.10 0.19 9.248(6) 3.606(2) 6.442(3) 91.44(5) 111.21(4) 91.11(7) 6.006 200.14 245 611
0.15 0.20 9.279(3) 3.618(1) 6.447(2) 91.25(3) 111.25(2) 90.6%(4) 6.009 201.61 180 578
0.15 0.25 9.286(3) 3.625(1) 6.447(2) 91.01(2) 111.29(1) 90.76(3) 6.009 202.15 90 570
0.20 0.20 9.306(3) 3.631(1) 6.451(2) 90.91(2) 111.19(1) 90.70(2) 6.015 203.17 115 570
max (%)° 1.6 2.2 0.5 1.5 0.9 1.2 1.1 2.9 86

2 Temperature of ‘‘decomposition’” as determined with DTA.
> For example, max ¢ = [(6.477 — 6.442)/6.477] - 100%.
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TABLE 1

RESUL.TS OF REGRESSION ANALYSIS

Regression coefficients

@ oe0n 1000
Variable ag a, ay (2 = ZonDmas R? gy 1007 ay 100%
1l 9.167 0.400 0.261 0.009 0.982 4.36 2.84
b 3.554 0.211 0.163 0.003 0.996 5.94 4.59
¢ 6.479 —0.033 -0.122 0.010 0.845 -0.51 —1.88
o 92.33 —4.560 —2.359 0.08 0.994 —4.94 —2.56
I5] 110.35 -0.820 4.806 0.14 0.955 —0.74 4.35
y 91.79 -2.789 —2.704 0.14 0.963 —3.04 —2.94
¢ sin B 6.073 0 —0.298 0.011 0.932 0 —4.90
: 197.54 21.197 5.431 0.55 0.979 10.73 2.75
1, 617 —809 — 1630 18 0.995 —131 —264

(a,/a) - 100% values are also included, as
they reflect more clearly the relative
changes in variables.

A simple inspection of Table II shows
that two types of structural effects may be
noticed along the studied series of solid
solutions: (1) systematic evolution of the
triclinic unit ceil to the monoclinic one
characteristic of brannerite-type com-
pounds, and (2) expansion of the unit cell.

The first effect may be related to the
decrease of concentration of Jahn-Teller
Cu?* ions which, as explained in the Intro-
duction, are responsible for the triclinic
distortion of the brannerite-type lattice.
The second effect seems to be a result of
introduction of ions differing in size as
compared to those of the host structure.
Ionic radii for Cu?*, V5, and Mo®** in
octahedral environment, derived by Shan-
non and Prewitt (/9) are 0.73, 0.54, and
0.60 A, respectively. The ionic radius of 6
coordinated Cu'* found by Rea and Kos-
tiner (20) from the interatomic distance
Cu-0 in the Cu'* V3* O; structure is 0.76 A.
Both Cu'* and Mo®t are thus larger than
Cu?* and V3*, respectively, although the
difference between Mo®" and V** is more
significant than that between copper ions in
the different valence states. Also, vacan-
cies behave like ions of larger size because

of an outward displacement of the neigh-
boring oxygen ions.

It must be borne in mind that increases of
x and y parameters in Cuif,._,Cul’o,
Voor—yM0asy,Os reflect two  different
ways of the structure response to excess
positive charge produced by substitution
of Mo®* for V5t These two ways are de-
picted in Fig. 4. It may be expected that
both mechanisms should equally reduce
the Jahn-Teller distortion, which depends
primarily on the Cu?" ion concentration.
Path 1 (increase of x) should, however,
bring about a more pronounced expansion
component in relation to the electronic
one since a removal of one Cu?' ion
gives rise to the incorporation of two
large Mo%" and one large void. This is in
contrast to mechanism II, where one
Cu** ion is replaced by a slightly different
Cu' ion, which is accompanied by incor-
poration of only one Mo®". The values of
regression coefficients given in Table III
confirm our expectations. The unit cell
volume depends primarily on x. The re-
gression coefficient for x has a magnitude
about four times that for y. The enlarge-
ment of the unit cell is primarily a conse-
quence of the expansion in the a and b
cell dimensions, since ¢, sin «, sin 8, and
sin vy change insignificantly. Both « and b
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Fi1G. 4. Two paths of the excess-charge compensa-
tion produced by substitution of Mo® for V* in
CuV,04.

are affected more by x than by y. The
most pronounced dilatation of the struc-
ture occurs in the direction of the » axis,
which corresponds to an elongation of the
chains of corner-shared VOg; and edge-
shared CuOg; octahedra. This is in fair
agreement with similar data for the Mn,_,
b V2. M0, 06 solid solution which is
stoichiometrically equivalent to the sub-
stitution scheme I, and in which changes
in the cell dimensions are mainly gov-
erned by ionic size effects.

The changes in «, B8, ¥y seem to result
from the declining Jahn-Teller distortion in
the course of substitution. Angles « and 8
approach 90° across the series with compa-
rable x- and y-dependent contribution. The
B angle increases along the series becoming
closer to B values typical of brannerite-
type structures (111-112°). In the
Mn,_,$,.V, 5,Mo0,,0¢ system the dilata-
tion of the lattice on increasing x is accom-
panied by B-angle diminution. In our case,
x-dependent contribution is also negative,
although very small, and 8 increases due to
the large positive y-dependent contribution.

The final point to present is the influence
of x and y on the a 2 3 transition tempera-
ture. Starting from 625°C for pure CuV, O,
T, decreases abruptly with an increase in x
and y. The regression coefficient for y has a
magnitude about twice that for x. It is not
surprising that 7, is correlated with both x
and y as both substitution components lead
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to the decrease of the concentration of
Jahn-Teller Cu?* ions in the structure,
which facilitates the transition to the dy-
namically distorted structure with higher
symmetry, favored at higher temperatures.
The more pronounced contribution of y
than x to the transition temperature de-
crease results obviously from different sub-
stitution schemes which accompany a re-
moval of Cu®* jons.
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