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Conditions for the formation of a non-autonomous

phase at the structural deformation
of complex vanadium oxides

A new previously unknown effect of a reversible transition from a single-
phase system to a heterophase system containing a non-autonomous phase
was observed during thermal and chemical deformations of the Zn, , Cd, V.0,
structure.The role of local symmetry in the formation of the non-autonomous
phase is shown on the hasis of X-ray diffraction studies in situ and a comparative
crystal-chemical analysis of the structural deformations of isoform monoclinic
solid solutions of zinc and copper pyrovanadates with zero volumetric thermal

expansion.
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Introduction

The non-autonomous phase is a
phase whose existence under a certain ther-
modynamic conditions is possible only in
an ensemble with one or more compounds.
Since the introduction of R. Defay in 1961
[1, 2], the term of “non-autonomous phase”
was used, primarily, in connection with the
assumption of a special role of the surface
where the concentration of defects is higher
than in the volume. To date, non-autono-
mous phases have been detected as com-
ponents of various heterophase systems.
Thus, considerable attention has been paid
in recent years to non-autonomous surface
phases in the geological and mineralogical
literature, where their roles in the adsorp-
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tion and segregation of impurities on the
surface, or in interphase and intergranular
borders, and also in the transfer of matter
from high pressure to normal conditions
have been established [3-7]. Stabilization
of such phase associations is provided by an
increase in the total free energy due to the
energy of coherent inter-phase boundaries.
Changes in the elemental composition of
the surface of synthetic single crystals and
ceramics due to thermally activated he-
terosegregation were shown earlier [8]. A
supramolecular concept of eutectics that
takes into account the interaction of dis-
proportionate substructures and reveals
mechanisms of formation of supramo-



lecular ensembles in boundary layers, i.e.
non-autonomous phases, was suggested
in a number of works, which studied eu-
tectic alloys in inorganic systems [9]. A
“composite effect” resulting in high ionic
conductivity was found in several binary
systems, and has been used for prepara-
tion of electrode materials for the chemical
power sources because of the high ionic
conductivity of the particles of the non-
autonomous phase. The participation of
non-autonomous phases in the solid-phase
synthesis and sintering of ceramic sam-
ples at Tammann temperature due to the
melting of the non-autonomous phase on
the matrix surface were assumed and ther-
modynamically justified, as well as par-
ticipation of the non-autonomous phase
in the charge and mass transfer processes
was shown [10-16]. We discovered a new,
previously unknown effect of a reversible
transition from a single-phase system to
a heterophase system; the latter, together
with the main phase, contains also the
non-autonomous phase (NP). Monoclinic
B-Zn, , Cd, V,0. solid solutions (space
group C2/m) contain the non-autonomous
phase within the temperature range 20-
735 °C with the compositional range varied
from 2.5 to 50 mol.% of Cd,V,O, in amount
of several percent (Fig. 1).

Experimental

Solid solutions in the Zn,V,O -
Cd,V,0, and Zn,V,O_- Cu,V O, systems
were obtained by the ceramic synthesis
method. X-ray in situ studies were carried
out using a diffractometer SHIMADZU
XDR7000 (Cu Ka radiation) in the range
of angles 20 from 5° to 120° with steps

Results and discussion

The changes of unit cell parameters for
the solid solutions within the temperature

The increase of temperature narrows
the region of the heterophase system.
High-temperature X-ray diffraction me-
thod showed that negative or close to zero
volume thermal expansion was observed
inside the region where B-Zn, , Cd, V,0,
and the non-autonomous phase coexisted.
A precise high-temperature and low-tem-
perature in situ X-ray diffraction studies
of thermal expansion for a number of
monoclinic $-Cu, , Zn, V,O_ (x = 0.15,
0.3, 0.4, 0.6) solid solution samples (space
group C2/c) were performed in order to
set the conditions for appearance and sta-
bilization of the non-autonomous phase.
Although the negative volume thermal ex-
pansion over a wide temperatures range
was observed, the presence of the non-
autonomous phase in the entire region of
Cu, , Zn, V. O, existence was not con-
firmed (Fig. 1). A comparative analysis of
two vanadate systems that contain the solid
solutions with identical chemical formula
and monoclinic crystal structure, both with
the wide range of close to zero and nega-
tive volume thermal expansion, allows to
propose the structural model for the ap-
pearance and stabilization of the non-au-
tonomous phase for the low-symmetric
pyrovanadates of divalent metals.

0.02°, with silicon as an external standard.
High-temperature measurements were
performed with an Anton Paar TTK-450
attachment. The crystal structure refine-
ment of the powder diffraction data was
made using the GSAS software.

range from the room temperature up to
800 °C were analyzed (Fig. 2) in order to
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establish the relations between the ap-
pearance of non-autonomous phase in
the Zn,V,0_ - Cd,V,0, system and the
transformations of the matrix phase. Maxi-
mum thermal deformations, accompanied
by the close to zero volume thermal expan-
sion (for B-Zn, .Cd ,V,0, a,=-0.08x10"
deg), were observed within the region of
B-Zn, , Cd, V,0. and the non-autonomous
phase coexistence. Noticeable expansion of
monoclinic solid solution was observed out
of the range of stabilization for the non-
autonomous phase. Significant changes of
the unit cell parameters a and b take place
inside the region of heterophase system.
The maximal transformation of the mono-
clinic plane (ac) happens due to the change
in the f angle, which causes shear deforma-
tion at a fixed rotation angle of [VO, ]-tetra-
hedron; V-0, . dge—V =180°, C2/m (Fig. 3).
Analysis of the changes in the unit cell pa-
rameters for the B-Zn, , Cd, V,0. solid
solutions indicates the existence of a cor-
relation between the appearance and dis-
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appearance of the non-autonomous phase
and the shear strain intensity with a change
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Fig. 2. The unit cells parameters for the
B-Zn, , Cd, V.0, solid solutions versus

temperature 3-Zn, , Cd, V,O
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Fig. 1. Phase equilibria in the Cd,V,0.- Zn,V,0, and Zn,V,0_- Cu,V,O, systems:
0 - solid solution Cd, , Zn, V,0,; 0 - solid solution of f-Zn, , Cd, V,O.;
@ - solid solution $-Zn, , Cd, V,0.+ NP; A - solid solution of a-Zn, , Cd, V,0.;
A - solid solution a-Zn, , Cu, V,0_; B - solid solution of -Zn, , Cu, V,O;

@ — solid solution B-Cu, , Zn, V,

Zn, V,0_; e- solid solution of f’-Cu, , Zn, V.O.;

v - solid solution a-Cu, , Zn, V,O_; ¢ - solidus line
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in the monoclinic angle. Significant shear
deformations were detected exactly in the
region where f-Zn, , Cd, V,0, and non-
autonomous phase coexisted; therefore, it
can be assumed that the monoclinic plane
in this case serves as a substrate generating
the non-autonomous phase. An increase
in temperature or concentration of dopant
cation leads to the disappearance of the
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Fig. 3. The monoclinic angle and the
rotation angle of [VO,]-tetrahedron in
B-Zn, , Cd, V,0, vs temperature
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Fig. 4. The unit cells parameters for the
Cu,Zn ,V,0,and Cu Zn ,V,0, solid
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shear deformation, and at the same time -
to the disappearance of the non-autono-
mous phase, as shown in Fig. 1.

Thermal behavior of two representative
solid solution samples in the Zn,V.O, -
Cu,V,0, system, Cu, Zn V,O. and
Cu,,Zn, V. 0., were studied in a wide
temperature range (-180-400 °C) in or-
der to determine the dependence of the
non-autonomous phase appearance on the
nature of thermal deformations of crystal
lattice. The temperature dependencies of
the unit cell parameters for Cu, Zn ,V,O,
and Cu,,Zn, ,V O, are shown in Fig. 4.
One can see that the values of unit cell
parameters change monotonously within
the studied temperature range. The a para-
meter decreases significantly with tempera-
ture. The values of negative volume ther-
mal expansion of the lattice for the both
solid solutions correlate well with changes
in the parameter a (for Cu, Zn ,V.O_ a,
= -3.14x107° deg"). The parameter ¢ and
the monoclinic angle f remain practically
unchanged. It should be noted that the
rotation angle of vanadium-oxygen tet-
rahedron V - O -V for the samples

Cu, Zn, VO, ar;):idg(eluOASanV207 at tem-
perature —180 °C was equal to 131.6(8)°
and 129.9(7)°, respectively, and slightly
decreased to 130.5(4)° and 129.3(4)°, re-
spectively, when temperature was raised
to 400 °C, since the structure belongs to
the space group C2/c. Based on the ob-
tained data, one can conclude that the ab-
sence of the non-autonomous phase in the
Zn,V,0, - Cu,V,0, system is due to the
combined effect of two factors: insignificant
shear deformations of the crystal lattice,
governed by the change of the monoclinic
angle 3, and the mobility of vanadium-oxy-
gen subsystem (Fig. 5) due to additional
turn of vanadium-oxygen bi-ortogroups,
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since the angle of the V- O, 4 ~ ¥ is not
fixed by the symmetry rules.

A comparative crystal-chemical
analysis of monoclinic solid solutions
B-Zn, , Cd, V,0_and B-Cu, ,Zn, V.O,
showed that the shear deformations are
more intensive for $-Zn, , Cd, V.O_in the
temperature range from the room tem-
perature up to 600 °C (-1.2x107° deg™),
which correlates with the appearance of
the non-autonomous phase. In the case of
B-Cu, , Zn, V.O_(0.42x107° deg™), where
shear deformations are absent, no non-au-
tonomous phase was detected. Thus, the
assumption that non-autonomous phase

is generated by the shear deformations of

Conclusion

The set of in situ X-ray diffraction data
and a comparative crystal-chemical analy-
sis of zinc and copper pyrovanadates solid
solutions that take into account thermal
and chemical deformations of the struc-
ture allowed to established that the non-
autonomous phase is formed when the
following conditions are achieved: (1) the
volume thermal expansion is close to zero;
(2) shear deformations due to a change in
the monoclinic angle appear (the degree
of freedom that is not fixed by the sym-
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the matrix phase due to a change in the
monoclinic angle was confirmed.
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Fig. 5. The monoclinic angle and the rotation
angle of [VO,]-tetrahedron in Cu, , Zn, V,O,
versus temperature

metry rules in the monoclinic crystals);
(3) compounds belong to the space group
C2/m (mirror symmetry, the angle of V -
Oprigee = V chain is 180°). The appearance
of the non-autonomous phase under these
conditions is a result of the matrix phase
adaptation to the increase of inner-crys-
talline pressure that arises, while the unit
cell volume remain unchanged, because
of the shear deformation and a symmetry
prohibition for the polyhedron architecture
changes.
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