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Abstract

The binary and ternary systems M’O(M’CO;)-Nb,Os and M’O(M’CO;)-MO-Nb,Os, where
M’=Ca, Sr and Ba and M=Cu, Ni, Cd, Zn and Pb, were investigated by means of thermal analysis in
the temperature range 20—1500°C. The boundaries of stability of the solid solutions Sr, Me,Nb,O7,
Sty M Nb,O7, Sty M Nb,Og and Srg (M NbyO;; were determined by means of X-ray diffraction,
and IR and Raman spectroscopy. The possibility of prognostication of the phase fields of stable solid
solutions by calculation from the diagrams of the ‘comparative electronegativity of atoms vs. toler-
ance factor’ was demonstrated. The kinetic parameters of the interactions in the StTCO;+MO-+NDb,O5
powder mixtures were established.

Keywords: fields of stability, kinetic parameters, niobates, solid solution, thermal analysis

Introduction

From a technological aspect, the niobates are of interest as materials for the produc-
tion of ferroelectrics, solid electrolytes and electrochemical sensors. The conditions
of synthesis, the fields of stability of the solid solutions, and the relations between the
structures, compositions and characteristics of the niobates are further interesting
topics.

The phase equilibria in the binary system SrO—Nb,Os have been described in de-
tail (Table 1) [1, 2]. SryNb,Oy has a perovskite-like structure, as does the neighbour
phase StgNb,Oy;. The part of the STO-Nb,Os phase diagram between Sry;Nb,Oy and
Sr¢Nb,O; has been considered to be a continuous series of solid solutions [3—5]. The
composition SrgNb,Oy; is the boundary of these solid solutions. However, the exis-
tence of a narrow two-phase range, limited to the 1-3 mol% range, has been demon-
strated [1, 6, 7].

The kinetics and mechanism of interaction of SrCO3(SrO)-Nb,0Os have been in-
vestigated in detail [9-14]. It was concluded that the interaction of SrCO;(SrO) with
Nb,Os is a complex and multi-stage process, which at <900°C takes place without the
direct decomposition of SrCOs.
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Table 1 Structrues of the phases in the binary system SrO-Nb,Os [1-7]

Niobates Structures alA b/A c/A
Sr6Nb2011 .
(solid solution) cubic 8.227

Sr4Nb,Oy monoclinic 5.871 5.845 4121

’ ' 3=90.52°
SrsNbyO; 5 hexagonal 5.659 11.495
SroNb,O~ orthorhombic 27.18 5.694 3.948
.. 5.595

SrNb,O¢ monoclinic 10.987 7.724 B=90.38°
SroNb O, orthorhombic 12.382 36.97 3.943

The available information concerning the phase equilibria and kinetics of inter-
action in the ternary systems SrO(SrCO;)-MO—-Nb,0s5 (M=d-metal) is of a fragmen-
tary character [8].

Experimental

The thermal analysis of the binary and ternary systems M’O(M’CO;)-Nb,Os and
M’O(M’CO;)-MO-Nb,Os, where M’=Ca, Sr and Ba; and M=Cu, Ni, Cd, Zn and Pb,
was carried out with a derivatograph Q-1500.

The niobates and solid solutions based on strontium niobates were prepared by
solid-state synthesis from the previously annealed extra-pure-grade oxides (Nb,Os —
1200°C; CuO — 600°C; CdO — 500°C; NiO — 900°C; ZnO — 500°C) and SrCO; (600°C).
Mixtures of definite composition were annealed in alumnum oxide crucibles. The tem-
perature of synthesis was raised stepwise in the range from 600—700°C up to 1100—
1500°C. The temperatures and duration of synthesis depended on the nature of the
d-metal and the composition of the mixture.

The intermediate phases and final products were identified via the X-ray diffraction
patterns and the determination of lattice parameters. X-ray diffraction patterns were ob-
tained on DRON-2 and STADI-P (STOE) X-ray diffractometers (CuKq; radiation) with
an internal standard (Si, a=5.43075 A) and a Guignet chamber monochromator. Infrared
absorption was investigated on a UR-20 spectrometer (1000-400 cm'). Raman spectra
were investigated on a DFS-24 spectrometer, with an LG-38 laser as excitation source.

The kinetic studies on powder mixtures of composition (4—x)SrCO;+xMO+
Nb,Os (x=0-1) were carried out by using isothermal thermogravimetry (VLR-200
balance and VRT temperature controller).

Results and discussion

The interaction macrokinetics in the ternary systems xSrCO;+yMO+Nb,Os were in-
vestigated by using isothermal thermogravimetry. The experimental kinetic curves
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were interpreted through formal kinetic analysis by the reduced coordinates method
[22]. DTA revealed that the temperature of onset of interaction in the ternary mix-
tures lay in the range 750-850°C. As an example, Fig. 1 illustrates the kinetic interac-
tions in the mixtures xSrCO;+yMO+zNb,Os at 800°C.
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Fig. 1 Kinetic curves for mixtures xSrCOs+yNiO+zNb,Os at 7=800°C:
0 —4 SrCO5+Nb,Os; +— 3.9 SrCO5+0.1 NiO+Nb,Os; m—3.5 SrCO5+0.5
NiO+Nb,Os; ® — 3SrCO5+NiO+Nb,Os; The lines represent kinetic curves calcu-
lated on the assumption that the rate-limiting step is A — nucleation, R — direct
chemical interaction, D — diffusion through the layer of reaction products
(Ginstling-Brownstein model)

An analysis of the experimental data with respect to the conditions and the ki-
netic regularities in the mixtures of different compositions allowed the following
conclusions:

1. The possible intermediate of the interaction is the phase SrsNb4O;s or the
solid solution (Sr;_x\My)s;NbsO,5 based on it. Accordingly, we may express the process
of interaction in the reaction mixtures (4—x)SrCO;+xMO+Nb,Os by the following
scheme:

5SrCO;+2Nb,0Os - SrsNbsO5+5CO,1
or StCO;+tMO - (St M,)sNbsO15+5(1-x)CO,1
(Sr1xM,)sNbsO5+3(1-x)SrCO5+3xMO - 2(Sr;_ M,)aNb,O9+3(1-x)CO,1
where M=Cd, Cu, Ni or Zn.
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The X-ray diffraction results and kinetic data for the binary mixtures confirm
this scheme. The data indicated either the absence of interaction (SrCO3;+Zn0O and
SrCO;+NiO) at 750-850°C, or a not very considerable interaction: the mixtures
SrCO5+Ti0O, and SrCOs+CuO.

The extents of transformation and other kinetic parameters are slightly different
(Table 2) for the ternary mixtures and the binary mixture 4SrCO;+Nb,0Os. The simi-
larity of the kinetic curves confirms the common nature of the intermediate phase in
the ternary mixtures and the binary mixture [26]. Earlier [25], we calculated the
Gibbs energy (AG5,) for the formation of the individual strontium niobates. These
thermodynamic data demonstrate the preference of formation of SrsNb,O,s or solid
solutions based on it in the reaction mixture SrCO;+CuO+Nb,Os.

Table 2 Kinetic parameters of interactions in mixtures StCO3;—MO-Nb,Os (M=Cu, Cd, Ni, Zn)

No vt v m SRS et

750 0.45 to 0=0.25 — DCI

1 4SrCO5—Nb,0s5 800 0.61 0>0.25-G-B 76
850 0.81 G-B
750 0.48 to 0=0.25 — DCI

2 3.9SrC0O;3-0.1ZnO-Nb,0s 800 0.63 0>0.25-G-B 93
850 0.82 G-B
750 0.40 to 0=0.1 — DCI

3 3.58rC0O;3-0.5ZnO-Nb,0s 800 0.59 0>0.1 -G-B 95
850 0.80 G-B
750 0.39 to 0=0.08 — DCI

4 3SrCO3—ZnO-Nb,0s 800 0.57 0>0.08 - G-B 98
850 0.78 G-B
750 0.47 to 0=0.2 — DCI

5 3.9SrCO;3;—0.1NiO-Nb,Os 800 0.62 0>0.2-G-B 84
850 0.85 G-B
750 0.41 to 0=0.15 - DCI

6 3.5SrC0O;3—0.5NiO-Nb,Os 800 0.59 0>0.15-G-B 86
850 0.79 G-B
750 0.34 to 0=0.08 — DCI

7 3SrCO5—NiO-Nb,Os 800 0.57 0>0.08 - G-B 87
850 0.73 G-B
750 0.40 to 0=0.05 — DCI

8 3.9SrC0O;3-0.1CuO-Nb,Os 800 0.57 0>0.05-G-B 93
850 0.79 G-B
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Table 2 Continued

No. e A S
750 0.47 to 0=0.05 — DCI
9  3.58rC0O;-0.5CuO-Nb,0s 800 0.64 0a>0.05-G-B 94
850 0.85 G-B
750 0.49 to 0=0.05 — DCI
10 3SrCO3—CuO-Nb,Os 800 0.65 0>0.05-G-B 98
850 0.87 G-B
750 0.42 to 0=0.25 — DCI
11 3.9SrCO3-0.1CdO-Nb,Os 800 0.57 a>0.25-G-B 87
850 0.79 G-B
750 0.50 to 0=0.2 — DCI
12 3.5S5rC0O5-0.5CdO-Nb,Os 800 0.65 0a>0.2-G-B 95
850 0.84 G-B
750 0.53 to a=0.2 — DCI
13 3SrCO5-CdO-Nb,Os 800 0.71 0a>0.2-G-B 101
850 0.90 G-B

2. The main characteristic of the macrokinetics in the investigated powder mix-
tures is the existence of undiffusion regions of direct chemical interaction (DCI) in
the first stage. The diffusion region reactions (Fig. 1) were satisfactorily described by
the Ginstling-Brownstein (G-B) equation [22]:

D, (a )=§—§a ~(1-0)™ %ikf%mr
B

where T — time/s; 0 — extent of transformation, and g —radius of grain of B, cm.

The radiometric analysis data indicate that the mechanism of cation mass-
transfer in these solid solutions occurs mainly through the octahedral positions.

3. For all mixtures, similar values of activation energy were obtained, which
confirms the general mechanism of interaction and the single nature of the intermedi-
ates (Table 2). These data also agree as concerns the diffusion regime of interaction.

4. The addition of CuO and CdO to the reaction mixtures resulted in some in-
crease in the degree of transformation, whereas the addition of NiO and ZnO resulted
in a decrease. This is connected with the possibility of interaction MO+SrCOj;
(M°=Cd or Cu) in the binary mixtures, and with the absolute absence of interaction in
mixtures containing NiO and ZnO in the temperature range 750—850°C.

The boundaries of stability of the solid solutions based on the niobates Sr,Nb,Os,
SryNb,Og and SrgNb,O;; have been established. The solid solutions (Sr; \My),Nb,O
(M=Ba, Ca, Cd and Pb) with the lamellar perovskite structure were studied by X-ray dif-
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fraction, and by IR and Raman spectroscopy. The results are given in Table 3 and Fig. 2.
Change of the value of x from 0.30 to 0.35 for the solid solutions (Sr; ,Ba,),Nb,O; causes
the occurrence of a new band with v=300 cm ™', and change of the value of x to 0.40 re-
sults in the supplementary band with v=805 cm .

The X-ray diffraction data reveal that, for StyNb,Oy—"My4Nb,Oy’ (M=Cd, Cu, Ni
and Zn) and SrgNb,O1;—M¢Nb,Oy;” (M=Cd and Zn), systems of solid solutions with
perovskite-like structure are formed, with a double lattice parameter (a) of the cubic
face-centred unit cell. The compositions and the widths of the homogeneity range of
solid solutions are given in Table 4.

Fig. 2 Raman spectra of solid solution (Sr;_x\Bay),Nb,O; where x=0 (1); 0.2 (2); 0.3 (3);
0.35 (4); 0.45 (5); 0.70 (6); BasNb,Oy5 (7)
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Table 3 Solid solutions in the systems Sr,Nb,O;—M,Nb,O; (M=Ba, Ca, Zn, Cd, Pb, Cu)

System Investigated Solid solution Phases on

y composition/mol% (Sr1M;),Nb,O4 boundaries
SHNb,07—BasNb,0” 0-90, step=5 0<x<0.35 (Srgfli‘fgjg}’;@

Serb207—Ca2szO7 0-1 00, step=5—1 0 0<x<1.00 Casz207
SENb, 07— ZnyNb, 07’ 0-50, step=5 0<x<025 (S“*XZ;;@NbZQ
S1,Nb,0,~Cd,Nb,O; 0100, step=5-10 0=<x<0.30 (Srlggszxl);gt’Z@
SEND,O—CuNb,O7”  0-100, step=5-10 0<x<0.20 (Srclﬁg?ﬁﬁj&&
(Sr1Pb,)2Nb,O;

Serb207*pb2Nb207 0—50, step:S 0<x<0.40 szszO7

(pyrochlore)

Table 4 Solid solutions in the systems STO-MO-Nb,0s (M=Cd, Cu, Ni, Zn)

System Inve_st.igated Solid solutions Width of
composition/mol% homogeneity range

Sr4Nby;Og— CusNb, Oy’ 0-25 (Sr1xCuy)4NbyOg 0=x<0.25
Sr4NbyOg—CusNb, 0Oy’ 0-37 (SryxZny)4sNb,Oy 0<x<0.25
Sr4NbyOg—CusNb,Oy’ 0-25 (Sr; xCdy)aNbyOy 0<x<0.25
Sr4Nby;Og— CusNb, Oy’ 0-25 (Sr;xNix)4sNb,Oq 0=<x<0.25
SreNbyOp1—CdgNb, Oy’ 0-33 Sre xCd\Nb,Oyy 0<x<2

SreNbyO;—ZngNb,Oy;’ 0-33 Sre xZn,Nb,Oy; 0<x<0.50

There is no common opinion relating to the type of unit cell (cubic or mono-
clinic) for the phase SrsNb,Oq [1, 3—7]. In the present paper, X-ray diffraction shows
that stabilization of the cubic structure occurs when the octahedrally (oct) coordi-
nated strontium is substituted by an ion with smaller radius (d-metal).

The boundary composition of the solid solutions Sry ,M,Nb,Og and Srs ,MNb,Oy;
corresponds to the complete substitution of strontium in octahedral positions by a
d-metal. The substitution of strontium does not occur in the cubic-octahedral (cuboct) po-
sition [1]. This mechanism is illustrated as follows:

(St)**™*(Sr9 33Ny 66) "' 03=S1sNb, 09
(ST)°™**(Sr0.33 xMNby 66)*““05=Sr4 xM,Nb,09
(Sr)°***(Sr9.sNby.5)*'02.7sVs=SreNb, O
(S1)™**!(Sro.5 xMNby 5)°°'05 75 Vs=Srs \M,Nb,Oy;

Exceptions from the given patterns are the solid solutions Sry ,Ni,Nb,Og and
Sre xZnNb,O1y, for which the homogeneity ranges are narrower than the predicted
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ranges. The formation of solid solutions in these systems was accompanied by de-
creases in the lattice parameters, which is obviously connected with the smaller ionic
radius of the incoming d-metal ion as compared with that of Sr** (r(Sr2+)(c.n.6)=
1.18 A) [16]. For example, for the solid solution Sr, ,Cd,Nb,Oy a can be described by
the following equation:

a=8.2690-0.1085x (A)

The tolerance factor (7) is the most essential crystal-chemical parameter deter-
mining whether a structure is of a definite type. f was assumed by Goldsmidt [13] and
was studied in detail for the perovskite structure [18—21]. The possible range of val-
ues of ¢ is 0.8<¢<1.05. According to the data [19], the tolerance factor lies between
0.72 and 1.06 for the perovskite-like structure with the cubic unit cell.

The values of ¢ were calculated by using Shannon’s ionic radii [16] according to
the equation

RA +RO
V2(Ry+R,)

where R, is the ionic radius of the atom in the A-sublattice of the ABOj; structure (cu-
bic-octahedral coordination); Ry is the ionic radius of the atom in the B-sublattice of
the ABO; structure (octahedral coordination); and Ry is the ionic radius of oxygen.

Apart from the dimension parameter, we use an energy criterion, which includes
the electronic structure of the atoms and the bond character. The values of compara-
tive electronegativities of atoms X , /X, were earlier used for the analysis of the re-
gion of existence of the A,B,0; phases (pyrochlore, fluorite and layered perovskite)
[23, 24]. In [25], the region of existence of the perovskite-related phases for the crite-
rion X , /X5>0.72 was indicated.

We have attempted to unite both criteria by plotting diagrams of X , /X5 vs. . The
range of values of X , /X; and ¢ for the solid solutions in question, Sty (M;Nb,Og and
St «M;Nb,Oy,, are given in Table 5.

Table 5 Values of ¢ factor and X, /X, for solid solutions (Sr;—M,)4Nb,Og and (S| xMy)sNb,O;;

Composition Range of #-factor Range of X,/Xs
(Sr1xCuy)4Nb,Oy 0.909-0.968 0.71-0.84
(St} xZn,)4sNbyOq 0.909-0.966 0.72-0.84
(Sr14Cdy)4Nb, 09 0.906-0.935 0.79-0.85
(Sr1Niy)sNb,Oy 0.903-0.974 0.71-0.86
Srs xCd Nb,Oy, 0.888-0.924 0.74-0.85
Sre xZn Nb,Oy; 0.898-0.973 0.69-0.83

The phase fields of existence of the solid solutions are illustrated in Figs 3 and 4.
The theoretical predictions for all compositions of the Cd-containing solid solutions
are in full agreement with the experimental data, e.g. the range of the homogeneity re-
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Fig. 3 Region of existence of solid solutions: Sry ,Cd,Nb,Oy, Srs CdNb,Oy;,
SI‘4,XNiXNb209, Sr(,,xNibeZO“: 1- Sr(,NbZO“; 2— Sr4Nb209;
3 — Sr39Nig 1NbyOg; 4 — Sr3 7Nig 3Nb,Oo; 5 — Sr3 5Nig sNb,Oo; 6 — St33Nig 7NbyOo;
7 - Sr3NiNb209: 8 — Sr5vgNiov2Nb201]; 9— Sr5.5Ni0.5NbQO] 1,
10 — Sr5,2Ni0,3Nb2011; 11— Sr5NiNb2011; 12 - Sr4_5Ni1_5Nb201 1s
13— SI'4Ni2Nb2011; 14 — SI'3A9Cd0.1Nb209; 15— Sr3,7Cd0,3Nb209;
16 — Sr3.5Cd0'5Nb209; 17 - Sr3.3Cd047Nb209; 18— SI'3CdNb209;
19 — Sr5,5Cd0_5Nb2011; 20— SrSCdNbZO“; 21 — SI'4Cd2Nb20“

gion is within the permitted boundaries both for the tolerance factor and for the crite-
rion of electronegativity.

The theoretical estimation of the phase fields for the Ni-containing solid solu-
tions is likewise in good agreement with the experimental results. The multi-phase
composition ‘Sr3NiNb,Oq’ lies outside the range for cubic perovskite.

The composition Sr;CuNb, Oy for the Cu-containing solid solutions does not fall
within the range for cubic perovskite. In fact, such a phase was obtained as the phase
with the tetrahedral unit cell. Therefore, the range of comparative electronegativity
for the perovskite-like structures with lower symmetry of the unit cell must be wider,
as for the ¢ criterion. The compositions ‘Sr, sCu; sNb,Oy;’ and “Sr;Cu,Nb,O;,” do not
fall within the permitted range of the tolerance factor, because they do not satisfy the
conditions, which is in full agreement with earlier experimental results [25].

For the Zn-containing solid solutions, full analogy with the system ‘SryNb,Og—
CuyNb,Oy’ was observed. The compositions with x>1 do not fall within the homoge-
neity range for the solid solution Srg ,Zn,Nb,Oy, as the compositions with x>2 lie
outside the theoretical calculated range with respect to the  and X , /X, criteria.
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Fig. 4 Region of existence of solid solutions: Sry ,Cu,Nb,Oy, Srs CuNb,Oy;,
SI}FXZHXszo(), Srb,XanNbZO“: 1- SI‘@szO“; 2— Sr4Nb209;
3 — S139Cug1Nb,Og; 4 — St37Cu3NbO0; 5 — St35CuU0 sNbyOo;
6 — SI"343CU().7Nb209; 7 - Sr;Cuszog; 8 — SI’549CU0.1Nb20|]; 9— Sr5,5CuO,5Nb201 1s
10 — SrSCuszO“; 11 - Sr4_5Cu1_5Nb2011; 12 - Sr4Cu2Nb20“;
13 — Sr39Zn9 1NbyOg; 14 — Sr3.7Zn0 3Nby00; 15 — Sr3 5719 sNbyOo;
16 — Sr3,3Zn047Nb209; 17— Sr3Zan209; 18— SI’545ZI’1().5Nb201];
19 — Sr5ZIle2011; 20 — Sr4_5Zn1_5Nb2011; 21 - Sr4Zn2Nb2011

Thus, the suggested theoretical estimation of the possibility of formation of solid
solutions allows prediction of the homogeneity ranges for other solid solutions on the
basis of a phase with a perovskite-related structure.

Conclusions

The regularities of synthesis of the individual niobates (x=0) and their solid solutions
were studied by thermal analysis. The single nature of intermediates based on the
phase (Sr;_xMy)sNbsO15 in the powder mixtures was demonstrated. The behaviour of
the solid-state interactions and the main kinetic parameters (0 — extent of transforma-
tion and £ —activation energy) were established.

The boundaries of stability of the solid solutions Sr, \Me,Nb,O7, Sr, (M;Nb,O,
Sty xMNb,Oyg and Srs (M Nb,O; were determined by means of X-ray diffraction, IR
spectroscopy and Raman spectroscopy. The possibility of prognostication of the
phase fields of stable solid solutions with the perovskite-like structure by calculation
from the diagrams comparative electronegativity of atoms vs. tolerance factor was re-
vealed. The substitution of strontium by a d-metal ion in this structure appeared to oc-
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cur through the octahedral positions. The general regularities of interaction in the bi-
nary compounds and solid solutions were established.
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