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Abstract The tolerance factor of ABO;-type ilmenite by
analyzing the ABOj; ilmenite crystal structure is estab-
lished. Combining with the electronegativity difference and
octahedral factor of ABOj structure, regularities governing
the formation and the stability of ilmenite-type compounds
are discussed. The tolerance factor equation was proved
appropriate for ilmenite structure by analyzing the structure
stability of some ilmenite compounds. According to the
results of statistically analyzing the tolerance factor and
electronegativity difference of the present ABOs-type
ilmenite, the experience tolerance factor value and expe-
rience electronegativity difference value to form stable
ilmenite compound were obtained, that is, 7 > 0.80 and
e > 1.465, and the lowest limit of the octahedral factor
(Rp/Ro2-) for ilmenite formation is 0.48.

1 Introduction

In the past several decades, special attentions have been
paid to the ABOj ilmenite-type oxides because they have
excellent dielectric, piezoelectric, pyroelectric and photo-
strictive properties and expected wide range of applications.
They can be used as dielectric, piezoelectric, pyroelectric,
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optoelectrical [1], gas-sensing [2, 3] and lithium ion battery
materials [4]. But the thermal stability of ABOj3 ilmenite-type
oxides often affect their used properties because some of
them transform to perovskite structure [5] or decompose to
spinel structure and rutile [6]. On the other hand, the thermal
stability of ABOj3 ilmenite-type oxides can be promoted by
forming ABOj; ilmenite-type solid solution of different
ABOj; ilmenite. For example, ZnTiO5 ilmenite will decom-
pose to rutile and Zn,TiO4 when the sintering temperature is
above 900 °C, but the stability region of ilmenite phase
extend from 900 to 1,150 °C in (Zn, Mg)TiOj; ilmenite-type
solid solution [7]. It is of interest to find out regularities
governing the formation of ilmenite-type compounds and use
it to further guide the exploration of new materials. It is well
known that in early 1920s, Goldschmidt [8] has proposed a
“tolerance factor” (t = (Ry + Ro)/V2(Rs + Ro) (where
R4, Rp and Ry are the ionic radii of A, B and O, respectively)
to study the stability of perovskites. Tolerance factor [9] is a
geometry parameter describing the mismatch of A- and B-
site ions in the compound, as was demonstrated by Hwang
et al. [10] and Teresa et al. [11].

Up to now, Goldschmidt’s tolerance factor ¢ has been
widely accepted as a criterion for the formation of the
perovskite structure, a number of researchers have used it
to discuss the perovskite stability, including oxides [12-
15], fluorides [16, 17], chlorides [8]. In this paper, we
attempt to establish the tolerance factor of ABOj-type
ilmenite by analyzing the ABOj ilmenite crystal structure,
and to find out regularities governing the formation of
ilmenite-type compounds combining with the electroneg-
ativity difference and octahedral factor of ABOj structure.
In addition, some ilmenite compounds such as MgTiOs,
NiTiO;, CoTiO3, ZnTiO3, and complex ilmenite (Zn;_,,
M,)TiO; (M denote Mg, Ni, Co) are used to verify the
reasonableness of established tolerance factor.
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2 Experimental procedure

MTiO; and (Zn;_,M,)TiO5; (x = 0 to x = 1, M denote Mg,
Ni, Co) powder were prepared by using a semichemical
rout respectively. The A.R zinc hydroxide carbonate
(Zns(CO3), - (OH)e), A.R magnesium hydroxide carbonate
(Mg (OH), - 4MgCO; - 6H,0), A.R. NiO, A.R. CoO and
anatase (TiO,, 10-30 nm) were used as raw materials.
Firstly, the carbonates were heat-treated at 350 and 540 °C
for 2 h in air to obtain nanopowder ZnO (10-30 nm) and
MgO (20-50 nm) with high active energy as starting
materials, respectively. X-ray diffractometry (XRD) con-
firmed that pure phase ZnO and MgO were obtained. Then
anatase nanopowder was mixed with ZnO, MgO, NiO and
CoO using planetary milling with zirconia balls in ethanol
for 24 h, respectively. At last, the mixture was dried and
then calcined at 1,000 °C for 2 h. The phase structure of
the samples was investigated using XRD (X' Pert MPD
PRO, Holland).

3 Results and discussion

The ABOj;-type ilmenite has an ordered corundum struc-
ture, where each AOg¢ octahedron layer is sandwiched by
two BOg octahedron layers, which is a modified «-Al,O3
structure, as indicated in Fig. 1a [18]. In every octahedron,
faces are shared along the c-axis, edges are shared in the
ab-plane and apices are shared along the oblique direction.
One pair of edge-shared AOg octahedron is isolated by the
C cation vacancies in the ab-plane and is separated by the
BOg octahedron along the oblique directions. It is very
difficult to deduce the tolerance factor of ilmenite from
such complex sharing types. From another angle of view,
ilmenite titanate structure can be shown as Fig. 1b. Con-
necting the centre atom in one pair of plane-shared TiOg
octahedron (such as A and C (cation vacancy) in Fig. 1a) to
the three O atoms in the sharing plane, a hexahedron with
A and C as apex (express as ACO; hexahedron) forms,
which is shown a shadow part in Fig. 1a. In like manner,
another hexahedron with A and B as apex (express as
ABOj; hexahedron) forms which is apex-shared with the
former hexahedron. The rest can be deduced by analogy,
the ilmenite structure can be characterized as an apex-
shared hexahedron structure, as shown in Fig. 1b.

In AOg¢ octahedron, the geometrical relationship of ion
A and O can be shown as expression (1):

V2Ry- = Ry + Ra (1)

In like manner, the geometrical relationship of ion B and
O~ and the geometrical relationship of C and O*~ can be
shown as expression (2) and expression (3), respectively:
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Fig. 1 Schematic crystal structure of ilmenite titanates

V2Ry- =Ry +Rp (2)
V2Ry =Ry + Re (3)

In above three expressions, R, Rg, and Ry~ denote the
radius of ion A, ion B, and o> Rc represents dummy
equivalent radius of C cation vacancies.

According to Fig. 1b, the geometrical relationship of the
hexahedron with A and B as apex can be shown as
expression (4):

Rp- +Rg = Re- + R 4)

As we know, the size of ion A and/or B will not satisfy
expression (4) at the right moment, it would be slightly big
in or small in the size of ideal R, and/or Rg. Therefore, a

tolerance factor ¢, is introduced into expression (4), and we
obtain expression (5):

= (Roz— +RB)/(R02— +RA) (5)

In like manner, expressions (6) and (7) can be deduced

tr = V2R /(Ry>- + Ra) (6)
= ViR /(R + Ry) )
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ilmenite compounds. And they are easy to be prepared by
conventional solid-state reaction method. The third, Refs.
[7, 19-22] have implied the thermal stability sequence of
them. Hence, to verify the reasonableness of tolerance
factor ¢, the stabilities of MgTiO;, NiTiOz, CoTiOg3,
ZnTiO3, and complex ilmenite (Zn;_,, M,)TiO3 (M denote
Mg, Ni, Co) are investigated.

Figure 2 shows the XRD patterns of ZnTiO3, MgTiO3,
CoTiO3, NiTiO; calcined at 1,000 °C. At 1,000 °C, ZnTiO5
has decomposed completely to rutile and Zn,TiO,4; the
appearance of small amount of Co,TiO, suggests part of
CoTiO3 has decomposed; NiTiOj3 is not synthesized com-
pletely, because residues are also NiO and TiO,; only
MgTiO; is synthesized completely, and no phase decom-
position. These results show the thermal stability sequence of
ZnTiO5;, MgTiO;, CoTiO;, NiTiO; is MgTiO3 > Ni-
TiO3; > CoTiO3 > ZnTiOj3. According to the expression (8),
the value of 7 is calculated. The ¢ sequence of four compounds
is MgTiO; (¢ = 0.9620) > NiTiO; (¢t = 0.9523) > CoTiO;

I NiO
ZZn,TiO,

R TIO,
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Fig. 2 XRD patterns of ZnTiO3, MgTiO3, CoTiO3, NiTiO; calcined
at 1,000 °C

Fig. 3 The tolerance factor of (Zn;_,, M,)TiO3 vs. x (M: Mg, Ni, Co)

(t =0.9429) > ZnTiO53 (¢t = 0.9367) which is consistent
with the thermal stability sequence [7, 19-22].

Figure 3 shows the tolerance factor of (Zn,_,, M,)TiO3
solid solutions (M: Ni, Co, Mg). The tolerant factor of three
solid solutions, (Zn,_,, Mg,)TiO3, (Zn;_,, Ni,)TiO; and
(Zn,_,, Co,)TiO3, all increase with x increasing. This result
suggests that substituting M for Zn improve the stability of
ZnTiOj; ilmenite, which corresponds with the reports of
other researchers.

Above results prove the reasonableness of tolerance
factor of ABOj3-type ilmenite. But it is important to point
out that the tolerance factor ¢ is only a necessary but not a
sufficient condition for the formation of the ilmenite
structure. Another necessary condition is electronegativity
difference (abbreviated to e) of the present ABOs-type
ilmenite. The electronegativity difference provides a mea-
sure of the excess binding energy between atoms A and B,
the greater the electronegativity difference, the greater the
excess binding energy [23]. So it can be deduce that the
greater the electronegativity difference, the higher the
stability of ilmenite structure. This law is similar to
perovskite structure [23]. The tolerance factor and elec-
tronegativity difference of almost reported ABOs-type
ilmenite [5, 18, 24-31] compounds have been calculated,
the results are shown in Fig. 4. The criterion of ABOs-type
ilmenite formability is expressed by the following
equations:

t=(t+n+1)/3
1 ((ﬁ+ 1)Ro> + Rs

3 Ry +Ra

V2Rg- > >0.8 (9)

RO2’ + Ry
e > 1.465 (10)

Additional parameters may be necessary for the
prediction of ilmenite formation. It is well known that
[32] the octahedron MOy is the basic mosaic or unit for
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Fig. 4 Tolerance factor and electronegativity difference of some
ABO; compounds (1-KSbO;, 2-AgBiO3, 3-NaNbOj, 4-NaBiO;, 5-
NaSbOs, 6-MnTiOs3, 7-ZnTiO3, 8-FeTiO3, 9-ZnSn0O3, 10-CoTiOs3, 11-
LiNbO;, 12-NiTiO3, 13-MgTiO3;)

ilmenite structure. If one cation and six anions form an
octahedron, the ratio of their ionic radius (Ry/Rp:-) is
within a limited range [23], this factor is defined as the
octahedral factor.MOQg is the basic unit, if ion M is too
small, this unit may become unstable. So does the ilmenite.
This can also be better explained by the ratio of cation and
anion size, R./R,, in the octahedron. The reported lowest
limit of R./R, for octahedron [23] is 0.414. In our
calculated value of R./R, of the ABOs-type ilmenite
shown in Fig. 4, the lowest limit of the octahedral factor
(Ry/Rp2-) for ilmenite formation is 0.48, these two values
agree with each other well. That is, the third condition for
the formation of the ilmenite structure is

Ry

02

>0.48 (11)

Above mentioned three conditions are only the
empirical value, and are only necessary but not sufficient
conditions for the formation of the ilmenite structure. In
fact, pure phase of most ilmenite compounds are difficult to
be prepared by conventional solid-state reaction method,
mainly is because the octahedron connection mode
difference. Pauling’s third rule [23] tells us how to link
the polyhedra together. Corners rather than faces or edges
tend to be shared in stable structures. In ilmenite, this is due
to the fact that the cation separation between adjacent
octahedron decreases as edges and faces are shared,
increasing repulsion and leading to unstable structures.
By using tolerance factor, some new method to improve
the stability of ilmenite can be sought. For example,
substituting Mg, Ni and Co for Zn improve the stability of
ZnTiO; ilmenite. In addition, the mentioned three
conditions can be used to search for new ilmenite, and
may assist in the design of new materials.

@ Springer

4 Conclusions

By analyzing ABOj-type ilmenite crystal structure, we
established its tolerance factor calculation formula. And
combining with the electronegativity difference and octa-
hedral factor of ABOj structure, we discussed ABOs-type
ilmenite of formation regulation and stability regulation.
The tolerance factor equation was proved appropriate for
ilmenite structure by analyzing the structure stability of
some ilmenite compounds such as MgTiO3;, NiTiO;, Co-
TiO3, ZnTiO5 and complex ilmenite (Zn,_,, M,)TiO3; (M
denote Mg, Ni, Co). According to the results of statistical
analyzing the tolerance factor and electronegativity dif-
ference of the present ABOj3-type ilmenite, the experience
tolerance factor value and experience electronegativity
difference value to form stable ilmenite compound were
obtained, that is, ¢+ > 0.80 and e > 1.465, and the lowest
limit of the octahedral factor (Ry/Rg:-) for ilmenite for-
mation is 0.48.
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