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Spinels exposing {100}, {110}, and {111} faces have been con-
sidered and their Curie—Wulff plots have been drawn, admit-
ting that the relative G{hkl} surface free energies may change
in a wide range as a function of composition, inversion, and
segregation degree. The normalized free surface energies are
defined as A = G{100}/G{111}, B = G{110}/G{111}, and C =
G{111}/G{111} = 1 = const. This made it possible to construct
bidimensional morphological diagrams (morphology = f(A, B)
at C = const) in the exposed-face-type, solid-type, and expo-
sure-percentage versions. Eleven morphological habits of grains
have been identified, including {100}-cube, {110}-dodecahedron,
{111}-octahedron, 14-hedron bordered with six {100}-squares
and eight {111}-hexagons, 18-hedron, 20-hedron, and up to 26-
hedra bordered with (i) 6 {100}-octagons, 12 {110}-rectangles,
and 8 {111}-hexagons, (ii) 6 {100}-squares, 12 {110}-rectangles,
and 8 {111}-triangles, or (iii) 6 {100}-squares, 12 {110}-octagons,
and 8 {100}-triangles. The analysis is valid for all compounds
crystallizing in the cubic system and preferentially exposing
the three enumerated faces. 01996 Academic Press, Inc.

1. INTRODUCTION

Catalytic anisotropy (1-18) is now a well-known phe-
nomenon in mild oxidation reactions. It involves the de-
pendence of the reaction mechanism of a given reactant
on the {hkl} faces of the crystalline catalyst on which the
transformation takes place. The most spectacular example
of this phenomenon is the unique industrial catalyst for
the selective oxidation of butane to maleic anhydride (14—
17); it contains (VO),P,0; prepared in a way that ensures
the highly predominant exposure of the {100} face.

In the case of simple and complex oxides (oxysalts) we
deal with the more or less anisotropic spatial distribution
of atoms and consequently the metal-oxygen bond lengths
and energies (19-22). As a result various “maps” of the
{hkl} faces of a given crystal differ in their composition,
geometry, and local undersaturations. In view of this, dif-
ferentiation of the molecule/{hki} face interactions be-
comes obvious. On the basis of such assumptions a number
of theoretical models have been proposed (7, 9, 10, 23,
24), including the crystallochemical model of active sites
(CMAS) established by the present author (9, 10), with
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which numerous anisotropic interactions in various
reactant/catalyst systems have been explained (7-10, 16—
18). An extension of CMAS is the crystallochemical model
of solid surfaces (CMSS) (22), which offers the possibility
of calculating the {hkl} surface energies and the equilibrium
morphology of crystals.

There are indications that the effect of catalytic aniso-
tropy may be extended on the catalyst carriers, which may
produce either the sites (areas) of the epitaxial growth of
the conveniently oriented active phase or the growth of
small especially active clusters (25-32).

So far, no systematic studies on the controlled morphol-
ogy of crystals have been performed. Published data sug-
gest that two approaches may be followed. One approach
consists of preparing a convenient precursor which, after
a fine decomposition or redox treatment, forms crystals of
the desired shape, the same as that of the mother material.
The above-mentioned plate-like V-P-O catalyst, prepared
by decomposition of the layered hydrate, is a good exam-
ple. However, a problem of long-term stability arises in
this case. Another approach is to maintain the conditions
of synthesis that ensure the equilibrium growth of crystals;
presumably the change in chemical composition, segrega-
tion of dopants or other defects, and inversion in spinels
should influence the crystal habit. The second case will be
considered in the series of papers we intend to initiate with
this work.

We decided to take spinels as model objects of studies
on the crystal habit. For the purpose of this introductory
work it will be enough to recall the following (33): Over
200 compounds with the composition AB, X, (where X is
the most frequently oxygen but is also S, Se, and Te) and
innumerable solid solutions between them crystallize in the
cubic Fd3m spinel structure with eight formal molecules in
the unit cell. The valence of A and B is most frequently
2-3, but can also be 4-2 or 6-1, e.g., MgAL,O,, TiCo,0y,,
and MoNa,O,. In this structure oxygens make almost ideal
cubic close-packing. Cations are located in particular tetra-
hedral ( ) and octahedral [ ] holes of the oxygen sublattice.
Three types of cation distribution are known: normal distri-
bution (A)[B,] X}, inverse distribution (B)[AB]X,, and in-
termediate distribution (A,-,B;)[A,B,-.] X4, where z is the
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The relative situation of solids: {100}-cube (1/8 is shown), {100}-dodecahedron, and {111}-octahedron, corresponding to the arbitrarily

chosen normalized C =1, A = \/g, B = V2V3/2. Here, in terms of the Curie-Wulff plot, the {110}-solid makes an inner envelope with respect
to the {100}-cube (b), and the {111}-octahedron is the inner envelope of all three solids (a).

so-called degree of inversion. As already mentioned, in
addition to the binary spinels, more complex phases of this
structure are known, such as Mg;_,7Zn,Al,O, and MgAl,_,
Ga,O,. In the latter phases, surface segregation of cations
is expected. The variety of compositions, inversion degrees,
and segregation extents permits one to believe that the
surface energy of spinels (proportional to the energy of
missing bonds) and consequently their habit may change
in a wide range. The molecular aspects of the surface en-
ergy will be described in forthcoming papers in terms of
CMSS. Here we present some geometrical considera-
tions.

2. METHOD

We shall consider the grains of spinels remaining in both
bulk and surface equilibrium with the environment. The
first of these is obvious. As for the second, it seems relevant
to recall that at a fixed temperature, pressure, and mass
of a crystal the condition of the equilibrium crystal habit
is that of minimum free surface energy,

2 Ahkl thl = minimum, [1]

where the sum is extended over all possible external {hkl}
faces, G and Ay, being their free energies (per unit area)
and areas, respectively. The equilibrium crystal habit can
be derived from the Curie—Wulff plot (CWp) (34-36). In
the CWp each vector from the origin to a point represents
the direction of the normal to a particular face and the
magnitude of the free energy of that particular face. The
equilibrium shape of a crystal is the inner envelope of the
CW planes drawn perpendicularly at the ends of vectors.

Faces localized outside the inner envelope, but close to it,
may exist as metastable faces.

It is known from the literature (37) that the spinels
expose most frequently the {100}, {110}, and {111} faces,
which means that these are the faces of the lowest G{hkl}.
In this work the analysis of spinel morphology will be
limited to these faces and all possible forms of crystals
bordered with these faces will be searched for.

We shall use the normalized values A, B, and C of the
surface energy defined as follows:

A = G{100}/G{111} [2a]
B = G{110y/G{111} [2b]
C = G{111Y/G{111} = 1. [2c]

This way of energy normalization makes it possible to
construct bidimensional morphological diagrams (as
shown further in Figs. 2—-4).

3. RESULTS

Let us consider first the solids bordered with only one
type of {hkl}.

The {111}-solid is a regular octahedron. According to
definition [2c], the faces are separated from the origin
by C = 1, the corners by V3, and the edge lengths are
V2V3.

The {100}-solid, according to [2a], is a cube of edge length
2A, the corners being located at AV3 from the origin.

The {110}-solid is a dodecahedron with faces separated
from the origin by B [2b]. Faces are rhombic with edges
of BV2V/3/2 and diagonals of BV?2 and 2B. Six corners
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TABLE 1
Coexistence/Elimination Conditions for the Pairs of {100}-
Cube, {110}-Dodecahedron, and {111} Octahedron Solids, in
View of the Curie—Wulff Plot

Condition/conclusion
Pair of
bulks 1 2 3
{111}, {100} A=V3/3 V33<A<V3 V3i=A
elim. {111} coexistence elim. {100}
by {100} {111} + {100} by {111}
{111}, {110} B =V2/3 V2/3 < B < V32 V3/2<=B
elim. {111} coexistence elim. {110}
by {110} {111} + {110} by {111}
{100}, {110} B=AN2 AN2<B<AV2 AV2<=B
elim. {100} coexistence elim. {110}
by {110} {100} + {110} by {100}

of the dodecahedron are localized on the axes at BV2
from the origin; eight corners with the coordinates (*x,
ty, ¥z),x =y =z = BV?2 are as far from the origin as
BV3/V2.

For illustration, Fig. 1 has been constructed with C =
1, B=V2V3/2,and A = V3. With these values the {111}-
octahedron is placed inside the {110}-dodecahedron and
the later is placed inside the {100}-cube. Figure 1 may be
considered a particular example of the CWp with a {111}-
octahedron making the inner envelope.

Still keeping Fig. 1 in mind, one can easily show that

with A = V/3/3 (while again C = 1, B = V2V/3/2) the
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FIG. 2. The morphological diagram of spinels in the normalized
surface energy coordinates; morphology = f(A, B) at C = 1. The figure
shows the “exposed-face-type version” of the diagram, ie., the
coexistence/elimination version. Fields are distinguished with arabic num-
bers. Circles correspond to the solids drawn in Fig. 3.
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{100}-cube would be placed inside both {111}- and {110}~
solids. Consequently, as an inner envelope of CWp the
{100}-cube would eliminate the {111} and {110} faces.

Analogous simple geometrical considerations enable us
to determine all the conditions of coexistence/elimination
of solid-bordering faces for the pairs of solids {111} + {100},
{111} + {110}, and {110} + {100}; e.g., for the pair {111} +
{100} we deal with the {100}-cube for A = V/3/3, with a
{111}-octahedron for A = V/3, and with coexistence of both
solids between these limits. All the results are summarized
in Table 1.

An extension of the analogous analysis for all three types
of {hkl}-solids is shown in Table 2 and in Fig. 2, the latter
being the above-mentioned bidimensional morphological
diagram of spinels, where the morphology is f(A, B) at
C =1 = const.

Seven fields of coexistence/elimination of the {hk!} faces
can be distinguished. In fields 1, 2, and 3 (including their
boundary lines) only one type of face is exposed, {100},
{110}, or {111}, respectively. Fields 4, 5, and 6 (including
their borders in common with 7) correspond to the expo-
sure of pairs of faces, {100} + {110}, {110} + {111}, and

TABLE 2
Coexistence/Elimination Conditions for the {111}, {110}, and
{100} Faces in View of the Curie—Wulff Plot

Field of Exposed Polygon
diagram Simultaneous conditions faces types
1 A=V3/3,B=AV2 {100} 6X 4-gon
2 B = AV2/2,B=V2/3 {110} 12X 4-gon
3 A=V3B=V32 11} 8% 3-gon
4 B < AV2,B>AV2/2, {100} 6X 4-gon
B =V2/3 {110} 12X 6-gon
5 B < V3/2,B>V?2/3, {110} 12X 6-gon
B = AV2/2 a1} 8% 3-gon
6' A <V3,A>V302, {100} 6 4-gon
B =V3/2 {111} 8X 6-gon
border 6'/6" A = \V3/2,B=V3/2 {100} 6X 4-gon
{111} 8X 3-gon
6" A >\V3/3,4A<V302, {100} 6% 8-gon
B = AV2 {111} 8X 3-gon
7' B < V32, B<AV2, {100} 6 8-gon
B> (AV2+V2\V3)l4=X {110} 12X 4-gon
{111} 8X 6-gon
border 7/77 B =X,V33<A<V3 {100} 6 4-gon
{110} 12X 4-gon
{111} 8X 3-gon
7" B > AV2/2,B>V?2/3, {100} 6X 4-gon
B < (AV2+V2V3)l4=X {110} 12X 8-gon
{111} 8X 3-gon
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FIG. 3. The morphological diagram of spinels in the normalized surface energy coordinates; morphology = f(A, B) at C = 1. The figure shows
the “‘solid-type version” of the diagram, i.e., the x—y projections of solids as function of A and B. Fields and solid types are distinguished with
arabic and roman numerals, respectively. Solids correspond to the circles in Fig. 2.

{100} + {111}, respectively. Finally, in field 7 exposure of 7 into 7' and 7", and moreover we must distinguish the
all three faces is expected. Figure 2 will be called the ““face- borders 6'/6” and 7'/7". The types of polygons exposed are
type version” of the morphological diagram. indicated in the last column of Table 2. In summary (in

However, if we take into account the types of polygons addition to seven fields of {hkl} coexistence/elimination)
exposed, we have to divide field 6 into 6’ and 6” and field we must distinguish 11 morphological types (habits) of
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FIG. 4. The morphological diagram of spinels in the normalized surface energy coordinates; morphology = f(A, B) at C = 1. The figure shows
the “‘exposition-percentage version” of the diagram. X-Y-Z coordinates are ascribed to each line and to each point, expressing the percentage
exposition of {100}, {110}, and {111} faces, respectively, e.g., E(50-25-25), H(25-25-50), J(10-25-65), G(25-50-25). The DEF line is the isopercentage
line with respect to X (X = 50).
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grains. The projections of these morphological forms are
shown in Fig. 3, which may be called the “‘solid-type ver-
sion” of the morphological diagram, in contrast to the face-
type version shown in Fig. 2. Let us mention that a number
of points have been marked with open circles in Fig. 2;
the solids drawn in Fig. 3 correspond to the coordinates
of these points.

If more than one face is exposed, a question about the
extent (percentage) of exposure of each particular face
arises. The relevant “‘exposure-percentage version” of the
morphological diagram is shown in Fig. 4. A number of
“isopercentage lines” are drawn in the figure, indexed with
three numbers x—y—z expressing the percentage of expo-
sure of {111}, {110}, and {100}, respectively; e.g., the line
passing through DEF is the isopercentage line correspond-
ing to x = 50, i.e., to the 50% impact of {100} in the external
grain area. This line begins in field 4, where it is indexed
as 50-50-0. This means obviously that {100} and {110}
are equally exposed in this field and {111} is absent. The
opposite end of the line, belonging to field 6, is marked
50-0-50, which means that {100} and {111} share equally
and {110} is absent. A segment DF corresponds to 50%
exposure of {100} and variable exposure of {110} and {111}.
As may easily be deduced, the x = 50% line crosses in E
the lines y = 25% and z = 25%; the coordinates of E
are thus E(50-25-25). Similarly we have G(25-50-25),
H(25-25-50), and J(10-25-65), the last number for J re-
sulting from the balance.

4. CONCLUSIONS

Simple and mixed A B, X, spinels (where X = O, S, Se, Te
and the valences of A—-B may be 2-3, 4-2, or 6-1) belong
to the huge family of compounds and solid solutions. They
differ strongly in chemical composition, inversion degree,
and segregation of dopants. Due to these characteristics, it
has been supposed that their free energy G{hk/} may vary in
awide range, influencing the equilibrium grain morphology.
The most frequently exposed {100}, {110}, and {111} faces
have been taken into account; their normalized G’s have
been introduced: A = G{100}/G{111}, B = G{110}/G{111},
and C = G{111}/G{111} = 1 = const. Curie—Wulff plots have
been done. Due to the A-B—C normalization, bidimen-
sional morphological diagrams of spinels have been con-
structed (morphology = f(A, B) at C = 1 = const) in three
versions: the exposed-face-type version (I), the solid-type
version (II), and the exposition-percentage version (III).

—Version I enables us to distinguish seven fields where
one, two, or three of the considered faces are exposed, the
ranges of A and B being indicated in Table 2 and Fig. 2.

—Version II (Fig. 3) provides the projection of 11 kinds
of habit ranging from the {100}-cube to the 26-hedra
exposing all three considered faces.

—Version III (Fig. 4) makes it possible to read the per-
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centage of each exposed face in the whole external areas of
solids. One of the most complex solids (point G in Fig. 4, at
A = B = C = 1) is the 26-hedron for which
{100} and {111} make 25% and {110} makes 50% of its exter-
nal area. Theoretical calculations of the surface energy, now
in progress, indicate that the most probable habits are those
belonging to fields 6’ and 7'.

The analysis is valid for all compounds crystallizing in the
cubic system and preferentially exposing the three enumer-
ated faces.
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