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ABSTRACT

The perovskite-related solids CaMnO3 resp. CapMnO4 react upon
heating in reducing atmosphere to grossly oxygen-deficient phases:
CaMnO, g, CapMnO3 g5, and CaMnO,, Ca;MnOj. Thermogravimetry, X-ray
diffraction and electron microscopy reveal the reversible, topotac-
tic nature of the processes important for heterogeneous catalysis.

INTRODUCTION

CaMnO3 and CazMnO4 represent members of a large group of terna-

ry metal oxides crystallizing in the structure of the naturally oc-

curring mineral perovskite, CaTiO3, resp. the related K2N1F4—type.

Whereas structural, magnetic, electric and optical properties of
this class of oxides have been investigated extensively (ref.1),
their chemical reactivity has not drawn as much attention yet.

For CaMnO3 as well as CaZMnO4 quantitative thermogravimetric
measurements proved, that these phases are stable up to 900°C in
nitrogen, air or pure oxygen. In hydrogen, ammonia or hydrocarbons
such as C2H4 and C3H6’ however, reduction processes take place and

grossly oxygen-deficient phases such as CaMnO and Ca_MnO are

formed at relatively low temperatures of 300-§ég°c (ref%Z).3é3
heating these compounds in reducing atmospheres up to 550-600°C,
CaMnO2 and CaZMnO3 respectively are formed.
RESULTS AND DISCUSSION

As it can be confirmed by thermogravimetric investigations and
by X-ray diffraction, CaMnOZ.5 and CaMnO2 as well as CaZMnO3.5 and
CazMnO3 undergo reoxidation at moderate temperatures in order to

form the initial phases CaMnO., and Ca,MnO, again.

3 2 4
Such kind of fully reversible processes are of particular inter-
est in the field of heterogeneous catalysis, since it has been ob-

served by experiments using catalysts containing isotopically la-
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belled oxygen, that bulk-oxygen of the catalyst takes part in se-
lective oxidation processes (ref.3).

In order to check the morphological changes caused by these re-
duction/reoxidation processes, scanning electron microscopical in-
vestigations using single crystalline starting materials, i.e.
CaMnO, and Ca,MnO were carricd out. In Figs. 1-3 the results are

3 2 4
presented for the process Ca,MnO, == Ca,MnO,. They clearly show,

that the macroscopic shape OE th: initiil sfngle crystal is main-

tained. The reoxidized product, however, is built up of very small

CazMnO4 crystallites (Fig. 3 b).

The determination of the structural changes during the release
of oxygen, i.e. unambiguous information whether phases with random-
ly or with highly ordered oxygen vacancies and, therefore, with de-
fined structures and stoichiometries are formed, turn out to be
difficult:

-~ The preparation of homogeneous samples with defined stoichio-
metries affords most accurate guantitative thermogravimetric
measurements under well-controlled atmospheres and can only be
performed successfully by using microcrystalline initial material.

- The non-stcichiometric phases formed often lack sufficiently
large crystalline domains and therefore cannot be identified by
conventional structure determination techniques such as X-ray or
neutron diffraction.

Preliminary structural and spectroscopic investigations of the

phases CaMnO2 5 as well as CaZMnO3 50 however, gave evidence for
the change of all Mn+4O6 octahedra in the perovskite-related start-

ing materials into Mn+3o5 square-pyramids in the reduced compounds.
The structural framework of the respective precursors, in particu-
lar the positions of the metal cations, are preserved (ref.2). The
structural reaction mechanism of the reduction and reoxidation is
highly topotactic and certainly holds the key for the understanding
of the high reversibility.
For the determination of the oxygen vacancy ordering in the

square-pyramids, i.

phases built up of Mn+40 octahedra and Mn+30

e. in CaMnO3_x as well ag CaZMnO4_x (where 0 jx'<0.5), X-ray and
neutron diffraction techniques could not yield satisfactory re-
sults. High resolution electron microscopy (HREM) and selected area
electron diffraction (SAED) turned out to be most suitable for the
structure determinations of the non-stoichiometric intermediates

and, moreover, for the elucidation of the topotactic structural re-
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Fig. 1. (a) Ca,MnO

2 4 single crystal grown in CaCl. melt. (b) Surface in detail.

2

Fig. 2. (a) Ca,MnOy crystal prepared by reduction of single crystalline CaZMnO4
in hydrogen atmosphere (600°C). (b) Surface in detail.

Fig. 3. (a) Ca,MnO

prepared by reoxidation of CaZNhO3' (b) Surface in detail.

4
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action mechanisms. In the case of the reducticn process CaMnO3—*

CaMn02 5 several intermediates with well-ordered oxygen vacancies

and therefore well defined stoichiometries such as CaMnO2 g8

CaMnOZ.75 and CaMnOZ-667 could be identified (refs.4, 5).

The fact that CaMn02 and CazMnO3 undergo reoxidation has to be
assigned to the formation of extremely small crystallites in the
course of the reduction, as it is shown by the morphological in-
vestigations (see Figs. 2 a and 2 b for CaZMnO3). Within these
compounds the metal cation positions differ from their positions
in the respective precursors CaMnOz'5 and CaZMnOS_S’ but the dif-
fusion paths, which cations have to undergo during the reoxidation

process are very short.

CONCLUSIONS
The reversible reduction processes observed in the compounds

CaMnO3 and CaZMnO4 can be summarized as follows:

I : (a) CaMn+4O3 - CaManzan;iO3_x - CaMn+302'5
(b) CaMn+302'5 = CaMnTEZan;iOZ.S_x = camn*o,

II: {a) CaZMn+4O4 = CaZManZXMn;iO4_x == CaZMn+3O3-5
(b) Ca2Mn+303.5 = CaZMnT§2an;io3.5—x = CaZMn+203

The fact that the physical and chemical properties of perovskite-
related ternary oxides not only depend on the metal cations actual-
ly contained but also can be rigorously altered by the formation

of the respective oxygen-deficient phases opens up new possibili-
ties for the preparation of materials exhibiting specific proper-

ties such as highly selective catalytical activity.
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