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Disorder and Diffusion in Mayenite
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Mayenite, Ca12Al14O33, has attracted enormous attention for novel technological applications after the
discovery of its high oxygen ionic conductivity. The crystal structure consists of a calcium-aluminate framework,
comprising 32 of the 33 oxygen anions. The remaining oxygen is distributed over 1/6 of large cages within
the framework. The true structure is heavily disordered and usually non-stoichiometric due to the presence of
extra anions and is presented for four samples: pure oxygen mayenite (O-mayenite), partly (O/N-mayenite) and
fully (N-mayenite) exchanged by nitrogen and doped with iron (Fe-mayenite). All samples were investigated by
neutron powder diffraction up to 1050 ◦C. Data were analysed by the Rietveld method and by difference Fourier
methods. As prepared O-mayenite contains O−2 and OH−, N- and O/N-mayenite also NH−2 , NH

2− and N3−, while
Fe-mayenite was free of extra radicals. In O- and N-mayenite the extra species are lost under vacuum conditions
above ca. 700 ◦C, whereas O/N-mayenite retained NH−2 up to high temperatures. Diffusion of oxygen proceeds
via a jump-like interstitialcy process involving exchange of the “free" oxygen with framework oxygen, coupled to
relaxations of Ca ions. In O/N-mayenite NH−2 diffuses via interstitial process. In Fe-mayenite encaged oxygen is
“invisible” due to extreme delocalisation or loss.

PACS numbers: 61.43.−j, 61.66.−f, 61.05.fm

1. Introduction

Mayenite has long been known as a major component
of calcium aluminate cements. Its crystal structure and
composition (ideally: Ca12Al14O33) have first been de-
termined by Büssem and Eitel in 1936 [1]. In cement
industry it is often abbreviated as C12A7 derived from
the formula 12CaO·7Al2O3. It was discovered as a min-
eral in 1964 near Mayen (Germany) from which it got its
name [2]. After the discovery of its high oxide ion conduc-
tivity in 1988 [3], only one order of magnitude lower than
that of yttria-stabilized zirconia (YSZ), it has recently
attracted enormous attention for novel technological ap-
plications such as transparent conductive oxide, catalyst
for the combustion of volatile organic compounds, oxygen
ionic conductor, ion emitter, etc.

These exciting properties are related to its peculiar
crystal structure. In simple terms it may be described as
a framework of corner connected AlO4-tetrahedra with
some linkages bridged by Ca. This framework comprises
32 of the 33 oxygen atoms; the “extra” one is distributed
at random in 1/6 of large “cages” within the framework
(Fig. 1). These cages are connected via large “windows”
(shaded area in Fig. 1) and an almost “free” diffusion
of oxygen seems readily conceivable. This simple view
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would also explain the fact that O2− can easily be ex-
changed by other anions like F−, Cl−, OH−, S2−, etc.,
and even electrons e− forming an electride. As a new
approach we succeeded in substituting N3− for O2− with
the aim to produce a pure nitrogen conductor. First mea-
surements by J. Janek (University of Giessen/Germany;
private communication) showed that the electrical con-
ductivity of a partly exchanged O/N-mayenite has much
higher activation energy (2.19 eV) than that of pure
O-mayenite (0.91 eV). As a consequence the absolute con-
ductivity exceeds that of YSZ above 650 ◦C.

Fig. 1. Illustration of a cage within the framework
structure of mayenite. Atomic displacement ellipsoids
refer to O-mayenite at T = 1050 ◦C [4]. The shaded
area shows a “window” connecting two adjacent cages
formed by a six-atom ring (Ca–O1–Al2–O1–Al1–O2).
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The renewed interest in mayenite stimulated vari-
ous new structure determinations, both experimentally
(e.g. [4–7]) and theoretically (e.g. [8]). They have re-
vealed that the above view of the crystal structure and
diffusion process is certainly too simple. The structure
is strongly disordered. This may e.g. be appreciated
from the atomic displacement ellipsoids shown in Fig. 1
(after [4]): those of Ca are strongly elongated along the
4̄ axis running vertically through the cage and the very
large extension of the encaged O. This reflects the most
prominent feature, namely that Ca atoms are displaced
into the interior of the cage, if, and only if this is occu-
pied by an oxygen ion. Further cage wall distortions are
described in the cited references.

In this paper we present a comparison of pure oxy-
gen mayenite (O-mayenite in the following) with fully
(N-mayenite) and partly (O/N-mayenite) exchanged ni-
trogen mayenite. In addition, some results are included
for a sample doped with Fe on the cation site (Fe-
-mayenite).

2. Experimental

Pure O-mayenite powder samples were synthesized
by a solid state route [4]. Nitrogen exchanged sam-
ples were obtained by ammonolysis of these samples [9].
The iron doped sample was synthesized via a sol-gel
route [10]. From chemical nitrogen analysis and the
refined occupancies from the fits to the neutron pow-
der diffraction data the following compositions were
obtained: O-mayenite Ca12Al14O32O1.57, N-mayenite
Ca12Al14O32N1.27, O/N-mayenite Ca12Al14O32N0.5O0.6

and Fe-mayenite Ca12Al13.75Fe0.25O32O1. All samples
except Fe-mayenite contained varying amounts of hydro-
gen (not respected in the above given compositions) as
revealed by the incoherent background in the neutron
powder patterns. Neutron powder experiments were car-
ried out at the diffractometer SPODI at the FRM2 in
Garching [11] at various temperatures up to 1050 ◦C using
a wavelength of 1.548 Å and a high-temperature niobium
vacuum furnace. The data were analysed by the Rietveld
method including anharmonic Debye–Waller factors and
by difference Fourier methods with JANA2000 [12]. All
samples contained small amounts of side phases [10]
which are neglected here.

3. Disorder

The chemical compositions quoted above mean that all
samples except Fe-mayenite exhibit considerable excess
occupancy over the stoichiometric values. This is most
pronounced for N-mayenite for which the expected N con-
tent would be 0.67 according to the substitution of 1 O2−

by 2/3 N3−. This is explained by the inclusion of other
anions like O−2 , O

2−
2 , O− and/or OH− in O-mayenite and

N2−
2 , NH−2 and/or NH2− in N-mayenite. Of these OH−

and O−2 could be substantiated for O-mayenite [4], NH−2
for N-mayenite [10] by difference Fourier methods.

Figure 2 shows the temperature dependence of the re-
fined occupancies for all samples. The horizontal lines
indicate the occupancies for ideal stoichiometric compo-
sitions. It should be noted that those for N and O are
practically identical due to the accidental fact that the
neutron scattering lengths bN ≈ (3/2)bO. Both O- and
N-mayenite become stoichiometric around 700 ◦C due to
the loss of hydrogen-containing species (as proven by the
reduction of the incoherent background in the neutron
powder patterns) and the dissolution of O−2 in the case
of O-mayenite. In contrast, O/N-mayenite retains its ex-
cess occupancy up to high temperatures. However, there
is a considerable decrease of the incoherent background
due to H indicating the loss of some but not all hydro-
gen. It can be argued that only OH− is transformed
to O2− while NH−2 is still present at high temperatures.
The stoichiometric occupancy of Fe-mayenite does not
change with temperature, but it should be noted that
there seems to be some reduction already at 700 ◦C and
a very large error bar at 900 ◦C makes this latter value
rather unreliable (see below).

Fig. 2. Temperature dependence of occupancies for
O-mayenite (a), N-mayenite (b), O/N-mayenite (c) and
Fe-mayenite (d).

4. Diffusion

Figure 3 compares the temperature dependences of the
isotropic atomic displacement parameters for all sam-
ples. Generally being “normal” at low temperatures they
become exceptionally large at high temperatures, cor-
responding to root mean square (rms) amplitudes of
ca. 0.5 Å for O- and N-mayenite and ca. 0.7 Å for O/N-
and Fe-mayenite. These values indicate extreme disorder
of the encaged species possibly related to their diffusion
properties. It should, however, again be noted that the
error bar for Fe-mayenite is extremely large and therefore
unreliable.

Further insight into the diffusion properties can be
gained from the high temperature difference Fourier plots
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Fig. 3. Temperature dependence of isotropic displace-
ment parameters of encaged anions for O-mayenite (a),
N-mayenite (b), O/N-mayenite (c) and Fe-mayenite (d).

presented in Fig. 4. In O-mayenite (Fig. 4a) oxygen
density maxima are on off-centre positions (4-fold split-
-positions due to the local 4̄ symmetry). In addition,
Ca is also located sideward from the central 4̄-axis. The
crosswise distances between the corresponding Ca and
O peaks are ca. 2.4 Å, i.e. they form bond-like Ca–O
pairs. Hence O is not really “loosely bound” or “free” as
often termed in the elder literature and we have to en-
visage a coupled Ca–O diffusion process. Further differ-
ence Fourier plots and test refinements including anhar-
monic terms in the Debye–Waller factor [13] did not show
any continuous density between adjacent cages as would
be expected for a “normal” interstitial diffusion process.
Hence diffusion proceeds via exchange with framework O,
i.e. an interstitialcy process, in excellent agreement with
theoretical calculations [8].

N-mayenite (Fig. 4b) has a maximum density in the
centre of the cage, though elongated along the larger ex-
tension of the cage. Again no continuous density be-
tween the cages was found, seemingly excluding intersti-
tial diffusion. On the other hand, no nitrogen was found
within the framework, seemingly excluding interstitialcy
processes. Unfortunately, no macroscopic measurements
of the diffusion properties of this sample are available so
far. It may, however, be argued that the very high neg-
ative charge of N3− may impede easy diffusion and the
observed large smearing of the density is simply due to
heavy static and/or dynamic disorder.

O/N-mayenite (Fig. 4c) shows a triple peaked density
which may be envisaged as a superposition of that of O-
and N-mayenite, i.e. the side peaks represent O and the
middle peak N. In this case continuous density between
the cages could be identified. Assuming jump diffusion
of O as before and remembering that the sample still
contains NH−2 it may be concluded that NH−2 migrates
via interstitial diffusion process [9].

Fig. 4. High temperature difference Fourier maps
through the centre of the cage after refinement
with framework atoms only for O-mayenite (a), N-
-mayenite (b), O/N-mayenite (c) and Fe-mayenite (d).

No unambiguous residual density can be discerned in
Fe-mayenite (Fig. 4d), therewith explaining the large er-
rors of the corresponding occupancy and atomic displace-
ment parameters. This “invisibility” of any oxygen den-
sity within the cage may be due to even more extreme
delocalization (extremely high diffusion) or to a loss of
oxygen in conjunction with Fe reduction. Further work
is needed to decide between these and possibly other ex-
planations.

5. Conclusions

As prepared (solid-state route) O-mayenite contains
extra anions, of which OH− and O−2 were substantiated.
These species are (irreversibly) lost at high tempera-
tures under vacuum conditions. Diffusion proceeds via
exchange with framework oxygen (intersticialcy process)
and is coupled to relaxations of the Ca ions. N-mayenite
prepared via ammonolysis contains extra anions, of which
NH−2 was substantiated. They are (irreversibly) lost at
high temperatures under vacuum conditions. The dif-
fusion properties remain unclear and the existence of a
pure nitrogen conductor is still to be verified. Surpris-
ingly, in O/N-mayenite NH−2 species are not lost at high
temperatures under the same vacuum conditions. The
reason for this is not clear at the moment. Diffusion of O
is via the interstitialcy mechanism, while that of N pro-
ceeds as NH−2 via an interstitial mechanism. This may
be related to its lower charge allowing easier diffusion.
Fe-mayenite prepared via sol-gel route does not contain
extra anions. It must be emphasized that this is not due
to the different synthesis route, since a similarly prepared
sample with a lower Fe content behaves just as the pure
O-mayenite prepared via the solid state route. Oxygen
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density within the cage is either extremely delocalised or
absent at high temperatures. More work is needed to
tackle these issues.
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