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Mechanistic studies on the formation of ternary
oxides by thermal oxidation of the cubic laves
phase CaAlL>
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Oxide materials are of key importance in many aspects of everyday life. However, their solid-state synth-
eses require high temperatures and often multiple steps when conducted from the binary oxides. Herein,
we report a proof-of-concept investigation addressing the possibility to synthesize oxides from a phase-
pure, well-defined, and highly crystalline intermetallic starting material via oxidation with elemental
oxygen. The thermal oxidation behavior of the cubic Laves phase CaAl, was investigated under various
atmospheric environments by thermal analysis or by different bulk synthesis techniques. Besides different
furnace types, also varying O, concentrations and different heating rates, and annealing times were
explored. Interestingly, the reaction progresses via the intermediate Ca;,Al140=3 (12 CaO-7 Al,Os) before
the expected stoichiometric oxidation product, monoclinic CaAl,O4 (CaO-Al,O3), is finally observed. This
is highly surprising, since the intermediate has a different Ca to Al ratio compared to the starting material.
Different strategies were employed to optimize the synthetic conditions and to decipher the reaction
mechanism. The formation of the various products was followed by a detailed analysis of the powder
X-ray diffraction data via Rietveld refinements and additionally by 27Al MAS NMR experiments, while
quantum-chemical calculations supported the proposed reaction mechanism.

The chemical and thermal resistance as well as the mechan-
ical properties of some of these materials are astonishing.”®

Lightweight alloys, based on Mg, Al, Ti, or Be are an important
class of materials for a plethora of modern technical appli-
cations ranging from automotive and transportation
applications'™ to architecture,>® to corrosion resistant parts for
air- and spacecrafts,” " non-sparking tools,">"? all the way to
materials for medical applications like stents or implants.®™"'*
Intermetallic compounds play an important role in some of
these alloys. For example, the most commonly used aluminum-
based alloys (Al-Cu or Al-Mg-Cu) get their significantly
improved mechanical properties, with respect to elemental Al,
from the formation of intermetallic precipitations like CuAl,
(14/mcem *°) or MgCuAl, (S-phase, Cmcm *¢).-7~*°
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Alloys from the Ti-Al system for example are described as
some of the best materials for aircraft and gas turbines due to
their low density and high mechanical strength.”">*> However,
their corrosion resistance, especially at high temperatures, is
insufficient, thus, alloying with different elements or defined
structuring was employed.>*">* Therefore, oxidation studies of
these compounds are an important field of research.”>° Ni-
Al alloys, in contrast, are of great importance when it comes to
corrosion stability under extreme conditions. It has been
shown in NiAl, that aluminum atoms, due to their high oxo-
philicity, form a protective layer of aluminum oxide Al,O; (cor-
undum, space group R3m) when exposed to air at elevated
temperatures,  protecting  the  unreacted  substance
underneath.>*™? The addition of small amounts of CaAl, to an
aluminum alloy was shown to increase the protection of the
surface from damage through oxidation.*

From a synthetic and preparative point of view, the oxi-
dation of intermetallics or alloys could be used to synthesize
ternary oxides from binary starting materials, quaternary
oxides from ternary phases and so on. Hoppe and co-workers
prepared different AMO, phases (A = Li-K, M = In, Tl) from the
Zintl phases NaTl, KTl, and Liln.>*>° Also, CsAuO could be
obtained by the reaction of CsAu with dry O,.%” The high-temp-
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erature superconductor YBa,CuzO,_s 38 could also be prepared
by the oxidation of BaCu and YCu as well as related
compounds.’**' Jung and coworkers finally used a wide
variety of homo- and heterogeneous alloys for the synthesis of
a plethora of different oxides.*>™° For example, TI/Ni/P alloys
were used for the synthesis of different phosphates, e.g.
TINi4(PO,);, TI4Ni,(PO4)s, and TI,Niu(P,0,)(PO,), ** while the
oxide-oxovanadate TICu;0(VO,); °>° was obtained from TI/Cu/V
alloys.

However, studies that closely examine the specific oxidation
behavior of a phase-pure and well-defined intermetallic com-
pound as a starting material are rare. One example is from
Grin and coworkers reporting on the behavior of CaAg, in cata-
Iytic ethylene epoxidation reactions.”® They observe the for-
mation of elemental Ag besides Ca,Ag; and CaO, Ca(OH), as
well as CaCO; based on the different reaction pathways during
catalysis. Furthermore, due to the large variety with respect to
composition and elemental combinations, one could think
about using binary intermetallics as starting materials for the
synthesis of e.g., new ternary oxides/chalcogenides/halides that
might not be targetable via classic reactions of the respective
binary oxides/chalcogenides/halides. Moreover, one can learn
a lot not only about the stability of the intermetallic com-
pounds, but also about the formation of the reaction products
and the underlying reaction mechanisms. One of the rare
studies applying this approach was successfully presented by
Hoch and coworkers synthesizing ternary compounds in the
system Li,GayX, (starting with the equiatomic LiGa intermetal-
licand X =N, S, 0).”*

The present paper focuses on the oxidation of the cubic
Laves phase CaAl, (Fd3m). One might immediately think of
CaAl,04 (Ca0-Al,03; CA; P2,/c)* as the most likely oxidation
product since it has the same Ca to Al ratio as the intermetal-
lic compound. In addition to the RT phase, two high-pressure
polymorphs (own type, P2,/m; CaGa,O, type, P2,/c, CaV,0,
type, Pnma) have been reported.>*>> Other oxides in the
ternary system Ca-Al-O, that might be possible oxidation pro-
ducts, are e.g. orthorhombic CasAlsOq, (5 CaO-3 Al,03; C5A3;
Cmc2,),>® cubic CazAl,06 (3Ca0-Al,05; C3A; Pa3)® or cubic
Ca;Al14033 (12 CaO-7 Al,O3; mineral mayenite, C12A7;
I43d).>® The latter one has gained a lot of attention within
the last two decades due to its ability to form an
electride.®*®" In the course of this paper, different
approaches to oxidize CaAl, are described along with thermo-
analytical investigations, compositional studies via Rietveld
refinements of the powder X-ray diffraction data, >’Al NMR
studies, and DFT calculations to investigate the respective
stabilities leading to a concise picture of the oxidation
mechanism of CaAl,.

2 Experimental
2.1 Synthesis

Precursor CaAl,. Calcium pieces (ChemPur, Karlsruhe,
Germany, 99.5%) and aluminum pellets (Onyxmet, Olsztyn,
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Poland, 99.99%) were used as received as starting materials for
the synthesis of the intermetallic precursors CaAl, and
nominal “CaeAl,”. The binary starting materials were prepared
on a 350 mg (nominal CaeAl;) and 400 mg (CaAl,) scale. The
Ca pieces were stored under an argon atmosphere, surface con-
taminations were removed mechanically prior to use. The syn-
thesis of the binary compounds was carried out in a custom-
build arc furnace. Elements were transferred under argon into
a water-cooled copper hearth and arc melted under dried
argon at 800 mbar.®”> The argon was purified prior to use with
titanium sponge (873 K), silica gel, and molecular sieves. To
avoid evaporation of Ca, the Al pieces were piled on top and
enclosed in Al foil. Careful melting created an encapsulation
of the Ca pieces. The resulting bead was turned over and
remelted three times to increase the homogeneity. The weight
loss in all cases was <1 mass%. As-cast samples are silver
metallic, ground powders are grey and stable in air over
months.

Solid-state synthesis. The conventional solid-state synthesis
was carried out in a chamber furnace (HTC 03/16/P330,
Nabertherm, Lilienthal Bremen, Germany) under ambient con-
ditions starting from of Ca(NO;),-4 H,O (Merck, Darmstadt,
Germany, >99.0%) and Al(NO;);-9 H,O (Merck, Darmstadt,
Germany, >99.99%) with molar ratios of 1:1 and 1:2. The
starting materials were mixed in an agate mortar, transferred
to a corundum boat, and heated to 1473 K with a heating rate
of 1.6 K min~". After calcinating for 4 h, the chamber furnace
was turned off and the sample was cooled to room
temperature.

Oxidation of CaAl,. Oxidation reactions were performed in
an STA system (TGA/DSC 1 Star HT/1600 system, Mettler
Toledo, Columbus, OH, USA), a muffle oven, a custom-built
oxidation tube furnace or in an induction furnace. A muffle
oven model N 11/Hr (Nabertherm, Lilienthal Bremen,
Germany) with a C30 temperature control unit was used at
ambient pressure and atmosphere. The intermetallic powders
were directly used and placed in porcelain (likely to be a
mixture of Al,03;, SiO, and MgO) boats. All oxidation experi-
ments using a muffle oven were performed under air at 1273 K
reached within ~5.5 h (~3 K min™"). The samples were dwelled
at 1273 K for different durations (vide infra). Afterwards, the
oven was allowed to cool to room temperature with the door
closed (=20 h; ~1 K min™").

Oxidation reactions using higher O, concentrations were
carried out in a custom-built oxidation furnace (Carbolite Gero
GmbH & Co. KG, Neuhausen, Germany). The samples were
placed in porcelain boats and centered in the tube furnace.
The argon was purified prior to use with titanium sponge
(873 K). The flow rates of Ar/O, or pure O, were regulated
using variable area flow meters (Kobold Messring GmbH,
Hofheim am Taunus, Germany). For the reactions using 50%
0,, the flow rates were 20 mL min™" O, and 20 mL min~" Ar,
for the reactions using pure O, a flow rate of 20 mL min™~" was
used.

Finally, oxidation reactions were tested in a high-frequency
furnace (Typ TIG 5/300, Hiittinger Elektronik, Freiburg,
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Germany). For these experiments, the samples were pressed to
pellets, placed in corundum crucibles which in turn were
placed in the water-cooled reaction chamber and heated to
approximately 1073 K under vacuum. After a constant
temperature was reached, the sample chamber was opened
to air, which exposed the red glowing sample to the
atmosphere.

2.2 Thermal analysis

Simultaneous thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) were carried out with a
TGA/DSC 1 Star HT/1600 system (Mettler Toledo, Columbus,
OH, USA) under an Ar/O, atmosphere with flow rates of
40 mL min~' each. Temperature programs are given with
the experiments, the heating rates were typically 20 K min™"
if not specified otherwise. Samples were placed into
alumina crucibles (¢ 6 mm, 2 = 4.5 mm) for the STA
measurements.

2.3 X-ray diffraction

Powder X-ray diffraction (PXRD) patterns of the pulverized
samples were recorded at room temperature on a D8-A25-
Advance diffractometer (Bruker, Karlsruhe, Germany) in Bragg
Brentano 6-6-geometry (goniometer radius 280 mm) with
CuKo-radiation (4 = 154.0596 pm). A 12 pm Ni foil working as
Kp filter and a variable divergence slit were mounted at the
primary beam side. A LYNXEYE detector with 192 channels
was used at the secondary beam side. Experiments were
carried out in a 20 range of 6-130° with a step size of 0.013°
and a total scan time of 1 h. The recorded data was evaluated
using the Bruker TOPAS 5.0 software®® and the fundamental
instrument parameters were used to fit the data.

To investigate the phase composition of the powder
samples synthesized by the solid-state approach, diffraction
experiments were performed on a Stoe Stadi P diffractometer
(STOE & Cie. GmbH, Darmstadt, Germany) using Ge(111)-
monochromatized primary X-ray radiation (MoKay, 4 =
0.7093 A) and a Mythen 1K detector (Dectris AG, Baden-
Daettwil, Switzerland). Data acquisition and processing were
carried out in Winxpow.®* The X-ray diffraction patterns were
taken in the 26 range from 2.0 to 46.0 with a step size of 0.015°
and 29.0 s per step. Rietveld refinements based on the powder
data was performed in Topas 4.2.%°

2.4 Scanning electron microscopy/energy dispersive X-ray
spectroscopy (SEM/EDX)

Semiquantitative EDX analyses of the bulk samples were con-
ducted on a JEOL 7000F (Jeol, Freising, Germany) equipped
with an EDAX Genesis 2000 EDX detector (EDAX,
Unterschleissheim, Germany).

2.5 27Al solid-state MAS NMR

’Al solid-state MAS NMR spectra were recorded using a
Avance III 400 WB (Bruker, Karlsruhe, Germany) at
104.35 MHz using magic-angle spinning (MAS) and static con-
ditions. The samples were used as fine powders. To reduce
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density and electrical conductivity, samples were mixed with
dried sodium chloride in a ratio of 1:9 or higher contents of
NaCl if the amount of sample was not enough. The diluted
samples were loaded into a cylindrical ZrO, rotor with a dia-
meter of 4 mm and spun at the magic angle at a frequency of
13 kHz. All experiments conducted were single-pulse experi-
ments with a typical pulse length of 0.83 us (*30° pulse) and a
relaxation delay of 1 s. Resonance shifts were referenced to an
aqueous 1 molar AlCI; solution. The NMR spectra were
recorded using the Bruker Topspin®® software; the analysis was
performed with the help of the Dmfit software.®”

2.6 Quantum-chemical calculations

Electronic structure calculations of the compounds in the
binary and ternary systems Ca-O/Al-O/Ca-Al-O were per-
formed using the projector augmented wave method (PAW) of
Blochl®®® coded in the Vienna ab initio simulation package
(VASP).”>”*  VASP calculations employed the potentials
PAW_PBE Ca_sv 06Sep2000, PAW_PBE Al 04Jan2001, and
PAW_PBE O_h 06Feb2004. The cutoff energy for the plane
wave calculations was set to 800 eV and the Brillouin zone inte-
gration was carried out using a k-point mesh with a spacing of
~0.02 for all compounds.

3 Results and discussion

3.1 Crystal structures and precursor characterization

The cubic Laves phase CaAl, (MgCu, type, Fd3m) was prepared
from the elements and characterized by powder X-ray diffrac-
tion. Phase pure samples with respect to the measurement
technique were obtained and subsequently used in the oxi-
dation experiments. In the cubic crystal structure
(a = 804.02(1) pm), the Al atoms (Al on 16¢ with 0,0,0) form
empty Al, tetrahedra which are connected over all corners
forming a network. The Ca atoms (Ca on 8b with 3/8,3/8,3/8)
are found within the cavities of said framework adapting the
topology of cubic diamond (Fig. S1}). More information about
the structural chemistry of Laves phases can be found in a
recent review article.”> *’Al solid-state NMR investigations
showed an intense central line originating from the |[+1/2) &
|-1/2) transition which can be modelled with a Gauss-Lorentz
fit. The resonance signal can be found at § = 1091 ppm
(Fig. $21), in line with the literature.””*

CapAl4033 (C12A7) sometimes also referred to as
CagAl;046.5, crystallizes in the cubic crystal system with space
group I43d (Fig. 1a). The compound can be obtained by solid-
state synthesis from the reaction of 12 equivalents of CaO with
7 equivalents of Al,O;. However, during single crystal”> and
neutron powder investigations’® it became clear, that the struc-
ture exhibits defects of oxygen atoms (position O3) and the
formation of an electride can be observed upon removal of
this oxide anion. This is possible by e.g. the reaction of the
mayenite with Ti or V under an inert gas atmosphere.’”°! In
the crystal structure, the Ca atoms are coordinated by seven
oxygen anions (d(Ca-O) = 239-252 pm) in the shape of a dis-

This journal is © the Partner Organisations 2024
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Fig. 1 (a) Unit cell and coordination polyhedron of the (b) Ca atoms in

cubic Cas,Al4Oz3 (143d, own type, mayenite). (c) and (d) coordination of
the All and Al2 atoms. Ca atoms are depicted in green, Al atoms as light
and dark orange, and O atoms as light blue, blue, and cyan circles. The
All atoms and their polyhedra are shown in light, the Al2 atoms and
their polyhedra in dark orange. The connecting O1 atoms in the [AlO,4]
tetrahedra are depicted in blue, the terminal O2 atoms in cyan, and the
only partially occupied O3 sites in light blue. Wyckoff positions and site
symmetries are given.

torted mono-capped trigonal prism (Fig. 1b), while the two
crystallographically distinct Al atoms are tetrahedrally sur-
rounded by four O*>~ anions and form a network. While all
four corners of the [Al20,] unit (Fig. 1d; d(Al-O) = 172 pm) are
connected to [Al10,] tetrahedra, one corner of the latter is
terminal (Fig. 1c; d(Al-O) = 174 + 178 pm). Finally, O3 is not
part of the tetrahedral network, but is only found in the
coordination environment of the Ca atoms.

CaAl,O, crystallizes, despite what one might expect, not in
the cubic MgAl,O, type (spinel) but in the monoclinic crystal
system and adopts its own structure type with space group
P2,/c. The [AlO,] tetrahedra (d(Al-O) = 172-178 pm) arrange as
layers in the ac-plane formed by six-membered rings with two
different topologies (Fig. 2a). In one ring, the [AlO,] tetrahedra
are oriented according to UDUDUD (U = up, D = down) while
the neighboring rings orient UUDDUD (Fig. 2b). These layers
are stacked along [010] whereas the connected layer has the
inverse arrangement of the tetrahedra. Of the three crystallo-
graphically independent Ca atoms, Cal and Ca2 exhibit sig-
nificantly deformed octahedral coordination environments
(Fig. 2c and d) while Ca3 has nine oxidic neighbors in the
shape of a distorted tri-capped trigonal prism (Fig. 2e).
The distances in the octahedra (d(Ca-O) = 229-272 pm) are
slightly shorter than the ones in the Ca3 polyhedra (d(Ca-O) =
234-317 pm).

This journal is © the Partner Organisations 2024
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Ca3
4e (1)

Fig. 2 Unit cell of the of monoclinic CaAl,O4 (P2;/c, own type) in (a)
side view and (b) along [010]. (c—e) Coordination environments of the
Ca atoms. Wyckoff positions and site symmetries are given. Ca atoms
are depicted in green, Al atoms as orange and O atoms as blue circles.
The two layer-like arrangements of the [AlO,4] tetrahedra are depicted in
light and dark orange.

3.2 Oxidation of CaAl, under STA conditions

First reactions targeting the oxidation behavior of the cubic
Laves phase CaAl, were performed in an STA (Simultaneous
Thermal Analysis) system. The powdered samples were heated
in an Al,O; crucible with two different gas flows of O, (reaction
gas): Ar (inert gas) in a 1: 4 ratio mimicking air as well as in a
1:1 ratio for more oxidizing conditions. Fig. 3 and Table 1
summarize the resulting data of the thermal analysis. For all
measurements a maximum temperature of 1273 K was chosen,
heating rates are given in Table 1. At first, for both gas mix-
tures, immediate cooling after reaching the maximal tempera-
ture was chosen. The mass change remains almost constant
until an onset temperature of ~800 K is reached. An increase
of ~40 mass% can be observed over at least two steps,
however, a steady state is reached when reaching the
maximum temperature. The heat flow confirms that the oxi-
dation takes place in two close steps due to two signals at
Tpeak,1 = 1165 and Tpear, = 1183 K. Using the same experi-
mental conditions in the STA experiments (Tiax = 1273 K, 20 K
min~") but adding an isothermal section of 5 h at 1273 K leads
to a very similar result. The total mass gain is slightly higher
(~50 mass%), however, the onset and peak temperatures in
the heat flow are almost identical. Once reaching the
maximum temperature, an additional mass gain of ~8 mass%
occurs during the 5 h annealing step. It must be noted that
the mass gain is significantly lower compared to the expected
mass gain (69 mass%) for the total oxidation of CaAl, to
CaAl,04. In both cases, white-grey powders were obtained
which are stable in air. The diffraction patterns indicate the
formation of mayenite Ca,;,Al;,033 (12 CaO-7 Al,03, C12A7) as
the main phase. In addition, the targeted oxidation product
CaAl,0,, as well as elemental aluminum (Fm3m), and calcium

Inorg. Chem. Front,, 2024, 11, 286-297 | 289
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STA experiments (a and c) and the corresponding Rietveld refinements (b and d) of the collected powder X-ray diffraction data.

Table 1 Results of the Rietveld refinements from powder X-ray diffraction data of the STA treated samples. All specimen were heated to 1273 K
with different O, : Ar ratios and different dwelling times. The standard deviations for the determined mass% are +1 mass%

Phase contributions obtained by PXRD (mass%)

Ar: O, ratio (%) Dwelling time (h) Heating rate (K min™") Cay,Al;403; CaAl,0, CazAl,06 CaO Al O3 Al Figure

80:20 0 20 72 7 5 3 3 10 Fig. S37
5 20 62 11 10 1 9 7 Fig. Saf

50:50 0 5 75 9 1 0 9 6 Fig. S5
0 10 73 11 1 0 7 8 Fig. S6
0 20 66 8 3 6 6 11 Fig. S77
0 40 69 9 5 2 5 10 Fig. S8F
5 5 71 13 2 0 9 5 Fig. SO
5 10 68 14 4 0 9 5 Fig. S107
5 20 65 14 2 0 11 8 Fig. S111
5 40 56 11 14 2 12 5 Fig. S1271

oxide (Fm3m) could be identified. Besides a heating rate of
20 K min™", also heating rates of 5, 10, and 40 K min™" were
used, however, the obtained phase compositions are in line
with the ones shown before. Table 1 lists the results from the
powder X-ray diffraction for the different heating rates and
annealing times. The powder X-ray diffraction patterns can be
found in the ESIt under the numbers given in the table.

It is interesting to note, that CaAl, reacts with O, and
initially forms Ca;,Al;14,033 (mayenite) instead of directly react-
ing to CaAl,0, being the reaction product of a stoichiometric
reaction. This is especially surprising since Ca;,Al;,033 has a
different Ca:Al ratio with respect to the starting material
CaAl,. However, using prolonged reaction times, CaAl,O, is

290 | /norg. Chem. Front., 2024, M, 286-297

successively formed (Scheme 1). At the same time, the
amounts of Al and CaO decrease while more Al,O; is formed.
The fact, that CaAl, vanishes completely but at the same time
elemental Al is found gives rise to the hypothesis that the oxi-
dation of the intermetallic phase, which is happening on the
surface of the crystalline powder, is accompanied by a
decomposition of the Laves phase into CaO and elemental Al,
which is subsequently oxidized to Al,O;.

What is even more striking is the fact that a ‘classical’ solid-
state reaction starting from Ca(NOj),-4 H,O and Al(NOj;);-9
H,0 shows comparable results. An equimolar reaction of the
two salts leads to almost phase pure Ca;,Al1,03;3 (Fig. S377),
while a reaction in a ratio of Ca(NOs),-4 H,O with 2 Al(NO3);-

This journal is © the Partner Organisations 2024
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direct stochiometric reaction

CaAl, +2 O,

43

CaAl,0,

1273 K
1273 K -
Ca12A|14033 + Cal +Al + A|203

Scheme 1 Reaction pathway for the oxidation of CaAl, with elemental O,.

9 H,O leads to Ca;,Al;,033, monoclinic CaAl,0, (C2/c), and
CaAl,0, (Fig. S38t). This is somehow expected, since the reac-
tion occurs from a stoichiometric mixture leading to a Ca-rich
besides a Ca-poor phase and the desired reaction product.
This clearly shows, that the mayenite type structure is the
initial product formed in all these reactions.

To prove that elemental Al is formed during this reaction,
*’Al NMR spectra of the oxidation products were recorded.
They reveal that the signal of CaAl, (§ = 1092 ppm) disappears,
however, four resonances at § = 1640, 85, 79, and 11 ppm
appear (Fig. 4). The resonance at § = 1640 ppm corresponds to
elemental Al””"”° while the one at § = 11 ppm corresponds to
Al,0,.%° The rather broad signals at ~80 ppm can be attributed
to Ca;pAly405; according to the literature.’’ Due to the two
different coordination environments of the Al atoms (vide
supra), two signals arise, showing significant overlap. As

a)
—— CaAl, STA 500 °C

CaAl, STA 1000 °C

CaAl,
8 =1092 ppm

elemental Al
8 = 1640 ppm

b)

oxidic species
8 ~0-100 ppm

N

« CaAl,
* Al2(CaAl,)
« Al1(CaAl,)

T T T T T 1
800 400 0 -400 -800

527Al

I T T T T T T T
2400 2000 1600 1200

c)

Al1 (C12A7)

<
<
N
=
e
o
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T
0 -100
37AI

r T 1
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Fig. 4 %Al NMR investigations of the oxidation product (b) of CaAl (a).
The full spectrum is shown in the top panels, a zoom of the region of
the oxidic species at the bottom (c).
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reported, the sharp signal at 8is,(>’Al) = 79 ppm is caused by
the [Al20,] entities (Q) forming the framework while the
broad signal at 6;,,(>’Al) = 85 ppm originates from the branch-
ing [Al10,] units (Q®) containing one terminal oxygen atom.

To summarize the STA and solid-state experiments, it can
be concluded that all reactions are exothermic, however,
instead of CaAl,0,, the expected oxidation product, first
Ca;,Al1403; is formed, especially when using short annealing
times. In addition, it is quite intriguing, that elemental Al is
formed, leading to the assumption, that CaAl, decomposes
into a ternary oxide and elemental Al. Finally, it can be con-
cluded, that the reaction is a surface reaction as the oxidation
process stops at a certain point. Therefore, the oxidation in air
was performed in different approaches (vide infra).

3.3 Oxidation of CaAl, in air in a muffle furnace

After the observations made during the oxidation reactions
carried out in the STA system with different heating rates and
O,/Ar mixtures, bulk oxidations were carried out using air. For
these reactions, the powdered CaAl, sample was treated using
different heating schemes (Scheme 2). For all reactions the
samples were heated to 1273 K followed by different isother-
mal steps: (1) annealing of different samples for 1, 5, 48 and
96 h, (2) annealing of the same sample for 1, 1, 5, 10 and 20 h
with intermediate grinding of the sample between the heating
cycles and (3) 10 cycles of heating a sample to 1273 K followed
by direct cooling to RT and subsequent grinding. In addition,
five samples were simultaneously heated to 1273 K kept for
one hour and analyzed subsequently to get an idea about the
standard deviation regarding the chemical composition of the
samples. The results of the X-ray diffraction experiments indi-
cate that the product composition is very consistent among
this batch of five samples (Table S1t). Fig. 5a-c summarizes

CaAl,
o| < | T o
c . . @
o =9 Increasing 3 8
cTID annealing o D
o c| © . > 8
O S| times 5 a
D © < S w
5 ElS v X
P8l @
CaAl,0, + Ca,,Al,,Os,
(+ Ca0 +ALO,+ Al)
Scheme 2 lllustration of the three different synthetic approaches for

the oxidation reaction of CaAl,. For details see manuscript text.
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Fig. 5 Results of the Rietveld refinements of the different oxidation
approaches of CaAl,. (a) single long-term annealing, (b) repeated
heating to 1273 K followed by grinding, and (c) increasing annealing
times with intermediate grinding. The values are documented in Table 2.

the results of Rietveld analysis of the products after the muffle
oven syntheses (1-3), the numbers are given in Table 2. It is
clearly visible, that for all synthesis strategies, Ca;,Al;403; is
primarily formed. The obtained amount of CaAl,O, increases
with increasing reaction time in syntheses when only a single
oxidation step is conducted (Scheme 2, green; Fig. 5a).
However, increasing the reaction time from 1 to 5 to 12 to 24
to 48 to even 96 h only slightly increases the weight-fraction of
the targeted oxidation product CaAl,O,. In the case of multiple
short oxidation steps (dwelling only for 1 min at 1273 K) and if
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the product is ground in blank between (Scheme 2, red;
Fig. 5b), the obtained amount of the target phase CaAl,0, also
increases rather slowly. These observations indicate that long
reaction times or multiple steps alone do not lead to the for-
mation of the desired compounds, let alone phase-pure
materials. Finally, using a combination of both, prolonged
reaction times and multiple annealing steps with in between
grinding of the sample, gives the largest amounts of CaAl,0,
(Scheme 2, blue; Fig. 5c¢). After five annealing steps with
increasing reaction times a maximum of 90 mass% CaAl,0,
was obtained. In the same fashion, repetitive annealing for 5 h
each was conducted over 100 h leading to the same result
(Fig. S13 and Table S2t).

The final product described above was also investigated by
%7 Al NMR spectroscopy. Here, one main signal at § = 78 ppm is
observed (Fig. 6) alongside two minor resonances at § =
1640 ppm (elemental Al777°) and & = 14 ppm (Al,0;%°) and a
vast spinning side band manifold originating from the satellite
transitions of *’Al (I = 5/2). The chemical shift of the main
resonance as well as the quadrupolar interaction (Cq =
6.5 MHz) and the asymmetry parameter (7 = 0.89) is in very
good agreement with the literature.®’

3.4 Oxidation of CaAl, in different O,/Ar mixtures

To verify that nitrogen and other atmospheric components do
not play a critical role in the described oxidation processes,
the reactions were repeated in a tube furnace using a mixture
of 50% 0,/50% Ar and 100% O, at temperatures of 1273 K and
different reaction times. The results from the reactions in the
muffle furnaces clearly indicate, that intermediate grinding is
key to getting high amounts of CaAl,0, in the oxidation
product, therefore, the samples oxidized in high O, concen-
trations should give comparable results. Indeed, as documen-
ted in Table 3, Ca;,Al;,05; is formed as the main phase under-
lining that surface nature of the oxidation, regardless of the O,
to Ar ratio and the reaction time.

As an intermediate conclusion the following aspects can be
summarized:

(1) the oxidation of CaAl, in O,/Ar mixtures or in air is a
diffusion or even self-limited surface reaction, therefore,

(2) intermediate grinding is essential to remove the
oxidic layer and allow for a continuation of the reaction.

(3) Only oxygen seems to play a role in the conducted
reactions, N, and other constituents of the air are not
necessary.

(4) Cay,Al;40;53 is the initial product in all reactions
which subsequently disappears, rendering the mayenite phase
the kinetic product while CaAl,0, is the thermodynamic
product.

Subsequently, two final questions must be addressed: (1)
why is Ca;,Al 4033 formed at first and (2) what is the mecha-
nism of the oxidation?

3.5 Oxidation of CaAl, in an induction furnace

As already shown, Ca;,Al;,033 forms as initial (intermediate)
product. This compound is significantly richer in Ca compared

This journal is © the Partner Organisations 2024
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Table 2 Summary of the Rietveld fit results of the powder X-ray diffraction data collected from the samples oxidized in a muffle furnace in air. The
samples were all heated to 1273 K (~15 K min™%) with different dwelling times and processing. The standard deviations for the determined mass% are

+1 mass%

Phase contributions obtained by PXRD (mass%)

Dwelling time (h) Total time (h) Cay,Al1405; CaAl,O, CaOo Al,O5 Al Figure
Single long-term annealing
1 73 8 2 10 7 Fig. S141
5 5 70 12 1 10 7 Fig. S15F
48 48 65 18 0 11 6 Fig. S167
96 96 60 24 0 11 5 Fig. S171
Increasing annealing times with intermediate grinding
1 1 74 7 2 9 8 Fig. S1871
1 2 64 18 1 14 3 Fig. S191
5 7 44 39 1 14 2 Fig. S207
10 17 24 62 1 12 1 Fig. S211
20 37 13 75 0 11 1 Fig. S22F
20 57 6 85 0 9 0 Fig. S231
20 77 0 92 0 8 0 Fig. S241
20 97 0 92 0 8 0 Fig. S251
Phase contributions obtained by PXRD (mass%)
Number of cycles Ca;,Al;,033 CaAl,O, CaO Al,O4 Al Figure
Repeated heating to 1273 K followed by grinding
1 72 0 8 11 9 Fig. 5261
2 67 9 6 12 6 Fig. S271
9 64 16 3 15 2 Fig. 52871
10 63 17 3 15 2 Fig. S291
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Fig. 6 Al NMR investigations of the oxidation product of CaAl, (black
line) plotted versus the fitted data (red line). The full spectrum (a) is
shown in the top panel, a zoom of the region (b) of the oxidic species at
the bottom.
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Fig. 7 Convex-hull diagram (formation energy per atom versus chemi-
cal composition) for the ternary system Ca—Al-O with respect to the
binary oxides CaO and Al,Os. The formation energy per atom is obtained
from DFT calculations.

to the starting material CaAl,. In addition, elemental Al can be
observed, leading to two possible scenarios: Ca atoms diffuse
to the surface enabling the formation of a more Ca-rich com-
pound or Al atoms diffuse away from the surface leaving a Ca-
rich phase. This question has been addressed by the following
experiment. A sample of CaAl, was pressed to a pellet and
placed in a corundum crucible inside an induction furnace.

Inorg. Chem. Front., 2024, 11, 286-297 | 293
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Table 3 Summary of the Rietveld fit results of the powder X-ray diffraction data collected from the samples oxidized in a tube furnace using
different Ar to O, ratios. The samples were all heated to 1273 K (x4 K min~%) with different dwelling times

Phase contributions obtained by PXRD (mass%)

Ar: O, ratio (%) Dwelling time (h) Ca;,Al14033 CaAl,0,4 Ca3Al,06 CaO Al O3 Al Figure

50:50 0 73 9 0 0 9 9 Fig. S307
0:100 0 78 3 0 1 9 9 Fig. S3171
0:100 5 72 9 2 0 10 7 Fig. S321

The sample chamber was evacuated and subsequently, the
sample was heated to ~1273 K. At this temperature, the
sample chamber was opened to air. Due to the oxidation of
the sample, the induction heating is quenched since the
formed oxides to not interact with the induction field
anymore. The powder X-ray diffraction pattern of the resulting
product is shown in Fig. S33t. Besides the expected oxidation
product Ca;,Al;4033 (6 mass%), CaAl, remains as unreacted
educt with 49 mass%. Additionally, CaO (6 mass%) and CaAl,
(39 mass%) can be observed. This unambiguously leads to the
conclusion that Ca atoms diffuse to the surface of the par-
ticles, leaving the Al-rich intermetallic phase CaAl,. If the Al
atoms would be the determining species, elemental Al should
have been visible in this experiment.

3.6 Oxidation reactions of the composition ‘CagAl,’

Finally, due to the observation that CaAl, does not fully oxidize
to CaAl,0, but forms Ca;,Al 4,033 at first, attempts were made
to obtain the latter compound as main product. For this,
nominal ‘CagAl,’ was prepared by arc-melting of the elements
having the Ca:Al ratio equal to that of Ca;,Al140;;.
Characterization by powder X-ray diffraction revealed that a
mixture of CaAl, and CagAl; has formed (Fig. S34%). The
sample was again investigated via STA measurements (heating
20 K min~", Tpax = 1273 K, cooling 20 K min™") with and
without an isothermal section of 5 h (Fig. S35 and S367). In
contrast to the previous STA investigations, the TG curves show
a two-step mass increase in agreement with the simultaneously
measured DSC indicating two exothermic reactions. One
signal is observed around T ~ 823 K, the second at 1000 K.
The latter temperature can be correlated with the oxidation
process of CaAl, described above although the temperature is
lowered by almost =150 K. The step at lower temperatures
therefore must be attributed to the oxidation reaction of the
second intermetallic compound present, CagAl;. Rietveld ana-
lysis of the powder diffraction pattern from the oxidation
product obtained without the isothermal section revealed the
formation of the mayenite phase alongside traces of CaO,
Al,O;, and elemental Al, similar to the investigations using
pure CaAl, as a precursor. The samples that were dwelled for
5 h at 1273 K showed a decrease of the amount of the mayenite
phase in favor of the formation of the Ca-rich cubic oxide
Ca3Al, 04 (Pa3)*” with a significant amount of 21 mass%. This,
however, is not that surprising, since CagAl; is a Ca-rich com-
pound and therefore most likely the source for cubic CazAl,Os.

294 | Inorg. Chem. Front,, 2024, 11, 286-297

3.7 SEM/EDX

Two samples were additionally investigated via EDX. The
sample with the highest content of CaAl,O,, obtained after
97 h of annealing with intermediate grinding (last data point
in Fig. 5¢ and Fig. S257) as well as the sample obtained by oxi-
dation in pure O, after 5 h (Fig. S321). While the latter con-
tains significant amounts of Ca;,Al;,033, the first one contains
only CaAl,0, (=90 mass%) besides Al,O3. Area scans on the
sample annealed for 97 h show the expected Ca to Al radio of
1:2 (34(1) to 66(1) at%) while the mayenite containing sample
exhibits a Ca to Al ratio of 1:1.4 (42(1) to 58(1) at%) in good
agreement with the 12 : 14 ratio of mayenite.

3.8 Quantum-chemical calculations

To address the final question why Ca;,Al;4033 is formed as the
first oxide, the stability of the different phases in the ternary
system Ca-Al-O was investigated via quantum-chemical calcu-
lations. The formation energy per atom was calculated, result-
ing in the convex-hull diagram given in Fig. 7. In these plots
the stability of the respective oxidic compounds relative to the
energy of their constituent binary oxides is shown (Table S37).
At 0 K, every calculated ternary compound can be obtained by
the reaction of appropriate amounts of CaO and Al,O; since
their formation energy per atom is larger (more negative) than
the average energy per atom between the two binaries (dashed
line in Fig. 7).

When calculating the energy difference between the for-
mation energy per atom and the average energy per atom, it
becomes clear that of the two observed compounds, CaAl,0, is
the most stable compound (AE = -0.248 eV) in this system.
However, Ca;,Al;,03; has only a slightly smaller energy differ-
ence (AE = -0.227 eV) rendering this compound kinetically
stabilized, nicely underlining why this phase is initially
formed. In addition, the fact that the Ca;,Al,;,03; can exhibit
oxygen vacancies can also play a role here. It could be possible,
that the O-deficiencies lead to an entropic stabilization at
higher temperatures, however, this cannot be addressed by our
calculations.

4 Conclusion

The oxidation of the well-defined, phase-pure, and highly crys-
talline intermetallic phase CaAl, (MgCu, type, cubic Laves
phase) was studied by thermal analysis and different bulk oxi-

This journal is © the Partner Organisations 2024
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dation reactions in air and various O,/Ar mixtures. STA investi-
gations indicate that the oxidation reaction starts above
~1100 K and is highly exothermic. The observed mass gain
(=40 mass%) is significantly lower compared to an expected
full oxidation (69 mass%). Adding a 5 h isothermal section at
the maximum temperature of 1273 K leads to a mass gain of
about 50 mass%. Powder X-ray diffraction experiments on the
oxidation products indicate a multi-phase mixture with cubic
mayenite type Ca;yAl;4033 being the main product.
Additionally, Al,O; and elemental Al were observed in signifi-
cant amounts. The formation of the Al containing compounds,
as well as the disappearance of the starting material, was con-
firmed by ?’Al MAS NMR spectroscopy. Bulk studies could
show that the oxidation of this intermetallic compound is a
surface reaction. However, short reaction times are not
sufficient to obtain the expected oxidation product CaAl,0,.
Samples with high amounts of the targeted compound could
be obtained by multiple prolonged reactions with intermediate
grinding. The formation of the intermediate product
Ca;,Al;4033 was underlined by DFT calculations, which
yielded the energy of formation per atom for most known com-
pounds in the ternary Ca-Al-O system. Finally, rapid quench-
ing of the oxidation reaction could prove that the Ca atoms
diffuse towards the surface of the particle, explaining the for-
mation of elemental Al as an intermediate. This type of syn-
thesis opens a totally new synthetic approach for ternary and
even multinary oxides due to the manifold among the interme-
tallic starting materials and enables studies on the mechanism
of the oxidation of different intermetallics.
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