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cationic species are well-mixed [9,10], and (2) C3A + CA at high temperatures (>1100 ◦C), observed
when long diffusion lengths of reactants are present [7,8]. Recent in situ kinetic studies suggest that
different pathways might occur with C12A7 being a kinetically favorable phase to form directly at
lower temperature and C5A3 only observed as a decomposition product of C12A7 [11].Materials 2018, 11, x FOR PEER REVIEW  3 of 22 
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Figure 2. Comparison of the ordered layered C5A3 structure (left ) and the C12A7 cage structure 
(right ). Ca cations and coordination polyhedra are shown in gray, Al cations and coordination 

polyhedra are shown in orange, and oxygen anions are shown in white. Reproduced from Salasin and 

Rawn [5]. 

The relationship between C3A, CA, and C5A3 is further elucidated when investigating the 
decomposition of C12A7. The presence of occluded anions is heavily correlated to the stability of the 
clathrate structure, and in the absence of any template anions, i.e., under dry and/or reducing 
conditions, C12A7 is not thermodynamically favorable and decomposes. This was first observed in 
single crystal growth experiments where moisture  or oxygen was needed to nucleate the C12A7 
framework [3]. The decomposition products were reported to vary based on process temperature and 
were either C5A3 + C3A or C3A + CA; a historical summary of formation products in various 
oxidizing, reducing, inert, dry, and hydrated atmosp heres has been compiled by Kim et al. [3,12]. As 
the breadth of electride formation research grows, the decomposition of C12A7 continues to limit 
electride formation at elevated processing temperatures for long process durations. Palacios et al. 
observed the electride formation and subsequent decomposition of electride-C12A7 powder to C5A3 
and C3A through in situ neutron diffraction in a V sample holder heated to 1100 °C under vacuum 
[13]. Ali et al. observed C12A7 decomposition during  electride formation of float zone (FZ) single 
crystals sealed in an evacuated quartz ampule with Ti powder and fired at 1200 °C for 48 h [14]. 
Eufinger et al. conducted a study to identify the diffusion of various anions in the C12A7 structure 
and discovered a correlation between humidity an d decomposition of the C12A7 framework [15]. A 
decomposition analysis found that under dry cond itions, C12A7 decomposes at temperatures above 
1050 °C, which is correlated with the critical mobility limit for Ca ions [15]. This decomposition was 
observed in both inert and oxidative atmospheres, where decomposition times were greater than 24 
h. The decomposition products of C3A + C5A3 or CA + C3A were observed and correlated with the 
temperature and atmosphere conditions during th e initial temperature ramp [15]. Decomposition 
was found to nucleate at the macroscopic crystal defects, which agrees well with the calculated 
Avrami exponent by Palacios et al., suggesting that the limiting rate step of decomposition is the 
growth of the decomposed products around the C12A 7 phase and not the random nucleation of C5A3 
products [13,15]. These decomposition times and temperatures agree with those observed in the 
reduction experiments, but the vacuum and reducing  environments may lead to an increase in the 
rate of the decomposition reaction. Just as in the formation of C12A7, there are two decomposition 
pathways: (1) C5A3 + C3A, and (2) C3A + CA. 
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Figure 2. Comparison of the ordered layered C5A3 structure (left) and the C12A7 cage structure (right).
Ca cations and coordination polyhedra are shown in gray, Al cations and coordination polyhedra are
shown in orange, and oxygen anions are shown in white. Reproduced from Salasin and Rawn [5].

The relationship between C3A, CA, and C5A3 is further elucidated when investigating the
decomposition of C12A7. The presence of occluded anions is heavily correlated to the stability of
the clathrate structure, and in the absence of any template anions, i.e., under dry and/or reducing
conditions, C12A7 is not thermodynamically favorable and decomposes. This was first observed
in single crystal growth experiments where moisture or oxygen was needed to nucleate the C12A7
framework [3]. The decomposition products were reported to vary based on process temperature
and were either C5A3 + C3A or C3A + CA; a historical summary of formation products in various
oxidizing, reducing, inert, dry, and hydrated atmospheres has been compiled by Kim et al. [3,12]. As the
breadth of electride formation research grows, the decomposition of C12A7 continues to limit electride
formation at elevated processing temperatures for long process durations. Palacios et al. observed
the electride formation and subsequent decomposition of electride-C12A7 powder to C5A3 and C3A
through in situ neutron diffraction in a V sample holder heated to 1100 ◦C under vacuum [13]. Ali et al.
observed C12A7 decomposition during electride formation of float zone (FZ) single crystals sealed in
an evacuated quartz ampule with Ti powder and fired at 1200 ◦C for 48 h [14]. Eufinger et al. conducted
a study to identify the diffusion of various anions in the C12A7 structure and discovered a correlation
between humidity and decomposition of the C12A7 framework [15]. A decomposition analysis found
that under dry conditions, C12A7 decomposes at temperatures above 1050 ◦C, which is correlated with
the critical mobility limit for Ca ions [15]. This decomposition was observed in both inert and oxidative
atmospheres, where decomposition times were greater than 24 h. The decomposition products of C3A
+ C5A3 or CA + C3A were observed and correlated with the temperature and atmosphere conditions
during the initial temperature ramp [15]. Decomposition was found to nucleate at the macroscopic
crystal defects, which agrees well with the calculated Avrami exponent by Palacios et al., suggesting
that the limiting rate step of decomposition is the growth of the decomposed products around the
C12A7 phase and not the random nucleation of C5A3 products [13,15]. These decomposition times and
temperatures agree with those observed in the reduction experiments, but the vacuum and reducing
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environments may lead to an increase in the rate of the decomposition reaction. Just as in the formation
of C12A7, there are two decomposition pathways: (1) C5A3 + C3A, and (2) C3A + CA.

Conversion to [Ca24Al28O64]
4+ : e−

(2∗∂)O
2−
(2−∂)

occurs primarily via the reaction of the occluded
oxygen with an oxygen getter [5]. As the electride formation occurs, sample color transitions from
white, through green, to black, and the electrical conductivity transitions through an insulating,
semi-conducting, and metallic conducting regime, respectively [3]. One oxygen getter reduction
method involves processing the synthesized C12A7 powder, single crystal, thin film, consolidated
sample, etc., in a C crucible under flowing inert gas. This generates a strong reducing atmosphere
in the crucible leading to the proposed reduction of the sample via the following reaction
O2−
(cage) + CO(g) → CO2(g) + 2e−

(cage) [16]. This is favorable leading, to a conversion with no post
processing, but the degree of reduction attainable is not well-reported or discussed and it appears
that only limited conversion of O2− to e− occurs. The other proposed C based reduction method
involves the replacement of the occluded O2− with C2−

2 which has a similar valence and ionic radii
with 1.4 and 1.2 Å, respectively [17,18]. The carbide anion is then hypothesized to be instantaneously
unstable or unstable during cooling and decomposes to either solid C or CO gas creating anionic
vacancies and forming the electride. The pathway to anionic exchange is not clear and appears to not
be an exchange but a full recrystallization of the decomposition products to C12A7, indicating that
decomposition of [Ca24Al28O64]

4+ : 2O2− needs to occur before [Ca24Al28O64]
4+ : 2C2−

2 formation
and electride conversion can occur [17]. The realization of a full CA recrystallization process yields
promise for direct formation of electride-C12A7 from reactants. The direct formation of electride-C12A7
from C3A + CA reactant mixtures has been presented as well as from a carbon-rich Pechini sol-gel
precursor [17,19,20]. These studies show a clear plateau in electrical conductivity but little theory
for this plateau in electronic properties or characterization of the underlying atomic structure has
been presented.

This report seeks to study the processing–structure–property relationships of the conversion
of oxy-C12A7 to electride-C12A7, as well as the direct formation of electride-C12A7 from both
conventional solid-state (CaCO3 + Al2O3) and non-carbonaceous polymer-assisted sol-gel reactants.
The polymer-assisted sol-gel reactant mixture benefits from short diffusion pathways achieved in the
Pechini synthesis, previously implemented by Khan et al. to create a carbon-C12A7 electride composite,
but instead utilizes the environmental carbon instead of reactant carbon to create a consolidated C12A7
sample with low carbon content [20]. The experiments reported here make use of a carbonaceous
environment within a high vacuum furnace that results in a carbonaceous dry (low PH2O) low-pressure
(low PO2) environment. Temperature and time are controlled to investigate the formation, stability,
and degree of reduction obtainable by the carbonaceous reduction processes. The changes in electronic
and atomic structure for the conversion from oxy-C12A7 to electride-C12A7 and direct formation
of electride-C12A7 from heterogenous and homogenous reactants can be analyzed post-processing:
X-ray diffraction (XRD) is used to characterize the change in the atomic structure, scanning electron
microscopy (SEM) is used to evaluate microstructural changes, and electrical resistivity measurements
associate the atomic and microstructural features to electronic properties determining the degree of
reduction. The results of this characterization are then used to develop a reduction model involving
the formation of a mixed C- and O-occupied C12A7 caged structure; C is sourced from the outward
solid-state diffusion of C from the sample holder and O is sourced from the extra oxygen present in
the solid reactants. The O is explicitly not sourced from any gas phase reactant.

2. Materials and Methods

2.1. Starting Sample Formulation

The formation of the electride C12A7 was characterized through three methods: a conversion of
as-synthesized oxy-C12A7 to electride-C12A7, direct formation of electride-C12A7 from solid-state
reactants CaCO3 and Al2O3, and direct formation of electride-C12A7 from non-carbonaceous
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polymer-assisted sol-gel reactants. The variation in starting points were implemented to characterize
the process and elucidate electride formation mechanics.

For conversion of oxy-C12A7 to electride-C12A7, oxy-C12A7 was first synthesized using
solid-state techniques. CaCO3 and Al2O3 were dried in a vacuum oven at 200 ◦C and 37 torr for
24 h and then stoichiometric amounts of powders were weighed and homogenized in an alumina
milling jar with 10 mm diameter polytetrafluoroethylene (PTFE) milling beads in a vibratory mill.
The powder was then pressed into 30 mm pellets with 58 MPa of uniaxial pressure and fired at 1250 ◦C
for 24 h under ambient conditions. Phase equilibria was analyzed with XRD and subsequent firing
steps were performed until single phase C12A7 was obtained. No efforts were taken to avoid moisture
uptake during synthesis and it is likely the oxy-C12A7 phase formed with occluded O2−and OH−

stabilizing anions. This is not an issue as the dehydration of oxy-C127 occurs during heating [15,21].
For the direct formation of the electride from heterogenous solid-state reactants, CaCO3 and

Al2O3 were used as the starting materials. Stoichiometric amounts of CaCO3 and Al2O3 were mixed
in a vibratory mill and used as-mixed for direct electride formation. No calcination or particle size
reduction was performed prior to processing in the vacuum environment.

For direct formation of electride-C12A7 from a homogenous reactant mixture, a polymer assisted
sol-gel route was implemented; the polymer assisted method was chosen over the conventional
amorphous citrate or Pechini method for better control over reactant homogeneity and carbon
content. Poly vinyl alcohol (PVA) was used in this synthesis and a 4:1 cation to PVA ratio was
chosen. The PVA (molecular mass of 20,000–30,000) was dissolved in deionized water and allowed to
age for 24 h. Ca(NO3)2·4H2O and Al(NO3)3·9H2O were used as cation sources and were measured
from 1 molar stock solutions whose molarities were quantified through inductively coupled plasma
(ICP) spectroscopy. Stoichiometric amounts of nitrate solutions were combined with the PVA solution
under vigorous stirring. The solution was aged for 1 h before solvent evaporation was performed at a
solution temperature of 90 ◦C. Near the end of solvent evaporation, the solution exhibited vigorous
bubbling before forming a viscous gel; the bubbling relates to the decomposition of nitrate species.
The gel was further heated on the hotplate until completely dried. This powder was then ground
in a yttria-stabilized zirconia mortar and pestle and calcined to 600 ◦C and immediately quenched.
This ensured the oxidation of all carbonaceous residue and the obtained white powder was used as
the starting homogeneous reactant mixture for direct electride formation.

There were three distinct starting points for electride formation.

1. Pre-synthesized oxy-C12A7 to electride-C12A7 following traditional methods.
2. Heterogenous multi-phase CaCO3 and Al2O3 powder mixture.
3. Homogenous amorphous low-carbonaceous reactant powder.

2.2. Processing to Obtain Electride-C12A7

The formation of electride C12A7, in a carbonaceous environment within a vacuum furnace,
was performed from the three starting points according to the process flow summarized in Figure 3.
The sample chamber was contained within a stainless-steel vacuum furnace with W heating elements
and Mo and W shielding. Powder (1 g) was loaded into a 13 mm graphite die placed in the furnace
(Figure 4). A graphitic die was used due to the ability to have a carbon source in direct contact with
the entire sample; no pressure was applied during the processing. The sample chamber was under
high vacuum, 9.0 × 10−6 torr, leading to a low oxygen and moisture partial pressure. The temperature
of the furnace was raised at a rate of 8 ◦C/min to the target processing temperature of 1000, 1100, 1200,
or 1300 ◦C. Each sample was only processed to a single temperature and multiple samples were used
to evaluate behavior at all temperatures and processing times. The effects of process duration were
investigated via increasing the dwell time at the target temperature. The samples’ furnace cooled under
vacuum and were prepared for characterization by removing residual surface graphite with a diamond
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grinding disk and mineral oil. After processing, the samples underwent a full set of characterization to
analyze the crystal structure, microstructure, and electrical properties.

2.3. Post-Processing Characterization

XRD data were collected at the Joint Institute for Advanced Materials (JIAM) Diffraction
Facility using a PANalytical Empyrean diffractometer (Malvern Panalytical Ltd., United Kingdom) in
Bragg-Brentano geometry with the reflection spinner stage and the PIXcel3D area detector in scanning
line mode. The instrumental collimation utilized a 0.125◦ divergence slit, 0.25◦ anti-scatter slit, 0.02 rad
soller slit, and 10 mm mask on the incident beam side and a 0.125◦ anti-scatter slit, 0.02 rad soller slit,
and Ni-ß filter on the diffracted beam side. Data were collected from 15◦ to 120◦ 2θ with a step size
of 0.00655◦, and each step had a 53 second counting time. XRD data were analyzed via the Rietveld
method using the GSASII software package [22].
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Figure 4. Vacuum furnace and graphite die.

Refined parameters included the lattice parameter, sample surface displacement, scale,
crystallite size, strain, atomic coordinates, and isotropic thermal parameters; instrumental broadening
was characterized through analysis using NIST SRM 640e (Si) (National Institute of Standards and
Technology, Gaithersburg, MD, USA). Structural changes as a function of processing parameters were
studied; due to the high disorder resulting from various different cage types and heavy correlation
between split positions, the thermal parameters were refined isotropically and no attempts were made
to refine the fractional occupancies of split positions beyond the basic Ca1 and Ca2 split position [5,6].
To gain better resolution of the split positions and occluded position density, select samples were
characterized at the powder diffractometer BM-11 at the Advanced Photon Source (APS). Rietveld
refinements were performed using the synchrotron data, and with the increasing probed d-space and
resolution, Fourier difference maps were generated along the XY plane at z = 0.25. This plane contains
the S4 symmetry axis at the cage center allowing for observation of the scattering density at the cage
center and Ca split positions to elucidate these heavily correlated low occupancy split positions and
occluded position.

Microstructural characterization was performed to identify the presence of carbon inclusions
due to the electride formation technique and the degree of consolidation; consolidated samples
were fractured to provide a defect rich and sample post-processing independent microstructure for
characterization. Characterization of the microstructure was performed via SEM on either a Zeiss
EVO MA15 or a Zeiss Auriga 40 scanning electron microscope (Zeiss, Oberkochen, Germany) using a
backscattered detector. Energy dispersive X-ray spectroscopy (EDXS) was performed utilizing a Bruker
XFlash 6130 detector for elemental analysis. A Quantachrome Ultrapyc 1200e (Quantachrome, Boynton
Beach, FL, USA) was used to determine the density of the consolidated samples via He pycnometry.

Room temperature resistivity measurements were performed on pellets with >95% theoretical
density that were processed for various process times and temperature. The four-point contact
technique was used to accurately determine the resistance of the samples. High purity silver paste
and 25 µm diameter gold wires were used for electrical contacts. A Keithley 2450 source meter
(Tektronix, Beaverton, OR, USA) was used to inject current and sense the potential drop across the
sample. Low temperature resistivity measurements were performed on a Quantum Design Physical
Property Measure System (PPMS) (Quantum Design Inc., San Diego, CA, USA) at a pressure of 4 Torr
in alternative current (AC) mode. All measurements were repeated twice under the same condition in
order to confirm the reproducibility.


