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A study of the electrical transport properties of calcium aluminate (CA) with coexisting C3A and
C12A7 phases was carried out. In this work, powders resulting from synthesis based on the polymer
precursor method. The resulting product was characterized by means of XRD, Raman, and UV-visible
analysis to obtain the optical BG and by EIS. From the XRD and Raman analyses, the presence and
coexistence of the two self-modified phases were confirmed. In this biphasic composition, celite phase
was estimated to be the major phase. An optical BG of 5.69 eV at room temperature was calculated,
and under the condition of a reducing atmosphere in the temperature range of 750-950 °C, an activation
energy for conduction of 2.98 eV was determined by EIS measurements. Further, in this biphasic
sample, the electronic conduction transport might be governed by the mayenite minor phase due to
its large defect nature and concentration compared to celite. In oxidizing conditions, the activation
energy for electrical conduction was 1.42 eV, which is somewhat higher than that observed by other
authors in mayenite single phase; this result was explained by taking into account the coexistence of

biphasic material and an actual chemical defect scenario in SMCM is discussed.

Keywords: Calcium aluminate, Polymer precursor, Chemical defect, Electrochemical Impedance
Spectroscopy, Self-modified celite and mayenite biphasic composition.

1. Introduction

Calcium aluminate compounds consist of a wide range
of combinations of calcium oxide and aluminum oxide, and
many of these materials are found in cement technology as
hydraulic materials.! This system is also attractive as ceramic
materials for high-temperature refractory applications.” These
compounds play important roles in the steel industry as
metallurgical slag.” Calcium aluminates have a wide range
of potential technological applications due to their unusual
optical, electrical, thermal, and mechanical properties.®
The calcium aluminate phase diagram shows a low melting
point, the eutectic point, located at 1400 and 1395 °C, where
C12A7 (mayenite), and C3A (celite) are the main coexisting
phases. They have similar cubic structures, and therefore
some studies* reported that the best sintering temperature to
attain that biphasic material is about 1350 °C. That eutectic
point composition of 50% calcium oxide and 50% aluminium
oxide shows the existence of two main phases that emerge
simultaneously: celite and mayenite; these two phases coexist,
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and thus different heat treatments and synthesis procedures
can modify the proportion of each phase in the final material.

Tricalcium aluminate C3A (Ca,AlO,), or celite, is used
for Portland cement, primarily in the starting process of
hydration, and is responsible for the clinker phase. It reacts
with water and produces large amounts of heat, promoting
cement hardening.’ Celite is generally produced by solid
state reactions between calcium (CaO) or calcium carbonate
(CaCO,) and alumina (A1,0,) or aluminum hydroxide powder
(AI(OH),).® However, it is quite difficult to synthesize as a
pure phase and is often accompanied by small amounts of
CaO and Ca ,Al O,,”

The arrangement of C3A, according to McMurdie,?
has a Ca atom without surrounding O atoms, a group of six
O atoms without a central cation, and AlO, planar groups
and interatomic distances that seem unusual, which seems
improbable, and consequently several researchers suggested
changes in its structure.® C3A is known to melt incongruently
at 1455 °C, and melting makes it difficult to prepare large
single crystals from which the determination of the crystal
class can be done by means of diffraction patterns, and a
cubic unit cell of a= 15.2* nm is observed.? Brady and Davey’
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confirmed that Ca,Al,O, had a cubic cell with a = 15.22A,
which would give 24 molecules in a unit cell.

Nowadays, there is major interest in the compound C12A7
(Ca Al 0O,,), a material that occurs rarely in nature'’; it is
also regarded as an aluminous cement phase component and
is an intermediate compound in the manufacture of Portland
cement.''> C12A7 has attracted attention in material science
due to its unique structure and related properties.'* Mayenite
has recently achieved the status of an advanced material of
unusual potential for technological applications.'* Mayenite
is formed by sub-nanometer-sized cages, which promote a
three-dimensional cubic lattice phase'? and have been found
to have a body-centered cubic structure with an I-43d space
group with the cell parameter 11.99 A.'° Eufinger et al.'s
indicated that the 12Ca0.7A1,0, network characteristic
contains two molecules. One presents a positive cation
(Ca,,AlO,,)*" located in the 12 sub-nanometer-sized cages
that form the positive charge network frame. The other has
two negatively charged O, ions, to compensate for the 12
cages ' refer to extra-structural species that occupy some
of the structure cages. Thus, these two extra-structural O,
ions were connected to the weaker lattice, so they are often
called "free" ions.!” Thus, these species might be partially or
completely replaced by various anions and give the material
a novel functionality, such as having strong oxidizing and/
or reducing power.!7-18

The C12A7 phase is the main structural material, since it
has a huge potential for many applications and is a candidate
material for many possible uses, such as catalysis,'** organic
light-emitting diodes,”' and as a substrate for nano-scale
circuits.'” In addition, there is the possibility of developing
new types of anion electrolytes'>? as a potential functional
material for sensors,? fuel cells, electronic devices,** or
ion emitters.” Concerning the methods of synthesis used
to obtain calcium aluminates, different manufacturing
processes (sintering time, temperature, and heat treatments
carried out in different atmospheres, including H,, HZ/N » 0,
and vacuum) could lead to several different results's18:2126
and promote excellent effects with regard to the resulting
performances and properties characteristic of these oxides.

The synthesis and preparation of calcium aluminate
materials has been achieved by several kinds of synthesis
techniques.?’” The conventional ceramic route is the most
popular, and chemical techniques have also been used to
obtain different kinds of compounds, namely pure, secondary,
or coexisting phase materials, which is one of the most
relevant challenges for this type of compound. Therefore,
various synthesis techniques have been used, such as solid
state reaction,'**® combustion reaction,®?* sol gel,*' and
the polymeric precursor method.® Actually, among these,
the polymeric precursor technique is known to be simple,
cost-effective, and versatile.>!* The synthesis of polymeric
precursors comprises mixing metals with citric acid cations,
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after which ethylene glycol is added and the solution is
concentrated by heating under stirring.>>!?

The eutectic point composition can promote self-modified
celite and mayenite biphasic composition (SMCM) with a
variable range of phase proportions. One of these biphasic
products was obtained, and a detailed experimental synthesis
based on the polymer precursor method was reported
elsewhere.>!* According to the phase diagram,* during the
sintering stage at 1350 °C, the eutectic point composition
produces two coexisting and reproducible phases (celite
and mayenite).

They interact with each other and it was observed that the
biphasic formation is self-modified during the densification
step. Mayenite, as a peculiar structure, has a high defect
concentration compared to celite, and a more compact lattice
phase. Celite, for example, does not have non-bridged oxygen
ions and thus does not have a low amount of free interstitial
oxygen ions. Information on the electrical behavior of celite
is scarce. Medvedeva et al.** and Miyakawa et al.** reported
alow value 0f 4.50 eV for the band gap using first principle
calculations, whereas the electrical properties of mayenite
have been widely explored.'>**35% No paper reporting the
electrical transport properties of self-modified compounds
of celite plus mayenite was found.

In this work, electrical conductivity measurements as a
function of temperature were conducted by EIS and treatments
in oxidizing and reducing atmospheres were performed. The
contributions of the electronic and ionic conductivities of
calcium aluminate (biphasic celite and mayenite) will be
elucidated. To deduce the calcium aluminate defect chemistry
in this SMCM biphasic composition, the electrical transport
mechanism was also investigated and discussed.

2. Experimental Section

All the chemicals used as starting materials, including
citric acid, ethylene glycol, and salts of aluminum nitrate
nonahydrate (AI(NO,),.9H,0) and calcium nitrate tetrahydrate
(Ca(NO,),.4H,0), were obtained from Synth and applied
without any further purification. The synthesis was based
on mixing citric acid solutions and aluminum and calcium
nitrates using the molar ratio of 3 to 1 metal acid. It was
magnetically stirred until a clear solution was obtained and
then ethylene glycol was added as a complexing agent. The
weight ratio of citric acid to ethylene glycol was adjusted
to 60:40. The final solution was stirred at 70 to 85 °C
for 2 h until formation of a solid polymer resin or viscous
clear gel. This gel was subjected to thermal treatment in an
oxidizing atmosphere at 400 °C for 3 hours with a heating
rate of 0.5 °C/min for total removal of water and organic
materials*'>*, resulting in solid black mass. After grinding and
sieving, the heat treatment was carried out for calcination at
temperature of 1350 °C for 2 hours in the precursor powder.
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In order to verify the relative density of the calcium
aluminate the powder resulting from the synthesis process
was uniaxially pressed at 125 MPa into discs 10.0 mm in
diameter with a thickness of 1 mm. These samples were
sintered in a MAITEC furnace at 1350 °C for 2 h with a
heating rate of 10 °C/min, after which they were cooled to
room temperature at cooling rates ranging from 5 °C/min. The
investigated composition is the eutectic situated at 1400 and
1395 °C, and therefore 1350 °C was chosen as the sintering
temperature, as it was sufficient to control the densification,
minimizing the grain boundary strength.*

The apparent density and relative density was calculated
according to Archimedes method*, and distilled water was
used. The relative density was obtained by the ratio of the
apparent density to the pycnometric density of the solids
(Equation 1).

Relactive Density = o
Apparent Density / Theoretical Density

This method was used as the pellet shaped sample, with
a sampling of 10 units at the temperature of 1350 °C.

The identification of the phases of the investigated calcium
aluminate powders at a temperature of 1350 °C and pellets
calcined at 1350 °C was carried out by X-ray diffraction
(XRD) before treatment in an air-controlled atmosphere
using a Philips model X’Pert MPD diffractometer. The XRD
patterns were solved by Rietveld analysis using the General
Structure Analysis System (GSAS) software with the help of
the EXPGUI database.*** For the refinement analysis, the
based and the function profile chosen was the pseudo-Voigt
one,* which allows a good fitting in order to accentuate the
asymmetries of the profile at low angles.

Micro-Raman spectroscopy was performed to obtain
structural information on the material, using a laser with
a 532 nm excitation line, an output of 10 mW, and a beam
located through a 50% objective lens for the acquisition of
the 200-1115cm™ region, with 5 cycles of 10 seconds per
cycle for each measurement. Optical measurements using
ultraviolet (UV)-visible spectroscopy were in investigated
calcium aluminate powders at a temperature of 1350 °C,
with a Varian Cary 5000 device having a wavelength range
0f200 to 800 nm. The spectra obtained from the reflectance
(R%) versus wavelength (200-800 nm range) and energy
(eV) allow us to calculate the optical bandTo determine
the electrical conductivity of the samples, Electrochemical
Impedance Spectroscopy (EIS) was applied. A Solartron
1260 FRA (AMETEK, Hampshire, UK) in AC mode was
utilized. The AC voltage was 50 mV, the frequency range
was from 0.1 Hz to 1 MHz over a temperature interval of
750-950 °C, and a gold paste was used as the electrode on
disc pellet surfaces. The gold paste was used as electrode

in order to achieve blocking behavior at the interface of the
electrode / aluminate material. The gold (Au) was used to
perform the measurements, since the electrodes showed the
electric behavior and there was no degradation of the Au paste.

The measurements were made in an isothermal manner,
ie at constant temperature, the experimental method consisted
of starting with an atmosphere rich in H,, very reductive
(-15 to -20 atm) and as a function of time, the atmosphere
gradually changes to pressures oxygen, up to 0.21 atm,
which is the air pressure.** Conductivity data as a function
of oxygen partial pressure are recorded automatically and
simultaneously. Data were analyzed by nonlinear least squares
fitting using equivalent circuits with the software ZView
version 2.8. Scanning electron microscopy, combined with
energy dispersive spectroscopy (SEM/EDS), observations
were performed using a Jeol LTD, mod. JSM-6300 (Tokyo,
Japan). All samples were covered with a thin layer of sputtered
silver to avoid electrostatic charging problems.

3. Results and Discussion

3.1 Relative density of the biphasic composition
of SMCM

The apparent density and relative density to the pellet
samples sintered at 1350 °C was x + standard deviation:
92% and + 2.59(g/cm?) respectively.

3.2 XRD of SMCM biphasic composition

Figure 1 shows the XRD patterns of the powders
obtained at a temperature of 1350 °C. A first observation
of the XRD patterns reveals the typical mayenite diagram,
but in order to identify and quantify the possible existence
of secondary phases, a careful examination by the Rietveld
refining method was carried out, and the same pattern was
also detected for pellets calcined at 1350 °C. For all the

Figure 1. XRD pattern of samples of calcium aluminates in the
form of fine ceramic powder according to Rietveld analysis
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samples investigated, two phases coexisted: 70,157 %
celite and 29,843 % mayenite. Furthermore, the Inorganic
Crystal Structure Database (ICSD) card nos. 100003940+
and 24124341* were used.

As mentioned above, for the data set analyzed via the
Rietveld method, the GSAS program and its EXPGUI database
were applied”. The quality of the Rietveld refinement is
monitored according to the number of refinement indicators
obtained for each cycle. The convergence checking of the
refining takes place by a weighted R-factor profile (WRp),
which should diminish with each cycle to achieve a successful
refinement. WRp values are desired equal to or less than 15%.%
In this refinement, a wRp value of 0.2578 % was obtained.

Values of other indicators, the refinement analysis was
based on the linear combination of Gaussian and Lorentzine
functions, called the pseudo-Voigt function, which adjusted
the diffracted peaks, generating more precise results that
are physically significant than other functions. Table 1
summarizes the refinement data using the Rietveld method.

Such as the Bragg index (Rb), which measures the
quality of fit between the observed and integrated intensities
calculated, were determined. In addition, the quality of the
collected intensities factor (Re) was also determined. The
close wRp and Re values indicate that the refinement is
appropriate.

According to the Ca-Al-O phase diagram and the
thermodynamic data of both phases, we can assume that this
scenario is more likely than that of the purity character of
celite and of mayenite phases. Strandbakke et al.** indicated
and discussed this situation in their own paper on mayenite.
Eufinger et al.’® pointed out that mayenite is not stable in
the range of 1050 and 1200 °C in a dry atmosphere (at less
than 10 ppm water, mayenite decomposes).

In this work, the resultant material essentially has a cubic
lattice with controlled disorder, and the possible interfaces
among them are diffused. So mayenite and celite promote a
dynamic microstructure, where there is a mutual coexistence
between them, with one phase helping the other to be bi-
stable even when there is water uptake. This is called Celite
Mayenite Self Modified (SMCM).

Table 1. Summarizes the refinement data using the Rietveld method.

Factor Pattern Pattern Terlr;pseor?(t;lre

i 70,157 % C3A
I?;;r:;ty " 100% 100% 29,843 % C12A7
Phase name C3A CI2A7 SMCM
ICSD 1000039 241243 -
a=b=c 15.283 12.048 -
Space group Pa-3 1-43d
v - - 9.944%
wRp 0.2074 0.2998 0.2578
Rp 0.1530 0.2348 0.1939
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3.3 Raman Spectra of SMCM biphasic
composition

In addition to the XRD calculation, Raman spectroscopy
was also realized in order to complement the XRD results
on the phase identity of the calcium aluminates (Figure 2).
The Raman spectra of the polycrystalline calcium aluminate
sample showing the 200-1115cm™! bands the bands were
assigned to the component phases C3A and C12A7, as
shown in Table 2.

The Raman spectrum of the samples in the form of
powder calcined at the temperature of 1350 °C is displayed
in Figure 2. It was analysed according to the celite Raman
pattern, since it has an intense and huge band, which is
strongest (see spectrum) at 508 cm™! and may be associated
to the symmetrical movement about the bridging oxygen in
Al-O-AL'52646 Tt has an imperceptible peak at 817 cm™ and
a band with a vibration at 843 cm!, which corresponds to
the local vibration of the oxygen structure.

Celite has other weaker bands in the spectrum that can
be associated with a group of bands at 415, 332, 290, and
225 cm!. 13264647 Ag mentioned in the reviewed literature,
the accepted structure of C3A is based on the separate
six-membered rings of AlO, tetrahedra.’® These rings are
formed by the division of two oxygen atoms per tetrahedron
to give a structure with two oxygens without bridges per
AlO, tetrahedron, defined as units of AlO,.*

If we analyze the spectrum according to the mayenite
phase, it has a larger number of bands; however the peaks
with the strongest vibration of the spectrum are due to the
celite phase. The most intense band of the mayenite phase is
located at 740 cm™'. 247 The intensity medium band at 773 cm’!
and this vibration is wide and asymmetric of the O, structure
and does not occur in the CA or celite phases, as soon as the
mayenite phase has been assigned.'>?4” A group of bands
with weak intensity occurring at in the range of 880, 910,

Figure 2. Raman spectrum of the 1350 °C sample of biphasic
calcium aluminate
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Table 2. The main absorption bands and their identified phases

Ban_(lis Phase identity Main origin of Ref.
(em™) symmetry
225 C3A - Weak 26
268 _ CI12A7 Weak, broad, Ca 2047
framework
Weak, 247
20 A - framework O
Medium, broad, 1526
312 - C1247 framework O
Weak, 1526
32 A C12A7 framework O
415 C3A - Weak 48
460 - CI2A7 Very weak 2648
508 C3A - Medium-strong 15.26
546 - CI12A7 Very weak 47
Very weak,
598 - CI12A7 O and Al 2647
framework
2 C3A - Weak 2
Weak, shoulder, 2647
70 N CI2A7 framework O, Al
Weak,
- asymmetric 15,26,47
" C1247 extra framework
0,?
817 C3A - Very weak 47
Weak, s
5 A N framework O
880 - CI12A7  framework O, Al 15,2647
910 - C12A7  framework O, Al 15,2647
945 - C12A7 Weak 26
1067 ~ clpay [xtafamework o,
O 2
1131 _ CI12A7 Extra framework -

o

2

and 945 cm™! was assigned to the O and Al structure of the
mayenite phase.'52647

With regard to the mayenite phase, some authors’
indicated that it has a structure based on tetrahedral units
of AlO,. Moreover, according to the molecular formula,
there are twelve tetrahedra within the unit cell, which are
completely polymerized by corner sharing with other AlO,
groups, while the rest of the sixteen AlO, tetrahedra have
non-oxygen bridges.? In the high frequency part, the bands
at 1067 and 1131 cm™' may be due to the O structure may be
due and the low frequency bands at 268, 312, and 332 cm’!
form a vibrational group in the Ca and O structure.”’ In
the spectrum there are three bands at 460, 546, and 598
cm’ which are practically imperceptible, as they are only
a small vibration; some authors call this a type of shoulder
of the great band at 508 cm!, whose peak is ascribed to the
celite phase.?

3.4 UV-visible spectra of SMCM material

The room-temperature optical reflectance diffuse spectrum
of the sample in powders heat-treated at 1350 °C is depicted
in Figure 3. From the optical absorption edge slopes and by
using the Tauc method,* a direct electronic transition BG
value of 5.69 eV was determined.

The BG shown here is lower than that reported by Feldbach
et al.’® from their luminescence measurements. They found
a band gap of 6.3 eV for C12A7, while other authors found
one of 5.89 eV,'>3¢ which is also a reasonable value for the
mayenite compound, whose theoretical BG is situated at up
to 6.80 eV. In the same way, another work reported a value of
6.30 eV for C12A7.% The large amount of major celite phase
means a new review of the literature is required to seek the
electronic properties of tricalcium aluminates. Medvedeva
et al.** and Miyakawa et al.** reported a low value of 4.50
eV for the band gap using first principle calculations.

Figure 3. UV-vis spectra with Tauc extrapolations for a sample of
calcium aluminates at 1350°C.

Figure 4. Nyquist diagram of the samples of calcium aluminates
in reducing conditions of 95%Ar and 5%H, with pO, = 10-18 atm
or 10-13 Pa.
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3.5 EIS spectra of SMCM biphasic composition
in a reducing atmosphere

EIS plots in the temperature range of 750-950 °C at
pO, = 10""® atm or 10" Pa are depicted in Figure 4, which
shows the Nyquist diagram for the calcium aluminate samples
under that reducing condition. The EIS spectrum shows a
group of semicircles as a function of temperature, which
can be associated with an equivalent circuit consisting of a
resistor and a pure capacitor in parallel, since a depression
angle of near 90° is calculated after fitting the EIS spectrum,
following an actual dielectric Debye model, represented by
a single relaxation time.

This indicates that this sample behaves as a typical calcium
aluminate phase material, as reported by other authors.>? The
presence of a single semicircle at all temperatures and under a
reducing atmosphere is a relevant EIS feature of many mixed
oxides where aluminum oxide is the main component.***
The main explanation for this is that the grains and grain
boundaries have the same chemical composition and phase
distribution and the aluminum and calcium cations are well
dispersed along the overall celite and mayenite polycrystals.

All of the investigations of electrolytes and electrides in
calcium aluminates have focused on mayenite, while little
attention has been given to celite. Janek and Lee'® reported
that the conductivity of mayenite at 900 °C is 2.89 x 10~ S/cm
Strandbakke et al.** indicated a conductivity 0f4.48 x 10~ S/cm
at the same temperature; in this work we found a value of
6.35 x 10 S/cm in a reducing atmosphere at 900 °C.

At 800 °C, Janek and Lee ' reported a value of
7.94 x 10S/cm, lower than that of our 1.43 x 103 S/cm;
their value of conductivity is six times higher at the same
temperature. In their paper, Janek and Lee'® do not indicate
the atmosphere in which they carried out their electrical
measurements. So, our electronic conductivity data obtained
in a reducing atmosphere are comparable with the results of
other authors.>? Conclusively, the electrical behavior of our
biphasic composite be governed by the mayenite component.

From the EIS data shown in Figure 4, an Arrhenius plot
of log total resistance versus 1/T of the C3A-C12A7 biphasic
SMCM is depicted in Figure 5. The total resistance per unit
area decreases significantly as the temperature increases.

This effect is shown in Figure 5, which represents the
total resistance RT versus I/T. As almost an Arrhenius is
plotted and follows Equation (2):

RT =RTyexp(—Eac/KT) @

Where Eac is the activation energy of the conduction
process, and Eac = 5 Energy band gap.'>!¢ In this case,
the value of the activation energy Eg for this electronic
conduction is 2.98 eV; the value produces an electronic BG
0f 5.96 eV, which is similar to that attained by Feldbach (5.89
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eV).* Since that value is somewhat greater than that of the
optical BG, which is 5.69 eV. Note that 2.98 eV (electronic
BG =5.96 V) is determined in the temperature range of
750-950 °C and the optical BG of 5.69 eV was calculated
at room temperature; besides, these measurements are
completely different.

The nature of both determinations may depend on
temperature, especially at very high temperatures > 1000 °C.'¢
The electronic energy bands show the intrinsic electronic
energy, Eg = 2.98 eV, which is half of the bandwidth for
intrinsic semiconductors. A state of energy band conduction
of electron BG is situated at 5.96 eV. Therefore, the electronic
band process is operating in our SMCM, and celite can act
as a matrix phase within a real biphasic material, where
mayenite phase might be percolated.

Figure 6 shows the electronic BG schedule of various
materials; this figure is designed taking into account the optical
and theoretical data from the literature. It can be seen that our
SMCM material is situated between the celite and mayenite
band gap values. Note that celite has an alumina/calcia ratio
of 0.33, while that of mayenite is 0.58. Thus, the major
proportion of alumina can indicate that the concentrations of
oxygen vacancies and interstitial and electron defects increase
as the alumina content increases. Therefore, mayenite has a
higher defect concentration than celite.

Conclusively, under the condition of a reducing atmosphere,
the conduction mechanism is n-type and it seems that the
electron conductivity is governed by minor mayenite phase.
Note that mayenite has a conductivity band gap of 6.30 eV,
while celite has a BG of 4.50 eV. Our SMCM material
exhibits an optical BG of 5.69 eV, but in reducing conditions
the conductivity BG is 5.96 eV. According to the structural
features, the mayenite phase has more available non-bridged
oxygen sites, and in reducing conditions, the concentration of
electron and oxygen vacancy defects in mayenite increases
as the aluminum oxide component is augmented.

Figure 5. Resistance versus 1/T of the calcium aluminate sample
calcined at 1350 °C in a controlled 95%Ar and 5%H, atmosphere
with wetting in H,O.
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Figure 6. Electronic band gap schedule of calcium aluminates. Calcium and aluminum oxides are inserted for the purpose of comparison.
“Ef” is the Fermi energy, “Cond. Band” (conductivity band) is the conduction band edge, and “Valence Band” is the valence band

3.6 Morphological analysis of the biphasic
composition of SMCM

The EIS spectra of SMCM biphasic composition realized
in a reducing atmosphere showed (Figura 4) a semicircle with
a single relaxation time with a pure equivalent circuit (RC):
aresistance R in parallel with capacitor C. This equivalent
circuit is usually associated in most EIS material studies as a
single crystal, as a homogeneous phase, such as a compound
with few or no impurities and as phases having a single
relaxation time and these phases overlap and an equivalent
circuit (RC) is obtained, as discussed in the previous section.

In this sense, EIS gives us a very clear idea of the type of
microstructure that emits an impedance spectrum Figure 4.
In this case, the aluminates of calcium, alumina and other
similar systems show a microstructure where grains and grain
boundaries have similar electrical resistance. The method of
preparing these aluminate phases to allow the compounds to
have no impurities (such as Si0,), such impurities may be
able to generate at the grain boundaries, another compound
having different electrical properties generating a second
semicircle.

The microstructures of calcium aluminates are fairly
homogeneous. Therefore, changes in the impedance graphics
are not expected. A single-semicircle, under reducing
conditions, where the conducting species are electrons,
indicate that both celite and mayenite compounds, under
reducing conditions, have the same electronic behavior.
Thus an SEM-EDS analysis would only be complementary
but not conclusive.

The Figure 7 ( a and b) shows the SEM images after
treatment in reducing conditions of 95% Ar and 5% H,
(pO, = 10""* atm or 10" Pa). The sample presented a fresh
fracture of the pellet after treatment in the atmosphere of
reduction and homogeneous grain morphology, furthermore,
it looks like grain rice, with an average grain size of 3.4 um
(Figure 7 b), and has a three dimensional appearance. It also
exhibits necks in order to note the coalescence of grains in
the sample indicating the densification, the calculated relative
density was 92%, already shown in section 3.1.

With the EDS analysis, it was not possible to verify
the content of the phase’s present, since the SEM images
showed the very homogeneous grains. When the EDS analysis
was carried out, the sample was carbon coated, presenting
1.34%, values of the chemical elements as: aluminum with
17.42%, calcium with 27.86%, oxygen with 53.37%. Since
it is not possible to show with certainty the exact amounts
of the percentages of the phases C3A and C12A7, once the
two phases have the same chemical elements, allowed to
make the analysis that there was good synthesis via polymer
precursors.

3.7 EIS spectra of SMCM biphasic composition
in an oxidizing atmosphere

The Nyquist diagrams obtained by EIS for calcium
aluminate SMCM samples under pure oxygen atmosphere
are described here. The EIS plots in the temperature range of
750-950 °C are shown in Figure 8, which shows the Nyquist
diagram for the calcium aluminate sample in pO, = 1 atm
or 10° Pa oxidant atmosphere. Under oxidizing conditions
(Figure 8), the electric transport of calcium aluminate in
this work changes substantially, the impedance spectrum
shows two semicircles:

First semicircle, a high-frequency, slightly wide arc
with a depression angle lower than 90°, the high frequency
is slightly flattened, can be associated with an equivalent
subcircuit consisting of a resistor (R) in parallel with a
constant phase element (CPE = Q) ascribed to the bulk
contribution. * Te it is possible that this semicircle, a (RQ)
can be expressed the presence of the two phases of celite +
mayenite that the EIS expectro are slightly separated but still
superimposed (overlap). There are two components for the
electrical conductivity that, as will be discussed later in this
article, (Log conductivity versus partial oxygen pressure),
shows a mixed (electronic + ionic) conductivity. According
to the literature, especially dedicated to the mayenite, to the
conductive expression of Figure 9, an ionic component due
to the presence of free oxygen ions at interstitial network
sites and an electronic component are very low partial
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Figure 7. Shows the SEM images after treatment in reducing conditions of 95% Ar and 5% H, (pO, = 10-18 atm or 10-13 Pa).

Figure 8. Nyquist diagram of the calcium aluminate pellets at
pO, = 1 atm or 105 Pa, pure oxygen.

Figure 9. Resistance x 1/T of the calcium aluminate samples as a
function of temperature in a controlled atmosphere that had been
O, wetted in H,0 oxygen.

pressure electrons of oxygen species and gaps at very high
partial pressures of oxygen. This behavior is in accordance
with the calcium aluminate defect diagrams, generally
accepted in the literature and which express very concisely

the equilibrium diagram of the mayenite. About celite, there
is little information on defects diagram, but its structure
does not appear to favor the presence of free oxygen ions
of interstitial reticular sites, makes celite here as a blocking
phase free oxygen ions.

The second semicircle is located in a very short
measuring frequency range, that is, from 50 Hz to 0.1 Hz.
The values obtained are very random (scattered). This
second semicircle is a (RQ), that is, in the "small extended
phase semicircle". This second semicircle is not exactly a
semicircle, but a network of subcircuits that is associated
with a classic example correspond to a physical transmission
line behaviour®'.

As the second subcircuit is associated with the physical
behavior of the transmission line, the transmission line studies
will be presented in another article in progress, therefore, the
values of the resistances and capacitance of the subcircuit
were not calculated. This transmission lines expresses the
presence of multiple phases produced by changing, with
the temperature, of the interface between gold and platinum
electrodes and calcium aluminate, at low frequencies. This
behavior also appears under oxidizing conditions.

On the other hand, the gold contact at temperature 950 °C
can suffer a slowed down and can react strongly with the
surface of calcium aluminate particles, promoting a significant
diffusion and oxygen adsorption effect, which may lead to
electrode degradation. It is the moment when the electrode
of gold and also the one of Pt begin to degrade. Gold or
platinum electrodes are no longer adequate. In other words,
it's time to start using Oxidic Metalic Composites and the
work of'is perovskitas and Mn that is currently underway.'>>!

Figure 9 describes the log RT versus 1/T Arrhenius plot,
which is almost a straight line and follows Equation (3).
Since the resistance is determined by Equations (2) and (3),
Equation (3) encompassing and being the same Equations.
Given that in the Equation R is the total resistance that is equal
to internal grain resistance plus grain boundary resistance.
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The activation energy was determined after treatment in
pO, =1 atm or 10° Pa (pure oxygen).

RT = RTyexp(—FEa/KT) 3)

In this case, it can be seen that Ea is 1.42 eV, which can
be associated with ionic conductivity, and this conductivity
is most likely due to free ionic species such as 0%, O,, V*,
or OH" or even proton conductivity, H*.!52835,

Given the probably pure ionic conduction in the oxidizing
condition, the bulk phase is basically intrinsic and is again
governed by the minor mayenite phase, which is an interstitial
oxygen ion conductor. Presumably this free lattice oxygen
0,"is the framework compensated electrically for the oxygen
vacancy V, framework.'>*** The activation energy for the
ionic conduction obtained is 1.42 eV. According to Eufinger et
al.,'” the theoretical activation energy calculated is >2.00 eV,
a value that is larger than our result.

Lacerda et al.”® and Janek and Lee'® reported an activation
energy of 0.87 eV for the mayenite framework for the
interstitial oxygen jump into the vacancy Vxi lodged in the
interior of the sub-nanometer cage located in the mayenite
material. In our samples, there is a C12A7 concentration of
29.85 wt %. Therefore, the presence of an important amount
of mayenite and consequently the incorporation of extra
interstitial oxygen in the total conductivity could reduce
the theoretical activation energy of 2.00 eV' to the value
of 1.42 eV obtained by us in our SMCM material.

Celite is a matrix phase and therefore blocks the ion
oxygen free conduction path, so the activation energy for
ionic conduction increases to the value of 1.42 eV. Apparently,
celite is a phase with low intrinsic and extrinsic defect
concentrations according to its compact structural features.
Therefore, celite behaves as a matrix insulator component,
playing the role of blocking defect conduction.

The conductivity versus pO, in isothermal plots was
carried out. Every point of the isothermal plot is EIS mounting
spectra and we selected only some of the spectra, since the
experiment had a duration of 145 h and several spectra
were obtained. In parallel, every equivalent circuit was
determined and all of the electrical component resistance
(CPE) parameters were calculated.

The isothermal plot of log conductivity versus pO, at
850 °C is depicted in Figure 10 to obtain the parameters of
the studied phenomena. Figure can clarify the diagram of
calcium aluminate defects in SMCM. It can be seen that
the conductivity behavior in the region of low pO, follows
a -1/4 slope in Equation (4):

o akl(po)y"! )

That Equation means that in the range of low oxygen
partial pressure, an electronic n-type process is observed (-1/4
slope). As pO, is augmented, various conduction mechanisms

take place (-1/6 slope); presumably, a variable range of
electronic-oxygen-vacancy interactions would explain that
part of that isothermal plot; thus, near to the oxygen partial
pressure of 104, Equation (5) is also deduced:

o a k2(poy"* ®)

Herein the conduction can be due to the presence of free
oxygen vacancy defects as well. In oxidizing conditions,
the variable range of electronic-ionic interactions could be
explained by the isothermal plot of log conductivity versus
pO, at 850 °C. From PO, = "'°** atm to 0.21 atm, calcium
aluminate still confirms that the ionic interstitial oxygen
is the main ionic charge moving species, which is free to
make hops over the equivalent site in the mayenite lattice,
and our SMCM material actually behaves as an electrolyte
in that oxygen partial pressure region.

In pO, =-""*"% atm, it is noted that the ionic domain in
Figure 10 decreases slowly as a function of oxygen partial
pressure. This could be due to any charge compensation
(proton or oxy-hydride cations and also holes) or charge
saturation during the experiments. Note that gases are
wetted with water.

Thus, the electrical transport properties and their
dependence on the oxygen partial pressures (i.e., the degree
of reduction and oxidation) of our calcium aluminate can
be described well within the scope of the thermodynamics
of the mayenite point defects, electrons, oxygen vacancies,
interstitial oxygen, and protons. Presumably, there are holes
at high oxygen partial pressures as well.!>-16:23.2835.52

The reduction of the crystallographic structure of
mayenite with atmospheric treatments can result in different
intrinsic defects, with the electronic conductivity occurring
due to the variation of the diameter of the cage, which is
about 0.4nm, where free oxygen is present. by other ions,
resulting in the occupation of these cages occurring the
distortion of the lattice and thus altering the band gap of the
material. Impedance measurements under partial pressure
of oxygen showed in Figure 10, that at low oxygen partial
pressure, an electronic-type n-process is observed due to the
electronic-oxygen vacancy interaction. When free oxygen

Figure 10. Log o as a function of pO, sample of calcium aluminate
at 850 °C.
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ions are removed from the cages by a reduction process,
electrons are introduced into the cages to maintain charge
neutrality of the crystal. These interactions can be proposed
from the defect equation. Equations (5) and (6) express the
reduction reactions®.

0i" — % 0,(g)+5Vi*+ 2¢ )

Vo +0i" - %0,(g)+ Vi +2¢ (6

The reduced mayenite structure can now be represented
in the Equation (7)*:

DFW +v%0,(g)+5Vit+2¢ (D

Conclusively, the conductivity of the calcium aluminate
described here will allow us to interpret the transport
mechanisms and interstitial oxygen defects as free charge
according to the defect diagram of mayenite described in
the literature. Generally, in the total oxygen partial pressure
range just tested, our celite-mayenite modified material is a
mixed electronic-electrolyte material.'s

4. Conclusions

The electrical transport properties and their dependence
on the oxygen partial pressure in SMCM were determined.
Through a careful examination by the Rietveld refining
method, the structure and composition of SMCM were
elucidated. For the sample investigated, two phases, celite
and mayenite, were observed. That refining calculation
gives us the phase quantification of 70.15% celite phase
(ICSD card no. 1000039)* and 29.85% mayenite (ICSD
card no. 241243).4

The calcium aluminate studied in this work was named
biphasic SMCM. The Raman spectroscopy analysis was
important to confirm the existence of the bands correlated with
the literature on calcium aluminates.'264%47 Since the celite
phase has an intense and acute band which is the strongest
of the spectrum at 508 cm™, it may be associated with the
symmetrical motion of or on the bridge oxygen in Al-O-
Al.132646 Therefore, the second phase with strong vibration
of the spectrum was the mayenite phase corresponding to
the location of 740 cm'.2647

In the reducing condition, the conduction mechanism
is of n-type and its electron conductivity is governed by the
percolated mayenite minor phase. Mayenite, as a peculiar
structure, has a high defect concentration compared to the
more compact lattice phase of celite. Celite, for example,
does not have non-bridged oxygen ions and produces a low
amount of free interstitial oxygen ions.

Thus, celite could play the role of a compact insulating
matrix which blocks the free interstitial oxygen in the conducting

Materials Research

path. Defects are mainly created by mayenite phase. From
the EIS analysis, just one semicircle is determined, and the
equivalent circuit is a resistor associated in parallel with a
capacitor. This behavior is attributed to a classical dielectric
Debye model represented by a single relaxation time. This
indicates that this sample behaves as a mayenite calcium
aluminate phase, as other authors have reported.'*6

The calculation of the electronic energy bands shows
the intrinsic electronic energy of electron activation energy
for conduction Eg =2.98 eV, which is half of the band gap
for intrinsic conductors. A band gap conducting energy state
of the electron is situated at 5.96 eV. So, it has an intrinsic
electronic band conduction mechanism. Taking into account
this information, our BG of 5.69 eV obtained from optical
measurements has a comparable agreement with the BG data
of mayenite obtained by other authors. 15264647

In oxidizing conditions, the variable range of electronic-
ionic interactions could be explained by the isothermal plot
of log conductivity versus pO,. Figure 9 From pO, =10+
atm to 0.21 atm, calcium aluminate still confirms that the
interstitial ionic oxygen is the main ionic charge moving
species, which is free to make hops over the equivalent site
lattice and our SMCM material and behaves as an actual
electrolyte in that region.

The electrical transport properties and their dependence
on the oxygen partial pressures (i.e., the degree of reduction
and oxidation) of our calcium aluminate can be described
well within the scope of the thermodynamics of the mayenite
point defects, electrons, oxygen vacancies, interstitial
oxygen, protons, and presumably holes at high oxygen partial
pressures as well. Generally, in the total range of oxygen
partial pressures tested, our modified celite-mayenite is a
mixed electronic-electrolyte material.
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