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The Ca,(Zn,Fe,_,)Os series was synthesized and characterized to determine the influence of zinc
dopant on the brownmillerite structure for thermoelectric applications. All single-phase compounds
exhibited Pnma symmetry at room temperature up to the solubility limit at x=0.10. High-temperature
X-ray powder diffraction was used to show that the nature of the Pnma-Imma(0 0 y)s00 transition in
CayFe,0s5 is modified by the presence of zinc. While the Zn-free composition transitions to an incommensu-
rate phase, the Zn-containing phases transition instead to a commensurate phase, Imma(0 0 y)s00 with
y=1/2. Both the Néel temperature and the onset temperature of the Pnma-Imma(0 0 y)s00 phase transition
decreased with increasing zinc concentration. Rietveld analysis of the in situ diffraction pattern for the x=0
sample at 1300 °C demonstrates that the structure contains statistically disordered chain orientations as
described by space group Imma. Thermoelectric properties were analyzed in air from 100 to 800 °C. The
positive Seebeck coefficient revealed hole-type conduction for all compositions. Doped samples exhibited
electrical conductivities up to 3.4 S/cm and thermal conductivity of 1.5 W/mK. Transport analysis revealed

High-temperature X-ray diffraction

thermally activated mobility consistent with polaron conduction behavior for all compositions.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The mineral srebrodolskite, Ca,Fe,0s, dicalcium ferrite, is well
studied both for inherent structural features and diverse applica-
tions. From a functional standpoint, dicalcium ferrite has been
studied as a mixed-conductor for applications to oxygen separa-
tion membranes [1] and for anode materials in Li-ion batteries [2],
with limited application. Other applications such as photocatalysis
[3], biodiesel production [4], and propylene combustion [5] have
been investigated. Structural interest in CayFe,0s derives from its
position as the iron endmember of the brownmillerite composi-
tional series CayFesAl,_,Os, a perovskite derivative with ordered
oxygen vacancies along [1 0 1]. The oxygen deficiency in perovs-
kites is described as A;B,0s3,_1, with the brownmillerite end-
member corresponding to n=2 stoichiometry [6,7]. Ordering of
the oxygen vacancies (1/6) changes the coordination of half of the
B-site cations from octahedral (B) to tetrahedral (B') such that
alternating layers of tetrahedra and octahedra stack in [01 0]
direction yielding a formula described as A;BB'Os.

As illustrated in Fig. 1, interlayer ordering of tetrahedra in the
brownmillerite structure has two main outcomes: Pnma (number 62)
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with alternating right- and left-handed tetrahedral chains; and I2mb
(number 46) containing singly oriented tetrahedral chains. Intralayer
variations are associated with two additional brownmillerite analogs:
C2/c and Pcmb [8]. Additionally, those structures with statistically
disordered tetrahedral chains exist with Imma [9] (Icmm, number 74)
[10] symmetry, also shown to be incommensurately modulated
Imma(0 0 y)s00 [11]. Some brownmillerite compounds may disorder
at high temperature to a perovskite phase, a direct result of the
disordering of oxygen vacancies, which causes all bond lengths to
approach one average value [12]. The ambient equilibrium phase of
brownmillerite compounds depends on composition in terms of
tetrahedral layer separation and chain distortion [8]. For example,
the brownmillerite structural namesake, Ca,AlFeOs, has I2mb sym-
metry [13], while dicalcium ferrite crystallizes in space group Pnma at
standard conditions [14]. The Imma (Imma(0 0 y)s00) polymorph is
typically found at high temperatures, with the transformation occur-
ring at ~675 °C (700 °C) [14] in dicalcium ferrite [11].

The different inherent bond lengths of corner-linked tetrahedra
and octahedra in the brownmillerite phase impart structural Jahn-
Teller distortions, with resulting lattice polarizations that favor
polaronic charge transport over band (itinerant) conduction [15]. Iron
(1) in brownmillerite dicalcium ferrite exists in the high-spin state in
both four-and six-fold coordination [10], facilitating super-exchange
interactions and concomitant antiferromagnetic properties. Electronic
conduction in CayFe,O5 above room temperature in air occurs by
holes (p-type) [1,16], similar to other ferrite systems [17-19],
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Fig. 1. Interlayer tetrahedral chain ordering in brownmillerite structures:
(a) Pnma with alternating right-and left-handed tetrahedral chains and (b) I2mb
with singly oriented tetrahedral chains. Oxygen ions define the coordination
polyhedra and were omitted for clarity. A-site cations have been removed for
clarity.

consistent with Eq. (1):
1 A .
j02(g)+V,-"+<1>O,~+2h (1

The variable valences of iron allow hole carrier association
with Fe(Ill) ions to form small polarons (Fe** ions) [20] and
Fe3+*—0%~—Fe** networks along which electronic transport
occurs in ferrite systems [17]. In dicalcium ferrite, ionic conduc-
tivity is low (g;~0.0007 at 1000 °C), due to the two-dimensional
nature of diffusion pathways, which limits oxygen vacancy move-
ment to the a—c plane [1].

B-site dopants in the dicalcium ferrite system have included
Cu, Ni, Mg, and Zn [21], with many studies focused on magnetic
properties. Other brownmillerite studies have looked at structural
variations of the ambient phase with compositional changes [8],
while only recently has the high temperature brownmillerite
phase behavior in doped compositions been reported [10,22].

Site occupancy of B-site dopants (B vs. B') in brownmillerite
compounds can depend on crystal field effects and/or the relative
sizes of the cations. For example, the crystal field stabilization
energy associated with manganese (III) (d4) ions favor its six-fold
coordination [23,24]. Preferential four-fold coordination of Al (III)
up to x=2/3 in CayAlFe,_,Os is attributed to its smaller size
as compared to Fe (Ill) due to the absence of crystal field
stabilization energy in both Al and Fe cations [10,25]. In the
Cay(ZnFe,_,)Os system reported herein, high-spin iron (IIl) (d®)
shares similar electronic characteristics to zinc (II) (d'%): both
exhibit zero crystal field stabilization energy in four- and six-fold
coordination. In view of the tolerance factor, zinc (II) as a B-site
ion would exhibit more distortion from the ideal cubic perovskite
(¢=0.905) than iron (III) (t=0.945), alluding to iron’s preferential
occupancy in the octahedral sites. However, when ionic size
considerations are made, it is not obvious a priori that the larger
zinc (II) ions will occupy the (smaller) tetrahedral (B’) sites in
dicalcium ferrite.

Design of thermoelectric materials must conform to stringent
thermal and electrical requirements as specified in the thermoelectric

figure of merit (ZT), where ZT=0?0T,,/k, o the thermopower
(Seebeck coefficient), ¢ the electrical conductivity, and x the
total thermal conductivity. Oxide materials must achieve ZT > 1 in
order to be competitive. An expansion in the repertoire of p-type
oxide thermoelectric materials serves to benefit from compatible
pairing of p- and n-type oxide thermoelements in terms of
their thermomechanical behavior [26,27] and similar temperature
dependences in their Seebeck coefficients [28]. Herein the thermo-
electric properties of the brownmillerite compound Cay(ZnyFe,_,)Os
are reported as prepared and analyzed in air for their application
as a p-type thermoelectric material according to the following
equation:

2Zn0+2Ca0 + %oz(g)c‘*ieioﬁzzn;e +2h* 4 2CaZ, +507 @

This particular brownmillerite system was chosen for the
transition metal characteristics of iron, with zinc as an acceptor
dopant to increase electrical conductivity and enhance thermal
scattering by point defects. The goal of this study is two-fold:
(i) to understand the effect of zinc dopant on the stability and
phase behavior of dicalcium ferrite brownmillerite phases; and
(ii) to expand the repertoire p-type thermoelectric oxides.

2. Experimental methods

Samples of Cay(ZnyFe,_,)0s, (0 <x<0.30), were prepared
using solid-state synthesis. Stoichiometric proportions of CaCO3
(Alpha Aesar, 99.9%), Fe,Os (Sigma-Aldrich, 99.9%), and ZnO
(Sigma-Aldrich, >99.0%) were hand-mixed with isopropanol in
an agate mortar and pestle. Powders were dried and sieved to
<100 um and ~2.0g portions were pressed uniaxially to
~12 MPa using a Carver Model M die press. The pressed pellets
were calcined in air at 900 °C (10 °C/min, 12 h), followed by
reprocessing as above with reaction firing to 1000 °C. Product
powders were ground and sieved as described above, with final
mesh size of <30 um. Sintered compacts were formed as
described above with additional cold isostatic pressing to
~140 MPa. Samples were sintered to 1300 °C (10 °C/min, 12 h)
in air. Densities were found using the Archimedes method (ASTM
Standard C 373-88).

Product powders were analyzed by X-ray powder diffraction
using Siemens 0-6 D5000 X-ray diffractometers equipped with
CuKo. or CoKo radiation (40kV, 30 mA) with three different
experimental approaches: (i) room temperature phase identifica-
tion measurements with scans from 10° to 90° 260 (1°20/min)
using Cu radiation; (ii) high temperature measurements taken
during heating up to 1350 °C (20 °C/min) with scans taken every
25 °C using Co radiation to reduce the Fe fluorescence signal;
and (iii) high temperature measurements taken during heating
and cooling (T;nax=1100°C, 20°C/min) with scans taken
every 5°C (1.5°20/min) over the range of 25-40°260 using Cu
radiation. The high-temperature in situ X-ray powder diffraction
measurements were conducted on a customized diffractometer
[29] with a Bruker Vantec position-sensitive detector and
Pt-coated sapphire sample holder. Phase analysis was conducted
using Jade 9 software (Materials Data Inc., USA). Unit cell dimen-
sions and site occupancy were determined from Reitveld
refinements using TOPAS software (Bruker AXS, Germany).
Modulated structures were evaluated using the LeBail fitting
option in JANA2006 [30]. Differential thermal analysis (DTA)
was conducted in air from 100 to 1100 °C, with a heating and
cooling rate of 20 °C/min, using an STA 449C TGA-DTA measure-
ment system (NETZSCH Instruments, Germany). Sample sizes used
were ~49, 43, and 48 mg for the x=0, 0.05, and 0.1 compositions,
respectively.
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Rietveld refinements of individual high-temperature X-ray
powder diffraction patterns (every 100 °C) allowed the determi-
nation of lattice parameter temperature dependence according to
Eq. (3). Standard error propagation was performed.

1 1 /dL
oL = §05v = E (ﬁ) 3

Microstructural images were taken with an Amray 1810
scanning electron microscope at 20 kV, using thermally etched
(100 °C below sintering temperature, 1 h) fracture surfaces.

Sintered compacts were cut into ~4 x 4 x 12 mm bars for simul-
taneous electrical conductivity and Seebeck coefficient measurement
based on the 4-point steady state gradient technique [31]. Sample
bars were electroded with gold wire (Alfa Aesar, 99.9%) and
conductive gold paste (Ted Pella, Inc, USA). Measurements were
taken on a custom computer-controlled system with a current source
(Model 2400 Keithley Instruments, Inc., USA), a digital multi-meter
(Model 2700, Keithely Instruments, Inc., USA) and four type-R
thermocouples (Pt/Pt-13%Rh). Thermal gradient was obtained by
placing the sample off-center in a tube furnace, which allowed for
~10 °C temperature gradient along the length of the sample. Seebeck
coefficient was found from linear regression of AV vs. AT plot made
from the data of each individual measurement. The slope obtained
was corrected for the platinum thermocouple leads according to
Omeas=Olsamp—+ Cpr. Reported thermopower values are the average of
twenty complete measurements taken every 100 °C. Standard devia-
tions were <5 pV/K, with calculated error < 10% of reported values
for T<300°C and < 3% for T> 300 °C. Direct current reversal was
used to account for thermal electromotive force. Electrical conductiv-
ity values reported are the average of twenty measurements taken at
each temperature, with standard deviations < 1% of the averages.

Thermal diffusivity (Dq) and specific heat (C,), were found
simultaneously using a Flashline 4010 laser-flash thermal
diffusivity system (Anter Corporation, USA), Eq. (4):

K = pCyDyy 4

Thermal conductivity was calculated according to Eq. (4) along
with bulk density (p).

3. Results
3.1. Phase stability and structural analysis

Brownmillerite phases of Ca,(ZnyFe,_,)Os (x=0.00, 0.05, 0.10,
0.20, 0.30) were obtained by solid-state reactions conducted in air
consistent with Kanamaru et al. [32], and confirmed to be
orthorhombic Pnma (ICSD #00-018-0286). Room temperature
X-ray powder diffraction patterns of the compositions studied,
shown in Fig. 2a, illustrate the solubility limit of ZnO in Ca,Fe,0s5
by the emergence of additional peaks in the x=0.20 samples. The
peaks correspond to ZnO (Z), CaO (C) phases, with an additional
unidentified phase(s) (U). Corresponding cell dimensions, shown
in Fig. 2b, ceased to evolve after x=0.10, confirming the limit of
ZnO incorporation into the CayFe,0s5 structure at x=0.10. Only
single-phase samples were used for further analyses.

Additional Rietveld analysis of the x=0.10 X-ray powder
diffraction pattern was used to confirm that the Zn-doped
material has the same ambient crystal structure as the parent
phase. By placing the Zn dopant on the tetrahedral Fe site, we
achieved Rietveld statistics of R,,=4.3% and R,=3.1%. Because
the structure of the parent phase has been reported by several
authors, we do not include the final refined structure for the
Zn-doped material herein.
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Fig. 2. (a) Room temperature X-ray powder diffraction patterns of Cay(Zn,.
Fe, _4)Os compositions illustrating the solubility limit at x=0.10 by the emergence
of additional phases at x=0.20: Z=ZnO, C=Ca0, and U=unidentified phase.
(b) Evolution of cell dimensions: a (@), b (A), c (M) with increasing dopant
illustrating the solubility limit at x=0.10. Error bars are smaller than data points
and not shown.

3.2. In situ phase and structural analysis

3.2.1. Antiferromagnetic transition

Differential thermal analysis (DTA) was used to understand
the stability range of products and monitor the Néel temperature,
as shown in Fig. 3 and compiled in Table 1. An endotherm with
onset at ~443 °C in the undoped Ca,Fe,05 sample confirmed the
Néel temperature, with corresponding endotherms at 430 and
424 °C in the 0.05 and 0.10 compositions, respectively, exhibiting
a linear decrease (R? > 0.95) with increasing zinc. On cooling, the
reverse transition onset at Ty=445, 390, and < 350 °C, in the x=0,
0.05, 0.10 compositions respectively, illustrating a thermal hys-
teresis introduced by the zinc dopant (Table 1).

The decrease in the Néel temperature with increasing zinc is
consistent with other reports in both oxide and non-oxide
systems. For example, a decrease in Ty with increasing La-dopant
was reported for the Celns system [33], and decreasing Ty with
increasing x was reported in the CayFe,_M,Os5_,» (M=Mg, Ni,
Cu, Zn) system [21].
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3.2.2. Pnma-Imma(0 0 y)s00 transition: phase characterization

Although XRD measurements using Cu radiation showed some
small satellite peaks from structure modulations, additional
experiments using Co radiation were necessary to achieve accep-
table signal-to-noise ratios for indexing the satellite peaks. Fig. 4a
shows the in situ XRD data for the x=0.1 sample, wherein the
Pnma-Imma(0 0 y)s00 transition is obvious. Fig. 4b shows that the
satellite peaks can be described using a commensurate modula-
tion, with refined y=0.5009(2), and Rwp=5.2% and GOF=1.3. The
commensurate modulation remains unchanged up to 1300 °C.
We note the same result for the x=0.05 sample, with y=%. In
comparison, the Zn-free phase is well-known to take on an
incommensurate modulation with ~0.58 <y < ~0.62, over the
temperature range of 690-800 °C [11]. Therefore, we note that
even small Zn additions lead to a preference for the super-
structure to take on a periodic alternating right-left tetrahedral
chain sequence. Commensurate modulations have been observed
in similar systems, for example Sr,MnGaOs [34]. The mechanisms
responsible for chain ordering have been studied in some detail,
with dipole-dipole interactions between tetrahedral chains being
identified as a primary driving force for the various ordering
sequences [35].

In addition, we have studied the CayFe,0s material to higher
temperatures than previous authors, and discovered additional
phase transitions. Fig. 5 shows the in situ XRD data for CayFe;0s,

0.3
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-0.2
heating

Temperature Difference (uV)

-0.3 4

1 . T L4 I . I T Ll T . I
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Fig. 3. Differential thermal analysis of Cay(Zn,Fe,_,)Os compositions showing
x=0 (blue), x=0.05 (red), and x=0.10 (green). The Neel transition is seen during
heating in the endotherms centered around ~450 °C. The Pnma-Imma(0 0 y)s00
phase transition is seen during heating as endotherms around 550-675 °C. During
cooling the Imma(0 0 y)s00-Pnma transitions are seen to become increasingly
broadened with increasing zinc concentration.

Table 1

demonstrating the Pnma-Imma(00y)s00 phase transition.
As reported by Kriiger et al. [11], the modulation vector changes
with temperature, decreasing from 0.62 at 700 °C to 0.59 at
900 °C. Kriiger and co-workers predicted that continued heating
might result in a superstructure with alternating chains. Indeed
we have observed this phase transition, which occurs on heating
above 1000 °C. As shown in Fig. 5, a 2-phase mixture of modu-
lated phases with y=0.59 and %2 is found at 1000 °C, and then
the modulation satellites decrease in intensity on approaching
1300 °C. At 1300 °C and higher, the peaks may be described using
space group Imma, wherein there is statistical disorder among the
L and R chains rather than the alternating -L-R-L-R- sequence
characteristic of the commensurate structure. A Rietveld refine-
ment of the 1300 °C XRD data was performed to confirm the Imma
space group, though we note that a full refinement was not
performed because of the limited angular range of the in situ
dataset. As shown in Fig. 6 and Table 2, the Imma model
accurately describes the Ca,Fe,0s5 structure at 1300°C.

3.2.3. Pnma-Imma(0 0 y)s00 transition: hysteresis

High-temperature in situ X-ray powder diffraction (HTXRD) was
used in conjunction with DTA to monitor the Pnma-Imma(0 0 )s00
transition of these brownmillerite compounds. Consistencies
between DTA and HTXRD results included the decreasing onset
temperatures for the forward Pnma-Imma(0 0 y)sO0 phase transi-
tion, manifest in the second endotherm (DTA) and the disappear-
ance of (1 3 1) peaks at 29°20 in a similar manner to that shown in
Fig. 4 for the x=0.1 composition [10,36]. Upon cooling, Pnma-
Imma(0 07)s00 exotherms became increasingly broadened and
onset at lower temperatures (690, 610, ~500 °C), indicating a
thermal hysteresis introduced by the zinc dopant. The lack of
hysteresis in the Zn-free sample is in disagreement with the recent
report by Kriiger et al. [11], who showed a hysteresis of ~24 °C
during a DTA measurement with maximum temperature of 1000 °C.
As described above, our DTA excursion to 1100 °C brought the
sample into the range of the commensurately modulated phase
emergence. We attribute the lack of hysteresis in the Zn-free sample
to the added complexity of the additional phase transitions that
occur at temperatures above 1000 °C. For the Zn-containing speci-
mens, however, there is only a single transition, from Pnma to the
commensurately modulated structure.

Kinetic information regarding the rate of the high-temperature
phase transformation both upon heating and cooling was
obtained from the number of diffraction peaks, taken every 5 °C,
between the onset of decreased intensity in and complete
disappearance of the (1 3 1) reflection. The results are compiled
in Table 1. The temperature range over which the Pnma-
Imma(0 0 y)s00 phase transition occurred expanded from 10°C
in the undoped dicalcium ferrite, to ~25°C in the x=0.10
composition during heating. This result is in agreement with the
work of Kriiger and co-workers, who noted phase coexistence in

Transition temperatures of thermal events in Cay(ZnsFe,_,)Os found by DTA in situ high temperature X-ray powder diffraction.?

X DTA (+1°C) XRD (+5 °C)
Neel Imma(00 7y)s00 onset Pnma onset Phase Imma(0 0 7)s00 Onset  ATpeating Pnma Onset ATcooting Phase
temp. temp. (heating) temp. (cooling) transition temp. (heating) transition temp. (cooling) transition transition
hysteresis range range hysteresis
0.00 443 682 680 <2 690 10 690 10 <5
0.05 430 613 605 8 615 15 610 20 5
0.10 424 561 ~500 ~40 555 ~25 ~575 ~40 n/a

2 Temperatures indicated as approximate result from broadened peaks (DTA, Fig. 2, and HTXRD, Fig. 4c).
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Fig. 4. In situ XRD data for the x=0.1 sample. (a) 3-D view of the full temperature range; (b) LeBail fit of the in situ X-ray powder diffraction pattern of the x=0.1 sample at

1250°C, using space group Pnma-Imma(0 0 y)s00 with refined y=0.5009(2).

CayFe;05 during the Pnma-Imma(0 0 7)s00 transition. We note a
similar situation in the case of the incommensurate to commen-
surate transition in the Zn-free sample, where the transition is
extremely sluggish, with the peaks coexisting for at least 50 °C.
Upon cooling, the reemergence of the (1 3 1) peaks onset at lower
temperatures, again showing thermal hystereses that increased
with increasing dopant. In the x=0.10 composition the preva-
lence of modulation reflections [11,37] at high temperature
obscured the distinct reemergence of the (1 3 1) peak regardless
of radiation source, yielding a hysteresis that could not be
accurately quantified.

3.2.4. Thermal expansion

The temperature evolution of lattice parameters (normalized)
shown in Fig. 7 for the x=0.10 composition is representative of all
single-phase samples and illustrates predominate thermal expan-
sion in [010]. Linear coefficients of thermal expansion were

calculated separately for each cell direction of each phase and
compiled in Table 3 [10,36].

3.3. Microstructural characterization

Only single-phase compositions were formed into sintered
compacts and used for thermoelectric analyses, with representa-
tive microstructures shown in Fig. 8a-c. Measured densities were
3.70, 3.64, 3.71 g/cm® for the compositions x=0, 0.05, 0.10,
respectively. Theoretical densities of 4.026, 4.028, 4.051 g/cm?,
respectively, were calculated using refined lattice parameters.
Consistent with sintered densities > 90% theoretical, all micro-
structures show evidence of the final stages of sintering, as
evidenced by intragranular pores. Additionally, increasing grain
size is observed with increasing dopant levels pointing toward the
ability of zinc to enhance grain growth.
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Fig. 6. Rietveld fit to the in situ X-ray powder diffraction pattern for the x=0 sample at 1300 °C showing correspondence with the Imma phase.

3.4. Thermoelectric properties

3.4.1. Seebeck coefficient and electrical conductivity

Direct current electrical conductivity (¢) and Seebeck coeffi-
cient (thermopower, o) were measured simultaneously from
100 to 800 °C, as shown in Fig. 9a,b, respectively. Electrical
conductivity increased with temperature in all compositions,
while only the x=0.10 samples exceeded 1 S/cm above 400 °C.
Seebeck coefficients were positive over all temperatures indicat-
ing conduction by hole carriers. While Seebeck coefficient
decreased with increasing temperature above 300 °C in the x=0
composition, the doped samples appear to approach a constant
value over the same temperature range.

3.4.2. Thermal conductivity

Thermal conductivity results for all three compositions are
shown in Fig. 9c. While a small decrease in thermal conductivity
was seen with increasing dopant, all samples remained > 1 W/mK.

3.5. Conduction analysis

Based on introductory remarks and previous calculations of
CayFe,05 [16], the Cay(ZnyFe,_»)Os conduction behavior was
analyzed according to a polaron model. The hole-type conduction
in dicalcium ferrite was explained by the presence of oxygen
interstitials consistent with Eq. (1), where hole carriers associated
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Table 2
Structural refinement results for CayFe,0s, confirming the existence of Imma
(FegCagO40) phase at 1300 °C.> ©

Atom Site Multiplicity Wyckoff X y z Occ.
position
Ca’* Cal 8 8h 0(0) 0.1114(2) 0.5277(6) 1
Fe3* Fel 4 4a 0(0) 0(0) 0 1
Fe3* Fe2 8 8i 0.058(1) 0.25(0)  0.0674(8) 0.5
0%~ o1 8 8g -0.25 0.0049 0.25 1
0%~ 02 16 16j —0.0123 0.1457 -0.041 0.5
0%~ 03 8 8i —0.8897 0.25 0.3751 0.5

2 Ryp=5.9% GOF=1.8, Imma: a=5.5132(1) A, b=15.2150(4) A, c=5.6540(2) A.

b Refinements were conducted using the model of Wright et al.[56]. Due to limited
20 range of data, only cation positions were refined. Entries without error values were
not refined.

1.03 - 11.03
Pnma i Imma *
@ L]
c
9
7]
£ 1.024 ot -1.02
E ¢
<) . -
I e "
(3] .
B 1.01 o . A 10
= . [ ] A
1] ™ A
E . a A
[=] m A
z g A
1.00 & - 1.00
T T T T T T T T
0 200 400 600 800 1000 1200 1400

Temperature (°C)

Fig. 7. Normalized cell dimensions of Ca;Zng 1oFe;.900s product powders obtained
from high temperature X-ray powder diffraction data: a (M), b (®), c (A). Error
bars are smaller than data points and are not shown.

Table 3
Linear coefficient of thermal expansion of single phase Cay(Zn,Fe, ,)Os
compounds.

x o (x 108K~ 1) Pnma o (x 108 K~1) Imma(0 0 7)s00

a b c a b c
0 98(3) 2193) 81(3) 13.1(3) 23.3(4) 6.5(3)
005 94(3) 21.6(3) 74(3) 14.0(7) 22.0(7) 6.9(7)
010 86(3) 212(3) 65(3) 143(3) 21.4(3) 7.8(3)

with (variable valence) Fe cations, forming polarons as follows:
1 . 7 X
CayFe;05 + 5 02(8) +Vj* »2Cag, +2(Fe** +h*)+0] +50; (5)

Essentially, the conduction mechanism depends on the nature
of the mobility, which can be distinguished through analysis of
electrical conductivity and Seebeck coefficient as shown in
Egs. (6) and (7), respectively:

oT =0, exp(i) (6)
ks

_S_ Q _ kB Eoc

a‘E‘ﬁ‘?(kTT“‘) ™

a

18pm

17 mm

T 16
8.8 kY P17 mm

Fig. 8. Representative microstructures of single phase sintered compacts,
Cay(ZnyFe, _»)Os, used for thermoelectrical measurements: (a) x=0, (b) x=0.05,
(c) x=0.10.

Eq. (6) applies to the characteristic diffusion-like transport of
polaron conduction, which results in a temperature-activated mobi-
lity. In this expression, (E,) represents the activation energy for
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Fig. 9. Thermoelectric properties of Cay(Zn.Fe,_,)Os: (a) direct current electrical
conductivity (o) (error bars are smaller than series symbols and not shown);
(b) Seebeck coefficient (a); (c) thermal conductivity (i,); and (d) figure of merit
(ZT). x=0 (M), x=0.05 (A), x=0.10 (®).

conduction, which contains contributions from both carrier genera-
tion (E,) and the polaron binding energy (W); ¢ is the electrical
conductivity; T the absolute temperature; kg Boltzmann’s constant;
and o, includes geometrical and frequency factors. Eq. (7) results
from the application of the second law of thermodynamics to
thermopower, where S is the entropy, the heat of electronic conduc-
tion Q is related to the carrier generation energy (E,), e is the electron
elementary charge, and A represents the entropy of transport [38,39].

Arrhenius plots of conductivity (Eq. (6)) and thermopower
(Eq. (7)) data shown in Fig. 10 were used to extract the correspond-
ing activation energies (compiled in Table 4) and distinguish the
charge transport mechanism. The x=0 composition shows two
distinct regions of conduction behavior. The temperature at which
the conductivity behavior changes, 300 °C, in the x=0 samples
does not correspond to Ty or the temperature of the Pnma-
Imma(0 0 y)s00 transition. The discontinuity seen in the electrical
conductivity data of the x=0.10 samples near Ty manifests in the
corresponding Arrhenius plot (Fig. 10c) and two separate linear fits
were used above and below the discontinuity to yield two regions
with similar slopes and thus similar activation energies, thereby
representing a single conduction mechanism.

4. Discussion
4.1. Phase stability and structural analysis
4.1.1. Solubility limit and site occupancy

The limit for zinc incorporation in dicalcium ferrite at x=0.10
(5%) is consistent with other reports [21], while the evolution of

6 a x=0
47 y= 48585+ 10.776 y=-2.712x + 7.073
2
0
-~ 8 ' ' ' ' x=0.05
= 5 b
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Fig. 10. Transport analysis of electrical conductivity (sigma) (a)-(c) and Seebeck
coefficient (alpha) (d)-(f) data.

Table 4
Activation energies derived from electrical conductivity® and Seebeck coefficient.”
Activation energy x=0 (eV) x=0.05 (eV) x=0.10 (eV)
T<300°C T>300°C
E; 0.23 0.42 0.23 0.25, 0.29
E, 0.01 0.15 0.05 0.03
E;—E, 0.22 0.27 0.18 0.22, 0.26

@ Activation energy for conduction (E,) contains both carrier generation and
mobility contributions.

b Activation energy for carrier generation (E,) derived from Seebeck coefficient
measurements.

lattice parameters with doping provided insight about the site
occupancy of zinc ions. With continuous corner-shared polyhedra
in [0 1 0] as well as within the octahedral sheets (a-c plane), as
illustrated in Fig. 1, substitution of a larger ion into an octahedral
site should mandate an expansion of the lattice in all directions.
However, given the absence of corner sharing within tetrahedral
sheets, substitution of a larger ion at a tetrahedral site can only
strictly require expansion along [0 1 0]. The simultaneous con-
traction in a-c and expansion in the b-dimensions of the Pnma
cell with zinc doping (Fig. 2b) provided evidence for zinc's
preferential occupancy at tetrahedral sites. These findings show
consistency with the Ca(Al Fe,_,)Os compositional series, where
aluminum ions occupy tetrahedral sites up to 2/3 [10].

4.1.2. Pnma-Imma(0 0 y)s00 phase transition

Tetrahedral site occupancy of zinc dopant ions in dicalcium
ferrite had a multi-faceted impact on the Pnma-Imma(0 0 y)s00
phase transition with increasing dopant. In addition to changing
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the high temperature polymorph to a commensurately modulated
structure, Zn addition also decreased the onset temperature of the
Pnma-Imma(0 0 y)s00 phase transition and the rate of this phase
transition, as manifest in the larger temperature ranges. Further,
zinc introduced a thermal hysteresis between the forward and
reverse phase transition that increased with increasing dopant.
These results are consistent with the preferential substitution of
zinc at tetrahedral sites and the central role that tetrahedral sites
play in the Pnma-Imma(0 O 7)s00 phase transition.

4.1.3. Linear coefficient of thermal expansion

All single-phase compositions exhibited anisotropic thermal
expansion similar to that of the x=0.10 composition shown in
Fig. 7. Consistent with brownmillerite polyhedral linkages and the
zinc occupancy, these compounds exhibit the greatest expansion
in [0 1 0], as compared to the a-c plane. These observations are
consistent with a structure that has available space to accom-
modate thermal vibrations as well as larger dopant ions within
the tetrahedral layers. The presence of Zn-dopant in the dicalcium
ferrite brownmillerite structure was seen to have different effects
on the linear coefficients of thermal expansion (CTE) of the Pnma
and Imma(0 0 y)s00 phases, as shown in Table 3. A decrease in CTE
with increasing dopant was observed in all directions of the
Pnma phase, while the Imma(0 0 y)s00 phase showed negligible
decrease in the inherent anisotropy: increasing thermal expan-
sion in the a- and c-directions combined with decreasing expan-
sion in the b-direction. To translate these results to the bulk,
linear thermal expansion coefficients were calculated based on
Eq. (3) using cell volume expansion data. The values found of
13.3(2), 12.7(3), 12.1(2)x 10"8K~! for the Pnma phase of the
x=0, 0.05, 0.10 compositions, respectively, show a small but
significant decrease in thermal expansion with increasing dopant.
The Imma(007)s00 phase showed no significant change in
CTE with increasing dopant, with values of 14.4(2), 14.5(3),
14.3(2) x 108K~ . These values can be considered representa-
tive of the behavior of a bulk polycrystalline sample due to
the independence of thermal expansion on microstructure and
porosity [40].

4.2. Thermoelectric properties

4.2.1. Electrical conductivity

Electrical conductivity, shown in Fig. 9a, increased with zinc
concentration, confirming zinc as an acceptor dopant to increase
(hole) carrier concentration in accordance with Eq. (2). Although
the x=0 and 0.05 samples approached 0.4 S/cm above 600 °C, the
x=0.10 composition reached conductivities of 3.4 S/cm at 800 °C,
remarkably high for a polycrystalline brownmillerite compound
[1,22,41].

A discontinuity in the electrical conductivity of the 0.10
samples was noted to fall in the range of the Néel temperature
of this sample (424 °C found by DSC, Table 1). A similar but more
subtle discontinuity was seen in the 0.05 samples (Ty=430 °C),
while the x=0 samples appeared to exhibit a smooth trend over
the entire temperature range. The manifestation of the Néel
transition in the electrical conductivity data has been previously
reported [42-44]. While some researchers have noted disconti-
nuities near or around Ty, others noted the discontinuity directly
at Ty and used electrical conductivity measurements to directly
determine the Néel temperature [42]. The extent to which this
transition reveals itself in the electrical data may depend on the
type of conduction mechanism present. Whall et al. [44] observed
a distinct break in their electrical conductivity data at Ty in
manganese ferrite and attributed it to an increase in the polaron
hopping energy during the Néel transition.

4.2.2. Seebeck coefficient

As seen in Fig. 9b the Seebeck coefficient of all samples
remained positive over all temperatures, confirming charge trans-
port by hole carries. The observed decrease in the Seebeck
coefficient with increasing dopant is consistent with an increasing
carrier concentration and the inverse relationship between See-
beck coefficient and carrier concentration. In both doped samples,
x=0.05, 0.10, the Seebeck coefficients were found to approach
constant (temperature independent) values of 160 and 110 puV/K,
respectively.

4.2.3. Thermal conductivity

As seen in Fig. 9c, the presence of zinc dopant served to
decrease thermal conductivity by ~1W/mK at 100 °C over
undoped samples, consistent with the increased thermal scatter-
ing potential of the larger zinc ion. Minimum thermal conductiv-
ity of ~1.5W/mK was found at 800 °C in the x=0.10 doped
samples, and noted to approach the target value of k <1 W/mK
for thermoelectric oxides.

4.2.4. Figure of merit

The thermoelectric figure of merit (ZT) as a function of average
temperature for single phase Cay(Zn.Fe,_,)Os compounds are
shown in Fig. 9d. Consistent with power factors that remained
<5x107°W/mK? and thermal conductivities >1W/mK, the
maximum ZT value observed was ~0.002 at 800 °C in the
x=0.10 composition.

4.3. Transport behavior in Cay(ZnyFe,_x)Os system

Understanding thermoelectric phenomenon starts with an
analysis of the coupling between thermal and electrical transport
according to non-equilibrium thermodynamics [45-47]. The
result illustrates thermopower to represent the entropy per
carrier (S/e) [48], with increased thermopower achieved by max-
imizing the spin orbital degeneracies in the electronic structure of
constituent ions [49,50]. For a polaron conductor, the conse-
quences are two-fold: carriers require energy activation to move,
and their association with lattice sites supports the statistical
nature of this diffusion-like transport. Accordingly, the carrier
generation energy (E,) is very small, and the conduction activa-
tion energy (E,) is dominated by the mobility. The statistical
nature points towards modeling the thermopower by
Boltzmann'’s equation [51,52]:

S kg 1-c Sy
a=3==(¢) n(s5) ®

In this expression, ¢ represents the fractional number of
carriers (i.e. tetravalent iron), and S, is the vibrational (transport)
entropy associated with the charge carriers. Often, S,/kp is
neglected, as it is estimated to contribute only 10 pV/K [53].
The factor f represents the spin orbital degeneracy [51]:

25,41
T 2S5 +1

where S, is the spin value of the M"* cation (Fe>*)and S, ; is the
spin value of the M"*+! cation (Fe**). In the high-spin iron system
described herein, f=6/5. Carrier concentration (p) can be derived
from c in Eq. (8) to estimate the mobility using o =epu,.
The polaron mobility calculated in this way should be <0.01 cm?/Vs.

The transport mechanism for hole carriers in doped dicalcium
ferrite compositions was found using the activation energies for
carrier generation (E,) and conduction (E,). In the case of polaron
conduction, E,=E,+W, where W is the polaron binding energy:
the activation energy associated with the mobility [54]. Being that
the thermoelectric effect exists (and is measured) in the absence

©
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of a current (i=0), the carrier activation energy (E,) contains no
contribution from the mobility [38]. The negligible temperature
dependence of the thermopower, as seen in Fig. 10(e and f),
qualitatively illustrates the absence of a temperature-activated
carrier generation (i.e. itinerant conduction behavior). Quantita-
tively, the low activation energies (E,) at 0.05, 0.03 eV for the
x=0.05, 0.10 compositions, respectively, support a diffusion-like
transport mechanism, characteristic of polaron carriers and facili-
tated by the variable valences of iron as described by Eq. (5).
Activation energies for conduction (E;) were found to be 0.23 and
0.25eV for the x=0.05, 0.10 compositions, respectively. As
tabulated in Table 4, the difference E,—E, of ~0.18, 0.22 eV,
respectively, is consistent with other oxide systems [41,53,55] as
well as the x=0 samples.

Eq. (8) was applied to the Seebeck coefficient data for the
x=0.05 and 0.10 compositions to estimate carrier concentration
for use in conjunction with electrical conductivity values in
the determination of the mobility. The zinc dopant served to
increase carrier concentration in the x=0.05, 0.10 (~2 x 10?!,
~4 x10%' cm 3, respectively) samples by almost an order of
magnitude as compared to undoped samples (~2 x 102° cm—3).
While hole concentration remained fairly constant with tempera-
ture in the doped compositions, the mobility evolved from
~6x 1075 cm?/Vs at 100 °C to a maximum of 0.005 cm?/Vs at
800 °C. The magnitude of these values, at <0.01 cm?/Vs, provides
further support of a polaron conduction mechanism.

5. Conclusion

The thermoelectric properties of Zn-doped dicalcium ferrite
exhibited p-type conduction, with transport analyses revealing a
polaron conduction mechanism. The presence of zinc dopant served
to increase electrical conductivity to a maximum of ~3.4 S/cm, and
decrease thermal conductivity to 1.5 W/mK, while maintaining a
Seebeck coefficient > 100 pnV/K. While these values are competitive
in terms of brownmillerite polycrystalline ceramics, the low power
factor restricts the figure of merit values to < 1.

Two new phase transitions were discovered in Ca,Fe,0s5 at
temperatures above 900 °C; the first from incommensurate to
commensurate, and the second to statistically disordered chain
sequence represented by space group Imma. Zn doping decreased
the onset temperatures of both the Néel transition and the Pnma-
Imma(0 0 y)s00 phase transition temperatures. Notably, the pre-
sence of Zn results in a transition to a commensurately modulated
high temperature phase rather than an incommensurately modu-
lated one. Both a decrease in the rate of Pnma-Imma(0 0 y)s00
transformation and lower onset temperatures for the reverse
transformation were observed with increasing dopant, illustrating
a thermal hysteresis in the phase transition that increased with
zinc concentration. These direct relationships between zinc
dopant and the high-temperature phase behavior are attributed
to its tetrahedral occupancy and the central role of tetrahedra
in the phase transition. This ability to target acceptor ions at
specified sites in the brownmillerite structure and directly control
the high-temperature phase behavior may present new opportu-
nities for designing brownmillerite compounds for high-tempera-
ture applications.
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