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A B S T R A C T   

Attrition-milling process has been applied to Ce-doped CaMnO3 precursors to obtain small grain-size powders. 
The use of Ce4+ as dopant instead a Rare Earth3+ has allowed decreasing by 50% the atomic proportion of 
dopant, to obtain equivalent charge carrier concentration, which is required for attaining promising properties 
for thermoelectric applications. An impressive decrease in thermal processing time was achieved, together with 
an increase in thermoelectric performances, when compared to classically prepared materials. XRD and SEM 
analysis have confirmed that the final material is nearly single phase. Moreover, grain sizes and density increase 
with the sintering duration. These microstructural differences are reflected in a significant decrease in electrical 
resistivity, when compared to the samples prepared from ball-milled precursors (used as reference), without 
drastically modifying the Seebeck coefficient values. On the other hand, despite of their high electrical con
ductivity, thermal conductivity is decreased for short time sintered materials, leading to the highest ZT values at 
800 ◦C (~0.27) in samples sintered for 1 h at 1310 ◦C. These values are among the best reported in the literature, 
but they have been obtained in very short time using a simple, and easily scalable process. The suggested 
approach presented in this work appears particularly promising for large-scale production of oxide-based ther
moelectric modules for power generation.   

1. Introduction 

Today, one of humanity’s main concerns is focused on reducing the 
use of fossil fuels and, therefore, the emission of greenhouse gases. In 
order to decrease these emissions, renewable energies (photovoltaic, 
thermal solar, wind, etc.) are being massively exploited throughout the 
world. On the other hand, all these renewable energy sources are not 
enough to fulfil the energetic requirements of society. Consequently, 
fossil fuels are still necessary in many sectors, even if their energetic 
efficiency is relatively low, loosing huge amounts of energy in the form 
of heat. In this scenario, thermoelectric (TE) power generation tech
nologies are very promising, as they can be incorporated into the 
existing thermodynamic processes, increasing their overall efficiency. 
These devices can harvest energy from waste heat and/or natural heat 
sources [1,2] to produce useful electrical power. However, for these 
practical applications, it is necessary to produce TE materials with high 

energy conversion efficiency, which is quantified using the dimension
less figure of merit ZT, defined as TS2/ρκ (S2/ρ is also known as power 
factor, PF), where S is Seebeck coefficient, ρ electrical resistivity, κ 
thermal conductivity, and T absolute working temperature [3]. When 
analysing this expression, it is evident that high efficiency TE materials 
should have a high Seebeck coefficient, as well as low electrical re
sistivity and thermal conductivity. 

Nowadays, commercial modules are based on semiconducting and 
intermetallic materials, which are usually composed of heavy and/or 
toxic elements. Moreover, they can melt, evaporate or oxidize at high 
temperatures under air, limiting their niche of applications. On the other 
hand, ceramic materials are deeply studied since the discovery of ther
moelectric properties in NaxCoO2 [4], composed of less-toxic, more 
abundant and cheaper elements than the classical ones [5,6]. Further
more, they can operate at higher temperatures than the classical ther
moelectrics, under air, for a long time without oxidation and/or 
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evaporation. These works led to the discovery of new p-type compounds, 
such as Ca3Co4O9 [7], with promising properties to be used in thermo
electric modules. However, for building these thermoelectric modules, it 
is necessary to prepare n-type ceramics counterpart, such as manganite 
or titanate-based compounds with similar properties [8,9]. Among these 
families, the most promising is CaMnO3 due to its simple preparation 
under air atmosphere. Nevertheless, the pristine compound displays too 
high electrical resistivity due to its low charge carrier concentration (7.1 
1018–1.02 1019 cm− 3) [10,11]. Consequently, it is necessary increasing 
this concentration to enhance its thermoelectric performances. It has 
been reported that 10 mol% substitution of Ca by trivalent elements 
maximizes these performances [12,13], increasing the charge carrier 
concentration up to 1.9 1021 cm− 3 [14]. On the other hand, bulk com
pounds are produced through the classical solid-state method, involving 
several mixing, milling and thermal treatment processes. Nevertheless, 
this method typically leads to incomplete reactions and/or composi
tional inhomogeneities. These drawbacks, together with the increase in 
the materials production costs, due to the long preparation process and 
the use of expensive rare earth elements, make these materials less 
attractive for massive applications. 

Additionally, it has been previously reported that preparation tech
niques may influence the final properties of bulk materials [15]. 
Consequently, the objective of this work is to reduce the costs of the raw 
materials, as well as those associated to the materials processing. Taking 
into account these limitations, Ce was used as a dopant, due to its lower 
cost, when compared to other RE. Moreover, it provides the possibility 
of using lower dopant concentration (5 mol%), as it displays +4 
oxidation state, supplying 2 electrons to reach charge carrier concen
trations of around 1.9 1021 cm− 3, which corresponds to that obtained 
with 10 mol% of a trivalent dopant [14]. Furthermore, attrition-milling 
was used to decrease particle size of initial precursors, which increase 
their reactivity, and allows reducing the thermal treatments duration. 
The structural and microstructural characteristics were evaluated and 
related to the thermoelectric properties of the final product. Further
more, their performances were compared to the samples prepared 
through the classical solid-state method. 

2. Experimental 

The initial Ca0.95Ce0.05MnO3 mixtures were prepared using CaCO3 
(≥99%, Aldrich), CeO2 (99.9%, Aldrich), and Mn2O3 (99.9%, Aldrich) 
commercial powders. They were weighed in stoichiometric proportions 
and well mixed. The milling procedure was different for both types of 
samples: classically prepared materials were first ball-milled in an agate 
ball-mill at 300 rpm for 2 h in water media, while the attrition-milled 
precursors were ground in an attrition-mill with zirconia balls at 400 
rpm for 2 h in water media. The attrition-milling process consists in a 
Teflon cylindrical container where the precursor powders are intro
duced with a large number of 1 mm diameter zirconia balls and water. 
Once the mixture has been prepared, and agitator, consisting in three 
blades at different heights and distributed at 120◦, is rotated to grind the 
precursors due to the friction between the balls and the precursor 
powders. The two different suspensions were then totally dried under IR 
radiation, followed by manual milling to produce brownish-fine pow
ders. The precursors for the classical solid state method were thermally 
treated using a two-step procedure, at 950 ◦C for 12 h, and 1050 ◦C for 
12 h with an intermediate milling. It should be highlighted that the best 
conditions found experimentally for the calcination of attrition-milled 
precursors were at 1100 ◦C for 1 h. For this purpose, attrition-milled 
calcined powders in different conditions were analysed through FTIR 
spectrometry until reaching the same spectrum obtained in the ball- 
milled precursors after calcination. After the calcination procedure, 
powders were cold uniaxially pressed under 400 MPa in the form of 
pellets and sintered at 1310 ◦C for 12 h for the solid-state method and for 
1, 3, 6, and 12 h for the attrition-milled precursors. 

Powder X-ray diffraction (XRD) has been performed using a Rigaku 

Ru300 between 5 and 60◦ to identify the phases in the samples. Density 
measurements have been performed using Archimedes’ method on 
several samples for each processing condition, using 4.705 g/cm3 as a 
reference for the theoretical density [16]. Microstructural studies were 
performed on the precursor powders after each step, and on samples 
surfaces after sintering using a FESEM (Zeiss Merlin) equipped with an 
energy dispersive spectrometer (EDS) to determine the elemental 
composition of grains. Moreover, grain sizes were estimated by per
forming the image analysis for the powders, and using the line intercept 
method on sintered materials [17]. FTIR spectrometry has been carried 
out in a Bruker IFS 28 Spectrometer on the samples after each thermal 
treatment, using the spectrum of the mixed precursor powders as 
reference. 

Electrical resistivity and Seebeck coefficient were simultaneously 
measured in steady state mode, using the standard DC four-probe 
technique, in an LSR-3 apparatus (Linseis GmbH) between 50 and 
800 ◦C under He atmosphere. Thermal diffusivity (α) has been measured 
in the same direction used for the electrical characterization in a laser- 
flash system (Linseis LFA 1000). Thermal conductivity (κ) has been 
calculated as κ = α Cp d, being Cp specific heat and d, sample density. Cp 
has been calculated using Dulong-Petit law. As it is well known, thermal 
conductivity is composed of two contributions, the electronic and the 
phononic (or lattice) ones, in the form κ = κel + κph. κel can be calculated 
using the Wiedemann-Franz law, as κel = L σ T, where L is Lorenz 
number, σ electrical conductivity, and T absolute temperature. More
over, in order to determine and compare the TE performances, ZT was 
calculated from Seebeck coefficient, electrical resistivity, and thermal 
conductivity data. These data were used to evaluate the evolution of the 
properties as a function of the sintering time, and were also compared 
with previously reported values in the literature for similar compounds. 

3. Results and discussion 

Representative SEM micrographs of precursor powders are shown in 
Fig. 1, after ball-and attrition-milling (a, and b, respectively) and 
calcination procedure of ball- and attrition-milled precursors (c, and d, 
respectively). As it can be easily observed in these micrographs, the 
particle sizes seem to be much smaller after attrition-milling when 
compared to those produced through ball-milling. Moreover, by 
comparing the particle sizes after the calcination procedure, this trend is 
more evident. In order to evaluate these changes in size after each 
processing step, grain sizes were determined using image analysis, and 
the results are presented in Table 1. As it is shown in the table, grain 
sizes are increasing with the calcination procedure being, at least, three 
times larger for the ball-milled precursors than for the attrition-milled 
ones. This effect is due to the larger calcination process in the former 
case, despite of its lower temperatures. However, in both cases, the in
crease in grain sizes is about three times from the milled precursors to 
the calcined ones. Taking into account the calcination conditions for 
both types of precursors, the higher reactivity of attrition-milled pre
cursors is due to their much smaller particle sizes after milling when 
compared to the ball-milled ones. 

Fig. 2 presents the FTIR spectra of initial powders and after calci
nation for both milling processes. As it can be easily observed in the 
graph, the CaCO3, CeO2, and Mn2O3 mixture (denoted as precursors) 
shows only the typical absorbance peaks of CaCO3 (a strong one between 
1450–1400 and a medium one at 880-880 cm.1 [18]) in the studied 
1800-800 cm− 1 region. After calcining the ball-milled powders at 950 ◦C 
for 12 h, some calcium carbonate is still present in the samples, dis
appearing (or being below the detection limit of the technique) after the 
second calcination step at 1050 ◦C. On the other hand, attrition-milled 
samples reach the same situation (no CaCO3 detected) after only 1 h 
at 1100 ◦C. This fact is due to the microstructural features previously 
described, which enhance the particles reactivity and the diffusion rates. 

Powder XRD patterns for all samples are presented (from 10 to 50◦

for clarity) in Fig. 3. As it can be observed in the graph, all samples 
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display the same pattern, and all the peaks can be associated to the 
crystallographic planes of CaMnO3 phase with a Pnma space group 
(JCPDS card No. 04-008-4530), in agreement with previously reported 
data [19]. These results clearly show that all samples are single-phase 

and that the processing conditions are adequate to produce the ther
moelectric phase. 

Fig. 4 presents representative SEM micrographs performed on the 
surfaces of samples produced from both types of precursors and sintered 
at 1310 ◦C for different times. The images show a larger amount of 
porosity in the samples produced from ball-milled precursors sintered 
for 12 h than for attrition-milled ones, independently of the sintering 
duration (compare Fig. 4a–. 4b, c, and d). Moreover, grain sizes are 
increased, and porosity is decreased in samples produced from attrition- 
milled precursors when the sintering time is raised. The evolution of 
grain sizes as a function of precursors and the sintering time has been 
evaluated through the line-intercept method using several micrographs 
for each sintering conditions. The obtained results, together with their 
standard deviation are shown in Table 1. As it can be observed in the 
table, in spite of the very small particle sizes obtained after calcining the 
attrition-milled precursors, their high reactivity leads to a rapid increase 
of grain sizes during the sintering procedure. Furthermore, after 12 h 
sintering, these grains are about 25% larger than the obtained in samples 
produced from ball-milled precursors sintered in the same conditions. 
On the other hand, EDS analysis performed in several regions of each 
sample has revealed that the mean composition corresponds to the 
nominal composition, with a very slight Ca deficiency in all cases. These 
EDS results clearly confirm the XRD data discussed previously, and the 
substitution of Ca by Ce, in agreement with previous studies [8]. 

As mentioned, SEM micrographs seem to show a decrease in porosity 
from the ball-milled to the attrition-milled precursors. Moreover, 
porosity is further decreased when the sintering time is increased. These 
observations were corroborated through absolute density measure
ments, illustrated in Table 2. As it can be observed, the density follows 
the trends suggested through the SEM images. These values correspond 

Fig. 1. SEM micrographs of precursor powders after a) ball; and b) attrition-milling, and after calcination c) 950 ◦C for 12 h and 1050 ◦C 12 h ball-milled precursors; 
and d) 1100 ◦C 1 h attrition-milled precursors. 

Table 1 
Mean grain size of samples, together with their standard deviation, after each processing step.   

As milled Calcined 950 ◦C 
12 h 

Calcined 1050 ◦C 
12 h 

Calcined 1100 ◦C 
1 h 

Sintered 1310 ◦C 
1 h 

Sintered 1310 ◦C 
3 h 

Sintered 1310 ◦C 
6 h 

Sintered 1310 ◦C 
12 h 

Attrition 
milled 

163 ± 72 
nm 

– – 490 ± 288 nm 3.7 ± 0.2 μm 4.9 ± 0.4 μm 6.1 ± 1.0 μm 8.3 ± 0.8 μm 

Ball milled 441 ± 289 
nm 

601 ± 316 nm 1466 ± 866 nm – – – – 6.5 ± 0.8 μm  

Fig. 2. FTIR spectra obtained in the different samples performed on the region 
where the CaCO3 compound shows its highest absorbance. 
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to relative densities between 89 and 94% of the theoretical density of 
CaMnO3 [16], which are much higher than the typically obtained in 
sintered materials (76–79%) [11,20]. 

The temperature dependence of the electrical resistivity is shown in 
Fig. 5 for all samples, together with some values from different literature 
sources. All the samples present metallic-like behaviour (dρ/dT > 0) in 
the whole measured temperature range. Moreover, samples produced 

from attrition-milled precursors display lower resistivity than those 
obtained from ball-milled ones, due to their larger density. However, the 
differences between the attrition-milled samples are significant only for 
those sintered for 1 h, when compared to those sintered for longer time, 
as the density differences are very small. The decrease in electrical re
sistivity with sintering time in the attrition-milled samples is due to the 
grain growth induced by the sintering duration (see Table 1), decreasing 
the number of grain boundaries, which are more resistive than the 
intragrain regions. The lowest electrical resistivity at 800 ◦C (5.8 mΩ 
cm) has been determined in attrition-milled samples sintered for more 
than 1 h, which is about 15% lower than the measured in ball-milled 
samples, and close to the reported in Pr and Sr co-doped CaMnO3 pre
pared by sol-gel method (~5.5 mΩ cm) [21]. Furthermore, this value is 
much lower than those presented in the literature for laser grown 
samples (9 mΩ cm) [22], or electronically doped materials (9–22 mΩ 
cm) [13,23–25]. It is worth mentioning that all these reported values in 
the literature have been achieved using longer and/or more complex 
processes. 

Fig. 6 displays the variation of the Seebeck coefficient as a function of 
temperature for all samples, as well as data from literature. All samples 
exhibit negative values in the whole studied temperature range, con
firming that the electrical conduction mechanism is dominated by 
electrons. Furthermore, the |S| values are increasing with temperature 
in all samples, which is associated with the behaviour of a metal or 
degenerated semiconductor when the variation of carrier concentration, 
effective mass, and Fermi level with temperature are negligible [26]. 
Consequently, all samples display, approximately, the same |S| values 
due to the fact that they have the same composition and the same charge 
carrier concentration. Moreover, even if some variation could be 

Fig. 3. Powder XRD patters obtained in the different samples after sintering at 
1310 ◦C. a) ball-milled and sintered for 12 h; and attrition-milled and sintered 
for b) 1; c) 6; and d) 12 h. 

Fig. 4. Representative SEM micrographs performed on the surfaces of sintered samples. a) ball-milled precursors sintered at 1310 ◦C for 12 h; and attrition-milled 
precursors sintered at 1310 ◦C for b) 1 h; c) 6 h; and d) 12 h. 

Table 2 
Absolute density determined through Archimedes’ method for all sintered 
samples together with their standard deviation.   

Density (g/cm3) Standard deviation 

Ball milled 1310◦C 12h 4.17 0.08 
Attrition milled 1310◦C 1h 4.34 0.03 
Attrition milled 1310◦C 3h 4.35 0.02 
Attrition milled 1310◦C 6h 4.37 0.04 
Attrition milled 1310◦C 12h 4.41 0.03  
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expected due to the microstructural modifications, it is well known that 
Seebeck coefficient is much less sensitive to these changes than electrical 
resistivity, explaining its very small variation between the samples. The 
highest |S| value at 800 ◦C (150 μV/K), which is in the order of the best 
compositions presented in the literature for doped compounds 
(140–160 μV/K) [13,22–25]. 

Using the electrical resistivity and Seebeck coefficient values, PF has 
been calculated for all the samples (graph not shown), reaching the 
highest value for the attrition-milled samples sintered at 800 ◦C for 3, 6, 
and 12 h (~0.38 mW/K2m), which is about 20% higher than the ob
tained in ball-milled samples (~0.32 mW/K2m). Moreover, it is much 
higher than those reported for doped materials (0.1–0.2 mW/K2m) [13, 
23,24], and it is in the order of those produced using longer and more 
complicated processes (0.36–0.40 mW/K2m) [21,22,25]. In spite of the 
short thermal treatment processes used for the attrition-milled pre
cursors, these results clearly illustrate their high reactivity and the good 
grains connectivity produced in these materials, leading to high elec
trical performances. 

Fig. 7 presents the total and the lattice thermal conductivity evolu
tion with temperature for all samples, and the values reported in the 
literature. As shown in Fig. 7a, κ is increasing with the sintering time in 
attrition-milled samples in the whole measured temperature range. This 
evolution is in agreement with the grain size and density changes pre
viously discussed for these samples, leading to higher thermal conduc
tivities when density is increased and lower number of grain boundaries 
are attained due to the grain growth. On the other hand, the values for 
the ball-milled ones are approximately the same as obtained for the 
attrition-milled-samples sintered for 3 h. Another interesting observa
tion in the graph, is that κ decreases with temperature up to around 
500 ◦C, increasing for higher temperatures. This behaviour reflects the 
complex interrelationship of different contributions. Firstly, from room 
temperature the lattice thermal conductivity decreases as temperature 
rise due to the Umklapp phonon-phonon scattering (T− 1). However, at 
higher temperatures other mechanisms competes/participates as the 
scattering due defects or boundaries among others [27]. At the highest 
temperatures the clear rise of kappa with temperature would reflects a 
bipolar contribution to thermal conductivity [27]. This contribution is 
not quite evident from the Seebeck coefficient dependence, however a 
sight change of the slope (S(T) vs. T) can be inferred at the temperature 
where the change in kappa is evident. The lowest κ at 800 ◦C has been 
measured in attrition-milled samples sintered for 1 h (1.35 W/K m), 
which is around 20% lower than the measured for ball-milled ones due 
to the higher number of grain boundaries which, in turn, enhance 
phonon scattering. Furthermore, it is much lower than those reported for 
electronically doped materials (1.40–3.60 W/K m) [8,11,12,21,25,28]. 
However, it is still higher than that reported for multiple substituted 
CaMnO3 compound (1.24 W/K m) [29] due to its higher number and 
amount of dopants. Moreover, despite the larger contribution of the 
electronic thermal conductivity to the total thermal conductivity in 
attrition-milled samples, lattice thermal conductivity presents the same 
evolution as the total one for all samples. Consequently, it is clear that in 
attrition-milled samples, the lattice thermal conductivity contribution to 
κ is decreased when the sintering time is decreased. This fact can be 
associated to a lower reaction time, which could result in an increase of 
intragrain stresses produced by the presence of CaMnO3 and CaM
n2O4-type structures inside the grains, as reported in Ref. [29], due to 
the lower reaction times. However, as it can be observed in the graph, 
thermal conductivity does not show a continuous decreasing trend with 
temperature, as it increases at T > 500 ◦C. This behaviour is due to the 
high electronic thermal conductivity contribution at these temperatures. 

Finally, with the electrical resistivity, Seebeck coefficient, and total 
thermal conductivity data, ZT has been calculated, and presented in 
Fig. 8, as a function of temperature, for all samples, and compared to the 
typical values reported in the literature. As it can be observed in the 
graph, the highest values have been achieved in the attrition-samples 
sintered for just 1 h, provided by their very low thermal conductivity. 

Fig. 5. Temperature dependence of the electrical resistivity for all samples, 
together with data extracted from the literature. 

Fig. 6. Temperature dependence of the Seebeck coefficient for all samples, 
together with data extracted from the literature. 
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On the other hand, the other samples display very similar ZT values in 
the whole measured temperature range. The highest ZT value at 800 ◦C 
(~0.27) in samples sintered for 1 h is around 40% higher than for the 
other samples in this work. Moreover, this value is among the best re
ported ones in the literature (0.08–0.29) [8,11,25,28–33] for samples 
produced using longer and more complex procedures, including more 
expensive and higher amount of dopants. 

It should be highlighted that these high ZT values have been ob
tained combining a relatively cheap dopant in amounts 50% lower than 
usually due to its +4 oxidation state, with attrition-milling process and a 
very short thermal treatment. These characteristics make these sintered 
materials promising candidates for practical applications in high- 
temperature thermoelectric devices. 

4. Conclusions 

In this work, the prospects for using a relatively low-cost rare earth 
element with a +4 oxidation state as a dopant for CaMnO3 was studied, 
seeking an appropriate thermoelectric performance. Moreover, it allows 
using lower amount of the dopant, as compared to +3 rare earths. 
Additionally, attrition-milling has been applied on the precursors to 
reduce their starting particle sizes and decrease the thermal treatment 
duration provided by their higher reactivity when compared to ball- 
milled precursors with the same composition. Consequently, the calci
nation procedure has been reduced to 1 h at 1100 ◦C for the attrition- 
milled samples, while a longer procedure, including calcinations at 
950 ◦C for 12 h, followed by 1050 ◦C for 12 h, was required to produce 
similar precursors in the ball-milled products. Sintering at 1310 ◦C for 
12 h was involved in the case of precursors obtained by ball-milling, 
while 1, 3, 6, and 12 h were applied on the attrition-milled ones for 
comparison. XRD patterns have shown the formation of Ce doped 
CaMnO3 phase in all cases, confirming the high reactivity of attrition- 
milled powders. Microstructural studies indicated that grain sizes are 
increased and porosity decreased with the sintering duration. Further
more, higher densities have been achieved for samples produced from 
attrition-milled precursors, when compared to ball-milled ones. All 
these features are reflected in a significant decrease in electrical re
sistivity of these samples when compared to those obtained from ball- 
milled precursors, while Seebeck coefficient has been maintained un
changed due to the same Ce substitution. On the other hand, thermal 
conductivity is significantly decreased in samples sintered for 1 h, 
leading to the highest ZT values in the whole measured temperature 
range, when compared to the other samples in this work. The highest ZT 
calculated value at 800 ◦C is among the best reported in the literature, 
but it was reached using a lower-cost dopant, its lower amount, and 
relatively short thermal treatments. Thus, such an approach is promising 
for large-scale production of the CaMnO3-based materials for energy 
harvesting applications. 
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