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ABSTRACT

This study investigates the structural, microstructural, and thermoelectric prop-
erties of Cr-substituted Ca ¢oCe( o;Mn;_,Cr,O; materials synthesized via solid-
state reaction method. X-ray diffraction (XRD) analysis confirms the single-phase
orthorhombic structure (Pnma space group) for all compositions, with successful
incorporation of Cr into the crystal structure. A slight decrease in lattice param-
eters is observed, attributed to the smaller ionic radius of Cr®* compared to Mn?.
Field Emission scanning electron microscope (FESEM) reveals that Cr doping
inhibits grain growth and induces crack formation, which significantly impacts
electrical resistivity. The charge transport mechanism is well-described by Mott’s
adiabatic small polaron model, with activation energy increasing with Cr dop-
ing. The Seebeck coefficient remains negative across all temperatures, indicating
n-type conduction, and the highest power factor (~0.35 mW/K?m) is achieved
for the 0.03Cr-doped sample at 800 °C. These results highlight the potential of
Cr-doped CaMnO; as a cost-effective and scalable thermoelectric material, with
performance comparable to that reported using more complex synthesis methods.
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A particularly eco-friendly and straightforward
approach involves converting waste heat or ambient

1 Introduction

The rising global energy demand is a major concern,
driven by the depletion of natural resources and the
adverse environmental effects of pollution and global
warming. Greenhouse gases are emitted worldwide,
largely driven by increasing energy needs for trans-
portation, heating, cooling, and air conditioning. These
issues have prompted researchers to explore alter-
native and sustainable energy harvesting solutions
technologies that address this rising energy demand.
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environmental heat into usable energy. Green energy
technologies have made substantial contributions to
mitigating the energy and environmental challenges
posed by modern technological demands. While these
technologies offer undeniable benefits through clean
energy production, which help reducing environmen-
tal issues to some extent, greenhouse gas emissions,
associated with their large-scale production, cannot
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be overlooked. Therefore, improving the efficiency of
these technologies is essential.

A promising strategy for improving energy system
efficiency is the use of waste heat recovery techniques.
In this context, thermoelectric materials, which can
directly convert waste heat into electricity, play a key
role in driving sustainable energy advancements [1,
2]. By combining appropriate p- and n-type thermo-
electric materials, functional modules have been devel-
oped for both power generation and cooling applica-
tions [3-6]. Thermoelectric generators are valued for
their dependability, self-sustaining operation, quiet-
ness, and lack of harmful emissions, making them
well-suited for applications requiring durability and
long operational lifespans under extreme conditions.

The efficiency of energy conversion in thermo-
electric materials is commonly evaluated using the
dimensionless figure of merit, ZT = SZT/pK, where S
represents the Seebeck coefficient, o denotes electri-
cal resistivity, k signifies thermal conductivity, and
T is the absolute temperature. [7, 8]. The term S%/g,
referred to as the power factor (PF), is linked to the
electrical properties of the material. To attain a high
figure of merit (ZT > 1), it is crucial to achieve a large
Seebeck coefficient while minimizing both thermal
conductivity and electrical resistivity. However, these
parameters are interrelated, making it challenging to
enhance them independently to boost their thermo-
electric performance [9]. Consequently, several strate-
gies have been implemented to enhance the ZT value,
including elemental doping, advanced fabrication
techniques, nanostructuring, and band engineering.

In this regard, several types of thermoelectric com-
pounds have been considered, as GeSn alloys [10],
GePb [11], PbTe [12], or CaMnO; [13]. In spite of the
relatively low performances of thermoelectric oxides,
they are regarded as very promising due to their
advantages, as compared with the other families, as
their high thermal stability, abundance in the Earth
crust, and lower costs [14-16], which explain the high
number of works centered on the increase of their
thermoelectric performances.

On the other hand, when considering the devel-
opment of efficient thermoelectric devices, high-per-
formance p-type materials must be complemented
by n-type materials with comparable properties.
However, current n-type materials generally exhibit
lower thermoelectric performance than their p-type
counterparts [17]. As a result, considerable research
efforts have been directed towards enhancing the
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thermoelectric properties of n-type oxide materials [9,
18-23]. Among various n-type thermoelectric materi-
als, CaMnO; has demonstrated relatively high ther-
moelectric performance, particularly when subjected
to targeted modifications. Elemental substitution has
emerged as a promising approach for enhancing the
figure of merit, ZT [9, 13, 18-25]. Doping can be intro-
duced at two distinct cationic sites within the unit
cell; the Mn site [18] or the Ca site [9, 19-21]. Notably,
substituting Ca tends to yield greater improvements
in thermoelectric performance than substituting Mn
[18]. Replacing Ca* with trivalent or tetravalent cati-
ons has been found to enhance carrier concentration,
leading to a substantial reduction in electrical resis-
tivity, though it also results in a slight decrease in the
Seebeck coefficient [9, 19, 20].

Pure CaMnOs3; adopts an orthorhombic perovs-
kite structure of the GdFeO;s type, classified under
the Pnma space group. It displays an antiferromag-
netic (AFM) phase with a Néel temperature (T,) of
around 125 K [26, 27]. In this arrangement, the Mn
ion magnetic moments are oriented antiparallel to
those of their adjacent neighbours, with superex-
change interactions between Mn** ions mediated by
oxygen anions, resulting in a G-type AFM configu-
ration [28]. While CaMnQOj; ceramics exhibit a high
Seebeck coefficient, their figure of merit (ZT) remains
low at elevated temperatures due to high electrical
resistivity resulting from a low charge carrier con-
centration. Doping the CaMnO; lattice with trivalent
or tetravalent elements induces the partial reduction
of Mn*~Mn>* to preserve charge neutrality [29] and
promotes ferromagnetic properties by enabling elec-
tron transfer from Mn? to Mn** sites, which facilitates
Mn*~O-Mn* double-exchange interactions [30]. Con-
sequently, these dopants enhance the thermoelectric
properties of CaMnQO; materials, making perovskite
manganites promising candidates for n-type thermo-
electric applications. Therefore, extensive research
has been conducted to optimize their thermoelectric
performance through doping modifications. Previ-
ous works have shown that Ca substitution by tri-
valent cations together with high oxidation metallic
cations substituting Mn have shown that it is useful
to enhance thermoelectric performances of CaMnOj,
[22]. Nevertheless, the use of trivalent cations as Mn
substitutes has not been evaluated in conjunction with
the Ca substitution with a higher oxidation cation.

Building on these insights, this study focuses
on synthesizing co-doped Cag49Ce(¢;Mn;_,Cr,O4
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materials (x =0, 0.01, 0.03, 0.05, and 0.10) using the
conventional solid-state method. As previously indi-
cated, Ce* is substituting Ca?" and should increase
the Mn®*/Mn*" proportion to maintain charge neu-
trality. However, Cr** should mainly substitute Mn®*
due to their relatively close ionic radii [31] and, con-
sequently, decreasing the Mn**/Mn** proportion. As
a result, the objective of this work is exploring the
effect of these substitutions with opposite effects on
the structure and microstructure of these compounds,
being correlated with their thermoelectric properties.
Furthermore, these properties will be evaluated and
compared with existing literature data.

2 Experimental

The Cajq49Ce( ;Mn;_Cr,O; materials (x=0, 0.01,
0.03, 0.05, and 0.10) investigated in this study were
synthesized using commercially available powders:
CaCOj3; (299%, Aldrich), CeO, (99.995%, Aldrich),
Mn,0; (99%, Aldrich), and Cr,O3 (99.9%, Aldrich).
The precursors were accurately weighed in stoichio-
metric ratios, thoroughly mixed, and then ball-milled
at 300 rpm for 30 min using agate balls and water as
the milling medium. The resulting suspensions were
dried under infrared radiation, and the obtained pow-
der underwent a two-step calcination process at 950 °C
and 1050 °C for 12 h, with an intermediate manual
milling step. Following calcination, a concentrated
polyvinyl alcohol (PVA) solution was added to the
powder to ensure uniform distribution, followed by
manual milling. The dried mixture was then uniaxially
pressed into pellets (3 x 3 x 14 mm?) at approximately
400 MPa and subsequently sintered at 1310 °C for 12 h,
followed by furnace cooling.

The phase composition of the sintered materials
was analyzed using Rigaku Ru300 X-ray diffraction
(XRD) utilizing a copper anticathode (A =1.5406 A)
and a scanning range of 20 = 15-60°. Microstructural
analyses of the samples’ surfaces were performed
using a field emission scanning electron microscope
(FESEM Zeiss Merlin), along with energy-dispersive
X-ray spectrometer (EDX) to assess the elemental com-
position of the grains. The steady-state method and
the conventional DC four-probe technique with an
LSR-3 system (Linseis GmbH) were used to simulta-
neously measure the electrical resistivity and Seebeck
coefficient of all samples within a temperature range
of 50-800 °C under helium atmosphere. The power
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factor (PF = S*/p) was subsequently calculated using
the resistivity and Seebeck coefficient data to evaluate
the changes in electrical performance of all samples
with temperature.

3 Results and discussion

Figure 1 displays the powder X-ray diffraction (XRD)
patterns for all samples within the 15-60° range for
enhanced clarity. As it is evident from the plot, all dif-
fraction peaks have been indexed to the Pnma space
group, consistent with previously reported findings
[32]. This confirms that all samples exhibit a single-
phase structure and that Cr has been successfully
incorporated into the manganite unit cell. To assess
the impact of Cr-substitution on the lattice parame-
ters, Eq. 1 was applied to each sample, using the Pnma
space group established for pristine CaMnO; [32].

1_h*i2 P
£ a2 &

1

As presented in the table, the cell parameters exhibit
no significant changes, apart from a slight decreasing
trend. This reduction can be attributed to the margin-
ally smaller ionic radius of Cr* (0.615 A), compared to
that of Mn>* (0.645 A) [31]. However, this decrease is
very small, probably due to the substitution of a small
amount of Mn** (0.53 A) by Cr**, which would com-
pensate the decreasing tendency of cell parameters.

The crystallite size of the synthesized
Caj 99Cej g1Mn;_,Cr,O5 materials (x=0, 0.01, 0.03,
0.05, and 0.10) samples was estimated using the
Debye-Scherrer equation from the most intense XRD
peak. The equation is given by:

_ Ka
- ﬁcoseﬂ (2)

where D is the average crystallite size K is the shape
factor (equal to 0.9), A is the wavelength of the X-ray
radiation used (typically Cu Ko, A =1.5406 A), f is the
full width at half maximum (FWHM) of the diffraction
peak in radians, and 0 is the Bragg angle [33]. The cal-
culated crystallite sizes were found to be 42.04, 42.45,
43.26,43.11, and 37.84 nm, respectively. These results
indicate that low-level Cr doping (x <0.05) slightly
increases the crystallite size, suggesting improved
crystallinity. However, further increasing the Cr
content to x =0.10 leads to a noticeable reduction in
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crystallite size, which may be attributed to enhanced
lattice distortion or increased defect concentration
at higher doping levels, thereby hindering crystal
growth. Moreover, the lattice micro-strain within
the grains, denoted as ¢, were determined using the
Williamson-Hall (W-H) method [33]. This method
separates the broadening of the XRD peaks into two
primarily components: broadening due to crystallite
size and that due to lattice strain. The total broadening
(P) is expressed as a function of diffraction angle (0)
using the following equation:
pcost = % + 4esind (3)
where § is the FWHM, 0 is the Bragg angle, k is the
shape factor (equal to 0.9), A is the X-ray wavelength,

D is the crystallite size, and ¢ is the micro-strain in
the crystal lattice. In this method, a plot of fcosO ver-
sus 4sin0 yields a linear relation where the slopes
correspond to the & values. The obtained ¢ values
are summarized in Table 1. According to the table, ¢
values increase progressively with Cr doping, from
1.11 x 107 for the undoped sample up to 1.21 x 107
for x=0.10. This trend reflects the growing lattice dis-
tortions caused by the substitution of Cr** ions into the
Mn sites. Since Cr’* has a different ionic radius and
electronic configuration compared to Mn®* and Mn*,
its incorporation disrupts the local crystal symmetry
and alters the Mn-O bond lengths and angles. These
distortions generate internal stresses and defects such
as dislocations and oxygen vacancies, which contrib-
ute to the increased micro-strain.

Table 1 Lattice Parameters, a (A) b (A) c (A) Vol. (A3) D (nm) Microstrain E, (meV)

volume of the unit cell, ()x1073

activation energy values,

average crystallite size, and 0 5.306 7.499 5.322 211.76 42.04 1.15 57.9

microstrain values for all 0.01 5.297 7.496 5.317 211.12 42.45 1.12 99.8

samples 0.03 5.296 7.492 5.311 210.72 43.26 1.04 159.4
0.05 5.291 7.486 5.304 210.08 43.11 1.07 208.5
0.10 5.287 7.476 5.301 209.47 37.84 1.17 257.6

@ Springer



] Mater Sci: Mater Electron

(2025) 36:1004

Figure 2 presents representative SEM micrographs
of the sample surfaces. An initial examination sug-
gests that Cr doping results in a slight reduction in
grain size, implying that the dopant acts as a grain
growth inhibitor, which is consistent with previous
observations in similar systems [34]. However, the
level of porosity remains largely unchanged. Despite
these microstructural variations, no secondary phases
are detected, confirming the XRD findings previously
discussed. Furthermore, EDS analysis performed on
multiple grains from each sample confirms a chemical
composition closely matching the intended stoichiom-
etry. Additionally, doping also induces the formation
of cracks in the samples, as highlighted by the arrows
in the micrographs.

Figure 3 depicts the temperature-dependent elec-
trical resistivity of all Cag¢9Ce( ¢;Mn;_Cr,O; sam-
ples. The resistivity curves reveal a semiconduct-
ing-like behavior (do/dT <0) across all Cr-doped
samples, whereas the undoped samples exhibit a
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nearly stable resistivity over the entire measured
temperature range. However, all the samples display
the same resistivity values between 650 and 800 °C,
while at lower temperatures; the resistivity is dras-
tically increased when the amount of Cr is raised.
This drastic increase of electrical resistivity cannot
be explained by the slight decrease of grain sizes
observed in the micrographs, but it can be due to
the presence of cracks in the Cr-doped samples pre-
viously mentioned in the SEM discussion. The size
of these cracks can be seen in Fig. 4, which presents
representative overview images of the samples. As it
can be clearly deduced from these micrographs, the
cracks are large enough to present a serious obsta-
cle to the charge carriers mobility, being the most
important factor in the electrical resistivity values.
Moreover, the amount and dimensions of cracks are
increased when the Cr content is raised, explain-
ing the electrical resistivity evolution at T <650 °C.
However, the lowest measured values at 800 °C are

b

Prad

10 um

Fig. 2 Representative SEM micrographs of the surfaces of Ca ¢9Ce 3, Mn,_ Cr,O; samples, for x=0 a; 0.01 b; 0.05 ¢; and 0.10 d. The

arrows show the cracks observed in the doped samples
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practically the same for all samples, ~15.2 mQ cm,
which is considerably higher than the typical values
reported in the literature for doped sintered CaMnO,
materials (7-12 mQ cm) [35-39], prepared through
spark plasma sintering (SPS, 8 mQ cm) [40], or the
laser floating zone (9 mQ cm) [41].

The charge transport mechanism in
Cag 99Cey g;Mn;_ Cr,O; can be effectively interpreted
through Mott’s adiabatic small polaron model, where
the electrical resistivity follows the expression:

Eﬂ
p= PoTexp(kB—T) (3)

Here, p, represents the exponential factor, kj is
Boltzmann’s constant, T denotes the absolute tem-
perature, and E, corresponds to the activation energy
of the polaron carriers [42]. E, is extracted from the
linear fits of Inp/T against 1000 T, as depicted in
Fig. 5. The linearity of these graphs validates the
model’s effectiveness in explaining the conduction
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mechanisms in the system. Moreover, calculated E,
values for the samples, as listed in Table 1, exhibit a
consistent increase with the addition of Cr. It can be
said that the incorporation of Cr’ ions introduces
localized electronic states and lattice disorder, which
increase the potential energy barrier for carrier trans-
port. In addition, microstructural features such as
grain boundary cracks, which are more prevalent in
Cr-doped samples, act as scattering centers and trap
sites that further hinder polaron mobility. Conse-
quently, the elevated energy barrier impedes polaron
hopping and leads to higher electrical resistivity.
Figure 6 illustrates the temperature dependence of
the Seebeck coefficient for all compositions. Across
the entire measured temperature range, the coeffi-
cient remains negative, indicating an n-type conduc-
tion mechanism governed by electron transport. On
the other hand, at low temperatures, |S| increases
with rising temperature before reaching a maximum
and subsequently declining at higher temperatures.
The temperature where the maximum |S/| is obtained
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Fig. 4 Representative
general SEM micro-

graphs of the surfaces of
Cay g9Ceg oiMn; Cr, 04
samples, for x=0.01 a; and
0.05 b. The arrows show the
beginning and the end of
some cracks

is increased when the Cr amount is increased up to
0.05, decreasing for higher Cr content. Moreover, at
room temperature, |S| values increase with the Cr
addition, reflecting the effect of cracks in the samples.
These microstructural defects, such as cracks, can act
as energy-dependent scattering centers that preferen-
tially scatter low-energy carriers, effectively enhancing
the average energy of the charge carriers contributing
to conduction and thereby increasing [SI.
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Nevertheless, the S curves evolution with tempera-
ture displays some crossovers, and the highest S|
value at 800 °C is achieved for the 0.03Cr-substituted

sample (230 uV/K), which is much higher than the
reported in sintered materials (140-160 uV/K) [35-39],
prepared using SPS (145 uV/K) [40], or laser grown
materials (190 pV/K) [41]. This remarkable enhance-
ment in |S| at high temperature suggests that careful
tuning of Cr doping optimizes the balance between

@ Springer



1004 Page 8 of 12

8
= Cr0.0
e Cr0.01
o4 A Cr0.03
3 v Cr0.05
&
g * Cr0.10
9_12_
=
Q
£
14
-16 T T

1.2 16 20 24 2.8 3.2
1000 T'(K")

Fig. 5 The plots of Inp/T versus 1000 T~! for the samples

Fig. 6 Variation of -150 11T T T T Y
Seebeck coefficient - E
with temperature for all kv B
Cay 99Ceg oiMn,_,Cr, O3 ¥ .
samples " b -

®
-200 | vy o _
- vvvvvvvvvv ° :.

YVvvvy L
I - YVVvveovvY A
E A ® | P

A é @ A’
i AAA AA. o

A
-250 - . AAAAAAAAAAAA‘XA... ” il
3 I e w" et :
= L 2 o ] .0
>=- = D ] . -
~ L * L m 4T -
* @ .’

? 300 | u o ot -
: u ’000"’ -
I m <) - ¥ 001Ce 000Cr |
I "Seggpun” A 001Ceo0O1Cr| |
350 ¢, .® t ¢ 001Ce 003Cr |
. ®e0 ®  001Ce 005Cr -
i e (001Ce 010Cr i
400 b b e a b s s banaa o n b a ba s e s laraald

@ Springer

J Mater Sci: Mater Electron (2025) 36:1004

carrier concentration and scattering mechanisms,
improving the thermoelectric power.

The temperature-dependent power factor (PF),
calculated from the Seebeck coefficient and resistiv-
ity measurements, is shown in Fig. 7. As evident from
the graph, at room temperature PF decreases when
the amount of Cr is increased, reflecting the large con-
tribution of electrical resistivity to these PF values.
On the other hand, the large decrease in resistivity
with temperature for all doped samples increases the
Seebeck contribution, and PF at 800 °C is increased
with Cr-concentration up to 0.03, decreasing for fur-
ther substitution. The peak values at 800 °C for the
0.03Cr-doped samples (~ 0.35 mW/K?m) exceed those
reported for sintered samples (0.10-0.25 mW/K*m) [35,
37, 38] and those fabricated using SPS (0.26 mW/K?m)
[40]. However, they are in the order of the reported
results for co-doped materials (0.095-0.35 mW/K*m)
[43—45], or laser grown samples (0.39 mW/K?m) [41].
On the other hand, it presents higher values than the
obtained in GeSn manowires (0.24 mW/K*m) [46, 47],

200 300 400

T (°C)

500 600 700



] Mater Sci: Mater Electron

(2025) 36:1004

0.40
001Ce 000Cr
0.35 001Ce 001Cr
001Ce 003Cr
001Ce 005Cr
0.30 001Ce 010Cr
0.25
E
X
S 0.20
E
& 015
0.10
0.05
0.00

0 100 200 300 400 500 600 700 800

T (°C)

Fig.7 Variation of power factor with temperature for all
Ca 99Ce( o;Mn,_,Cr,O; samples

and much lower than those obtained in SiGe nano-
materials (4 mW/K?m) [48]. Nevertheless, the results
obtained in this study are obtained using much
cheaper precursors than Ge, combined with a simple
and scalable synthesis approach, eliminating the need
for complex or time-consuming fabrication processes.
Furthermore, the dopant cations have been chosen
being more abundant and with lower costs than the
typically used in literature.

4 Conclusion

In this study, Ce—Cr substituted Ca 9oCe o;Mn;_,Cr,O5
samples (x =0, 0.01, 0.03, 0.05, and 0.10) were synthe-
sized using the well-known solid-state technique.
XRD analysis confirmed the successful incorporation
of Cr into the orthorhombic Pnma structure without
the formation of secondary phases. Moreover, a slight
decrease in lattice parameters was observed due to the
smaller ionic radius of Cr’* compared to Mn®*. FESEM
observation revealed that Cr doping inhibits grain
growth and induces crack formation. These cracks
were identified as the primary factor contributing to
the significant increase in electrical resistivity at low
temperatures, as they hinder charge carrier mobil-
ity. The charge transport mechanism was effectively
described by Mott’s adiabatic small polaron model,
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with activation energy increasing with Cr content.
The Seebeck coefficient confirmed n-type conduc-
tion, and the highest power factor (~0.35 mW/K’m)
was achieved for the 0.03Cr-doped sample at 800 °C,
outperforming many reported values for sintered
and laser-grown materials. This study demonstrates
that Cr-doped Cag¢9Ce( ;MnO;, synthesized via a
simple and scalable method, offers a promising route
for developing cost-effective thermoelectric materials
with competitive performance.
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