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1 Introduction

The unprecedented economic and societal atmo-
sphere may be attributed to the supplies of the big
three energy sources such as oil, coal, and natural
gas. However, over 60% of the energy released is lost
as waste heat energy [1, 2]. All of these issues are
driving the demand for obtaining more useful re-use
of waste energy. In this context, thermoelectric (TE)
material lies within an important niche and has a
thematic role to play. TE materials can directly con-
vert heat energy into electricity or play in electric
power transformations [3-5]. Ceramic oxide or
modified metal oxides could act as thermoelectric
property at higher temperature such as 1000 K, for
example, strontium titanite, strontium oxide, and
calcium cobaltite. Thermoelectric efficiency is
described in terms of dimensionless figure of merit
ZT values. However, the above-mentioned materials
exhibit very low ZT (dimensionless figure of merit)
and were reported to be 0.34 at 1000 K by Wunder-
lich [6, 7]. These complex oxides can be a powerful
alternative to conventional thermoelectric based on
Bi, Pb, Sb chalcogenides, etc. Since the discovery of
thermoelectric properties in NaCo,0,4 (1997), many
related cobalt oxides have been synthesized and
reported [5, 8-10]. Nowadays, different TE (thermo
electric) ceramics are studied as promising candidate
for practical TE application. The oxide materials are
durable under those conditions of higher tempera-
ture and oxidation and have high Seebeck co-efficient
with non-toxic properties. The calcium-doped cera-
mic oxide, CazCo40y,5 is a misfit-layered Co oxides
that belong to the family of [M,A 20m+2]RSq [CoO,]H
(M-Co, Bi, Pb, Tl etc.; A-Ca, Sr, Ba; m-0,1,2 (m gives
the number of M-cation layers); q > 0.5(q is called the
misfit parameter); possess a layered crystal structure
consisting of two types of layer block: a hexagonal
[CoO;,] block and a rock salt type [M,AyOnm 2] block
which are stacked along the C-axis forming a com-
posite crystal. In the case of CazCo4Oq.5, (M = 2), it
consists of a Ca,CoO; layer having a rock salt struc-
ture and a Cdl, type CoO; layer.

Misfit layered cobaltite are promising p-type
semiconducting material for TE applications. Further
improvement in density and thermoelectric proper-
ties is still needed for practical application [11, 12]. TE
properties can be improved by improving sintering
method or by inventing novel synthesis method [13].
An alternative route is to partially substitute some
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elements which simultaneously reduce electrical
resistivity and thermal conductivity [14]. For practical
applications in addition to TE properties and other
factors required that are mechanical and magnetic
properties, i.e. the material should be sufficiently
strong to withstand loads during module life time, so
density has to be improved [15]. Li et al., (2021)
reviewed the current state-of-the-art material Si/SiGe
nanowires in the application of thermoelectric mate-
rials [15, 16]. Substitution may affect electron trans-
port properties which all need to be studied in order
to improve the thermoelectric behaviour of ceramic
oxides. In this work, CazCo040y, 5 ceramic oxide was
prepared by citric acid (CA) (C¢Hs507) and starch
(CeH100O5)-assisted complex sol-gel combustion
method, and thermal hydro-decomposition method
and Citric acid-assisted polymer combustion method.
Hence, the structural characterization and electrical
properties of as-prepared materials have measured in
order to study the effect of preparation methods and
its thermoelectric properties.

2 Experimental

All chemical is used without further purification
from chemical suppliers. In citric acid complex-as-
sisted sol-gel combustion method, stoichiometric
amount of metal nitrate solutions is mixed and added
into C¢HgOy (citric acid) solution with various ratios
(Metal ion precursor: CA ratio—1:0.35, 1:0.5, 1:1,
1:1.5, and 1:2). Metal acetate salts were also used. In
starch-assisted method, CsH¢O,¢ (starch) is used
instead of citric acid (Metal ion to Starch mole ratio
1:0.5, 1:0.7, 1:1.5). In polymeric combustion method,
metal nitrates were mixed with citric acid solution
(1:Imolar ratio) in ethanol and to this solution,
polyethylene glycol (PEG 600) was added. Obtained
solutions were evaporated at 393 K to obtain a gel.
The gel is dried in an oven at 353 K for 4 h. Dried gel
again kept for heating at 623 K. The gel is expanded
to a voluminous mass and then collapsed. It was
turned into a black material within 4 h. This precur-
sor material was calcined at various temperatures
and made pellets using a 12 mm square die. Densities
of the pellets were measured after sintering at 1173 K
for 24 h by calcination as well as Archimedes
method. In thermal hydro-decomposition method, a
stochiometric amount of metal acetate salts were
taken and made solutions in water and placed in a
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furnace. The temperature increased slowly to the
calcination temperature. Then pellets were made and
sintered.

For the structural characterization, powder X-ray
diffraction patterns of the prepared materials were
acquired using AXS Bruker D5005 X-ray Diffrac-
tometer (Germany) with Cu Ka (A = 1.5418A°) using
Ni filter. The thermal analysis of the precursor was
carried out using a differential thermal/thermo-
gravimetric analysis (TG-DSC, TA instrument SDT
Q600 V 8.3 Build) in the temperature range from
room temperature to 1000° C. Optical properties were
recorded on Jasco DR-UV-Visible Spectro photome-
ter V550 ISV 469 between 200 and 800 nm. Electrical
properties of the material were analysed by Hall
measurement using Ecopia Hall Measurement Sys-
tem (HMS-3000-VER 3.51.5) at room temperature
with fixed magnetic field of 0.54 T. Bulk concentra-
tion, mobility, average hall co-efficient, and conduc-
tivity of the samples were measured.

3 Results and discussion

3.1 Sintered Density and physical
parameters’ analysis

The as-prepared various route prepared materials
were calcined at 1123 K for 12 h and sintered at
1173 K for 24 h. After sintering, the density of the
materials was calculated and also measured by
Archimedes method. The density was calculated
compared to real density of 4.94 g¢/cm™>, and the
densities of the materials were prepared with differ-
ent molar ratios of metal nitrates to CA, which vary
in the range of 2.79-3.28 g/cm’. The maximum cal-
culated density obtained is 3.28 g/cm? for the cera-
mic oxide with metal ion to CA ratio of 1:2. The
corresponding density measured by Archimedes
method is 3.62 g/cm’, which is slightly higher than
the calculated as expected. The density of the ceramic
oxide is improved by increasing the molar ratio of
metal ion:CA. The density of the prepared materials
by starch-assisted sol-gel combustion method has
also calculated and measured by the Archimedes
method.

Hence, the density was found to be increased with
decrease in metal ion to starch ratio. The higher
density was obtained for Calcium cobalt oxide pre-
pared by starch (CCOS1) with optimized metal ion to
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starch ratio of 1:0.5. The density obtained is 3.19 g/
cm® compared to its theoretical density of 64.6%.

The density of the prepared materials by changing
stoichiometry ranges from 2.72 g/ cm® (rel. Density
55%) to 2.91 g/cm? (rel. Density 58.9%). The density
is found to be improved by decreasing the amount of
calcium. The higher density is obtained for Cazgg
C03.9100945, which is 2.91 g/ cm® (58.9% of theoretical
density).

In the case of thermal hydro-decomposition (THD)
and polymer method, the density of the material
prepared via the polymer combustion method is
found to be higher density than that of the material
prepared by the thermal hydro-decomposition
method. The density obtained is 2.97 g/cm? for the
polymer combustion method, only 60% of theoretical
density. The corresponding Archimedes density is
3.23 g/cm?®, which is 65.4% of theoretical density.
Copper nanoparticle doping in metal oxide matrix is
very effective for catalysis, and it also enhances the
microbial property of the whole matrix [17]. Hence,
in the present study, we have also studied the various
metal ions that include copper substitution in calcium
cobalt oxide thermoelectric material.

The density of the prepared materials by substitu-
tion at the Co site calculated and measured by
Archimedes method shows that Cu substitution
(3.15 g/cm®, A 3.66 g/cm) gives higher density than
Fe and Ni substitution (57.3 and 61.9%) of relative
density, respectively. The maximum density obtained
in each method is given in Table 1.

3.2 Thermal analysis results

The thermogravimetric and differential scanning
calorimetric (TG-DSC) analysis of calcium cobalt
oxide prepared at 1:2 ratio is shown in Fig. 1. The
recorded thermal characterization data for a repre-
sentative material are shown together in Fig. 1. The
TG-DSC curve confirms that the endothermic peak
at ~ 102 °C corresponds to evaporation of residual
water present in the precursor material. The
endothermic peaks in the range of ~ 560-700 °C can
be assigned to the decomposition of the metal-ligand
complex (gel) to form corresponding oxides. The
endothermic peak in the range of ~ 700-800 °C is
assigned to the formation of the ceramic material.
Thus, the formation of ceramic oxide is confirmed at
the calcination temperature of ~ 850 °C.
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Table 1 Sintering methods

and variation in its physical Material Sintered density (g/cm®) (A) Relative density (%)
t . .
parameters CCOCAS5 (citric acid method) 3.28 (3.62) 66.4 (73.2)
CCOSI (starch-assisted method) 3.19 (3.39) 64.6 (68.6)
CCOCA Polymer (PEG) 2.97 (3.23) 60 (65.4)
CCOTHD (thermal deposition) 2.81 (3.17) 56.8 (64.1)
CazAg() CO3'9109+5 (391) 2.91 58.9
Ca3Co53Cup 095 3.15 (3.66) 63.7 (74.1)
Fig. 1 TG-DSC of the 120 2
CCOCA5
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3.3 Powder X-ray diffraction

The powder X-ray diffraction data recorded for the
prepared ceramic oxide material (calc. at 1123 K for
12 h) are presented in Fig. 2 & 3. The reflections in
the XRD pattern are matching with the prepared
ceramic material as compared with the standard
JCPDS file. Thus, the ceramic material formation by
complex-assisted sol-gel combustion method is con-
firmed at the calcination temperature 1123 K.

The defective poor crystalline nature of the as-
prepared materials is low sintering at this calcination
temperature. The XRD pattern of the material pre-
pared with acetate salts has also confirmed the for-
mation of the ceramic nature at the calcination
temperature of 1123 K. Figure 3 shows the much-
improved crystalline structure after iron doping in
the CazC040q, s matrix. The indexed XRD pattern is
well matched with reported literature in calcium
cobalt oxide thermoelectric ceramic materials [19-23].
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Fig. 2 X-Ray diffraction study of various method-
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Fig. 3 XRD pattern and effect of Iron doping in CazCo409,
3.4 Surface and Electrical properties

The diffuse reflectance (DR)-UV-Visible spectra of
the prepared materials are shown in Fig. 4. The
spectra contain major peaks around ~ 204 nm
and ~ 250 nm and minor broad peak at ~ 340 nm
due to the presence of Mg-O, Mn-O. The absorption
band obtained in the respective regions is due to the
charge transfer transition from the ligand to metal ion
doped (LMCT) in this material. Strong absorption
bands in the range ~ 700, 500, and 440 cm ! (Fig. 4)
show vibration of M-O bonds which prove the
decomposition of carbonate at various calcination
temperature [18]. The electrical properties of the
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W
] CCOCA-3.91 4
71
) :r/ Starch
& 11
Q -J/\/M—/—
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Fig. 4 DR-UV-Visible spectra of various route prepared
Ca3C0409, 5 materials
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material were studied using Hall measurement
(Table 2). The bulk concentrations of the materials
obtained by CA-assisted sol-gel combustion method
are in the range of 2-5 x 10" (cm™>). In the case of
CCOCA3, the bulk concentration is increased to
35.4 cm . The resistivity and conductivity are in the
range of 1-2 x 10®> (Q cm) and 45-60 (1/Q cm),
respectively [11]. These values are in accordance with
the reported data for these types of ceramic materials
[19-22]. Further improvement may be possible by
modifying the material [12-14]. The variation of the
properties such as bulk concentration, mobility, and
conductivity is presented in Table 2. Bulk concen-
tration of lower ratio of stoichiometric CazC0409 5
material shows improved higher conductivity value.
No much variation was observed for the other cera-
mic oxides. As the metal ion:CA ratio increases,
mobility is found to be increased in the range 1-14.7
cm?/Vs [13-17]. The electrical properties of the
materials prepared by starch-assisted complex
method did not show any remarkable difference than
CA method-prepared sample. (Fig. 5)

For the non-stoichiometric route prepared materi-
als, the bulk concentration is in the order of
10" cm . Resistivity is in the order of 10-2 Qcm.
Conductivity, bulk concentration, mobility and con-
ductivity is found to be lower for Ca2.90 C03.9109+-0
[15-18].

Materials were prepared by polymer combustion
method and thermal hydro-decomposition method.
In both cases, bulk concentration is in the same order
(10" em ™) and the resistivity in the order of 107
‘Qcm. Conductivity is found to be lower for the
material made by polymer combustion method. But
the electrical properties are found to be almost same
for both the cases. In the case of substitution at the Co
site, as expected Cu substitution decreases the bulk
concentration and Fe substitution gives increased
bulk concentration. Variation in electrical properties
by substitution choice at the Co site and its conse-
quences are given in Fig. 6. The bulk concentration of
Fe-substituted sample is found to be higher than Ni
and Cu-substituted ones (Fig. 6a). Copper-substi-
tuted sample shows that the bulk concentration is
found to be quite less than the other two. But in the
case of conductivity, it is found to be higher for Cu-
substituted sample (Fig. 6b). The mobility of Cu-
substituted material is found to be quite higher than
the other two, and this is because of its low bulk
concentration (Fig. 6¢). For Fe- and Ni-substituted

@ Springer
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Table 2 Electrical properties and Hall measurement analysis

Sample Bulk concentration Mobility Resistivity x 1072 Average Hall Co- Conductivity (1/
(em™) x 10" cm*/Vs ('Qcm) efficient(cm’/C) ‘Qcm)
CCOCA3 35.43 1.05 1.7 0.0176 59.38
CCOCAAc 5.52 5.70 1.9 0.130 50.44
CCO S3 5.31 5.5 2.1 0.116 47.0
Ca3CO3>9109+a 2.21 15.9 1.76 0.281 56.7
CCOTHDI1 3.51 7.29 2.4 0.177 41.05
CCOCA polymer 1.68 4.77 7.76 0.370 12.88
CazCosz gFep 0945 6.010 19.37 1.67 0.3579 54.1
40 16
|
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= 30-
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: E )
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Fig. 5 a Variation of bulk concentration, b variation of mobility, ¢ variation of conductivity and d Ft-IR spectra of CCOCA3.91

materials, the mobility found to be almost same. In  density (74%, of theoretical density 4.94 g/cm®) than
Co site substitution, Cu incorporation shows higher = Ni and Fe substitution. TG-DSC shows complete

@ Springer



] Mater Sci: Mater Electron (2023) 34:585

Page 7 of 10 585

Variation of Bulk Concentration with Metal 104

Bulk concentration cm™3
m
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8 .
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Fig. 6 a Variation of Bulk concentration, b variation of conductivity, and ¢ variation of mobility

decomposition of the formed complex around the
calcination temperature of 1123 K. X-ray diffraction
pattern shows formation of CazC 040q, 5 at calc. temp
1123 K [18-22].

However, less crystalline nature suggests the
requirement of higher temperature calcination. DR-
UV-Visible spectra of all the materials show
absorption corresponding to the Ca—O and charge
transfer transitions of Co-O in the UV-visible range
[23-28]. Hall analysis of the material confirms that the
as-prepared CazCo4Oq,5 is existed in p-type. Bulk
concentrations of the samples are in the order of
10" cm ™ Resistivity is in the order of 10 Qcm. The
higher mobility is obtained in the case of hydrother-
mal method-prepared Calcium cobalt oxide than the
other route prepared rest of the materials, which is
due to the preparation condition and structural
nanorods morphology formation (Fig. 7). Figure 7 A
& B shows the high-resolution transmission electron
micrograph images of hydrothermal route-prepared
iron-substituted CazCo0409,5 p-type materials. The
metallic-rich dark particle formation inside the
nanorods of the cobalt oxide has visible in the
recorded micrographs (red circle marked in Fig. 7).
Further, Table 2 shows the variation in hall mea-
surement analysis and mobility property and con-
ductivity data of various method-prepared calcium
cobalt ceramic oxides. The materials prepared by
thermal hydrothermal deposition, starch-assisted and
iron-substituted calcium cobalt oxide are showing
promising results in terms of conductivity measure-
ment and electron mobility enhancement (Table 2).

Hence, the formation of nanoparticle nature and
specific morphology for the calcium cobalt oxide
materials could be the key for alteration in their
electrical properties’ improvement. These electrical
mobility and alteration in conducting property could
be useful for photocatalysis application by adopting
as-prepared metal ions-substituted CazC 04009,5
p-type materials towards dye degradation [17, 29-32]
and electrochemical sensor application [33, 34].

4 Conclusions

Calcium cobalt oxide (CCO) ceramic materials were
synthesized by various reducing agent processes
followed by sintering and calcination method. The
precursor obtained by citric acid/starch-assisted sol—
gel combustion, and polymer combustion and ther-
mal hydro-decomposition method for comparative
study of its electrical properties. The density of the
prepared materials was measured by theoretical cal-
culation as well as Archimedes method that have
demonstrated and the values are obtained in the
range of 2.8 to 3.2 g/cm’; thus, the relative density is
obtained around ~ 58-66%. The density found to be
higher when the metal ion to CA ratio increased (1:2)
and also increased with decrease in metal ion to
starch ratio. CazCo4Oq.5 ceramics was also prepared
by changing the stoichiometric amount addition y
and by substitution at the Co site. Density was not
much improved upon sol-gel chemical preparation.
With decrease in amount of Ca, results in density
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Fig. 7 HR-TEM images of Iron nanoparticle-substituted Ca3;Co4095 ceramic oxide prepared by hydrothermal decomposition method

(Color figure online)

found to be increased. The CazCo04Oq,5 samples
prepared by polymer method have a higher density
than that made by citric acid and starch-assisted
method.
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