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Abstract

The polycrystalline of Ca; ,Bi,MnO; (x =0, 0.01, 0.02, 0.03, 0.04 and 0.05) thermoelectric materials were prepared by solid state
reaction (SSR) and hot pressing (HP) methods. The crystallography and morphology were analysed by X-ray diffraction (XRD)
and scanning electron microscopy (SEM), respectively. It was found that the lattice parameters of Orthorhombic-perovskite
increased with increasing Bi contents. The Seebeck coefficient shows negative value indicated n-type material and decreased
with increasing Bi contents. The electrical resistivity decreased with increasing Bi content indicating metallic conduction as well
but the thermal conductivity shows the semiconductor behaviour. The dimensionless figure of mert ( Z7 ) value of
Cay g7Big3sMnO; sample shows highest value about 0.065 at 473 K and the ZT value higher than un-doped CaMnO; sample
93% at same temperature.
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1. Introduction

The long time of development and intense interest to thermoelectric (TE) materials because TE materials can
generate electricity from heat energy directly in the other hand can create hot and cold side by using electricity. The
efficiency of thermoelectric material can evaluate by using dimensionless figure of merit ( ZT ).

2
ZT:% (1)

whereS, p,xand T are Seebeck coefficient, electrical resistivity, thermal conductivity and absolute
temperature, respectively. For application the thermoelectric, it is necessary to ZT =1, that require large the power
factor ( PF ) and low thermal conductivity.

5
P

Normally, the thermoelectric material in commercial consists of p and n type connect series with metal electrode
on ceramic substrates. The commercial TE material mainly use BiTe and PbTe-bases [1.,2] for fabrication
thermoelectric module which materials an expensive and working in low temperature. Now the trend of development
TE material concentrate to wide working temperature range, friendly environment and stability. Oxide

PF = (2)

thermoelectric material interested from many researcher such as NaCo,0;, CazCo40s, SrTiO;and CaMnQOj; [3-9] etc.
However, although in oxide material are large S and & but also make low Z7_because high £ . Thus in this paper

report about decrease p from increasing carrier concentration and decreasing oxygen vacancy by increased density
from hot pressing method for improvement ZT value [10].

2. Experimental Details

The Ca,Bi;MnO; (x = 0, 0.01, 0.02, 0.03, 0.04 and 0.05) polycrystalline ceramics were prepared by SSR of
calcium carbonate powder (CaCO; purity 99%) mixed with manganese dioxide (MnO, purity 99.9%) and bismuth
oxide (Bi;0; purity 99.5%) in stoichiometric ratios. The powders were ball milled in ethanol by zirconia balls for 12
h. The milled powders were calcined at 1273 K for 24 h in air after an intermediate grinding step. Then the powders
were hot pressed on graphite die 10 mm diameter pellets and pressure of 60 MPa at a temperature 1173 K 1 h soak
time. The pellets were then annealed and remove carbon in air at 1473 K with a 36 h soak time. The crystal structure
were characterized by XRD (XRD-6100, Shimadzu) powder equipped with Cu Ka radiation (a step width of 0.020°)
angular range 20-80°. The density of the sintered pellets were measured by the Archimedes method. The
morphology was obtained by SEM (JSM-7800F, JEOL) and sintered pellets were cut into rectangular columns with
dimensions of 3 x 3 x 15 mm® for measurement of thermoelectric properties.

The § and p were measured by a steady-state technique which calibrate compared with ULVAC-ZEM-3 by

constantan standard were performed between 300 and 473 K with a temperature gradient of 0.5 - 1 K across the
sample. The temperature different between hot and cold point of sample was use K type thermocouple which was
measured using a PICOTEST multimeter. The x* were measured by steady-state technique and calculated by the
heat rate (Q), the surface area of sample ( 4 ), the distant between hot and cold probe on sample (x) and
temperature different between hot and cold probe ( AT ) following by a relationship.

O x

K=————r0 (3)
A AT

The hot and cold points of sample were used K type thermocouple of PICOTEST multimeter and real-time
thermal data logger for interface with computer. Then the PF and ZT were calculated.
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3. Results and discussion

The X-ray diffraction pattern of sintered Ca,Bi,MnQO; (x = 0, 0.01, 0.02, 0.03, 0.04 and 0.05) ceramics at room
temperature, is shown in Fig.1. The diffraction pattern of all ceramics are correspond with CaMnO; (CMO) un-
doped sample phase. All sample no peak of secondary phase were observed corresponding to CMO phase, thus
indicating were a single phase with an orthorhombic perovskite structure in Pnma space group (PDF Card - 00-050-
1746). Lattice parameter were calculated from XRD data meanwhile, the cell volume and theoretical density of all
sample tabulated in Table 1. The result of lattice parameter and cell volume increased linearly with increasing Bi
doping contents [11]. This behavior was affected from substitution of Bi on Ca-site which similar ionic radius of the
element. According to these reported in the Ca,.Bi;MnQ; system, Bi sever as electron doping [11,12,16]. Then the
electron doping was induced the present by Mn®™ within Mn*™ matrix of CMO and the difference ionic radius
between Mn” (0.64 A) was larger than Mn*™ (0.53 A) which distort the octahedral in CMO structure [13-15]. So it
was found that lattice the parameter increased with increasing Bi content.

The experimental density in the Table 1 were increased with increasing of doping Bi contents. The density
increased because Bi was heavier mass contribution of CMO and another factor used hot pressing method for
prepared all sample helpful decreasing porosity on the samples. The theoretical density of all sample was calculated
from lattice constant of XRD data and the relative density show good compactness.

The microstructure of bulk Ca, B1,MnQ; (a) x = 0.00, (b) x = 0.01, (¢) x =0.02, (d) x =0.03, (&) x = 0.04 and (f) x = 0.05
ceramics, are shown in Fig. 2. The morphology of all sample showed good compactness, and decreased grain
connecting of pore and micro-cracking in the sample due to the density increased by using HP method when
compare with report [11].
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Fig, I. XRD patterns of Ca, ,Bi,MnQ; powders for (x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05) ceramics at room temperature.
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Table 1. Lattice parameters, densities of Ca,,Bi,MnO: (x=0, 0.01, 0.02, 0.03, 0.04 and 0.05) ceramics.

Sample a(A) b(A) (&) Unit cell Theoretical Experimental Relative
Bi content (x) Volume (A7) density (g/em?) density (g/em’) density (%)
0 5.2895 7.4949 5.2257 207.172 4.58 4.25 92.79
0.01 5.2989 7.4679 5.2399 207.338 4.63 4.21 90.92
0.02 5.2801 7.4683 5.2802 208.214 4.67 4.31 92.92
0.03 5.3271 7.4890 5.2466 208.215 472 4.34 91.94
0.04 5.2906 7.4685 5.2697 209.312 4.75 4.42 93.05
0.05 5.3161 7.4687 52742 209412 4.80 4.47 93.15

Fig. 2. SEM image of bulk Ca,.,Bi,MnOs. (a) x=0.00, (b) x = 0.01, (¢) x = 0.02, (d) x = 0.03, (e) x = 0.04 and (f) x = 0.05 ceranmics.

The Seebeck coefficient of Ca . Bi,MnO; (x = 0, 0.01, 0.02, 0.03, 0.04 and 0.05) ceramics were measured by
steady state technique at 300 K to 473 K in atmosphere, are shown in Fig. 3 (a). The S of all sample showed
negative value, were indicated an n-type electrical conduction behaviour in Fig. 3 (a).The un-doped CMO showed
large absolute value of S-and typical semiconductor behaviour. On the other hand, all doped samples showed
metallic conduction behaviour and the S decreased with increase Bi contents. From this behaviour was attributed
the increasing carrier concentration of CMO which observed lattice parameter increased in Table 1, which accord
with reported before [11-13]. Thus, the S were evaluated from this equation.

kT
ek,

N 4)

wherez ,k; . T ,e and E. were Pi, Boltzmann constant, absolute temperature, electron charge and Fermi level,

respectively. The § are inversely proportional to Fermi level. From this relation were evaluated by Fermi level
from § at 303 K, which were 0.075 eV, 0.184 eV, 0.222 eV, 0.251 eV, 0.275 eV and 0.333 eV forx =0, 0.01, 0.02,
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3. Results and discussion

The X-ray diffraction pattern of sintered Ca; ,Bi;MnOs (x = 0, 0.01, 0.02, 0.03, 0.04 and 0.05) ceramics at room
temperature, is shown in Fig.1. The diffraction pattern of all ceramics are correspond with CaMnO; (CMO) un-doped
sample phase. All sample no peak of secondary phase were observed corresponding to CMO phase, thus indicating
were a single phase with an orthorhombic perovskite structure in Prma space group (PDF Card - 00-050-1746). Lattice
parameter were calculated from XRD data meanwhile, the cell volume and theoretical density of all sample tabulated
in Table 1. The result of lattice parameter and cell volume increased linearly with increasing Bi doping contents [11].
This behavior was affected from substitution of Bi on Ca-site which similar ionic radius of the element. According to
these reported in the Ca,Bi.MnOjs system, Bi sever as electron doping [11,12,16]. Then the electron doping was
induced the present by Mn*" within Mn*~ matrix of CMO and the difference ionic radius between Mn®>" (0.64 A) was
larger than Mn** (0.53 A) which distort the octahedral in CMO structure [13-15]. So it was found that lattice the
parameter increased with increasing Bi content.

The experimental density in the Table 1 were increased with increasing of doping Bi contents. The density
increased because Bi was heavier mass contribution of CMO and another factor used hot pressing method for prepared
all sample helpful decreasing porosity on the samples. The theoretical density of all sample was caleulated from lattice
constant of XRD data and the relative density show good compactness.

The microstructure of bulk Ca1xBixMnOs (a) x = 0.00, (b) x = 0.01, (¢) x = 0.02, (d) x = 0.03, (e) x = 0.04 and (f) x = 0.05
ceramics, are shown in Fig. 2. The morphology of all sample showed good compactness, and decreased grain
connecting of pore and micro-cracking in the sample due to the density increased by using HP method when compare
with report [11].
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Fig. 1. XRD patterns of Ca,;<BixMnQO; powders for (x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05) ceramics at room temperature.
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Sample a(A) b(A) c(A) Unit cell Theoretical Experimental Relative
Bi content (x) Volume (A%) density (g/cm®) density (g/cm?) density (%)
0 52895 74949 5.2257 207.172 458 425 92.79
0.01 5.2989 7.4679 5.2399 207.338 4.63 421 90.92
0.02 5.2801 7.4683 5.2802 208.214 4.67 4.31 92.92
0.03 53271 74800  5.2466 208.215 472 434 91.94
0.04 5.2906 7.4685 5.2697 209.312 4.75 4.42 93.05
0.05 5.3161 7.4687 5.2742 209.412 4.80 447 93.15

Fig. 2. SEM image of bulk Ca,Bi\MnQs. (a) x=10.00, (b) x=0.01, (¢) x=0.02, (d) x = 0.03, (e) x=0.04 and (f) x = 0.05 ceramics.

The Seebeck coefficient of Ca,«BixMnOs (x =0, 0.01, 0.02, 0.03, 0.04 and 0.03) ceramics were measured by steady
state technique at 300 K to 473 K in atmosphere, are shown in Fig. 3 (a). The § of all sample showed negative value,
were indicated an n-type electrical conduction behaviour in Fig. 3 (a). The un-doped CMO showed large absolute value
of § and typical semiconductor behaviour. On the other hand, all doped samples showed metallic conduction
behaviour and the § decreased with increase Bi contents. From this behaviour was attributed the increasing carrier
concentration of CMO which observed lattice parameter increased in Table 1, which accord with reported before [11-
13]. Thus, the S were evaluated from this equation.

S

. kT
a ek

(S0

where 7 ,k, ,T ,e and E, were Pi, Boltzmann constant, absolute temperature, electron charge and Fermi level,

respectively. The S are inversely proportional to Fermi level. From this relation were evaluated by Fermi level from
S at 303 K, which were 0.075 eV, 0.184 ¢V, 0.222 eV, 0.251 eV, 0.275 eV and 0.333 eV for x =0, 0.01, 0.02, 0.03,
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0.03, 0.04 and 0.05, respectively. This result mean the Bi doping were increased Fermi level of CaMnO; un-doped.
When Ca” substituted Bi** which the Bi'" was a donor ions. Then the increasing of carrier concentration has a
directly result to shift of occupied energy level structure to higher binding energy. Therefore, this phenomenal Fermi
level increasing was attributed to the increase of Bi doping content [10].

The electrical resistivity of Ca,,Bi,MnO; (x =0, 0.01, 0.02, 0.03, 0.04 and 0.05) ceramics, seem in Fig. 3 (b).
The p of un-doped CMO was deceased with increasing temperature indicate of semiconductor behaviour.

However, all doped samples showed @ was increased with increasing temperature indicate metallic behaviour and
also the p decreased with increasing doped Bi contents. Because the effect from Bi serving increased carrier
concentration according with previous work [10,15].

The power factor of all sample were evaluated by S and p as equation (2). The un-doped sample showed
lowest PF due to high § butin 2 is very high when compared with doped sample. The maximum of PF shows

in condition Cag gsBigoMnO; about 5.7 x10* W m™" K and the trend of all doped sample increased with increasing
temperature.

The total thermal conductivity (closed symbols) and electronic thermal conductivity (open symbols) for all
sample at temperature range of300 to 473K, as shown in Fig. 4 (a). The total thermal conduetivity ( & ) were

evaluated by combination lattice thermal conductivity ( «;) and electronic thermal conductivity ( &, ). The electronic

thermal conductivity was calculated from Wiedemann-Franz's law equation by using electrical resistivity.
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Fig. 3. The relationship between temperature dependent and (a) the Seebeck coefficient; (b) the electrical resistivity and (c) the power factor for
Ca, ,Bi,MnO; ceramics.
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LT
K= _P (3

where x,,L, T and g are electronic thermal conductivity, Lorentz constant, absolute temperature and electrical
resistivity, respectively. The &, of all sample doped were increased with increasing temperature as well as of doped
Bi contents [11]. Then compared between & , it was clearly the major of value got from the x;. Therefore, the x
with un-doped CMO was compared with all doped samples show lower than un-doped sample indicating that Bi
substitution at Ca-site can be decreased of & . The & of x= 0.01, 0.02 and 0.03 samples were decreased by
reduction of &;.The possible about this behavior was that both the crystal distortion and oxygen vacancy contributed
to decrease of & . The strong crystal distortion was created enhance phonon scattering resulting in the decreased of
& . However, the doped sample x>0.03 was increased slightly due to crystal distortion and increased oxygen
vacancy shows in the relative density value and main factor for phonon scattering more Bi substitution which
increase x [10,11].

The dimensionless figure of merit of all samples, are shown in Fig. 4 (b). Normally, all"doped samples show
higher ZT value more than the un-doped CMO. The Cag7Big 03MnQO; shows highest ZT value about 0.065 at 473
K together with un-doped sample mean 95% at same temperature. Because in this condition lowest & was 3.60 W

m™ K™ and optimized PF .
4. Conclusions

The Bi doping of Ca,,Bi,MnQs for x =0, 0.01, 0.02, 0.03, 0.04 and 0.05 ceramics were successfully synthesized
by SSR and HP method. The crystal structure of all sample show single phase and orthorhombic perovskite
structure. The lattice parameters and cell volume were increased with increasing Bi contents and increased density
of all samples. The SEM image shows good compactness and connecting grain. Then p of all doped samples were
decreased with decreasing Bi contents and showed metallic behavior. The & has been lowest at x = 0.03 of 3.6 W
m™ K™ at 473 K. The highest ZT = 0.065 at 473 K wasincreased more than un-doped CaMnQ; about 95 %. The
thermoelectric properties were improved by Bi doping; increasing carrier concentration, and using HP method could
increase density of all samples.
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Fig. 4. The relationship between temperature dependent and (a) the total thermal conductivity (closed symbols) and electronic thermal
conductivity (open symbols); (b) ZT for Ca,B1,MnO; ceramics.
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