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a  b  s  t  r  a  c  t

The  high  temperature  oxide  thermoelectric  materials  of  p-type  Ca3Co4−xAgxO9 (denoted  as  p-Co349/Agx)
and n-type  Ca1−ySmyMnO3 (denoted  as n-Mn113/Smy) were  prepared  by  the  self-ignition  method  com-
bined  with  a sintering  technique.  The  influence  of  doping  Ag  and  Sm  on  the  thermoelectric  properties
of  the  corresponding  materials  was  evaluated.  The  figures  of  merit,  ZT,  for  the  p-Co349/Ag0.2 and  n-
Mn113/Sm0.02 materials  reached  maxima  of  0.20 and  0.15  at  973  K,  respectively.  The performances  of
thermoelectric  devices  constructed  with  the  p-  and  n-type  pairs  were  evaluated  in  terms  of  the  maxi-
eywords:
xide thermoelectric materials
elf-ignition
igures of merit
hermoelectric devices
aximum output power

mum  output  power  (Pmax) and manufacturing  factor.  The  Pmax and  volume  power  density  for  the  four-leg
devices  reached  36.8  mW  and  81.9  mW  cm−3 at �T  of  523  K, respectively.

© 2011 Elsevier B.V. All rights reserved.
anufacturing factor

. Introduction

As an important global issue of modern society, the growing
nergy crisis requires us not only to develop renewable and green
nergy but also to use the energy effectively and sufficiently. How-
ver, in industry production, more than 50% of energy is wasted in
arious forms without practical applications in any energy produc-
ion process, mostly in the form of wasted heat. Because its sources
re small and widely dispersed, the recycling of such a large quan-
ity of wasted heat is difficult [1–3]. Fortunately, thermoelectric
TE) generation is one promising technology on the horizon that

ay  solve these problems by converting heat energy directly into
lectric energy without the use of moving parts or the production
f additional environmentally unfriendly waste [4–6]. Therefore,
onsiderable efforts have been dedicated to the investigation of TE
aterials in the past decades. In comparison to conventional TE
aterials, such as Bi2Te3 [7–12] and PbTe [13–15] based alloys,

igh-temperature oxide TE materials, including Ca3Co4O9 [16–20],
aCoO2 [21–24],  Li-doped NiO [25], CaMnO3 [26–29],  and SrTiO3
30], are of particular interest to researchers as a result of their high
E performance, nontoxic nature and high thermal and chemical
tability.

∗ Corresponding authors. Tel.: +86 551 2904358; fax: +86 551 2904358.
E-mail addresses: apjiang@hfut.edu.cn (Y. Jiang), dbyu@ustc.edu.cn (D. Yu).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.113
In the family of high-temperature oxide thermoelectric materi-
als, layered cobaltate structures of Ca3Co4O9 and perovskite-type
structures of CaMnO3 have demonstrated promising thermoelec-
tric properties and have become a hot topic in research. Yet, an
improvement in the thermoelectric properties is strongly required
for practical applications. One approach to improve the thermo-
electric properties is optimisation of the material preparation
technique and post treatment. In this regard, several methods
have been developed to obtain improved thermoelectric prop-
erties [11,23,28,31–34]. For example, Lan et al. [28] reported a
co-precipitation method to prepare fine-grained CaMnO3-based
ceramics with decreased thermal conductivity due to the enhance-
ment of grain boundary scattering. In addition, it is worth pointing
out that improved thermoelectric properties have been observed
due to nanostructuring effects via different synthetic methods in
recent years [9,10,34–37]. For example, through a nanocomposite
approach using ball milling and hot pressing, a high peak ZT of 0.8
at 973 K was achieved out of p-type half-Heuslers by Yan et al. [34].
As an alternate approach, doping is another effective route for pro-
moting thermoelectric properties. The improvements as a result of
the doping may  come from the variations in the carrier concen-
tration, carrier mobility and thermal conductivity [6,19,24,38–40].

Tsai et al. [24] had systematically investigated the thermoelec-
tric properties of Zn-doped Na0.8CoO2. The results showed that
the doping Zn ions led to a decrease in the resistivity due to an
improvement in the carrier mobility.

dx.doi.org/10.1016/j.jallcom.2011.06.113
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:apjiang@hfut.edu.cn
mailto:dbyu@ustc.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.06.113
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Until now, few attempts have been reported to improve TE
erformance by partial-substitution, including Ca3−xNaxCo4O9 [41]
nd CaMn1−xNbxO3 [32]. In this paper, p-type Ca3Co4−xAgxO9 and
-type Ca1−ySmyMnO3 were prepared simply by the combination
f a doping methodology and the self-ignition route. The addition
f Ag to the layered structure Ca3Co4O9 can effectively reduce the
lectrical resistivity (�) while retaining a relatively high Seebeck
oefficient, consequently improving the thermoelectric power fac-
or and the figure of merit ZT. For the CaMnO3-based materials,
lthough a high Seebeck coefficient is available, the thermoelectric
erformance is not satisfactory due to the inherent high electrical
esistivity. In our work, to balance the relationship between the
eebeck coefficient and the electrical resistivity, Sm substitution at
he Ca site has been employed to decrease the electrical resistivity
nd ultimately promote the comprehensive performance. To eval-
ate the potential for the practical application of thermoelectric
aterials, devices based on these two types of doped oxides were

abricated and characterised.

. Experimental details

The powders of p-Ca3Co4−xAgxO9 (x = 0, 0.1, 0.2, 0.3) and n-Ca1−ySmyMnO3 (y = 0,
.02, 0.04, 0.06) were prepared by a self-ignition method reported previously by
ur  group [22,23,32]. Analytically pure Ca(NO3)2·4H2O, Co(NO3)2·6H2O, AgNO3,
a(NO3)2·4H2O, Mn(NO3)2·4H2O, and Sm(NO3)3·6H2O were used as the reagents

or  n- and p-type materials, respectively. Citric acid and stoichiometric amounts of
elative nitrate hydrate for n- and p-type materials were completely dissolved in
eionised water to prepare the individual solutions, respectively. During the heat-

ng  and stirring process, the mixture became viscous gradually as a result of the
ormation of metal–citrate complex. When the temperature exceeded about 753 K,
he  mixture got combusted, yielding fine and black powder precursor. The two
ypes of powder precursors were ground and calcined in air for 2 h at 1023 K for
a3Co4−xAgxO9 and 1173 K for Ca1−ySmyMnO3 to remove any residual substance.
he resultant powders were pressed under 600 MPa  using compacting dies. The
-type Ca3Co4−xAgxO9 samples were sintered in air for 20 h at 1193 K, whereas the
-type Ca1−ySmyMnO3 samples were sintered in air for 10 h at 1473 K with a heating
ate  of 393 K h−1.

Powder X-ray diffraction (XRD) was  performed using CuK� radiation at room
emperature with D/max-r� equipment. The electrical resistivity (�) as a func-
ion of temperature for all the samples was measured from 573 K to 1073 K along
he  pressed plane by a standard DC four-terminal method. The Seebeck coef-
cient was  calculated from the plot of the thermoelectric voltage against the
emperature differential measured from 573 K to 973 K. The thermal conductivity

 = �Cp� was  determined by the thermal diffusivity � and specific heat capacity
p, which were measured by the laser flash method taken on a TC-7000 (ULVAC).
he  morphology and structure of all the sample fracture surfaces were charac-
erised by field emission-scanning electron microscopy (FE-SEM: SIRION 200, FEI,
t  5 kV).

According to the thermoelectric performance of p-type and n-type materi-
ls, the devices were made of two pairs of Ca3Co3.8Ag0.2O9 (Co349/Ag0.2) and
a0.98Sm0.02MnO3 (Mn113/Sm0.02) for the p- and n-type legs to evaluate the trans-

er  properties of heat to electricity. The p- and n-type bars were cut into legs with a
eight of 6 mm and cross-sectional area of 3 mm × 6 mm.  The ends of the Co349/Ag0.2

nd Mn113/Sm0.02 legs were grooved to increase the surface area. The assembly was
laced between two  alumina plates with dimensions of 15 mm × 20 mm × 0.6 mm,
cting as hot and cold ends for relevant thermoelectric legs. By using Ag paste with

 wt%  CaMnO3 (Mn113) oxide powder and Ag foils with a thickness of 0.02 mm,
he  Ag paste–Ag foil–Ag paste electrodes were made on the inner surface of Al2O3

ubstrate, which is pretreated by melting NaOH. Then the device was  dried at
23 K and subsequently treated at 1073 K for 2 h to metallise the electrodes on the
evices.

To  evaluate the device performance, the top Al2O3 plate was  heated to 923 K
y  a plate-shaped furnace at a heating rate of 300 K h−1, while the bottom plate
as held at 300 K by a copper block with circulated cooling water. The temper-

ture differences between the hot and cold sides were measured by two digital
-type thermocouples near the inner surface of the Al2O3 substrates. The tem-
erature difference, �T, along the length of the devices is approximately equal to
he  difference in the interface temperatures between the hot alumina plate, Thot,
nd  the cold alumina plate, Tcold. The current–voltage lines and current–power
urves of power generation were performed in air by sweeping the load resistance
sing an electronic load system, and then they were automatically recorded by
 computer. To obtain all the electrical parameters of the devices, the measure-
ents were also performed in an open circuit and short circuit mode under the

ame working conditions. The measurement of the thermoelectric voltage of the
-  and n-legs over a range of applied temperature differences was  conducted on
he  device working in open circuit mode. The corresponding thermoelectric See-
Fig. 1. (a) X-ray diffraction patterns of p-Ca3Co4−xAgxO9 (x = 0, 0.1, 0.2, 0.3) mate-
rials, (b) X-ray diffraction patterns of n-Ca1−ySmyMnO3 (y = 0, 0.02, 0.04, 0.06)
materials.

beck coefficient was  directly deduced from the measured thermoelectric voltage.
The resistivity (�) measurements were performed in a short circuit mode over
a  similar temperature gradient, in which the output leads of the devices were
short-circuited.

In  an ideal case, V0-ideal is calculated by the sum of Seebeck voltage of p- and
n-type materials, and the internal resistance Rideal is calculated by the sum of the
legs resistance. However, in real case, Rin is modified by the contact resistances
leading to Rin = Rin-ideal + Rcontact. The maximum output power (Pmax = V2

0-ideal/4Rin)
could be obtained when the resistance load equals to the internal resistance of device
(Rload = Rin). The manufacturing factor (MF), representing the cumulative influence
of  various factors of the fabrication process on the quality of the modules, is defined
as  MF  = Pmax/Pmax-ideal [42].

3. Results and discussion

Fig. 1(a) shows the X-ray diffraction patterns of oxide p-
Ca3Co4−xAgxO9 (x = 0, 0.1, 0.2, 0.3) materials. No impurity phases
were observed. The X-ray diffraction patterns of n-Ca1−ySmyMnO3
(y = 0, 0.02, 0.04, 0.06) are presented in Fig. 1(b). All diffraction peaks
could be attributed to CaMnO3, indicating that no phase decompo-
sition or reduction occurred during the sintering process. It is worth
noting that all the diffraction peaks shifted to lower angles grad-
ually with increasing doping Ag, which indicates that Ag has been
doped into the Ca3Co4O9 matrix. The ionic radius of Ag1+ and Co3+

are 1.15 Å and 0.65 Å, respectively. In this case, the cell parameter
will increase accordingly in the presence of the doping Ag, which

could account for the shift in the diffraction peak.

Fig. 2 shows the cross-section SEM fracture graphs of the p-
Ca3Co4−xAgxO9 samples of (a) Ag = 0.0 mol, (b) Ag = 0.1 mol, (c)
Ag = 0.2 mol, and (d) Ag = 0.3 mol. Some layered morphology, cor-
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Fig. 2. Cross-section SEM fractographs of p-Ca3Co4−xAgxO9 samples of (a

Fig. 3. Cross-section SEM fractographs of n-Ca1−ySmyMnO3 (y = 0, 0.02, 0.05, 0.1) 
) Ag = 0.0 mol, (b) Ag = 0.1 mol, (c) Ag = 0.2 mol, and (d) Ag = 0.3 mol.

samples of (a) y = 0 mol, (b) y = 0.02 mol, (c) y = 0.05 mol, and (d) y = 0.1 mol.
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Fig. 4. The temperature dependences of the electrical resistivity (�) of p-
Ca Co Ag O (x = 0, 0.1, 0.2, 0.3) and n-Ca Sm MnO (y = 0, 0.02, 0.04, 0.06)
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Fig. 5. The temperature dependence of the Seebeck coefficient of p-Ca3Co4−xAgxO9

(x = 0, 0.1, 0.2, 0.3) and n-Ca1−ySmyMnO3 (y = 0, 0.02, 0.04, 0.06) samples. (a) Seebeck
coefficient (S) vs. temperature of p-Ca3Co4−xAgxO9, (b) Seebeck coefficient (S) vs.
temperature of n-Ca1−ySmyMnO3.
3 4−x x 9 1−y y 3

amples. (a) electrical resistivity (�) vs. temperature of p-Ca3Co4−xAgxO9, (b) elec-
rical resistivity (�) vs. temperature of n-Ca1−ySmyMnO3.

esponding to the intrinsic layered structure, can be observed. In
ddition, it can be seen that the fractured surfaces show homoge-
eous platelet-shaped grains.

Fig. 3 shows the cross-section SEM fracture graphs of the
-Ca1−ySmyMnO3 samples of (a) y = 0 mol, (b) y = 0.02 mol, (c)

 = 0.05 mol, and (d) y = 0.1 mol. A few open pores appear at the
oundaries of the grains in the sample, indicating that a compact
exture was obtained. The fractured surfaces show uniform grains
nd high density.

In the Co349-layered oxide, the NaCl-type Ca2CoO3 layer and the
lectric conducting CoO2 layer alternately stack along the c-axis [6].
he holes act as charge carrier in p-Co349/Agx, and the substitution
f Ag for Co leads to an increase in the hole concentration [43]. The
omprehensive electrical performance of all the p-Ca3Co4−xAgxO9
nd n-Ca1−ySmyMnO3 (573–1073 K) samples are shown in Fig. 4.
s given in Fig. 4(a), the electrical resistivity for the p-Co349/Agx

eries (x = 0, 0.1, 0.2, 0.3) decreased with an increase in temper-
ture, which is consistent with p-type semiconducting properties
d�/dT < 0). Thus, at the same temperature, the resistivity decreased
ith an increase in Ag content. The temperature dependence of the

esistivity could be ascribed to variation in the interface barrier at
he boundary. As the temperature increases, the interfacial atoms
re activated and tend to reconstruct the interface in a way that
inimises the defect of the interface at the boundary, thus, favoring
he carrier transfer.
Substituting the Ca site with a trivalent Sm cation increases

he carrier concentration and generates Mn3+ cations in the Mn4+

atrix, changing the bending strength of the Mn–O–Mn bond

Fig. 6. The temperature dependence of thermal conductivity (�) and figures of merit
ZT  of all the p-Ca3Co3.8Ag0.2O9 and n-Ca0.98Sm0.02MnO3 samples. (a) Thermal con-
ductivity (�) and figure of merit ZT vs. temperature of p-Ca3Co3.8Ag0.2O9, (b) thermal
conductivity (�) and figure of merit ZT vs. temperature of n-Ca0.98Sm0.02MnO3.
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ig. 7. The image of the oxide thermoelectric bulks and a device fabricated by p- an
f  the oxide legs, (c) shape of the four-legs Co349/Ag0.2–Mn113/Sm0.02 device vs. a 

27]. In this case, the resistivity of all the n-Mn113/Smy samples
ecreases with the extent of the Sm substitution. The electrical
esistivity of the individual components of n-Mn113/Smy increases
s the temperature rises, which is consistent with previous
eported results [27,44].  This temperature-dependent electrical
esistivity could be ascribed to a decrease in the carrier mobil-
ty. The electrical resistivity is determined mostly by the carrier

obility and carrier concentration. Therefore, as the temperature
ncreases, the thermal vibration of the lattice will be enhanced, and
hus, phonon scattering will become evident and play a predomi-
ant role in the conductivity. Considering the carrier concentration,

t mainly relies on the doping choice and its amount, and the con-
entration of the oxygen vacancy for oxide based materials. As for
he electrical resistivity of the individual components of Mn113,
he concentration of oxygen vacancies depends on the sintering
onditions, including the atmosphere, the temperature and the
ime. The resistivity measurement was conducted on the sintered
ody. In this case, the concentration of the oxygen vacancy would
pproach being constant and thus might be neglected. Fig. 4(b)
hows the resistivity variations of all the n-Ca1−ySmyMnO3 materi-
ls as a function of the temperatures ranging from 573 K to 1073 K.

he resistivity presents a converse tendency with increasing Sm
ontent. For perovskite structures of CaMnO3, the electrons were
egarded as the majority carriers. Meanwhile, impurity scattering
ecomes less significant at higher temperatures, resulting from the
ype oxide legs. (a) p-Co349/Agx and n-Mn113/Smy bulks, (b) grooving for the ends

carriers moving faster and becoming less effectively scattered [45].
On the other hand, the impurities will be fully ionised, and accord-
ingly, the carrier concentration will approach saturation. This may
explain the relationship between the electrical resistivity and the
temperature.

As shown in Fig. 5(a), the Seebeck coefficients (S) for the
p-Co349/Agx samples remain positive, indicating p-type conduc-
tivity. Moreover, it should be noted that the value of S increased
almost linearly with increasing temperature, while decreasing with
the Ag-dopant content at high temperature. The relation between
Seebeck coefficients and charge carrier concentration (n) can be
expressed as S = � − ln n, where � is the scattering factor [7]. At the
same temperature, the scattering factor approaches being constant
due to the intrinsic structure of misfit layers. On the other hand,
the carrier concentration (n) increased with the rise in Ag con-
tent. Therefore, the Seebeck coefficients decrease with increasing
Ag content. However, for the individual component of p-Co349/Agx,
phonon scattering due to thermal vibration of the lattice atoms
plays a more dominant role than that of the carrier concentration
in determining the S of the sample with increasing temperature.
Thus, the Seebeck coefficient (S) rises with increasing tempera-

ture.

As the temperature dependence of n-type Seebeck coefficients
(S) suggests in Fig. 5(b), all the n-type compounds presented
negative values throughout the investigated temperature zone,
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Fig. 8. The electrical performances of Co349/Ag0.2–Mn113/Sm0.02 device. (a) The
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and 36.8 mW with large �T  of 330 K, 417 K and 523 K, respec-
tively. In our work, the corresponding volume and mass power
density at 873 K with a value of �T  of 523 K are 81.9 mW cm−3 and
19.02 mW g−1, respectively, and are presented in Table 1. Accord-
esistivity (�) of Co349/Ag0.2 and Mn113/Sm0.02 vs. different hot side temperature,
b) Rin mea, Rin ideal, and Rcontact of Co349/Ag0.2–Mn113/Sm0.02 device vs. different hot
ide temperature.

ndicating that the electrons are the majority carriers. The abso-
ute values of S decreased with the addition of Sm,  which is
scribed to the increase in the carrier concentration by substitu-
ion. On the other hand, the phenomenon of S for the individual
omponent of n-Mn113/Smy increasing with temperature can be
nderstood in terms of scattering, carrier concentration and car-
ier mobility, as mentioned in the discussion of the resistivity of
-Mn113/Smy.

The temperature dependence of thermal conductivity (ktotal)
nd figures of merit ZT of p-Co349/Ag0.2 and n-Mn113/Sm0.02 are
hown in Fig. 6(a) and (b). The ktotal values of p-Co349/Ag0.2 and n-
n113/Sm0.02 are 0.983 and 1.159 Wm K−1 at 873 K, respectively,
hich are better than the previous report [46,47].  The ktotal can be

xpressed by a sum of the lattice component (�L) and the electronic
omponent (ke), i.e., �total = �L + �e. In general, the values of �e show
ittle fluctuation at high temperature. The decrease in �total could
e attributed to the reduction of �L due to the increase in phonon
cattering by substitution [32]. Analysing the variable electrical and
hermal factors, the optimal figures of merit ZT for p-Co349/Ag0.2
nd n-Mn113/Sm0.02 materials are 0.20 and 0.15 at 973 K, respec-
ively. The figure of merit ZT and power factor (P) are the two main
actors in thermoelectric device fabrication. Taking into account
he as-obtained ZT, thermoelectric devices were prepared by p-
o349/Ag0.2 and n-Mn113/Sm0.02 to evaluate the output power and
he power density.
The device shown in Fig. 7 was fabricated by optimising the
anufacturing technology. The electrical resistivities at different

ot side temperatures for p-Co349/Ag0.2 and n-Mn113/Sm0.02 legs
ere summarized in Fig. 8(a), which are higher than that for the
pounds 509 (2011) 8970– 8977 8975

starting materials (Fig. 4(a) and (b)). The increase in electrical
resistivity can be attributed to a combined effect of semiconduc-
tor characteristic and the existing temperature gradient in device
measurement [2].  Fig. 8(b) shows the temperature dependence of
Rin mea, Rin ideal, and Rcontact for Co349/Ag0.2–Mn113/Sm0.02 device.
To be clear, the internal resistance Rin mea of the device correspond-
ing to the slope of current-voltage lines were obtained directly
by the measured system [48,49],  and the Rin ideal was calculated
by the electrical resistivity of p- and n-type materials in different
temperature gradient. In this case, Rcontact can be obtained by the
formula Rcontact = Rin mea − Rin ideal. Taking into account the relation-
ship between Rcontact and Pmax, the Rcontact may play a key role in
the device power generation performance and therefore needs to
be minimized. Power generation properties of the device at dif-
ferent temperatures by sweeping load resistance are presented in
Fig. 9(a). The open circuit voltage (V0), equal to the intercept of
the current–voltage curve, reached 328 mV  for a �T value of 523 K
and a Thot temperature of 873 K. The measured value of V0 coin-
cides well with the theoretical value (V0-ideal) of 332 mV,  calculated
by the relation: V0 ideal = n × (SP − SN) × �T  where n = 2 in a four-leg
device, Sp and Sn are the Seebeck coefficient of the p- and n-legs,
and �T  is the temperature gradient between the hot and cold sides.

As the current-power curves shows in Fig. 9(a), the maximum
output power (Pmax) improved with increasing �T between the
hot and cold sides of the device, which reached 12.9 mW,  17.4 mW
Fig. 9. The output performances of the Co349/Ag0.2–Mn113/Sm0.02 device.
(a)  Thermoelectric generation characteristics of the Co349/Ag0.2–Mn113/Sm0.02

device at hot-side temperature/temperature gradient of 623 K/330 K, 723 K/417 K,
873 K/523 K, (b) internal resistance (Rin) and open circuit voltage (V0) of the device
at  Thot of 873 K vs. the number of heating–cooling cycle test.
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Table 1
Details of the physical parameters measured for the four-leg thermoelectric device.

Module type p/n Thot (K) �T  (K) SP (�V K−1) SN (−�V K−1) V0 (mV) Rin ideal (�)

Ag0.2/Sm0.02 873 523 123 194 328 0.43

Rin (�) Rcontact (�)  Pmax ideal (mW)  Pmax (mW)  Mass power density (mW  g−1) Volume power density (mW  cm−3) Manufacturing factor �
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ng to the results, the device of Co349/Ag0.2–Mn113/Sm0.02 worked
uccessfully and stably at high temperature with a good ther-
oelectric performance, which showed considerably improved

roperties compared to the previous reports [2,42].  It is well known
hat the electrical contact and thermal contact play an important
ole in improving the device-manufacturing factor. In the present
ork, the manufacturing factor at a �T  value of 523 K reached up

o as high as 58.3% without using uniaxial pressure during man-
facturing or testing process [47], which can be attributed to a
rop in both the contact resistance and the difference of thermal
xpansion as mentioned above. In addition, the high-temperature
urability is a non-negligible index of the device when operated at
igh temperatures. To investigate the high-temperature durability
f the device, it was subjected to a heating–cooling cycle test from
oom temperature to 923 K, which was repeated six times in air. The
easured open circuit voltage (V0) and Rin at 873 K of the different

ycles are given in Fig. 9(b). The values of V0 and Rin at different
ycles show little fluctuation, indicating that the fabricated device
as good thermal durability.

. Conclusions

The high-temperature oxide thermoelectric materials of p-
a3Co4−xAgxO9 (x = 0, 0.1, 0.2, 0.3) and n-Ca1−ySmyMnO3 (y = 0,
.02, 0.04, 0.06) were prepared by a self-ignition method with a
owder metallurgy technique. The thermoelectric properties, par-
icularly the electrical resistivity and Seebeck coefficients, of p-
nd n-series materials were improved and optimised by our dop-
ng methods. The electrical resistivity for the p-Co349/Agx series
ecreased with an increase in the Ag content and the Seebeck coef-
cient decreased with the Ag dopant content at high temperature.
s for all the n-Mn113/Smy samples, both the electrical resistiv-

ty and the Seebeck coefficient decreased with the extent of Sm
ubstitution. The optimal figure of merit ZT for p-Co349/Ag0.2 and
-Mn113/Sm0.02 materials reaches 0.20 and 0.15 at 973 K, respec-
ively. By using the doped oxides with the optimal ZT, four-leg
hermoelectric devices of Co349/Ag0.2–Mn113/Sm0.02 were suc-
essfully prepared and characterised in terms of the maximum
utput power and the high-temperature durability. The devices
ould generate up to 36.8 mW,  which corresponds to a volume
ower density of 81.9 mW cm−3 at �T  of 523 K. Both the pre-
reatment of the substrate and the special design of the electrode
tructure of the Ag paste–Ag foil–Ag paste are demonstrated to
e effective methods to promote device performance. The suc-
essful demonstration of good thermoelectric performances of the
s-prepared modules suggests the great potential of these high-
emperature doped oxide thermoelectric materials towards future
pplications.
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