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bstract

hermoelectric energy conversion can be used to capture electric power from waste heat in a variety of applications. The materials that have been
hown to have the best thermoelectric properties are compounds containing elements such as tellurium and antimony. These compounds can be
xidized if exposed to the high temperature air that may be present in heat recovery applications. Oxide materials have better stability in oxidizing
nvironments, so their use enables the fabrication of more durable devices. Thus, although the thermoelectric properties of oxides are inferior to
hose of the compounds mentioned above, their superior stability may expand potential the high temperature application of thermoelectric energy

onversion.

In this paper, the thermoelectric properties of promising oxide materials are reviewed. The different types of oxides used for thermoelectric
pplications are compared and approaches for improving performance through doping are discussed.

2011 Elsevier Ltd. All rights reserved.
eywords: B. Electrical conductivity; B. Thermal conductivity; Seebeck coefficient
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. Introduction

Thermoelectric devices allow for the direct conversion of

repair is difficult or impossible. The ultimate remote application
is for spacecraft, such as Cassini or Galileo, which have traveled
so far from the sun that solar energy is insufficient to power the
eat to electrical energy. The absence of any moving parts,
uch as pumps or compressors, makes thermoelectric conver-
ion devices especially attractive for remote applications where
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ontrol, data collection and communication systems. In these
pacecraft electrical power is provided by radioisotope thermo-
lectric generators (RTGs), which convert the heat generated by
radioactively decaying material into electrical energy.1 Simi-

ar devices have been used in remote terrestrial locations, such

s light houses or beacons, but are being decommissioned due
nvironmental concerns.2

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.007
mailto:jwfergus@eng.auburn.edu
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Increases in global energy consumption and the negative
nvironmental impacts of many current energy conversion tech-
ologies, such as the combustion of fossil fuels, has led to
ncreased activity in developing alternative energy conver-
ion technologies. Although thermoelectric energy conversion
evices are not likely to replace current primary power gen-
ration devices, they can provide supplemental conversion to
mprove overall system efficiencies. In particular, thermoelec-
ric devices can be used to convert waste heat into electrical
nergy. One promising application is in automobiles where heat
ost in the engine coolant or exhaust gas can be converted
nto electrical energy.3–6 There are also potential applications
n woodstove6 and diesel7 power plants where thermoelectric
ecovery of energy in waste heat can improve system efficiency.

A major challenge in the implementation of thermoelectric
ower generation is the low energy conversion efficiency. The
oltage generated by a thermoelectric material placed in a tem-
erature gradient is related to the thermopower (or Seebeck
oefficient), which should be large. Electrical current must pass
hrough the thermoelectric material, so its electrical conductiv-
ty should be high to minimize ohmic losses. At the same time,
he thermal conductivity of the material should be low, so that a
arge thermal gradient is maintained. These three requirements
re captured in the dimensionless figure of merit (ZT), which is
iven by

T =
(

σS2

κ

)
T (1)

here σ is the electrical conductivity, S is the Seebeck coef-
cient, κ is the thermal conductivity and T is temperature.8,9

lthough the optimal properties may be different for different
perating conditions and device designs, the figure of merit pro-
ides a basis for comparing materials. One of the challenges
n increasing the figure of merit is that improvements result-
ng from changes in one property are often offset by changes
n another property. For example, metals have high electrical
onductivity, but small Seebeck coefficients and high thermal
onductivity, while thermal insulators are typically also electri-
al insulators. In particular, heat is conducted through a solid by
lectron conduction and lattice phonon conduction. The electron
ontribution (κe) is related directly to the electronic conductiv-
ty (σ) according to the Wiedemann–Franz relationship which
ndicates that the ratio of the two properties is constant at a given
emperature according to the following relation,10

κe

σ
=
(

π2k2
B

3e2

)
T (2)

here kB is Boltzmann’s constant, and e is the charge of an
lectron, so any improvement in electronic conductivity leads to
n offsetting increase in the electronic contribution to the ther-
al conductivity. Thus, materials in which thermal conduction
s dominated by lattice phonon contributions are more promis-
ng for thermoelectric application, since the phonon thermal
onduction can be decreased without decreasing the electrical
onduction.10,11
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One specific approach to decreasing thermal conductivity
s to use complex structures that increase the optical phonon

odes. Similarly, structures with weakly bound or out-of-site
toms can create rattling modes, which interfere with the heat
onduction. Doping with large atoms can also be used to
ecrease the thermal conductivity without decreasing electri-
al conductivity. These and other approaches have been used to
mprove the thermoelectric performance of materials.

The largest figures of merit have been achieved with
ellurium-, antimony- and germanium-based compounds.3,11–16

figure of merit of one or larger is generally considered to be
eeded for practical applications and many of these compounds
xceed that requirement. However, the stability and toxicity of
hese compounds is an issue for some applications. There are
ome oxides of less toxic elements that are promising for use
n thermoelectric devices. The figures of merit for these materi-
ls are generally inferior to those of the skutterudites and other
ompounds mentioned above, but the stability is better and the
egative environmental impact is less. If the durability can be
mproved and the cost decreased, such oxide thermoelectric

aterials may be used in devices for harvesting energy from
aste heat.
The objective of this paper is to review the current status of

xide thermoelectric materials. The paper includes a compila-
ion of results from the literature on the thermoelectric properties
f promising n-type and p-type oxide materials. For the general
lasses of materials, the three important properties (electrical
onductivity, thermopower and thermal conductivity) are pre-
ented and used to calculate the figure of merit. In addition, the
ffects of compositional changes on these properties and the on
he figure of merit are discussed.

. p-Type oxides

.1. Layered cobaltites

The most promising p-type oxide thermoelectric materials
re those based on alkali or alkaline-earth cobaltite compounds
hat form layered structures.10,13,16 These compounds have
arge Seebeck coefficients, which is attributed to the low spin
tate of Co3+.17 Variations in cobalt valence, as evidenced by
he changes in oxygen content, have been reported to affect
he thermoelectric properties of Ca3Co4O9.18 The structures
ontain CoO2 planes, which provide a path for p-type elec-
ronic conduction, while the interfaces between these layers
nd the other structural components disrupt heat transfer by
attice phonons. The structures for two promising thermoelec-
ric oxides Ca3Co4O9

13,19–24 and NaxCoO2
25–28 are shown

chematically in Fig. 1. In Ca3Co4O9, the CoO2 planes are
eparated by a Ca2CoO3 layer that forms a rock salt type
tructure (Fig. 1a), while in NaxCoO2, the CoO2 layers are sep-
orm CaxCoO2 as well as Ca3Co2O6. Although Ca3Co2O6
as a large Seebeck coefficient, the conductivity is low, so
a3Co4O9 has been more widely used for thermoelectric
pplications.



J.W. Fergus / Journal of the European Ceramic Society 32 (2012) 525–540 527

Fig. 1. Schematic structure of Ca3Co4O9(a)13,19–24 and NaxCoO2(b).25–28

Fig. 2. Electrical conductivity (a), Seebeck coefficient (b), thermal conductivity (c) and figure of merit (ZT) (d) for Ca3Co4O9.31–50. (For interpretation of the
references to color in this artwork, the reader is referred to the web version of this article.)
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.1.1. Ca3Co4O9
The thermoelectric properties of Ca3Co4O9 are summarized

n Fig. 2.31–50 The results from various studies are fairly con-
istent with a conductivity of around 104 S m−1, a Seebeck
oefficient of around 150 �V K−1 and a thermal conductivity of
round 2 W K−1 m−1. In Fig. 2d, a line representing the range
f most of the values of figure of merit is shown and will be used
n subsequent plots to show the effects of dopant additions.

One dopant commonly used with Ca3Co4O9 is bismuth,
hich has been shown to increase both the electrical conduc-

ivity and Seebeck coefficient42,45,50–55 as well as decrease
he thermal conductivity.42,45,50 The increase in conductivity
s attributed to an increase in carrier mobility42,51,52 rather
han carrier concentration, which is generally desired in ther-

oelectric materials, since an increase in carrier concentration
ends to lead to a decrease in the Seebeck coefficient. How-
ver, improvements in the conductivity have also been attributed
o differences in the microstructure.53 The decrease in thermal
onductivity has been attributed to the larger size and mass
f bismuth as compared to calcium.50 The figures of merit
f Ca3Co4O9 doped with bismuth and other ions are shown
n Fig. 3a.37,38,41,42,45–47,50,54,56,57 Although bismuth additions
ave been shown to improve all three properties contributing to
he figure of merit, the reported figures of merit are in middle to
pper range of those reported for undoped Ca3Co4O9.

The addition that appears to have the greatest impact on
he figure of merit is silver, which can be added as a dopant
r as a second (metallic) phase. As a dopant, silver has been
hown to increase the electrical conductivity,41,57–60 which
as been attributed to an increase in carrier concentration and
obility.57–59 The addition of silver has been shown to either

ncrease57,58,60 or decrease the Seebeck coefficient.59 In addi-
ion, observed decreases in the thermal conductivity have been
ttributed to the large mass of silver.57,58 Silver has also been
hown to increase electrical conductivity as a co-dopant with
arium41,61 or lutetium.39 The presence of silver as a second
hase also increases the electrical conductivity, but, in con-
rast to its use as a dopant, leads to a decrease in the Seebeck
oefficient.51,57,60,62,63 When combined with a dopant, however,
he silver second phase can lead to an increase in both electrical
onductivity and thermopower.19,51,64,65

Also shown in Fig. 3a are results for Ca3Co4O9 doped with
ransition metals. Copper, when replacing cobalt, is consis-
ently reported to increase the electrical conductivity, but also to
ecrease the Seebeck coefficient.46,53,66,67 Copper is reported
o occupy sites in the Ca2CoO3 rock salt layer rather than
he CoO2 layer of Ca3Co4O9.46 There is one report in which
opper was used to replace calcium, rather than cobalt, and
ed to an increase in the Seebeck coefficient.68 However, X-
ay diffraction results showed the presence of a second phase,
hich suggests that copper is not stable on the calcium sites

nd the properties may be affected by the second phase. Other
ransition metal dopants, such as iron and manganese, occupy
obalt sites in the CoO layer.46 Although there are reports of
2
ncreases in electrical conductivity due to doping of iron46 or
ickel,67 in most cases the beneficial effect of transition metal
opants is an increase in thermopower, rather than increase

o
A
l
B
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n electrical conductivity, as in doping with either titanium,47

anganese,46,66 nickel66 or iron.66,67 Heavier transition metal
opants used include rhodium, which increases electrical con-
uctivity, but decreases thermopower69 and tantalum, which,
onversely, increases thermopower, but decreases the electri-
al conductivity.24 Additions of lead or gallium, like bismuth,
ncrease both the electrical conductivity and thermopower.24

allium also decreases thermal conductivity and has a figure
f merit in the upper range of those shown in Fig. 3a.37,38

The figures of merit of Ca3Co4O9 doped with other dopants
re shown in Fig. 3b.34,35,40,43,44,48,49,70–74 The results reported
or lanthanum doping are mixed in that both increases in
hermopower and decreases in electrical conductivity75 as
ell as the opposite trends (increase in electrical conductivity

nd decrease in thermopower)76 have been reported. How-
ver, reports for other lanthanide elements are consistent in
hat the addition of neodymium,77 europium,34 holmium,40

ysprosium,40 erbium,40 ytterbium78 and lutetium40 lead to
n increase in thermopower, but a decrease in electrical con-
uctivity. Yttrium additions have a similar effect in increasing
hermopower and decreasing electrical conductivity.49 Addi-
ions of gadolinium, dysprosium, holmium and ytterbium have
een shown to lead to a decrease in thermal conductivity.79

ig. 3b shows that the figures of merit for the lanthanide
oped materials are in the same range as those for undoped
a3Co4O9.

Sodium additions have been shown to increase the conduc-
ivity for both Ca3Co4O9

54,80 and Ca3Co2O6.67 The increase
n Seebeck coefficient of Ca3O4O9 with sodium additions
lone is small54,80 but can be increased by co-doping with
anganese.81 Co-doping of sodium with neodymium can also

ead to an increase in thermopower, as well as a decrease in
hermal conductivity, but in this case the electrical conductivity
s decreased.71 Like sodium, potassium additions to Ca3O4O9
ead to an increase in electrical conductivity with only a slight
ncrease in Seebeck coefficient and an increase in thermal con-
uctivity, the net result of which is a modest increase in the
gure of merit.44,75 Co-doping of potassium with lanthanum
as been shown to increase the electrical conductivity without
ignificantly affecting the Seebeck coefficient.75

Barium additions have been shown to lead to a decrease in
oth electrical conductivity and thermopower in some cases41,61

ut also to an increase in figure of merit in another study.31 The
atter study showed a significant effect of processing conditions
n the measured properties, so it is possible that microstructural
ifferences may contribute to the observed effects of barium
dditions. Although Sr3Co4O9 has a lower conductivity than
a3Co4O9, small strontium additions to Ca3Co4O9 do not sig-
ificantly affect the electrical conductivity, but lead to a decrease
n thermal conductivity and thus a small increase in the figure
f merit.48

A related structure with the general formula
i2RE2Co1.7–2Ox (RE = Ca or Sr), which contains an expansion

23,74
f the rock salt layer present in Co3O4O9, can form.
lthough the superlattice structure does lead to relatively

ow thermal conductivities of ∼0.8 and ∼1.2 W K−1 m−1 for
i2Ca2Co1.7Ox

73 and Bi2Sr1.94La0.06Co2O9,74 respectively,
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Fig. 3. Figure of merit (ZT) for doped Ca3Co4O9.34,35,37,38,40–50,54,56,57,70–74. (For interpretation of the references to color in this artwork, the reader is referred to
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he figure of merit is relatively low as compared to Ca3Co4O9
see 2Bi–2Ca and 2Bi–2(Sr, La) in Fig. 3b).

.1.2. NaxCoO2

Another important layered cobaltite based thermoelectric
aterial is NaxCoO2, the properties of some examples of which

re summarized in Fig. 4.82–86 The variation in the properties
f NaxCoO2 is large as compared to the variation in Co3Co4O9.

ne reason for this variation is that the sodium content differs
etween reports and the transport properties are affected by the
oncentration of sodium ion vacancies. The electrical conduc-
ivity has been shown to increase with sodium content up to

t

s

.75–0.78.87,88 In general, however, the electrical conductivi-
ies of NaxCoO2 are higher than those of Co3Co4O9 (compare
igs. 2 and 4a).

As with Co3Co4O9 the addition of silver improves
he thermoelectric properties of NaxCoO2. Silver dop-
ng has been shown to increase electrical conductivity
nd thermopower27,89,90 as well as to decrease thermal
onductivity.90 Silver as a second phase also increases electrical
onductivity and thermopower, but increases thermal conduc-

ivity, so the figure of merit is not changed significantly.86,91

Copper92,93 and zinc94,95 additions to NaxCoO2 have been
hown to increase the electrical conductivity and thermopower,
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Fig. 4. Electrical conductivity (a), Seebeck coefficient (b), ther

hile nickel increases the thermopower, but decreases the elec-
rical conductivity.84,93,96 When nickel and copper are added
ogether the conductivity decreases.93

The effects of other dopants on the figure of merit of NaxCoO2
re summarized in Fig. 5.83,84,86 In general, the figures of merit
or the doped materials are similar to those of the corresponding
ndoped material. The largest difference in Fig. 5 is for nickel
oping, but that difference was due, at least in part, to differ-
nces in the grain sizes of the materials.84 Potassium additions
ave little effect on the properties of NaxCoO2,83 but strontium
eads to an increase in electrical conductivity and in the fig-
re of merit.83 In one study, the addition of some lanthanide
lements (neodymium. samarium, ytterbium) and yttrium have
een shown to decrease both thermal and electrical conductivity
ith little effect on the figure of merit.83 There are reports of lan-

hanide additions increasing the power factor (σS2) by increasing
he Seebeck coefficient with ytterbium97 or the electrical con-
uctivity with dysprosium,97 but the thermal conductivity was
ot reported, so the effect on the figure of merit cannot be deter-
ined.

The figure of merit of NaxCoO2 varies considerable, but

s often higher than that of Co3Co4O9. However, Co3Co4O9
s more commonly used in thermoelectric devices due to its

w
t

onductivity (c) and figure of merit (ZT) (d) for NaxCoO2.82–86

uperior stability to compositional changes as compared to
axCoO2,98,99 which, as shown above, affect the thermoelectric
roperties.

.2. Other p-type oxides

LaCoO3 doped on the lanthanum site (e.g. strontium100)
r cobalt site (e.g. nickel101,102 or rhodium103) or both sites
strontium and rhodium104) has been reported as a thermoelec-
ric material, but the figures of merit at high temperatures are
elatively low (∼0.01–0.1).Similarly, doped LaCuO4 materials
ave good thermoelectric properties at low temperatures but
ow figures of merit at high temperatures.105 CuAlO2 doped
ith magnesium,106 silver107 or silver and zinc107 have been

nvestigated, but the figures are also small (∼0.03–0.14).

. n-Type oxides

.1. SrTiO3
Strontium titanate is a good electronic conductor when doped
ith higher valence ions (i.e. electron donors). The thermoelec-

ric properties for one of the more common dopants, lanthanum
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Fig. 5. Figure of merit (ZT) for doped NaxCoO2.83,84,86

Fig. 6. Electrical conductivity (a), Seebeck coefficient (b), thermal conductivity (c) and figure of merit (ZT) (d) for La-doped SrTiO3.108–117
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Fig. 7. Schematic structure of Ruddlesden–Popper (SrO) (SrTiO2)n
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combination of dysprosium, which increases electrical conduc-
tivity, with ytterbium, which decreases thermal conductivity, is
n = 2).121–123

eplacing strontium, are summarized in Fig. 6.108–117 The addi-
ion of lanthanum increases electrical conductivity108,110,111,118

nd Seebeck coefficient110,111,119 with only small changes in
hermal conductivity108,110,111 and thus improves the figure of

erit. The conductivities (electrical and thermal) of strontium
itanate are higher than those of p-type layer cobaltites discussed
bove (compare Figs. 2 and 6a and d).

Strontium titanate forms the perovskite crystal structure,
ut when doped can form a superlattice Ruddlesden–Popper
tructure, which offers a potential mechanism for reduc-
ng thermal conductivity as in layered cobaltites.120

he Ruddlesden–Popper structure, (SrO)(SrTiO3)n or
rn+1TinO3n+1, for n = 2, is shown schematically in Fig. 7, and
onsists of perovskite layers separated by SrO layers.121–123

he formation of the Ruddlesden–Popper phase does lead to
he desired decrease in thermal conductivity, but also leads
o a decrease in electrical conductivity, which limits the
mpact on the figure or merit.124 The figure of merit for one
uddlesden–Popper compound, (Sr0.95Gd0.05)3Ti2O7(labeled
.05 Gd, n = 2), is shown in Fig. 8 along with several other
trontium titanate based materials108,114,122,123,125–129, and is in
he lower range of the values for (La,Sr)TiO3. Similarly, for a
eodymium-doped strontium titanate, (Sr1−xNdx)n+1TinO3n+1,
he figure of merit for n = 2 is higher than that for n = 1, the
atter of which would contain more SrO-perovskite interfaces
er volume.120 These results suggest that the layered structure

s not as effective for increasing the figure of merit as for the
obaltite systems.

a
a

ramic Society 32 (2012) 525–540

Other lanthanides have been used to dope strontium titanate.
comparison of several lanthanide dopants has shown that dys-

rosium results in the highest figure of merit.114 When co-doping
ith lanthanum, replacement of strontium with dysprosium

eads to an increase in electrical conductivity, increase in See-
eck coefficient and decrease in thermal conductivity,130 but if
he dysprosium replaces lanthanum, the conductivity and See-
eck coefficient decrease.131 Yttrium has beneficial effects by
ncreasing the Seebeck coefficient.118,132–134

Niobium addition leads to an increase in electrical
onductivity108,125,135 with similar125 or lower Seebeck
oefficients.119,135,136 The effect of niobium on the thermal con-
uctivity is varied as increases119, decreases13 or no significant
hanges108,125 have been reported.

The addition of potassium titanate (KTO) has been
hown to increase the electrical conductivity and decrease
he thermal conductivity, which results in a good figure of

erit as shown in Fig. 8.127 The lanthanum-doped barium
itanate–strontium titanate solid solution has been evaluated for
ts thermoelectric properties and a composition containing 30%
arium (i.e. Ba0.3Sr0.6La0.1TiO3) was shown to have the best
erformance.116

.2. CaMnO3

Another promising n-type oxide for thermoelectric applica-
ions is CaMnO3. Like SrTiO3, CaMnO3 is typically doped
nd can be doped on either site. The thermoelectric properties
f CaMnO3 with two common dopants, ytterbium on the cal-
ium site and niobium on the manganese site, are summarized
n Fig. 9.105,137–143 Ytterbium doping leads to higher electrical
onductivity and Seebeck coefficient, which results in a larger
gure of merit. As compared to SrTiO3, CaMnO3 has a lower
onductivity, both thermal (compare Figs. 6 and 9c) and electri-
al (compare Figs. 6 and 9a), and a lower Seebeck coefficient
compare Figs. 6 and 9b). A study of several lanthanide dopants
emonstrated that ytterbium additions were most effective for
ncreasing the figure of merit.137,139 Ytterbium is particularly
eneficial in reducing the thermal conductivity138,140 which is
ttributed to a decrease in phonon contributions to the thermal
onduction.144 Niobium additions have been shown to lead to an
ncrease in the electrical conductivity and decrease in the thermal
onductivity, but also a decrease in the Seebeck coefficient.145

imilar trends were observed with tantalum additions, but nio-
ium additions resulted in a higher electrical conductivity.145

Other lanthanide oxides have been used to dope
aMnO3, the figures of merit for some of which are

hown in Fig. 10.45,139–141,146–148 Lanthanum149,150 and
ysprosium138,140,151 additions lead to increases in both the
lectrical conductivity and thermopower of CaMnO3, while
raseodymium additions lead to decreases in the thermal
onductivity.152,153 The difference in the properties affected
rovides opportunities for effective co-doping. For example, the
n effective combination as shown Fig. 10.140,141 Similarly, the
ddition of strontium increases the electrical conductivity and
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gure of merit of ytterbium doped CaMnO3.141 However, there
re cases where single doping is more effective, such as with
ysprosium and niobium.154 Silver has been shown to increase
he Seebeck coefficient155 while bismuth, either alone148 or
o-doped with vanadium156 or niobium157 has been shown to
ncrease the electrical conductivity and the figure of merit.

Ruddlesden–Popper phases based on the
alcium–manganese system have been evaluated, but, as
iscussed above for strontium titanate, do not result in good ther-
oelectric performance. Fig. 10 shows that the figures of merit

or the calcium manganate based Ruddlesden–Popper phases,
a2.8La0.2Mn2O7 (labeled R-P 0.2 La) and Ca1.6Bi0.19MnO4

labeled R-P 0.19 Bi) are quite low.147,148

.3. ZnO

ZnO is another promising thermoelectric material that
equires doping for adequate n-type conduction. The thermo-
lectric properties of aluminum-doped ZnO are summarized
n Fig. 11.82,158–164 The conductivity of doped ZnO can be
s high as strontium titanate (compare Figs. 6 and 11a), but
nO maintains its high conductivity to higher temperatures

han strontium titanate. The primary disadvantage of ZnO is
hat the thermal conductivity is also high. Although ZnO with
mall amounts of aluminum (e.g. 0.25%) have been shown to
ave low conductivity and low thermopower, larger amounts,
n order of 2%, are beneficial.165 The beneficial effect of alu-
inum has been attributed to aluminum decreasing the c/a ratio

f the crystal.166 However, there is also evidence from transmis-

ion electron microscopy that second phases are present at the
rain boundaries even in samples that appear to be single phase
ccording to X-ray diffraction.167 Addition evidence for contri-
utions from grain boundaries is in the effect of grain size on

m
c
t
r

ed SrTiO3.108,114,122,123,125–129

roperties. For example, the thermal and electrical conductivity
f ZnO vary significantly with grain size and the figure of merit
as been shown to be better for large grains.168 These variations
ay also contribute to the large variations among the results

hown in Fig. 11.
Other dopants used for ZnO include nickel, which increases

lectrical conductivity and thermopower169 and improves per-
ormance as a co-dopant with aluminum.160 Titanium additions
o ZnO also lead to increases in electrical conductivity, but
ecreases in thermopower.170 Like nickel, titanium improves
erformance as a co-dopant with aluminum.171 Tin172 and
ntimony172,173 used separately, or in combination172 also
ncrease the conductivity and Seebeck coefficient of ZnO.

. Implementation in thermoelectric devices

The conventional design for thermoelectric devices consists
f a pair of thermoelectric materials – one p-type and one n-
ype. As shown in Fig. 12a, the two materials are electrically
onnected at one end, which will be the positive voltage for
ne material and negative for the other, such that the voltage
ifference at the other end of the module is the sum of the
wo thermovoltages. The modules can be connected in series as
hown in Fig. 12a to increase the voltage. An alternative design
hown in Fig. 12b and referred to as a unileg module uses only
ne type of thermoelectric material (either p-type or n-type).174

he voltage generated by each module in the unileg design is
maller, but the metal conductor between the hot and cold ends
f the module may occupy less space than the thermoelectric
lement. The size of the metal conductor must be kept small to

inimize the amount of heat transferred between the hot and

old ends of the module. The unileg design requires only one
ype of thermoelectric material, which may reduce some design
estrictions.



534 J.W. Fergus / Journal of the European Ceramic Society 32 (2012) 525–540

Fig. 9. Electrical conductivity (a), Seebeck coefficient (b), thermal conductivity (c) and figure of merit (ZT) (d) for doped CaMnO3.105,137–143

Fig. 10. Figure of merit (ZT) for doped CaMnO3.44,139–141,146–148
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Fig. 11. Electrical conductivity (a), Seebeck coefficient (b), thermal conductivity (c) and figure of merit (ZT) (d) for Al-doped ZnO.82,158–164. (For interpretation of
the references to color in this artwork, the reader is referred to the web version of this article.)

Fig. 12. Conventional (a) and unileg (b) thermoelectric modules.174
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Fig. 13. Maximum theoretical efficiencies for thermoelectric oxides us

As discussed above, the figure of merit can be used to guide
election of materials. The maximum theoretical efficiency (ε)
or conversion of heat transferred from hot temperature, TH, to
old temperature, TC, through a material with thermoelectric
gure of merit, ZT, is given by Eq. (3).8

=
(

TH − TC

TH

)
(
√

1 + ZT − 1)

(
√

1 + ZT − (TC/TH))
(3)

he maximum values of ZT from Figs. 3a, 5, 6d, 10, and 11d
ere used to calculate the maximum efficiency from Eq. (3)

or a cold temperature of 300 K and are summarized in Fig. 13.
lthough Na0.85CoO2 has the highest potential efficiency, the
oor stability limits its potential application. Among the remain-
ng materials, for a temperature difference of around 500 K, the

aximum efficiencies are in the range of 4–6%.
The most common p-type oxides used in thermoelectric

evices are based on Ca3Co4O9, either undoped159,175,176 or
oped with bismuth (Ca2.7Bi0.3Co4O9).124,177,178 The most
ommon thermoelectric n-type oxide is CaMnO3, doped with
amarium,174–176 niobium,105,143 lanthanum179 or yttrium.124

evices using ZnO doped with aluminum159 or tin180 have also
een reported. Individual modules typically generate voltages on
he order of fractions of a volt and electrical powers in the mW
ange, but voltages and powers can be increased by combining
ultiple modules. For example, a 100-pair unit has been shown

o produce 12 W at 5 V for a 400 K temperature difference.124

The development of reliable and cost-effective thermoelec-
ric devices depends not only on the identification of suitable

aterials, but also on the associated fabrication processes. Gen-
ral microstructural features, such as porosity and grain size,

ffect transport of heat and electrical current. As noted above,
he properties of ZnO vary significantly with grain size. In
ddition to these general features, the properties of layered struc-
ures are anisotropic, so orientation affects performance. For
old = 300 K and maximum ZT values from Figs. 3a, 5, 6d, 10, and 11d.

xample, texturing of layered structures, such as Ca3Co4O9,
as been achieved by pressing,181–183 rolling56 or controlled
eposition.184 The processing is further complicated because the
evices require small features for fabrication of multi-module
ssemblies.

. Conclusions

Both p-type and n-type oxides are available for use in devices
or thermoelectric energy conversion. The p-type oxides with the
est thermoelectric properties are layered cobaltite compounds.
lthough NaxCoO2 based materials have better thermoelectric
erformance, Co3Co4O9 based materials have better stability
nd are more widely used. Among the three most widely studied
-type oxides, doped CoMnO3 has lower thermal conductivity,
hile doped SrTiO3 and doped ZnO have higher electrical con-
uctivity. Although the thermoelectric properties of these oxides
re not as good as those of the some non-oxide compounds, such
s tellurides and antimonides, they have better stability and thus
ay be suitable for high temperature applications. Additional

mprovements in materials properties and the associated fabri-
ation processes are needed for the development of economically
easible devices.
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