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a  b  s  t  r  a  c  t

The  effects  of dual  doping  on the  thermoelectric  properties  of  Ca3−xMxCo3.8Cu0.2O9 (M  = Na,  La,  x  =  0.1,
0.2,  0.3)  have  been  systematically  investigated,  with  Ca3−xMxCo3.8Cu0.2O9 powders  synthesized  using
sol–gel  method,  and  then  consolidated  into  bulk  ceramics  by  spark  plasma  sintering.  It is found  that  dual
doping  by  Cu  and  La  results  in substantial  increase  in electric  conductivity  and  small  decrease  in Seebeck
coefficient,  while  dual doping  by  Cu  and  Na  increase  Seebeck  coefficient  and decrease  electric  conductivity
eywords:
hermoelectric oxide
ual doping
ol–gel process
park plasma sintering

slightly.  Both  types  of doping  enhance  power  factor  and  reduce  thermal  conductivity  simultaneously  in
general, with  substantial  reduction  in  thermal  conductivity  observed  in  dual  doping  of Cu  and  La. These
lead  to  enhancement  in  thermoelectric  figure  of  merit  by both  types  of  doping  in  general,  with  ZT value of
Ca2.8La0.2Co3.8Cu0.2O9 78.07%  higher  than Ca3Co4O9 and 57.36%  higher  than  Ca3Co3.8Cu0.2O9 near  773  K.
These results  suggest  that  dual  doping  by  Cu  and  La  is  effective  in  enhancing  thermoelectric  figure  of
merit of  Ca Co O .
3 4 9

. Introduction

Tremendous amount of waste heat are produced every day,
nd thermoelectric materials that convert waste heat directly
nto electricity have received increased attentions [1–3]. For high
emperature applications, thermoelectric oxides with excellent
hermal stability and oxidation resistance and low toxicity are
ttractive, though their thermoelectric figure of merit is rela-
ively low. Since the demonstration of the excellent thermoelectric
ffect in single crystalline NaCo2O4 [4] and Ca3Co4O9, [5] much
fforts have been devoted to enhancing the thermoelectric per-
ormance of polycrystalline thermoelectric Ca3Co4O9, which often
xhibits substantially lower figure of merit than single crystals
ue to their poor electric conductivity [6].  These works can gen-
rally be classified into two different though often overlapping
pproaches. One approach focuses on advanced processing tech-
iques that induce desired textures and nanocrystalline structures

n the thermoelectric oxides, including spark plasma sintering

SPS), hot-pressing, multisheet corfiring (MSC), and sol–gel based
lectrospinning [6–13]. The other approach focuses on partial sub-
titution of cations to adjust the carrier concentrations and thus
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tune the electric and thermal transport characteristics of ther-
moelectric oxides. These include using Na, [14,15] Bi, [16,17] Ag,
[18–20] La, [21,22] Nd, [23,24] Y, [25] Sr, [26] Gd [27] and Lu [28,29]
for the Ca-site doping, which changes the carrier concentration
without influencing the band structure much, and Fe, [30,31] Cu,
[30,31] Ga, [32] Zn, [33] Mn,  [30,31] Ag, [34] Ti, [35] Ni, [31] for the
Co-site doping, which can cause changes in both band structure and
transport mechanism [36–38].

By surveying the available data in literature on the effects
of doping in Ca3Co4O9, it was  noticed that Co-site doping by
Cu has resulted in one of the highest electric conductivities in
Ca3Co4O9 based system, with conductivity of 163.4 S/cm achieved
in Ca3Co3.8Cu0.2O9 at 1000 K [31]. On the other hand, one of the
highest Seebeck coefficients of 274 �V/K has been achieved in Ca-
site doping by Na, obtained in Ca2.85Na0.05Co4O9 at 1054 K, [39]
though its electric conductivity is rather low, measured to be only
33.6 S/cm. This motivated us to examine the effects of Ca-site
doping by Na and Co-site doping by Cu simultaneously, so that
both Seebeck coefficient and electric conductivity of Ca3Co4O9 can
be enhanced. Furthermore, we  also explored Ca-site doping by
La instead of Na, which has been shown to possess both excel-
lent electric conductivity (213 S/cm) and good Seebeck coefficient

(156 �V/K) at 975 K [22]. While dual substitutions at both Ca-
site and Co-site have been investigated before, particularly Ca-site
by Bi and Co-site by Cu, [40,41] the resulting electric conduc-
tivity is relatively low, measured to be 103 S/cm at 1000 K, and

dx.doi.org/10.1016/j.jallcom.2012.02.112
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Table 1
Ca3−xMxCo4−yCuyO9 samples with different doping and compositions.

Doping Chemical formula Abbreviation

Co-site doping by Cu Ca3Co4O9 CCO
Ca3Co3.8Cu0.2O9 CCCO

Dual doping by Cu and
Na

Ca2.8Na0.2Co3.8Cu0.2O9 CNCCO-2
Ca2.7Na0.3Co3.8Cu0.2O9 CNCCO-3

Dual doping by Cu and Ca2.9La0.1Co3.8Cu0.2O9 CLCCO-1
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powders are consistent with polycrystalline Ca3Co4O9, though the
La Ca2.8La0.2Co3.8Cu0.2O9 CLCCO-2
Ca2.7La0.3Co3.8Cu0.2O9 CLCCO-3

ubstantial grain growth has also been observed that is not desir-
ble for the reduction of thermal conductivity, which we hope to
void by using Na or La instead of Bi.

. Experimental procedures

Ca3−xMxCo4−yCuyO9 powders with different doping and compositions have been
ynthesized by sol–gel method, as summarized in Table 1. Stoichiometric pro-
ortions of Ca(NO3)2·3H2O, Co(NO3)2·6H2O, Cu(NO3)2·3H2O, C6H5Na3O7·2H2O and
aNO3·6H2O were dissolved in an aqueous solutions of citric acid first, with the
olar ratio of cations to C6H8O7 kept to be 1:1.1. Polyethylene glycol (PEG) 400 was

hen added to the sol–gel precursors with its volume ratio controlled to be 0.2%,
nd ammonia was  also added to control the pH value of the solutions to be around
.0–2.0. The mixture solutions were stirred continuously to form 1.0 mol/L homo-
eneous precursors. The precursors were heated at 80 ◦C for 24 h before dried at
20 ◦C for 12 h to obtain xerogel, followed by calcinating the xerogel at 750 ◦C for

 h in air. These powders were then consolidated into bulk ceramics by SPS, and the
etails of SPS process was  described in our earlier work [12].

The crystalline structure of sol–gel powders was characterized by X-ray diffrac-
ion (XRD, RigaKu D/max 2500VB+) with Cu K� radiation (� = 0.15406 nm), and the

orphologies of sol–gel powders and SPS specimens were examined by scanning
lectron microscopy (SEM, JSM-6700F). The element doping was examined by X-
ay photoelectron spectroscopy (XPS, K-Alpha 1063). The Seebeck coefficient and
lectrical resistivity of the SPS specimens were measured using a Seebeck coef-

cient/electric resistance measuring system (ZEM-2, Ulvac-Riko, Japan), and the
hermal diffusivity was measured by the laser flash method (NETZSCH, LFA427,
ermany). The specific heat was measured using a thermal analyzing appara-

us  (Dupont 1090B, USA), and the density of the sample was  measured by the

Fig. 2. SEM images of Ca3−xMxCo4−yCuyO9 specimens with different doping
Fig. 1. XRD patterns of Ca3−xMxCo4−yCuyO9 powders with different doping and
compositions.

Archimedes method. The thermal conductivity was calculated from the product of
thermal diffusivity, specific heat and density.

3. Results and discussion

3.1. Microstructures

The crystalline structures of Ca3−xMxCo4−yCuyO9 powders of
different doping and compositions were examined by XRD before
SPS sintering, as shown in Fig. 1. From standard PDF Card (No.58-
0661), it is determined that all the diffraction peaks of these
existence of Ca9Co12O28 cannot be excluded, since its peaks are
essentially identical to those of Ca3Co4O9 according to standard
PDF Card (No. 21-0139). After SPS sintering, the morphologies of

 and compositions; (a) CCO; (b) CCCO; (c) CNCCO-2; and (d) CLCCO-2.
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ig. 3. XPS patterns of Ca3−xMxCo4−yCuyO9 powders with different doping and com
a3Co4O9.

a3−xMxCo4−yCuyO9 specimens with different doping and com-
ositions were examined by SEM, as shown in Fig. 2 for four
epresentative specimens, with the corresponding SEM images of
ol–gel powders in the inset. It is observed that the sol–gel synthe-
ized powders are relatively loose, have particle sizes in the range
f 0.5–2 �m.  After SPS, much more dense structure with lamellar
rains is observed in all the specimens, and there are no obvious dif-
erences in grain size among most specimens after SPS, though the
rain size of CLCCO-2 (Fig. 2(d)) appears to be notably smaller, and
he corresponding powder size shown in the inset also appears to
e finer. The dense structure is also confirmed by density measure-
ent after SPS, ranging from 93.3% to 98.8% of theoretical density

f 4.94 g/cm3 [42].
To verify the doping of various elements, we carried out

PS studies, as shown in Fig. 3. The XPS survey spectra of
a3−xMxCo4−yCuyO9 with four different compositions are shown

n Fig. 3(a), where Cu2p is observed at 933 eV, Na1s at 1071 eV, and
a3d at 835 eV and 855 eV. These confirm doping of Cu, Na, and La in
pecimens of respective compositions. To understand the effects of
oping, we have also checked Co2p spectra of these four specimens

n details, as shown in Fig. 3(b). The peaks of Co2p3/2 of CCO, CCCO,
NCCO-2, CLCCO-2 are 779.6 eV, 780.1 eV, 779.5 eV and 780.0 eV,
espectively, indicating that the binding energy increases notably
ith Cu doping and Cu and La dual doping, and decrease slightly
ith Cu and Na dual doping. The higher binding energy in CCCO

nd CLCCO-2 suggests that there are fewer bound charges in doped
ites. Since the peaks of Co2p3/2 in CoO and Co2O3 are 780.4 eV
nd 779.9 eV, [43] respectively, increased binding energy toward
80.4 eV suggests that Co is shifted from high valence Co3+ to low
alence Co2+ by doping of Cu and La, and this could result in higher
arrier (hole) concentration that influence electric conduction and
hermopower, as we discuss next.

.2. Thermoelectric properties

The Seebeck coefficient S as a function of temperature for
a3−xMxCo4−yCuyO9 specimens with different doping and com-
ositions is shown in Fig. 4(a), and all the values are positive,
onsistent with p-type semiconductors. It is observed that
a-doping increases the Seebeck coefficient, while La-doping

ecreases it, though the changes are rather small in both directions.
NCCO-3 has the highest Seebeck coefficient at high temperature,
easured to be 168 �V/K at 873 K, consistent with report in Ref.

14]. This represents only 3.19% enhancement over CCO and 5.07%
ons; (a) XPS survey spectra of doped Ca3Co4O9; and (b) XPS Co2p spectra of doped

enhancement over CCCO. On the other hand, the Seebeck coeffi-
cient of CLCCO-3 is substantially reduced, and is lowest among all
the specimens we studied, presumably due to their increased car-
rier concentration as indicated by XPS, where it is observed that
doping by Cu and La shift high valence Co3+ to low valence Co2+.
The electrical conductivity of Ca3−xMxCo4−yCuyO9 specimens as a
function of temperature is shown in Fig. 4(b), and it is observed
that the electric conductivity increases with temperature in gen-
eral, typical for semiconductors. At relatively low temperatures,
the decrease with electric conductivity is also observed in CCO and
CCCO specimens, which could be caused by a spin-state transition
of Co ions around 420 K [44]. The electrical conductivity of CCCO
is larger than CCO by the rise of the hole concentration originated
from the substitution of Cu2+ for Co3+ [41], which is consistent with
previously report [31]. The conductivities of CLCCO-1 and CLCCO-2
are slightly smaller than CCCO, because the substitution of La3+ for
Ca2+ decreases hole concentration, while that of CLCCO-3 is larger
than CCO, presumably due to valance change of Co resulted from
higher doping of La as suggested by XPS. This could also explain the
slight reduction in conductivity associated with Na doping, which
slightly reduces the binding energy of Co according to XPS spec-
tra, and such reduction has also been reported before [39]. Such
decrease might also be due to the reduced carrier mobility by Na
doping [14]. It is worth to point out that the electric conductivity of
CLCCO-3 is one of the highest among all the literature data we sur-
veyed, reaching 178.4 S/cm at 873 K, 37% higher than that of CCO
and 24% higher than CCCO. CNCCO-3, on the other hand, has the
lowest electric conductivity. The opposite effects of doping on See-
beck coefficient and electric conductivity highlights the difficulty
in enhancing thermoelectric properties, wherein high electric con-
ductivity requires high carrier concentration, which is not optimal
for Seebeck coefficient. Indeed, the power factors P = �S2 as a func-
tion of temperature for Ca3−xMxCo4−yCuyO9 specimens are shown
in Fig. 4(c), and it is observed that CLCCO-1, which has modest elec-
tric conductivity and Seebeck coefficient, shows the highest power
factor, calculated to be 3.83 × 10−4 W/mK2 at 873 K, 11.34% higher
than CCO and 4.36% higher than CCCO.

The thermal diffusivity D as a function of temperature for
Ca3−xMxCo4−yCuyO9 specimens with different doping and compo-
sitions is shown in Fig. 5(a), and it is observed that they all decreases

monotonously with temperature, showing typical thermal conduc-
tion behavior of crystalline semiconductors. It is evident that dual
doping by heavy elements such as Cu and La decreases the thermal
diffusivity of CLCCO compared to both CCO and CCCO, while doping
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ig. 4. Thermoelectric properties of Ca3−xMxCo4−yCuyO9 specimens with different d
actor.

y light element Na increases the thermal diffusivity. The thermal
iffusivity of CLCCO-1 is lowest, measured to be 4.70 × 10−3 cm2/s
t 873 K, 8.74% lower than that of CCO and 1.26% lower than that
f CCCO. The specific heat capacity Cp as a function of temperature
or Ca3−xMxCo4−yCuyO9 specimens is shown in Fig. 5(b), and it is
bserved that it increases at low temperature initially, and then
ecreases between 373 K and 523 K, after which the heat capac-

ty increases again. In general, the heat capacity decreases with the
oping, though there is no clear trend on the effect of various doping
lements, and this is under further investigation. The thermal con-
uctivity � = �DCp as a function of temperature is shown in Fig. 5(c),
here � is the density of the specimens. It is observed that although

he thermal diffusivity decreases with the increased temperature,
he thermal conductivity decreases with temperature initially, and
hen increases at high temperature caused by the increased heat
apacity Cp.  It is interesting to note that all the doping decreases
he thermal conductivity in general, presumably due to enhanced
honon scatterings.

It is well known that the thermal conductivity of a material
an be decomposed into phonon contribution �ph and electronic
ontribution �e, and according to the Wiedemann–Franz law,
45] �e = L�T where L = 2.44 × 10−8 V2/K2 is the Lorentz constant
46]. Using this formula, we evaluated the electronic contribu-
ion to thermal conductivity for various doping, from which we

an conclude that the thermal conductivity of Ca3−xMxCo4−yCuyO9
s dominated by phonons, and electronic term only contributes

 small fraction to it. This can help us to understand the trend
n Fig. 5(c), where the substitution of heavy elements such as Cu
and compositions; (a) Seebeck coefficient; (b) electrical conductivity; and (c) power

and La increases phonon scattering, and thus decrease the thermal
conductivity considerably [14,30]. CLCCO-2 has the lowest thermal
conductivity measured to be 1.627 W/mK  at 873 K, which is 30.32%
lower than that of CCO and 27.71% lower than CCCO, and is one of
the lowest among the literature data we  surveyed. In addition to
the effects of doping on phonon scattering, the grain size, which is
smallest for CLCCO-2 based on SEM images in Fig. 2, might also play
a role here.

The thermoelectric figure of merit ZT = �S2/� as a function of
temperature for Ca3−x MxCo4−yCuyO9 specimens with different
doping and compositions is shown in Fig. 6(a), and it is evident
that the thermoelectric figure of merit is improved for all these
doping and compositions in general, and dual doping by La and
Cu is more effective than single doping by Cu and dual doping by
Na and Cu. Among all the specimens, CLCCO-2 has the highest ZT,
reaching 0.203 near 773 K, representing 78.07% increase over CCO
and 57.36% over CCCO at 773 K. This is due to its simultaneous high
electric conductivity and low thermal conductivity, even though its
Seebeck coefficient is modest. Slight decrease of ZT is observed in
CLCCO-2 after 773 K due to sharp rise in thermal conductivity as
observed in Fig. 5(c), though it is still 47.66% higher than CCO and
33.10% higher than CCCO at 873 K. For dual doped specimens with
Na and Cu, ZT enhancement is modest at most temperatures, and
CNCCO-3 has a relatively high ZT of 0.158 at 873 K, which is 23.44%

higher than CCO at the same temperature and is mainly due to its
high Seebeck coefficient at high temperatures.

To put our investigation into broader context, we  also com-
pare the ZT of our Ca3−xMxCo4−yCuyO9 specimens at 773 K
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ith available data in literature on other doped Ca3Co4O9
ystems, including Co-site doping in Ca3Co3.95Zn0.05O9, [33]
a3Co3.9Mn0.1O9, [30] Ca3Co3.9Cu0.1O9, [30] Ca3Co3.8Ag0.2O9, [34]

a3Co3.7Ti0.3O9, [35] and Ca3Co3.9Fe0.1O9, [30] Ca-site doping in
a2.5Na0.5Co4O9, [14] Ca2.8Pr0.2Co4O9, [47] Ca2.7Y0.3Co4O9, [25]
a2.85Bi0.15Co4O9, [16] Ca2.7Er0.3Co4O9, [48] Ca2.7Eu0.3Co4O9, [49]
nd dual doping of Ca- and Co-sites in such as Ca2.6Nd0.3Na0.1Co4O9,

ig. 6. Thermoelectric figure of merit ZT of Ca3Co4O9 with different doping and compos
ifferent doping and compositions; and (b) comparison of ZT values with different doping
s with different doping and compositions; (a) thermal diffusivity; (b) heat capacity;

[23] Ca2.7Gd0.15Y0.15Co4O9, [46] Ca2.8Ba0.1Ag0.1Co4O9, [19] and
Ca2.4Bi0.3Na0.3Co4O9, [15] as shown in Fig. 6(b). It is clear that the
ZT of CLCCO-2, being 0.203 at 773 K, is one of the highest among

data reported in literature. Substantial improvement in ZT value by
dual doping of Cu and La is observed compared to dual doping by
other elements, and the ZT value of CLCCO-2 is slightly higher than
Co-site doping by Fe, which is highly textured using a high pressure

itions; (a) ZT as a function of temperature for Ca3−xMxCo4−yCuyO9 specimens with
 at 773 K reported in literature.
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old press, and show rather high Seebeck coefficient of 257.3 �V/K
t 1000 K [30]. Dual doping using Fe at Ca-site is currently under
nvestigation. It is also noted that ZT value of 0.61 has recently been
eported in Ca2.8Ag0.05Lu0.15Co4O9 at 1118 K [50], though this is
ctually a nanocomposite consisting of metallic Ag nanoinclusion,
nd thus it is not included in the comparison of effects of doping.

. Conclusions

In conclusion, we have synthesized polycrystalline
a3−xMxCo3.8Cu0.2O9 (M = Na, La, x = 0.1, 0.2, 0.3) ceramics using
ol–gel method followed by spark plasma sintering, and have sys-
ematically investigated their thermoelectric properties. It is found
hat dual doping by Cu and La leads substantial increase in electric
onductivity and reduction in thermal conductivity substantially,
ith only small decrease in Seebeck coefficient. These results in

ubstantial enhancement in thermoelectric figure of merit, with ZT
alue reaching 0.203 Ca2.8La0.2Co3.8Cu0.2O9 near 773 K, one of the
ighest among data reported in literature in for Ca3Co4O9 based
ystems in this temperature range, suggesting that dual doping by
u and La is effective in enhancing thermoelectric figure of merit
f Ca3Co4O9.
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