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The tuning of electron and phonon by ion doping is an effective method of improving the performances of thermoelec-
tric materials. A series of lower concentration K-doped Ca3−xKxCo4O9 (x = 0, 0.05, 0.10, 0.15) polycrystalline ceramic
samples are prepared by combining citrate acid sol-gel method with cold-pressing sintering method. The single-phase
compositions and plate-like grain morphologies of all samples are confirmed by x-ray diffraction and field emission scan-
ning electron microscope. The effects of lower concentration K doping on the thermoelectric properties of the material are
evaluated systematically at high temperatures (300–1026 K). Low concentration K doping causes electrical conductivity to
increase up to 23% with little effect on the Seebeck coefficient. Simultaneously, the thermal conductivity of K-doped sam-
ple is lower than that of the undoped sample, and the total thermal conductivity reaches a minimum value of approximately
1.30 W·m−1·K−1, which may be suppressed mainly by the phonon thermal conduction confinement. The dimensionless
figure-of-merit ZT of Ca2.95K0.05Co4O9 is close to 0.22 at 1026 K, representing an improvement of about 36% compared
with that of Ca3Co4O9, suggesting that lower concentration K-doped Ca3Co4O9 series materials are promising thermo-
electric oxides for high-temperature applications.

Keywords: Ca3Co4O9, thermoelectric properties, ceramics
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1. Introduction

Under the serious situations of resource shortage and en-
vironmental pollution, thermoelectric (TE) materials, which
can directly convert heat energy to electrical power and vice
versa, play a significant role in meeting energy challenges in
the future.[1,2] The energy conversion efficiency of a TE ma-
terial is found to depend on the dimensionless figure-of-merit,
ZT which is defined as ZT = σS2T/κ , where σ , S, T , and
κ are the electrical conductivity, Seebeck coefficient, absolute
temperature, and thermal conductivity, respectively. As can be
observed from the formula, a combination of high electrical
conductivity and Seebeck coefficient is desired, whereas ther-
mal conductivity must be low for applicable TE materials.[3,4]

Over the past few decades, intermetallic compounds, such as
Bi2Te3 and SnSe, have been widely investigated because of
their superior thermal performances,[5,6] but oxide TE mate-
rials, such as NaCo2O4, Ca3Co4O9, and CaMnO3, have at-
tracted the attention of scientific workers in recent years due
to their high thermal and chemical stabilities, lower cost, and
non-rare or non-toxic elements.[7–9] Among these transition
metal oxides, Ca3Co4O9 is considered to be a promising ox-
ide TE material on account of its high electrical conductiv-

ity, low thermal conductivity, and high thermostability at ap-
proximately 1000 K in the air.[10] The Ca3Co4O9, with misfit-
layered structure, is composed of NaCl-type Ca2CoO3 and
CdI2-type CoO2 layers.[11] The Ca2CoO3 layer is commonly
considered to be responsible for charge reservoir and struc-
ture stabilizer. Meanwhile, the charge carriers mainly trans-
port in the CoO2 layer. These two sublattices possess the
same a- and c-axis lattice parameters and β angles but differ-
ent b-axis lengths, leading to a misfit along the b-direction.
These strong electron correlated systems with misfit layer
structures are subject to a crucial condition for the highly ther-
moelectric performance of Ca3Co4O9.[11,12] The ZT of single-
crystalline Ca3Co4O9 can reach 0.87 at around 973 K.[13] Un-
fortunately, the ZT of polycrystalline Ca3Co4O9 is relatively
low for practical use; thus, numerous studies have shown that
the carrier conduction in polycrystalline Ca3Co4O9 TE mate-
rial can be controlled by doping other elements into the sys-
tem at the Ca[14–16] or Co[17–19] sites to improve the TE prop-
erties. However, these studies mainly use rare-earth metals,
alkaline-earth metals, or toxic elements of doping to improve
the performance of Ca3Co4O9 at present.[15,20,21] The K el-
ement as an environmentally friendly element was generally
selected as p-type dopant for tuning the carrier concentration
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and microstructure, indicating its potential for achieving a high
ZT.[22,23] Based on the theoretical analysis, the substitution of
monovalent K+ for divalent Ca2+ of the Ca3Co4O9 may in-
crease the carrier concentration. The K and Ca elements have
similar atomic mass values, but the radius of the K ion (1.33 Å)
is larger than that of the Ca ion (1.00 Å), which may cause
lattice to deform, phonon scattering to be enhanced, and the
material TE properties to improve. To our knowledge, Lim
et al.[24] have studied the effects of higher concentration K-
doping on Ca3−xKxCo4O9 (x = 0, 0.1, 0.2, 0.3), in which the
conductivity of K-doped sample was found to be higher than
that of undoped sample, but the most of the thermal conductiv-
ities were higher than that of the undoped sample. However,
it can be seen from the results of the study that when the dop-
ing concentration was low (x = 0.1), the thermal conductivity
was lower than that of the undoped sample in a temperature
range of about 700–1100 K. It can be hypothesized that the
lower concentration doping will be more conducive to reduce
the thermal conductivity. Lan et al.[25] studied the TE prop-
erties of Bi1−xKxCuSeO (0 ≤ x ≤ 0.10). When the K content
was x = 0.02, the ZT was increased by 50% at 823 K com-
pared with the undoped sample. When the doping concentra-
tion is larger, the increase is smaller or even lower than that of
the original sample. Similarly, Zhang et al.[26] found that the
thermal conductivities of the lower concentration of Ag-doped
Ca3−xAgxCo4O9+δ (x = 0, 0.01, 0.03, 0.05) were lower than
that of the undoped sample, and when the doping content x
= 0.01, the conductivity was the highest, and the conductivity
decreases with the increase in the doping content. Therefore,
it is necessary to investigate the effect of lower concentration
K doping on the TE performance of Ca3Co4O9.

In this work, polycrystalline Ca3−xKxCo4O9 (x = 0, 0.05,
0.10, 0.15) ceramic samples (where the x value is the appar-
ent concentration of K element) are prepared by the combined
methods of sol-gel and cold-pressing. The TE properties of the
lower concentration K doping polycrystalline Ca3−xKxCo4O9

(x = 0, 0.05, 0.10, 0.15) ceramic materials are investigated
systematically, and a method of improving the TE properties
of cobalt oxides is explored.

2. Experiment
The Ca3−xKxCo4O9 (x = 0, 0.05, 0.10, 0.15) precursor

powders were synthesized by citrate acid sol-gel method. Sto-
ichiometric ratios of Ca(NO3)2·4H2O, Co(NO3)2·6H2O, and
KNO3·H2O were dissolved thoroughly in deionized water, and
a certain amount of citric acid was added. The solution was
heated under continuous stirring at 353 K in the air until the
gel was formed. The gel was dried at 393 K in the air for
8 h. Then, the dry gel was ground, combusted at 572 K in
the air, and calcined at 1073 K for 8 h in the air to produce
the Ca3−xKxCo4O9 powder. Finally, the powder was reground

and pressed at 30 MPa to form pellets, which were sintered
at 1073 K for 8 h in the air. The phase compositions of all
bulk specimens were analyzed using x-ray diffraction (XRD)
with a RigakuD/max-2500 diffractometer equipped with Cu
Kα radiation at room temperature in the air. The diffraction
intensities were collected in the 2θ range from 5◦ to 65◦ in
steps of 0.01◦. The microstructure was observed with the field
emission scanning electron microscope (FESEM, Zeiss Supra
55). Electrical conductivity and Seebeck coefficient were si-
multaneously conducted in Ar atmosphere from room tem-
perature up to 1026 K on Seebeck Coefficient/Electric Con-
ductivity Measuring System (Netzsch SBA458). The thermal
conductivity was calculated by k = DCpd, and the density d
was determined by the geometric density. The specific heat
capacity Cp was determined by differential scanning calorime-
ter (Netzsch DSC/STA409PC), and the thermal diffusivity co-
efficient D was measured by the laser-flash method (Netzsch
Instruments/LAF457).

3. Results and discussion
3.1. Structure and composition analysis

Figure 1(a) shows the XRD patterns of the sintered
Ca3−xKxCo4O9 (x = 0, 0.05, 0.10, 0.15) bulk materials in the
direction perpendicular to pressure direction, and the diffrac-
tion peaks are marked. All the diffraction peaks can be indexed
as Ca3Co4O9 structure according to the JCPDS card with PDF
No.21-0110, and no secondary phase was found, indicating
that the prepared bulk materials are Ca3Co4O9 compounds,
and the K has successfully entered into the lattice site.[18,27]

As shown in Fig. 1(a), the diffraction peaks of (00l) planes
are much stronger than other peaks. The orientation factor
L is calculated by using XRD pattern to further analyze the
grain orientation of the bulk sample. L can be expressed as
L = (P−P0)/(1−P0), where P = ΣI{00l}/ΣI{hkl}, with I
being the intensity of the diffraction peak, and P values are
calculated from the XRD patterns of doped Ca3−xKxCo4O9

(x = 0, 0.05, 0.10, 0.15) samples; P0 is calculated from ran-
domly grain oriented sample by using standard PDF card
JCPDS (No.21-0110). The value of L is equal to 1 when the
pressure direction is oriented along the crystal c-axis com-
pletely. Figure 1(b) shows the relationship between the L and
the doping content of K. The L of all the samples were around
0.85, indicating that these ceramic samples in the c-direction
have an obviously preferred orientation by the cold-pressure
method, that is, the grains preferred to grow in the direction
perpendicular to the pressure. The density of Ca3−xKxCo4O9

(x = 0, 0.05, 0.10, 0.15) samples is approximately 81% of the
theoretical value (4.94 g/cm3)11 as shown in Fig. 1(c). Studies
have shown that spark plasma sintering (SPS) technique[28,29]

and hot press (HP) technique[28] each can make the sample
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Fig. 1. (color online) (a) XRD patterns of sintered Ca3−xKxCo4O9 (x = 0,
0.05, 0.10, 0.15) bulk samples in the direction perpendicular to pressure di-
rection, and (b) grain orientation degree (L) and (c) density versus x value
of the Ca3−xKxCo4O9 samples.

have a higher density. Figure 2 displays the SEM images of
Ca3−xKxCo4O9 (x = 0, 0.05, 0.10, 0.15) bulk samples. Most
of the particles with a grain size of several microns are flake-

like. Particle size distributions (Fig. 3) of the samples were de-
termined by the software of Nano Measurer program[30] based
on the corresponding SEM images. The analyses of a number
of the particle show that these samples have average sizes of
0.99 µm, 1.29 µm, 1.41 µm, and 1.64 µm, respectively. With
increasing doping content, the sizes of the particles increase.

(b)(a)

(c) (d)

2 µm2 µm

2 µm 2 µm

Fig. 2. SEM images of sintered sample surfaces (a) Ca3Co4O9, (b)
Ca2.95K0.05Co4O9, (c) Ca2.90K0.10Co4O9, and (d) Ca2.85K0.15Co4O9.
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of 50 particles.
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3.2. Electrical transport properties

The relationships between the electrical conductivity and
the temperature of the Ca3−xKxCo4O9 (x = 0, 0.05, 0.10,
0.15) samples are shown in Fig. 4(a). According to the elec-
trical conductivity formula σ = neµ , where n is the carrier
concentration, e is the electron charge of the carrier, and µ

is the carrier mobility, the electrical conductivity mainly de-
pends on the carrier concentration and mobility of the sam-
ple. Figure 4(a) shows that all electrical conductivity values
increase with increasing temperature, which exhibits remark-
able semiconductor-like behavior in a temperature range from
400 K to 1026 K. At the same time, it can be seen that when
the doping concentration is x= 0.05, the conductivity is higher
than that of the undoped sample, but with the doping content
increasing (x = 0.10, 0.15), the conductivity decreases and be-
comes lower than that of the undoped sample. In general,
when K+ is substituted for Ca2+, the valence of K is lower
than that of Ca, thereby increasing the carrier concentration in

the sample. Simultaneously, K doping can form impurity en-
ergy level in the semiconductor band gap, reducing the band
gap width. This result is conducive for impurity and intrin-
sic carriers transiting from the valence band to the conduction
band to further increase the carrier concentration at room tem-
perature, which leads to the higher electrical conductivity of
the doped sample. These can explain why the electrical con-
ductivity of x = 0.05 sample is higher than those of the un-
doped samples. However, the electrical conductivity decreases
with the further increase of K doping content. It indicates that
the carrier concentration increases and the carrier mobility de-
creases with the increase of K doping content. Moreover, the
effect of carrier concentration on the electrical conductivity is
weak compared with that of carrier mobility. Similarly, Pei et
al.[21] found that the electrical conductivity decreases with the
increase of Er-doping for Ca3−xErxCo4O9+δ (x = 0.15, 0.30
and 0.50).
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Fig. 4. (color online) Thermoelectric properties of Ca3−xKxCo4O9 samples. (a) Temperature-dependent electrical conductivities for Ca3−xKxCo4O9 samples.
(b) Relationships between ln(σT) and 1000/T for Ca3−xKxCo4O9 samples. Inset: K content dependent activation energy (Ea) values. (c) Temperature-
dependent Seebeck coefficients. (d) Temperature-dependent power factors. (e) Temperature-dependent total thermal conductivity k values. (f) Temperature-
dependent carrier thermal conductivity kc values and the phonon thermal conductivity kp values for Ca3−xKxCo4O9 samples.

The experimental results can be further explained by the

model of electrical conductivity versus temperature. Hop-

ping conduction behavior exists in Ca3Co4O9 at high temper-

ature. The electrical conductivity is generally described as

σ (T ) =
(
Anea2/T

)
exp(−Ea/kBT ), where A, Ea, kB, and a

are the pre-exponential terms relating to the scattering mecha-

nism, activation energy, Boltzmann constant, and intersite dis-

tance of hopping, respectively.[31] Figure 4(b) shows the lin-

ear relationship between ln(σT ) and 1000/T in the tempera-

ture range above 600 K, indicating that the sample satisfies

the conduction mechanism of the hopping conduction behav-

ior. According to the above equation, the value of Ea can be
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obtained by linearly fitting the slope. The results are provided
in the illustration (R2 reaches 0.99). The value of Ea hardly
changes with the increase of doping concentration. If the K
is substituted for the Co ions in the CoO2 layer, the defect
would be brought into the conduction path, and thus may have
a significant effect on the activation energy. However, if the
substitution is in the Ca2CoO3 layer, the conduction path will
not be disturbed and will have little effect on the activation en-
ergy. Thus, K ions should be substituted for the Ca sites in the
crystal lattice.[18,32,33] Although further research is generally
necessary, lower concentration K doping favors the increase
of the electrical conductivity of Ca3Co4O9 ceramic oxide. The
electrical conductivity of Ca2.95K0.05Co4O9 sample is approx-
imately 23% higher than that of the undoped Ca3Co4O9 sam-
ple, and lower concentration K doping has a significant effect
on improving the Ca3Co4O9 electric properties.

The temperature-dependent Seebeck coefficient S values
of all the samples are shown in Fig. 4(c). The sign of S is pos-
itive for the entire measured temperature range, confirming a
dominant p-type conduction mechanism. The Seebeck coeffi-
cients of all the samples increase with increasing temperature.
This result may be related to the phonon traction effect, that is,
the phonon flows from the high-temperature end of the semi-
conductor to the low-temperature side, transfers energy to the
carrier by collision, and then forms the seam stream with the
phonons, and thus increasing the Seebeck coefficient. Notably,
the increase in electrical conductivity is generally accompa-
nied by a decrease in the Seebeck coefficient; however, the
Seebeck coefficients of the K-doped and the undoped samples
are nearly equal. The Ca3Co4O9 is a strong electron correla-
tion system[11] whose Seebeck coefficient can be analyzed ac-
cording to Heikes expansion formula.[34] The S of the cobalt
oxide system can be expressed as

S =−
(

kB

e

)
ln
[

d3x
d4(1− x)

]
, (1)

where d3 and d4 are the numbers of configurations of the Co3+

and Co4+ ions, respectively, and x is the concentration of Co4+

ions in the CoO2 layer, with the low spin states of Co3+ and
Co4+ yielding d3 = 1 and d4 = 6. According to the above
equation, the value of S increases with decreasing x value, that
is, it is assumed that the K ion fraction replaces Co4+ in CoO2,
which can reduce the concentration of Co4+ ions. Simultane-
ously, the transition of Co4+ state to the low spin state Co3+

also reduces x, thereby increasing S. However, S does not
change with K doping in the present study, and thus K ions
do not enter into the CoO2 conductive layer,[35] which is con-
sistent with previous Ea analysis. Furthermore, the test results
can also be analyzed based on Mott formula[36]

S =
Ce

n
+

π2k2
BT

3e

[
∂ ln µ(ε)

∂ε

]
ε=EF

, (2)

where ce, kB, and µ(ε) are the electronic specific heat, Boltz-
mann constant, and energy correlated carrier mobility, respec-
tively. From the above equation, S mainly depends on the n
and µ(ε) at a certain temperature. The number of K+ ions
increases the carrier concentration n in the alternative Ca2+

based on previous analysis, and the first term of Eq. (2) shows
that S decreases as the carrier concentration n increases. How-
ever, the results of the present study show that different con-
centrations of K doping have little effect on the S value of the
sample. When K+ replaces the Ca2+ position in the lattice,
the energy band structure and the Fermi level EF of the sys-
tem will change, and the µ(ε) of the second term of the for-
mula may also change. Although dopant increases the carrier
concentration, S also increases,[37,38] indicating that µ(ε) may
have a critical effect on S in this layered cobalt oxide. This
result indicates that when the carrier concentration increases,
S is almost invariant.

The values of power factor PF(PF = σS2) of the
Ca3−xKxCo4O9 (x = 0, 0.05, 0.10, 0.15) series of samples are
shown in Fig. 4(d) to estimate the TE properties of the mate-
rial. As can be observed from the figure, PF increases with
increasing temperature, and K doping can regulate the power
factor of the sample. For the Ca2.95K0.05Co4O9 sample, the
PF reaches 2.93 µW·cm−1·K−2 at 1026 K, which is approxi-
mately 22% higher than that of the undoped Ca3Co4O9 sam-
ple. The high PF indicates a relatively high TE conversion
power.[39] This result indicates that K doping is an effective
method of improving the electrical properties of Ca3Co4O9

materials.

3.3. Thermal transport properties

Figure 4(e) shows the relationships between the total ther-
mal conductivity (k) of the sample in the direction perpendicu-
lar to the pressure direction and temperature. For all samples,
k decreases with increasing temperature. The value of k for
the sample doped with K is less than that of the undoped sam-
ple. For the Ca3Co4O9 system, the k can be represented by
the sum of carrier thermal conductivity (kc) and the phonon
thermal conductivity (kp), i.e., k = kc + kp, where the carrier
thermal conductivity is defined as kc = LT σ(L= π2kB2/3e2 =

2.45×10−8 V2·K−2) according to the Wiedemann–Franz law.
The value of kc is small (Fig. 4(f)); it is approximately only
10% of the total thermal conductivity. Accordingly, k depends
mainly on kp. In the low-order approximation, the phonon
thermal conductivity can be given by using the relationship
kp = cvlp/3, where c, v, and lp represent the specific heat ca-
pacity of the phonon, the phonon propagation velocity, and the
mean free path, respectively. Typically, such doping will in-
crease c but reduce v and lp.[40,41] Moreover, the phonon prop-
agation velocity and the mean free path of the phonon are pos-
itively correlated.[42] Based on the above analysis, the phonon
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thermal conductivity is suppressed, which can be attributed
to lattice defects caused by the doping of K and thus causing
lattice deformation, thereby enhancing phonon scattering and
reducing the average free path of the phonon and the propa-
gation velocity. According to Matthiessen’s law, the phonon
thermal conductivity mainly depends on the point defect scat-
tering, grain boundary scattering, and the non-harmonic three-
phonon Umklapp process (U process) scattering. As a new
scattering center, point defect (such as Ca or O vacancies)
can further lead to enhanced phonon scattering. Furthermore,
the difference between Ca and K ions introduces the spread
of stress field, which makes the point defects of the phonon
increase and the phonon thermal conductivity decrease. How-
ever, there is no regular change in thermal conductivity with
the increase of K doping content, which requires further study.
However, the lower concentration K doping can be more ef-
fective than the higher[24] to reduce the thermal conductivity
of the Ca3Co4O9.

3.4. Dimensionless thermoelectric figure of merit ZT

Figure 5 shows the relationships between the ZT of
Ca3−xKxCo4O9 (x = 0, 0.05, 0.10, 0.15) samples and the tem-
perature. The ZT values of all samples increase with increas-
ing temperature, which might be attributed mainly to the in-
crease of S as the temperature increases and the thermal con-
ductivity decreases. The values of ZT of the K-doped samples
are higher than those of the undoped ZT to a large extent. The
value of ZT of the Ca2.95K0.05Co4O9 sample reaches 0.22 at
1026 K, which is an increase of approximately 35% of the un-
doped Ca3Co4O9. The results also show that the TE properties
of Ca3Co4O9 can be improved by appropriate K doping.
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Fig. 5. (color online) Temperature dependent dimensionless figure-of-
merit ZT for Ca3−xKxCo4O9 (x = 0, 0.05, 0.10, 0.15) samples.

4. Conclusions
The TE conductivities of K-doped Ca3−xKxCo4O9 (x= 0,

0.05, 0.10, 0.15) oxide samples prepared by sol-gel method
have been systematically investigated. The XRD and SEM

studies show that Ca3−xKxCo4O9 samples with x = 0, 0.05,
0.10, 0.15 are all of single-phase, and all exhibit similar flake-
like morphological structures. An appropriate quantity of K
ions doping at the Ca site can effectively increase the electrical
conductivity and reduce thermal conductivity of the material.

In all the samples, the power factor of K-doped
Ca2.95K0.05Co4O9 sample reaches 2.93 µW·cm−1·K−2 at
1026 K and is approximately 22% higher than that of the un-
doped sample. The value of ZT of the Ca2.95K0.05Co4O9 sam-
ple reaches 0.22 at 1026 K and is approximately 35% higher
than that of the undoped sample. These results indicate that
lower concentration doping is can be used to improve the TE
properties of Ca3Co4O9 ceramic samples.
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