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Abstract: Oxide-based ceramics could be promising thermoelectric materials because of their thermal 

and chemical stability at high temperature. However, their mediocre electrical conductivity or high 

thermal conductivity is still a challenge for the use in commercial devices. Here, we report significantly 

suppressed thermal conductivity in SrTiO3-based thermoelectric ceramics via high-entropy strategy 

for the first time, and optimized electrical conductivity by defect engineering. In high-entropy 

(Ca0.2Sr0.2Ba0.2Pb0.2La0.2)TiO3 bulks, the minimum thermal conductivity can be 1.17 W/(m·K) at 

923 K, which should be ascribed to the large lattice distortion and the huge mass fluctuation effect. 

The power factor can reach about 295 μW/(m·K2) by inducing oxygen vacancies. Finally, the ZT 

value of 0.2 can be realized at 873 K in this bulk sample. This approach proposed a new concept of 

high entropy into thermoelectric oxides, which could be generalized for designing high-performance 

thermoelectric oxides with low thermal conductivity. 

Keywords: high entropy; thermoelectric oxides; thermal conductivity; electrical conductivity; oxygen 

vacancy 

 

1  Introduction

 

Thermoelectric materials could realize direct heat– 
electricity conversion without the use of mechanical 
devices which limit miniaturization of energy 
conversion products [1,2]. The dimensionless figure of 
merit, 2 /ZT S T  , is used to evaluate the efficiency 
of thermoelectrics, where , , ,S T  are the electrical 
conductivity, Seebeck coefficient, temperature, and 
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thermal conductivity, respectively.  
Thermoelectric oxides, including simple oxides ZnO 

[3,4], TiO2 [5], In2O3 [6], layered oxides BiCuSeO 
[7,8], Bi2O2Se [9], NaCo2O4 [10], Ca3Co4O9 [11], 
Bi2Sr2Co2Oy [12], and perovskite oxides SrTiO3 [13], 
CaMnO3 [14], etc., are a promising material family for 
thermoelectric applications due to their thermal stability, 
chemical stability, and low cost. Among all the 
thermoelectric oxides, perovskite titanate (ATiO3) like 
SrTiO3-based thermoelectrics, attract much attention 
because of their high symmetry structure which leads to 
high degeneracy, high effective mass, and consequently 
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high Seebeck coefficient. However, the high lattice 
thermal conductivity caused by strong metal–oxygen 
ion bonds limits the enhancement of ZT of 
thermoelectric oxides. Generally, minimizing lattice 
thermal conductivity could significantly improve ZT of 
thermoelectric oxides [15]. Normally, the strategies 
including point defect scattering [16], nano-scale 
modulation [17], and composite effects [18–20] were 
applied to reduce the lattice thermal conductivity of 
SrTiO3-based thermoelectrics. However, the lattice 
thermal conductivity remains above 2 W/(m·K) even at 
relatively high temperature. More effective strategies 
are needed to further suppress the thermal conductivity 
of perovskite thermoelectric oxides. 

High-entropy ceramics have been widely studied 
since they were successfully synthesized by Rost et al. 
[21] in 2015. The concept of high-entropy ceramics 
was introduced from the field of high-entropy alloys, 
and similarly, when the configurational entropy 

mixΔS  > 1.5R, the ceramics could be categorized as 
high-entropy ceramics [22]. When there is only one 
site occupied by different elements, at least five 
elements of equivalent molar fraction are needed to 
satisfy the criteria of 1.5R. High-entropy ceramics could 
be potential for high-performance thermoelectrics, 
considering the following points. Solid solution is 
stabilized in high-entropy ceramics, which provides 
more opportunities of element tuning and heavy 
doping [23]. The large lattice distortion and the huge 
mass fluctuation in high-entropy ceramics result in 
significantly suppressed lattice thermal conductivity 
[24,25]. High symmetry phase tends to form when the 
entropy is high enough, which makes the improvement 
of band degeneracy and Seebeck coefficient possible.  

In this work, pure perovskite phase A-site high-entropy 
thermoelectric oxide (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)TiO3 
( mixΔS  ≈ 1.609R) was synthesized by solid state 
reaction and conventional sintering. Our results 
indicate that the high-entropy strategy at A-site with 
equivalently added five elements (Ca, Sr, Ba, Pb, La) 
greatly suppressed the lattice thermal conductivity to 
1.09 W/(m·K) at 923 K. After being annealed under 
electrical current in reducing atmosphere to create 
oxygen vacancies in the bulk, the high-entropy oxides 
displayed a maximum power factor of ~295 μW/(m·K2). 
ZT of over 0.2 at 873 K was realized in the sample 
annealed at 0.2 A/mm2. This work paves a new path to 
reducing the thermal conductivity in thermoelectric 
oxides. 

2  Materials and methods 

Polycrystalline high-entropy perovskite oxides 
(Ca0.2Sr0.2Ba0.2Pb0.2La0.2)TiO3 were prepared by solid 
state reaction and conventional sintering. Molar 
fraction of 20% CaTiO3, 20% SrTiO3, 20% BaTiO3, 
21% PbTiO3 (5% excess, considering the volatilization 
characteristic of PbTiO3), 10% La2O3, 19% TiO2 were 
mixed by planetary ball milling using ethanol as milling 
agent. After the mixed powder was dried, the powder 
was pressed into pellets of 20 mm in diameter under a 
pressure of 40 MPa for 3 min. The mechanically 
shaped pellets were then pressed under a pressure of 
~200 MPa in the cold isostatic pressing system. The 
pellets reacted and were sintered under 1200  for ℃

50 h, buried in the raw mixed powder for protection. 
The as-prepared pellets (denoted as HEPO-E0) were 
sectioned into bars, and then the bars were annealed in 
5%H2–95%Ar mixed gas at 1000  for 1 h, with ℃

electrical current applied whose current densitie were 
0.1, 0.2, 0.3, and 0.4 A/mm2 (denoted as HEPO-E1, 
HEPO-E2, HEPO-E3, and HEPO-E4, respectively).  

The bulk X-ray diffraction (XRD) data were collected 
by a D/max-2500 diffraction instrument (Rigaku, Japan, 
Cu Kα) with a scanning rate of 8 (°)/min. The sectional 
morphology and elemental distribution were observed 
by field-emission scanning electron microscopy (SEM, 
MERLIN VP Compact, ZEISS, Germany) with energy 
dispersion spectrometer (EDS) apparatus. The X-ray 
photoelectron spectroscopy (XPS) analysis was 
conducted on an X-ray photoelectron spectrometer 
(Thermo Fisher ESCALAB 250Xi, Al Kα). The 
electrical conductivity and the Seebeck coefficient 
were measured on ZEM-3 (ULVAC-RICO, Inc., Japan) 
from room temperature to 923 K in He gas. The thermal 
diffusivity measurements were carried out on LFA457 
(NETZSCH LFA457 Micro Flash, Germany) with Ar 
as the purging gas, and the density data were acquired 
by Archimedes’ method. 

3  Results and discussion 

To check the phase formation and crystallization 
process, XRD was performed on HEPO-E0, HEPO-E1, 
HEPO-E2, HEPO-E3, and HEPO-E4 (Fig. 1). Figure 1 
shows that the as-prepared sample HEPO-E0 formed 
into a high-entropy cubic perovskite phase (Pm3̄m) 
disordered solid solution with no other detectable  
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Fig. 1  XRD patterns of (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)TiO3 
high-entropy perovskite oxides under the annealing 
treatment of different electrical current densities. 

 

undesired peaks. There was a left shift of the peaks of 
the as-prepared sample, compared with the peaks of the 
cubic perovskite CaTiO3 (PDF#43-0226) and SrTiO3 
(PDF#35-0734). The lattice parameter, a, was calculated, 
and the value was 3.916 Å, which means that the larger 
atoms of Ba, Pb, and La occupied A-site of the 
perovskite, leading to the expansion of the lattice. The 
pure sharp peaks indicate that the high temperature 
solid state reaction and conventional sintering for 50 h 
provided enough time for atomic diffusion, hence the 
formation of high symmetry perovskite phase disordered 
solid solution and the growth of crystal grains, though 
the diffusion coefficient of high-entropy ceramics was 
relatively low owing to the sluggish diffusion effect 
[26] and the lattice distortion effect in high-entropy 
materials [27,28]. 

It can be seen in the SEM images (Fig. 2) that, with 
enough time to grow, the grains of HEPO-E0 were 
around 1 μm in size. Comparing the SEM image of 
HEPO-E0 with that of HEPO-E4, it can be reckoned 
that the samples underwent grain growth and densification 
process when being annealed with electrical current  

 

applied, the reason for which may be that the externally 
applied electricity added to the energy for the atomic 
diffusion and the grain boundary migration. The EDS 
mappings in Fig. 3 show the uniform distribution of 
the elements in the high-entropy oxides. There were no 
obvious segregations or precipitations detected in EDS 
mappings, consistent with the conclusion drawn by XRD 
patterns. After the reducing process, as can be seen in 
Fig. 3(b), the elemental distribution stayed uniform, 
indicating that the creation of oxygen vacancies had 
little influence on the distribution of other elements at 
other sites. Combined with XRD patterns, high-entropy, 
pure perovskite-type, highly disordered solid solution, 
(Ca0.2Sr0.2Ba0.2Pb0.2La0.2)TiO3 ceramics were realized 
by solid state reaction and conventional sintering, and 
maintained their uniform distribution and crystal 
structure after being annealed with external electrical 
current applied.  

To understand the effect of electrical current assisted 
annealing on oxygen vacancies, the XPS measurements 
were performed. The Lorentzian–Gaussian fitting was 
applied to fit the multi-peak XPS curves, and the results 
are shown in Fig. 4. The three fitting peaks of O 1s 
(Fig. 4(a)) were peaks of lattice oxygen (Ol), deficient 
oxygen (Od), and absorbed oxygen (Oa) from the low 
binding energy to the high binding energy [29]. After 
being reduced at the electrical current density of 
0.4 A/mm2, the intensity of the peak of Od slightly 
increased, meaning that oxygen vacancies were created. 
We also revealed that the Ti4+-to-Ti3+ transition was 
promoted after the reducing process. The valence of Ti 
ions was determined by XPS of Ti 2p peaks. The Ti3+ 

peaks located at around 457.5 and 462.9 eV, and the 
Ti4+ peaks located at 458.0 and 463.9 eV [20]. The 
percentage of Ti3+ was calculated by integrating the 
area of the relative peaks, and the molar fraction of Ti3+ 
increased from 20.4% to 33.6% in HEPO-E4. It can be 
inferred that the electrical current assisted reducing 

 
 

Fig. 2  SEM images of the sectional morphology of (a) HEPO-E0 and (b) HEPO-E4. 
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Fig. 3  EDS mappings on the sectional surface of (a) HEPO-E0 and (b) HEPO-E4. 
 

 
 

Fig. 4  XPS fittings for (a) oxygen and (b) titanium of HEPO-E0 and HEPO-E4. 

 

annealing could promote the creation of Ti3+, that is to 
say, the increase of the electron concentration. The 
corresponding reaction might be written as Eq. (1): 

 
Ti O Ti O 2

1
2Ti O 2Ti V O

2
    

 
(1) 

When annealing the samples, the oxygen vacancies 
were activated by the reducing gas, 5%H2–95%Ar. The  

electrical current “carried” the oxygen vacancies from 

one side to the other with the help of high temperature 

to improve the diffusivity of oxygen, and the lattice 

oxygen formed into oxygen gas at the cathode side of 

the external power. The “run-away” of oxygen 

vacancies boosted the reaction (Eq. (5)) forwards, and 

increasing number of Ti3+ were created. It was  
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important to mention that the electrical current assisted 
reducing was a bulk effect, other than the surface effect 
of simply annealing bulks in reducing gas because of 
the low diffusion coefficient of high-entropy ceramics 
and the long diffusion path of thick bulks. 

Due to the large lattice distortion and the huge mass 
fluctuation of high-entropy perovskite oxides, the 
thermal diffusivity and the thermal conductivity were 
relatively low among SrTiO3-based counterparts. As 
can be seen in Figs. 5(b) and 5(c), the total thermal 
conductivity and the lattice thermal conductivity of 
pure SrTiO3 were relatively high, which were 9.79– 
5.56 W/(m·K) in the temperature range of 323–873 K 
[30]. When being doped by 10% La and 10% Nb [17], 
the thermal conductivity of (Sr0.9La0.1)(Ti0.9Nb0.1)O3 
was suppressed. However, its total thermal conductivity 
and lattice thermal conductivity were still over 2.9 and 
2.3 W/(m·K) at 873 K, respectively. Meanwhile, the 
thermal conductivity was between 1.7 and 1.0 W/(m·K) 
for high-entropy (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)TiO3 perovskite 
oxides, outperforming the reference materials remarkably.  

Generally, thermal conductivity is strongly correlated 
to the mass and strain fluctuations (described by disorder 
scattering factors MFΓ  and SFΓ , respectively) and 
phonon relaxation time   can be described by the 
following Eqs. (2)–(5) [31]. The phonon relaxation 
time and the thermal conductivity would decrease 
when the fluctuations of mass and strain increased. 
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The highly disordered high-entropy ceramics had 
large lattice distortion and huge mass difference at 
crystal sites, which made them promising materials 
with low thermal conductivity. Oxygen vacancies also 
played important role on thermal conductivity. When 
oxygen vacancies formed, they acted as defects to 

scatter short-wavelength phonons, and at the same time 
they added to the entropy at the oxygen site. The resultant 
effect was that the annealed samples all showed lower 
thermal diffusivity than those of the as-prepared 
sample. Additionally, the thermal conductivity differed 
slightly under various treatment conditions, which 
could be ascribed to the fact that the contribution of 
oxygen vacancies to phonon scattering might remain 
constant when annealing the samples. 

 

 
 

Fig. 5  Thermal properties of samples: (a) thermal 
diffusivity; (b) total thermal conductivity; (c) lattice 
thermal conductivity. The thermal conductivity as 
reference: pure SrTiO3 [31]; 10%La–10%Nb co-doped 
(Sr0.9La0.1)(Nb0.1Ti0.9)O3 [17]. 
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Fig. 6  Electrical properties and ZT of annealed (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)TiO3: (a) electrical conductivity; (b) Seebeck 
coefficient; (c) power factor; (d) ZT. 

 

Our electrical measurements indicate that HEPO-E0 
sample was insulated. The reduced bulk samples became 
conductive due to the induced oxygen vacancies. The 
carrier concentration can be enhanced from 8.88×1019 
to 3.65×1020

 cm–3 with increasing electrical current 
density from 0.1 to 0.4 A/mm2. On the whole, the 
electrical conductivity of samples increased with 
increasing electron concentration, and the maximum 
electrical conductivity of ~60 S/cm was realized in 
HEPO-E3 sample at 573 K. At low temperature, the 
electrical conductivity–temperature relationship obeyed 
the T1.5 rule caused by ionized impurity scattering [14], 
and at high temperature, the electrical conductivity was 
proportional to T

–1.5, which was typical of acoustic 
phonon scattering [32]. The absolute value of Seebeck 
coefficient decreased with increasing carrier concentration 
in Fig. 6(b), which can be explained by Eq. (6) [33]:  

 

2
2 2

3*B
2

8π π
33

k
S m T

neh

   
   

(6) 

The Seebeck coefficient reached –250 μV/K in 
HEPO-E1 and HEPO-E2 at 923 K. For the Ti-site 
element remained undisturbed, the electrical performance  

was similar to other perovskite titanates. The PF 

remained constant at high temperature for all annealed 

samples, and the highest PF ~295 μW/(m·K2) was 

observed in HEPO-E2 sample. The maximum ZT of 

over 0.2 at 873 K was also realized in this sample. 

4  Conclusions 

In summary, high-entropy (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)TiO3 

ceramics have been successfully synthesized by solid 

state reaction and electrical current assisted reducing 

process. Our results show that the lattice thermal 

conductivity can be reduced from 5.56 W/(m·K) of pure 

SrTiO3 to 1.09 W/(m·K) of (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)TiO3 

at 873 K due to the large lattice distortion and the mass 

fluctuation effect. High carrier concentration can be 

realized by the generated large amount of oxygen 

vacancies from the Ti4+-to-Ti3+ transition under the 

electrical current treatments. The oxygen vacancies were 

also effective to scatter short-wavelength phonons and 

further lower the lattice thermal conductivity. The ZT 

of over 0.2 was achieved in the sample annealed at the 
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current density of 0.2 A/mm2. The concept of 

high-entropy thermoelectric oxides may provide new 

possibility to realize advanced thermoelectrics with 

low thermal conductivity.   
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