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Abstract
The thermal, electrical and thermoelectric properties of ZnO–MexOy ceramics with 1 ≤ x, y ≤ 3, where Me = Al, Co, 
Fe, Ni, Ti, have been studied. The specimens have been synthesized using the ceramic sintering technology from two 
or more oxides in an open atmosphere with annealing temperature and time variation. The structural and phase data 
on the ceramics have shown that post-synthesis addition of MexOy doping powders to wurtzite-structured ZnO powder 
causes Znx(Mе)yO4 spinel-like second phase precipitation and a 4-fold growth of ceramics porosity. Room temperature 
heat conductivity studies have testified to predominant lattice contribution. A decrease in the heat conductivity upon 
doping proves to be caused by phonon scattering intensification due to the following factors: size factor upon zinc 
ion substitution in the ZnO lattice (wurtzite) by MexOy doping oxide metal ions; defect formation, i.e., point defects, 
grain boundaries (microstructure refinement); porosity growth (density decline); secondary phase particle nucleation 
(Znx(Mе)yO4 spinel-like ones). The above listed factors entailed by zinc ion substitution for metal ions (Co, Al, Ti, Ni, 
Fe) increase the figure-of-merit ZT by four orders of magnitude (due to a decrease in the electrical resistivity and heat 
conductivity coupled with a moderate thermo-emf decline). The decrease in the electrical resistivity originates from a 
more homogeneous distribution of doping metal ions in the wurtzite lattice upon longer annealing which increases the 
number of donor centers.
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1. Introduction

Zinc oxide possesses a unique combination of physi-
cal properties and can be produced by a wide variety of 
methods. This has made it the subject of close attention 

of researchers for many decades. ZnO based ceramics 
find increasingly wide application in gages and various 
electric transducers [1, 2], gas sensors [3], high-power 
electronics where heat removal is of great importance [4] 
and other domains. Investigations aimed at improving the 
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properties and broadening the applications of these mate-
rials are currently focused on the search for various com-
binations of doping elements, such as transition metals 
(TM). Ceramics have a number of advantages over sin-
gle crystals, polycrystalline ingots and thin films as well 
as other ZnO based materials requiring more expensive 
technologies. Ceramic technologies provide items of any 
shapes and sizes having various morphologies of struc-
tural inclusions (grains and phases). This provides for ef-
ficient control of the functionality of ceramics by varying 
the temperature, atmosphere and time of synthesis and 
post-synthesis heat treatment as well as doping element 
type added to initial powder mixtures [5–10]. However, 
to attain a composition with required combinations of 
properties one should identify correlations between the 
structure (phase and chemical composition), morphology 
(grain shape, porosity, size distribution, etc.), electrical 
and thermal properties of zinc oxide based composite ce-
ramics and search for more resource-saving technologies 
[5–7, 11, 12].

In this work we studied the abovementioned relations 
favorable for ZnO based ceramic application as n-type 
conductivity thermoelectric materials that can be quite 
promising due to their high electron mobility, thermal 
stability and corrosion resistance as well as low health 
and environment hazard. However, the heat conductivi-
ty of undoped ZnO is so high that its dimensionless fig-
ure-of-merit ZT turns out to be far lower than required for 
industrial application. The figure-of-merit can be calcu-
lated using the following formula:

	 (1)

κ = κl + κe = λCpd0,	 (2)

where Z is the efficiency, T is the absolute temperature, 
S is the thermo-emf coefficient, ρ is the electrical resis-
tivity, κl is the lattice heat conductivity coefficient, κe is 
the electron conductivity coefficient, λ is the temperature 
conductivity coefficient, Cp is the isobaric heat capacity 
and d0 is the density of specimens.

Therefore thermoelectric applications require the heat 
conductivity (it consists of two contributions, i.e., the lat-
tice one κl and the electron one κe) and electrical resistivi-
ty ρ of the material be greatly reduced without reducing S.

From this standpoint, doping is one of the key tools 
to tune the κ, S and ρ parameters for increasing the ther-
moelectric efficiency ZT in Eq. (1). Since the direct mea-
surement of the heat conductivity coefficient κ is quite a 
labor-consuming task, it is often assessed with a simpler 
technique, i.e., laser flash temperature conductivity coef-
ficient measurement.

Literary sources contain a large number of ZnO based 
material doping options for microstructure controlling 
aimed at matching the thermoelectric and transport prop-
erties. There are data [13–19] on the effect of doping el-
ements such as Al, Bi, Co, Fe, Ni, Ga, Mn, Sb, Sn and 

pairwise combinations thereof on the thermoelectric and 
transport properties of these materials. The cited works 
contain helpful information on the relation between the 
structure and various properties obtained as a result of 
doping. However, there is no systematic study of the cor-
relation between the thermoelectric and thermal proper-
ties, as well as the microstructure, phase composition and 
morphology (porosity, grain size) in films and ceramics 
[20, 21]. Multiple experimental and theoretical works 
showed that there are two efficient methods to reduce the 
heat conductivity: formation of substitution alloys and 
nanostructuring (e.g. by reducing grain sizes, introducing 
pores and nanosized phase inclusions) [22].

Presented below are experimental data on ceramics 
formed from zinc oxide and metal oxides such as ZnO–
MexOy with 1 ≤ x, y ≤ 3, where Me = Al, Co, Fe, Ni, 
Ti. The aim of the experiments was to study the effect of 
ceramic composition on the matching of thermoelectric, 
thermal and electrical properties.

2. Specimens and methods

ZnO based specimens were synthesized using the ceramic 
sintering technology from two or more oxides in an open 
atmosphere. The initial components for the charge were 
ZnO and MexOy powder mixtures of the following com-
positions: 10 wt.% CoO, 3–5 wt.% Al2O3, 10 wt.% TiO2. 
The charge composition for the test ceramic specimens 
was designed based on the formula (ZnO)100-z(MexOy)z, 
where z = 3÷10 wt.% is the metal oxide powder weight 
percentage in the test specimens. Most of the specimens 
were in the form of compacted tablets fabricated by sin-
gle-step calcination, while the (ZnO)90(СоО)10-2 spec-
imens were sintered in two step sintering process after 
compaction as described earlier [23, 24]. Details on the 

Table 1. Test specimen composition and synthesis mode nota-
tions

# Specimen

Preliminary/
final sinter-

ing tempera-
ture, K

Prelimi-
nary/final 
sintering 
time, h

1 ZnO 1373 2

2 (ZnO)90(CoO)10-2* 1173/1473 2/2

3 (ZnO)97(Al2O3)3 1473 3

4 (ZnO)95(Al2O3)5 1473 3

5 (ZnO)97(Al2O3)3 1473 3

6 (ZnO)96.5(Al2O3)3(NiO)0.5 1473 3

7 (ZnO)96.5(Al2O3)3(Fe2O3)0.5 1473 3

8 (ZnO)96.5(Al2O3)3(Fe3O4–
SiO2)0.5

1473 3

9 (ZnO)90(TiO2)10 1473 3
* Digit “2” at the end of specimen notation means two-stage 
annealing.
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compositions and annealing modes for the specimens are 
summarized in Table 1. Specimens 3 and 5 differ in the 
origin of the raw ZnO powders.

The matrix phase structure and the phase composition 
of the synthesized specimens were studied using X-ray 
diffraction (XRD) at room temperature on a DRON-3 
M diffractometer with CuKα radiation. The data were 
processed with the Math!(3.14 Build 238) and FullProf 
software by XRD pattern deconvolution into integral 
intensities. The following ceramic phase identification 
crystallographic database cards were used:

–  ZnO #96-900-4179;
–  ZnFe2O4 #96-900-5108;
–  ZnCo2O4 #96-591-0137 (or Сo3O4 #96-900-5888);
–  Zn2TiO4 #96-900-1693;
–  ZnAl2O4 #96-900-6202.
The FullProf software uses Rietveld (full-profile) anal-

ysis designed for neutron and X-ray diffraction studies 
[25]. The structural morphology and the chemical com-
position of the synthesized ceramics were studied under 
TescanVega 3LMU and LEO 1455 VP scanning electron 
microscopes (SEM) with EDX attachments for determin-
ing component concentrations in the composites. Details 
of operation and results provided by the method were de-
scribed earlier [26].

For room temperature measurements of the electri-
cal resistivity, thermo-emf coefficient S and density, the 
synthesized ceramic tablets were cut into rectangular 
specimens 2–3 mm in width and 7–10 mm in length. 

Indium was applied to the butt-ends of the specimens 
with an ultrasonic soldering for more homogeneous cur-
rent distribution by the specimen and thermal resistivity 
reduction. The Seebeck coefficient S and the electrical 
resistivity were measured at room temperature using 
measuring system with a moving copper-tip as gradient 
heater, Agilent 34410A and Agilent 34411A multimeters. 
The butt-end temperature of the specimen placed in the 
metering system was monitored with RT-100M platinum 
thermometers. The heat conductivity λ was measured for 
8.8 × 1.5 mm2 ceramic specimens in the T = 300÷573 K 
range by the laser flash method with LFA 467 (Netzch, 
Germany) and TC-1000 (Ulvac-Riko, Japan) analyzers.

3. Structure and phase 
composition of composite 
ceramics

The XRD and EDX data (Fig. 1, Table 2) suggest that 
CoO, Al2O3 and TiO2 additions to ZnO cause the forma-
tion of not only the ZnO wurtzite tetragonal phase (Spec-
imen 1, see Fig. 1 a and Fig. 1, f), but also the second 
Znx(Mе)yO4 cubic phases (ZnCo2O4, ZnAl2O4, Zn2TiO4 
and ZnFe2O4 for Co, Al, Ti and Fe doping, respectively), 
where x = 1÷2 and y = 1÷2 (Specimens 2–9, see Fig. 1 a 
and Fig. 1 b–e) [27]. The X-ray peaks for the two-stage 
annealed specimen containing 10 wt.% CoO (Speci-

Figure 1. (a) X-ray patterns for ZnO based ceramic, (b) EDX data for element distributions (c–f) for (ZnO)96.5(Al2O3)3(Fe3O4–
SiO2)0.5: (1) ZnO; (2) (ZnO)90(CoO)10-2; (3) ZnO)97(Al2O3)3; (4) ZnO)95(Al2O3)5; (5) ZnO)97(Al2O3)3; (6) (ZnO)96.5(Al2O3)3(NiO)0.5; 
(7) (ZnO)96.5(Al2O3)3(Fe2O3)0.5; (8) ZnO)96.5(Al2O3)3(Fe3O4–SiO2)0.5; (9) (ZnO)90(TiO2)10

a
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b

c

d

Figure 1. (b–d), continuation
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men 2, see Fig. 1 a) suggest a relatively low content of the 
ZnCo2O4 (or Сo3O4) phase provided that most Co ions 
have substituted Zn ones in the ZnO lattice [22].

The X-ray patterns of the specimens shown in Fig. 1 a 
suggest that additions of 3–5 wt.% Al2O3 (Specimens 3–8) 
and 10 wt.% TiO2 (Specimen 9) to zinc oxide ceram-
ics cause Al and Ti incorporation into the ZnO wurtz-
ite phase lattice (Fig. 1 b, f) and the formation of the 
Znx(Mе)yO4 : ZnAl2O4 cubic phases for the Al doped spec-
imens [28] (Specimens 3–8, see Fig. 1 d, e and Fig. 2 h) 
and the Zn2TiO4 cubic phases for the Ti doped speci-
men (Specimen 9) [18]. For Specimens 6–8, addition of 
0.5 wt.% NiO [29], Fe2O3 and Fe3O4–SiO2 also causes the 
formation of Znx(Mе)yO4 phases in small quantities, e.g., 

ZnFe2O4 [14, 20, 21] for the (ZnO)96.5(Al2O3)3(Fe3O4–
SiO2)0,5 specimen (Specimen  8) which is shown in 
Fig. 1 c.

The XRD-determined lattice parameters allowed eval-
uating the X-ray densities of the material d1, d2 and d3 
(in kg/m3) using the following relationships:

–  for the ZnO phase:

	 (3)

–  for the Znx(Mе)yO4 phase:

	 (4)

e

f

Figure 1. (e–f), ending
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–  for the total of the ZnO + Znx(Mе)yO4 phases:

	 (5)

Here

 

is the hexagonal unit cell volume, N1 = 6 is the number 
of atoms per hexagonal unit cell, N2 = 4 is the number 
of atoms per cubic unit cell, Ai is the mass of one atom 
in a.m.u (1 a.m.u. = 1.66 ∙ 10-24 g), А1 = 81 (for ZnO), 
А2 = 242 for Zn2TiO4, 183 for ZnAl2O4 and 247 for Zn-
Co2O4; a and c are the ZnO lattice parameters (wurtz-
ite), b is the Znx(Mе)yOzlattice parameter (spinel), and 
z = 3–10 wt.% is the impurity weight percentage in ce-
ramics except (ZnO)90(CoO)10-2 (Specimen 2) for which 
z was accepted as unity in Eq. (5) due to a high CoO sol-
ubility in wurtzite.

The X-ray densities d1, d2 and d3 calculated using 
Eqs.  (3)–(5) are summarized in Table 2. It can be seen 
from Table 2 that the X-ray density d1 of the ZnO phase 
itself (i.e., without Znx(Mе)yO4) in Specimens 2–9 de-
pends but slightly on the type and quantity of doping im-
purity. However, the X-ray density of the final ceramic 
d3 containing metal oxides (Specimens 2–9) decreases as 
compared with d1. This can be accounted for by the fact 
that the overwhelming majority of Al2O3 and TiO2 weight 
is spent for the formation of the ZnAl2O4 and Zn2TiO4 
cubic spinels the X-ray density d2 of which is lower than 
that of hexagonal ZnOd1.

The difference between the X-ray densities d1 (ZnO), 
d3 (ZnO + Znx(Mе)yO4) and d0 of the final specimens 

(Table 2) as determined by weighing is caused by pores 
in the ceramics. This allowed calculating the porosity of 
the specimens using Eq. (6) for ZnO (Specimen 1) and 
Eq. (7) for Specimens 2–9:

	 (6)

	 (7)

As can be seen From Table 2, MexOy oxide addition to 
ZnO powder increases the porosity of the ceramics by up to 
42% which is probably caused by presence of the additional 
Znx(Mе)yO4 spinel phase (Specimen 4), as well as by the 
differences between the raw powders and the annealing 
modes for undoped and doped zinc oxide.

SEM data are shown in Fig. 2. The doped 
(ZnO)90(CoO)10-2 two-stage annealed specimen exhibits 
a decline in grain size (Fig. 2 b) as compared with the un-
doped zinc oxide specimen (Fig. 2 a). We showed earlier 
that grain sizes in one-stage annealed ceramics with iron 
oxide additions were also greater than those in similar 
powders after two-stage annealing [20, 21]. We therefore 
attribute the smaller grain size in the two-stage annealed 
ceramics to an increase in the number of recrystallization 
centers at granule boundaries of tablet specimens as a re-
sult of the second grinding. It also follows from Fig. 2 
that less dense specimens have larger grains.

4. Thermal properties 
of composite ceramics

The thermo-emf coefficient S and the electrical resistivity 
ρ of the test specimens were measured at room tempera-

Table 2. Calculated parameters of ZnO based ceramics

# Specimen a/с (for ZnO) 
(nm)

B (for Znx(Mе)yO4) 
(nm)

d1 
(kg/m3)

d2 
(kg/m3)

d3 
(kg/m3)

d0 
(kg/m3) Π (%)

1 ZnO 0.324719 / 
0.519646 – 5667 – – 5036 11

2 (ZnO)90(CoO)10-2
0.324949 / 
0.519748

0.807038 (or 0.86969 
for Сo3O4)

5658 3120 5633 4450 21

3 (ZnO)97(Al2O3)3
0.324770 / 
0.519884 0.807548 5663 2307 5562 4200 24

4 (ZnO)95(Al2O3)5
0.324964 / 
0.520207 0.808657 5653 2298 5485 3200 42

5 (ZnO)97(Al2O3)3
0.324563 / 
0.519568 0.807476 5674 2308 5573 4780 14

6 (ZnO)96.5(Al2O3)3(NiO)0.5
0.324813 / 
0.519993 0.808001 5660 2303 5531 4260 23

7 (ZnO)96.5(Al2O3)3(Fe2O3)0.5
0.325265 / 
0.520535 0.810126 5639 2285 5510 4300 22

8 (ZnO)96.5(Al2O3)3(Fe3O4–SiO2)0.5
0.325199 / 
0.520596 0.808865 5640 2296 5512 4100 26

9 (ZnO)90(TiO2)10
0.325040 / 
0.520823 0.846505 5643 2649 5344 5240 2
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Figure 2. SEM images of ceramics: (a) ZnO, (b) (ZnO)90(CoO)10-2, (c) (ZnO)90(TiO2)10, (d) (ZnO)97(Al2O3)3 (Specimen 5), 
(e)  (ZnO)96.5(Al2O3)3(Fe2O3)0.5, (f) (ZnO)96.5(Al2O3)3(Fe3O4-SiO2)0.5, (g) (ZnO)95(Al2O3)5 and (h) EDX aluminum distribution for 
(ZnO)96.5(Al2O3)3(NiO)0.5
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ture (300 K), and the temperature conductivity λ(Т) was 
measured at 300–600 K. The λ(Т) curves are shown in 
Fig. 3 a. These curves can be described by a hyperbolic 
law such as 

λ(T) ~ T–B,	 (8)

where the exponent В, according to Table 3, is in the В ≈ 
0.90–1.50 range. The B parameter was determined from 
the slope of the lg λ vs lg Т lines in Fig. 3 b. As can be 
seen from Fig. 3 a, the temperature conductivity at 300 K 
decreased as a result of ceramic doping somewhat greater 
than at high temperatures. This can be accounted for by 
a decrease in the lattice contribution to the temperature 
conductivity with an increase in temperature [14, 18, 22, 
28, 29].

Equation (2) suggests that to determine the tempera-
ture dependence of the temperature conductivity κ(T) of 
the specimens it is required to know their heat capacity Cp 

and density d0. The temperature dependence of the iso-
baric specific heat Cp(Т) in the 300–600 K range for the 
test specimens was evaluated using the Neuman–Kopp 
method [30]. Cp(Т) functions for different phases bur-
rowed from literature [31] are shown in Fig. 4 a. For this 
method the specific heat of doped ceramics is approxi-
mated as the sum of the specific heat of the constituent 
phases taking into account their weight fractions in the 
(ZnO)100-z(MexOy)z ceramic where z = 3÷10 is the weight 
fraction of metal oxide powders in the test specimens in 
wt.%. As can be seen from Fig. 4 a, the isobaric specific 
heat Cp of the phases and the ceramics varies in accor-
dance with the following law:

Cp(T) ~ TA,	 (9)

where A ≈ 0.20–0.25. It was accepted for the calcula-
tions that almost all the added metal oxide is spent for 
the formation of the Znx(Mе)yO4 spinel the fraction of 

a b

Figure 3. Temperature conductivity λ of test ceramics as a function of temperature in (a) linear and (b) double logarithmic scales: 
(1) ZnO; (2) (ZnO)90(CoO)10-2; (3) (ZnO)97(Al2O3)3; (4) (ZnO)95(Al2O3)5; (5) (ZnO)97(Al2O3)3; (6) (ZnO)96.5(Al2O3)3(NiO)0.5; 
(7)  (ZnO)96.5(Al2O3)3(Fe2O3)0.5; (8) ZnO)96.5(Al2O3)3(Fe3O4-SiO2)0.5; (9) (ZnO)90(TiO2)10

Figure 4. (a) Temperature dependences of isobaric specific heat Cp of total materials in percents [31] and (b) heat con-
ductivity κ as a function of density d0 for test ceramics at T = 300 K in a linear scale. b: (1) ZnO; (2) (ZnO)90(CoO)10-2; 
(3)  (ZnO)97(Al2O3)3; (4)  (ZnO)95(Al2O3)5; (5) (ZnO)97(Al2O3)3; (6) (ZnO)96.5(Al2O3)3(NiO)0.5; (7) (ZnO)96.5(Al2O3)3(Fe2O3)0.5; 
(8) ZnO)96.5(Al2O3)3(Fe3O4-SiO2)0.5; (9) (ZnO)90(TiO2)10

a

b
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which cannot exceed 10% of the total weight of ceram-
ics. The presence of Znx(Mе)yO4 increases the specific 
heat by not more than 4% (see Fig. 4 a) and only slightly 
affects the behavior of the temperature conductivity upon 
doping. The positions of the points in Fig. 4 b suggest a 
nearly linear pattern of the heat conductivity as a func-
tion of density except for the titanium doped specimen 
(ZnO)90(TiO2)10 having one of the lowest temperature 
conductivities.

The experimental densities d0 (see Fig. 4 b) and the 
λ(Т) curves of the studied specimens, as well as their iso-
baric specific heat Cp (see Fig. 4 a) allow evaluating the 
temperature dependences of the heat conductivity κ(Т) 
for the specimens using Eq. (2). As can be seen from 
Fig. 5 a, the κ(Т) function can be described as

κ(T) ~ T–C,	 (10)

where the C values as determined from the slopes of the 
lg κ vs lg Т lines in Fig. 5 b are summarized in Table 3.

Potential electron contribution κe to the full heat con-
ductivity was determined using the Wiedemann–Franz 
method [29, 32]:

	 (11)

in which the Lorenz number was calculated through the 
thermo-emf coefficient S using the formula

	 (12)

obtained by solving Boltzmann transfer equations [32]. 
The components’ contributions to the full heat conduc-
tivity summarized in Table 3 suggest that the lattice com-
ponent has the predominant contribution to Eq. (2), i.e., 
κ ≈ κl, since the electron contribution κe evaluated using 
Eqs. (11) and (12) is incomparably small. Therefore the 
decline of the ionic conductivity with an increase in tem-
perature and the difference in the behavior of the κ(Т) 

Table 3. Experimental temperature conductivity λ, exponents in Eqs. (8)–(10), electron κe and lattice κl ≈ κ contributions to heat 
conductivity κ for ceramic specimens at 300 K

# Speimen λ 
(10-6 m2/s) A B C κe 

(W/(m ∙ K))
κl 

(W/(m ∙ K))
1 ZnO 16.8 0.23 1.50 1.27 1.19 ∙ 10-7 43.05

2 (ZnO)90(СоО)10-2 6.94 0.20 (0.23) 1.14 0.93 2.21 ∙ 10-7 16.36

3 (ZnO)97(Al2O3)3 11.1 0.25 1.33 1.09 2.59 ∙ 10-5 23.98

4 (ZnO)95(Al2O3)5 7.60 0.26 1.20 0.96 1.46 ∙ 10-4 12.66

5 (ZnO)97(Al2O3)3 12.3 0.25 1.41 1.16 4.59 ∙ 10-5 30.27

6 (ZnO)97(Al2O3)3(NiO)0.5 6.79 0.25 0.90 0.65 1.56 ∙ 10-3 14.91

7 (ZnO)97(Al2O3)3(Fe2O3)0.5 7.76 0.25 1.35 1.08 8.56 ∙ 10-7 17.18

8 (ZnO)97(Al2O3)3(Fe3O4-SiO2)0.5 9.92 0.25 1.39 1.11 1.16 ∙ 10-6 20.95

9 (ZnO)90(TiO2)10 7.46 0.24 1.32 1.08 2.31 ∙ 10-4 20.05

Figure 5. Heat conductivity κ of test ceramics as a function of temperature in (a) linear and (b) double logarithmic scales: (1)  ZnO; 
(2) (ZnO)90(CoO)10-2; (3) (ZnO)97(Al2O3)3; (4) (ZnO)95(Al2O3)5; (5) (ZnO)97(Al2O3)3; (6) (ZnO)96.5(Al2O3)3(NiO)0.5; 
(7)  (ZnO)96.5(Al2O3)3(Fe2O3)0.5; (8) (ZnO)96.5(Al2O3)3(Fe3O4-SiO2)0.5; (9) (ZnO)90(TiO2)10

a b
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curves at high and low temperatures should only be ac-
counted for by the contribution of the phonon spectrum.

Comparison of the temperature dependences of the 
phonon heat conductivity (Eq. (10)) and the temperature 
conductivity (Eq. (8)) shown in Figs. 5 a and 3 a suggests 
that the difference in their exponents B – C = A exact-
ly equals the exponent of the temperature dependence of 
the isobaric heat capacity (Eq. (9). The behavior of the 
temperature dependence of the heat conductivity is in 
agreement with well-known literary data [4, 29, 33]: the 
decline of κ(Т) is attributed to the growth of phonon-pho-
non scattering with an increase in temperature. It should 
be noted that the heat conductivity and the temperature 
conductivity behave quite similarly.

The difference between the heat conductivity of raw 
zinc oxide and those of doped ceramics (as well as many 
other semiconductors) is typically associated with the 
wide gap between the optical and the acoustic branches 
in the phonon dispersion law. The latter fact may signifi-
cantly distort the energy and quasi-impulse conservation 
laws for three-phonon scattering and increase the phonon 
lifetime, which can be potentially coupled with anharmo-
nicity (the Gruneisen parameter) and large phonon group 
velocities (due to stronger interatomic bonds)  [4].

By and large, the decline in the heat conductivity seen 
from Fig. 5 a upon metal oxide addition to ZnO based ce-
ramics can be accounted for by the following four factors:

–  greater phonon scattering at point defects formed 
due to zinc ion substitution for metal ions in the ZnO lat-
tice;

–  stronger phonon scattering at grain boundaries due 
to microstructure refinement (greater total grain boundary 
area) [14];

–  growth of the porosity of ceramics as a result of 
doping [33];

–  precipitation of the Znx(Mе)yO4 phase with a lay-
ered spinel-like structure causing additional phonon scat-
tering.

5. Thermoelectric efficiency of 
composite ceramics

The power factor PF [29]

and the dimensionless figure-of-art ZT in Eq.  (1)  [32] 
were calculated on the basis of experimentally measured 
S and ρ at 300 K which are summarized in Table 4.

It follows from Table 4 that addition of metals to ZnO 
ceramics increases the figure-of-art (by almost four or-
ders of magnitude for Specimen 6) in comparison with 
that for undoped ZnO ceramics [8, 9] (see also [14]). 
This is caused by the decrease in the electrical resistivity 
by four orders of magnitude (which can be attributed to 
extrinsic conductivity caused by the formation of small 
donor centers having a low ionization energy [20]), as 
well as by the decline in the heat conductivity as de-
scribed herein. Noteworthy, the greatest augment of the 
figure-of-art is observed for the specimen doped with Al 
and Ni (Specimen 6) and subjected to high-temperature 
measurements that are in fact an additional anneal. The 
figure-of-art of ZnO ceramics differs from that of the 
same ceramic composition without additional annealing 
(Specimen 6) by only three orders of magnitude due to 
a lower electrical resistivity (Table 4). For undoped zinc 
oxide ceramic (Specimen 1), additional annealing did 
not increase the figure-of-art by orders of magnitude. 
This is because additional annealing leads to a more 

Table 4. Thermoelectric, electrical and thermal parameters of ZnO based ceramics at 300 K

# Specimen ρ (Ohm ∙ m) –S (mV/K) P (W/(m ∙ K2)) κe (W/(m ∙ K)) ZT

1
ZnO 3.67 ∙ 101 385 4.04 ∙ 10-9

43.05
2.81 ∙ 10-8

ZnO (ann)* 3.80 ∙ 101 435 4.99 ∙ 10-9 3.47 ∙ 10-8

2 (ZnO)90(СоО)10-2 5.10 ∙ 100 580 1.65 ∙ 10-8 16.36 3.02 ∙ 10-7

3 (ZnO)97(Al2O3)3 1.90 ∙ 10-1 221 2.57 ∙ 10-7 23.98 3.20 ∙ 10-6

4 (ZnO)95(Al2O3)5 3.19 ∙ 10-2 346 3.75 ∙ 10-6 12.66 8.88 ∙ 10-5

5 (ZnO)97(Al2O3)3 1.07 ∙ 10-1 229 4.90 ∙ 10-7 30.27 4.86 ∙ 10-6

6
(ZnO)97(Al2O3)3(NiO)0.5 2.46 ∙ 100 224 2.04 ∙ 10-8

14.91
4.10 ∙ 10-7

(ZnO)97(Al2O3)3(NiO)0.5 (ann) 3.06 ∙ 10-3 278 2.53 ∙ 10-5 5.08 ∙ 10-4

7 (ZnO)97(Al2O3)3(Fe2O3)0.5 5.46 ∙ 100 330 2.00 ∙ 10-8 17.18 3.48 ∙ 10-7

8 (ZnO)97(Al2O3)3(Fe3O4–SiO2)0.5 4.14 ∙ 100 276 1.84 ∙ 10-8 20.95 2.64 ∙ 10-7

9 (ZnO)90(TiO2)10 2.30 ∙ 10-2 162 1.14 ∙ 10-6 20.05 1.46 ∙ 10-5

*The notation “ann” marks specimens for which properties were measured after high-temperature measurements.
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homogeneous distribution of doping metal ions in the 
wurtzite lattice thus entailing an increase in the number 
of donor centers that are favorable for electrical conduc-
tivity [20].

6. Conclusion

The thermal, electrical and thermoelectric properties 
of ceramics ZnO–MexOy with 1 ≤ x, y ≤ 3, where Me = 
Al, Co, Fe, Ni, Ti, were studied. X-ray diffraction data 
suggest that addition of MexOy doping powders to ZnO 
powder with a wurtzite structure causes spinel-like Znx-
(Mе)yO4 secondary phase precipitations and a four-fold 
growth of the porosity after synthesis. Lattice heat con-
ductivity is predominant in the ceramics at room tem-
perature but its contribution decreases with an increase in 
temperature. The decline in the heat conductivity upon 
doping is favored by an increase in phonon scattering at 

grain boundaries, at point defects forming due to zinc 
ion substitution for doping metal ions, at pores and at 
additional Znx(Mе)yO4 phase precipitates. In the Al, Co, 
Fe, Ni and Ti doped ceramics, the decline in the heat con-
ductivity and the decrease in the electrical resistivity by 
orders of magnitude combined with a moderate change 
of the termo-emf coefficient provide for a growth of the 
figure-of-art by four orders of magnitude. Longer anneal-
ing reduces the electrical resistivity due to a more homo-
geneous distribution of doping metal ions in the wurtzite 
lattice which is favorable for the growth of donor centers.
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