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Multicomponent oxides often have exceptional thermal stability and interesting electronic properties. The
present work presents the thermoelectric and electrical properties of the Ba(Zrg 2Hfg 2Sng 2 Tip 2Feg2)O3_s
and Ba(Zrg 1Hfp 1SN0 1Tip 1C00.1Ce0 1Big 1Fe01Y0.1Zn01)O3_s multicomponent perovskites. Single-phase
cubic perovskites were synthesized using the solid-state reaction method. They were characterized using
X-ray diffraction, drop-solution calorimetry, and thermogravimetry methods. The total electrical conduc-
tivity and Seebeck coefficient measurements were performed in dry and wet air at temperatures between
600 and 1050 K. It was found that Ba(Zrg1Hf1SNo1Tip1C00.1Ce0.1Big1Fe01Y0.1Zn01)O3_s is thermo-
dynamically less stable than Ba(Zrg Hfg 2Sng »Tig 2Feo 2)O3_s. Moreover, this oxide incorporates a higher

Received 10th July 2024, amount of water and exhibits higher conductivity and lower Seebeck coefficient. Charge transport in both
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perovskites can be assigned to the small-polaron hopping process via electron holes. An interesting
temperature dependence of the Seebeck coefficient was found and, at temperatures above 750 K, related
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1. Introduction

The Seebeck effect is a thermoelectric phenomenon in which
the temperature difference applied to a material is converted
into electrical voltage. A system of two materials forming two
junctions having different temperatures may function as a
thermoelectric generator. The thermoelectric voltage, besides
being a potential way of electric energy harvesting through uti-
lizing various heat sources, also provides additional infor-
mation on electronic transport. For instance, in materials con-
ducting predominantly either electrons or electron holes, the
sign of the majority charge carrier may be determined. The
generated thermoelectric voltage value can be negative, which
indicates electron conduction, or positive for materials with a
predominant hole conduction. Moreover, the Seebeck coeffi-
cient and its temperature dependence can give indirect infor-
mation on the structural or electronic disorder."

The studies of oxide thermoelectric materials began in 1997
when Terasaki et al. reported a high positive Seebeck coefficient
of ~100 pv K™* at 300 K in NaCo,0,.> Later, more studies on the
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to hopping between energetically inequivalent states.

thermoelectric properties of oxides, for example ZnO,* doped
SITiO;," doped MgWoO,,> and many other oxides, were
published.®” Recently, multicomponent oxides have been inves-
tigated in terms of their thermoelectric properties. For example,
Gild et al studied oxides based on the (Hfy»5Zr025C€0.25Y0.25)
O,_; fluorite phases. Compared to 8 mol% Y,O;-stabilized ZrO,
(8YSZ), they exhibited lower electrical and thermal conduc-
tivities, likely due to enhanced phonon scattering originating
from the short-range disorder caused by the presence of mul-
tiple cations and lattice strain.® Zhang et al® studied the syn-
thesis and properties of (Cao,Sro,Bag,Lag,Pbg,)TiO;. These
materials exhibited high Seebeck coefficients (272 uwv K* at
1073 K) and low thermal conductivity. Moreover, the Seebeck
coefficient was negative between 323 and 1073 K, indicating
n-type conduction. The maximum thermoelectric power factor
was 0.25 pW (m K*)~" at 1073 K for samples annealed at 1573 K.
Kumar et al.'® examined high-entropy oxide-based wolframites:
(CoCuNiFezZn), _,Ga,W0O,. In (CoCuNiFeZn)WO,, the total
thermal conductivity was significantly reduced (~2.1 W m™ K™)
compared to ~11.5 W m™" K™* for MgWO, due to enhanced
phonon scattering. It was also found that the Seebeck coefficient
and electrical conductivity depend on the Ga doping. These
results show that materials engineering of multicomponent
oxides can significantly enhance their thermoelectric properties.
Though oxides and multicomponent oxides have interesting
thermoelectric properties, they have also one serious drawback

This journal is © The Royal Society of Chemistry 2025
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that hinders their practical applications. Namely, the electrical
conductivity of oxides is usually low which significantly limits
the thermoelectric power factor P (P; = (raz), where ¢ is the elec-
trical conductivity and « denotes the Seebeck coefficient.
Nevertheless, it is not the only factor that determines the suit-
ability of a material for application in thermoelectric devices.
Thermoelectric materials based on metal alloys or intermetallic
compounds usually cannot operate above 600 °C due to struc-
tural decomposition above this temperature. Though ceramic
oxides may exhibit lower electrical conductivity and lower power
factors compared to the commercially used metallic alloys e.g.
Bi,Tes;, PbTe, SiGe, Bi-Sb system, they have higher chemical and
thermal stability. Therefore, oxides are possible to use in waste
heat recovery technology, at temperatures even above 1000 °C at
which alloys and other commonly studied thermoelectric
materials cannot function.

In this work, we report the thermoelectric and electrical
properties of  Ba(Zry,Hf,,Sno,Tig2Fep2)03-s and Ba
(Zro.1Hfo.18n0.1Tip.1C00.1Ce0.1Bio.1Fe0.1Y0.1ZN0.1)O03_s multicom-
ponent perovskites. The temperature dependencies of the
Seebeck coefficient and the total electrical conductivity studied
in dry and humidified air are compared with those of
BaCe.6Z10.,Y0.203_5 and BaCeg 6Zr0.,Y0.1Tbo.105_5.

2. Experimental methods

Polycrystalline samples of nominal compositions Ba
(Zro 2Hfo 2SN 2 Tig 2Feo 2)O3_5 and  Ba(Zry Hf, 1SN0 1 Tip 1C00.1
Cey.1Big 1Fey1Y0.1Zng 1)05_s, as well as BaCe Zr.,Y,,03_5 and
BaCey.6Zro.,Y0.1Tbo.105_5 were synthesized using a solid-state
reaction method. In the text below, Ba(Zr, ,Hf, ,Sn ,Tiy ,Fey »)
0;_s and Ba(Zro 1Hf 1Sn0.1Tig.1C00.1Ceo.1Bio.1Fe0.1Y0.1Z00.1)
0;_; are denoted as MO5 and MO10, respectively. The follow-
ing reagents: BaCOj;, TiO,, Fe,03, HfO,, ZrO,, SnO,, Co30y,,
Ce0,, Bi,03 Y,03, ZnO and Tb,O, with at least 99.9%
purity were used. The precursors in stoichiometric proportions
were ball-milled for 24 hours. ZrO, cups and milling balls
were used, while the rotation speed of the mill was set at 600
rpm. The powders were then calcined at 1223 K for 24 h.
Subsequently, the powders, with the addition of 1 wt% of
PVB were uniaxially pressed (350 MPa) into cuboidal pellets
with a size of 10 mm X 2 mm x 1 mm and sintered in air for
10 h at 1473 K in the case of MO10 and at 1673 K for other
samples in the case of MO5. The lower sintering temperature
applied for MO10 was due to the presence of cobalt in this
sample.

The crystal structure and phase composition were studied
by X-ray diffraction (XRD) using a Phillips X’Pert Pro diffract-
ometer with a Cu K, anode. The XRD patterns were analyzed
using HighScore Plus XRD Analysis Software. The crystal struc-
ture was refined using the Rietveld method. As initial data, the
BaZrO; cubic structure (Pm3m space group) with a = 4.181 A
unit cell parameter (COD 1538369) was used.

Thermogravimetric (TG) analysis was carried out on a
Netzsch STA 449 DSC to study water uptake. Before the TG ana-
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lysis, powdered samples were annealed at 1073 K for 5 h in dry
gas (pu,o ca. 5.0 x 107° atm) to remove water and surface
carbon dioxide. Then they were cooled and kept at 573 K for
2 h and, after that, the gas was switched from dry to wet air
(Pu,o ca. 2.3 x 1072 atm). The samples were humidified for 2 h
and then the gas was switched back to the dry one for another
2 h. The difference between the mass recorded in the dry and
wet atmospheres (Amy; o) enabled the estimation of the molar
protonic defect concentration [OH].

To study electrical properties, four platinum electrodes
were painted on the surface of the pellets and platinum wires
(@ = 0.15 mm) were attached to the electrodes. The electrodes
were heated at 1203 K for 3 h in air. Temperature dependences
of total electrical conductivity measurements were analysed by
electrochemical impedance spectroscopy (EIS) using a Gamry
Reference 3000 impedance analyzer in dry and humidified air
(Pr,0 ~ 107° atm and py o & 2.3 x 10”> atm, respectively). The
measurements were performed in the temperature range
573-1088 K with a step of 50 K. At each temperature, thermo-
dynamic stabilization was achieved after approximately 1 h.
The obtained impedance spectra were analyzed using ZView™
software with a suitable electrochemical model containing
resistors and CPE elements. Different electrochemical models
were used for the MO5 and MO10 samples, due to the
different concentrations of electron holes and oxygen
vacancies in these materials.

The Seebeck coefficient measurements were performed
using the Linseis LSR4 apparatus, modified for measurements
in dry and wet air. The measurements were carried out at
623-1073 K in the configuration presented in Fig. 1. Two elec-
trodes T; and T, enforce a temperature gradient in the sample
located between them, while the T, and T; thermocouples
measure the temperature difference AT and the generated
thermoelectric voltage. The total Seebeck coefficient was calcu-
lated versus platinum using the ratio between the Seebeck
voltage and AT. A temperature difference between T; and T,
was between 8 and 11 K and was maintained over the entire
temperature range.

High-temperature oxide melt solution calorimetry on pre-
dried samples was carried out using a Setaram AlexSYS Tian-
Calvet twin microcalorimeter.'" The calorimeter was calibrated

|
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Fig. 1 Experimental scheme of Seebeck coefficient measurement.
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Table 1 Thermodynamic cycle used for calculations of formation
enthalpies at room temperature

AH
Reaction (kJ mol™)
BaTi, ,Feq ,Hfo 2710 25102055 (S, 298 K) — BaO (dis, AH, = AHgs
1073 K) + 0.1Fe, 05 (dis, 1073 K) + 0.2ZrO, (dis, 1073 K)
+0.2HfO, (dis, 1073 K) + 0.2Sn0O, (dis, 1073 K) +
0.2TiO, (dis, 1073 K)
BaoO (s, 298 K) — BaO (dis, 1073 K) AH,
Fe,0;5 (s, 298 K) — Ln,05 (dis, 1073 K) AH;
ZrO, (s, 298 K) — ZrO, (dis, 1073 K) AH,
HfO, (s, 298 K) — HfO, (dis, 1073 K) AH;
Sno, (s, 298 K) — SnO, (dis, 1073 K) AH,
TiO, (s, 298 K) — TiO, (dis, 1073 K) AH,
BaoO (s, 298 K) + 0.1Fe,05 (s, 298 K) + 0.2ZrO, (s, 298 K)  AHg, ox

+0.2HfO, (s, 298 K) + 0.2Sn0, (s, 298 K) + 0.2TiO,
(s, 298 K) — BaTig sFeq ,Hf( 2210 25N0.203-5 (s, 298 K)
AHg, ox = —AH, + AH, + 0.1AH; + 0.2AH, + 0.2AH; + 0.2AH; + 0.2AH,

against the heat content of a-Al,03 (99.99%). Pressed sample
pellets (~5 mg) were dropped from ambient temperature into
the calorimeter containing the solvent, molten sodium molyb-
date (3Na,0-4Mo00O;), in a silica glass crucible at 1073 K. All
experiments used oxygen bubbling through the solvent at
5 mL min~" to aid dissolution and prevent local saturation of
the solvent. The thermodynamic cycle used to calculate the
enthalpy of formation is described in Table 1.

3. Results and discussion

Fig. 2 presents diffractograms for the MO5 and MO10 samples.
All diffraction maxima correspond to the cubic perovskite struc-
ture of the BaZrO;_; phase with the Pm3m space group. The
unit cell parameters calculated by the Rietveld refinement are
4.1120(2) A for MO5 and 4.1958(1) A for MO10. The unit cell
parameter of Ba(Zr, ,Hf, ,Sn, ,Tig 2Feg 2)03_5 is lower than that

a) MO5
S e data
g — fit
= differential curve
Pm-3m positions
_ a=4.1120(2) A
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of Ba(Zr 1Hfy.1Sn0.1Tip 1C0g.1Ceo.1Big.1Fe0.1Y0.1ZN0.1)05_s Which
is related to a different average ionic radius of the B-cation
(0.655 A and 0.7075 A) in both perovskites.

The SEM-EDS analysis results for the MO5 and MO10
samples are presented in Table 2. The table contains the average
data obtained on 10 measurement spots. The chemical compo-
sitions based on the atomic content of the elements
Bay 34210 21Hf 175100 56 Tip 13F€0230,38 for MO5 and
Bay 42Z10.09H{0.11510.11 Ti0.07C00.10C€0.10Bio.00F€0.10Y0.12Z10.1103 28
for MO10. They were estimated assuming that the entire B
sublattice of the perovskite constitutes a fixed 1 mole of
cations. Since the total maximum error of the sum of B cation

are

Table 2 Quantitative results of EDS analysis collected from 10 different
spots for MO5 and MO10 samples. Measurement uncertainty was deter-
mined as the standard deviation from the mean value

Atomic content (%) Measurement uncertainty (%)

Ba(Zr, ,Hf, >SN, »Tig Fey »)0;3_5 (MO5)

Ba 28.49 0.92

o 50.4 1.4

Zr 4.44 0.23

Sn 5.41 0.36

Ti 2.84 0.39

Fe 4.81 0.68

Hf 3.62 0.37

Ba(Zro 1Hfy 1Sn0.1Tig 1C00.1Ceo.1Big.1F€0.1Y0.1Z10.1)03_5 (MO10)

Ba 25.0 2.8

0 57.5 4.5

Y 2.18 0.55

Zr 1.74 0.51

Bi 1.60 0.32

Sn 1.84 0.63

Ti 1.3 0.6

Ce 1.77 0.71

Fe 1.82 0.45

Co 1.79 0.48

Hf 1.56 0.37

Zn 1.90 0.59

b) MO10

' = ' ' o data
é" fit
differential curve
Pm-3m positions
= a=4.1958(1)A

. . PDF 96-153-2744
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Fig. 2 X-ray diffraction patterns with Rietveld refinement profiles and Miller indices of (a) MO5 and (b) MO10 samples.
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amount is quite high, this is the reason for the apparent
nonstoichiometry in the Ba and O sites. Moreover, the relatively
high measurement uncertainty of EDS (especially when deter-
mining oxygen content) should be taken into consideration.
Nevertheless, the B-cation compositions are close to that
intended during the materials synthesis process. This shows
that the cations were well distributed during the solid-state syn-
thesis and that no cations significantly evaporated during the
synthesis process.

The results of thermogravimetric analysis after the switch
from dry to humid air are shown in Fig. 3. It can be seen that
the mass of both oxides increases in humid air. In the case of
MOS5, the process takes place in one step and the difference in
the mass after the switch is much lower than in MO10. The
mass of the MO10 sample, after the initial rapid increase, con-
tinues to gradually increase at a lower rate. Similar character-
istics of the water uptake are observed in
BaCe 6Z10,Y01Mo10;5_s (M = Tb, Pr, Fe)'* and in double per-
ovskite cobaltite."?

The first rapid step of the mass increase could be inter-
preted as the proton uptake process. In typical proton-conduc-
tors, this occurs as a hydration process involving oxygen
vacancies.”

1
HZO(g> + Vs — 502@ + 20H" (1)

On the other hand, in triple-conducting oxides in oxidizing
atmospheres, the electron-hole concentration is expected to be
quite high. If it is much higher than that of oxygen vacancies,
proton defects form through the hydrogenation reaction
described by eqn (2).">**

. 1 .
H;O(y) + 205 +2h" < EOZ(g) + 20H (2)
L B WET AIR
p= O
s L g o ooooO°°°°°°° s
< o0
o o° o [OH'] = 0.020 mol/imol
S T 2 ° MO10
5 2 %
O
§ | 2 o000
£ 90
o | 2 0000000,
=
kS
et [OH"] = 0.0031 mol/mol

O \AAAANNANNNNNANNNNNNNBNA MO5
A N

AANAAAAAAANANANNBAAN
YaValal
1 " " 1 " " " 1 " n & 1 Y 1 " 1 n "
0 50 100 150 200 250
Time (min)
Fig. 3 Mass change of Ba(Zrg,Hfo2Sno2Tip2Fe02)03_s and Ba

(Zrg.1Hfo.1Sng.1Tip 1C0g.1Cep.1Big 1Fe0.1Y0.1ZN0 1)O3_5 recorded after iso-
thermal switch at 573 K between dry and humidified air.
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Ba(Zr, ,Hfy 2SN 5Tig 2Fe0.2)03-5 and Ba(Zry 1Hfy1Sng.1Tio.1
Coy.1Ceq.1Big.1Feo.1Y0.1Zny 1)03_s in an oxidizing atmosphere,
e.g. in air, similarly to other perovskites containing iron, e.g.
BaZr,_,Fe,0;_5,"> and/or cobalt, e.g. BaC0,Zrgo_xSCo105_5,"°
are expected to contain electron-hole charge carriers. Also,
cerium, titanium, and bismuth have varying oxidation states
contributing to the electronic-type charge carriers. Thus, for
the materials studied within this work, the most probable
scenario is that the hydrogenation process contributes to
proton defect formation which means that the increasing
proton concentration leads to a decrease in electron-hole con-
centration. The nature of the slow increase in the mass
observed in Ba(Zro 1Hf 1Sn0.1Tig.1C0o.1Ce0.1Bio.1F€0.1Y0.1ZN0 1)
0;_; has not been established so far; however, it was proposed
that it may be related to the slow oxidation process."”° A fast
proton defect formation competing with slow oxidation, that is
filling the oxygen vacancies with oxygen, has also been
observed by electrical conductivity relaxation methods. For
example, R. Merkle et al. described this in Fe-doped SrTiO;.>°

To determine the electrical conductivity of the compounds,
impedance studies were performed. Fig. 4 shows an exemplary
Nyquist plot with an electrochemical equivalent circuit used to
analyze the data in the software. In Fig. 5, the temperature
dependencies of total electrical conductivity in the MO5 and
MO10 samples in dry and wet air are presented. Selected elec-
trical properties of the studied materials are collected in
Table 3. The electrical conductivity of the MO10 sample is 5-7
times higher than that of MO5. In wet air, the difference in the
electrical conductivity levels between the samples is similar to
that in dry air. In the studied temperature range and both
atmospheres, the electrical conductivity of MO5 and MO10
increases with increasing temperature which signifies that the
conduction occurs through the thermally-activated processes.
Acceptor-substituted perovskite oxides such as BaZrOs,'°
BaSnO;,>' BaHfO;,>* etc., depending on the atmosphere and
temperature range, are mixed ionic-electronic conductors, with

16000

O data
fit

14000
12000

10000

-Z"(Q)

8000
6000
4000

2000

0

10000
vA(®)

s T
0 5000

Fig. 4 An exemplary Nyquist plot of the MO5 sample, measured in dry
air at 738 K.
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Fig. 5 Temperature dependencies of total electrical conductivity,
shown in Arrhenius-type coordinates, for the MO5 and MO10 materials,
measured in dry and wet air.

oxygen ions, protons, electrons, and/or electron holes as
charge carriers.

In dry atmospheres, the total electrical conductivity can be
then expressed by eqn (3) **

oary = e[h’luy + 2e[Viluy, s (3)

where e denotes the elementary electron charge, [h'] and [V]
are electron-hole and oxygen vacancy concentrations, while uy,
and uy, are their respective mobilities. In the case of substi-
tuted barium zirconate perovskites at temperatures above
room temperature, small-polaron hopping is considered the
predominant transport mechanism.**** In wet air, protonic
conductivity also appears, especially at lower temperatures,
where the protonic defect concentration is high. In this case,
the total electrical conductivity in wet air contains three terms
and can be described as:"

ower = e[h’]py, + 2€[Viluy, + e[OHg ko, (4)

View Article Online
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where OHy, denotes a protonic defect and poy. denotes its
mobility.

Eqn (5) describes the temperature dependence of electrical
conductivity in both ionic*® and small-polaron hopping trans-
port mechanisms:*®

_60 _ Ea
o= e~ ) (5)

where T is the absolute temperature, o,/T is a temperature-
dependent pre-exponential factor, kg is the Boltzmann con-
stant and E, means the activation energy for electrical conduc-
tion. The activation energies of total conductivity for MO5 and
MO10 in both dry and wet air, determined based on eqn (5),
are presented in Table 3. Because of a small change in the
slopes of the log ¢(%) plots around 873 K, the activation ener-
gies below and above this temperature are treated separately.
Within the measurement uncertainty, the activation energies
are similar, regardless of the chemical composition and the
atmosphere. In MO5, above 873 K, the activation energy of con-
duction is slightly lower than that at lower temperatures,
whereas in the MO10 oxide, the difference is negligible.
Moreover, the activation energy of conduction in dry air
observed in MO5 and MO10 is lower than those found for
many other similar perovskites. For example, Zajac et al.
reported 1.05 eV for BaZrge5Gdy0502.075,0. Bohn et al for
BaZroY10,05 found 0.9 eV and 1.1 eV,”® Yang et al in
BaHf, 3, ,0; reported E, equal to be 0.72 eV in dry air*® while
Kim et al. found E, in BaZr; ,Fe,O3_s (x = 0.1, 0.2 and 0.33)
respectively to be 0.9, 1.1 and 0.3 eV in dry oxygen.*’ Our
previous studies of high-entropy oxides showed activation
energies in dry air for BaZr,,Sng,TipHf;,Cep203-s,
BaZr 5Sn.5Tip2Hf 2 Y0.205_5, BaZrg 155n.15Tig.15Hfo.15Ce0.15Nbg 15
Y0.103-s and BaZry;;Sny;;Tiy;;Hf;;Ce1;Nby/7Y1/70;5_5 between
0.98 and 1.55 eV in dry air.>* We believe that lower activation
energy of conduction in Ba(Zr,,Hf, ,Sng ,TigFey,)05_5 and
Ba(Zr, 1Hf 1Sn.1Tip.1C001Ceo 1Big 1Fe 1Y0.1Z1ng 1)03_5 in com-
parison to barium zirconates substituted with only RE
elements is related to the higher content of multi-valent
cations e.g. Fe, Co, Ce, Ti, and Bi.

Table 3 Values of conductivity, activation energies, E,, of conduction in dry and wet air, protonic defect concentrations, Seebeck coefficients, and
estimated values of the thermoelectric transport activation energy Es, hopping energy Wy, and polaron formation energy E, in MO5 and MO10

Ba(Zro ,Hfj 2Sn0.2Tig 2F€.2)05_5

Ba(Zr,.;Hfy.1Sn¢.1Ti.1Coo.1Ceo.1
Big.1Feo.1Y0.1ZN0.1)05-5

Wet air Dry air Wet air Dry air
6 (873 K),Scem™ 2.1x107* 2.5x107* 1.26 x 1073 1.31x 1073
(1083 K), Sem™" 59%x107* 6.6 x107* 3.85x107° 4.5x107°
E, below 873 K, eV 0.57(2) 0.55(2) 0.54(2) 0.52(4)
E, above 873 K, eV 0.49(2) 0.48(2) 0.52(2) 0.51(4)
[OH] at 573 K, mol/mol 0.003 — 0.02 —
Eg below 873 K, eV 0.094(15) 0.015(8) 0.019(5) 0.015(5)
Wy below 873 K, eV 0.48(4) 0.54(3) 0.52(3) 0.51(5)
E, below 873 K, eV 0.96(8) 1.08(6) 1.04(6) 1.0(1)
a (~873 K), pV K" 420 360 100 100
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Similar values of activation energies observed for both
materials in dry and wet air suggest two conclusions. The first
is that the differences in the numbers and types of elements in
Ba(Zr, ,Hf »Sn¢ 2 Tip 2Feo 2)O03-5 and Ba(Zry 1Hf, 1Sng 1 Tip 1C0g 1
Cey.1Big Fep1Y01Zny1)0;5_5 do not significantly affect the
potential barrier heights for charge carrier hopping, while the
second is a weak influence of the humid atmosphere on the
total conductivity. The difference in electrical conductivity
between the MO5 and MO10 samples probably originates from
the difference in their chemical compositions. The MO10 con-
tains about twice higher acceptor constituent content than
MOS5, which results in a higher charge carrier concentration.

In the MO5 and MO10 oxides in humid atmospheres proto-
nic defects form (Table 3), but the effect of water uptake on elec-
tric transport is not strong. In both samples, the electrical con-
ductivity in dry air is higher than that in humid air. The proton
defect formation decreases the concentration of electron holes,
and the mobility of the holes is higher than that of protonic

View Article Online
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defects.>” This may explain the lower observed level of electrical
conductivity in wet air than in dry air in both materials. The
difference between the conductivities in dry and humid air is
small and decreases with increasing temperature reflecting a
decreasing concentration of protonic defects.

Temperature dependences of the Seebeck coefficient are pre-
sented in Fig. 6. For comparison, Fig. 6¢c shows the temperature
dependence of the Seebeck coefficient in dry air also for
BaCey 6Z192Y0203-5 (BCZY) and BaCe¢Zrp,Y0.1Tbo103-5
(BCZYTDb).>*** BCZY and BCZYTb are materials that exhibit a
high protonic conductivity; however, in oxidizing atmospheres
such as dry air, the contribution of electron hole conductivity is
also high."”** All four oxides show positive Seebeck coefficient
values, which confirms that the charge carriers taking part in
the transport are electron holes and oxygen vacancies.®>®
MO5 exhibits a much higher value of the Seebeck coefficient,
about ~360 pV K™' at 350 °C, whereas, for the MO10 sample,
this value is over three times lower (~115 pv K™%).

a) b)
€50{ o Dyar MO5 < MO10 @ Dryair
> . 2 1154 — 0 Wet ai
Z480] —0O— Wet air = Y et air
= =
8 460- ot g
& & 110
5 440 G 5
% 420 3 < ‘ \
3] 00 P 1o} ° 9o
Q4004 e e 5 1057 N 0
® ° o ) o
3 360- s o0
P30{ @@ o9 2 100+ )
340 T T T T T T T T T T T ¥ T L T
600 700 800 900 1000 1100 500 600 700 800 900 1000 1100
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900
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Fig. 6 Comparison of the temperature dependencies of the Seebeck coefficient for (a) MO5 and (b) MO10 samples measured in dry air as well as
well-known protonic conductors — (c) BCZY and BCZY doped with terbium.
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Such a difference persists throughout the entire studied
temperature range. It may be explained by a typical decrease of
the Seebeck coefficient with increasing charge carrier concen-
tration. As proposed above, a higher conductivity in MO10 is
related to a higher content of multi-valent cations in compari-
son to MO5. Assuming that the ratio of the conductivities of
both oxides, omo10/0Mmos, Which is between approximately 5
and 7, originates mainly from higher electron hole concen-
tration in MO10, it might explain the difference between the
Seebeck coefficients (anpos/amo10 1S about 4). However, we
believe that this requires more studies.

The values of the Seebeck coefficient obtained for the MO5
and MO10 samples were compared with the values for various
oxides with a perovskite structure. For example, Mubashir
et al. obtained a value of about 200 pv K™ at 600 K in
undoped BaZrO;,*® Al Azar et al. achieved a slightly higher
value for such a compound by substituting Hf instead of Zr
and reached approximately 250 pv K™* at the same tempera-
ture.*® Jalan et al. reported a large Seebeck coefficient in thin
SITiO; films as high as ~500 pv K™', however at room
temperature.*!

Both Ba(Zr, ,Hf, »Sn, »Ti 2Feo2)03_s and Ba(Zr,;Hfp 1Sng 4
Tiy.1C00.1Cep.1Big1Fey1Y0.1Zny1)05_5 oxides show qualitatively
similar temperature dependences of the Seebeck coefficients.
Below approximately 823 K, the Seebeck coefficient decreases
with increasing temperature, and then, after reaching a
minimum, it begins to increase with increasing temperature.
An increase of a with temperature is also observed in
BaCe(Zr,Y0203_5s and BaCe(¢Zry,Yo1Tbo105_s. On the
other hand, in BaZrO; and Ba(Zr, Y)O; which do not contain
multi-valent cations, the Seebeck coefficient decreases with
increasing temperature.*> In hopping conduction, the
expression describing the temperature dependence of the
Seebeck coefficient is the sum of two terms (eqn (6)).

a = (TAS +Er)/qT (6)

The first term includes the average change of the entropy
(AS) of the material when a charge carrier is injected into it,
while the second one is proportional to the average vibrational
energy Er transported by a hopping charge carrier of the
charge ¢.** In many oxides with a polaron hopping conduc-
tion, a decrease of a with temperature is observed,**** so only
the first term is considered as significantly influencing temp-
erature dependence of the Seebeck coefficient. For these
materials, @ may be described by the Mott formula (eqn (7)):*®

k Eg ,

~rale ) 7
where e denotes an elemental charge of an electron; Eg is a
thermoelectric transport activation energy (the generation
energy of the charge carriers) and ' is a constant of proportion-
ality between the heat transfer and the kinetic energy of the
charge carriers. On the other hand, in materials in which the
hopping conduction occurs between energetically non-equi-
valent states, the second term in eqn (7) becomes important. If

2000 | Dalton Trans., 2025, 54,1994-2004
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the distribution of these states is relatively broad, which may
be expected in materials composed of different cations occupy-
ing the same lattice sites, averaging of this term leads to a con-
tribution to the Seebeck coefficient which increases linearly
with temperature: (k/q)(8CkT), where the C constant depends
on the number of nearest neighbours, the intersite transfer
energy, and the small-polaron binding energy.>* For instance,
the Seebeck coefficient increasing with temperature was
observed in Y;_,M,CrO; (M = Mg, Ca, Sr, and Ba) perovskites,*®
boron carbide,** and many organic materials.*” Summing up,
we propose that below 823 K the Seebeck coefficient of MO5
and MO10 decreases with increasing temperature following
eqn (7), while above that temperature the polaron hopping
between energetically disordered states causes a to increase
with temperature. It is currently difficult to explain why the dis-
order being higher concerning kT at lower temperatures affects
the thermoelectric properties more strongly at higher tempera-
tures, though at a temperature at which the minimum of the
Seebeck coefficient is observed, also a subtle change in the acti-
vation energy of conduction occurs. A hypothesis that could
explain this is that at lower temperatures not all sites are avail-
able for polaron hopping. The results of DFT calculations per-
formed for BaZrO;,"® BaCeO;,"® BaTiO;,°° and BaSnO;*! per-
ovskites show that the hole-polaron self-trapping energy
(between 0.05 and 0.20 eV) is much lower than the energy of
hole polaron trapping by acceptor dopants (between 0.3 and
0.8 eV). Values of trapping energies and the extent of polaron
localization depend on the chemical nature of an acceptor and
its concentration,*® which makes the situation in the multi-
component perovskites even more complex with possibly a
wide distribution of polaron trapping energies. As a result, in
the lower temperature range, polarons trapped in deep traps
may be immobile, simultaneously excluding these states from
the charge transport. Nevertheless, to validate that, calculations
should be performed.

At lower temperatures, eqn (7) allows the determination of
the thermoelectric transport activation energy (Es). The values
based on the temperature dependence of a are between 15 and
90 meV (Table 3). Such low values were also observed in other
oxides; for example, Jibri et al. found thermoelectric transport in
LaCrO; with activation energy as low as 2-5 meV.>” The values of
Eg are much lower than the activation energies for conduction,
agreeing with the small-polaron transport mechanism."**?

The activation energy for hopping conduction (E,) is a sum of
the energy required for generating a charge carrier - Eg, the energy
required for polaron hopping toward an adjacent site — Wy, and
the electron transfer integral - J. It is presented by eqn (8):

Ea=Es+ Wy —J (8)

Neglecting the electron transfer integral J (usually much
lower than E, and Es) enables the extraction of energy required
for polaron hopping Wy:

WH == Ea - ES (9)

This journal is © The Royal Society of Chemistry 2025
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This equation also enables the calculation of the polaronic
defects formation energy as:

Ep =2Wy (10)

where E, stands for polaron binding energy.>

It can be seen that the polaron hopping energy and the
energy of polaron formation (Table 3) found for both oxides,
in particular in dry conditions, are similar. The physical
meaning of E, is the difference between electron hole polaron
band localized states and the conduction band, which in the
studied materials is mostly related to the B-cation 4d and 4f
states.>®3”

In a wet atmosphere, temperature dependences of the
Seebeck coefficients of both oxides are similar to those in dry
air; however, an interesting difference between the character-
istics of MO5 and MO10 may be seen. The MO5 sample
behaves as expected for a mixed electron hole and proton con-
ductor: the values of a in wet air are higher than those in dry
air, with the difference becoming smaller with increasing
temperature. A higher Seebeck coefficient in wet air is related
to a lower concentration of electron holes since the proton
defect formation by the hydrogenation process occurs at the
expense of electron holes (eqn (2)). At high temperatures the
concentration of proton defects is very low, so the Seebeck
coefficient becomes equal to that in dry air. In contrast to
MOS5, the Seebeck coefficient of the MO10 sample in wet air
changes in an unexpected way. In particular, lower values of a
in wet air compared to those in dry air below 773 K and higher
above this temperature are intriguing. Knowing that the water
uptake of MO10 is almost an order of magnitude higher than
that of MO5, one would expect a large decrease in the electron
hole concentration resulting in higher a. Since we observe
both lower @ and lower hole concentration, this suggests that
the proton defects in this material influence not only the elec-
tron hole concentration but also the material properties as a
medium in which thermoelectric transport occurs. It should

a
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be also noted that the water uptake of MO10 proceeds with a
different kinetics than in MO5, that is with a continuous mass
increase occurring after the first abrupt step.

Fig. 7 presents the temperature dependencies of power
factor (PF) for samples MO5 and MO10. As can be seen, no sig-
nificant differences were observed between measurements
taken in dry and wet air.

A notable difference between PF values was observed
between the analysed materials. For example, at 1038 K the
MO5 sample has a value of ~10 nW m~" K2 while at the same
temperature, a sample with 10 components in the B-sublattice
has a value of 3.3 nW m™" K. Specifically, the power factor of
MO5 is over three times higher than that in MO10. This can be
attributed to the about four times higher Seebeck coefficient
of the MO5 sample in comparison to the MO10. It is visible
that both samples demonstrate relatively low PF values. Many
oxides present much higher values of PF than those obtained
in this work. For example, Van Nong et al. presented materials
from the group of Ca, 9;R0,00C0,06 (R = Gd, Tb, Dy, and Ho)
with PF values 1.95 x 10> and 2.9 x 107> W m™" K™ at 1100 K

Table 4 Enthalpies of drop solution (AHg4) in sodium molybdate
solvent at 1073 K used for calculations

Oxide AHg (k] mol™)

BaO —176.48 + 3.48 (ref. 56)
Zr0, 29.20 + 1.2 (ref. 57)
TiO, 73.74 + 0.48 (ref. 58)
Sno, 52.85 + 0.21 (ref. 59)
HfO, 23.90 + 1.1

In,03 12.23 + 1.03 (ref. 59)
ZnO 20.68 + 0.7 (ref. 60)
Y,03 —116.34 + 1.21 (ref. 61)
Fe,03 115.92 + 1.57 (ref. 62)
Bi,0; 8.01 + 0.53 (ref. 59)
CeO, 76.78 £ 0.75 (ref. 63-65)"

“Recalculated from 973 K including the heat content difference.
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Fig. 7 The power factor values for (a) MO5 and (b) MO10 samples, calculated for dry and wet air.
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Table 5 Enthalpies of drop solution (AHys) in sodium molybdate solvent at 1073 K used for calculations and enthalpies of formation from oxides

(AHs, ox) at room temperature for studied materials

Sample

AHy, (k] mol™) AH; o (k] mol™)

Ba(Zr, ,Hf »Sng 2 Tip 2Feg 2)03_5 (MO5)
Ba(Zro 1Hfy.1Sn.1Tig.1C0p.1Ceo.1Bio.1Feq.1Y0.1ZNg.1)O03—5 (MO10)

for the undoped and Ho-doped samples, respectively.”* The
values of power factor in oxides can be even higher, as 18.9 x
107* W m™" K™ at ~1100 K for 10% Ag-doped NaCo0,.”>

To study the energetic stability drop solution calorimetry
was applied. Table 4 presents the measured drop solution
enthalpy values.

Table 5 presents the drop solution and formation enthal-
pies from binary oxides of the studied materials. Following our
previous studies,®” the currently studied composition shows
the same trend with a lowering of thermodynamic stability
with the increasing chemical complexity of the compound.

Moreover, the value obtained for the 5-cation MO5 sample
overlaps the previously obtained values for other 5-cation com-
positions, which range from —-102.06 + 6.27 to —114.25 +
6.31 kJ mol™. For the sample with 10 cations the values of
enthalpy of formation from oxide (—68.7 + 0.54 k] mol ') are
more exothermic than that for previously studied
BaZr, 1Hfj 151 1Tip1Ce.1Y0.1SMg 1Ing 1Zng 1Yby 10, (—58.66 +
6.49 kJ mol™), reflecting slightly higher stability of the cur-
rently studied material. This shows that in the case of complex
oxides, it is the chemical composition that determines the
thermodynamic stability rather than the number of elements
by itself. In the current study, the relative basicity of constitu-
ent oxides is different from that for previously reported compo-
sitions. The governing principles of the role of high chemical
complexity on the thermodynamics of oxides have to be estab-
lished by further studies.

4. Conclusions

Electrical and thermoelectric transport properties of single-
phase,  polycrystalline  multicomponent  oxides  Ba
(Zro 2Hfo 2SN 2 Tig 2Fe.2)O3_s (MO5) and Ba
(Zro.1Hfo.15n0.1Tip.1C00.1Ce0.1Big.1Fe€0.1Y0.1ZN0.1)O03-5 (MO10)
cubic perovskites were studied.

MO5 is thermodynamically more stable than the MO10
oxide, with the enthalpies of formation from oxides of —114.22
+ 6.16 and —71.68 + 6.23 k] mol™", respectively. In humid air,
proton defects form in both oxides. The proposed water
uptake reaction in MO5 and MO10 materials is hydrogenation
with the consumption of electron holes. MO10 incorporated
more water than MO5. Moreover, the water uptake of MO10
proceeded in a different way than in MO5, that is with a con-
tinuous mass increase occurring after the first abrupt step.

Electrical conductivity in MOs shows a thermally activated
mechanism in the atmosphere of dry and wet air, character-
istic of compounds based on Ba(Ce, Zr)O;. A dominant

2002 | Dalton Trans., 2025, 54, 1994-2004

—14.73 £ 0.25
—68.7 £0.54

—-114.22 £ 6.16
—71.68 £ 6.23

mechanism of conduction in these materials is the transport
of small hole polarons. The conductivity of Ba
(Zro1Hf, 1SN 1 Tip 1C0p.1Ce0.1Big.1Feo.1Y0.1Zng 1)O03-5s Wwas 5-7
times higher than that of Ba(Zr,,Hf,,Sng,Tip2Feo2)0s3-5
which can be explained by a higher concentration of electron
holes. A small effect of py,o on charge transport is observed in
both studied oxides.

The Seebeck coefficient is positive in both ceramics, con-
firming electron-hole transport. A higher charge carrier con-
centration in the MO10 sample results in a much lower
Seebeck coefficient than MO5. The temperature dependence of
the Seebeck coefficient is discussed. It was interpreted as
related to the small polaron hopping between energetically
inequivalent states.
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