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Abstract−The high-temperature thermal expansion and electrical conductivity of the T*-phase cuprates
La1.2 – xSrxTb0.8CuO4 ± δ (x = 0, 0.05) were studied for the first time with the goal to evaluate their applicabil-
ity as cathode materials for solid-oxide fuel cells. According to dilatometry data, the thermal expansion coef-
ficients (TECs) of the oxides in air in the temperature range of 303–1123 K were 12.2 (x = 0) and 12.7 ppm
K–1 (x = 0.05). A study of high-temperature crystal structure of La1.2Tb0.8CuO4 ± δ revealed anisotropy of
TEC along crystallographic axes (TEC(c)/TEC(a) = 1.35). Analysis of high-temperature electrical conduc-
tivity of the cuprates at various oxygen partial pressures showed that holes are the main charge carriers. The
conductivity at 973 K in air was 0.3–0.6 S/cm. A possible reason for relatively low conductivity is the forma-
tion of Tb4+ cations at high temperature, which act as traps for main charge carriers. The results of this study
indicate that La1.2 – xSrxTb0.8CuO4 ± δ may have only limited applicability as the cathode material in SOFC,
for example, as thin film functional coatings.
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INTRODUCTION
Complex 3d-metal oxides with perovskite-like

structure attract considerable attention in view of their
possible practical use as electrode materials for various
high-temperature electrochemical devices such as
solid oxide fuel cells (SOFCs) [1–5]. Among the
oxides that meet the requirements to cathode materi-
als for intermediate-temperature SOFCs operating in
the 500–800°C range, the of most interest are per-
ovskites containing late 3d metals (Fe, Co, Ni, and
Cu). This is due to their high oxygen-ion conductivity,
which increases the cathode productivity in the inter-
mediate temperature range [3].

Recently, the layered cuprates Ln2CuO4 with the
perovskite-like structure have been studied as cathode
materials for intermediate-temperature SOFCs [6–
16]. Among the studied compounds, of considerable
interest is Pr2CuO4, which has a simple chemical com-
position and combines low thermal expansion coeffi-
cient (TEC) (11.8 ppm K–1) with high total electrical
conductivity (∼100 S/cm at 1173 K) [6]. This oxide,
however, has a relatively low oxygen-ion conductivity,
which is due to the presence of compressed Pr2O2 f lu-
orite block in its crystal structure (T'-phase) [6].
Meanwhile, La2CuO4 with the K2NiF4 structure
(T-phase), which contains a block with the rock salt
structure, has a several orders of magnitude higher

oxygen-ion conductivity, but has a low total conduc-
tivity (∼15 S/cm at 1273 K), which virtually does not
depend on temperature [17]. Among the cuprates
(A,A')2CuO4 – δ, containing two A cations of different
size, there are phases (T*-phases) that contain simul-
taneously rock salt and fluorite blocks in the crystal
structure (Fig. 1). Such compounds are known, in
particular, among the cuprates Pr2 – xSrxCuO4 – δ (x =
0.3, 0.4) [18]. A study of the high-temperature proper-
ties of these oxides demonstrated that they have
acceptable electrical conductivity in air (∼34 S/cm at
993 K for Pr1.6Sr0.4CuO4 – δ) and higher oxygen-ion
conductivity than Pr2CuO4; this is attributable to the
presence of rock salt block in their structure [19]. It
deserves mention that the presence of Sr2+ ions can be
a drawback of these phases as cathode materials for
intermediate-temperature SOFCs. These cations may
induce increased reactivity on contact with the SOFC
electrolyte based on the acidic oxide Zr0.84Y0.16O1.92
(8YSZ). Among cuprates, there are also oxides that
crystallize as the T*-phases and contain only rare
earth metals as A cations. These phases include
La2‒xTbxCuO4 (x = 0.6–0.8) and La2 – xDyxCuO4 (x =
0.8–0.9) [20].

The purpose of this study is to synthesize cuprates
La1.2 – xSrxTb0.8CuO4 ± δ (x = 0 and 0.05) as T* phases
and to study their high-temperature physicochemical
754
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Fig. 1. Crystal structure of the T*-phase. The designations
of atoms are given for La1.2Tb0.8CuO4 ± δ. The red polyhe-
dra are the CuO5 tetragonal pyramid. Oxygen atoms are
marked in blue, La atoms are in green, and Tb/La are in
brown.
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properties, in particular, thermal expansion and elec-
trical conductivity.

EXPERIMENTAL

The samples of La1.2 – xSrxTb0.8CuO4 ± δ (x = 0 and
0.05) were synthesized by the citrate method accord-
ing to a reported procedure [20]. For this purpose, an
aqueous solution obtained by dissolving stoichiomet-
ric amounts of La2O3 (99.999%), CuO (99.999%), and
Tb4O7 in hot concentrated nitric acid and Sr(NO3)2
were added to a citric acid monohydrate melt C6H8O7⋅
H2O (50-fold molar excess). Prior to use, lanthanum
oxide was annealed in air at 1173 K for 12 h in order to
decompose carbonates formed upon long-term stor-
age in air. The resulting mixture was evaporated in a
porcelain dish on a gas burner until a thick caramel-
like mass formed. The precursors obtained in this way
were calcined at 923 K for 12 h. Then the powders were
triturated in acetone in an agate mortar, pressed into
pellets, and calcined in a tubular furnace in an oxygen
flow at 1273 K for 48 h; the heating rate was 1 K/min.
Then the pellets were triturated and pressed once
again and calcined for 3–4 more times.
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Powder X-ray diffraction study of polycrystalline
samples was carried out at room temperature using a
Huber G670 Guinier camera (CuKα1 radiation, λ =
1.5406 Å, Image Plate detector) and a Bruker D8-
Advance diffractometer (CuKα radiation, λ = 1.5418 Å).
The results were analyzed resorting to the ICDD
PDF-2 database. The unit cell parameters were
refined using the STOE WinXPOW program package.

High-temperature X-ray diffraction was used to
study the temperature dependence of the unit cell
parameters of La1.2Tb0.8CuO4 ± δ in the temperature
range of 298–1073 K. The X-ray diffraction patterns
were measured on a Bruker D8-Advance diffractome-
ter equipped with a high-temperature XRK Anton
Paar chamber (Germany). The crystal structures of
the obtained compounds were refined using the
TOPAS program package.

Thermomechanical measurements and determina-
tion of thermal expansion coefficients were performed
using a NETZSCH DIL 402C dilatometer. The
instrument was calibrated using a reference standard
(reference material representing a 4.72 mm sapphire
rod). The samples were formed as pellets with plane
parallel faces. The pellet diameter was ≤6 mm and the
pellet height was 4.5 to 5.5 mm. The measurements
were carried out in a static air atmosphere in the tem-
perature range of 303–1123 K at a heating rate of
5 K/min and under a 20 cN load. The results were
treated using the Proteus Analysis software.

Thermogravimetric experiments were carried out
using a Netzsch STA 449C thermal analyzer in an arti-
ficial air (20% O2, 80% Ar) and in Ar/H2 (8%) in the
temperature range from 298 to 1073 K at a heating rate
of 10 K/min.

The electrical conductivity of ceramic samples was
measured by the four-probe method with direct cur-
rent using a P-30S potentiostat (LLC Elins, Russia).
The measurements were carried out at cyclic potential
sweep from –100 to +100 mV at a rate of 20 mV/s in
the temperature range from 373 to 1173 K in air, with
the oxygen partial pressure being varied from 0.21 atm
to 2 × 10–4 atm. The samples for measurements repre-
sented densely sintered cylindrical ceramics (8 mm in
diameter and ~12 mm in height). The potential con-
tacts were formed on the lateral surface of the sample
with platinum paste. The electrical contacts were
arranged by depositing the platinum paste on the end
surfaces of the cylinder. After that, the sample was
dried at 373 K for 1 h and then calcined at 1173 K for
5 h for complete removal of the organic components
of the paste. The temperature was monitored using a
Pt–Pt/Rh thermocouple located near the sample.
The partial oxygen pressure was determined by a poten-
tiometric oxygen sensor based on stabilized ZrO2.
l. 67  No. 6  2022
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Fig. 2. Temperature dependences of the relative expansion
of (1) La1.15Sr0.05Tb0.8CuO4±δ and (2) La1.2Tb0.8CuO4±δ
in air.
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RESULTS AND DISCUSSION

The X-ray diffraction patterns of
La1.2 ‒ xSrxTb0.8CuO4 ± δ (x = 0 and 0.05) were indexed
in the tetragonal system, space group P4/nmm, with
the unit cell parameters a = 3.862(3) Å, c = 12.426(1) Å
for La1.2Tb0.8CuO4 ± δ and a = 3.866(2) Å, c =
12.466(3) Å for La1.15Sr0.05Tb0.8CuO4 ± δ. It is known
from the literature that the T*-phase can contain both
oxygen vacancies and superstoichiometric oxygen
located in tetrahedral interstices of the rock salt block
[20]. In this study, the exact content of oxygen in the
cuprates was not determined; however, since we
reproduced the reported synthesis [15], the oxygen
composition of the product can be assumed to be also
nearly stoichiometric: La1.2Tb0.8CuO4.05(3) and
La1.15Sr0.05Tb0.8CuO4.01(4).

High-Temperature Thermal Expansion

Figure 2 shows the temperature dependences of the
relative elongation of La1.2 – xSrxTb0.8CuO4 ± δ samples
(x = 0 and 0.05). Both compositions showed almost
linear thermal expansion in the temperature range of
interest. The obtained linear TECs were similar,
amounting to 12.2 ppm K–1 for La1.2Tb0.8CuO4 ± δ and
12.7 ppm K–1 for La1.15Sr0.05Tb0.8CuO4 ± δ. They were
comparable with TECs of standard SOFC electrolytes
based on stabilized zirconium dioxide 8YSZ (10.8 ppm
K–1 [21]) and doped cerium oxide Ce0.8Gd0.2O1.9
(20GDC, 12.8 ppm K–1 [22]). It is noteworthy that the
dilatometric curves did not show a sharp chemical
expansion effect, which is manifested as an increase in
TEC with temperature and is mainly related to the loss
of a part of oxygen by the oxide. This type of behavior
is inherent, for example, in the cuprates Pr2 – xSrxCuO4 – δ
(x = 0.3, 0.4) with T*-structure [21]. The absence of a
sharp chemical expansion effect in the case of cuprates
La1.2 – xSrxTb0.8CuO4 ± δ (x = 0, 0.05) is, most likely,
due to the fact that the oxidation state of Cu cations in
them is close to +2, which considerably hampers the
loss of oxygen with temperature rise.

The crystal structure of La1.2Tb0.8CuO4±δ at various
temperatures was refined by the Rietveld method
using the high-temperature powder X-ray diffraction
data obtained in air in the temperature range of 298–
1173 K. As the initial atomic coordinates, reported data
were used [20]. Figure 3 shows the temperature depen-
dences of the unit cells a and c of La1.2Tb0.8CuO4 ± δ. The
calculated TEC values along the a and c crystallo-
graphic directions were 11.7 and 15.8 ppm K–1, respec-
tively. Thus, the phase demonstrated the TEC anisot-
ropy with the coefficient TEC(c)/TEC(a) = 1.35. The
linear TEC calculated from the temperature depen-
dence of the unit cell volume as V 1/3 was 13.0 ppm K–1,
which is similar to the TEC value derived from the
results of dilatometry (12.2 ppm K–1).
RUSSIAN JOURNAL O
Apart from the calculation of TEC values, the tem-
perature dependences of the key interatomic distances
in La1.2Tb0.8CuO4 ± δ were also analyzed (Fig. 4). In
view of high errors in determination of oxygen atom
positions from X-ray diffraction data, it is reasonable
to discuss only the trends in the variation of distances
between the cations and oxygen ions in the crystal
structure of La1.2Tb0.8CuO4 ± δ. The most pronounced
expansion with temperature increase was observed for
the Cu–O(2) bond (55(2) ppm K–1), which corresponds
to the distance between the copper cation and the axial
oxygen atom in the CuO5 pyramid and for the Tb–
O(1) bond (40(2) ppm K–1) corresponding to the dis-
tance between the Tb cation of the f luorite block and
the O1 oxygen atom of the CuO2 layer located above
the cation (Fig. 1). It is of interest that owing to the
very fast increase in the Cu–O(2) bond length, the
bond length between the La cation, which belongs to
the rock salt block, and the same O2 atom, conversely,
rapidly decreases with temperature increase
(TEC(La–O(2)) = –29.4 ppm K–1). This type of
behavior is often characteristic of other T-phase
oxides, e.g., Pr1.25Sr0.75Cu0.25Co0.75O4 – δ [23]. Mention
should also be made of the fast increase in the Tb–O(1)
bond length (Fig. 4c) with temperature. It is known
from the literature that T'-phase cuprates have short
R–O bonds within the R2O2 f luorite block, resulting
in slight elongation of these bonds as the temperature
increases. Meanwhile, long bonds between the cation
R and oxygen atoms of the CuO2 layer show more pro-
nounced elongation with temperature. For example,
in Sm2CuO4, these bonds are ∼50% longer than bonds
within the f luorite block [6]. In the case of cuprate
La1.2Tb0.8CuO4 ± δ, these bonds differ by a factor of 3.7
(Figs. 4c and 4d). A probable reason is the variable
oxidation state of Tb cations, which may affect the
chemical nature of the Tb–O bond.
F INORGANIC CHEMISTRY  Vol. 67  No. 6  2022
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Fig. 3. Temperature dependence of the unit cell parameters (a) a and (b) c of La1.2Tb0.8CuO4±δ.
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High-Temperature Electrical Conductivity

The temperature dependences of the electrical
conductivity for La1.2 – xSrxTb0.8CuO4 ± δ (x = 0, 0.05)
in air are depicted in Fig. 5. They obey the modified
Arrhenius equation for the thermally activated behav-
ior taking account of the fact that charge carriers in
these compounds are small radius polarons:

(1)

where T is the absolute temperature; k is the Boltz-
mann constant; A is the pre-exponential factor; and Ea
is the activation energy.

The electrical conductivity of both compounds
shows a semiconductor behavior over the whole tem-
perature range used under a partial oxygen pressure. At
~673 K, the slope of conductivity plots decreases,
which is accompanied by a decrease in the activation
energy (Ea) from 0.46 to 0.35 eV and from 0.41 to 0.31
eV for La1.2Tb0.8CuO4 ± δ and La1.15Sr0.05Tb0.8CuO4 ±δ ,
respectively. A somewhat higher conductivity of the
Sr-containing material (at 973 K, 0.28 S/cm for
La1.2Tb0.8CuO4 ± δ and 0.56 S/cm for
La1.15Sr0.05Tb0.8CuO4 ± δ) is apparently due to the het-
erovalent replacement of La3+ cations by Sr2+, which
leads to increasing concentration of hole charge carri-
ers ( ) according to the following quasi-chemical
equations:

(2)

(3)

σ exp ,aET A
kT

 = − 
 

h•

••

+

⎯⎯⎯⎯⎯→ + + +2 4La CuO
La Cu O O

2SrO CuO

2Sr Cu 3 ,' x xO V

O 2 O
1 (g) 2 ,
2

xV O O h•• •+ → +
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where  is a strontium atom in a regular lanthanum
position,  is a copper atom in a regular position,

 is an oxygen atom in a regular position,  is an
oxygen vacancy.

In order to find out the nature of charge carriers in
the cuprates La1.2 – xSrxTb0.8CuO4±δ, we studied the
temperature dependence of electrical conductivity at
various partial pressures of oxygen (Fig. 6). It should
be noted that the conductivity of samples slightly
increased with increasing partial pressure of oxygen.
This implies that the main charge carriers in these
compounds are holes located on copper ions ( ):

(4)

The presence of oxygen vacancies may be due to
oxygen loss both with temperature rise and due to a
decrease in the partial pressure of oxygen in the gas
phase. In the case of Sr-containing material, the for-
mation of oxygen vacancies is also due to the heterov-
alent replacement of lanthanum cations by strontium
cations (equation (2)).

It is noteworthy that up to 973 K, the temperature
dependences of conductivity of La1.2Tb0.8CuO4 ± δ fol-
lowed similar patterns upon the variation of the partial
oxygen pressure. However, at higher temperature, the
electrical conductivity almost did not depend on pO2.
For La1.15Sr0.05Tb0.8CuO4 ± δ, the temperature depen-
dences of the conductivity changed in parallel with
changes in the partial oxygen pressure.

In order to analyze the variation of the electrical
conductivity as a function of pO2 in more detail and to
establish the mechanism of interaction of gas-phase
oxygen with the solid, we plotted the conductivity iso-
therms in log-log coordinates (Fig. 7). The logσ–

LaSr'

CuCux

OOx
OV ••

CuCu•

Cu O 2 Cu O
12Cu O (г) 2Cu O .
2

x xV •• •+ + → +
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Fig. 4. Temperature dependences of the main interatomic distances in the crystal structure of La1.2Tb0.8CuO4 ± δ. The atom des-
ignations are the same as in Fig. 1. 
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Fig. 5. Temperature dependences of the electrical conduc-
tivity of La1.2 – xSrxTb0.8CuO4 ± δ (x = (1) 0 and (2) 0.05)
in air.
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log( ) plots were linear. In the case of
La1.2Tb0.8CuO4 ± δ (Fig. 7a), the slope in the tempera-
ture range of 373–873 K was ~1/4. This behavior

 may correspond to oxygen insertion into the

vacant oxygen sites in the oxygen sublattice, according
to equation (3) [24].

The temperature rise from 873 to ~1023 K leads to
a decrease in the slope of the conductivity isotherms to
~1/6; as a result, oxygen insertion from the gas phase
into the crystal lattice may be due to the formation of
interstitial oxygen [25]:

(5)

Further temperature increase to 1173 K levels off
the dependence of the conductivity on pO2. A possible
cause is partial transfer of Tb cations from +3 oxida-
tion state ( ) to +4 oxidation state ( ):

2Op

2

1
4
Op

 
σ∞ 
 

2
1 O ( ) O" 2 .
2 iг h•⇔ +

TbTbx
TbTb•
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Fig. 6. Temperature dependences of the electrical conduc-
tivity of La1.2–xSrxTb0.8CuO4±δ, where x = (a) 0 and (b)
0.05, at various oxygen partial pressures.
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(6)

As a result of thermal activation, the holes located
on copper atoms can act as traps for the generated free
electrons (e'):

(7)

resulting in a decrease in the concentration of the
main charge carriers; consequently, the conductivity
no longer depends on the partial oxygen pressure
under isothermal conditions.

The conductivity behavior of La1.15Sr0.05Tb0.8CuO4 ± δ
as a function of pO2 (Fig. 7b) differs from the behavior
of La1.2Tb0.8CuO4 ± δ described above. The slope of the
conductivity isotherms versus pO2 virtually does not
change upon the variation of temperature. The slope is
0.10 ± 0.02, which apparently corresponds to predom-
inance of oxygen insertion from the gas phase into the

Tb TbTb Tb '.x e•⇔ +

Cu CuCu ' Cu ,xe• + ⇔
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crystal lattice to give interstitial oxygen (equation (5),

). Meanwhile, the presence of Sr2+ cations may
induce association of oxygen vacancies, resulting in
additional generation of interstitial oxygen [10]:

(8)

which may somewhat decrease the concentration of
hole charge carriers due to oxygen transfer to the gas
phase:

(9)

Most likely, the possibility of these processes
accounts for the clear-cut absence of a change in the
slope of the conductivity isotherms versus pO2 with
temperature variation. This mechanism is supported
by structural data reported in [20], which were
obtained using low-temperature neutron diffraction.
It follows from these data that partial replacement of
Tb cations by Sr gives rise to oxygen vacancies in the

2

1
6
Opσ∞

( )La O La O' 'Sr Sr ,"O Oi
x V

•
••+ ⇔ +

Cu 2 Cu
1O 2Cu O (g) 2Cu .
2

"i
x•+ ⇔ +
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axial position of the CuO5 pyramid (oxygen O(2), Fig. 1)
and simultaneously increases the content of interstitial
oxygen in the NaCl block.

CONCLUSIONS
Study of the high-temperature thermal expansion

of layered cuprates La1.2 – xSrxTb0.8CuO4 ± δ (x = 0,
0.05) with T*-structure showed that they have linear
TECs (12.2 and 12.7 ppm K–1 for x = 0.0 and 0.05,
respectively) comparable with the TECs of standard
SOFC electrolytes based on fluorite-like oxides 8YSZ
and 20GDC. These TEC values are markedly lower
than those for the cuprates Pr2 – xSrxCuO4 – δ with a
similar crystal lattice (for example, for x = 0.4, TEC is
14.9 ppm K–1 at 423–773 K and 17.3 ppm K–1 at 773–
1273 K [19]).

Study of high-temperature conductivity showed
that the main charge carriers in these complex oxides
are holes located on copper ions. The electrical con-
ductivities of these compounds (0.3–0.6 S/cm at 973 K)
are lower than those of the previously studied T*-
phase oxides Pr2 – xSrxCuO4 – δ (34 S/cm at 993 K for
Pr1.6Sr0.4CuO4 – δ [19]). A probable cause for the
abnormally low electrical conductivity is the forma-
tion of Tb4+ cations, which act as traps for the main
charge carriers, taking place at higher temperatures.
Thus, due to low conductivity, the oxide phases
La1.2 ‒ xSrxTb0.8CuO4 ± δ (x = 0, 0.05) may find only a
very limited use as cathode materials for intermediate-
temperature SOFCs, e.g., as thin films.
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