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ABSTRACT: Ln2−xYxCuO4+δ (Ln = Pr, Nd, Sm; x = 0, 0.025, 0.05, 0.1) cathode
materials were synthesized using a sol−gel method and calcination at 1000 °C for 24 h.
The phase structure, coefficient of thermal expansion (CTE), electrical conductivity, and
electrochemical impedance of cathode materials were characterized. X-ray diffraction
(XRD) patterns show that the cell volume of each cathode material decreases with the
increase in the Y3+ doping amount and has good chemical compatibility with the
Sm0.2Ce0.8O1.9 electrolyte. The thermal expansion test shows that the increase in Y3+

doping reduces the average CTE of Ln2CuO4+δ. The conductivity test shows that Y3+

doping increases the conductivity of Ln2CuO4+δ, and Pr1.975Y0.025CuO4+δ has the highest
conductivity of 256 S·cm−1 at 800 °C. The AC impedance test shows that Y3+ doping
reduces the polarization impedance of Ln2CuO4+δ, and Pr1.9Y0.1CuO4+δ has a minimum
area-specific resistance (ASR) of 0.204 Ω·cm2 at 800 °C. In conclusion,
Pr1.975Y0.025CuO4+δ has the best performance and is more suitable as a cathode material
for a solid oxide fuel cell (SOFC).

1. INTRODUCTION
The use of energy promotes the rapid development of industry
and the rapid progress of human civilization. As the main force of
energy supply, fossil energy needs to be converted into electric
energy through heat release. This heat, which is limited by the
Carnot cycle, greatly reduces the energy conversion efficiency,
with a value of only 30%.1 SOFC is one of the most promising
green energy sources in the future. The commercial viability of
this energy source is largely dependent on the availability of
electrodes and electrolyte materials with superior properties.2 At
present, the most commonly used cathode materials are
LnxSr1−xCoyFe1−yO3+δ (Ln = La, Nd), LnBaCoyFe2−yO5+δ (Ln
= La, Nd), etc.,3,4 but these traditional cathode materials suffer
from poor chemical compatibility, high CTE, decrease in
electrical conductivity with the decrease in temperature, and
other shortcomings. These problems seriously affect the
application of cathode, thereby increasing the difficulty of
SOFC research.5 In the field of SOFC cathode materials,
A2BO4+δ cathode materials have higher thermal stability, lower
CTE, higher oxygen diffusivity, and higher surface exchange
coefficient than ABO3+δ cathode materials, which predict their
broad prospects as SOFC cathodes.6 Currently, studies
conducted on A2BO4+δ as a SOFC cathode have shown that
the doping of the A site is beneficial to improve the conductivity,
oxygen diffusion, and surface exchange capacity of the cathode.7

The replacement of A in the A2BO4+δ structure by other
elements with smaller ionic radii will lead to changes in cell
parameters and an increase in oxygen hyperstoichiometry.8 Yang
et al. replaced the La position with Pr with a smaller ionic radius

in La2NiO4+δ and improved the electrocatalytic activity of the
cathode.9 In the A2BO4+δ structure, the Ln2NiO4+δ and
Ln2CuO4+δ systems show significant mixed ion conductivity
and considerable electrocatalytic activity compared with other
systems. Compared with the B site of Ni, there are few studies on
Cu, and Cu has been reported as a suitable doping element to
optimize the property of the perovskite cathodes of SOFC. For
instance, the thermal compatibility with electrolytes and
electrochemical performance are improved by Cu doping in
La0.5Sr0.5CoO3‑δ.

10 Also, low-average TEC (13.1 × 10−6 K−1,
50−800 °C) and Rp (0.13 Ω·cm2@700 °C) are obtained for the
Cu-doped Bi0.5Sr0.5Fe0.8Cu0.2O3−δ material.11 This study
attempts to improve the electrochemical performance of
Ln2CuO4+δ (Ln = Pr, Nd, Sm) cathode materials by Y3+ doping
in the A site to change the average radius of A-site ions.

2. EXPERIMENTAL SECTION
2.1. Preparation of CathodeMaterials. Pr(NO3)3·6H2O,

Cu(NO3)2·3H2O, and Y(NO3)2·6H2O were dissolved and then
added to ethylenediaminetetraacetic acid (EDTA) dissolved by
ammonia, with the molar ratio of metal cation/EDTA of 1:1.
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The solution was stirred for 40 min. Citric acid (molar ratio of
metal cation/citric acid = 1:1.5) was added, and then the
solution was stirred for 2 h. The pH of the solution was adjusted
to about 7 to form the sol. A gel was formed by evaporating the
water from the solution in a water bath at 80 °C. The gel was
then dried and turned into a black powder precursor. The
Pr2−xYxCuO4+δ cathode material was prepared by calcination in
a muffle furnace at 1000 °C for 24 h after grinding the black
precursor for 30 min. The Ln2−xYxCuO4+δ (Ln = Pr, Nd, Sm; x =
0, 0.025, 0.05, 0.1) sample is abbreviated as LYxC (x = 0−0.1).
2.2. Preparation of Symmetric Cells. Ln2CuO4+δ (Ln =

Pr, Nd, Sm) and Sm0.2Ce0.8O1.9 (SDC) have good chemical

compatibility.12 SDC was selected as an electrolyte and prepared
by calcination at 800 °C for 2 h using a sol−gel method. The
electrolyte was weighed and pressed into circular sheets at a
pressure of 5 MPa. The electrolyte tablets were calcined at 1450
°C for 5 h and then cooled to room temperature.

Tarpine alcohol and ethyl cellulose (with a mass ratio of 94:6)
were accurately weighed, mixed, heated, and stirred to be
dissolved completely and form a mixed slurry. The mass ratio of
the cathode material and the mixed slurry is 4:6. The cathode
slurry was obtained by grinding until the two were fully mixed. A
small amount of cathode slurry was coated (screen printing
method) on two sides of the electrolyte wafer. The calcination

Figure 1. XRD patterns of LYxC (x = 0−0.1) series cathode materials (a) and a locally enlarged diagram (b).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06808
ACS Omega 2023, 8, 5545−5552

5546

https://pubs.acs.org/doi/10.1021/acsomega.2c06808?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06808?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06808?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06808?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperature and the time are the same as those of the cathode
material. The symmetric cell was obtained after cooling.
2.3. Characterization. The structure of the cathode

materials was determined by an X-ray diffractometer (Malvern
Panalytical, Netherlands). A thermal expansion instrument
(DIL402C, German) was used to test the thermal expansion
properties. An electrochemical workstation (PGSTAT302N,
Swiss) was used to test the conductivity and electrochemical
impedance. The conductivity of LYxC (x = 0−0.1) was
determined using a dense bar specimen (20 mm × 5 mm × 5
mm) prepared by die pressing the synthesized LYxC powder,
followed by sintering at 1000 °C for 24 h in air. A standard DC
four-probe method was employed for the conductivity measure-
ment using an electrochemical workstation. Silver wires were
used as the connecting leads and attached to the bar specimen
surface using a silver paste followed by drying at 250 °C in the air

for 2 h. The formula for calculating the conductivity σ (S·cm−1)
is shown in eq 1

= ×
R A
1 L

(1)

where A is the cross-sectional area (cm2) of the strip sample, L is
the distance from the voltage end (cm), and R is the sample’s
resistance (Ω).

The average CTE is calculated in accordance with eq 2

= ×a
L L
T T L

1T 0

0 0 (2)

where A is the average CTE (k−1), T0 is the initial test
temperature (°C), T is the temperature of the test endpoint
(°C), L0 is the initial sample length (mm), and LT is the sample
length (mm) at temperature T. The ASR is calculated in
accordance with eq 3

Figure 2. XRD patterns of LYxC (x = 0.025) cathode material and SDC
calcined at 1000 °C for 24 h: (a) PY0.025C + SDC; (b) NY0.025C + SDC;
and (c) SY0.025C + SDC.

Figure 3. Thermal expansion curves of LYxC (x = 0−0.1) series
cathode materials: (a) PYxC (x = 0−0.1); (b) NYxC (x = 0−0.1); and
(c) SYxC (x = 0−0.1).
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=
×R S

ASR
2

p

(3)

where Rp is the polarization impedance (Ω) measured in the
impedance spectrum and S is the effective area (cm2) of the
cathode on one side of a symmetric cell.

3. RESULTS AND DISCUSSION
The X-ray diffraction (XRD) patterns of LYxC (x = 0−0.1)
series cathode materials are shown in Figure 1. The diffraction
peaks of LYxC (x = 0−0.1) cathode materials correspond to the
standard diffraction card, and no other impurity peaks are
generated, indicating that Y3+ has successfully replaced parts of
Pr3+, Nd3+, and Sm3+. From the local amplification patterns of
XRD, the diffraction peaks of the cathode materials shift to a
higher angle, indicating that the cell volume is reduced. This

Table 1. Average CTE of LYxC (x = 0−0.1) Series Cathode
Materials

samples average CTE (×10−6 K−1)

PYC 13.382
PY0.025C 13.248
PY0.05C 12.812
PY0.1C 12.489
NYC 14.549
NY0.025C 14.523
NY0.05C 14.493
NY0.1C 14.029
SYC 14.450
SY0.025C 14.228
SY0.05C 14.118
SY0.1C 13.830

Figure 4. Variation curve of conductivity with the temperature of LYxC
(x = 0−0.1) series cathode materials: (a) PYxC (x = 0−0.1); (b) NYxC
(x = 0−0.1); and (c) SYxC (x = 0−0.1).

Figure 5. Arrhenius curves for the conductivity of LYxC (x = 0−0.1):
(a) PYxC (x = 0−0.1); (b) NYxC (x = 0−0.1); and (c) SYxC (x = 0−
0.1).
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phenomenon can be attributed to the following conditions: the
ion radii, Y3+(IX) = 1.075 Å, Pr3+(IX) = 1.179 Å, Nd3+(IX) =
1.163 Å, and Sm3+(IX) = 1.132 Å (Roman numerals represent
the coordination number).13 With the doping of Y3+ with a small
ionic radius into Sm3+, Pr3+, and Nd3+ with large ionic radii at the
A site, the A−O bond is shortened, the average radius of the A-
site ion is reduced, and the cell volume is reduced. For the
undoped cathode material, the cell volumes of the three
elements Pr, Nd, and Sm decrease successively due to their ionic
radii.

The compatibility of PY0.025C, NY0.025C, and SY0.025C
cathodes with SDC was tested. As shown in Figure 2, the
diffraction peaks of the mixed materials are all those of PY0.025C,
NY0.025C, SY0.025C, and SDC, which indicates that LYxC (x = 0−
0.1) series cathode materials do not react with SDC and have
good chemical compatibility.

Figure 3 shows the thermal expansion curves of LYxC (x = 0−
0.1) series cathode materials. The average CTE is calculated at
200−800 °C, and the calculation results are shown in Table 1. As
shown in Figure 3, the thermal expansion curves of LYxC series
cathode materials are all simple linear relations, indicating that
phase transition does not occur with the increase in temperature.
As shown in Table 1, the average CTE of LYxC (x = 0−0.1)
series cathode materials decreases gradually with the increase in
the Y3+ doping amount. This phenomenon may be due to two
reasons. First, Y3+ with a smaller ionic radius occupies the
positions of Pr3+, Nd3+, and Sm3+ with larger radii, which causes
the lattice shrinkage and reduces the CTE of the sample. Second,
the higher the strength of the ionic bond in the lattice, the

smaller the CTE value.14 The Y−O bond has stronger ionic
bond energy than Pr−O, Nd−O, and Sm−O bonds, so the
increase in the Y3+ doping amount leads to the decrease in
CTE.15

At the temperature range of 400−800 °C in air, the
conductivity curve of LYxC (x = 0−0.1) series cathode materials
varies with temperature, as shown in Figure 4. In the process of
temperature rise, the electrical conductivity of LYxC (x = 0−0.1)
series cathode materials increases with the increase in temper-
ature, showing semiconductor conductive behavior. This
phenomenon is because the increase in temperature accelerates
the electrode reaction and increases the mobility of charge
carriers (i.e., electron holes). As shown in Figure 4, the
conductance of PYxC (x = 0−0.1) and NYxC (x = 0−0.1)
cathodic materials first increases and then decreases, whereas the
conductance of SYxC (x = 0−0.1) cathodic materials increases
continuously. The electron conduction path is along the BO6
octahedral unit, and the distance between the B-site cations is
strongly related to the electron−hole migration.16 The
phenomenon that the conductivity increases with the increase
in Y3+ doping amount may be explained by the fact that Y3+

doping reduces the cell volume, shortens the spacing between
adjacent BO6 octahedra, and enables the electron−hole
transition, thereby showing higher conductivity.17 The decrease
in conductivity may be due to the increase in the Y3+ doping
amount, which decreases the spacing between adjacent BO6
octahedra and leads to a denser nucleus. Although the carrier
transition is easier, it increases the probability that the carrier is
blocked by the nucleus during the migration, and the blocking

Figure 6. SEM and Ac impedance spectra of LYxC (x = 0−0.1) cathode materials at 800 °C: (a) cross-sectional SEM images; (b) PYxC (x = 0−0.1);
(c) NYxC (x = 0−0.1); (d) SYxC (x = 0−0.1).
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probability is more remarkable, resulting in a decrease in
conductivity. From the comparison in Figure 4, the PYxC (x =
0−0.1) cathode material has the highest conductivity, which
exceeds 100 S·cm−1, and is more suitable as a cathode material.

The Arrhenius curves of the conductivity of LYxC series
materials are shown in Figure 5. As can be seen from the figure,
the conductivity of the material almost satisfies a linear
relationship with temperature in the temperature range of
400−800 °C, which belongs to the small polarizer jump
conduction mechanism. The conductivity activation energy of
the LYxC (L = Pr,Nd) cathode material decreases and then
increases with the increase of Y3+ doping. The activation energy
of SYxC decreases with the increase of the doping amount in
accordance with the trend of the measured conductivity.

Figure 6a shows the cross-sectional SEM image of the
fabricated |SDC| cathode symmetric cells, revealing the interface
between the cathode layer (LYxC) and dense SDC electrolyte. It
can be seen that the cathodes possess highly porous structures as
designed. More importantly, the porous cathodes and the dense
SDC electrolyte were well-coupled at their interfaces in all
cells.18 This ensures that the electrochemical testing results of
these cells reveal the intrinsic properties of these cathodes. The
AC impedance spectra of LYxC (x = 0−0.1) series cathode
materials at 800 °C are shown in Figure 6b−d to judge the
polarization impedance changes in cathode materials with
different doping ratios. With the increase in the Y3+ doping
amount, the polarization impedance of the PYxC (x = 0−0.1)
cathode material gradually decreases, whereas the polarization
impedance of the NYxC (x = 0−0.1) and SYxC (x = 0−0.1)
cathode materials decreases first and then increases, indicating
that doping Y3+ within a certain range can reduce the
polarization impedance of cathode material, and the catalytic
activity of the oxygen reduction of cathode materials is
improved. The polarization phase transition of crystal grain
and boundary response is extremely small, and the charge
transfer is extremely fast due to the rapid polarization process, so
the high frequency cannot be shown in the impedance
diagram.19 As shown in Figure 6, the impedance spectra of
NYxC (x = 0−0.1) and SYxC (x = 0−0.1) have two obvious arcs
of medium and low frequencies. PYxC (x = 0−0.1) only exhibits
one arc, which is the same as Sadykov,20 and is only fitted in
accordance with an intermediate-frequency reaction process.

Nova software is used to fit the equivalent circuit diagram of
the AC impedance spectra, as shown in Figure 7. In the circuit,
R1 is the ohmic impedance of electrolyte and wire, and CPE1
and CPE2 correspond to the intermediate-frequency and low-
frequency constant phase components, respectively. R2 and R3
are polarization resistors with intermediate and low frequencies,
respectively.21 R2 represents the transport of oxygen ions
through the cathode, and R3 represents the nonchemical
processes, such as oxygen adsorption and dissociation. Rp is the
polarization impedance, and Rp = R2 + R3.

The ohmic impedance of the electrolyte and the wire is
normalized because only the polarization impedance related to
the oxygen reduction reaction is considered.22 Figure 8 shows
the relationship between the polarization impedance and

temperature of LYxC (x = 0−0.1) cathode material after fitting.
As shown in Figure 8a, the PYxC (x = 0−0.1) cathode material
mainly carries out oxygen ion transport inside the cathode at 800
°C. As shown in Figure 8b, R2 is less than R3 for the NYxC (x =
0−0.1) cathode material, which indicates that the transport
capacity of oxygen ions in the cathode is stronger than the
adsorption and dissociation capacity of oxygen at 800 °C. As
shown in Figure 8c, R2 is larger than R3 for the SYxC (x = 0−
0.1) cathode material, indicating that the oxygen adsorption and
dissociation of this material are dominant at 800 °C. The
polarization impedance decreases probably due to the increase
in the doping amount of Y3+, which decreases the oxygen
content and causes the loss of the part of lattice oxygen and
increases the oxygen vacancies, thereby improving the transport
performance of oxygen ions.23 The increase in polarization
impedance may be due to Y3+ doping with a small radius and the
shortening of the A−O bond, which reduces the distance
between the intergap site oxygen ions and the vertices of BO6

Figure 8.Relationship between Y3+ doping and polarization impedance
of LYxC (x = 0−0.1): (a) PYxC (x = 0−0.1) cathode material; (b) R2 is
less than R3 for the NYxC (x = 0−0.1) cathode; and (c) R2 is larger
than R3 for the SYxC (x = 0−0.1) cathode.

Figure 7. Equivalent circuit for the fitting impedance spectrum.
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regular octahedron, thereby reducing the oxygen ion transport
capacity.24 Table 2 shows the ASR value of LYxC series cathode
materials at 800 °C. PYxC (x = 0−0.1) has the smallest ASR
value, whereas SYxC (x = 0−0.1) has the largest ASR value
because the radius reduction of Ln3+ (Pr, Nd, Sm) results in the
reduction of oxygen vacancy content and the increase in
polarization impedance.25

4. CONCLUSIONS
The A site of the Ln2CuO4+δ cathode material was doped with
Y3+ and the electrochemical performance was investigated. The
average CTE decreases gradually with the gradual decrease in
the cell volume of Y3+-doped Ln2−xYxCuO4+δ (Ln = Pr, Nd, Sm;
x = 0, 0.025, 0.05, 0.1) cathode material. Y3+ doping can
effectively improve the conductivity of the cathode material.
Pr1.975Y0.025CuO4+δ has the highest conductivity at 800 °C (256
S·cm−1), which is about 25% higher than the conductivity of the
undoped cathode (204 S·cm−1). The doping of Y3+ improves the
oxygen reduction catalytic activity of the cathode material. The
ASR value of Pr1.9Y0.1CuO4+δ at 800 °C is the lowest, which is
0.204 Ω·cm2. Compared with Nd and Sm, Pr as an A-site doping
material has better thermal stability and electrochemical
performance, which is more suitable for SOFC cathode
materials.
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