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Enhanced oxygen electrode performance in solid
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Solid oxide fuel cell (SOFC) is a high-efficiency, low-carbon power generation device that directly
converts the chemical energy of fuel directly into electricity at elevated temperatures. However, the
performance of the oxygen electrode, which is critical for the oxygen reduction reaction (ORR), remains
limited by high polarization losses and limited long-term stability. Ruddlesden—Popper (R-P) perovskites,
such as Lny;NiOg4,s (Ln = La, Pr, Nd), offer excellent oxygen transport due to their unique A-O rock salt
layers. In this study, La*"-doped Pr,_,LaNig gCUo 20445 (x = 0, 0.5, 1.0, PL,NC) oxygen electrode materials
are synthesized by the sol-gel method, and their electrochemical properties are systematically investi-
gated. While the electrical conductivity decreases with increasing La®* content, PLysNC exhibits optimal
oxygen surface exchange and bulk diffusion properties. SOFC using PLosNC as the oxygen electrode
achieved excellent performance at 800 °C, with a polarization resistance of 0.245 Q cm? and a peak
power density of 0.864 W cm™2, a 64% improvement over PNC. This study highlights the potential of La>*
doping to enhance PNO-based oxygen electrodes and provides insight into the development of high per-
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1. Introduction

Solid oxide fuel cells (SOFC) efficiently convert chemical energy
into electrical energy using hydrocarbon fuels such as H,, CHy,,
and CH;OH to generate electricity."”* The oxygen electrode,
a key component in SOFC, drives the oxygen reduction reaction
(ORR).? Ideal oxygen electrode materials require high thermo-
dynamic stability, mixed ionic-electronic conductivity,
enhanced catalytic activity, and adequate porosity.* Currently,
conventional ABOj;-type perovskite oxides, such as LaMnOs-
based compounds (LSM),>® La, _,Sr,Co; ,Fe,0; (LSCF),”* and
Ba, _,Sr,Co,_,Fe,0; (BSCF),”'* are commonly used as oxygen
electrodes. However, the low oxygen ion conductivity of LSM
limits its ORR efficiency, while the long-term stability of LSCF
and BSCF is compromised by the presence of alkaline earth
metals such as Ba and Sr."" Therefore, the development of new
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oxygen electrode materials with enhanced performance and
stability remains a pressing challenge.

Ruddlesden-Popper (R-P) perovskites, represented by the
formula Ln,NiO,,s (Ln = La, Pr, Nd), are a remarkable class of
mixed ionic electronic conductors (MIECs) with the general
structural formula A,+1B,03,+1 or AO(ABOj3),. Unlike conven-
tional perovskites, R-P perovskites have a distinctive layered
structure in which A-O layers alternate with rock salt and ABO;
perovskite layers along the c-axis. This unique A-O layer can
accommodate excess interstitial oxygen, thereby enhancing
oxygen ion conductivity. R-P perovskites are characterized by
high oxygen ion diffusion coefficients and surface exchange
rates, making them promising candidates for oxygen electrode
materials.’>™* These materials have demonstrated favorable
electrocatalytic activity for the ORR. For example, the La; 5Pry 5-
Nij gC00.,04+s OXygen electrode achieved a peak power density
of 0.4 W ecm™? at 700 °C in fuel electrode-supported SOFCs."?
Similarly, Pr,NiO,.;s electrodes exhibited a peak power density
of 0.95 W cm ™2 at 750 °C, with a degradation rate of less than
3%/1000 h at a constant voltage of 0.8 V.'® Among the
Ln,NiO,; series, Pr,NiO,4.s (PNO) stands out for its exceptional
oxygen surface exchange (k*) and bulk diffusion (D*) coeffi-
cients, recorded at 2.5 cm s * and 5.0 x 107% cm? s77,
respectively,'”'® at 750 °C. Notably, the D* of PNO is an order
of magnitude higher than that of Nd,NiO4s at 500 °C.*°
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However, PNO is less thermally stable, prone to decomposition into
heterogeneous phases such as Pr,NizO;0 and PrsO;; at elevated
temperatures, and has a lower electronic conductivity.>**' In con-
trast, La,NiO,.s offers better thermal stability within the Ln,NiOy,s
family, although its electrochemical activity remains suboptimal.>*
Substitution at the B-site of PNO with transition metal elements
such as Cu can lower the phase formation temperature while
improving the electronic conductivity and oxygen permeability of
the material.>> Among these, Pr,Ni, sCug,04:5 (PNC) has shown the
lowest polarization impedance over different Cu** doping levels.***>

In this study, we focused on PNC-based Ruddlesden-Popper
perovskite materials and synthesized Pr,Ni, gCu,04+5 (PNC),
Pry sLag sNig §CUg 20445 (PLosNC), and PrygLay oNipgCUp 2045
(PLNC) by A-site doping with 25% and 50% La®", respectively.
The synthesis was carried out by the sol-gel method. The
influence of La** doping on the material properties was system-
atically investigated by phase analysis and physical and
chemical characterization. Subsequently, the electrochemical
performances of half-cell and full cells based on these materials
were evaluated, allowing us to assess the impact of La>" doping
on the oxygen electrode performance.

2. Experimental

2.1 Materials synthesis

The materials PNC (Pr,NiggCu,04+5), PLosNC (PrysLag sNig g
Cug04:5), PLNC (PryoLa; oNigsClo,0445), and LDC (Cegelag 4
0, ) materials were synthesized by the sol-gel method. Taking
PLy,sNC as an example, the preparation involved dissolving
stoichiometric amounts of Pr(NOs);-6H,0, La(NOj3)s-6H,0,
Ni(NOs),-6H,0, and Cu(NOs),-3H,0 in deionized water to form
a homogeneous nitrate solution. Citric acid (CA) monohydrate
and ethylenediaminetetraacetic acid (EDTA) were added as com-
plexing agents in a molar ratio of 1:1:1.5 for metal ions, EDTA,
and CA. The solution was stirred thoroughly and the pH was
adjusted to 7-8 with ammonia to ensure complete dissolution.
The mixture was stirred continuously at 80 °C for about 10 h until
a homogeneous gel was formed. This gel was dried at 240 °C for
10 h to obtain a fluffy carbonaceous precursor, which was then
ground to a fine powder and calcined at 950 °C for 3 h to obtain
the RP-structured PL, sNC.

2.2 Cell preparation

YSZ electrolyte sheet prepared by the casting method was used
as a half-cell support. To prevent unwanted chemical reactions
between the electrode and the YSZ, a GDC barrier layer was
screen printed on the YSZ surface. PNC, PL, sNC, PLNC with a
solids content of 60 wt% were then prepared. These pastes were
screen-printed symmetrically onto the GDC|YSZ|GDC struc-
ture, with an area of approximately 0.5 cm?® at the central
position of the barrier layer on both sides. The half-cells were
then obtained by sintering at 950 °C for 2 h. For the full cell,
Lay gSTro.2Gag sMgo,03_5 (LSGM) was used as the electrolyte
support. Rectangular (24 x 6 x 2.5 mm?) dense bars of PNC,
PL0.5NC, and PLNC powders were prepared by uniaxial pressing
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(15 MPa for 1 min) of 1.0-1.5 g of the corresponding materials in
a rectangular mold, followed by sintering at 1250 °C in air for
5 h. The LSGM powder was homogenized by high-energy ball
milling at 250 rpm for 24 h, then pressed into a cylindrical mold
at 10 MPa pressure for 2 min and sintered at 1450 °C for 10 h to
produce dense LSGM electrolyte sheets (thickness ~240 pm).
The electrode paste was screen printed onto one side of the
LSGM sheet as an oxygen electrode, while the opposite side was
used as a fuel electrode with Ni-GDC, with the LDC acting as a
barrier layer to prevent reactions between Ni and the LSGM
electrolyte. Pt paste was used as the current collector for all
electrodes.

2.3 Cell test and characterization

The samples were characterized by X-ray diffraction (XRD)
using a PANalytical Empyrean diffractometer (Netherlands)
with a 260 range of 20° to 80° and a scan rate of 5° per min.
XRD data were refined using GSAS software for peak position
correction, data fitting, and phase analysis. Microscopic mor-
phology and elemental distribution were examined using a
GeminiSEM 300 field emission scanning electron microscope
(FSEM). Thermal expansion in air was measured using a
Netzsch DIL 402C dilatometer, heated from room temperature
to 900 °C at 10 °C per min. Electrical conductivity was assessed
by the standard four-probe method in air, and the response to
changes in oxygen concentration was evaluated by electrical
conductivity relaxation (ECR) tests. Thermogravimetric analysis
(TGA) was performed using a Netzsch STA 449F3A in nitrogen,
heating from 50 °C to 800 °C at 5 °C min ', to study weight loss
patterns and oxygen vacancy evolution at elevated tempera-
tures. Oxygen adsorption capacity was characterized by
temperature-programmed desorption (TPD) using a Hiden
DECRA 5080B instrument. Oxygen vacancy peak intensities
were measured at room temperature using a Bruker A300
electron paramagnetic resonance (EPR) spectrometer. Electro-
chemical impedance spectroscopy (EIS) tests were performed
on half-cells and full-cells with an applied perturbation ampli-
tude of 10 mV, over a frequency range of 10° Hz to 10" Hz.
Voltage sweeps were conducted from 1.2 V to 0 V in SOFC mode
at a scan rate of 10 mv s .

3. Results and discussion

3.1 Phase and composition analysis

Fig. 1(a) shows the XRD patterns of Pr, ,La,Nip gCug 045 (X =
0, 0.5, 1.0) powders after sintering at 950 °C for 3 h. All samples
show diffraction peaks that match the standard PDF card (#87-
1680) for Pr,NiO, ,. Notably, the undoped PNC sample exhibits
secondary peaks at 20 = 28.2° and 47.0°, which are attributed to
the formation of PrgO;, due to the thermal instability of PNC at
elevated temperatures. However, these secondary peaks disap-
pear upon partial substitution of Pr** with La**, suggesting that
La*" doping at the A-site improves the thermal stability of the
material. To further investigate the effect of La*" doping on the
crystal structure, the main diffraction peaks in the 31° to 34°

J. Mater. Chem. C, 2024,12,19506-19514 | 19507


https://doi.org/10.1039/d4tc03740e

Published on 22 October 2024. Downloaded by Fail Open on 5/7/2025 10:34:35 AM.

Journal of Materials Chemistry C

View Article Online

Paper

.
(a) PL, NC (b)
PL,NC-LSGM
- -
3 PL,NC E]
K. &
2 2
= 1 A Al ,l Iny l A sl h h 2
= : ! ]
e PN( ' : 2
- \ Pr,0 \ =
G 1) ) SSRERTY V. Mo SN s I\
| JCPDS NO.87-1680 (Pr,NiO, ;) 1 :
| : | Y I I N : ! . . L L L
20 30 40 50 60 70 80 32 34 20 30 40 50 60 70 80
20 (°) 20 (°) 2 Theta (degree)
(C) As synthesized PNC ((l) a=b=5.425 A As synthesized PL, NC (e) a=h=5.432 A As synthesized PL, NC

©  Experimental data
Computed data

Cell vol = 367.69 A' —— Differences Chi* = 1.62
Chit=1.77 P4 /nem

| Bragg peak position
Fmmm

Intensity (a.u.)
Intensity (a.u.)

mo T

JJv‘. S e - i s

= 125854
Cell vol = 370.35 A

NI TN T A TR T B TR TR TR T TTTTY

© Experimental data
Computed data
—— Differences

e 12647 A © Experimental data
Cell vol = 373.17 A’ —— Computed data
Chi' =138

: Differences
I Bragg peak position

P4/ncm | Bragg peak position

Intensity (a.u.)

14 Po | L
+ +

A

'

20 30 40 50 60 70 80 20 30 40
2 Theta (degree)

2 Theta (degree)

50 60 70 80 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 1 XRD patterns and local magnification of Pr,_,La,Nip gCup 20445 (x = 0, 0.5, 1.0) electrode powder sintered at 950 °C (a), PLo sNC mixed with LSGM
and calcined at 1000 °C for 10 h (b), Rietveld refinement of the XRD patterns of (c) PNC, (d) PLosNC, (e) PL; oNC.

range were examined in detail. The results show a systematic
shift of the diffraction peaks towards lower angles with increas-
ing La®" content. This shift is due to lattice expansion caused
by the larger ionic radius of La®* (1.061 A) compared to Pr**
(1.013 A), leading to an overall increase in the lattice volume.
Elemental diffusion and interfacial chemical reactions at the
electrode/electrolyte interface are critical factors influencing
ion transport. To assess the chemical compatibility of PL, sNC
with LSGM, a 1:1 mixture of PL,;NC and LSGM powders was
co-fired at 1000 °C for 10 h. As shown in Fig. 1(b), XRD analysis
of the co-fired mixture shows no significant secondary phases,
indicating that no undesirable interfacial reactions occur
between the LSGM electrolyte and the PL, sNC electrode within
the operating temperature range of 650-800 °C. The effect of
La®" doping on the lattice parameters and crystal structure was
further elucidated by Rietveld refinement of the XRD patterns
for PNC, PL, sNC, and PLNC (Fig. 1(c)—(e)). The PNC sample has
an orthorhombic structure (space group Fmmm) with lattice
constants a = 5.431 A, b = 5.403 A, ¢ = 12.531 A, and a unit cell
volume of 367.69 A%. In contrast, PL, sNC has lattice constants
a=b=5.425A, c=12.585 A, and a unit cell volume of 370.35 A>.
For PLNC, the lattice constants are a = b = 5.432 A, ¢ = 12.647 A
(Table S1, ESIf), with a corresponding unit cell volume of
373.17 A®. The increase in lattice constants and unit cell
volume with higher La*" doping levels is consistent with lattice
expansion due to the larger ionic radius of La*". In addition,
the crystal structure transitions from an orthorhombic
(space group Fmmm) to a tetragonal (space group P42/ncm)
system upon La®** doping. This transformation is mainly
driven by the expansion along the c-axis, induced by the
larger La®* occupying the A-O rock salt layer in the
structure.”®?” The Rietveld refinement results, with Chi* values

19508 | J Mater. Chem. C, 2024, 12,19506-19514

below 2 for all samples, confirm the high accuracy of these
structural analyses.

3.2 Physical and chemical properties

The thermal expansion coefficients (TECs) of PNC, PL, ;NC,
and PLNC were measured, as shown in Fig. 2(a). Over the
temperature range of 50 to 800 °C, the average TECs were
13.55 x 107° K%, 14.44 x 107° K%, and 13.89 x 107 ° K%,
respectively, with the materials exhibiting linear expansion
with temperature. The increase in TEC with La*" doping at
the A-site is primarily attributed to the inverse relationship
between the thermal expansion coefficient and lattice energy,
which is determined by the ionic bond length; a longer bond
length results in a lower bond energy.”® As the La-O bond
length is greater than that of the Pr-O bond, La*" doping
reduces the lattice energy, thereby increasing the TEC.
However, at higher levels of La** doping, the TEC decreases
slightly due to an increase in oxygen vacancies, the introduc-
tion of additional oxygen vacancies creates lattice distortions in
the R-P structure, resulting in shorter metal-oxygen bond
lengths compared to undoped PrNiO,,s. This increase in lattice
energy may cause the reduction in TEC in PLNC. For SOFC
applications, it is crucial that the TECs of the electrode and
electrolyte materials are closely matched to prevent mechanical
problems such as electrode detachment, interfacial cracking,
and delamination during high temperature operation. In this
study, YSZ was used as the electrolyte for half-cells and LSGM
for full-cells. The TEC of LSGM was found to be approximately
12.13 x 10~ ° K ' in the 50-800 °C range, as shown in Fig. 2(b).
Table S2 (ESIt) shows a comparison of the TECs for common
electrolyte materials such as YSZ,* GDC** and SDC.*' The
results indicate that Pr,Ni, sCu, ,04+s-based Ruddlesden-Popper

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc03740e

Published on 22 October 2024. Downloaded by Fail Open on 5/7/2025 10:34:35 AM.

View Article Online

Paper Journal of Materials Chemistry C
10 (a)— »nc k, = 13.55%10° K! 10_(b)
e=== PL,;NC k,.=14.04*10° K" I 14.04
e PL, ,NC k, = 13.89%10° K" — LSGM
ol gt & 84 TEC (12.13*10°K")
s T
¥ =3
= R |
E\i 6 \g 6
o |
I %
= 41 o 41
=
24 24
0 L} L] T T T T Ll 0 L) T T T L] T Ll
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
100.0
(c) — PN( 120 4 (d) e
99.8 - PL, NC o
— PL, ,NC o~ “\0\
2 99.6 ‘10 € 100 a
= < %,
<~ 2] a\x
$0 99.4 - ! = -
g [ Z 804 %o ~
] >
= =
2 99.21 1 P ‘N\'\‘»‘,
Z | g o
o= i 0.51% e —o—PNC
g 99.0 \ ') . i
98.8 - 0.65% : o ——PL,,NC
RS SRS B o8 WEL OB T
98-6 T L) L) L) T Ll T 20 T T T T Ll T T T
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Temperature (°C)

Temperature (°C)

Fig. 2 Thermal expansion coefficient of (a) PNC, PLosNC and PLNC (b) PLosNC and LSGM, TG curves (c) and conductivity (d) of PNC,

PLosNC and PLNC.

(R-P) perovskites have TECs that are well matched with those of
commonly used electrolyte materials in SOFC. Thermogravi-
metric analysis (TGA) of PNC, PL, sNC, and PLNC in a nitrogen
atmosphere, conducted between 30 °C and 800 °C, is shown in
Fig. 2(c). All samples show varying degrees of weight loss with
increasing temperature. The weight loss observed at lower
temperatures (~ 300 °C) is mainly due to the volatilization and
desorption of impurities such as H,O, O,, and CO, adsorbed on
the sample surface. In contrast, the weight loss at higher
temperatures (300-800 °C) is mainly due to the release of lattice
oxygen and the formation of oxygen vacancies.’>** The respec-
tive weight losses for PNC, PL, sNC, and PLNC in the 300-800 °C

range were 0.51%, 0.41%, and 0.65%. While low levels of La**
doping had little effect on weight loss, a doping level of 50%
resulted in a 0.14% increase in high temperature weight loss for
PLNC compared to undoped PNC, suggesting that higher La*"
doping enhances lattice oxygen release and oxygen vacancy
formation at elevated temperatures. However, the total weight
loss of all samples from room temperature to 800 °C remained
below 3%, indicating good thermal stability of Pr,Nij gCug ,04+s
based R-P perovskites, which is beneficial for maintaining
electrode material stability during device operation and high
temperature testing. Conductivity measurements of PNC,
PL,sNC, and PLNC in air, shown in Fig. 2(d), show an initial

a b C
( )|.0~ ( )l.o- ( )I.l)- 2
Z 084 = 084 Z 034
g PNC ‘g PL,NC E PL, \NC
Z 064 0,: 0.21atm — 1.0atm E 0.6 0,: 0.21atm — 1.0atm Z 0.6 0,: 0.21atm — 1.0atm
S S S
E 800 °C '8 o 800 °C 's H o 800 °C
5 044 T05¢ £ 049 el So4q @ & e
g o 700°C g o 700°C F o 700 °C
5 0.2 o 650°C 5 0.2 o 650°C 5 0.2 o 650°C
z z | z
0.04 0.0 4 0.0 4
(<]
T T T T T T T T T T T T T T
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s)

Fig. 3 ECR curves of (a) PNC (b) PLosNC (c) PLNC.
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Fig. 4 Comparation of the EIS of PNC (a), PLysNC (b) and PLNC (c) electrode and histogram (d) in half-cell mode.

increase followed by a decrease in conductivity with increasing
temperature in the 100-800 °C range. Initially, the materials
exhibit semiconducting behavior, with thermally activated carriers
(electrons and holes) contributing to the increased conductivity.**
As the temperature continues to rise, the materials transition to
metallic behavior, but continued heating reduces lattice oxygen
and increases oxygen vacancies, leading to a decrease in carrier
concentration and conductivity.>> This decrease in conductivity at
higher temperatures correlates with the increased weight loss
observed in Fig. 2(c), indicating a significant effect of oxygen
vacancy formation on conductivity. The peak conductivity for
PNC, PL,sNC, and PLNC occurs at approximately 450 °C, with
peak values of 117.2, 105.7, and 93.7 S cm™ ', respectively. The
decrease in conductivity with increasing La*" doping is mainly
due to the expansion of the lattice parameters a and b, which
lengthen the Ni(Cu)-O bond. This increased bond length reduces
the carrier transport rate and the overall conductivity of the
material.

To further elucidate the effect of La** doping on the oxygen
exchange capacity, conductivity relaxation (ECR) tests were
conducted. Fig. 3(a)-(c) shows the normalized conductivity
curves for PNC, PL, sNC, and PLNC. As the oxygen electrode
facilitates ORR in SOFC, the ECR test assesses the material’s
response to changes in oxygen partial pressure. A shorter
equilibrium time indicates increased sensitivity to oxygen
partial pressure, reflecting improved oxygen surface exchange
and bulk diffusion capabilities. Table S3 (ESIT) summarizes the
equilibrium times required at different temperatures for PNC,
PL,sNC, and PLNC. The equilibrium time decreases with
increasing temperature, consistent with the improved catalytic
activity of the electrode materials at elevated temperatures.
After La*" doping, the equilibrium times for PL0O.5NC were

19510 | J Mater. Chem. C, 2024, 12,19506-19514

significantly reduced. The oxygen surface exchange coefficients
(Kehem) and bulk diffusion coefficients (Denem) for the three
sample groups were determined by fitting calculations of the
ECR test data (Tables S4 and S5, ESIt). These results suggest
that La®" doping effectively enhances the oxygen surface
exchange and bulk diffusion properties of Pr,NiggCug 2045
based R-P perovskites, thereby improving their sensitivity to
oxygen partial pressure. In particular, PL,sNC exhibits the
shortest equilibrium times, highest Kchem and Depem values,
highlighting its superior oxygen transport capabilities.

3.3 Half-cell performance

To further investigated the effect of La®>" doping on the electro-
chemical performance of the electrode materials, EIS was
performed on half-cells with the configuration Pr,_,La,Nijg-
Cu,,04:5|GDC|YSZ|GDC|Pr,_,La,NigsCuy,045 (X = 0, 0.5,
1.0). The results shown in Fig. 4 represent the polarization
impedance (R,,) after taking into account the ohmic resistance
for ease of comparison. As illustrated in Fig. 4(a), the R, values
for the PNC electrode were 0.14, 0.25, 0.48, and 1.02 Q cm? at
800, 750, 700, and 650 °C, respectively. The La*" doped electro-
des, specifically PL,sNC and PLNC, exhibited significantly
lower R, compared to PNC. In particular, PL, sNC showed the
most significant reduction in R, with values of 0.07, 0.14, 0.31,
and 0.71 Q cm” at the corresponding temperatures (Fig. 4(b)),
while PLNC showed R, values of 0.10, 0.17, 0.36, and 0.87 Q cm?
(Fig. 4(c)). Fig. 4(d) highlights the comparative polarization
impedance of all three electrode materials at different tempera-
tures, showing that La** doping significantly enhances the ORR
catalytic activities, with the most pronounced improvement
observed at a doping level of 0.5. The Arrhenius plots and
activation energies for the three materials shown in Fig. S2

This journal is © The Royal Society of Chemistry 2024
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(ESIt) indicate that the activation energies for PNC, PL, sNC,
and PLNC are 136.29, 129.68, and 132.34 k] mol ', respectively.
The activation energy decreases with La*" doping up to a
doping level of 0.5, beyond which it increases slightly. This
suggests that La®" doping effectively lowers the energy barriers
for ORR, with the largest reduction in activation energy occur-
ring at a doping level of 25%. Consequently, PL,sNC shows
enhanced electrocatalytic activity, highlighting its potential for
improved performance in fuel cells.

To further analyze the effect of La®>" doping on the electrode
reaction processes, the impedance spectra of the half-cells
were deconvoluted into three different frequency regions
using the distribution of relaxation time (DRT) method: the

low-frequency peak (Pg) (0.1-10 Hz), the mid-frequency peak
(P1) (10-10° Hz), and the high-frequency peak (Pg) (10°-10° Hz),
as shown in Fig. 5. Typically, the high-frequency region reflects
the ion exchange process at the three-phase boundary, the mid-
frequency region corresponds to charge transfer, and the low-
frequency region is associated with gas adsorption and disso-
ciation processes.*®?” Fig. 5(a) illustrates the DRT peak fitting
results for the PNC, PL, ;NC, and PLNC half-cells at 650 °C. The
total peak area in the DRT analysis decreases with increasing
La*" doping and then increases again, with PL, sNC exhibiting
the smallest peak area, consistent with the EIS results shown in
Fig. 4. It is evident that La®* doping has minimal effect on the
peak position, shape, and width in the high-frequency region.
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Fig. 6 EIS curves of different oxygen electrodes Pr,_,LayNiggCug 20445 (x = 0, 0.5, 1.0) single cells (a) PNC (b) PLosNC (c) PLNC.
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comparison of peak power density at 650-800 °C.

However, it significantly affects the low and mid frequency
regions by shifting the peak positions to lower frequencies and
reducing the peak areas. This suggests that La** doping mainly
enhances the oxygen diffusion process on the electrode surface
and the charge transfer process in the electrode response.
Fig. 5(b) shows the DRT analysis results of the impedance
spectrum of PL,sNC half-cell at different temperatures. The
total peak area progressively decreases with increasing tem-
perature, indicating the positive effect of elevated temperatures
on the electrode reaction kinetics. In contrast to Fig. 5(a),
temperature changes significantly affect the peak positions,
numbers, and areas across all frequency bands. At 800 °C, no
distinct low-frequency peaks are observed due to the forward
shift and reduction in peak area, leaving only two prominent
peaks in the mid and high-frequency regions. This highlights
the accelerating effect of high temperature on the electrode
reaction processes and kinetics.

3.4 Full cell performance

A full cell with the structure NiO-GDC|LDC|LSGM| Pr,_,La,-
Nig §CUg 20445 (X =0, 0.5, 1.0) was tested in SOFC mode, with the
fuel electrode was supplied with humidified hydrogen (3%
H,0) and the oxygen electrode was exposed to air. EIS and
current-voltage-power (I-V-P) characteristic measurements
were carried out. The EIS curves obtained at 650-800 °C for
cells using PNC, PL, sNC, and PLNC as oxygen electrodes are
shown in Fig. 6. The total ohmic resistance (Rgp), which is
mainly determined by the ionic conduction in the electrolyte

19512 | J Mater. Chem. C, 2024, 12,19506-19514

and the contact resistance between the cell components, and
the R,, which reflects the electrode reaction kinetics, were
quantified. Table S6 (ESIf) summarizes the R, and R, values
at different temperatures for the full cells. Both Rp and R,
decrease with increasing temperature due to enhanced ion and
electron transport within the electrolyte and electrodes. At 650,
700, 750, and 800 °C, the R values for the PNC full cells were
0.591, 0.415, 0.310, and 0.234 Q cm?, respectively. For PLq sNC,
these values were 0.564, 0.385, 0.288, and 0.245 Q cm?, while
PLNC had R, values of 0.587, 0.405, 0.297, and 0.240 Q cm?.
The R values suggest a trend of initial decrease followed by a
slight increase with higher La*" doping. As the electrolyte
primarily determines the Rq in these cells, the Rg shows limited
variation. The R, values for the PNC full cell were 1.933, 1.375,
0.655, and 0.272 Q cm” at 650, 700, 750, and 800 °C, respec-
tively. For PL,;NC, the R, values were significantly lower at
0.965, 0.452, 0.263, and 0.189 Q cm? and for PLNC, they
were 1.414, 0.791, 0.345, and 0.218 Q cm?. The results indicate
that La*" doping significantly reduces the R, with the most
significant reduction observed at a doping level of 25%. This
suggests that PL, sNC has superior electrocatalytic activity.
Fig. 7(a)-(c) shows the I-V-P curves for PNC, PL, sNC, and
PLNC full cells measured at 650-800 °C. The open circuit
voltages (OCVs) for all cells are around 1.1 V, with a slight
decrease observed with increasing temperature, indicating that
the cells maintain good air tightness and have dense electro-
Iytes. Fig. 7(d) compares the peak power densities (PPD) of the
three full cells at different temperatures. The PPD values follow

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 SEM cross-section of (a) PNC (b) PLosNC (c) PLNC electrodes after performance test.

the trend PLysNC > PLNC > PNC, demonstrating that La**
doping effectively enhances cell output performance. At 650,
700, 750, and 800 °C, the PPDs of the PNC full cell were 0.124,
0.216, 0.341, and 0.528 W c¢cm >, respectively. In contrast, the
PL(sNC full cell achieved PPDs of 0.317, 0.467, 0.649, and
0.864 W cm 2, while the PLNC cell exhibited PPDs of 0.161,
0.272, 0.431, and 0.643 W cm ™ ? at the corresponding tempera-
tures. Compared to PNC, the PL, sNC full cell shows a remark-
able improvement in PPD of approximately 156%, 116%, 90%
and 64% respectively at these temperatures. These results
suggest that La*" doping significantly improves cell perfor-
mance, with the optimal doping level being 0.5 for the PL, sNC
oxygen electrode, which exhibits the highest electrocatalytic
activity. Coupled with impedance spectral DRT analysis, the
performance enhancement by La®>" doping is likely due to the
promotion of oxygen surface diffusion and charge transfer
processes in the electrode reaction.

To further investigated the effect of La®*" doping on the
electrode morphology, the microstructures of PNC, PL,;NC,
and PLNC oxygen electrodes are shown in Fig. 8(a)-(c). All three
electrodes exhibit an optimal pore distribution, which facil-
itates oxygen adsorption and diffusion on the electrode surface,
thus providing more active sites for electrochemical reactions.
However, the electrode morphology changes significantly with
different La*" doping levels. In particular, the surface of
PL,sNC becomes rougher, while the particle size of PLNC
decreases. Integrating these observations with the results of
the half-cell and full-cell performance tests, PL,sNC shows
superior electrocatalytic activity compared to PNC and PLNC.
This enhancement can be attributed to its relatively rough
microstructure. The rough, continuous skeleton of PL,;NC
is likely to increase the specific surface area of the electrode,
providing more active reaction sites and extending the
three-phase boundary, thus accelerating the electrode reaction
process.

This journal is © The Royal Society of Chemistry 2024

4. Conclusion

Three materials—PNC, PL,sNC, and PLNC—with different
levels of La*" doping was successfully synthesized by the sol-
gel method. The results reveal that increasing La** doping leads
to a gradual decrease in electrical conductivity, with peak values
of 117.2, 105.7, and 93.7 S cm™* for PNC, PL, sNC, and PLNC,
respectively. Among these, PL, sNC exhibits the fastest conduc-
tivity relaxation, indicating enhanced oxygen surface exchange
and bulk diffusion capabilities. La*>" doping effectively lowers
the energy barrier for electrode reactions, as evidenced by the
comparison of R, and activation energy, following the trend:
PL,sNC < PLNC < PNC. The enhancement is primarily
attributed to improved oxygen surface exchange and charge
transfer processes. The PL,sNC-based cell demonstrated
superior electrochemical performance, with a R, as low as
0.245 Q cm” at 800 °C and PPD of 0.864 W c¢cm >, a 64%
improvement over PNC. In conclusion, La** doping signifi-
cantly enhances the catalytic activity of PNC-based electrodes,
with PL,s;NC emerging as a promising candidate for high-
performance SOFC oxygen electrodes due to its excellent
physicochemical and electrochemical properties.
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