
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

10
:1

3:
46

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Performance opt
aKey Laboratory of Preparation and Applicati

Ministry of Education, Jilin Normal Univer

xuna8912@126.com; mengjunling@jlnu.edu
bDepartment of Chemistry, Jilin Normal Un

xuzhanlin1964@163.com

† Electronic supplementary informa
https://doi.org/10.1039/d4ra04253k

Cite this: RSC Adv., 2024, 14, 30460

Received 11th June 2024
Accepted 17th September 2024

DOI: 10.1039/d4ra04253k

rsc.li/rsc-advances

30460 | RSC Adv., 2024, 14, 30460
imization of metal-supported
solid oxide fuel cells using cathode and full cell
impregnation with La0.4Sr0.6Co0.2Fe0.7Nb0.1O3−d

electrode†

Xin Song,ab Che Wang,ab Na Xu, *ab Zhanlin Xu*b and Junling Meng *ab

In this study, precursor solutions of La0.4Sr0.6Co0.2Fe0.7Nb0.1O3−d (LSCFN) symmetric electrode were

prepared, and the applications of cathode impregnation and full cell impregnation in the preparation and

performance optimization of four-layer metal-supported solid oxide fuel cells (MSCs) were thoroughly

investigated. Test results indicate that the polarization impedance of cathode impregnated MSCs under

H2 and CH4 atmospheres at 750 °C is approximately 0.1 U cm2 and 0.41 U cm2, respectively, with power

densities of 1115 mW cm−2 and 700 mW cm−2, respectively. Meanwhile, the polarization impedance of

full cell impregnated MSCs under the same conditions is 0.12 U cm2 and 0.40 U cm2, with power

densities of 945 mW cm−2 and 840 mW cm−2, respectively. Remarkably, MSCs full cell impregnated

LSCFN exhibit outstanding stability performance under CH4 atmosphere in a 100 h stability test.

Research on the application of impregnation method for performance optimization of metal-supported

cells is relatively scarce. The results reveal the feasibility of simplifying MSCs preparation steps using full

cell impregnation method, further promoting the widespread application of metal-supported overall cells.
1. Introduction

Solid oxide fuel cells (SOFCs) have gained widespread recogni-
tion due to their remarkable energy conversion efficiency,
versatile applicability, fuel exibility, and minimal emissions.1,2

The evolution of SOFCs can be categorized into three genera-
tions based on the type of support structure.3 The rst genera-
tion includes electrolyte-supported SOFCs, followed by the
second generation comprising electrode-supported SOFCs. The
third generation introduces metal-supported SOFCs (MSCs),
which utilize metal support structures instead of traditional
ceramic supports for oxygen electrodes, hydrogen electrodes,
and electrolytes.4,5 MSCs exhibit improved mechanical strength,
enhanced thermal and electrical conductivity, better thermal
shock resistance, and reduced cost. Moreover, they offer notable
advantages such as operation at moderate to low temperatures,
rapid start-up, and thermal cycle stability.6,7

Despite these advantages, research on MSCs remains rela-
tively scarce worldwide. When applied to MSCs, both cathode
and anode components encounter certain limitations that
on of Environmental Friendly Materials of
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hinder the scalable production and commercial utilization of
MSCs. For instance, compared to nickel-based anode catalytic
activity, traditional perovskite cathodes exhibit lower reactivity.
The method of cathode preparation involving high-temperature
air sintering poses challenges, leading to the re-oxidation of the
metal support structure and potential issues like electrolyte
cracking or reduced nickel electron conductivity.8,9 Additionally,
the introduction of carbon-based fuels into MSCs readily results
in carbon deposition on nickel-based anodes.10

Hence, enhancing the structure of MSCs and developing
high-performance and highly stable electrodes are essential
pathways to improve the performance of MSCs and drive their
applications. Employing the same material in adjacent struc-
tures within the metal support layer, anode, electrolyte and
cathode of MSCs can mitigate the coefficient of thermal
expansion. For instance, constructing a semi-cell framework
with the conguration Ni–FejNi–YSZjYSZjPorous-YSZ (Y2O3

stabilized ZrO2) using a co-extrusion method allows for simul-
taneous sintering of the entire MSCs framework.11 Solution
impregnation methods facilitate the attainment of nanoscale,
highly active electrodes at lower sintering temperatures.12–14

This approach circumvents issues arising from excessive
support structure oxidation due to high-temperature air sin-
tering. Additionally, nanoelectrodes produced through the
impregnation method feature a substantial “electronic
conduction phase-ion conduction phase-gas” triple phase
boundary, signicantly enhancing the catalytic performance of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the cell, while also effectively mitigating the issue of thermal
expansion mismatch between the electrode and the
electrolyte.15,16

For traditional ceramic-supported SOFCs, achieving
impregnation requires sacricing strength to prepare a more
porous anode. This constraint has hindered the development of
anode impregnation in SOFCs. In contrast, MSCs, utilizing
strong porous alloys as the support structure, hold a distinct
advantage for anode impregnation.17,18

Impregnating cathodes and anodes separately are a labo-
rious and time-consuming process. In recent years, the emer-
gence of various perovskite symmetrical electrode materials
stable under oxidative and reductive atmospheres, such as
Sr2Fe1.5Mo0.5O6−d, Sm0.7Sr0.2Fe0.8Ti0.15Ru0.05O3−d and
Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3−d,19–21 undeniably offers the poten-
tial for constructing overall MSCs using a unied impregnation
approach. Researchers have predominantly employed redox-
stable perovskite materials as symmetrical electrode materials
in SOFCs. In contrast to redox-stable electrode materials, redox-
reversible electrode materials may undergo structural changes
in reducing atmospheres, leading to the uniform dispersion of
active nanometallic particles on certain electrode surfaces,
while the bulk structure remains largely unaffected. The appli-
cant's team has designed and developed redox-reversible
La0.4Sr0.6Co0.2Fe0.7Nb0.1O3−d (LSCFN) perovskite and similar
materials, where reduction conditions induce the precipitation
of Co–Fe nanometallic particles at the B sites.22 This transforms
LSCFN into a stable layered perovskite structure, which reverts
to its perovskite morphology under oxidative atmospheres.
Electrode performance remained unimpaired over 21 cycles,
rendering LSCFN more suitable for MSCs application than
redox-stable perovskites.23

Currently, few research groups have explored MSCs devel-
opment or employed full cell impregnation methods to lower
operational temperatures and streamline fabrication proce-
dures. This study assesses the constructed and prepared MSCs
through comprehensive testing while also endeavoring to
optimize impregnation using full cell impregnation methods to
enhance cell performance and stability.

2. Material and methods

The preparation method for the Ni–FejNi–YSZjYSZjPorous-YSZ
half-cell framework was adopted from a previously published
paper by the research group.11 Four layers of green bodies were
obtained through tape casting, followed by pellet stamping to
achieve a diameter of 19 mm. Then, the half-cell of NiO–Fe2O3/
NiO–YSZ/YSZ/P-YSZ was obtained aer sintering in a muffle
furnace at 1300 °C for 5 h in an air atmosphere. Furthermore,
half-cells with a structure of NiO–YSZ/YSZ/P-YSZ were fabri-
cated using the same method. Subsequently, they were
impregnated during full cell impregnation and used for char-
acterizing the anode via X-ray diffraction instrument (XRD).

For the chemical composition of La0.6Sr0.4Co0.2Fe0.7Nb0.1-
O3−d (LSCFN), specic amounts of La(NO3)3$6H2O, Sr(NO3)2,
Co(NO3)2$6H2O, Fe(NO3)3$9H2O, and C10H5NbO20$6H2O were
weighed and combined with deionized water in a beaker. This
© 2024 The Author(s). Published by the Royal Society of Chemistry
mixture was heated and stirred until complete dissolution.
Quantities of citric acid were introduced to the impregnation
solution to facilitate perovskite phase formation. The concen-
tration of the LSCFN impregnation solution was set at
0.5 mol L−1, and excess water was evaporated to obtain the
required impregnation solution.

Through vacuum impregnation, the previously high-
temperature sintered NiO–Fe2O3/NiO–YSZ/YSZ/P-YSZ and
NiO–YSZ/YSZ/P-YSZ half-cell frameworks underwent separate
cathode impregnation and full cell impregnation. Impregnation
was carried out in a vacuum for 2 h, aer which the surface
impregnation liquid was wiped clean. The impregnated
frameworks were then in situ sintered at 800 °C for 2 h in
a muffle furnace. This process was repeated three times to
achieve a single cell (S1–S2).

For the preparation of LSCFN perovskite electrode powder,
the impregnation solution was directly calcined. The sintering
temperature and duration matched those post-impregnation in
the cell, set at 800 °C for 2 h. Simulating impregnation into the
anode involved introducing the powder into a reducing
atmosphere.

The LSCFN powder's phase was analyzed using a multifunc-
tional XRD (Germany's Bruker D8). Surface chemical states and
atomic composition were investigated using X-ray photoelec-
tron spectroscopy (XPS, U.S. Escalab 250Xi). Microscopic elec-
trode morphology was observed using a scanning electron
microscope (SEM, Germany's Merlin Compact). Gold paste was
utilized as the electrode collector for both cathode and anode.
Electrochemical performance was evaluated using the
PGSTAT302N electrochemical workstation (Metrohm Autolab,
Switzerland). Electrochemical impedance spectroscopy was
conducted with a perturbation amplitude of 20 mV and
a frequency range of 0.1 Hz to 106 Hz. Similarly, the electro-
chemical workstation was employed to test the current density
(I)–voltage (V)–power density (P) performance of the cells under
different fuel gases. The cathode was exposed to atmospheric
conditions, while the anode was subjected to a ow of H2 and
CH4 at a ow rate of 50 mL min−1.

3. Result and discussion
3.1 Electrode material electrochemical performance testing

The structural characterization of the LSCFN powder sintered in
air at 800 °C is shown in Fig. 1(a). No diffraction peaks corre-
sponding to impurity phases were detected, indicating the
sample's pure perovskite phase. Considering that the common
oxidation state of Nb ions in perovskite oxides is +5, and the
ionic radius of Nb5+ (0.064 nm) is larger than that of Fe (with
Fe4+ and Fe3+ having ionic radii of 0.0585 nm and 0.055 nm,
respectively), partial substitution of Fe by Nb in LSCF leads to an
increased unit cell volume and a slight shi in peak position to
lower 2q angles.24 As the cell was integrally impregnated and the
LSCFN located at the anode was exposed to a reducing atmo-
sphere for an extended period, the LSCFN powder obtained
aer 800 °C sintering was subjected to a reduction treatment in
a horizontal atmosphere furnace with H2/N2–3% H2O atmo-
sphere for 50 h. Subsequent XRD measurements revealed that
RSC Adv., 2024, 14, 30460–30468 | 30461
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Fig. 1 XRD analysis of LSCFN impregnation solution sintered at 800 °C then annealed at 800 °C for 50 h (a) and the surfaces of the cathode and
anode of full cell impregnated MSCs (b).
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aer prolonged reduction, signicant Co–Fe alloy impurities
appeared on the LSCFN perovskite phase, yet the overall struc-
ture retained the ABO3 conguration. The XRD pattern showed
a peak shi towards lower angles, attributed to the decrease in
oxidation states of ions under reduction conditions. Following
the charge compensation mechanism, this results in lattice
oxygen loss and subsequent peak position shi towards lower
angles.25 Thus, the anode-impregnated LSCFNmixed conductor
can simultaneously possess catalytic decomposition of fuel
gases and O2− transport functions during the early stages of cell
testing.

In this study, the half-cell framework was immersed in the
LSCFN precursor solution using vacuum impregnation. LSCFN
powder was mixed with the cathode framework material YSZ
and the anode framework material NiO–YSZ, followed by co-
sintering at 1000 °C for 5 h. The XRD results in Fig. 1(b) illus-
trate that there were no impurity phases in the cathode-side
powder mixture aer co-sintering, indicating the absence of
reactions between LSCFN and YSZ at the operating temperature
of the cell, preventing the formation of impurity phases. Simi-
larly, on the anode side of the cell, only pure LSCFN perovskite
phase, YSZ cubic uorite phase, and NiO phase were observed,
without any appearance of impurity phases.

To better elucidate the impact of LSCFN on ORR activity, XPS
was employed to analyze the chemical environment of surface
elements in LSCFN and H2-reduced LSCFN. Fig. 2(a) presents
the XPS spectra of surface elements in both LSCFN and H2-
reduced LSCFN samples. All binding energies were calibrated
using the C 1s peak at 284.6 eV, conrming the presence of C,
La, Sr, Co, Fe, Nb, and O. Fig. 2(b) shows the XPS spectra of the
O 1s orbital in the electrode. The peak at 529.1 eV corresponds
to lattice oxygen (Olat), the peak at 531.3 eV corresponds to
surface-adsorbed oxygen (Oads), and the highest binding energy
peak at 533.4 eV is associated with water-related oxygen species.
The Olat/Oads ratio typically reects the oxygen adsorption
capacity of the electrode surface. A lower Olat/Oads ratio indi-
cates a higher oxygen vacancy concentration, which is favorable
30462 | RSC Adv., 2024, 14, 30460–30468
for enhancing cathode ORR activity. Table 1 presents the Olat

and Oads areas and the corresponding Olat/Oads percentages for
the electrodes. A smaller Olat/Oads ratio suggests an increased
oxygen vacancy concentration in LSCFN, thus enhancing its
ORR activity. Both samples exhibit a high oxygen adsorption
ratio, with the loosely bound Oads easily released at high
temperatures, leaving numerous active sites that signicantly
enhance ORR activity. Notably, the Olat/Oads ratio in H2-reduced
LSCFN is lower than in LSCFN, making it a more catalytically
active ORR catalyst.

Theoretically, the formation of oxygen vacancies within
perovskites is accompanied by redox reactions of B-site cations.
Therefore, to better understand the impact of reduction on the
oxygen vacancy concentration, XPS analysis of B-site cations in
LSCFN andH2-reduced LSCFNwas conducted. Fig. 2(c) presents
the Co 2p XPS spectrum of the LSCFN powder and H2-reduced
LSCFN powder. The oxidation state of surface transition metal
cations affects the surface electronic structure, the peaks near
794.7 eV and 796.2 eV correspond to Co 2p1/2, while those at
780.3 eV and 782.2 eV correspond to Co 2p3/2.26 The results
indicate that upon H2 reduction, the Co 2p1/2 and Co 2p3/2
characteristic peak positions shi toward lower binding ener-
gies compared to the unreduced LSCFN. This is attributed to the
reduction of Co3+ to Co2+ upon H2 reduction, leading to
a decreased oxidation state of Co and resulting in the
displacement of characteristic peaks to lower binding energies.
Studies have shown that the transition between Co3+ and Co2+

oxidation states can enhance catalytic activity and electronic
conductivity, improving the electrochemical performance of the
cell.27

In Fig. 2(d), the Fe 2p XPS spectrum of the LSCFN powder
and H2-reduced LSCFN powder are presented. The peaks at
723.8 eV and 726.2 eV correspond to Fe 2p1/2, while those at
710.5 eV and 713.0 eV correspond to Fe 2p3/2.28 The results show
that post-H2 reduction, the Fe 2p1/2 and Fe 2p3/2 characteristic
peak positions shi towards lower binding energies compared
to unreduced LSCFN. This shi is attributed to the reduction of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS survey spectra (a), O 1s XPS spectra (b), Co 2p XPS spectra (c), and Fe 2p XPS spectra (d) of LSCFN and H2-reduced LSCFN samples.

Table 1 The fitted results of O 1s signals

Sample Olat (%) Oads (%) Olat/Oads

LSCFN 43.68% 56.31% 0.77
H2-reduced LSCFN 22.57% 77.42% 0.29
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Fe3+ to Fe2+ upon H2 reduction, causing a decrease in Fe's
oxidation state and leading to the displacement of character-
istic peaks to lower binding energies. Studies have indicated
that transitions between various oxidation states can enhance
catalytic activity and electronic conductivity.29 Table 2 presents
the percentages of Co and Fe ions in different valence states
within the electrode and their corresponding average oxidation
Table 2 Proportion of valence states and average valence states of stud

Sample

Co 2p

Co2+ (%) Co3+ (%)

LSCFN 45.14% 54.86%
H2-reduced LSCFN 45.77% 54.23%

© 2024 The Author(s). Published by the Royal Society of Chemistry
states. Comparing the average oxidation states of Co and Fe
indicates that the B-site cations in H2-reduced LSCFN have
a lower average oxidation state than in LSCFN, further con-
rming the higher oxygen vacancy concentration and enhanced
ORR activity in H2-reduced LSCFN.

3.2 MSCs microstructure characterization

Fig. 3(a) presents an SEM image of the cross-section of the
entire impregnated MSCs. As depicted in the gure, the cell
exhibits a four-layer structure with close adhesion, free from any
cracking or delamination. Moreover, the electrolyte presents
a dense structure devoid of any observable cracks.

Fig. 3(b)–(d) depict the sectional microstructures of the YSZ–
LSCFN cathode, Ni–YSZ–LSCFN anode, and Ni–Fe–LSCFN
ied samples

Fe 2p Average valence

Fe2+ (%) Fe3+ (%) Co Fe

36.07% 63.93% 2.55 2.63
40.56% 59.44% 2.54 2.59

RSC Adv., 2024, 14, 30460–30468 | 30463
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Fig. 3 SEM images of the cross-sections of (a) full cell impregnated MSCs, (b) cathode, (c) anode, and (d) support.
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support in the full cell impregnated Ni–Fe–LSCFN/Ni–YSZ–
LSCFN/YSZ/YSZ–LSCFN. The porous YSZ within the full cell
impregnated cell is also saturated with ample LSCFN nano-
particles, evenly distributed, creating a substantial YSZ/LSCFN/
gas three-phase interface.

In Fig. 3(c), we illustrate the microstructure of the Ni–YSZ–
LSCFN anode, and its magnied SEM image reveals a uniform
distribution of Ni particles within the anode, which are inter-
spersed with larger YSZ particles. The surface of the Ni–YSZ
anode is visibly impregnated with LSCFN nanoparticles. The
presence of LSCFN on the YSZ electrolyte facilitates the catalysis
and transfer of O2−, thereby expanding the anode's three-phase
interface.

Fig. 3(d) portrays the microstructure of the support impreg-
nated with LSCFN perovskite. The surface of the impregnated
LSCFN layer exhibits no hindrance to the diffusion of fuel gas
within the anode, while the mixed conductor LSCFN perovskite,
covering the surface of the Ni–Fe alloy, prevents alloy oxidation
and widens the ion transport pathway.
3.3 MSCs electrochemical performance testing

Electrochemical impedance spectroscopy can visually represent
the electrochemical performance of a single cell. The spectra
consist of arcs formed by a series of points, with intersections at
the real axis (Z0) in both the high-frequency and low-frequency
regions. The high-frequency intersection represents the ohmic
resistance (Ro) of the single cell, primarily attributed to the
electrolyte, electrode resistance, and interfacial contact resis-
tance. The low-frequency intersection corresponds to the total
resistance (Rt) of the cell. The difference between Rt and Ro

denes the polarization resistance (Rp), which reects the
electrochemical catalytic performance of the electrode. Fig. 4(a)
and (b) display the impedance spectra of cathode-impregnated
and full cell impregnated LSCFN cells under H2 atmosphere. As
the temperature increases, the impedance of the cells
30464 | RSC Adv., 2024, 14, 30460–30468
decreases, with both MSCs exhibiting the minimum impedance
at 750 °C. The ohmic impedance of cathode-impregnated MSCs
at 750 °C is approximately 0.18 U cm2, and the polarization
impedance is approximately 0.1 U cm2. For full cell impreg-
nated MSCs, the ohmic impedance at 750 °C is approximately
0.18 U cm2, and the polarization impedance is approximately
0.12 U cm2. Aer modifying the anode with full cell impregna-
tion of LSCFN, the impedance slightly increases. This is likely
due to the formation of a layer of LSCFN nanoparticles from the
anode impregnation, partially adhering to the surface of Ni–
YSZ, occupying some of the Ni–YSZ triple-phase boundary,
hindering direct contact between H2 molecules and the surface
of Ni particles and the triple-phase boundary. Previous studies
by the research group have shown that the electron conductivity
of LSCFN at 750 °C in H2 atmosphere is 35 S cm−1,30 it is
signicantly lower than that of Ni. Full cell impregnation may
lead to increased impedance due to hindered ion-electron
conduction at the triple-phase boundary.

Fig. 4(c) and (d) show the impedance spectra of cathode-
impregnated and full cell impregnated LSCFN MSCs aer
stable operation under CH4 atmosphere. The test results indi-
cate that at 750 °C, the ohmic impedance of both MSCs is
approximately 0.23 U cm2, with a small difference in ohmic
impedance at other temperatures, suggesting that the full cell
impregnated electrode is more suitable, as it does not signi-
cantly increase electrode concentration polarization and has
minimal impact on electrode porosity. The polarization
impedance of cathode-impregnated MSCs is approximately 0.41
U cm2, while that of full cell impregnated MSCs is approxi-
mately 0.40 U cm2. Aer CH4 gas is introduced into the anode,
only the single cell with cathode impregnation exhibits particle
deposition on the surface of Ni during cell operation, inhibiting
the catalytic activity of Ni and resulting in increased impedance.
Conversely, in the single cell with full cell impregnation-
modied anode, the layer of LSCFN particles covering the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The impedance spectra of cathode-impregnated (a) and full cell impregnated (b) MSCs under H2 atmosphere, and the impedance spectra
of cathode-impregnated (c) and full cell impregnated (d) MSCs under CH4 atmosphere.
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surface of Ni prevents contact between CH4 and Ni, reducing the
impact on the catalytic activity of Ni and resulting in lower
impedance.31

Electrochemical impedance spectra (EIS) obtained using the
electrochemical workstation oen exhibit attened or over-
lapping semicircles, making analysis challenging. Distribution
of relaxation times (DRT) analysis, however, can accurately
capture the relationship between the time and frequency
domains. It reveals the time required for a system to transition
from one equilibrium state to another aer a small perturba-
tion, with different relaxation times corresponding to different
reaction processes. This is useful for analyzing the electro-
chemical reactions occurring in the cell. Thus, DRT was applied
to the impedance data collected at 750 °C, as shown in Fig. 4.
Fig. 5 illustrates the DRT analysis results at 750 °C for both the
fully impregnated and cathode-impregnated cells. The imped-
ance spectra were tted using an equivalent circuit model:
Rs(R1/CPE1)(R2/CPE2)(R3/CPE3), where Rs represents the resis-
tance from the electrolyte, leads, and ohmic effects, while the
constant phase elements (CPE) account for the microstructural
© 2024 The Author(s). Published by the Royal Society of Chemistry
heterogeneity at the electrode–electrolyte interface. The DRT
analysis further resolves the cell's primary electrochemical
processes, with peaks labeled P1, P2, and P3 in order from low
to high frequency. Specically, the P1 peak is associated with
gas diffusion, cathode O2 surface exchange, and solid-phase
oxygen ion diffusion; the P2 peak reects electrode polariza-
tion, primarily involving anode gas–solid interactions and gas
diffusion; and the P3 peak is closely related to ion transport at
the electrode–electrolyte interface.32,33

Comparing the DRT plots under H2 atmosphere in Fig. 5(a),
the fully impregnated cell shows minimal changes in the areas
of the P1 and P3 peaks compared to the cathode-impregnated
cell, while the area of the P2 peak increases slightly. This is
consistent with the impedance increase observed in Fig. 4(a)
and (b), indicating that aer full impregnation, the cell
performance is primarily limited by electrode polarization
processes and gas–solid interactions and gas diffusion at the
anode surface. This phenomenon may be attributed to partial
anode blockage caused by LSCFN impregnation, which hinders
gas transport and increases overall impedance. Analyzing the
RSC Adv., 2024, 14, 30460–30468 | 30465
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Fig. 5 DRT analysis of the two cells at 750 °C in an H2 atmosphere (a) and a CH4 atmosphere (b).
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results in Fig. 5(b) under CH4 as the fuel, we observe a slight
reduction in the areas of the P1 and P3 peaks in the fully
impregnated cell, with a signicant decrease in the P2 peak
area. Given that the test was conducted aer the cell system
reached thermal stability and steady-state performance, we
infer that the cathode impregnation strategy may accelerate
carbon deposition on the Ni anode due to prolonged and
extensive direct contact with CH4 compared to the fully
impregnated cell. This highlights the importance of auxiliary
full impregnation methods in optimizing SOFC anode struc-
tures when using carbon-based fuels. This strategy effectively
mitigates carbon deposition on Ni, resulting in a signicant
reduction in polarization resistance and overall enhancement
of electrochemical performance. The DRT analysis elucidates
Fig. 6 The I–V–P spectra of cathode-impregnated (a) and full cell imp
cathode-impregnated (c) and full cell impregnated (d) MSCs under CH4

30466 | RSC Adv., 2024, 14, 30460–30468
the specic impact mechanisms of different impregnation
strategies on the complex electrochemical processes within the
cell, providing a theoretical foundation for the ne-tuning of
cell structure and further performance optimization.

Fig. 6(a) and (b) depict the I–V–P spectra of cathode-
impregnated and full cell impregnated LSCFN cells under H2

atmosphere. To ensure stable cell output, both cells were dis-
charged at a current of 0.2 A cm−2 for 10 h before formal testing.
The peak power density of cathode-impregnated MSCs at 750 °C
is approximately 1015 mW cm−2, while that of full cell
impregnated MSCs reaches 945 mW cm−2. Moreover, the power
decreases as the temperature decreases. Cathode-impregnated
MSCs perform better under H2 atmosphere. It is speculated
that during full cell impregnation, the LSCFN nanoparticles
regnated (b) MSCs under H2 atmosphere, and the I–V–P spectra of
atmosphere.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Stability test curves of cathode impregnated and full cell
impregnated MSCs under CH4 atmosphere.
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covering some of the Ni particles hinder the catalysis of highly
active Ni, leading to a decrease in the electrochemical perfor-
mance of the cell.

Fig. 6(c) and (d) present the I–V–P spectra of cathode-
impregnated and full cell impregnated LSCFN cells under CH4

atmosphere. Prior to formal testing, both cells were discharged
at a current of 0.2 A cm−2 for 10 h. The results indicate that the
peak power density of cathode-impregnated MSCs at 750 °C is
approximately 700 mW cm−2, while that of full cell impregnated
MSCs reaches 840 mW cm−2. The power density of the cells
increases with temperature. Full cell impregnated LSCFN MSCs
perform better under CH4 atmosphere. This is attributed to the
fact that cathode impregnation leaves the anode unmodied.
Aer introducing CH4 gas for a period of time, carbon accu-
mulates on the surface of the Ni anode, reducing its catalytic
activity and disrupting the triple-phase boundary conductivity,
leading to decreased cell performance. Anode modication
through full cell impregnation can reduce the contact between
Ni and CH4 gas, and adsorb H2O and CO2 molecules, thereby
reducing carbon accumulation and improving the electro-
chemical performance of the cell.34

Fig. 7 depicts the stability testing of the two types of cells
under CH4 atmosphere, conducted at 750 °C with a constant
current of 0.3 A cm−2. The initial output voltages were 0.8 V and
0.84 V, respectively. During the testing, the cathode-
impregnated MSCs experienced a decay to approximately
0.69 V aer 48 h of operation, whereas the full cell impregnated
LSCFN cell maintained an output voltage above 0.80 V even aer
100 h, indicating that full cell impregnation of LSCFN contrib-
utes to enhancing the stability of Ni/YSZ anode under CH4.
4. Conclusions

In this study, LSCFN was prepared and used to obtain two types
of integrated MSCs through cathode impregnation and full cell
impregnation methods. XRD spectra indicated that aer
vacuum impregnation and sintering at 800 °C, the LSCFN
solution formed a pure perovskite phase structure within the
© 2024 The Author(s). Published by the Royal Society of Chemistry
porous framework. Electrochemical performance tests of the
MSCs showed that under H2 atmosphere, the MSCs with
cathode impregnation exhibited better electrochemical perfor-
mance compared to those with full cell impregnation. In the
anodes of the full cell impregnated cells, LSCFN partially
adhered to the Ni surface, reducing the catalytic activity of Ni
and hindering the direct contact between H2 molecules and the
Ni particles and the triple-phase boundaries. Under CH4

atmosphere, the full cell impregnated MSCs performed better
than those with cathode impregnation. The lack of anode
modication in the cathode impregnated cells led to carbon
deposition on the Ni surface, causing rapid performance
degradation. In contrast, the modied anode with a layer of
LSCFN nanoparticles reduced the contact between the anode Ni
and CH4 gas, thereby reducing carbon deposition and
enhancing the electrochemical performance of the cell.

The full cell impregnation of LSCFN in cell production ach-
ieved integrated MSCs cathode preparation and anode modi-
cation, signicantly simplifying the fabrication process. The
four-layer integrated structure supported by metal also
reduced the constraints on the thermal expansion coefficient of
the cathode material, enabling low-temperature sintering of the
cathode and expanding the range of material choices. This
study demonstrated the feasibility of this approach, providing
a theoretical basis for future research and promoting the
practical application of metal-supported solid oxide fuel cells.
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