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Layered Ruddlesden-Popper La2NiO4+δ (LNO) is reported to possess excellent oxygen surface and bulk transport properties, but its
application as the cathode of solid oxide fuel cells is restrained by the relatively poor electrocatalytic activity. Here, we report the
incorporation of highly ion-conducting Er-stabilized Bi2O3 (ESB) into LNO and assemble the LNO-ESB composite cathode directly
on zirconia electrolyte film using a facile electrochemical polarization approach. The results show the presence of ESB remarkably
reduces the contact resistance at the electrode/electrolyte interface and enhances the electrocatalytic activity and cation stability of
LNO. The cell with the LNO-ESB cathode generates a peak power density of 852 mW cm−2 at 750°C with reasonable operating
stability over 200 h. This work demonstrates the feasibility of incorporating ESB to promote the layered nickelate cathodes for
intermediate temperature solid oxide fuel cells.
© 2019 The Electrochemical Society. [DOI: 10.1149/2.0841912jes]
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Solid oxide fuel cells (SOFCs) are one of the cleanest and most effi-
cient all-solid devices to directly convert the chemical energy of a vari-
ety of fuels to electrical power. The development of high performance
SOFCs is critically hindered by the sluggish kinetics of oxygen reduc-
tion reaction (ORR) at the cathode side, which however is dramatically
dependent on the type of cathode materials.1–3 K2NiF4-type layered
Ruddlesden-Popper La2NiO4+δ (LNO) exhibits excellent oxygen sur-
face exchange and bulk transport properties, and therefore, is regarded
as a promising cathode material for intermediate temperature SOFCs
(IT-SOFCs).4–6 For example, LNO has an oxgyen surface exchange co-
efficient (k) of 2.55 × 10−6 cm s−1 and an oxygen tracer diffusion coef-
ficient (D∗) of 1.71 × 10−7 cm2 s−1 at ∼800°C, higher than the state-of-
the-art mixed ionic and electronic conductor La0.6Sr0.4Co0.2Fe0.8O3-δ

(LSCF).5 The decoration of a LNO layer on the surfaces of LSCF,7,8

Ba0.5Sr0.5Co0.8Fe0.2O3-δ
9 and PrBa0.5Sr0.5Co1.5Fe0.5O5+δ

10 not only en-
hances the electrocatalytic activity for ORR, but also promotes the
structural stability of the cathodes against the attack by volatile con-
taminants such as chromium, sulfur and carbon dioxide. The positive
effect of the LNO layer is attributed to the absence of alkaline earth
metals in particular strontium, which are a nucleating agent in initi-
ating the interaction with the contaminants.1,11,12 Compared with the
cobalt-containing cathodes with a high thermal expansion coefficient
(TEC), LNO possesses a moderate TEC of 13.7 × 10−6 K−1, making
it more thermally compatible with commonly used Y2O3-stabilized
ZrO2 (YSZ) and Gd-doped CeO2 (GDC) electrolytes.4,5

However, literature survey indicates that LNO as a cathode of
SOFCs virtually exhibits relatively poor electrocatalytic activity for
ORR. Skinner’s group reported that the electrode polarization resis-
tance of a LNO electrode was as high as 7.4 � cm2 at 700°C.13

Escudero et al. fabricated a cell with Ni-Sm0.2Ce0.8O1.9 (SDC)
anode/SDC/La0.9Sr0.1Ga0.8Mg0.2O2.85 electrolyte/LNO cathode and
obtained peak power densities (PPDs) of 160 and 226 mW cm−2 at
750 and 800°C, respectively.14 Fondard et al.’s metal-supported cell
with a structure of Ni-YSZ anode/YSZ film/GDC layer/LNO cathode
generated a PPD in the range of 60–76 mW cm−2 at 700°C.15 As a
consequence, there are numerous efforts motivating to enhance the
electrocatalytic performance of LNO electrodes. This includes the de-
sign of a nanostructured LNO-based cathode,16–19 doping of cations
such as Pr and Bi in the La-site and Mn, Co, Cu and Fe in the Ni-
site,20–23 construction of a multilayer structure such as a compact LNO
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inner layer/porous LNO outer layer13,24,25 and a LNO compact inner
layer/LNO-La4Ni3O10−δ (L4N3O10) composite middle layer/L4N3O10

outer layer,26 and combination with a second phase to form a com-
posite such as LNO-L4N3O10,27 LNO-LaNi0.6Fe0.4O3−δ

28 and LNO-
doped ceria.29,30

Cubic bismuth oxide (δ-Bi2O3) is highly ion conductive with su-
perb oxygen surface exchange ability.31 The addition of Y and Er-
stabilized Bi2O3 (YSB and ESB) remarkably promotes the electrocat-
alytic activity of cathodes such as La0.8Sr0.2MnO3+δ (LSM), LSCF and
Sm0.95Co0.95Pd0.05O3−δ.32–41 However, to our best knowledge there are
rare reports regarding the incorporation of stabilized Bi2O3 to LNO.
Here, we aim to modify LNO by ESB and anticipate the ESB phase
would lead to performance promotion of LNO. We attempt to assemble
the LNO-ESB electrode on barrier-layer-free YSZ electrolyte using an
electrochemical polarization approach without the conventional elec-
trode sintering process at 1000–1200°C. This is based on our recent
findings that the electrode/electrolyte interface can be in situ formed
via the electrochemical polarization under the operating conditions of
SOFCs (700-800°C).42–46 The electrochemical polarization assisted
electrode fabrication is benign to avoid the potential chemical reac-
tion at the interface between LNO and YSZ at a temperature of 900°C
and above.47–49 The results show that compared to the pristine LNO
electrode, the LNO-ESB composite electrode exhibits a remarkably
reduced interfacial contact resistance as well as enhanced electrocat-
alytic activity and operating stability.

Experimental

Preparation of electrode powder and ink.—La2NiO4+δ (LNO) and
Er0.4Bi1.6O3 (ESB) powders were synthesized via a sol-gel route, using
La(NO3)3·6H2O (99.9%), Ni(NO3)2·9H2O (98%), Er(NO3)3·5H2O
(99.9%), Bi(NO3)3·5H2O (98%), citric acid (99.5%), ethylenedi-
aminetetraacetic acid (EDTA, 99%) and ammonia solution (28%). The
LNO and ESB gels were calcined at 900 and 600°C for 3 h, respec-
tively. LNO and ESB were mixed in 60:40 by mass, and the mixture
was blended with an ink vehicle (4 wt% ethyl cellulose + 96 wt%
terpineol) in 70:30 by mass. Pristine LNO ink was also prepared for
comparison. To perform chemical compatibility analysis, LNO and
YSZ (TZ-8Y, Tosoh) powders were mixed in 50:50 by mass and cal-
cined at 800–900°C for 4 h.

Preparation and testing of single cells.—Anode substrate/14 μm
anode functional layer (AFL)/12 μm YSZ film cells were
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prepared using a slurry spin coating approach. The details are available
elsewhere.50,51 The anode substrates consisted of NiO (J.T. Baker),
YSZ and tapioca starch of 40:40:20 in mass, and AFL of NiO and
YSZ of 50:50 in mass. The supported YSZ films were fired at 1450°C
for 5 h. LNO and LNO-ESB inks were screen-printed on the YSZ
films with a geometric area of 0.23 cm2 and heat-treated at 150°C for
2 h. No further electrode sintering processes were performed.

The single cells were sealed on ceramic tubes and heated up to
750°C, where the anodes were reduced in hydrogen at a flow rate
of 50 ml min−1. Electrochemical polarization curves and impedance
spectra were measured at 600–750°C, using a Gamry Potentiostat
(Reference 3000 and Interface 1000E). The cells’ operating stabil-
ity was conducted under a constant current density of 0.1 and 0.5 A
cm−2 at 750°C. The frequency range for measuring impedance spectra
was 100 kHz–0.1 Hz and AC signal amplitude was 10 mV.

Phase and microstructure characterizations.—The crystal phases
of LNO, ESB powders and calcined LNO-YSZ mixtures were char-
acterized using an X-ray diffractometer (XRD, Bruker D8 Advance
and Rigaku Miniflex600) with a Cu Kα X-ray source. The morphology
and elemental analysis of LNO powder as well as LNO and LNO-ESB
electrodes were characterized using a scanning electron microscope
(SEM, Zeiss Neon 40EsB and Supra55 Sapphire) equipped with en-
ergy dispersive spectroscopy (EDS). The electrodes were partly peeled
off to expose the electrolyte surfaces using an adhesive tape approach,
and the elemental distribution on the electrolyte surfaces (10 μm ×
10 μm region) was probed with a Tescan Lyra FIB-SEM with a Tofw-
erks Time of flight secondary ion mass spectrometer (ToF-SIMS) us-
ing an ion beam accelerating voltage of 30 kV and current of 35 pA.
Positive ions were detected during the SIMS tests.

Results and Discussion

Phase and microstructure.—Figure 1a shows the XRD patterns
and SEM image of as synthesized LNO powder. The LNO powder
exhibits a typical tetragonal structure after calcination at 900°C and
the particles are in the average size of 160 nm. In the case of ESB, cubic
fluorite structure is formed after the powder is calcined at 600°C.32,34

XRD patterns regarding the chemical compatibility between LNO and
YSZ are shown in Figure 1b. No distinct reaction product is detected at
a temperature below 850°C, but as the temperature increases to 900°C
an electrically resistive La2Zr2O7 phase is observed. This is consistent
with the literature reports.47–49 Thus the cell’s testing temperature at
750°C and below in the present study is thermodynamically safe to
avoid the chemical reaction at the interface between LNO electrode
and YSZ electrolyte.

Figures 1c–1f show the SEM images of as prepared pristine LNO
and LNO-ESB composite electrodes after heat-treatment at 750°C for
30 min. The surface of LNO electrode is characterized by a porous
structure with loosely connected particles (Figure 1c). The particles
are in the average size of 235 nm, greater than 160 nm of as synthe-
sized powder (see Figure 1a). By contrast, the surface microstructure
of LNO-ESB electrode is more compact, and the electrode structure
is slightly coarsened with an average particle size of 300 nm (Fig-
ure 1d). ESB and LNO particles are representatively indicated in Fig-
ure 1d (see the arrows), as confirmed by the EDS spectra (Figure 1g).
Compared to the LNO electrode (Figure 1e), the LNO-ESB electrode
shows more intimate interfacial contact with the YSZ electrolyte (Fig-
ure 1f), consistent with the microstructure compactness of LNO-ESB
(see Figure 1d).

Initial electrochemical performance.—After the anodes were
completely reduced at 750°C for 1 h, the electrochemical performance
such as polarization curves and impedance spectra were tested and the
results are shown in Figure 2. The open circuit voltage of both cells is
∼1.1 V, very close to the theoretical value. In the case of the cell with
pristine LNO cathode (LNO cell), the peak power density (PPD) at
750°C is only 115 mW cm−2 (Figure 2a), close to that of the pristine

LNO cells reported in literature (see Table I). The low output per-
formance is due to the high total cell resistance (RT) of 2.55 � cm2,
comprising of a cell ohmic resistance (R�) of 1.13 � cm2 and an elec-
trode polarization resistance (RP) of 1.42 � cm2 (Figure 2b). R� and
RT are derived from the high and low-frequency intercepts of Nyquist
plots, respectively, and RP the difference between RT and R�. R� of
1.13 � cm2 is drastically greater than that of 0.27 and 0.56 � cm2 for
identical YSZ film cells with LSCF and LaCoO3-δ (LC) electrodes
assembled by the identical approach,43,44 respectively. Hidenbrand
et al. also reported the increase of overall ohmic resistance using LNO
electrode.24

On the other hand, the performance of LNO is remarkably en-
hanced by the incorporation of ESB. PPD of LNO-ESB cell reaches
688 mW cm−2 (Figure 2a), much higher than that of LNO cell. The
performance enhancement is due to the significant decrease of inter-
nal resistances. R� and RP of LNO-ESB cell are 0.16 and 0.40 � cm2,
respectively (Figure 2b), much smaller than 1.13 and 1.42 � cm2 in
the case of LNO cell. R� mainly contains electrolyte ohmic resistance
as well as contact resistance at the interfaces between electrolyte and
electrodes. As LNO cell and LNO-ESB cell have different cathodes
only, the decrease of R� by ESB incorporation is probably attributed
to the decrease of contact resistance at the cathode/electrolyte inter-
face. This is consistent with the enhanced interfacial contact between
LNO-ESB electrode and YSZ electrolyte (see Figure 1f).

It is worthwhile noting that the decrease of RP by ESB incorpora-
tion is mainly on the impedance arcs at frequencies above 10 Hz, while
the low-frequency arcs below 10 Hz remain unchanged (Figures 2b
and 2c). It is well accepted the low-frequency impedance arcs are re-
lated to gas diffusion and conversion in anode.52–54 Consistently, we
observed the low-frequency arcs are greatly affected by varying the
atmospheres in anode.55–57 On the other hand, the impedance arcs at
higher frequencies are associated with the electrode processes at cath-
ode as well as the electrochemical process at anode.52–54,58–60 Here,
the Bode plot of LNO cell shows two visible electrode processes at
summit frequencies of 103–104 Hz and 104–105 Hz (Figure 2c). Both
the electrode processes undergo a dramatic decrease by the ESB in-
corporation, and also the electrode process at the summit frequency
of 103–104 Hz is shifted to 102–103 Hz. This indicates these elec-
trode processes arise from the cathode side, most likely relating to ion
migration process at the electrode/electrolyte interfaces and surface
exchange reaction.18,24,61 The variation of impedance arcs induced by
polarization is in excellent agreement with our previous studies based
on identical YSZ film cells with different cathode materials.32–34,43,44

The impedance spectra are thus fitted using an equivalent circuit
with three RiQi (i = H, M and L) elements where Q is a constant phase
element (CPE), along with a R� and an inductor L (Figure 2d). The
admittance (Y) of Q is defined as

Y = Y0( jω)n [1]

where Y0 and n are the amplitude and exponent component of CPE,
respectively, and ω is the angular frequency. The fitting results are
listed in Tables II and III. As discussed above, the RHQH and RMQM

elements at high and medium-frequencies are mainly related to the
ion migration and surface exchange processes in cathode, respectively,
while the RLQL element at low frequencies is associated with the gas
diffusion and conversion in anode. The substantially greater Y0 values
of QL compared to those of QH and QM confirm the assignment of
proper electrode processes discussed above.62,63 It is evident that the
incorporation of ESB leads to the reduction of RM and in particular RH.
RH and RM of LNO cell are 0.75 and 0.43� cm2, respectively (Table II),
and dramatically decrease to 0.066 and 0.26 � cm2 for LNO-ESB cell
(Table III). The remarkable reduction of RH is due to the facilitated
ion migration as a result of enhanced interfacial contact as discussed
above. Researches also observed the compact LNO interfacial layer
enhances the oxygen ion transfer process as well as mass transport
and charge transfer processes.13,24–26 The reduction of RM is ascribed
to the enhanced oxygen surface exchange process due to the excellent
oxygen surface exchange ability of ESB.
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Figure 1. (a) XRD patterns and SEM image of as-synthesized LNO powder, (b) XRD patterns of LNO-YSZ mixtures heat-treated at 800–900°C, SEM images of
outermost surfaces and cross sections of (c and e) LNO electrode and (d and f) LNO-ESB electrode, and (g) EDS spectra on the surfaces of LNO-ESB electrode
as indicated in (d).

Operating stability.—Figure 3 shows the performance curves of
LNO cell during polarization at 0.1 A cm−2 and 750°C. In contrast to
the remarkable promotional effect of electrochemical polarization on
the performance of cobaltite and manganite cathodes in our previous
studies,43,44,64–66 the polarization has an adverse effect on the LNO
cell. It is evident the cell output performance decreases continuously
with increasing the polarization time (Figure 3a). After polarization

for 20 h, the voltage at 0.1 A cm−2 decreases drastically from 0.82 to
0.58 V (Figure 3b). Consistently, RT increases gradually from 2.55 to
4.62 � cm2 after polarization for 20 h (Figure 3c). In the early stage
of polarization up to 4 h, R� increases, but RP slightly reduces. As the
polarization time is extended, RP increases, but R� remains stable and
even reduces after polarization for 20 h. The increase of RP is primarily
on both the impedance arcs with summit frequencies at 103–104 Hz
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Figure 2. (a) I-V and I-P curves, (b) Nyquist plots, (c) Bode plots, and (d) equivalent circuit of LNO cell and LNO-ESB cell tested at 750°C before the polarization.
In (b and c), symbols are experimental data and lines are fitted data.

Table I. Peak power densities (PPD) of LNO based cells in literature and present work.

Cell structure Temperature/oC PPD/mW cm−2 References

Ni-YSZ/YSZ film (10 μm)/GDC (<1 μm)/LNO 800 1250 82
750 815
700 485

Ni-SDC/SDC/LSGM pellet (0.4 mm)/LNO 800 226 14
750 160

Ni-SDC/YSZ film (11 μm)/SDC (4 μm)/LNO 800 500 83
Ni-YSZ/YSZ film (8 μm)/LNO/LSC 800 300 29
Ni-YSZ/YSZ film (10 μm)/GDC (1.3 μm)/LNO 700 60-76 15
Ni-YSZ/YSZ film (12 μm)/LNO 750 115 This work
Ni-YSZ/YSZ film (8 μm)/LNO-SDC/LSC 800 2200 29
Ni-YSZ/YSZ film (15 μm)/LNO nanorods on YSZ scaffold 700 575 18
Ni-YSZ/YSZ film (12 μm)/LNO-ESB 750 852 This work

700 563
Ni-YSZ/YSZ film (20 μm)/LNO infiltrated YSZ 750 717 16
Ni-YSZ/YSZ film (8 μm)/LNO-SDC/LNO 800 400 29
Ni-SDC/SDC pellet (0.35 mm)/LNO-L3N2O7-LDC, co-synthesized cathode 800 253 84
Ni-SDC/SDC pellet (0.35 mm)/LNO-LDC, co-synthesized cathode 800 140 30

LDC: Ce0.55La0.45O2-δ, L3N2O7: La3Ni2O7-δ, LSC: La0.7Sr0.3CoO3, LSGM: La0.9Sr0.1Ga0.8Mg0.2O2.85.

Table II. Resistances derived by fitting the impedance spectra of LNO cell during stability test at 0.1 A cm−2 and 750°C.

High-frequency arc, RHQH Medium-frequency arc, RMQM Low-frequency arc, RLQL

Time/h L/×10−6 H R�/� cm2 RH/� cm2 Y0H/×10−3 F cm−2 nH RM/� cm2 Y0M/×10−3 F cm−2 nM RL/� cm2 Y0L/F cm−2 nL

0 1.13 1.13 0.75 3.84 0.51 0.43 3.00 0.77 0.24 1.83 0.42
4 0.93 1.43 0.74 2.90 0.49 0.36 1.77 0.80 0.26 0.87 0.32
8 0.95 1.46 1.18 1.56 0.52 0.46 2.33 0.70 0.35 0.39 0.44
20 1.43 1.02 1.59 0.41 0.60 1.46 2.18 0.66 0.55 0.26 0.60

Table III. Resistances derived by fitting the impedance spectra of LNO-ESB cell during stability test at 0.5 A cm−2 and 750°C.

High-frequency arc, RHQH Medium-frequency arc, RMQM Low-frequency arc, RLQL

Time/h L/×10−6 H R�/� cm2 RH/� cm2 Y0H/×10−3 F cm−2 nH RM/� cm2 Y0M/F cm−2 nM RL/� cm2 Y0L/F cm−2 nL

0 1.53 0.16 0.066 13.3 0.93 0.26 0.112 0.40 0.072 3.96 0.99
20 1.53 0.12 0.071 9.48 0.92 0.20 0.090 0.41 0.083 4.32 0.86

100 1.53 0.15 0.072 5.61 0.96 0.20 0.048 0.44 0.072 6.65 0.66
200 1.50 0.20 0.080 14.0 0.84 0.21 0.038 0.46 0.071 4.06 0.95
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Figure 3. Performance curves of LNO cell as a function of polarization time at 0.1 A cm−2 and 750°C. (a) Polarization curves, (b) stability curves, (c) Nyquist
plots, and (d) Bode plots. In (c and d), symbols are experimental data and lines are fitted data using the equivalent circuit in Fig. 2d.

and 104–105 Hz (Figures 3c, 3d and Table II), related to the aforemen-
tioned electrode processes at cathode. These observations imply the
electrochemical polarization has a detrimental effect on the interfacial
conductivity and electrocatalytic activity of the LNO electrode.

On the other hand, the LNO-ESB cell has enhanced operating sta-
bility during polarization at 0.5 A cm−2 and 750°C for 20 h, and the
performance curves are shown in Figure 4. After polarization for 20 h,
PPD increases from 688 to 852 mW cm−2 (Figure 4a). R� and RP after
polarization for 20 h are 0.12 and 0.35 � cm2 respectively (Figure 4b),
smaller than 0.16 and 0.40 � cm2 before the polarization. It is evi-
dent from the fitting results that the decrease of RP is primarily caused
by RM. Initial RM is 0.26 � cm2 and decreases to 0.20 � cm2 after
polarization for 20 h. The decrease of R� and RM indicates that the
performance enhancement is probably due to the enhanced interfacial
contact and electrocatalytic activity of the LNO-ESB cathode by the
polarization.

After polarization at 0.5 A cm−2 and 750°C for 20 h, the cell’s po-
larization curves were tested at different temperatures. PPDs are 852,
563, 327 and 173 mW cm−2 at 750, 700, 650 and 600°C, respectively
(Figure 4c). The performances are comparable with those of the cells
using LNO-based composite cathodes in literature (see Table I). The
activation energy derived from the temperature-dependent RP plots is
∼91 kJ mol−1 (Figure 4d).

To estimate the operating stability over an extended period, the
LNO-ESB cell was operated at 0.5 A cm−2 and 750°C for 200 h and
the stability curves are shown in Figure 5. After the increase of voltage
in the early stage of polarization for 20 h, the cell undergoes a slow
loss of voltage by further polarization up to 200 h, but it is still much
more stable than the LNO cell (Figure 5a). The performance loss of
LNO-ESB cell is mainly due to the increase of R�, as RP remains
stable (Figure 5b and Table III). R� is 0.12 � cm2 after polarization
for 20 h and gradually increases to 0.20 � cm2 after polarization

for 200 h. This may imply the deterioration of electrode/electrolyte
interface during the stability tests. The reason for the stable RP is
unclear at the present stage. Nevertheless, the stability of RP of LNO-
ESB cell again proves the performance loss of LNO cell arises from
the cathode (see Figure 3).

Microstructural and elemental analysis.—Figure 6 shows the
SEM images and SIMS analysis of the YSZ electrolyte surfaces of
LNO cell after polarization at 0.1 A cm−2 and 750°C for 20 h. Another
LNO cell heat-treated at 750°C for 20 h under open circuit conditions
was also prepared for comparison. The LNO electrodes were partly
peeled off by adhesive tape. There is a porous thin layer formed in
particular at grain boundary regions of YSZ surface after polariza-
tion (Figure 6a), in contrast to the relatively clean YSZ surface after
heat-treatment under open circuit conditions (Figure 6b). Depth pro-
files analysis indicates that the thin surface layer is rich in La, and the
thickness is ∼40 nm (Figure 6c). It is to note that the absence of Ni
in the depth profiles is due to its low ionisation rate. After the SIMS
analysis, a rectangular pit in a depth of ∼90 nm is observed (see Fig-
ure S1a, Supplemental Material). SIMS imaging on the pit reveals that
La preferentially distributes at the YSZ grain boundaries (Figure 6d),
indicating the accumulated La element diffuses certain depth into the
electrolyte along the grain boundaries. The driving force is most likely
the chemical affinity between La and Zr to form La2Zr2O7 under the
influence of cathodic polarization, and the reaction is favored at the
active, defective grain boundaries. The exaction of La from LNO and
its reaction with YSZ is probably responsible for the poor operating
stability of LNO cell (see Figure 3).

Figure 7 shows the SEM images and SIMS analysis of the YSZ
electrolyte surfaces of LNO-ESB cell after polarization at 0.5 A cm−2

and 750°C. After polarization for 20 h, the LNO-ESB cathode is
in excellent contact with the YSZ electrolyte (Figure 7a and S2,
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Figure 4. Performance curves of LNO-ESB cell as a function of polarization time at 0.5 A cm−2 and 750°C. (a) Polarization curves, (b) Nyquist and Bode plots;
symbols are experimental data and lines are fitted data, (c) I-V and I-P curves at different temperatures, and (d) activation energy plot. Prior to the test of (c and d),
the cell was polarized at 0.5 A cm−2 and 750°C for 20 h.

Supplemental Material), consistent with the performance enhance-
ment during the course of polarization (see Figure 4). After polariza-
tion for 50 h, the YSZ surface is relatively clean with several remaining
particles (Figure 7b), very different to the presence of the distinct de-
position layer after the LNO cell was polarized for a shorter period of
20 h (see Figure 6a). However, a porous thin surface layer is observ-
able after extending the polarization time to 200 h (Figure 7c). This
layer is determined to be La-rich in a thickness of ∼30 nm (Figure 7d),
thinner than the La-rich layer of LNO cell after polarization for a much
shorter period of 20 h. In addition, there is no sign of accumulation
of La at the YSZ grain boundaries after the depth profiling measure-
ments (Figure 7e), in contrast to the case of LNO cell (see Figure 6d).
In Figure 7e, the bright spots arise from the remaining LNO particles
(see Figure S1b, Supplemental Material). Thus, it is evident that the
presence of ESB remarkably mitigates the extent of extraction of La
from LNO lattice and its accumulation on the YSZ surface. Neverthe-
less, the extraction of La, even in lesser extent, would lead to partial
decomposition of LNO and formation of a resistive La2Zr2O7 layer,

reducing the contact conductivity at the electrode/electrolyte interface
and thereby a gradual increase of R� (see Figure 5b).

Proposed mechanism of enhanced stability of LNO-ESB.—La
surface segregation in LNO has been reported.67–70 For example,
Skinner et al. investigated the surface chemistry and restructuring in
LNO film using low energy ion scattering and observed preferential
La segregation on the outmost surface of LNO accompanied by Ni-
enrichment below the surface.70 The presence of surface segregated
La species and its chemical affinity with Zr to form La2Zr2O7 is most
likely attributed to the chemical incompatibility between LNO and
YSZ at 900°C (see Figure 1b). Here, it appears that the cathodic polar-
ization has a critical effect on accelerating the La surface segregation
and migration to the YSZ surfaces, as is evident by the observation of
a distinct La-rich layer on the YSZ surfaces after polarization at 750°C
for 20 h (Figure 6a), in contrast to the much cleaner YSZ surface after
heat-treatment at open circuit under identical conditions (Figure 6b).

Figure 5. (a) Stability curve, (b) Nyquist and Bode plots of LNO-ESB cell at 0.5 A cm−2 and 750°C. In (a), the stability curve of LNO cell at 0.1 A cm−2 and
750°C is also plotted for comparison. In (b), symbols are experimental data and lines are fitted data using the equivalent circuit in Fig. 2d.
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Figure 6. SEM images of exposed YSZ electrolyte surfaces of LNO cell after heat-treatment at 750°C for 20 h: (a) polarization at 0.1 A cm−2 and (b) under open
circuit conditions. (c) SIMS depth profiles and (d) elemental map of La after the depth profiling measurements of the YSZ surface shown in (a).

Recent studies have shown that the electrochemical polarization
has a significant impact on the mobility of surface segregated Sr
cations.71–77 In the case of MIEC LSCF electrode assembled on YSZ
electrolyte, we observed cathodic polarization has an accelerating ef-
fect on the Sr segregation and migration from LSCF to YSZ surface,
leading to rapid performance degradation.43 For the electronically con-
ducting Sr-free LC electrode assembled on YSZ electrolyte, partial
surface demixing and formation of Co and La-rich particles occurs at
the electrode/electrolyte interface after cathodic polarization; on the
other hand, the addition of GDC to form a LC-GDC composite cath-
ode remarkably enhances the performance and structural stability of
LC.44 These results imply that the cathodic potential may be a key driv-
ing force for accelerating the diffusion and migration A-site cations
from the Co-containing cathodes studied. Moreover, a number of
in situ experiments reveal that strong cathodic polarization also in-
duces partial reduction of B-site cations or variation of unit cell volume
of perovskite oxides such as LSM and La0.6Sr0.4CoO3−δ.78–80 However,
there is lack of relevant studies regarding effect of polarization on LNO
electrode.

As an attempt to interpret the promotional effect of ESB incorpora-
tion, we hypothesize that the cation stability of LNO electrode is also
dependent on the level of cathodic potential. The high cathodic poten-
tial (Figure S3, Supplemental Material) may increase the activity of La
cations in the LNO lattice. On the contrary, the presence of ESB leads
to a dramatic decrease of cathodic potential of LNO electrode (Fig-
ure S3, Supplemental Material), providing a much less driving force
for the segregation and accumulation of La cations (see Figure 7) and
therefore enhances the cell operating stability (see Figure 5). The op-

erating stability could be further improved by deposition of a GDC
barrier layer on YSZ electrolyte.81

Conclusions

ESB has been incorporated to LNO and assembled on YSZ elec-
trolyte by a facile electrochemical polarization approach. The presence
of ESB remarkably enhances the microstructure compactness of LNO
electrode, leading to a significantly reduced contact resistance at the
electrode/electrolyte interface and enhanced electrocatalytic activity.
The LNO-ESB cell generates a peak power density of 852 mW cm−2 at
750°C, substantially higher than 115 mW cm−2 of LNO cell. The pres-
ence of ESB also significantly enhances the operating stability of LNO
at 750°C in the duration period of 200 h studied, due to the mitigated
extraction and migration of La from LNO to YSZ electrolyte. The
present work fundamentally sheds light on the feasibility of applica-
tion of layered nickelate cathodes on YSZ electrolyte, but great efforts
are needed to enhance the cation stability at the electrode/electrolyte
interface.
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