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ABSTRACT: We demonstrate that the highly active but unstable nano-
structured intermediate-temperature solid oxide fuel cell cathode,
La0.6Sr0.4CoO3‑δ (LSCo), can retain its high oxygen reduction reaction
(ORR) activity with exceptional stability for 4000 h at 700 °C by overcoating
its surfaces with a conformal layer of nanoscale ZrO2 films through atomic
layer deposition (ALD). The benefits from the presence of the nanoscale
ALD-ZrO2 overcoats are remarkable: a factor of 19 and 18 reduction in
polarization area-specific resistance and degradation rate over the pristine
sample, respectively. The unique multifunctionality of the ALD-derived
nanoscaled ZrO2 overcoats, that is, possessing porosity for O2 access to LSCo,
conducting both electrons and oxide-ions, confining thermal growth of LSCo
nanoparticles, and suppressing surface Sr-segregation is deemed the key
enabler for the observed stable and active nanostructured cathode.

KEYWORDS: Solid oxide fuel cell, atomic layer deposition, cathode, degradation

The intermediate-temperature (600−800 °C) solid oxide
fuel cell (IT-SOFC) has been actively pursued by the

SOFC industry in recent decades because of its great potential
to become a commercially viable product. A key to the success
of IT-SOFCs is the development of cathodes with high activity
and stability. The mixed ion and electron conducting (MIEC),
oxygen-deficient perovskites such as La0.6Sr0.4Fe0.8Co0.2O3‑δ

(LSCF) and La0.6Sr0.4CoO3‑δ (LSCo) are excellent IT-cathodes
owing to their high intrinsic electrocatalytic activity to the
oxygen reduction reaction (ORR). However, their high
thermal/chemical expansion coefficients and chemical propen-
sity to react with ZrO2-based electrolytes have presented
serious challenges to their practical application. To take full
advantage of the high ORR activity without invoking
deleterious solid-state reactions and thermal/chemical expan-
sion mismatch within the cell components, LSCo and LSCF are
often incorporated as nanoparticles into a preformed porous,
ionically conducting scaffold (e.g., electrolyte) at low temper-
atures through nitrate-solution infiltration methods.1−5 Such
nanostructured, highly active, high-surface-area cathodes
promote fast catalysis for the ORR, hence substantially
reducing the cathodic polarization, while the ionically
conducting backbone simultaneously provides an ionic pathway
for charge transfer and structural support for the ORR-active
nanoparticles.

However, the primary issue for nanostructured electrodes is
the morphological instability caused by agglomeration of
nanoparticles under SOFC operating conditions, resulting in
a gradual loss of surface area and catalytic activity over
time.1,6−11 The longest stability of nanostructured-electrodes
previously demonstrated is less than 500 h even in the
temperature range of 650−700 °C,4,5 and it can become
substantially shortened at higher temperatures. Therefore, the
retention of thermal stability and catalytic activity of ORR-
active nanoparticles under SOFC operating conditions becomes
the central requirement for a successful development of
nanostructured electrodes for IT-SOFCs. Several mitigating
approaches have been reported in the literature, representatives
of which include forming the “core-shell” structure,7 alloying
the active metal with more refractory metals,12 and
coimpregnating the active metal with a ceramic-based sintering
inhibitor.8,13 However, so far none of these methods has
demonstrated the effectiveness needed to extend the electrode’s
lifetime to the level of commercial applicability.
Another source of performance degradation arises from the

LSCo or LSCF itself. In many laboratory studies where a
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micrometer-sized LSCo or LSCF bulk layer serves as the IT-
cathode, pronounced performance degradation over time is still
observed.14−18 Surface chemistry studies assisted by advanced
in situ as well as ex situ spectroscopic techniques have provided
ample evidence linking the performance degradation in Sr-
containing perovskite cathodes, for examples, LSCo, LSCF, and
LSM (La0.8Sr0.2MnO3+δ) to the surface segregation of Sr species
such as SrO(s),

19−23 a chemical process that is sensitive to
temperature, partial pressure of oxygen (pO2) and electro-
chemical potential.18−23 Since the ORR activity of an AMO3
perovskite as the SOFC cathode depends critically on its
surface atomic structure (e.g., electronic configuration) and
composition (e.g., cation concentration and oxygen non-
stoichiometry),14−28 a coverage of the passive and insulating
SrO(s) layer over the cathode would block the ORR-active sites
for charge-transfer. While the phenomenon of surface Sr-
enrichment has been actively and systematically studied in the
past, a means of alleviating such a detrimental result is
surprisingly lacking.
We herein report that the ORR-active but unstable

nanostructured cathode, LSCo nanoparticles supported on a
porous LSGM (La0.80Sr0.20Ga0.83Mg0.17O3‑δ) scaffold, can
remarkably retain its performance at 700 °C with exceptional
stability for 4000 h by overcoating its surfaces with a conformal
layer of nanoscale ZrO2 films through atomic layer deposition
(ALD), an emerging thin-film technology based on the unique
binary-sequence and self-limiting reaction chemistry capable of
yielding highly conformal and uniform nanoscale films on the
surfaces of almost any open bulk geometries.29−37

Two different microstructural views taken by TEM of
infiltrated LSCo nanoparticles supported on a porous LSGM
backbone network are shown in Figure 1. Experimental details

on the preparation of porous LSGM backbones and infiltration
of LSCo nanoparticles can be found in the Supporting
Information. Several interesting microstructural features are
noted in Figure 1. First, in Figure 1a,b the LSGM backbone is
well connected and possesses a large quantity of porosity to
allow O2 transport (more microstructural views of the LSGM
backbone and infiltrated LSCo nanoparticles can be seen in
Figure S1 of the Supporting Information). Second, the LSCo

nanoparticles are in the range of 10−20 nm and uniformly
distributed along the walls of the LSGM backbone. Local
electron diffraction patterns of the backbone LSGM and
dispersed LSCo grains shown in Figure 1c,d reveal an oxygen-
transport-favorable cubic crystal structure for both LSGM (a =
3.96 Å) and LSCo (a = 3.80 Å), respectively. These unique
microstructural and crystal features are a strong support for the
observed exceptional ORR-activity and low polarization ASR
shown below.
The image of as-synthesized nanoscale ALD-ZrO2 overcoats

(30 ALD cycles) on LSCo nanoparticles is shown in Figure 2.

As expected, the ALD-ZrO2 overcoats are geometrically
conformal around LSCo nanoparticles, which play an important
role in confining the thermal growth of underlying LSCo
nanoparticles during high-temperature operation. The overall
thickness of the overcoat is roughly 5 nm, suggesting a growth
rate of 1/6 nm per ALD cycle.
The Nyquist AC impedance complex plots of the pristine

and ZrO2-overcoated nanostructured LSCo cathodes measured
at 700 °C are shown in Figure 3 for several selected time

Figure 1. TEM diffraction contrast images showing (a) the porous
LSGM backbone infiltrated with LSCo nanoparticles; (b) a magnified
view of LSCo nanoparticles; (c) indexing for the diffraction spots from
the LSGM backbones; and (d) indexing of the diffraction rings from
LSCo grains.

Figure 2. TEM diffraction contrast image showing nanoscale ALD
ZrO2 overcoats (30 ALD cycles) on LSCo nanoparticles.

Figure 3. Comparison of EIS spectra between pristine and ALD-ZrO2
overcoated LSCo-nanoparticle cathodes measured at 700 °C in a
flowing air. (a) Pristine sample; (b) ZrO2-overcoated sample.
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intervals. The selection of 700 °C as the testing temperature is
intentional, primarily aiming to promote a faster agglomeration
of LSCo nanoparticles for the long-term stability study. It is
evident that the relative values of RO and RP varied with time
and type of sample. For example, at the beginning of the test
the RP values for both samples are small compared to RO, which
is understandable in that the ohmic resistance from the 200 μm
thick LSGM dominates the overall ASR. As the time at
temperature increases, the RP of the pristine sample begins to
rise precipitously and eventually becomes the dominant factor
for the overall ASR. However, this is not the case for the
overcoated sample: RO is still the largest contributor to the
overall ASR for the entire 4000 h testing. This comparison
explicitly demonstrates that the overcoated nanostructured
cathode possesses a superior ORR-stability. Overall, the
magnitude of RP measured at the first hours for the pristine
and overcoated samples is very comparable to those reported in
the literature for the similar systems.38,39

The RO and RP for both cathodes are further plotted in
Figure 4 on a continuous time scale over a period of 4000 h.
The pristine sample shows a lower RO in Figure 4a than the
overcoated one at the beginning of the test. However, this trend
is clearly reversed after ∼100 h, and the RO of the overcoated
sample drops below the pristine one with a decreasing trend for
another 1,500 h before it finally stabilizes for the remainder of
the test. Overall, the pristine sample displays a small but
consistent RO increase with time at a linear rate of 0.02 Ω·cm2/
1000 h, whereas the overcoated sample shows a net decrease in
RO with time at a linear rate of −0.01 Ω·cm2/1000 h. The
combination of the two opposite trends has resulted in the final
RO at the 4000 h marker of the overcoated sample 45% lower
than the pristine one. Clearly, the degree of RO reduction by the
ALD-ZrO2 overcoats is somewhat diluted by the high RO of the
thick LSGM membrane employed in the symmetrical cells. For
a thin-film electrolyte cell, the improvement is expected to be
even greater.
The most pronounced difference between the two samples is

observed on RP in Figure 4b. After a very small decrease in the
first ∼24−48 h, RP of the pristine sample exhibits a strong
increase with time over the rest of testing hours at a rate of 0.79
ohm·cm2/1000 h. In contrast, RP of the overcoated sample
increases at a much smaller rate of 0.04 ohm·cm2/1000 h,
roughly 18 times smaller than the pristine sample. Such a large
difference in the growth rate of RP has led to RP value of the
overcoated sample at the 4000 h marker 19 times smaller than
the pristine one. The striking contrast in RP value of the two
samples compellingly illustrates the remarkable effectiveness of
ALD-ZrO2 overcoats in retaining the ORR-activity of nano-
structured cathodes. Combining RO and RP, the ZrO2-

overcoated nanostructured LSCo cathode exhibits an impres-
sive growth rate (or degradation rate) of total ASR at 0.03 ohm·
cm2/1,000 h.
The time-dependent variations of RO and RP for both pristine

and overcoated cathodes imply that chemical and structural
changes have occurred inside the cathode during the high-
temperature operation. While the fast systematic increases in
RO and RP for the pristine sample can be attributed to the
combined effect of surface Sr-enrichment and nanoparticle
thermal coarsening, the different trending observed in the
overcoated sample means a different mechanism. One likely
mechanism is that development of porosity in the ALD ZrO2-
overcoats during thermal exposure due to dehydration and
removal of residue carbon in the as-synthesized ZrO2 overcoats
can make O2 more accessible to the ORR-reactive sites for
charge transfer.30 On the other hand, the cation interdiffusion
between Zr and Co is confirmed by EDS analysis showing
average concentrations of 5.64 atom % Zr in LSCo and ∼13.7
atom % Co in ZrO2, respectively; the presence of Co in ZrO2

can introduce mixed oxide-ion and electron conductivity into
the ZrO2 layer, a key attribute for a faster ORR catalysis, and
suppress the surface Sr-enrichment. The latter mechanism is
further discussed with a new defect-chemistry model as follows.
Another mechanism for the stabilized ORR-activity of

nanostructured LSCo cathode can arise from the geometrical
confinement of nanoparticles by the ZrO2-overcoats, thus
resulting in resistance to agglomeration and retention of the
original high surface area. Otherwise, the nonconfined and free-
to-grow LSCo nanoparticles would have been subject to a quick
loss of surface area and catalytic activity at elevated temper-
atures as has been shown in Figure 4b.
If the increase in ASRs of the pristine nanostructured LSCo

cathode is indeed associated with the surface Sr-enrichment as
widely suggested in the literature, the substantial retention of
ASRs (or ORR activity) by nanoscale ZrO2-overcoats suggest
that the ZrO2-overcoats shall play a vital role in preventing Sr-
enrichment from happening. To understand the fundamentals
of this process, we herein propose a defect-chemistry model to
interpret the mechanisms of degradation caused by the Sr-
enrichment and suppression of the Sr-enrichment achieved by
the ZrO2-overcoats.
It is known that the retention of oxygen vacancies, Vo

••, in air
at the cathode requires operation on a redox couple that is near
or pinned at the top of the O-2p band.40 This condition also
provides a large enough admixture of M-3d and O-2p orbitals
in the redox couple so that the (180°-ϕ) M-O-M d-orbital
interactions are strong enough to give itinerant holes in the
M(IV)/M(III) redox couple created by the as-prepared SrLa′ .

Figure 4. Comparison of long-term stability of pristine and ALD-ZrO2 overcoated nanostructured LSCo cathodes over 4000 h. (a) RO and (b) RP,
showing 45% reduction in RO, 18 times reduction in RP, and overall 19 times reduction in degradation rate achieved by the ALD-ZrO2 overcoats.
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From a defect-chemistry perspective, there is a surface reaction
(in Kröger-Vink notation)

+ + = +•• × × •1
2

O V 2M O 2M2 O M O M (1)

where 2MM
× and 2MM

• represent, respectively, two electrons
added to the mixed-valent M(IV)/M(III) redox couple by the
introduction of an oxygen vacancy VO

•• and restoration of two
holes to the M(IV)/M(III) redox couple by absorption of O2 at
VO
••; OO

× is a regular lattice oxide ion. Pinning of the Fe(IV)/
Fe(III), Co(IV)/Co(III), or Ni(IV)/Ni(III) redox couple at
the top of the O-2p bands prevents the surface reaction 1 from
being biased completely to the right-hand side in air at the
operating temperature Top of the fuel cell. As a result, surface
oxygen vacancies are retained in the cathode without
eliminating all the mobile holes in the M(IV)/M(III) couple,
which makes the oxide a mixed oxide-ion/electronic conductor
(MIEC) in air at Top. The MIEC condition optimizes the ORR
activity of a SOFC cathode.
As in any metal, the itinerant charge carriers are more

concentrated at the surface; holes create a positively charged
skin that attracts the lattice-negative SrLa′ , which are slowly
mobile at Top. The positive surface skin would appear to be the
driving force for creating over time a Sr-rich surface layer.
Application of the ZrO2 overcoat introduces an LSCo/ZrO2
interface. To balance Fermi energy EF across this interface,
ZrCo

• are inserted from the overcoat into the cathode in
exchange for Co(III) (or CoCo

×) from the cathode entering the
overcoat. This chemical exchange across the interface creates a
negatively charged surface layer at the ZrO2 side of the junction
and a positively charged surface layer at the cathode side. The
charge separation created across the junction repels the
negatively charged SrLa′ from the junction to suppress formation
of excess surface SrLa′ . The multifunctionality of gas transport,
mixed conductivity, confinement of nanoparticles and suppres-
sion of Sr-segregation presented by the nanoscale ZrO2
overcoats is schematically illustrated in Figure 5.
This proposed defect-chemistry model predicts that time at

higher temperatures is the condition for surface Sr-enrichment
of uncoated cathodes, which is consistent with all experimental
observations reported for LSCo and LSCF cathodes.14−18 On
the other hand, electrons introduced into the narrow band of
LSCo via the external circuit under load reduces the magnitude

of the positive charge of the cathode skin, thereby lowering the
migration rate of SrLa′ toward the surface and prolonging the
operating time before reorganization of the surface structure is
induced. It has indeed been observed experimentally that a
higher cathodic polarization reduces the rate of Sr-enrichment
of the surface.19

As has been pointed out previously,41 the ORR activity of the
LSCo or LSCF cathodes is largely determined by the
intermediate-spin (IS) Co(III) or CoCo

× available at a VO
•• on

the surface. The occupied (3z2-r2) orbital on the IS Co(III)
would be oriented toward a surface VO

••, which also attracts an
adsorbed O2

− molecule followed by an easy electron transfer
from the IS Co(III) to create an absorbed (O2)

2− molecule.
The coexistence of surface VO

•• and IS Co(III), that is, CoCo
× , is

enhanced by a shift of equilibrium (1) to the left with surface-Sr
enrichment until the surface-Sr enrichment is large enough to
create a surface structure instability. However, before the
surface structure is destabilized, the shift of equilibrium (1) to
the left by increasing the SrLa′ concentration at the surface
enhances the ORR activity until restructuring of the surface
structure sets in. This prediction is consistent with recent
studies of LSCo on the surface-Sr segregation20,42,43 in which
the presence of Sr-enriched phases, identified by in situ ambient
pressure XPS, was found to promote the oxygen surface
exchange rate at low coverage, but reduce the activity at higher
coverage.
In summary, the present comparative study of pristine and

ALD-ZrO2 overcoated nanostructured LSCo IT-cathodes
explicitly demonstrates the effectiveness of creating a conformal
layer of nanoscale ZrO2 films to retain the ORR activity of the
resultant cathodes exposed to air at 700 °C for 4000 h. The
ZrO2 overcoats gradually become porous and mixed conducting
after thermal exposure, making it ORR active. With a new
defect-chemistry model, the improved ORR-activity retention is
also interpreted to be a result of the suppressed Sr-enrichment
by an exchange of ZrM

• for Co(III) and the creation of a space
charge layer across the cathode/ZrO2 interface. Furthermore,
the geometrical confinement provided by the conformal ZrO2-
overcoats also effectively prevents the LSCo nanoparticles from
agglomerating during an extended period of high-temperature
operation. Overall, it is the multifunctionality presented by the
ALD-derived nanoscaled ZrO2 overcoats, that is, possessing
porosity for O2 access to LSCo, conducting both electrons and
oxide-ions, confining thermal growth of LSCo nanoparticles,
and suppressing surface Sr-segregation that enables a stable and
active nanostructured cathode.
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