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ABSTRACT: The sluggish oxygen reduction reaction (ORR)
in the cathode is hindering the power density of solid oxide
fuel cells (SOFCs). Infiltration of catalyst into the cathode of
SOFCs is promising to accelerate the ORR. However, the
degradation associated with the coarsening of the nanocatalyst
is intense. To stabilize the catalyst, atomic layer deposition
(ALD) is employed to coat a dual electrocatalyst consisting of
a superjacent 2 nm CoOx layer and superjacent 3 nm discrete
Pt particles into the porous lanthanum strontium manganite
(LSM)/yttria-stabilized zirconia (YSZ) cathode. After 504 h
of operation at 750 °C, the ALD coating resulted in the peak power density enhancement by ∼200%, while CoOx becomes Mn-
enriched (MnCo)Ox nanograins coupling with nano-Pt. The Pt/(MnCo)Ox nanocouplings are uniformly distributed on the
YSZ grain surface, triple-phase boundaries, and at LSM/LSM surface grain boundaries. This study demonstrates an effective
approach of stabilizing the minute amount of catalyst for enhancing ORR activity at elevated temperatures.

KEYWORDS: solid oxide fuel cell, cathode, atomic layer deposition, nanocatalyst, coating, cobalt oxide, platinum,
oxygen reduction reaction

1. INTRODUCTION

In comparison with the emerging protonic ceramic fuel
cells,1−3 the solid oxide fuel cells (SOFCs)4−7 are these days
commercially available with applications including stationary
power supply and advanced hybrid fuel cell and engine systems
that have the potential of achieving ultrahigh efficiency of
greater than 70%.8,9 Nevertheless, there is an urgent need for
further improvement of the SOFC performance in terms of
power density and long-term stability to increase their market
competencies. The typical power density of a yttria-stabilized
zirconia (YSZ)-based commercial SOFC is currently reported
to be in the range of ∼0.2−0.8 W/cm2 depending on the cell
configuration (either electrolyte-supported or anode-sup-
ported), cathode materials, and the cell operating condi-
tions.10−13 Regardless of the intense research effort during the
past decade, the high activation energy for oxygen reduction
reaction (ORR) in the cathode is still the major cause
hindering the power density of the state-of-the-art SOFCs.
Infiltration processes have thus been developed for deposition
of nanoscale catalysts into the well-developed porous
lanthanum strontium manganite (LSM) or lanthanum
strontium cobalt ferrite (LSCF) based composite cathodes,
to enhance the surface electrocatalytic activity and stability and
accelerate the ORR.14−16

Among the various electrocatalysts, precious metal Pt
remains one of the most efficient oxygen reduction catalysts

employed for various fuel cells operated at different temper-
atures, while the high cost of Pt prevents its large-scale
applications. In recent years, chemical vapor based atomic layer
deposition (ALD)17−22 is demonstrated to be able to create a
conformal and uniform surface coating layer with thickness
down to the atomic scale. Such an approach could lead to the
minimum loading of catalyst into the cathode of as-fabricated
cells to further improve the SOFC performance.23 For
example, when the ALD layer is ∼5 nm in thickness and
consists of discrete ∼3 nm Pt grains, the loading of Pt is
estimated to be minute, ∼1.5 × 10−3 mg/cm2, which is
significantly lower than the target loading of <0.1 mg/cm2 that
needs to be achieved for proton-exchange membrane fuel
cells24 in automotive applications.25 However, for SOFC
operated at high temperatures of 750 °C or higher, once the
ALD monolayer of unary Pt is applied to the LSM/YSZ
cathode of cells, the power density enhancement induced by
ALD coating is limited to be ∼140%.23 Pt in the ALD layer
undergoes immediate agglomeration from ∼3 to ∼70 nm in
dimensions and loss of catalytic surface area due to the
electrochemical operation.23 Pinning the Pt catalyst to be
nanosized and with uniform distribution on the ORR active

Received: February 23, 2019
Revised: June 15, 2019
Published: June 18, 2019

Research Article

pubs.acs.org/acscatalysisCite This: ACS Catal. 2019, 9, 6664−6671

© 2019 American Chemical Society 6664 DOI: 10.1021/acscatal.9b00811
ACS Catal. 2019, 9, 6664−6671

D
ow

nl
oa

de
d 

vi
a 

N
O

T
T

IN
G

H
A

M
 T

R
E

N
T

 U
N

IV
 o

n 
A

ug
us

t 7
, 2

01
9 

at
 0

4:
55

:2
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/acscatalysis
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.9b00811
http://dx.doi.org/10.1021/acscatal.9b00811


sites is very much desired to further boost the cell performance
while minimizing the Pt loading in the ALD layer. Here we
report one simple approach of applying an ultrathin CoOx
layer to stabilize the nano-Pt particles on the LSM/YSZ
cathode backbone of as-made SOFCs. Among the various
transition metal oxides, CoOx is selected as the ALD coating
layer in the present study because CoOx is considered to be
another promising ORR catalyst in addition to Pt.26−28

Through synergetic electrochemical interactions, the Pt/
(MnCo)Ox couplings were established and uniformly dis-
tributed on the entire YSZ surface, the original triple-phase
boundaries (TPBs), and at LSM/LSM surface grain
boundaries. Such nanoscale Pt/(MnCo)Ox couplings are
stable and dramatically accelerate the ORR. ALD coating has
significantly enhanced the cell peak power density by 200%
over electrochemical operation of 504 h at 750 °C. For the first
time in the field of SOFCs, the present work demonstrated the
establishment of minute amount, but stable, nanocatalyst
induced by ALD coating and resultant large cell performance
enhancement over extended electrochemical operations at
elevated temperatures.

2. EXPERIMENTAL SECTION

Commercially available, anode-supported solid oxide button
cells fabricated by Materials and Systems Research, Incorpo-
rated (MSRI, Salt Lake City, UT) were employed for all the
experiments described in this paper. MSRI cells are composed
of five layers as follows, starting from the anode: ∼0.9 mm
thick Ni/YSZ cermet layer which supports the cell structure,
15 μm thick Ni/YSZ active layer, ∼12 μm thick YSZ
electrolyte, ∼15 μm thick La0.8Sr0.2MnO3/8YSZ active layer,
and 50 μm thick, pure LSM current collecting layer. The cell
active area (limited by the cathode) is 2 cm2. The exposure
area of the anode to fuel is about 3.5 cm2.

The ALD coatings were performed in a commercial
GEMStar-8 ALD reactor from Arradiance Inc. The precursors
used in this study were all purchased from Strem Chemicals,
Inc. The (trimethyl)methylcyclopentadienylplatinum(IV)
(99%) and the deionized water were used as Pt precursor
and oxidant for depositing the Pt layer, and the bis-
(cyclopentadienyl)cobalt(II) (min 98% cobaltocene) and
ozone were used as Co and oxidant, respectively, for CoOx
layer growth. During the deposition, the (trimethyl)-
methylcyclopentadienylplatinum and bis(cyclopentadienyl)-
cobalt containers were maintained at 75 and 90 °C,
respectively, and the reactor chamber was set at 300 °C. A
total 50 cycles were performed for each element deposition,
leading to a dual-layer ALD coating of ∼3 nm Pt first, followed
by 2 nm of Co3O4, as schematically shown in Figure S1. This is
simply one-step processing of as-received cells, and the change
of the chemistry in the ALD layer was achieved through
computer-controlled automatic switching of the precursors. No
masking or specific treatment is applied on the NiO/YSZ
anode of the as-received cells before ALD processing. In
practice, the thick and very dense NiO/YSZ anode prevents
precursor penetration during the ALD processing, and the
impact of ALD coating on the Ni/YSZ anode is negligible. No
surface pretreatment was applied to the cells, and no heat
treatment was applied before or after ALD coating either. The
cell electrochemical operation was carried out directly after the
ALD coating.
Totally, two cells including one baseline cell (cell no. 1) and

one with the ALD dual coating layer (cell no. 2) were
examined. Both cell tests were performed on a test stand. The
platinum mesh was used for anode and cathode lead
connections. The fuel and air stream flow rates were controlled
separately using mass flow controllers. Cell testing was
performed at 750 °C. During the operation, a 600 mL/min

Figure 1. Power density and impedance for cell no. 1 LSM baseline cell and cell no. 2 LSM cell with 3 nm discrete Pt particles capped with a 2 nm
Co3O4 layer. (a) Terminal voltage as a function of current density for the cells at 750 °C. (b) Nyquist plots of four cells at a constant current of 0.3
A/cm2. (c) Bode plots of cells at a constant current density of 0.3 A/cm2. (d) Corresponding deconvolution spectra of the impedance data
collected from two cells. Two major arcs with the frequency ranging at 1−5 Hz and 10−200 Hz are indicated by P1 and P2, respectively.
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air flow rate and a 600 mL/min fuel flow rate were used.
Before any electrochemical measurements, both cells were
current-treated for approximately ∼15 h under a small current
density of 0.1 A/cm2 to ensure they were activated. After that,
the samples were loaded at a constant current of 0.3 A/cm2 for
desired periods. The cell performance was examined using a
TrueData-Load modular electronic dc load which guarantees
voltage and current accuracies of 0.03% FS of the range
selected ±0.05% of value. The cell impedance spectra were
examined using a potentiostat/galvanostat (Solartron 1287A)
equipped with a frequency response analyzer (Solartron 1260).
Impedance measurements were carried out using a Solatron
1260 frequency response analyzer in a frequency range from 50
mHz to 100 kHz. The impedance spectra and resistance (Rs
and Rp) presented are those measured under a dc bias current
of 0.3 A/cm2. On a Nyquist plot, Rs is determined by the
intercept at the higher frequency end, and Rp is determined by
the distance between two intercepts.
After electrochemical operation, the ALD-coated cell was

sectioned and subjected to nanostructural and crystallographic
examination using high-resolution (HR) transmission electron
microscopy (TEM). All the TEM examinations were
conducted in the cathode active layer. TEM samples were
prepared by mechanical polishing and ion milling in a liquid-
nitrogen-cooled holder. Electron diffraction, diffraction con-
trast, and HRTEM imaging were performed using a JEM-2100
operated at 200 kV. Chemical analysis was carried out under
TEM using energy-dispersive X-ray spectroscopy (EDS).

3. RESULTS AND DISCUSSION

3.1. Performance Enhancement Induced by ALD
Coating. Upon the electrochemical operation at 750 °C,
baseline cell no. 1 experienced the activation process,29 with
increased power density (Figure 1a and Table 1) during initial
operation. From 0 to 96 h of operation, cell no. 1 shows a
slight increase of the ohmic resistance Rs, but a decrease of the
polarization resistance Rp, as depicted in the Nyquist and Bode
plots in Figure 1, parts b and c. The baseline cell no. 1 possess
a peak power density of 0.556 W/cm2 after the operation at 0.3
A/cm2 for 96 h. By contrast, at 0 h of operation, cell no. 2
shows the immediate higher peak power density of 1.245 W/
cm2, that is a 320% enhancement in comparison to that of the
baseline. The power density increase is accompanied by the
large reduction of Rp by 52%. Further cell operation resulted in
a slight increase of Rp in cell no. 2. After being operated at 0.3
A/cm2 for 504 h, the peak density of cell no. 2 is 1.09 W/cm2,
which remains ∼200% over that of cell no. 1 operated for 96 h.
To the best of our knowledge, this is so far the highest
performance enhancement for state-of-the-art commercial cells
that is achieved using various impregnation techniques.30−37

Due to the negligible amount of ALD materials coated onto
the internal surface of the porous cathode of the as-fabricated
cells, the ∼200% increase is simultaneously achieved in terms
of both power density and specific power.

To identify the physical origin of cell performance
enhancement and resistance reduction, the dynamic constant
in the impedance data is retrieved by evaluating the relaxation
times and relaxation amplitude of the impedance-related
processes using deconvolution shown in Figure 1d.38−42 In
cell no. 1, two arcs are present in the frequency range between
0.6 and 200 Hz, while arc P1 contributed the highest
proportion of resistance and arc P2 is exhibited as a shoulder
projecting from P1. By contrast, cell no. 2 presented two
distinct peaks of P1 and P2 that are both significantly lower
than that from cell no. 1. Over 504 h of operation, the
amplitude of the P1 in cell no. 2 has little change, while the P2
continually increases with the operation. Meanwhile, the P2
arcs in cell no. 2 continuously shift to the lower frequency end
with the increase of operation duration. On the basis of the
impedance deconvolution, the subsequent equivalent circuit
fitting and the capacitance analysis were performed on both
cells, as detailed in the Supporting Information and Figures
S2−S6. There is increased chemical capacitance43,44 revealing
the possible involvement of the cathode bulk in the overall
electrode reaction in the ALD-coated cell (discussed in the
Supporting Information).

3.2. Strongly Coupled Pt/(MnCo)Ox Pairs on the
Cathode Surface. The above deconvolution analysis reveals
that the ORR kinetics have been significantly altered in cell no.
2 induced by ALD coating. For SOFC, the ORR and oxygen
ion transport kinetics are largely affected by the nanostructure
of electrode-active surfaces that are directly interacting with the
reactant gas species. The nanostructure and chemistry from the
cathode internal surface of the ALD-coated cell no. 2 are thus
subjected to TEM imaging and analysis.
In cell no. 2 with 504 h of operation, Pt particles with the

size of ∼50 nm were found to populate at LSM/YSZ/air
interfaces or the original TPB regions shown in Figure 2a. The
formation of Pt particles at TPBs is consistent with our
previous study.23 The as-deposited ALD Pt nanoparticles with
∼3 nm in dimension may have been oxidized and vaporized as
Pt−O gas species (dominant in PtO2) when the cell is heated
to high temperatures in air. However, upon electrochemical
operation under current load, oxygen partial pressure is sharply
reduced locally at TPBs. PtO2 is thus subsequently reduced to
metallic Pt and reassembled preferentially at the electrochemi-
cally reactive sites of TPBs, where the oxygen partial pressure is
the lowest on the cathode internal surface.45 In the cell with
unary Pt ALD coating, the Pt redeposition is merely taking
place at the TPBs, and both the YSZ and the LSM surfaces are
free of Pt nanograins.23,46 However, once the dual catalysts Pt
and Co are applied using ALD, much smaller Pt particles of
∼10 nm in thickness uniformly and densely distributed on all
YSZ grain surface in cell no. 2, as shown in Figure 2, parts b
and c. Some of the Pt possesses a well-defined crystal
orientation relationship with the YSZ backbone, implying
reassembly of Pt on the YSZ surface. Meanwhile, the Pt
nanograins remain to be a metallic single phase as confirmed

Table 1. Power Density and Resistance of the Baseline Cell No. 1 and the ALD-Coated Cell No. 2

cell no. time (h) Rs (Ω cm2) Rp (Ω cm2) peak power (W/cm2) power at 0.8 V (W/cm2) enhancement of power density at 0.8 V

1 0 0.034 0.660 0.420 0.266
1 96 0.037 0.586 0.556 0.357
2 0 0.041 0.309 1.245 0.863 3.2 (to cell no. 1 at 0 h)
2 96 0.040 0.345 1.224 0.826 2.3 (to cell no. 1 at 96 h)
2 504 0.050 0.399 1.090 0.725 2.0 (to cell no. 1 at 96 h)
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by electron diffraction pattern shown in Figure S7.
Furthermore, Pt grains are found not to solely exist on the
YSZ surface. Next to the Pt, there are always coupling
elongated (MnCo)Ox nanograins. In the TEM images, along
the electron beam imaging direction, the (MnCo)Ox nano-
grains are largely overlapping with Pt grains (shown in the
inset of Figure 2d). The (MnCo)Ox grains are also about ∼10
nm in thickness and appear to be with various Mn/Co ratios,

but always Mn-enriched according to the EDS (in Figure 2 and
Table 2).
Underneath the ALD layer, the YSZ grains do not present

detectable Co signals, implying Co does not dope YSZ at all.
Nevertheless, the backbone YSZ grains were alloying with a
minor amount of Mn and La, with a fixed level of ∼3% of Mn/
(Zr + Mn + Y + La). Cations Mn and La in YSZ are believed
to migrate from the neighboring LSM, and Mn saturates in the
YSZ during the cathode fabrication processing.47 Since only
CoOx and Pt were deposited using ALD, the formation of Mn-
enriched (MnCo)Ox grains is apparently caused by the Mn−
Co cation exchanges. Such cation exchange is presumably
along the YSZ surface because Co is not alloying with YSZ and
Mn saturated with limited solubility in YSZ.
In cell no. 2, different from the YSZ surfaces that were

decorated by the dense Pt/(MnCo)Ox nanocouplings, in the
regions that are away from the TPBs and grain boundaries, the
LSM grain surface is free of nanoparticles (shown in Figure 2,
parts a and b). Interestingly, besides the YSZ surface, the Pt/
(MnCo)Ox couplings are also populating along the LSM/LSM
surface grain boundaries, as depicted in Figure 3a. The cross-
sectional view images of Figure 3, parts b and c, show that the
Pt at LSM/LSM grain boundary region is striplike and
elongated for about ∼50 nm along the LSM grain surface.
Coupling the striplike Pt, Co appears to concentrate locally at
the LSM surface grain boundary region as well (shown in
Figure 3 and Table 2). Directly underneath the Pt/(MnCo)Ox
coupling, LSM grains are with a constant level of 2% of Co/
(Co + Mn), that is the same as the LSM grain interior. Away
from the grain boundary/air interface, there is no Mn or Co
enrichment on the LSM grain surface.
According to the nanostructure analysis, the distribution of

stable Pt−Co dual catalysts in cell no. 2 after extended
operation for 504 h at 750 °C is schematized in Figure 4. The
Pt/(MnCo)Ox coupling are densely and uniformly distributed
on the YSZ surface, populated at the original TPBs, and
dispersed at LSM/LSM surface grain boundaries.

3.3. Synergetic Interaction of Dual Catalysts and
Evidence of the Ionic Conductivity from Co-Doped LSM
Surface Grain Boundaries. As mentioned previously, ALD

Figure 2. Representative TEM images from cell no. 2 LSM cell after
504 h of operation. (a) Bimodel distribution of the particles with the
bigger particles exclusively at the original TPBs. (b) Small Pt and
(MnCo)Ox grains are on the YSZ surface, and the LSM grain is free
of secondary-phase grains. (c) Small and discrete Pt and (MnCo)Ox
particles on the YSZ surface. (d) Overlapping (MnCo)Ox and Pt
grains on the YSZ surface. Local EDS examination was conducted for
those numbered spots (in yellow dashed circles), and the results are
listed in Table 2. The size of the circles indicates approximate beam
size being used for EDS spectrum collection. EDS points 1−3 indicate
the chemistry of Pt/(MnCo)Ox coupling on the YSZ surface. EDS
points 4−6 indicate that the YSZ grains are free of Co and with a
minor and fixed Mn amount.

Table 2. Chemistry Analyzed Using EDS from the Selected Points in the Figures

atomic %

EDS spot no. O La Sr Mn Co Zr Y Pt normalized formula

1 31.90 56.50 0.29 5.49 5.83
2 33.04 53.46 0.64 2.45 10.40
3 15.56 5.81 1.26 7.52 69.85
4 44.32 1.06 2.41 44.22 7.99 (Y0.14Mn0.04La0.02Zr0.79)Ox

5 49.87 0.87 2.21 39.66 7.39 (Y0.15Mn0.04La0.02Zr0.79)Ox

6 57.40 0.65 1.64 33.99 6.32 (Y0.15Mn0.04La0.02Zr0.80)Ox

7 69.11 11.80 2.70 16.19 0.20 (La0.81Sr0.19)0.9(Mn0.99Co0.01)Ox

8 73.27 8.07 1.83 15.25 0.36 1.22 (La0.82Sr0.18)0.63(Mn0.98Co0.02)Ox + Pt
9 70.45 9.00 1.92 12.67 0.44 1.15 4.36 (La0.82Sr0.18)0.83(Mn0.97Co0.03)Ox + Pt + Zr
10 64.03 13.43 3.19 18.87 0.48 (La0.81Sr0.19)0.86(Mn0.98Co0.02)Ox

11 65.39 13.15 2.97 17.87 0.63 (La0.82Sr0.18)0.87(Mn0.97Co0.03)Ox

12 67.37 11.98 2.99 17.21 0.45 (La0.80Sr0.20)0.85(Mn0.97Co0.03)Ox

13 63.21 10.53 23.37 2.89
14 44.53 4.94 16.95 2.85 30.73
15 56.12 6.17 1.16 17.43 1.64 17.47
16 64.89 9.26 2.23 16.60 0.86 6.16 (La0.81Sr0.19)0.66(Mn0.95Co0.05)Ox + Pt
17 69.35 11.45 2.42 16.10 0.22 0.47 (La0.83Sr0.17)0.85(Mn0.99Co0.01)Ox
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coating of unary ∼3 nm Pt particles experienced the acute Pt
agglomeration to >70 nm and reassembled at TPBs
immediately upon operation.23 By stark contrast, even after
504 h of operation, ∼10 nm Pt/(MnCo)Ox nanocouplings are
densely distributed on YSZ surface in cell no. 2. Such Pt
stabilization on the YSZ surface apparently results from the
ALD coating of Pt with CoOx together. In cell no. 2, the
deposited CoOx layer on YSZ surfaces incorporated the Mn
that diffused from the adjacent LSM grains. The incorporation
of Mn in the CoOx ALD layer took place when the cell was
heated up to 750 °C, as shown in Figure S8 and Table S2.
Thus, Mn cation is readily available in the ALD layer, and the

YSZ grain surface is populated with Mn species and possesses
certain electrical conductivity.29 Meanwhile, since (MnCo)Ox
is also an active catalyst,48 ORR easily and first takes place on/
adjacent to the (MnCo)Ox/YSZ interface, and the reduced
oxygen ions could be promptly transported away through the
ionic conducting YSZ grains. Such ORR and the associated
reduced oxygen partial pressure could further induce the
reduction of Pt−O and the sequential local reassembly of
nano-Pt right at the (CoMn)Ox/YSZ interface. Consequently,
the (CoMn)Ox thus serves as an incubating catalyst for
stabilizing Pt that is much active for ORR over the prolonged
electrochemical operation. Overall, electrochemical operation
on the backbone surface promotes the synergetic coupling
between two catalysts of Pt and (MnCo)Ox and facilitates the
formation of Pt/(MnCo)Ox nanocoupling.
In the meantime, on the LSM backbone, the Pt/Co−Mn−O

pairs are also populating along the LSM/LSM surface grain
boundaries. Since Pt only reassembles at the ORR active sites
with lower oxygen partial pressure, the distribution of Pt grains
reveals the existence of effective TPBs at the LSM/LSM
surface grain boundaries. In general, the LSM is an excellent
electronic conductor and with neglectable intragranular ionic
conductivity. The existence of nano-Pt immediately suggests
that the Co-doped LSM surface grain boundaries possess ionic
conductivity, as schematized in Figure 4e. The present work is
fully consistent with the density function calculation49 and
provides the first experimental evidence showing that the grain
boundaries from electrically conducting LSM could possess
substantial ionic conductivity.

3.4. Nanostructure Origin of Resistance Reduction
and the Accelerated ORR. In cell no. 2, the Pt/(MnCo)Ox
couplings at the original TPB regions have introduced more
active catalyst Pt for accelerated ORR. On the YSZ surface, the
spacing of the neighboring Pt/(MnCo)Ox dual-catalysts
coupling is ∼10 nm, that is less than where the active TPB
could be extended to through polarization.50 Accordingly, for
the YSZ surface that was originally electrochemically inactive,
there are high-density newly implanted effective TPBs. On the
other hand, due to the engineered percolating network for the
electronic conductor LSM in the LSM/YSZ composite
electrode, the grain boundaries on the LSM surface are
expected to be percolating over the entire cathode surface, thus

Figure 3. Representative TEM images from cell no. 2 LSM cell after
504 h of operation. (a) The surface of the LSM grain boundaries is
decorated with the nanoparticles. EDS points 7−9 in Table 2
demonstrate that the Pt is only present at the LSM/LSM surface grain
boundaries. (b) Cross section of the LSM grain boundary with the
secondary particles sitting at the LSM/LSM grain boundaries. EDS
points 13−16 (in Table 2) indicate that the striplike Pt is coupled by
Co enrichment. Away from the surface grain boundaries regions, the
LSM surface is without Pt (EDS points 10 and 17), and there is little
variation of Co concentration from the LSM grain surface to the grain
interior (EDS points 10−12). (c) Showing the enlarged portion of the
(MnCo)Ox grains and the adjacent Pt nanograins of panel b.

Figure 4. Schematic of the surface architecture of cell no. 1 and cell no. 2. (a) Baseline LSM/YSZ interface and the original TPB. (b) Cell no. 2
with the Pt/Mn−Co−O pair uniformly distributed on YSZ surface and along the LSM/LSM grain boundaries. (c) Distribution of active catalyst for
ORR in cell no. 2. (d) Distribution of electronic conductor in cell no. 2. (e) Distribution of ionic conductor and ionic conducting interfaces in cell
no. 2. (f) Distribution of effective TPBs in cell no. 2.
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adding an active pathway to the oxide ion transport. Therefore,
the Pt/(MnCo)Ox couplings at LSM/LSM surface grain
boundaries are active sites and effective TPBs contributing to
the ORR as well.
Overall, for the baseline cell in which the kinetics of the

LSM cathode is surface-controlled, the ORR is restricted to the
TPBs. On the other hand, for the ALD-coated cell, active sites
extend from original TPBs to YSZ grain surfaces and grain
boundaries of Co-doped LSM. Consequently, there is
substantial and active involvement of the cathode bulk in the
overall electrode reaction, as evidenced by the apparent
changes in chemical capacitance43,44 introduced by ALD
coating as shown in Figures S2−S6 and Table S1.
In terms of the catalysts, more active nano-Pt catalyst added

to the original TPBs, the newly implanted catalysts and TPBs
on the YSZ grain surfaces and the LSM grain surface
dramatically accelerate the ORR, promotes the additional
oxygen surface diffusion and subsequent dissociative adsorp-
tion of oxygen molecules.39 Such accelerated ORR is well-
illustrated with the reduced cell impedance as retrieved by the
associated deconvolution spectrum. As shown in Figure 1d,
there is a significant reduction of P1 and P2 in the
deconvolution spectrum from cell no. 2, in comparison with
that of the baseline cell. The further electrochemical operation
has little effect on P1, implying Pt/(MnCo)Ox couplings are
stable. Special attention needs to be given to the peak P2 in
Figure 1d at 40−80 Hz. P2 in cell no. 2 is dramatically lower
than that in cell no. 1 at 0 h of operation. Nevertheless, the
amplitude of the P2 in cell no. 2 increases and shifts to the
lower frequency range with the increase of the operation time.
In general, P2 is believed to be associated with the oxygen
incorporation, and oxygen ion transport within the cathode,
and it strongly depends on the cathode structure and
composition.41 The shift of P2 arcs in cell no. 2 indicates a
continuous change in the chemistry of the cathode with the
increase of operation. As mentioned previously, the as-
deposited ALD consists of the superjacent CoOx layer, and
Co populates on the LSM surface layer. The Co-doped LSM
possesses substantial ionic conductivity and thus creates
additional pathways for oxygen transport and extends TPB
length on the LSM surface. There is also evidence showing that
the amount of Co level in La0.8Sr0.2Mn1−xCoxO3 perovskites
which results in the maximum oxygen transport is ∼25%.29
Upon operation, Co from the ALD layer diffuses into the
interior of the bulk LSM, but the supply of Co is very limited
due to the thinness of the ALD capping layer. The diminishing
Co in the surface layer could impact the ionic conductivity of
the LSM and result in the P2 increase. However, after 504 h of
operations at 750 °C, it is believed that Co concentration in
the LSM reached the equilibrium as evidenced by the very
little variation of Co concentration between the LSM surface
layer and grain interior (Figure 3 and Table 2). Both the Pt/
(MnCo)Ox catalytic nanocoupling and enhanced cell perform-
ance are expected to prolong upon further electrochemical
operations at elevated temperatures.

4. SUMMARY
A coating layer, consisting of dual catalysts of a superjacent 2
nm CoOx layer and superjacent 3 nm discrete Pt particles, was
precisely deposited on the internal surface of an LSM/YSZ
composite cathode of a state-of-the-art commercial cell via
ALD. The dual-electrocatalyst coating immediately promotes
the cell performance with the increase of its peak power

density to ∼300% compared to that of the baseline cell. After
504 h of operation, the ALD-modified cathode retains the high
ORR activity, and its peak power density remains ∼200% over
that of the baseline cell. Nanostructure analyses reveal that the
ultrathin ALD layer has evolved into Pt/(MnCo)Ox nano-
couplings driven by the synergetic interaction with the cathode
backbone and the sequential ORR activities associated with the
two different catalysts. For the first time in the field of high-
temperature ceramic cells, this study demonstrates an effective
approach of stabilizing the minute amount of nano-Pt catalyst
for enhancing the ORR activity at elevated temperatures. Most
importantly, for the YSZ surface that was originally electro-
chemically inactive, there are high-density newly implanted
effective TPBs for accelerated ORR. In addition to the surface
of the YSZ and the original TPBs, the Pt/(MnCo)Ox couplings
are also densely distributed at the LSM/LSM surface grain
boundaries. The present work thus also provides the first
experimental evidence showing that the grain boundaries from
electrically conducting LSM could possess substantial ionic
conductivity.
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