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ABSTRACT: Additive implantation of electrocatalysts onto
the internal surface of porous cathodes holds great promise to
accelerate the electrochemical reactions within solid oxide fuel
cells (SOFCs). Here we utilize atomic layer deposition (ALD)
to apply dual catalysts with (Mny3Coy,);0, and a minute
amount of Pt on the cathode consisting of lanthanum
strontium manganite (LSM) and yttria-stabilized zirconia
(YSZ). Coating this material with optimum ALD layer
thickness resulted in a 53% reduction of polarization
resistance and a 350% SOFC peak power density enhance-
ment at 750 °C. During the electrochemical operations, the

dual catalysts interact synergistically and evolve into superjacent conformal electrocatalytic (MnysCoy,);O,4 nanoionics with
high-density grain boundaries and subjacent discrete nano Pt particles evenly distributed on both the LSM and YSZ. The
configuration consequently extends the active electrochemical reaction sites to the entire internal surface of the cathode. For the
first time in the field of SOFCs, the present work demonstrates the formation of the electrocatalytic surface nanoionics and its
resultant accelerated mass and charge transfer to dramatically boost the cell performance.
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S olid oxide fuel cells (SOFCs) offer excellent fuel flexibility
and high energy conversion efficiency for power
generation.l_4 In comparison with the emerging protonic
conducting SOFCs™°® that still face challenges to be
commercialized, conventional SOFCs with oxygen ionic
conducting electrolyte are proven to be stable over several
thousand hours of operation and are commercially available.”
Energy systems based on the reversible SOFC operated in both
fuel cell and electrolysis modes are also feasible. For the
vehicles that fuel cells are already used in, the SOFCs are
extremely attractive in term of the fuel flexibility, high power
density, and relative tolerance toward fuel impurities.” '’
Improving the power density will further expand the range of
SOFC wusage from stationary power generation to on-board
vehicle applications. Regardless of the intense research effort
during the past 20 years, the biggest polarization losses
impeding the cell power density and longevity still relate to the
high activation energy for the oxygen reduction reaction
(ORR) in the cathode."" Among the various cathode materials
at high temperatures over 850 °C, the lanthanum strontium
manganite (LSM)-based materials are the most popular choice
for SOFC, owing to their high chemical and thermal
compatibility with conventional yttria-stabilized zirconia
(YSZ) electrolyte, adequate electrochemical performance,
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and superior stability upon long-term operation.'> However,
LSM possesses negligible ionic conductivity and low oxygen
surface exchange and thus restricts the electrochemically active
sites to the triple-phase boundaries (TPBs) where ionic and
electronic conducting phases and gas-phase meet.'”'* By
contrast, cobaltite-based perovskite including lanthanum
strontium cobalt ferrite (LSCF) exhibits mixed ionic and
electronic conductivity, and the TPB region of LSCF cathodes
is effectively expanded across the entire surface. However,
LSCF is susceptible to Sr segregation'’ and presents good
stability though inferior to LSM. For the practical SOFC
applications, the LSM-based cathode with increased TPBs are
much preferred. As such, infiltration has been developed to
introduce various materials into the porous cathode.'®™*
Nevertheless, adding TPBs requires the intimate implantation
of an ionic conductor on the electrocatalytic LSM surface
directly and/or the addition of the electrocatalyst on the ionic-
conducting YSZ surface precisely. Furthermore, for those
additive TPBs to be effective, the newly implanted TPBs must
be dense with a spacing of <50 nm apart to form a percolating
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Figure 1. Electrochemical performance and impedance data for cell no. 1 LSM baseline cell, cell no. 2 LSM cell with Pt and S nm (MngCoy,);0,
layer, cell no. 3 the LSM cell with Pt and 15 nm (Mng4Cog,);0, layer, and cell no. 4 the LSCF baseline cell. (a) Terminal voltage and power
density as a function of current density for four test cells at 750 °C. (b) Nyquist plots of four cells at a constant current of 0.3 A/cm? (c) Bode
plots of four cells at a constant current of 0.3 A/cm’ (d) Corresponding deconvolution spectra of the impedance data collected from four cells.

Two major arcs with the frequency ranging at 1—4 Hz and 10—200 Hz are indicated by P, and P,, respectively.

Table 1. Power Density and Resistance at 750°C for the Cells with Cathodes Having Different Surface Architecture

cell backbone surface R, R, peak power power at 0.8 V. peak power enhancement factor peak power enhancement factor
no. architecture (Q cm?) (Q cm?) (W/cm?) (W/cm?) to cell no. 1 to cell no. 4
no. 1  LSM/YSZ baseline 0.045 0.574 0.44 0.28
no.2 Pt&S5nm 0.043 0.300 1.32 0.95 3 14
(MnCo)O,
no.3 Pt & 15 nm 0.051 0.273 1.53 1.06 3.5 1.6
(MnCo)O,
no. 4 LSCF/SDC baseline 0.110 0.239 0.95 0.63 1

network during polarization."” Selective implantation of ionic
conductor and electrocatalyst on LSM and YSZ surfaces
separately and simultaneous introduction of high-density TPBs
have been almost impossible to achieve through various
solution-based infiltration. Solution-based infiltration often
results in the uncontrolled distribution of infiltrated materials.

Here we present, for the first time, the ALD*'™% coating of
the electrocatalytic (Mng4Coy,);04 nanoionics and a minute
amount of nano Pt to extend the ORR pathway from the
originally localized TPBs to the entire internal surface of the
LSM/YSZ backbone. Such coating increases the peak power
density of the commercial cell by 350% and is the highest
performance enhancement achieved using various infiltrations.

Results and Discussion. The present study aims to make
the ALD processing of catalysts to be practical for SOFC
industrial application, which requires that cells subject to ALD
processing need to possess strict reproducible properties.
Accordingly, commercial anode-supported cells with identical
Ni/YSZ anodes are used as a baseline and subjected to further
ALD coating. The performance of two ALD coated cells (no. 2
and no. 3) with LSM/YSZ cathode along with two baseline
cells having LSM/YSZ (no. 1) and LSCF/samarium-doped
cerium oxide (SDC) cathode (no. 4) were evaluated through
electrochemical operation carried out at 750 °C in H, and air
for anode and cathode, respectively. The as-deposited ALD
dual-layer consists of subjacent Pt with discrete ~3 nm Pt

particles26 and a superjacent (Mny4Coy,);0, layer with a
thickness of § and 15 nm for cell no. 2 and cell no. 3,
respectively. The schematic of the ALD processing is shown in
Figure S1. The cell performances are shown in Figure 1 and
listed in Table 1.

For the baselines for cell no. 1 and cell no. 4, the peak power
densities are 0.44 and 0.95 W/cm?, respectively, at 750 °C, and
the baseline cells of cell no. 4 with LSCF/SDC cathode are
performing better. A significant power density increase (in
Figure la) was observed from the ALD-coated cells. At 0 h
operation, in comparison with the cell no. 1 340% and 380%
increases in power densities at 0.8 V are achieved for cell no. 2
and cell no. 3, respectively. Meanwhile, cell no. 3 exhibits a
peak power density of 1.53 W/cm? at 750 °C, which is 350% of
baseline cell no. 1. To the best of our knowledge, such a 350%
peak power density increase is the highest enhancement ever
reported for state-of-the-art SOFCs with various infiltration.
Owing to the negligible amount of ALD materials coated on
the as-fabricated cells, the 350% increase is simultaneously
achieved in terms of both power density and specific power.

At 0.8 V, the power density of ALD-coated LSM/YSZ cell
no. 3 is 170% greater than the commercial cell with mixed
conducting LSCF/SDC cathode (cell no. 4) operated under
the same conditions, as shown in Figure la and Table 1. Cell
no. 3 exhibited a slight decrease in power density over the first
24 h of operation, reaching stable performance enhancement
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Figure 2. Representative TEM images from cell no. 2 with Pt and the S nm thick (MnygCoy,);O4 layer after 24 h of operation. (a) Bimodel
distribution of the Pt particles with the larger Pt particles exclusively at the original TPBs. (b) Small Pt particles on YSZ surface and in a plan-view
region of an original TPB which is circled. (c) Small Pt particles and discrete (Mn,gCoy,);O4 particles on the YSZ surface. (d) a Larger island-
shaped (MnCoy,);0, grains on LSM surface. (e) Faceted Pt particles kept a well-defined orientation relationship with YSZ grain. (f) Small Pt
embedded at the interface of LSM/(Mng5Co,,);0, particles that is close to the original TPB. The red dashed lines indicate the surface of the

architecture.

afterward (shown in Figure S2a). After 120 h of operation, cell
no. 3 exhibits the peak power density of 1.34 W/cm* and
remains at 305% of the peak power density of that from
baseline cell no. 1 (in Figure S2b).

The power density enhancement of ALD coated cells is
accompanied by the substantially decreased polarization
resistance R, with almost unchanged ohmic resistance R, as
shown in the Nyquist and Bode plots in Figure 1b,c, and Table
1. R, of cell no. 3 is smaller than that of cell no. 2.
Furthermore, cell no. 3 features comparable but much
smaller R; as compared to the cell no. 4 with LSCF/SDC
cathode. To identify the physical origin of the reduced
resistance, the dynamic constant in the impedance data is
accessed by evaluating the relaxation times and relaxation
amplitude of the impedance-related processes using deconvo-
lution.”” 3! Through deconvolution, the distribution of
relaxation times (DRT) resolves an impedance spectrum into
a higher-resolution plot that allows the identification of
individual processes, as shown in Figure 1d. The LSM/YSZ
baseline cell exhibits two arcs P1 and P2 with the frequency
ranging at 1—4 and 10—200 Hz, respectively, that are largely
overlapping each other. By contrast, the ALD-coated cells
exhibit two distinct arcs P1 and P2 with much-lowered
amplitude. Because the four cells possess identical anode
structures and operated under identical conditions, the lowered
P1 arc at 1—4 Hz is attributable to changing of gas diffusion
and dramatically lower ORR resistance in the cathode.”® P1
from cell no. 3 is even lower than that of cell no. 4 indicating
higher catalytic activity toward ORR than LSCF with mixed
conductivity. For the arc P2 at ~70 Hz, the DRTs from cells
no. 2 and no. 3 are lower than that of the cell no. 1. It is well
agreed in the literature that the physical origin of the arcs that
arise at ~70 Hz are primarily due to oxygen transport along the
surface and through the bulk in the cathode and YSZ
electrolyte. The reduced amplitude of the arc P2 suggests
the overall oxygen transport resistance was reduced in cell no.
2 and cell no. 3, in comparison with that of cell no. 1, but
higher than that of cell no. 4. In the frequency range higher
than 200 Hz, the DRTs from cell no. 3 and LSCF baseline
show similar amplitude signifying that oxygen transfer

resistance at the cathode surface in cell no. 3 is nearer to
that of the LSCF/SDC cell no. 4.

The above deconvolution analysis revealed that the ORR
kinetics and the related electron charge and oxygen mass
transfer pathways had been significantly altered in cell no. 2
and cell no. 3 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 of the ALD coated cell no. 2 and no. 3 are thus
subjected to transmission electron microscopy (TEM) imaging
and analysis. The LSM and YSZ grains, as well as the chemistry
of the ALD layer, were confirmed by energy dispersive
spectroscopy (EDS) under the TEM.

Representative TEM images (Figure 2) from cell no. 2
illustrate the LSM/YSZ surface structure with Pt and
(Mny3Coy,);0, nanograins. Pt particles present a bimodel
distribution with the large Pt particles up to ~100 nm
exclusively distributed at the original TPB regions (Figure
2a,b) and the very small Pt catalyst particles ~10 nm appearing
at both the TPBs and on the YSZ surface (Figure 2c—f). Pt
particles possess a strongly bonded interface with the YSZ
surface, and some of the Pt particles are faceted and have
developed well-defined crystal orientation relationship with
YSZ grain as shown in Figure 2e. The Pt catalysts are always
adjacent to the (MnggCog,);0, nanograins that are
rectangular shaped with the shorter dimension of ~5—7 nm
and elongated along the YSZ grain surface (Figure 2c,e,f). By
contrast, most of the LSM grain surface is free of Pt, as shown
in Figure 2b and Figure S3. Occasionally, in the region that is
adjacent to the original TPB region, sparsely distributed Pt
grains appear to be embedded at the interface between the
(MnyCoy,)30, and LSM (Figure 2f). Overall, Pt emerged as
a selective distribution on YSZ grain surface and not on the
LSM surface. Also, (Mng3Coy,);0, grains on LSM are
irregularly shaped with a much larger dimension of ~30—50
nm (Figure 2d,e) versus ~10 nm (Mng5Coy,);0, grains on
the YSZ surface. The selective ALD deposition of nano-
particles on surfaces of different materials has been reported
before.*”** However, in terms of the SOFC applications, the
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as-deposited ALD Pt layer is conformal on both the LSM and
YSZ grain surfaces.”® In cell no. 2, the selective distribution of
Pt occurs upon electrochemical operation at high temper-
atures.

This phenomenon of selective distribution of Pt particles on
YSZ but not on LSM grain surfaces was eliminated in cell no. 3
with the 15 nm thick (MnggCoy,);0, layer. After electro-
chemical operation for 120 h, cell no. 3 depicts a conformal
and uniform ALD layer with subjacent Pt and superjacent
(Mny5Coy,)30, (Figure 3a). Remarkably, the (Mn,3Coy,);0,

(Mno4C0,,);0,

Figure 3. TEM images from the operating cell no. 3 with Pt and then
15 nm thick (Mny4Coy,);0, layer, after 120 h operation. (a) The
(Mny3Coy,);0, grains and Pt particles are simultaneously preserved
on both the YSZ and LSM grain surface after operation. (b) Small Pt
particles with dense and continuous (Mng3Coy,);0, nanoionics on
LSM surface. (c) Grain boundaries of the (Mng3Cog,);0, layer are
high in density, and the (Mn,3Cog,);0, grains and Pt particles are
~10 nm.

grains and Pt particles are all ~10 nm in dimension, and the Pt
particles are simultaneously pinned on both the YSZ and LSM
grain surface. Some of the Pt particles are faceted (Figure 3b),
featuring a strongly bonded intimate interface with the LSM
grain surface (Figure 3c). The (MnggCog,);0, superjacent
layer presents ~10 nm single-layered nanograins with high-
density grain boundaries (Figure 3c). The ALD layer also
features nanopores (shown in Figure S4), allowing gas
penetration.

The internal surface of cathodes with different surface
architecture is shown in Figure 4. In comparison with the as-
received commercial cells (Figure 4a) with a bare surface,
Figure 4b illustrates the distributions of nanograined Pt and
(Mng4Coy,);0, on cathode backbone in cell no. 2, except for
Pt ~ 100 nm in a dimension that is too large to fit into the
schematic.

The ALD as-deposited Pt is controlled to be an
approximately 3 nm discrete crystal sphere.”® However, in
the operated cell no. 2 shown in Figure 2a, some Pt particles
were found to be up to ~100 nm in dimension and
preferentially accumulate at the original TPB region. The
existence of large Pt particles in cell no. 2 indicates that
nanosized Pt (not adjacent to the original TPBs) may undergo
migration that may be driven by the oxygen partial pressure
changes during the electrochemical reactions. According to the
diagram of PtO, partial pressure as a function of oxygen partial
pressure,”* without a current load Pt tends to be oxidized and
vaporized as gas species in the air at high temperatures.”> Once
the cathodic polarization is applied, the thermodynamic
equilibrium partial pressure of PtO, is sharply altered at
TPBs due to the change of local oxygen partial pressure. The
low oxygen partial pressure will result in the reduction of

- lonic conducting phase & interfaces

Electronic conducting phases & surfaces

(Mn,5C0,,):04

Figure 4. Schematic of the surface architecture on cells no. 1, no. 2, and no. 3. (a) Baseline YSZ/LSM and original TPB. (b) Architecture of
(Mng4Coy,);0,/Pt dual layer in cell no. 2. (c) Architecture of (MnygCoy,)O,/Pt dual layer in cell no. 3. (d) Top view of ALD layer in cell no. 3.
(e) Superjacent (MnggCoy,);0, nanoionics and subjacent Pt layer respectively in cell no. 3. (f) Distribution of electrocatalyst in cell no. 3. (g)
Distribution ionic conductor and ionic conducting interfaces in cell no. 3. (h) Distribution of ionic conductor and ionic conducting interfaces in
cell no. 3. (i) Distribution of TPBs in cell no. 3. For all schematics, the ionic conductor is colored in green, the electronic conductor is colored in
yellow, the (Mng5Coy,)O, electrocatalyst is colored in cyan, the Pt is colored in pink, and the electrochemically active sites such as the TPBs are

colored in dark red.
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oxidized Pt to metallic Pt at the TPBs,>>*® likely through
reaction 1%

PtO, () + 4¢’ + 2V( — Pt + 20§ (1)

where the Pt oxide is reduced by acquiring four electrons, and
ionized oxygen subsequently moves away via ionic conductor
at TPBs. Such reduction consequently causes the agglomer-
ation of Pt at the original TPBs.

By contrast, much smaller Pt particles of ~10 nm in
dimension were also observed uniformly distributed on all YSZ
grain surfaces, whereas the well-defined crystal orientation
relationship between the slightly elongated Pt nanograins and
YSZ (Figure 2e) indicating the reassembly Pt on the YSZ
surface. Because the Pt is presumably deposited solely at the
TPB region where the oxygen partial pressure is lowered, the
uniform distribution on the YSZ surface implies the ALD layer
has enabled newly formed TPBs on the YSZ surface, and the
YSZ surface possesses both the ionic conductivity and
electrical conductivity. Such mixed conductivity on the YSZ
in cell no. 2 can be related to the addition of (Mngy5Coy,);0,
nanograins. First, the reduced Mn cations from the original
TPBs and the (MngCoy,);0, layer spread out on the YSZ
surface, and the Mn-enriched YSZ effectively becomes a mixed
conductor and becomes active for direct oxygen incorpo-
ration.”*”*" Second, the (MnyCoy,);0, is an excellent
electrocatalyst™ similar to that of the LSM, and the active
electrochemical reaction takes place at the newly formed TPBs
of (Mng4Coy,);0,/YSZ/air interface. Upon cell operation, Pt
synergistically interacted with (Mng3Coy,);O, and reas-
sembled at (Mn,3Co,,);0,/YSZ interface where the oxygen
partial pressure is locally lowered during the ORR. The
(Mng4Coy,);0, and Pt intimately bonded and alternatively
distributed on the YSZ surface as shown in both Figure 2 and
Figure 4b. In cell no. 2, there is also a very small amount of Pt
nanograins (Figure 2d,f) observed at the LSM/
(Mn,5Coy,);0, interface region of ~S0 nm to the LSM/
YSZ interface, where the active TPB could be extended
through polarization. Except for that, most of the LSM grain
surface is free of nano Pt, implying the lack of effective TPBs.
The (Mn;5Cog,);04 on LSM surface exhibits much bigger
grain size than that on the YSZ surface.

In cell no. 3, the as-deposited (Mng3Coy,);0, layer
thickness increased to about ~15 nm, which is thick enough
to facilitate the formation of continuous layer and connectivity
of the neighboring (Mn,3Coy,);04 crystal grains. Single-
layered (Mng3Cog,);04 nanograins with the dimension of
~10 nm are well preserved on both the YSZ and LSM grain
surface after 120 h cell operation. The salient feature of
uniform distribution of nanosized Pt pinned on both the LSM
and YSZ grain surface revealed that effective TPBs are covering
the entire internal surface of the cathode backbone in cell no.
3. Although the formation mechanisms of TPBs on the YSZ
surface is similar to that from cell no. 2, the formation of the
TPBs on the LSM surface in cell no. 3 is intriguing. Because
LSM is an excellent electrical conductor with negligible ionic
conductivity, an additional ionic conducting path on the LSM
grain surface is needed to enable the formation of the local
TPBs. In cell no. 3, the oxygen ions have four possible
pathways for conduction on the LSM surface, namely (i) along
the (Mng3Coy,);0, surface boundaries, (ii) along the
(Mn;5Co0y,)304/LSM interface, (iii) through the LSM and/
or (MngCog,);0, grains, and (iv) along the (Mng5Cog,);0,
intergranular grain boundaries. When the surface coating is

single-layered and with grains of constant width of 10 nm and
film thickness 10 nm, we could roughly estimate that the grain
boundary density of the surface layer in cell no. 3 is
significantly high, up to ~1500 pm=>"* The high-density
surface grain boundaries exposed to air may have played an
important role in enhancing the ionic conductivity and
accelerating the kinetics of overall surface reactions.”> There
is increasing evidence indicating that the heterostructured
interfaces between the oxides (i.e., (Mn,3Coy,);04 and LSM)
may also facilitate the oxygen ion transport due to the interface
strain, space charge effect, and atomic reconstruction at those
interfaces."**> Nevertheless, due to the negligible intragranular
jonic conductivity of (MnsCoy,);0, nanograins that are
conformal on the LSM surface, the oxygen ions transferring
from the (Mn,3Coy,);0, surface grain boundaries inevitably
pass through the high-density grain boundaries to reach the
(Mng§Coy,);0,/LSM interface and facilitate the formation of
TPBs. The high-density TPBs on the LSM surface implies the
substantial intergranular ionic conductivities through the high-
density grain boundaries of nanograined (Mng5Co0g,)30,.

To unambiguously evaluate the intergranular ionic con-
ductivity of the (Mny3Coy,);0, and to exclude the
conductivity contribution from the surface grain boundaries,
the single-phase bulk scale (MngCoy,);0, samples with the
grain size of ~200 nm are synthesized. Although the electron
block is applied during the conductivity measurement, the
nanostructured (Mng4Co,,);0, presents substantial ionic
conductivities at 800 and 750 °C which are even within the
same order of magnitude of ionic conductors YSZ and
samarium-doped cerium oxide, as detailed in Table S1 and
Figure SS. This result is in excellent agreement with the density
function calculation® and our previous experimental evidence
regarding LSM®” clarifying that the grain boundaries from the
electrical oxide conductor (Mny4Coy,);0, possess substantial
ionic conductivity. The ionic conductivity of the superjacent
(Mng4Coy,);0, layer in cell no. 3 is expected to be higher due
to the much smaller sized grain and resulted in much higher
density grain boundaries.”” Therefore, the superjacent electro-
catalytic (MnygCoy,);04 layer possesses substantial ionic
conductivity and formed the nanoionic network. Such
conformal surface architecture enabled the high-density TPBs
and further pin the Pt uniformly onto the entire surface of
LSM that is dominant with high electrical conductivity.

The surface nanoionics and heterogeneous dual-layer in cell
no. 3 are nanoporous allowing reaction gas traveling through
the thin ALD layer and accessing the original backbone
surface, as shown in Figure S4. On the YSZ backbone,
electrocatalyst Pt is sandwiched between the mixed conducting
YSZ surface and electrocatalytic (MnggCog,);0, nanograins.
Once the oxygen is reduced on the gas exposed Pt and gas
exposed (Mn,3Coy,);0, grain surface, the oxygen ions could
quickly diffuse along with the adjacent Pt/YSZ interface,
(Mn5Coy,);0,/YSZ interface, as well as the (Mng3Co,,);0,
surface grain boundaries, as shown in Figure 4h. On the other
hand, three kinds of electrocatalysts, that is, LSM,
(Mng4Cog,)30, and Pt, contribute simultaneously for
accelerated ORR on the LSM surface. Meanwhile, there are
multiple ionic conduction (Figure 4h) pathways along the
(Mn4Coy,);0, surface grain boundaries, (Mngy3Coy,);04
intergranular grain boundaries, and LSM/(Mng4Coy,);0,
interfaces, that are intimately connected to the electrocatalysts
and rapidly transfer the reduced oxygen ion away. The surface
nanoionics effectively shifts the mass and charge transfer and
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ORR sites from the original TPBs to the entire LSM/YSZ
surface.

Nanoionics"™***’ hold great promise for SOFCs that
incorporate oxygen ionic conducting ceramics in the electro-
lyte and composite electrodes. Nevertheless, nanoionics and
nanostructured electrode®® development have been very
challenging for solid oxide fuel cells (SOFCs) due to poor
stability of the nanocrystals during fabrication of SOFCs at
elevated temperatures, among other reasons. Following our
previous work on the establishment of nanoionics using the
ionic conductor of ZrO,,”® the present work demonstrates the
formation of the stable and conformal electrocatalytic surface
nanoionics that directly enabled the nanostructured electrode
that has been constantly pursued yet barely succeeded for
practical applications.”’ The very small grain size of
(MnggCoy,);0, in cell no. 3 indicates that the electrical bias
applied on the cathode surface and reduced oxygen partial
pressure during the high-temperature operation may have
favored the possible ion and defects migration primarily along
the grain boundaries and achieved the grain retardation within
(MngCoy,);0, surface nanoionics.’” The interaction between
the dual catalyst and pinning of the nano Pt presented in this
study is driven by the sequential catalytic activity from two
kinds of electrocatalysts and does not have to be limited by the
exact chemistry of catalysts. It thus opens further research
directions for electrocatalytic surface nanoionics with a wide
range of chemistry and applicable various cathode backbones.
The focus of this work is on investigating the versatilities and
fundamentals of ALD coating of a minute amount of catalyst
on the nanostructure and performance of fuel cells. Upon the
establishment of conformal eletrocatalytic nanoionics on the
LSM/YSZ backbone, we will carry out the long-term stability
test. Such a test would be targeted for ~2000—5000 h of
operation to support the expectation of SOFC operation of
~2000 h or above for various portable and stational
applications. Furthermore, the conformal electrocatalytic
surface nanoionics (MngygCoy,);0, also potentially offer
multifunctionality of mitigating the grain coarsening by cation
surface diffusion and increase the cathode chromium-
resistance. Spinel (MnCo);0, is an excellent interconnecting
coating material to seal off the Cr vapor penetration into the
cathode backbone® and provides the alternative approach of
increasing the Cr resistance. We will also investigate the
stability of (MnCo);0, conformal electrocatalytic surface
nanoionics upon exposure to Cr contamination and the
electrode thermal cycling.

Summary. For the well-developed SOFC with an LSM/
YSZ cathode, the present work demonstrated that both the
high-density nano-electrocatalyst and electrocatalytic nano-
ionics with high-density grain boundaries could be precisely
introduced onto the cathode backbone to simultaneously boost
the cell peak power density and specific power by ~350%. The
electrocatalytic surface nanoionics from the present study
consequently enabled the formation of a nanostructured
electrode. This bears an immediate breakthrough on the
SOEC technology because the applied ALD processing is
scalable to both the single cells and SOFC stacks. Most
importantly, the stable and active electrocatalytic surface
nanoionics enabled by ALD are with enormous surface area
and open new research directions in many electrochemical
devices, including both the conventional and protonic
conducting SOFCs.
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