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In this report, we demonstrate that a uniform angstrom-level oxide overcoat (either ceria or yttria with a nominal thickness of
0.7 - 1.5 A) by atomic layer deposition is highly effective not only in enhancing the thermal stability of underlying infiltrated
ceria nanoparticles but also in facilitating electrode kinetics. By employing Sr-free electrodes and Cr-free gas environment,
we focus on the thermal agglomeration as the major degradation pathway and reveal the close correlation between thermal
agglomeration rate of infiltrated nanoparticles and degradation rate of electrode performance in a quantitative manner. We
also provide a mechanistic perspective on the beneficial effect of the overcoat in durability and performance of solid oxide

fuel cell cathodes.

Introduction

A solid oxide fuel cell (SOFC) is an attractive energy conversion
system in terms of conversion efficiency, power density and fuel
flexibility.! With the awareness of its durability and cost issues
being mainly originated from their high temperature operation
(usually > 800 °C), intense efforts have been made to reduce the
operational temperature to an intermediate range (600 — 800
°C).2 However, a decrease in temperature causes a significant
compromise in the electrochemical kinetics in particular of the
oxygen reduction reaction (ORR) occurring at the cathode.3*

Infiltration of catalytically active species onto a cathodic
backbone structure is a widely used approach to improve the
ORR activity of intermediate temperature SOFCs.® This is often
achieved by enhancing the electrode surface area (and thus
enlarging chemisorption and charge transfer sites) and/or
exposing more active sites on the surface (by infiltrating
materials of high oxygen exchange rate).® However, the tiny
infiltrated nanoparticles (NPs) naturally carry a high surface
energy (due to a high percentage of low-coordination sites),
making the NPs susceptible to severe agglomeration during high-
temperature operation.®”
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Atomic layer deposition (ALD) is an emerging low-
temperature chemical vapor deposition variant capable of
depositing well-dispersed islands or uniform films at the atomic
scale even on a substrate of extreme geometric complexity.®° By
leveraging the capability, researchers have successfully
improved SOFC durability mainly by suppressing the
agglomeration of high-surface-area electrodes'®-*3 and/or dopant
segregation to the surface of perovskite-based cathodes.**> The
beneficial effects of ALD is not limited to the operational
durability; an ultrathin overcoat often enhanced ORR kinetics as
well. We demonstrated earlier the effectiveness of few
nanometer-thick zirconia overcoat in enhancing ORR activity
and thermal stability of porous Pt cathodes'®!! and revealed the
ORR enhancement is mainly caused by a facilitation of atomic
oxygen-mediated non-electrochemical processes.’! Choi et al.
reported a power enhancement by 180% via an ALD-based
conformal coating of (La,Sr)CoOss (LSC) on a porous
Lao.6Sro.4Coo.2Feo 803-5 (LSCF) cathode.'® They asserted partially
amorphous nature of the ALD LSC overcoat lowers the oxygen
removal free energy and thus improves ORR activity. Wen et al.
showed that a thin ALD zirconia layer (0.8 nm) reduces the
concentration of surface oxygen vacancies, which lessens
electrostatically driven segregation of Sr to the surface of LSC
cathode.'* Considering the capability of ALD to perform a
conformal atomic-scale treatment on complex geometry, an
ALD treatment can be best leveraged when applied to a structure
of extreme surface area as opposed to conventional porous
backbone structures. However, its application to a high-surface-
area SOFC cathodes (e.g. infiltrated cathodes) and associated
analysis is rarely reported.

In this report, we demonstrate how an angstrom-level ALD
oxide overcoat affects the performance and durability of a ceria
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NP-infiltrated LaNiosFeo.4Os3-5 (LNF) cathode. Since LNF does
not have A-site Sr, it does not suffer from Sr segregation, a major
degradation mechanism,*” simplifying the analysis of
degradation in this study. The structural stability of LNF is
sensitive to the Ni-to-Fe ratio,'8 but a Ni:Fe molar ratio of 6:4 is
known to render an excellent stability in rhombohedral
structure.’® The NPs formed on LNF backbones are prone to
agglomeration unless properly engineered due to their small
sizes (5 — 20 nm). Based upon electrochemical and physical
characterization of a series of infiltrated and/or ALD-treated
samples, we discuss the impact of surface treatment on the
morphology evolution, surface chemistry and electrode
performance. In addition, we provide a quantitative analysis of
NP agglomeration kinetics with and without ALD treatment and
prove the close correlation between the NP agglomeration and
electrode performance degradation.

Experimental
Cell preparation

All the cells are in the symmetric configuration, comprised of a
YSZ electrolyte, a GDC interlayer, a surface-engineered LNF
layer (namely, active layer; AL) and an additional LNF layer for
current collecting. The cell area of 0.35 cm? is defined by the
LNF layer patterned in circle. The GDC layer (~ 5 um thick) is
placed to prevent any unexpected reaction between YSZ and
LNF layers that forms insulating secondary phases (e.g.
La2Zr207).2° First, a GDC slurry was screen-printed on both sides
of a 8 mol% YSZ electrolyte substrate (270 pm thick,
FuelCellMaterials), dried at 80 °C for 1 h and sintered at 1150 °C
for 3 h. Then, an LNF slurry was screen-printed onto both sides
of the GDC layer, dried at 80 °C for 1 h and sintered at 850 °C
for 3 h. The LNF and GDC slurries were prepared with the
approach reported earlier.?* Briefly, the LNF slurry was prepared
by mixing house-made LNF powder, dispersant (Hypermer KD-
1, Croda) and binder (ethyl cellulose) in terpinol. The GDC
slurry was made of GDC nanopowder (FuelCellMaterials), ethyl
cellulose, hypermer KD-1 and terpineol.

On top of the resulting LNF layer, infiltration (ceria) and/or
ALD (yttria or ceria) was performed. Ceria infiltrated samples
without an ALD treatment is categorized as Type | while ALD-
treated samples without an infiltration is categorized as Type II.
For ceria infiltration, 1 M aqueous solution of cerium(l11) nitrate
hexahydrate (99%, Aldrich) was prepared with deionized water.
Sol impregnation was then performed on both sides of the cell
onto the LNF backbone, let idle for 1 h under a house vacuum,
and then dried at 450 °C for 0.5 h in a furnace. For ALD of ceria
and yttria, tris(i-propylcyclopentadienyl)cerium(l1l) [Ce(iPrCp)s]
and tris(methylcyclopentadienyl) yttrium(l11) [Y(MeCp)z] were
used as the precursors while distilled water and nitrogen was
used as co-reactant and purging gas, respectively. The canister
temperatures for Ce and Y were 145 °C and 150 °C with the
chamber temperature of 250 °C. The pulsing time of 3 s was used
for Ce and Y precursor, and 0.4 s for water. Before an ALD
treatment is performed on a ceria-infiltrated LNF, a sintering
process (850 °C for 2 h) can be added; the one without the

2]J. Name., 2012, 00, 1-3

additional sintering process is categorized as Type I11-A and the
one with the sintering process as Type IlI-B. Finally, an
additional layer of LNF was screen-printed on top of the
infiltrated and/or ALD-treated LNF layer to use as the current
collecting layer. The resulting symmetric cell was and dried at
80 °C for 1 h and sintered at 850 °C for 3 h with the
heating/cooling rate of 3 °C min-L. For all the samples for X-ray
photoelectron spectroscopy (XPS) analysis, the sintering process
(850 °C for 3 h) was performed without the additional LNF layer.
A separate set of samples were prepared for X-ray
diffraction (XRD) analysis to reveal the chemical information of
the cathode only without being obscured by the presence of the
GDC/YSZ electrolyte. To make LNF pallet-supported sample
for this purpose, LNF powders was first ball-milled and pressed
under a uniaxial press. After sintering the resultant LNF pallet at
850 °C for 3 h, either an infiltration or an ALD process was
performed before another sintering at 850 °C for 3 h.
Transmission electron microscopy (TEM) samples were
prepared by grinding surface-treated LNF into powders,
suspending them in ethanol and drop-casting the particle
suspension upon a 3 mm lacey-carbon grid (Ted Pella).

Physical characterization

A field-emission scanning electron microscopy (SEM, Zeiss
Gemini 500) was used at 3 kV to observe the microstructures.
The structure and size of NPs were characterized by transmission
electron microscopy and scanning transmission electron
microscopy (STEM) which were recorded on a 200 kV FEI
monochromated F20 UT Tecnai system. The STEM image was
obtained with a convergence angle of 10 mrad and a detection
angle of 30 mrad. Energy filtered transmission electron
microscopy (EFTEM) was used to visualize elemental
distributions. The energy dispersive X-ray spectroscopy (EDS)
(Oxford X-max SDD 127eV at 50k cps) was performed on a
Talos F200C G2 TEM system; X-FEG electron source, 0.18
lattice resolution and 0.30 nm point-to-point resolution was set
to the tip. XPS was performed on a PHI Quantum 2000 system
using a focused, monochromatic Al Ka X-ray (1486.6 eV)
source for excitation and a spherical section analyzer (200 pm
diameter X-ray beam incident to the surface normal; detector set
at 45°). The phase and composition of samples were evaluated
by XRD using a PANalytical X Pert Pro system with Co Ka
radiation (A = 1.78897 A).

Electrochemical characterization

Electrochemical properties were analyzed by electrical
impedance spectroscopy (EIS) with 20 mV of ac perturbation at
the open circuit condition (Bio-Logic SP-240) in a customized
SOFC test station. Pt mesh was placed on both sides of the
sample to collect current and a weight of 5 kg was applied to
ensure a solid contact between the cell and current collector.
Different oxygen partial pressures (pO2) were realized by
changing the ratio of Oz and N2 gas flow rates while maintaining
the total flow rate at 100 sccm. Sample was heated at a rate of 3
°C/min and held at each temperature of test for > 30 min before

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (a) A schematic diagram of our cell configuration depicting three different classes of surface treatment. (b) A cross-sectional SEM
image in the vicinity of LNF/GDC interface and zoomed-in images in the bare and infiltrated region of LNF backbone. (c-h) SEM images
of bare, infiltrated and/or ALD-treated samples. (i) XRD spectra of bare, Ceinr and CeaLp12 samples; obtained using Co Ka. radiation (A

=1.78897 A).

testing. Cell durability tests were performed at 700 °C by
obtaining EIS data every hour in a different customized SOFC
test setup free of Cr components. Oz gas was continuously fed
into the chamber at 200 sccm throughout the test.

Results and Discussion

Three different classes of surface treatments were performed on
LNF backbone as depicted in Fig. la: cells treated with an
infiltration process only (Type I; Ceinf), an ALD process only
(Type II; CeaLpn series) and an infiltration followed by an ALD
process (Type I11). Within Type |11, there are two sub-categories:
those sintered (at 850 °C) after both an infiltration and an ALD
processes are performed (namely, Type I11-A; e.g. CenfCeaLbn),
and those where an additional sintering process is inserted
between the infiltration and ALD treatment (namely, Type 111-B;
e.g. CeintsintCeaLpn). As described in the Methods section, the
surface treatment (infiltration and/or ALD) was performed on a
porous screen-printed LNF backbone (~10 pm). For
electrochemical characterization, another ~10 pum thick LNF

This journal is © The Royal Society of Chemistry 20xx

layer is deposited on top of the surface treated LNF layer for
current collecting. The infiltrated CeO2 NPs are mostly located
in the vicinity of the GDC/LNF interface with a width of ~1.5
um (we call it the active layer; AL), leaving the upper part of the
backbone virtually uncoated as shown in Fig. 1b. This is likely
due to a relatively low viscosity of precursor solution used for
the infiltration, which would make the solution readily permeate
through the porous LNF backbone (driven by both capillary
action and gravity) and accumulate around the interface with
GDC. The ceria-infiltrated cell (Type I; Ceinf) has 5— 20 nm ceria
NPs on the LNF backbone whose granular feature is sized ~ 100
nm (Figs. 1b and 1d). On the other hand, the ALD overcoat do
not form a noticeable feature in any of the Type Il (Fig. 1e) and
Type Il cells (Figs. 1f-h). However, after a long-term thermal
exposure (260 h at 700 °C), ALD-induced ceria nanodots of 3 —
4 nm are resolved in CeintsintCeaLpn series (Type I11-B) as shown
in Fig. Sla-b while the feature was not observed in any other
aged samples including the other Type 11I-B sample (Ceint-
sitYALpn series; Fig. Slc-d). Interestingly, the ALD ceria
nanodots are preferentially formed on infiltrated ceria NPs only
(in particular, more at the neck formed between infiltrated NPs)

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 HRTEM images and EFTEM elemental maps of CeinfCeaLps (a-f) and CeinrY aLps (g-1). In the HRTEM images (a, g), the boundaries

of nanocrystals and identified lattice d-spacings are marked.

as opposed to the LNF backbone surface as shown Fig. Sla-b
and schematically expressed in the “Type IlI” rectangle of Fig.
1a. Since the LNF backbone has a very high effective aspect ratio
(~10 pm of backbone thickness versus ~ 100 nm of pore size) for
the transport of ALD precursor, the ALD growth rate should be
diminished with depth.??> For this reason, the growth rate is
quantified directly from the distribution of ALD-based nanodots
formed in the AL (Figs. S1a-b). The growth rate estimated using
this approach is 0.24 A per cycle (see SI, “Estimation of ALD
growth rate” section).

The XRD spectra (Fig. 1i) reveal that the backbone
comprises mostly rhombohedral LNF (R-3c space group) with a
minor presence of LaNiOz and LaFeOs (both R-3c space group).
The Ceinr sample shows additional peaks corresponding to cubic
CeO2 (Fm-3m space group) including the one at 33.3° for (11 1)
plane. However, the ALD-coated sample (CeaLp12) did not show
a discernible ceria peak due to the tiny amount of ALD-derived
ceria. This is the case for the Type-11l1 samples; only the peaks
corresponding to LNF backbone and infiltrated ceria are detected
without a trace of Y from ALD in CenfYaLp1s (Fig. S2).

To better resolve the surface-treated species, a set of TEM
imaging and EFTEM elemental mapping was performed as
shown in Fig. 2. The HRTEM images in Figs. 2a and 2g are
captured at locations close to the very surface of an infiltrated
ceria NP. The CenfCeaLps (Fig. 2a) shows CeO2 and Ce203
nanocrystals sized between 3 — 7 nm. Considering the XRD
spectrum of Cenr (Fig. 1i) showed only cubic CeO2 without a
trace of Ce203, the Ce203 crystals shown in the HRTEM are
likely formed in a tiny amount on the very surface by ALD. The
existence of thermodynamically unstable Ce20s3 is supported by
arecent study by Gupta et al.3 that showed a nucleation of Ce203
phase in the first ~ 1.5 nm by a Ce(iPrCp)s/H20-based ceria ALD
(the ALD chemistry used in this work). The Ce elemental map

41 J. Name., 2012, 00, 1-3

in Fig. 2d also indicate that ceria species are uniformly
distributed throughout the surface of LNF backbone. The
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Fig. 3 Ce 3d and O 1s XPS peaks obtained from Ceinf, CeaLpi2
and CeinrfCeaLps.
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HRTEM of CenfYaLps in Fig. 2g also confirms the presence of
Y203 nanocrystals formed by ALD, and the EFTEM elemental
map of Y (Fig. 2i) shows its uniform distribution throughout the
LNF surface; see also Figs. S3-S4 for EDS data supporting this.

XPS analysis was performed to reveal the chemical bonding
states at the very surface of three samples: Ceinr (Type 1), CeaLp12
(Type I1), and CentCeaLps (Type I11). By applying Maslakov et
al.’s approach,?* the ratios of Ce®* to Ce** are quantified to be
5.96% and 12.6% for Ceinr and CenfCeaLps, respectively, from
the Ce 3d spectra shown in Fig. 3a (see S| “Deconvolution of
XPS spectra” section and Table S1). The Ce®" content is even
higher in CeaLpi12 (13.4%). This is well aligned with the O 1s
spectra in that the relative amount of O-Ce3* in CeaLp12 (48.3%)
and CeinfCeaLps (40.2%) are larger than that of Ceinf (37.5%); see
Table S2. A trivalent Ce can be related to either an oxygen
vacancy formation in CeO2x or a lattice Ce in Ce20a. In either
case, their unstable surfaces as compared to that of
stoichiometric CeO:2 is likely to make it advantageous in the
oxygen exchange kinetics.?> On the other hand, the Ce 3d
spectrum of Ceavpaz is shifted to a higher binding energy by an
unexpectedly large margin (5.7 eV) with respect to the other two
samples. Considering a new O 1s peak appearing at an unusually
high binding energy (~534.8 eV; not relevant to a lattice oxygen)
and a distinct difference in C 1s spectrum, but without a
noticeable difference in the spectra of La 3d, Ni 2p and Fe 2p
(Fig. Sb), it is conjectured that the large Ce 3d binding energy
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shift of CeaLp12 is originated from a strong electronegativity of
unidentified ligand(s) attached to Ce.

Fig. 4 presents electrochemical data obtained from a bare
sample and surface-treated samples; Nyquist plots and Arrhenius
plots for all the studied samples are presented in Fig. S6. Since
most samples show a single smooth arc in the Nyquist plot, a
simple L-Ro-(Rp//Qp) model (inset of Fig. 4a; see SI “EIS fitting
to a single arc model” section) is used to fit all the presented
impedance data; Ro, Rp, and Qp refers to ohmic resistance,
electrode polarization resistance and constant phase element
(CPE), respectively; see fitted parameters in Table S3 and S4.
All the resistance values are presented after a normalization by
the cell area for a facile comparison. First, the bare sample
(without an infiltration or ALD process) shows a large Rp (2.73
Q cm? at 700 °C) and high activation energy of electrode
polarization resistance (Ea = 1.74 eV). This is mainly ascribed to
the extremely small concentration of oxygen vacancies in a bare
LNF (oxygen non-stoichiometry < 0.005 in the usual SOFC
condition)?® and the resulting high energy barrier for dissociative
adsorption of 02.227 A single-step infiltration (Ceinr) decreased
Rp and Ea by a significant amount (Fig. 4b). An infiltration of
external hetero-species doped ceria has been reported to facilitate
oxygen adsorption and dissociation Kkinetics.?128 Although we
infiltrated ceria NPs without an explicit doping, we still observe
a drastic improvement in oxygen electrode performance by
reducing Rp from 2.73 to 0.27 Q cm? at 700 °C. This is ascribed
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Fig. 4 (a) EIS curves of several selected samples obtained at 700 °C and the equivalent circuit used for fitting. The inset is a zoomed-out
Nyquist plot to show the full spectrum of bare sample. (b-e) The fitted polarization resistances (Rp) and their activation energies (Ea); (b)
Bare, Cenr (Type 1) and CeaLpn series (Type 1), (c,d) CeinifCeaLon and CeinrYaLpn series (Type 111-A) and () CeintsintY aLps and Ceint-
sintCeaLps (Type 111-B). All the corresponding EIS curves and Arrhenius plots are provided in Fig. S6. (f) Reaction order (m) values
obtained at 700 °C; the corresponding Rp versus pO2 graphs presented in Fig. S8. The inset shows the parametric meaning of m; pOz is the

partial pressure of Oz applied to the cell during measurements.
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to the widely known characteristics of ceria: flexible cationic
valence state and facile oxygen vacancy formation,?® which
provides reversible oxygen exchange and high oxygen storage
capacity.3031

A considerable decrease in Rp was achieved by a 3, 6 and
12 cycles of ceria ALD as well (Type IlI; Fig. 4b). With 3 cycles
of ceria ALD (only 0.72 A of nominal thickness) on a bare LNF,
Rp decreased by a factor of 5.2 (down to 0.50 Q cm?) at 700 °C.
Although the amount of performance enhancement was larger by
an infiltration than by an ALD overcoat, the effect of ALD is
surprising in that the volume of ceria added by a 3 cycle ALD is
only ~ 0.044% of the LNF backbone (see SI, “Estimation of
volumetric ratio” section); a one-step infiltration forms an oxide
volume much larger than a few cycles of ALD but a small
volume compared to the backbone (~ 3%).2* No morphological
corrugations by an ALD process was observed on the surface
LNF backbone, either. Therefore, while it is clear that the
enhancement in the electrode kinetics is enabled by a facilitation
of a highly surface-specific process (as opposed to a bulk
process), it cannot be ascribed to a change of surface area nor
triple phase boundary area. Based upon the quantified Ea (1.22 —
1.33 eV) and reaction order values (m ~ 0.15; Fig. 4f), we ascribe
the performance enhancement to a considerable facilitation of
dissociation and partial reduction of Oz (namely, “O:2
activation”), which we identified as the rate-determining step
(RDS) of ORR in the backbone LNF;?! see SI “Effect of surface
treatment on the RDS” section for detailed discussion on how the
surface treatment affected elemental steps and the overall
activity of ORR. This is supported by the large amount of Ce3*
species (13.4%) in CeaLp12, much larger than that of Ceinf (5.96%)
as quantified by XPS. Fig. 4b shows that the Rp values of CeaLpn
samples prepared with 3, 6 and 12 cycles of ceria ALD are
similar to each other. Since the nominal thickness (the thickness
estimated when assuming a perfectly uniform film) is only ~ 2.88
A even with 12 cycles, it is likely to take a much larger number
of cycles to fully passivate the LNF surface and suppress the
electrode kinetics.

The impedance data of Type I11-A cells are presented in Figs.
4c,d. In both CemnfCeaLon (Fig. 4c) and CeinfYaLpn series (Fig.
4d), there is an optimum number of cycles for performance,
presenting a V-shape behavior in the Rp versus ALD cycle
relation. The CemntCearLps and CeinfYaLps show even lower Rp
values than Cems showing the promise of further activity
enhancement of infiltrated electrodes by an ALD treatment. The
V-shape behavior makes good sense in that an excessive ALD
overcoat will fully block the underlying catalytically active
surface while a negligible amount of ALD species will make
little effect on the performance. However, the reason behind the
increase of Rp caused by only a single cycle ALD of yttria (Fig.
4f) is not clear at this point. It is noted that ALD treated samples
show Ea values ranging 1.02 — 1.29 eV, considerably lower than
that of the infiltration-only sample (1.55 eV). A synchronous
behavior of Ea with Rp among the ALD-treated samples is
additionally noted; the samples with minimum Rp show the
smallest Ea in each sample series. These indicate a significant
decrease of the barrier height for Oz activation or even a possible
shift in the RDS of oxygen reaction by an angstrom-level ALD.
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Fig. 5 (a) Time evolution of polarization resistance (Rp), (b)
characteristic frequency (fc), and (c) capacitance (C). All are
deduced from the impedance data, which were obtained
intermittently at the open circuit condition during the thermal
exposure at 700 °C.

This is again in accordance with the XPS result showing a high
Ce®* content of ALD-treated samples compared to Ceint. On the
other hand, Type IlI-B samples (CenfsintYaLps and Ceint-
sinCeaLps; Fig. 4e) show slightly higher Rp values than their
corresponding Type I11-A samples (CeinrY aLps and CeiniCeaLps).
This is likely because the additional sintering process performed
before ALD treatment (Type 111-B samples) have the infiltrated
NPs agglomerated, resulting in a decrease of surface area (see
Fig. 6f and the green bars in Fig. 6a-e; longer trails toward bigger
NP sizes beyond ~ 40 nm is found in Type 111-B samples unlike
Type | and Type I11-A samples).

The ALD treatment on an infiltrated electrode is also found
to improve the thermal stability of the electrode significantly. As
shown in Fig. 5a, Ceinr shows a rapid degradation; Rp changed

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a-e) Size distribution of infiltrated ceria NPs in each sample after 2 h and 260 h at 700 °C, and (f) the corresponding accumulative
distribution of infiltrated ceria NPs, counting from smaller NPs. Graphs are based upon the SEM images provided in Figs. S12 and S13;

see SI “Quantification of infiltrated particle sizes” section for details.

from 0.33 t0 0.53 Q cm?in 150 h at 700 °C, which translates into
a degradation rate of 1.33 mQ cm? h'l. By treating the infiltrated
surface with ALD (Type IlI), however, we observe a
significantly improved thermal stability. By coating 6 ALD
cycles of ceria (CeniCeaLps), the degradation rate decreased to
0.48 mQ cm? h' (from 0.22 to 0.32 Q cm? in 200 h), and 3 cycles
of yttria (CeinrYaLp3) resulted in an even lower degradation rate
of 0.30 mQ cm? h? (from 0.21 to 0.27  cm? in 220 h). The
enhanced durability is further visualized with the evolution of
characteristic frequencies (fc) and capacitance (C) of electrode
process as shown in Figs. 5b and 5c; here, the capacitance is
quantified using C = (Rp-Q)Y%/R, where Q is a non-ideal
capacitance specific to CPEs and a is the similarity to an ideal
capacitor (oo = 1: an ideal capacitor). While Ceinr exhibits a
dramatic shift in fc in 150 h (from 3,713 Hz to 601 Hz), ALD-
treated samples show relatively mild changes (CenfCeaLps: from
4,841 to 2,835 Hz in 200 h; CeinfY aLps: from 4,916 to 3,417 Hz
in 250 h), confirming the enhanced thermal stability by ALD
treatment. All the Type 111 samples maintain the fc values within
10% — 10* Hz and the capacitance values within 0.7 x 10 — 1.6
x 10 F cm throughout the thermal exposure. Combined with
the initial m values of ~0.15 (Fig. 4e), it can be reasonably
asserted that the RDS of all the studied Type Ill samples is Oz
dissociation combined with an electron transfer process (i.e. Oz
activation); see SI “Effect of surface treatment on the RDS”
section for details. However, the non-ALD treated Ceint shifts its
fc to a much lower values over time suggesting the RDS shifts to
a more sluggish, non-electrochemical process such as surface
diffusion of electroactive oxygen.?!

This journal is © The Royal Society of Chemistry 20xx

The degradation of infiltrated SOFC cathodes has been
ascribed largely to the agglomeration of infiltrated NPs, hence
the loss of active surface area.?® In light of this, we examined the
change in the size of infiltrated NPs by an extended thermal
exposure at 700 °C for 260 h. The test was performed in a Cr-
free chamber, eliminating Cr poisoning3? from a possible factor
of cell degradation. Figs. 6a-e show the size distribution of
infiltrated NPs at the initial (2 h) and final stage (260 h) of the
thermal stress. The bar charts show that even 3 — 6 cycles of ALD
treatment (corresponding to the nominal thickness of 0.72 — 1.44
A) is highly effective in suppressing agglomeration. While the
distribution of Ceint shifted prominently toward larger sizes after
260 h (Fig. 6a), those of ALD-treated samples (Figs. 6b-e) are
much better preserved during the same duration. For a
quantitative analysis, accumulative distributions of NP sizes in
each sample are given in Fig. 6f. It is quantified that 80% of the
infiltrated ceria NPs in CentsintY aLps are equal to or less than
20.9 nm (namely, dso = 20.9 nm) at the initial stage (2 h), and the
dso value quantified at the final stage (260 h) is virtually
unaltered (22.2 nm), indicating that CenfsintYaLps exhibits an
excellent resistance against thermal agglomeration of infiltrated
NPs. In terms of agglomeration resistance among the Type 111
samples as gauged by the average dso value change per hour
(Adso/h) in [pm h™], CemfsintYaLps (5.0) is followed by
CeintCeaLps (24.2), CeinrYaLps (36.5) and CeintsintCeaLps (39.2).
On the other hand, dso of Ceint changed significantly from 16.7
nm to 38.4 nm in ~ 260 h (Adso/h = 83.5 pm h1), reflecting the
most severe NP growth among the 5 samples. (The dso values are
tabulated in Table S5.) These proves that an ALD overcoat is an
effective inhibitor of sintering process. A sintering process can
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be depicted as the migration of atoms along the surface of a
material driven by chemical potential gradient, eventually in the
direction of minimizing the overall surface energy of the
structure.3 The ALD overcoat, albeit angstrom-scale, should
have uniformly covered the infiltrated NPs and effectively
deterred the detachment, diffusion and attachment of atomic
species in the infiltrated NPs. As aforementioned, unlike the
other samples, CeintsintCeaLps exhibits a number of nanodots
accumulated particularly at the interfaces between infiltrated
NPs (i.e. at the “necks”) after a long-term thermal exposure at
700 °C for 260 h (as shown in Fig. S13e and Fig. Sla-b). The
initially uniform ceria overcoat by ALD in CenfsintCeaLps (as
shown in Fig. S12e where no nanodot-like feature is found) is
believed to have evolved into nanodot clusters, which migrated
preferentially to the necks to minimize its surface energy during
the heating.3* We conjecture that the nanodot clusters themselves
are susceptible to further sintering if an extended thermal input
were provided, and thus eventually incapable of protecting their
underlying NPs against sintering. For this reason, the ALD
overcoat that does not develop the nanodot cluster-like features
during extended operation is likely to be advantageous in a
prolonged protection of its underlying NPs. This is where an
extended durability test can be highly valuable in further
clarifying the effectiveness of ALD treatment in maintaining
long-term functionality.

Finally, as seen from Fig. 5 and Fig. 6, there is a clear
positive correlation between the durability of electrochemical
performance and thermal stability of electrode morphology; the
samples with the highest and the lowest agglomeration rate
(CemtsintYaLps and Cenf, respectively; from Fig. 6) are
concomitantly those with the highest and the lowest rate of
performance degradation (from Fig. 5). From these, we conclude
that an angstrom-level ALD treatment is highly effective in
suppressing the agglomeration kinetics of underlying infiltrated
NPs, which directly affects long-term durability of electrode
performance. While the main focus was made on the NP
agglomeration as the factor of electrode degradation (by
choosing Sr-free electrode materials and performing the thermal
stability test in a Cr-free chamber), the beneficial effect of ALD
treatment can be also leveraged to address other major SOFC
degradation mechanisms such as Sr segregation®® and Cr
poisoning.? While Cr poisoning is intrinsically a surface process
(i.e. a process that occurs on the surface of an electrode), Sr
segregation is driven by bulk phenomena such as electrostatic
interaction and lattice strain.** However, recent reports suggests
that Sr segregation can be effectively tuned by a surface-specific
treatment.141536 |n this regard, we believe this study lays a solid
foundation for additional insights related to the impact of highly
surface-specific engineering on the performance and durability
of solid oxide-based high temperature systems.

Conclusions

While infiltrated NPs on a porous backbone often enhances the
electrode performance by a significant margin, the high surface
energy of NPs tends to make them highly susceptible to thermal
agglomeration. In this report, we show that an ALD-based

8]J. Name., 2012, 00, 1-3

atomic-scale (0.7 — 1.5 A) overcoat of ceria or yttria over a ceria
infiltrated LNF is highly effective in suppressing the thermal
agglomeration of infiltrated ceria NPs, and that the effect is
directly correlated to the thermal durability of electrode
performance, via a systematic and quantitative approach. In
addition, we demonstrate that the atomic-scale ALD overcoat
dramatically enhances the electrode performance in terms of
polarization resistance and its activation energy for both bare
LNF and ceria-infiltrated LNF electrodes. The improved
electrode activity from ALD treatment is mainly ascribed to a
significant facilitation of Oz activation (i.e. Oz dissociation
followed by a partial reduction) by the additional surface-
specific oxygen-deficient and catalytically active ceria.
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