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Water as a hole-predatory instrument to create
metal nanoparticles on triple-conducting oxidesf

Jun Hyuk Kim,? Jaewoon Hong,” Dae-Kwang Lim,? Sejong Ahn,? Jinwook Kim,?
Jun Kyu Kim,® DongHwan Oh,? SungHyun Jeon, 22 Sun-Ju Song {2 *° and
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Single-phase materials with mixed ionic and electronic conductivity underpin multiple solid-state
electrochemical devices as promising electrodes. In particular, triple-conducting oxides that carry
protons, oxygen ions, and electron holes simultaneously have ushered in a breakthrough in improving
the performance of ceramic fuel cells, but insufficient electrochemical activity on their surface remains a
challenge with regard to the development of related technologies. Here, we present a novel
methodology that spontaneously yields transition metal nanocatalysts well dispersed on triple-
conducting oxide surfaces realized by simply supplying water vapor with a room-temperature bubbler.
The central idea underlying this strategy is the hydrogenation reaction that occurs in protonic ceramics
containing redox-active transition metals and the subsequent selective surface phase decomposition.
As a case study, Ag-substituted BaCog 4Fep 4Zr01Y0103_s is chosen to exemplify the markedly enhanced
electrode performance in a fuel cell. The water vapor generated during the operation induces the
precipitation of Ag nanoparticles and significantly lowers the electrode resistance to a record level (e.g.,
120 W cm™2 at 650 °C). These observations suggest a new design direction for oxide-supported
catalysts with multiple charge carriers.

Nanoparticles supported on porous crystals are of key importance for their use as heterogeneous catalysts, and for this reason, methods by which to obtain

tailored structures are of great interest. Conventionally supported catalysts are synthesized by impregnation, co-precipitation, or deposition techniques.
Unfortunately, metal nanoparticles produced with the aforementioned methods afford limited control over size distributions, and the weak attachment
between the support and metal nanoparticles often reduces the lifespan of catalytic systems. In light of this, ex-solution emerged as a promising platform to

prepare chemically and thermally stable nanoparticles; however, the implicit use of H, severely limits the applicability of this technique. Here, we report a novel

methodology that enables architecturally tailored metal nanocatalysts to grow in real time, with a simple supply of ‘water vapor’ through a room-temperature
bubbler. By implementing this ‘water-mediated ex-solution’ strategy, a highly active O,-electrode for a protonic ceramic fuel cell is developed. Beyond the
creation of advanced fuel cell electrodes, this work also highlights the design strategy which can be easily applicable for oxide-supported catalysts with multiple
charge carriers for their use as other energy conversion and storage systems such as water electrolysis, fuel processing, and pollution control.

Introduction

reducing emissions."™ Hence, methods by which to obtain
tailored structures consisting of catalytically active particles

Supported metal catalysts are of high significance in addressing dispersed on porous crystals have been investigated
some of the most urgent energy and environmental challenges, extensively.”® In this regard, the ex-solution process has begun

ranging from manufacturing renewable chemical fuels to to be realized as a promising means by which to synthesize
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supporting framework under oxidizing conditions, they can
subsequently precipitate as metallic nanoparticles upon partial
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selective phase decomposition on a host oxide surface is referred
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to as the ex-solution process. Compared to conventional particle
synthesis/dispersion techniques, this process can more easily
produce fine and uniform nanoparticles with only one heat
treatment, making it a game-changer in the field of hetero-
geneous catalysis for the manufacturing of best-in-class catalysts.
Indeed, the adoption of ex-solved nanoparticles has led to salient
progress in solid-state electrochemical devices (e.g., electrochemical
oxidation of H,,"*"* CO, electrolysis,"**® and hydrocarbon
reforming,'® among others.)

However, the ex-solution technology at present encounters
several challenges, which in part stem from the implicit use of H,
gas.! H, is categorized as a flammable fuel and therefore is
inevitably associated with safety issues. Moreover, the consumption
of high-value fuels to prepare catalysts can be considered as a
non-economic process. More importantly, the crystal structure and
morphology of many oxides are not maintained under harsh
reductive conditions, which makes the use of ex-solved catalysts a
major limitation."””'® Accordingly, an unprecedented strategy to
formulate highly active ex-solved nanoparticles without H, is
essential. If this advancement can be accomplished with a small
supply of an inert and easy-to-handle gas, such as water vapor, it
will not only simplify the catalyst preparation process but will also
expand the portfolio of relevant applications employing supported
nanoparticles.

Meanwhile, the development of triple-conducting oxides,
which can simultaneously transport protons (OHJ), oxygen
ions (V¢*), and electron holes (h*), has sent excitement rippling
through the protonic ceramic fuel cell (PCFC) community.'?°
PCFCs, which employ a proton-conducting ceramic electrolyte,
represent one of the most efficient and cleanest devices to
generate electric power from a zero-emission fuel (H,).>*?
Specifically, the conductive nature of protons, which show
significantly lower activation energy (0.4-0.6 €V) compared to
oxygen ions, makes PCFCs more attractive in the low to inter-
mediate temperature range (450-650 °C).**"*® In such devices,
triple-conducting oxides are capable of being used as an extra-
ordinary O,-electrode, as the oxygen reduction reaction (i.e.,

1
2H* +§Oz +2e~ — HyO) is not limited at the triple-phase

boundary where the electrode, electrolyte, and gas come into
contact, but can occur on the entire electrode surface (double-phase
boundary).*® This is in direct contrast to either single-electron
conductors (e.g., (La,SrMnO; (LSM)) or oxygen-ion-and-electron
conductors (e.g., (La,Sr)(Co,Fe)O; (LSCF), materials with poor
proton solubility). Nonetheless, despite the success with the
development of triple-conducting oxides, there is still room to
improve Oy-electrode performance outcomes. Experience with
classic oxide-ion conducting fuel cells reveals that embracing the
electrocatalytic value of metal nanoparticles can be a prominent
strategy to enhance the rates of oxygen reduction.***!

Here, we showcase how water vapor can be instrumental in
engineering the ex-solution process on triple-conducting oxides. Pro-
tonic oxides containing redox-active elements can react with water

through hydrogenation (ie., H,O + 20} + 2h® < 20H + %Oz),42

and this reaction can activate the ex-solution process by
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reducing a portion of the transition metal cations in the oxides
(that is, by withdrawing holes away from the metal cations),
allowing water-mediated ex-solution to take place without the
supply of H,. To validate this idea, we initially select Ag-doped
triple-conducting BaCo, 4Fe 4Zr1Y103_s (henceforth, BCFZY-Ag)
perovskite oxides as the model chemistry. Then, by comparing
and controlling the proton incorporation pathway between the
hydrogenation and hydration reactions, we show that metal nano-
particles are prone to grow more in equilibrium where the
hydrogenation reaction predominates. Moreover, an impressive
single-cell power outcome of 1.20 W ¢cm ™2 is achieved at 650 °C
when BCFZY-Ag is used as a PCFC O,-electrode. Significantly, this
Ag ex-solution process can be achieved without an additional water
supply due to the H,O generated in the O,-electrode during cell
operation. The unique strategy employed in this study holds
tremendous potential, as it can be universally applied to the palette
of heterogeneous catalysis where water vapor is present or
produced.

Results and discussion
Design and demonstration of water-mediated ex-solution

For ex-solution to take place, the metal ions (M"") must be
reduced to their metallic state. Such a reaction can be written as:

M™ + ne” - Meysol (1)

When the material is an electron-hole conductor such as a
triple-conducting oxide, eqn (1) can be alternatively written in
Kroger-Vink notation as follows:

M3 — Mex-sol + Vi + nh® ()

Here, My, VK,’[ and nh* represent the M cation located in place,
a cation vacancy, and an electron hole in the oxide lattice,
respectively, and Mo denotes the metallic species ex-solved
from the oxide lattice. From these equations, it is clear that the
transition metal reduction reactions (i.e., electron-accepting or
electron-hole-donating from the metal cation itself) are key to
achieving ex-solution, and the reaction in eqn (2) can be further
promoted by introducing another predatory reaction that con-
sumes excess holes produced during the ex-solution process.

Generally, the most renowned process explaining how water
interacts with perovskite oxides is the hydration reaction (Fig. 1
middle).*>**

H,0 + V* 4+ O} < 20H 3)

where it is implied that water dissociation occurs, filling the
oxygen vacancies via the creation of protonic carriers (OH;).
From the formalism of the expression, no electron hole is
involved, and it is purely an acid-base reaction. Therefore,
the hydration reaction in this light cannot prompt the ex-
solution process. However, under certain circumstances, such
as when the oxygen partial pressure (pO,) is high and hence the

1
vacancy is already loaded with oxygen (502 + Ve — O +2h°,

eqn (4), Fig. 1 left), proton uptake can be completed at the
expense of electron holes (i.e., hydrogenation reaction, Fig. 1

This journal is © The Royal Society of Chemistry 2022
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H0+VJ + O < 2 OH,,

Fig.1 Schematic diagram of water-mediated ex-solution on triple-
conducting oxides.

right) as follows:*>:4¢

1
H,0 +20; +2h* < 20H; + 50, (5)

Therefore, when eqn (2) and (5) are combined, it can be deemed
to trigger the metal ex-solution process while achieving a
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balance between the generation and consumption of electron
holes according to Le Chatelier’s principle.

n / n
M5 +3H20 + 105 — Mexsar + Viy +nOH; +70, (6

To be specific, it is highly plausible that metal cations with
extreme reducibility such as Ag" doped in triple-conducting
oxides can be readily ex-solved during the electron hole
oriented proton uptake process from water vapor yielding the
formation of Ag nanocatalysts in situ.

As a proof of concept, the triple-conducting oxide of
BaCog 4Fe( 4219 1Y0103_s (BCFZY) was chosen as the parent
oxide; however, we further selected non-triple conducting oxides
(Lag.gSro,MnO; (LSM) and Lag ¢St 4C0¢ 2Feo 03 _s (LSCF)) as a
control group. BCFZY is an archetypal O,-electrode expressly
intended for use in PCFCs, showing remarkably low activation
energy with exceptional phase stability.'® The integration of Ag
nanoparticles with outstanding oxygen catalytic activity may
synergistically promote the rate of the ORR. Thereby, to blue-
print the water-mediated ex-solution of Ag, the perovskite oxide
of Ba 95A20.05C00.4F€0.4Z10 1Y0105_s (BCFZY-Ag) was arranged by
partially substituting the 5 mol% A-site Ba ions (161 pm) with Ag
atoms (122 pm).*” X-ray diffraction of the modified composition
discovers a cubic perovskite structure (space group of Pm3m)
without indexing any impurity phase, signifying that Ag is well

Ag111)

0 Zi\p‘r‘n

Fig. 2 Microstructures of water-mediated ex-solution on BCFZY-Ag: SEM images of (a) as-synthesized BCFZY-Ag porous pellet surface, (b) water-
mediated Ag ex-solution on a BCFZY-Ag porous pellet after a 1 vol% water treatment with air (pO, = 0.21 atm, 550 °C), and (c) after 1 vol% water
treatment balanced with pure O, (pO, = 1 atm, 550 °C). (d) HRTEM image of water-mediated ex-solved Ag nanoparticles from the parent oxide, (inset)
magnified image from the green box. (e) Scanning transmission electron microscopy (STEM) image and EDX results for other positions of (e).

This journal is © The Royal Society of Chemistry 2022
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accommodated into the BCFZY perovskite lattice (Fig. S1, ESIt
BCFZY (a = 4.10 A), BCFZY-Ag (a = 4.09 A)).

Thereafter, water-mediated ex-solution is carried out by
putting the BCFZY-Ag porous pellets (Fig. 2a) into a 550 °C
quartz tube furnace and flowing air through a temperature-
controlled bubbler (~1 vol% H,O containing air, pO, = 0.21 atm).
As blueprinted, copious amounts of metallic Ag nanoparticles are
fostered on the surface of the triple-conducting oxide (Fig. 2b and c),
clearly manifesting that water vapor can be an effective strategy
by which to trigger ex-solution. Whether on pellets or on
powders, similar results are acquired repeatedly. As shown in
the high-resolution transmission electron microscopy (HRTEM)
image in Fig. 2d, nicely spread Ag nanoparticles are anchored
onto the surface of the BCFZY powder. The electron dispersive
X-ray (EDX) results further support that these socketed nano-
particles are in fact metallic Ag (Fig. 2e).

Here, we want to highlight three aspects. First, it is clear that
the observed Ag ex-solution was triggered by water vapor.
Indeed, even if BCFZY-Ag was heat-treated for a long time
(at 550 °C, dry air for >7 days), no noticeable change was
observed on the surface (Fig. S2, ESIT), and the material itself
was very stable under the experimental conditions. Second, the
observed phenomenon occurs only in triple-conducting oxides.
It is indicated that the perovskite oxides of LSCF and LSM are
deficient with regard to their ability to interact with water by
either TGA*® or TEM analysis,*® respectively. As a result, LSM or
LSCF used as control samples did not produce any Ag particles,
even when exposed to water vapor (Fig. S3, ESIT). This is due
partly to the fact that these materials have La as an A-site
cation, which has relatively high electronegativity relative to
that of Ba (i.e., 1.10 (La) versus 0.89 (Ba)), decreasing the overall
oxide-ion basicity to form protonic defects.>® As the ability to
interact with water is central in achieving water-mediated
ex-solution, it was difficult to achieve water-mediated ex-solution
with materials other than triple-conducting oxides. In marked
contrast, we observed similar spontaneous extrusion of Ag in
BaCoO;_stype perovskite oxides (e.g:, Bag.osA80.05C00.9T20.105 5
and Bay 95Ag0.05C00.oNDg 105 5, Fig. $4, ESIT), which are known as
triple-conducting oxide materials.* Finally, it should be noted that
these nanoparticles are grown under an oxidative atmosphere,
which is not a typical condition in which to obtain an ex-solved
analog. So far, ex-solution studies have been reported only when
the host oxide exhibits n-type conduction characteristics in the
reducing gas atmosphere and/or when the cationic stoichiometry of
the oxide significantly deviates.

To identify how hydrogenation drives such a water-mediated
ex-solution rather than a hydration reaction, we designed sets of
experiments considering the defect chemistry. As a reminder,
hydration consumes oxygen vacancies, while hydrogenation
consumes electron holes to complete the reaction. Hence, the
equilibrium between the reactions can be altered by the oxygen
partial pressure; simply, the higher the pO,, the greater the
hydrogenation reaction, and the lower the pO,, the greater the
hydration reaction (Fig. 3a, c and e, please refer to Fig. S5 (ESIt)
for detailed defect chemistry discussion). This is due to the fact
that a higher pO, level fills the oxygen vacancies to a state of
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Fig. 3 Relation of water-mediated ex-solution and hydrogenation reaction:
(a—f) Schematic diagram of water-mediated ex-solution (1 vol% H,O at
550 °C for 15 minutes) on triple-conducting oxides and corresponding
scanning electron microscopy (SEM) images of BCFZY-Ag depending on
pO, = (a and b) 1 atm, (c and d) 0.21 atm, and (e and f) 0.1 atm. (g) X-ray
photoelectron spectroscopy (XPS) spectra of Ag3d for BCFZY-Ag before and
after 1 vol%s H,O treatment at 550 °C (pO, = 1 atm).

lattice oxygen, causing the majority of the carriers to change
from oxygen vacancies to electron holes with this increase in pO,
(Fig. S5b, ESIf). If hydrogenation truly promotes the water-
mediated ex-solution, humidification at a higher pO, level will
result in a higher density of nanoparticles. In contrast, if water-
mediated ex-solution is a plain reflection of material instability
under humid conditions, the number density of the produced
nanoparticles should be virtually identical throughout the entire
pO, range when the level of pH,O0 is fixed.

To verify these mechanisms, three sets of BCFZY-Ag
pellet samples are humidified at 550 °C with non-identical
pO,, specifically 0.1, 0.21 and 1 atm. To perform this, dry
samples are equilibrated first in a designated pO,, and a
pH,0 change occurred (pH,0O = 0.01 atm) at a constant pO,.

This journal is © The Royal Society of Chemistry 2022
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The water-exposure was maintained for 15 minutes. As a result,
we have found out that the higher the pO,, the more Ag
nanoparticles were formed by the addition of water vapor
(Fig. 3b, d and f, number densities of nanoparticles are shown
in Fig. S6, ESIT). Significantly, the highest number of nano-
particles is found at 1 atm, which corroborates the contention
that hydrogenation is responsible for water-mediated ex-
solution (Fig. S5d, ESIt). The oxidation states of the Ag ions
are then analyzed with X-ray photoelectron spectroscopy (XPS,
Fig. 3g). The binding energy of Ag" is 368.03 eV (Ag3ds,), while
that of metallic Ag° is 368.43 €V. As a result, for the as-synthesized
BCFZY-Ag, the presence of Ag' is confirmed indicating that Ag is
well doped into the perovskite crystal. On the other hand, after
exposure to water vapor (1 vol% H,O treatment at 550 °C, pO, =
1 atm), the metallic Ag® can be indexed as Ag%/(Ag® + Ag”) = 63.54%.
This is a clear indication of water-mediated ex-solution which
reduces the Ag cation into metal nanoparticles.

To elucidate how a higher pO, level indeed spurs the
hydrogenation reaction on triple-conducting oxides, sets of
thermogravimetric analysis (TGA) are also undertaken. It
should be noted that the aforementioned binary reactions not
only differ in their electron-transfer nature but also in terms of
the mass-transfer capabilities. In this respect, TGA can be an
efficient tool for the tracking of mass-transfer reactions. In the
hydration reaction, water molecules, composed of two protons
and one oxygen atom, are absorbed by the perovskite, whereas
hydrogenation only causes the entry of proton species into the
crystal. Thus, the former causes a much larger change in the
mass of the oxide than the latter (as the atomic mass of oxygen
is 16 times heavier than that of hydrogen; Fig. 4a and b: 1 vol%
H,O/air and Fig. 4c and d: 1 vol% H,0/0, at 550 °C). The
dominance of the hydrogenation reaction under oxygen-rich
conditions is further indicated with the H,O/D,O TGA curves
measured at 450 °C (Fig. 4e). In the mass relaxation curves of
BCFZY-Ag exposed to either 1 vol% H,O (orange curve) or D,O
(blue curve), the profiles of the two respective samples deviate by
a factor of ~1.74 (i.e., fairly close to the mass ratio of D/H = 2),
which clearly indicates that only proton-entrance (or deuterium)
is preferable under the oxygen-abundant condition of pO, =
1 atm.*>*® The comprehensive experiments conducted here
provide us with a critical rationale that tuning the pO, is central
to control particle growth in the water-mediated ex-solution
process. Moreover, we witness Pd ex-solution in a similar
manner (Fig. S7, ESIt), which signifies the formidable potential
of this technique linking a multitude of classes of metal species
(possibly Ni, Pt, and Rh, among others) with functional triple-
conducting perovskite supports.

Water-mediated ex-solution in protonic ceramic fuel cells

Thus far, the original method by which to arrange metal
nanoparticles via a water-mediated process has been discussed.
To demonstrate the technical viability of this unique nano-
architecture more clearly, we implemented the developed
method to devise an advanced PCFC O,-electrode. Shown in
Fig. 5a and b are the electrochemical impedance spectroscopy
results based on the symmetric cell configuration of respective

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Investigation on the mass-transfer characteristics of hydration and
hydrogenation reactions: (a—d) schematic diagram of water uptake
(~10000 ppm (~1 vol%) H,O at 550 °C) on triple-conducting oxides and
the corresponding thermogravimetric profiles of dense BCFZY-Ag pellets
on pO, = (a and b) 1 atm and (c and d) 0.21 atm. (e) Thermogravimetric
analysis (TGA) curves for BCFZY-Ag at 450 °C (pO, = 1 atm) exposed to
~10000 ppm (~1 vol%) of D,O (blue curve) and H,O (orange curve).

O,-electrode|BaZr, 1Cey 5 Yo.1Ybo 105_s (BZCYYD) electrolyte|O,-
electrode samples. A typical Nyquist plot, regardless of dry or
wet gas, is composed of one offset resistance and a depressed arc at
a lower frequency, referring to the electrode polarization resistance.
In dry air, the BCFZY-Ag sample shows a similar size of the
arc compared to that of BCFZY, implying similar polarization
resistance (R;,) before the formation of Ag nanoparticles (Fig. 5b).
Thereafter, water-mediated ex-solution takes place by changing the
oxidants from dry air to 3 vol% H,O-containing humid air (Fig. 5b
bottom, blue color). Accordingly, the BCFZY-Ag O,-electrode under-
goes a marked enhancement in the size of the impedance arc,
revealing the dramatically improved ORR catalytic activity due to
the in situ growth of Ag nanocatalysts. Thereby, the area-specific
resistance (ASR) values of BCFZY-Ag are only ~0.06, 0.107, and
0.242 Q cm® at 650, 600, and 550 °C, respectively (Fig. 5a),
outperforming the values measured with a pristine BCFZY O,-
electrode (0.144, 0.338, and 0.645 Q cm” at 650, 600, and 550 °C,
respectively). Significantly, this hetero-structured electrode is not
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Fig. 5 Promotion of oxygen reduction through water ex-solved Ag
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nanoparticles: (a) Arrhenius plot of the area-specific resistance of

BaCog.4Fep.4Zr01Y0103_ s (BCFZY) and Bag 9sAdo.05C00.4F€0.4Zr01Y0103 5 (BCFZY-Ag) O,-electrodes at 450-650 °C (pO, = 0.21 atm, pH,O =
0.03 atm), (b) impedance spectra of BCFZY (top) and BCFZY-Ag (bottom) O,-electrodes before and after the introduction of water (pH,O =
0.03 atm) in air at 650 °C (note: the offset resistance is omitted from the present spectra to reduce the degree of complexity). (c) Surface exchange
coefficient (kchem) Values of BCFZY-Ag and BCFZY; (d) diffusivity values of BCFZY-Ag and BCFZY.

only superior to the ordinary BCFZY O,-electrode, but also sur-
passes most of the ASR values measured thus far with half-cell
configurations such as Lay ¢St 4C0g2Fegs05_s,°C BaCog sFeq 4Zrg -
0375,50 PeriO4+6,51 Bao.ssro.ssco.175Nb0.025C00.80375,52 and BaGdy g
Lay2C0,06_s (pO, = 0.23 atm),> and is even comparable to state-of-
the-art O,-electrodes such as misfit layered structured
Gd, 5Cay 5C05 5,Clg 15005 or to self-assembled nanocomposites
of BaCopACeosYo2)o30;s_s Orelectrodes (2.5 vol% H,O/air)*>
(Fig. S8, ESIY).

We also explored the influence of different Ag ratios in
BCFZY in the range of 0-7.5mol%. (Note: BCFZY:
BaCoyg 4Fe0.4Z10.1Y0.103 5, BCFZY-Ag2.5: Bag 975A80.025C00.4F€0.4-
Z10.1Y0.103-5, BCFZY-Ag:  Bag.95Ag0.05C00.4F€0.4Z10.1Y0.103-s,
and BCFZY-Ag7.5: Bay.025Ag0.075-C0p.4F€0.4Z10 1Y0.103_5.)
Accordingly, it was found that at the Ag concentration of 2.5-
7.5 mol%, Ag-doped samples displayed enhanced electro-
chemical performance toward the ORR rather than the sample
not doped with Ag. However, the most pronounced ORR
promotion was exhibited with the BCFZY-Ag sample, indicating
that the doping of 5 mol% Ag into the A site is the optimized
concentration for achieving the best performance. The critical
concentration of Ag dopant in enhancing the electrochemical
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performance can be associated with the phase stability after
Ag ex-solution. Through our XRD analysis, it is revealed
that BCFZY-Ag7.5 shows impurity peaks after water exposure
(Fig. S9, ESIT), indicating that the amount of dopant level
should be carefully tuned to minimize the impact on the parent
oxide scaffold after the water-mediated ex-solution process.

It is well-known that Ag nanoparticles are good electrocatalysts
for oxygen activation even at room temperature.*' To elucidate the
mechanism of ORR promotion attributed to Ag nanoparticles
further, the technique of electrical conductivity relaxation (ECR) is
used to extract the surface exchange coefficient (kchem), and
diffusivity (Dehem) values, which are the intrinsic properties of
the material. For this purpose, rectangular green bodies of the
respective cathode powders (BCFZY and BCFZY-Ag) were initially
die-pressed and sintered at 1150 °C for 10 hours to create dense
bar pellets. The ECR is measured using the DC 4 probe between
450 and 650 °C, and pO, is switched from 0.21 to 0.1 atm. During
the ECR measurement, the pH,O was maintained at 3 vol% to
grow Ag nanoparticles in situ on the BCFZY-Ag sample via the
water-mediated ex-solution process. We note here that, due to the
triple-conducting nature of the materials, the Achem and Dehem
shown here only represent the apparent values estimated from
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PO, change (although pH,0 was fixed). As shown in Fig. 5c, a
marked enhancement was found in the k.., values of the BCFZY-
Ag sample as opposed to that of the Ag-undoped BCFZY sample.
Notably, the kepem value of the BCFZY-Ag sample is 6.58 x
107> cm s™' at 650 °C, which is approximately one order of
magnitude higher than that of the BCFZY sample (BCFZY, 5.26 X
10~% ecm s~ ). The rapid surface oxygen exchange found in BCFZY-
Ag can therefore be ascribed to the ex-solved Ag nanoparticles,
which act as the catalytic core to boost the ORR. In contrast, the
doping of Ag had a negligible impact on the chemical diffusivity
of BCFZY (Fig. 5d). The results imply that water-mediated Ag
ex-solution effectively reshapes the landscape of the ORR
proceeding on the surface of triple-conducting oxides, and

.
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°
°

% b =y
Cathode ° \ / /
o
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® 1 g ex-solution
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1
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accordingly, the renovated BCFZY-Ag O,-electrode qualifies as
a promising candidate for future PCFC applications.

Next, we implemented the developed method to devise an
advanced single cell. Shown in Fig. 6a is the schematics of
PCFC furnished with state-of-the-art nanotechnology, notably,
the water-mediated ex-solution on an O,-electrode (Fig. 6b) and
H, ex-solution on a fuel-electrode (Fig. 6¢). Overall, a button cell
with the geometry of Ni-BZCYYb|BZCYYb|BCFZY-Ag is fabri-
cated (Fig. 6d), after which the electrochemical performance is
compared with that of a conventional cell applying a BCFZY
cathode. The I-V and I-P curves are recorded by blowing
humidified H, onto the fuel-electrode, and dry synthetic air onto
the O,-electrode. As a result, the outstanding electrochemical
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Fig. 6 Microstructure and electrochemical performance of nanoparticle ex-solved PCFC: (a) schematic diagrams of an advanced PCFC, reinforcing its
performance by nano-engineering. (b—c) Representative SEM images of (b) H,O-mediated ex-solution of Ag on BCFZY-Ag and (c) H,-mediated ex-
solution of Ni on BZCYYb assisting H, oxidation. (d) SEM cross-section images of the tangible PCFC. (e) Comparison of typical |-V and |-P curves of
button cells with BCFZY-Ag and BCFZY cathodes at 650 °C. (f) Typical I-V and I-P curves of button cells with BCFZY-Ag cathodes measured at 450—
600 °C. (g) Arrhenius plots of arc resistance of button cells under OCV. (h) Long-term stability measurement of a PCFC under 0.75 V operation at 500 °C
using BCFZY-Ag as a porous cathode. (i) Thermal cycling of a PCFC between ~350 and ~550 °C. A constant voltage load of 0.7 V is applied during
cycling.
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performance was demonstrated with the newly devised conceptual
cell, achieving a superior peak power density of ~1.20 W cm ™2 at
650 °C (Fig. 6e), a nearly 1.47 times better value than that measured
with a conventionally configured cell (e.g., 0.816 W cm ™2 at 650 °C).
Indeed, the power output found with the Ag-elaborated BCFZY
electrode is even comparable to that of state-of-the-art O,-electrodes
such as PrBay;SrysCo;sFeys0ss (6.2, 117 W em 2 at
650 °C without a PLD layer)* and BaCoy,(CeosY02)0305—s
(0.985 W cm ™2 at 650 °C),>* signifying the electrocatalytic value of
Ag nanoparticles grown in situ (Fig. S10, ESIT). Polarization curves
are also measured at lower temperatures and these results are
shown in Fig. 6f. Accordingly, impressive peak power densities of
~0.778, 0.578, and 0.398 W cm 2 at 600, 550, and 500 °C were
acquired, respectively. Compared to the performances of recent
PCFCs (Table S1, ESIt), our results are among the highest values
ever reported, demonstrating that our new cathodes are highly
promising for high-performance PCFCs.

For a deeper explanation of such power output improvements,
the electrical impedance spectra are measured under the open-
circuit voltage (Fig. 6g and Fig. S11, ESIt). As expected, the
integration of Ag nano-catalysts greatly empowered the catalytic
activity of triple-conducting oxides; therefore, the polarization
losses of the electrode are significantly reduced. For example,
the arc resistance of the BCFZY-Ag button cell is only 0.087 Q cm®
at 650 °C, which is nearly a 61% decrease from the value found
with the BCFZY cathode (e.g., 0.22 Q cm?).

Fig. 6h demonstrates the stability of the operating current
density and power density of a single cell using H, as the fuel
and air as the oxidant. For an extended duration of ~603 hours of
continuous operation under a constant voltage of 0.75 V at 500 °C,
the cell exhibited no noticeable degradation, highlighting the
exceptional thermal and chemical robustness of the developed
system. We additionally undertook the thermal cycling of a PCFC
after long-term stability tests. The cell was put through eleven
rapid ramping cycles between ~350 °C and ~550 °C while a
constant voltage of 0.7 V was applied to the cell (Fig. 6i).
The programmed heating and cooling rates were approximately
15 °C min~", and the testing furnace was purposely opened to
ambient air to meet the condition of a fast cooling rate. Notably,
the performance of the cell was completely recovered upon the
completion of thermal cycling. After testing, the cell was dis-
mantled and the microstructure of the BCFZY-Ag electrode was
investigated. It is noteworthy that although the Ag nanoparticles
are prepared in a distinctive way instead of H, ex-solution, it
seems to inherit the major virtue of the ex-solved analog, as the Ag
nanoparticles on BCFZY perovskite scaffolds are nicely retained
(Fig. S12 and S13, ESIt). Overall, by utilizing the water-mediated
ex-solution process as a central strategy, we demonstrate a novel
electrode system capable of excellent performance outcomes for
fuel cells.

Conclusions

In sum, the novel concept of water-mediated ex-solution is
showcased here for the first time. With the aid of water, highly
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active Ag nano-catalysts are efficiently garnered on the surfaces
of a triple-conducting oxide, hence achieving an impressive
single-cell peak power output of ~1.20 W cm > at 650 °C.
Coupled with the vivid implication of tunable morphology
through pO, control, the concept demonstrated here lays the
foundation for elaborating solid-gas interfaces with self-
assembled metal nanoparticles when direct H, usage is not
feasible. Thus, we believe that the hitherto unknown tactics
presented in this study open new horizons leading to the creation
of more sophisticated metal-metal oxide heterostructures across a
wide array of domains of application.
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