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Abstract: A novel in situ co-assembled nanocomposite LSM-
Bi, 4Er,,0; (ESB) (icn-LSMESB) was obtained by conjugated
wet-chemical synthesis. It showed an enhancement of the
cathode polarization at 600°C by >140 times relative to
conventional LSM-YysZry3,0,0, (YSZ) cathodes and excep-
tional solid oxide fuel cell (SOFC) performance of >2 Wem™
below 750°C. This demonstrates that this novel cost-effective
and broadly applicable process provides new opportunities for
performance enhancement of energy storage and conversion
devices by nanotailoring of composite electrodes.

Solid oxide fuel cells (SOFCs) have tremendous potential
due to having the highest fuel to electricity conversion
efficiency! as well as unique fuel flexibility,”” allowing the use
of various types of hydrocarbon fuels (including biomass) and
hydrogen, and thus providing a critical energy solution.®!
Lowering the SOFC operating temperature below 800°C is
critical to reduce the system costs and performance degrada-
tion rates, enhance the durability and thermal cycling as well
as shorten the start-up time, resulting in new opportunities in
personal power and transportation markets.!

Achieving high performance SOFCs at reduced temper-
ature is impeded primarily by increased cathode polarization
resistance due to the thermally activated nature of the oxygen
reduction reaction (ORR).M

Recently cobaltite-based perovskite materials (e.g.,
Ba,_,Sr,Co,_,Fe O, (BSCF))P have been highlighted due to
their mixed ionic and electronic conducting (MIEC) charac-
ter and oxygen reduction reaction (ORR) activity at reduced
temperature.’®! However, their practical applications are
limited by reactivity with the most widely used yttria-
stabilized zirconia (YSZ) electrolytes”! and questionable
long-term stability due to CO, poisoning®® and Sr segrega-
tion.!
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In contrast, at reduced temperature (<800°C) conven-
tional La, Sr,MnO; (LSM) demonstrates high stability
during long-term operation and compatibility with most
SOFC electrolytes including YSZ,!! but has low electro-
catalytic activity due to negligible oxygen ion conductivity.
Recent oxygen in situ isotope exchange (IIE) studies of LSM
show that there is no energy barrier for dissociative adsorp-
tion of oxygen on the surface, as evident by the apparent
negative activation energy for oxygen exchange.'!

Stabilized bismuth oxides in the fluorite structure have
exceptionally high ionic conductivity and ORR rate. For
example, the oxygen ion conductivity of 20 mol %-doped
erbia-stabilized  bismuth oxide (ESB) at 500°C
(0.0268 Scm™") is 30 times greater than that of YSZ
(0.0009 Scm ™). Moreover, bismuth oxides have a remark-
ably high oxygen surface exchange coefficient (k), which is
much higher (by a factor of 10° at 700°C) than that of YSZ['!
and even competitive with that of the highest performance
cobaltite-based perovskite cathodes.!"!

Although the ORR involves multiple mechanistic steps
from oxygen adsorption to incorporation into the electrolyte
lattice at electrochemically active triple-phase boundaries
(TPBs), it can be more simply described by two major rate-
limiting steps as follows:**

Step 1 : Dissociated adsorption : O,(g) + 2§ ;:‘—'»206(1

Step2: Oxygen incorporation : O, + V, ;f—> O,+S

where O, is a surface adsorbed oxygen, O, a lattice oxygen in
the surface layer, V, a surface oxygen vacancy (empty), and S
a surface site. ky, k_;, k,, and k_, are reaction-rate constants.

Thus, toward a rational design of SOFC cathodes we
integrated the superior dissociative adsorption (step 1) prop-
erty of LSM surfaces with the superior oxygen incorporation
(step 2) of highly conductive stabilized bismuth oxides!""! by
a co-assembled ESB-LSM nanocomposite particle, as illus-
trated in Figure 1a. Moreover, this well-tailored nanostruc-
ture results in highly extended electrochemically active TPBs
in the 3D porous cathode bulk.

However, the development of dual-phase nanocomposite
particles comprised of multicomponent ceramics, is extremely
challenging due to their high surface area (thus, high surface
energy), leading to micron-size agglomeration of each phase’s
particles in the initial stage of mixing combined with
intercomponent reaction during sintering at high temper-
ature.

Therefore, we developed an in situ co-assembly process
for the nanocomposite LaySri,MnO; (LSM)-Bi;¢Ery4O;
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Figure 1. a) Proposed rational design of a SOFC cathode nanocompo-
site particle consisting of a half ESB phase and a half LSM phase (left)
and illustration of the two-step ORR mechanism with superior oxygen
dissociative adsorption on LSM surface and fast oxygen incorporation
into ESB phase (right). Color code: red, O ions from air; blue, lattice
O ions; yellow, Bi ions; black, Mn ions; green, La (or Sr) ions. The
dotted arrows indicate oxygen ion diffusion on the nanoparticle sur-
face. Conceptual diagram of the novel in situ co-assembled nano-
composite process: b) molecular level mixing of the coprecipitated
ESB precursors consisting of Bi(OH); and Er(OH); with glycine and
LSM-metal complexes; c) water drying and gelation; d) auto-ignition
by glycine-nitrate combustion.

(ESB) through uniquely conjugated reverse-strike coprecipi-
tation and glycine-nitrate combustion (GNC) at extremely
low temperature (< 300°C).

A conceptual process diagram is shown in Figure 1b-d
and a more in-depth experimental description is discussed in
the method section and Figure S1. To preclude intercompo-
nent reactions between LSM and ESB (e.g., Sr*" and Bi*")
during the synthesis process, “flower-like” high surface area
nanoESB precursor precipitates (Figure S2) of Bi(OH); and
Er(OH), confining Bi** and Er’" were preformed by
a reverse-strike coprecipitation. To synthesize the nanoLSM
phase, metal nitrates of La, Sr, and Mn were dissolved with
amino acid and glycine in an aqueous solution. Due to its
zwitterionic nature, glycine acts as the chelating agent with
two different functional end groups: carboxylic acid and
amine, which capture the metal ions to form glycine-metal
complexes!'” (insets in Figure 1b). The ESB precursors are
added to the above solution and, due to the nature of the
aqueous solution, the glycine-LSM cation complexes act as
spacers between high surface ESB precursor particles, result-
ing in a molecular level mixture of the two groups of metal
ions as shown schematically in Figure 1b. As the water
evaporates, the glycine-metal cation complexes experience
gelation, and the structure becomes ESB precursor particles
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embedded in a glycine-LSM metal complex gel (Figure 1c¢).
Upon heating to ca. 300°C, this gel structure auto-ignites
through the GNC mechanism in less than 3s with high
exothermicity, producing in situ co-assembled nanocompo-
sites of LSM-ESB (referred to as icn-LSMESB) as shown in
Figure 1d.

X-ray diffraction (XRD) analysis (upper spectrum in
Figure 2a) reveals that the as-synthesized powders are fully
crystallized for both LSM and ESB phases with minor peaks
of unreacted Bi(OH),. Moreover, there is no evidence for any
interreaction between the two phases, indicating successful
in situ crystallization of selective components for dual-phase
formation.

On the basis of the propellant chemistry™® the stoichio-
metric redox reaction between the oxidizer (LSM metal
nitrates) and fuel (glycine), which is responsible for the
crystallization of LSM, was calculated (see the Supporting
Information, SI). We started the process with a G/N ratio of
0.54, which is close to the stoichiometric ratio (0.56). In situ
crystallization of the ESB phase is attributed to the short-
range atomic movement within ESB precursors through fast
calcination (<3 s) due to the adiabatic flame heat from the
GNC reaction, which effectively prevents any interreaction
with the LSM components. We further annealed the as-
synthesized LSM-ESB up to 800°C to simulate actual SOFC
operating conditions (<750°C) and confirmed the compati-
bility and stability of both phases (middle spectrum in
Figure 2a), demonstrating the suitability for SOFC applica-
tions. However, without glycine the auto-ignition did not
occur and we observed secondary phase formation between
Bi*" and Sr** (SrBi,O,) as shown in the lower spectrum in
Figure 2 a, indicating that the auto-ignition step plays a critical
role for in situ crystallization of multicomponent, dual-phase
composites.

Figure 2b shows the XRD patterns of LSM-ESB samples
with different G/N ratios after annealing at 800 °C. The results
indicate that a G/N ratio of >0.54 produces enough thermal
energy both to oxidize LSM nitrates and to crystallize ESB
precursors. Based on the redox reactions with various G/N
ratios, the effect of the glycine amount (i.e., G/N ratio) was
estimated from the enthalpy of combustion and the corre-
sponding adiabatic flame temperature and the results are
plotted in Figure 2¢ (see SI and Table S2).

It is noted that the actual flame temperature values are
expected to be somewhat lower than the calculated ones due
to radiative heat losses and incomplete redox reactions.
Nevertheless, actual experimental combustion photos of the
highest flame for each G/N ratio (insets of Figure 2c) visually
confirm how the glycine amount impacts the adiabatic flame
temperature. Moreover, this result is in good agreement with
the recently reported minimum calcination temperatures of
nanoESB obtained by co-precipitation (~500°C).'! The
crystallite size (L) of the ESB phases with various G/N ratios
was estimated (Figure 2¢) from the highest intensity (111)
peaks from XRD patterns in Figure 2b by the Scherrer
equation,'” clearly indicating a strong dependence of the
ESB crystallite size on the G/N ratio. Thus, the above results
demonstrate that the glycine—metal complexes act as “nano-
furnaces” for the insitu calcination of ESB and the final
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Figure 2. a) X-ray diffractograms of as-synthesized (upper), annealed at 800°C with auto-ignition
(middle), and annealed at 800°C without auto-ignition (lower) of icn-LSMESB powders. b) X-ray
diffractograms of icn-LSMESB powders with various G/N ratios after annealing at 800°C with auto-
ignition. c) Adiabatic flame temperature (left Y-axis) and ESB crystallite size (right Y-axis) as a function
of G/N ratio. Insets are still frames of highest fire flame during the process. d) TEM micrograph of
icn-LSMESB particles with a G/N ratio of 0.54 after annealing at 800°C. Inset is EDX line scan

spectra along the yellow line in the TEM image.

product size is precisely controlled by the fuel (glycine)
amount.

Figure 2d shows the representative structure of nano-
composite LSM-ESB particles synthesized with a G/N ratio =
0.54 obtained using transmission electron microscopy (TEM),
which are very similar to the schematic diagram of the
proposed co-assembled nanoparticle in Figure la. It is
impressive that even after heat treatment at 800°C, a nano-
scale primary particle size was maintained at ca. 150 nm. We
attribute this to the associated gas evolution during the GNC
reaction (e.g., 26.3 mol of gas per 1 mol of LSM formation,
Table S2) at the initial stage and prevention of grain growth
by the dual-phase nature during the later annealing step.
Moreover, we observed that these particles were dual-phase
LSM and ESB nanoparticles without intermixing. Energy
dispersive X-ray (EDX) line-scan analysis in scanning TEM
(STEM) mode (upper inset in Figure 2d) clearly shows that
the ESB and LSM are seamlessly co-assembled without any
interaction. The particle size of the co-assembled ESB phase
estimated from the TEM observation was ca. 70 nm, which is
comparable to the value of ESB crystallite size (ca. 44 nm)
from the XRD result in Figure 2c. Although the in-depth co-
assembly mechanism is not yet conclusive, we believe that
self-assembling between adjacent LSM and ESB particles
involves an excess exothermic energy from the adiabatic
flame temperature just after crystallization of each phase in
the initial GNC step.
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ure S3) and 37 vol% LSM content
(Figure S4) from 500 to 677°C. For
direct comparison, all impedance
spectra were ohmic-resistance-sub-
tracted.

The corresponding cathode
area specific resistance (ASR) of
icn-LSMESB was extremely low
(e.g., 0.078 Qcm? at 600°C), drasti-
cally reducing ASR by more than
140 times compared to conven-
tional LSM-YSZ cathodes (e.g.,
1137 Qem? at  600°C;™  (Fig-
ure 3b) and the lowest ASR
reported to date for any LSM-
based cathode with any microstruc-
ture (Figure S5). Moreover, the
performance of icn-LSMESB is
superior to that of many cobaltite-
based high performance cathodes
(e.g., 0.078Qcm> for icn-
LSMESB versus 0.27 Qcm?*  for
La,_,Sr,Co,_/Fe O;-Sm, ,Sr,CoO; (LSCF-SSC) at
600°C*!) and essentially identical to the state-of-the-art
benchmark cathode, BSCF! (Figure 3b).

This result clearly demonstrates that our rational cathode
design, based on co-assembled nanostructures of locally
confined desired surface properties, dramatically enhances
the ORR rate not only due to greatly extended electrochemi-
cally active TPB sites of a highly percolated dual-phase
nanonetwork, but also due to the synergy between enhanced
dissociative adsorption of oxygen by isolated LSM surface
integrated with fast oxygen incorporation kinetics into ESB
lattice as shown conceptually in Figure 1a.

Figure 3¢ shows the current-voltage (I-V) characteriza-
tion of the icn-LSMESB cathode on a full-structured SOFC
from 550 to 750°C, yielding exceptionally high performance
in peak power density at reduced temperature (2.0 Wcm ™ at
750°C and 1.8 Wem™? at 700°C) compared to the recently
reported YSZ-based SOFC performance (e.g., <1 Wem 2 at
700°C)*! with similar electrolyte and anode architectures.
Further reduction of the SOFC operation temperature with
even higher output power density is achievable if the icn-
LSMESB is combined with other advanced SOFC compo-
nents (e.g., highly conductive, functionally graded ceria/
bismuth oxide bilayered electrolytes,) ultrathin (> 100 nm)
YSZ electrolytes obtained by chemical solution deposition,"
or bimodally integrated anode functional layers®).
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Figure 4. SEM images of a) icn-LSMESB-
(cathode) | YSZ (electrolyte) | NiO-YSZ (anode) structures, and magnified
images of b) icn-LSMESB cathode and c) cathode/electrolyte interface.

Figure 4 shows scanning electron microscopy (SEM)
micrographs of the SOFC with Ni-YSZ | YSZ |icn-LSMESB
multilayers after I-V testing. There was no detectable
reactivity or interfacial diffusion between icn-LSMESB and
YSZ based on XRD (Figure S6) and EDX mapping (Fig-
ure S7). As shown in Figure 4 a, all layers are well-established
with a dense YSZ electrolyte (ca. 7 um) responsible for the
high open-circuit voltage (OCV; Figure 3¢). However, the
exceptionally high power densities should be attributed
primarily to the co-assembled nanostructural features of the
ca. 30 um thick icn-LSMESB cathode. Magnified SEM
morphology of the icn-LSMESB in backscattered mode
(Figure 4b) shows that both LSM and ESB phases are
homogeneously intermixed with high 3D connectivity of
each phase and the average particle size is less than ca.
200 nm, similar to the primary particle size (ca. 150 nm)
shown in Figure 2d, indicating that the co-assembled dual-
phase composite structure effectively prevents grain growth
of the other phase during sintering. This observed nano-
structure of the icn-LSMESB justifies the extremely low
ASRs (Figure 3b) and the ORR enhancement mechanism, as
explained above, as well as the resulting high power density of
the SOFC (Figure 3c¢).

Moreover, we observed another striking feature of the
icn-LSMESB cathode on the YSZ electrolyte: the self-
assembly of a continuous nanoscale ESB layer (ca. 50 nm)

Figure 3. a) Nyquist plots of an icn-LSMESB|ESB |icn-LSMESB sym-
metric cell at the temperature range from 500 to 677°C. b) Arrhenius
plots of conductivity of icn-LSMESB compared with the conventional
LagsSro,MnO; (LSM)-YSZ cathodes™ and the state-of-the-art high
performance cathodes including LagSr,4C0osFeqsO;_s (LSCF),E!
LagssSr0.40C00; s (LSC),[N] La¢Sro.4CoosFeqsO;_5=Gdo,CepsOs_s (LSCF—
GDC)v[Sb] Ag—Yo25Bio 75015 (Ag-YSB),4 LagSro4CogsFepsOs o=
SmgsSrosCo0;_s (LSCF-SSC),* and BaysSrysCogsFey,0;5_s (BSCF)P! at
reduced temperature. c) Current-voltage (/-V) characterization of the
SOFC with icn-LSMESB (cathode) | YSZ (electrolyte) | NiO-YSZ (anode)
structure at the temperature range from 550 to 750°C.
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at the cathode/electrolyte interface (Figure 4 ¢ and Figure S7).
The formation of the extremely thin ESB layer can be
explained by the high wettability and greater mobility by
surface and lattice diffusion due to the lower melting temper-
ature of bismuth oxide (ca. 827°C) as compared to the
melting temperature of LSM and YSZ (>2000°C). We
believe this self-assembled nanoESB layer acts as an ESB/
YSZ bilayered electrolyte, significantly improving the SOFC
performance due to enhanced oxygen incorporation at the
icn-LSMESB/ESB interface as recently demonstrated."!

In summary, in order to achieve a rationally designed LT-
SOFC cathode based on desired ORR material properties, we
developed a novel in situ co-assembly of multicomponent,
dual-phase nanocomposites by uniquely conjugated wet
chemical processes. Through nanoengineering, the desired
surface properties of both phases were successfully isolated in
the nanoregime (< 80 nm), resulting in outstanding SOFC
cathode performance at lower temperatures. Thus, we believe
this intelligent nanoarchitecture is promising for electro-
chemical performance enhancement of composite electrodes
with broad applications in energy storage and conversion
devices.
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