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Promotion of Oxygen Reduction Reaction on a Double Perovskite
Electrode by a Water-induced Surface Modification

Jun Hyuk Kim® 9, Seonyoung Yoo?, Ryan Murphy?, Yu Chen?, Yong Ding?, Kai Pei?, Bote Zhao?, Guntae
Kim<*, YongMan Choi**and Meilin Liu®*

Highly efficient air electrodes are a key component of reversible fuel cells for energy storage and conversion; however, the
development of efficient electrodes that are stable against water vapor remains a grand challenge. Here we report an air-
electrode, composed of double perovskite material PrBaggCag,C0,0s,5 (PBCC) backbone coated with nanoparticles (NPs) of
BaCoOs (BCO), that exhibits remarkable electrocatalytic activity for oxygen reduction reaction (ORR) while maintaining
excellent tolerance to water vapor. When tested in a symmetrical cell exposed to wet air with 3 vol% H,0 at 750°C, the
electrode shows an area specific resistance of ~0.03 Q cm? in an extended period of time. The performance enhancement is
attributed mainly to the electrocatalytc activity of the BCO NPs dispersed on the surface of the porous PBCC electrode.
Moreover, in situ Raman spectroscopy is used to probe reaction intermediates (e.g., oxygen species) on electrode surfaces,
as the electrochemical properties of the electrodes are characterized under the same conditions. The direct correlation
between surface chemistry and electrochemical behavior of an electrode is vital to gaining insight into the mechanisms of

the electrocatalytic processes in fuel cells and electrolysers.

Solid oxide fuel cells (SOFCs) represent one of the cleanest options for cost-effective utilization of a wide variety of fuels, from hydrogen to hydrocarbons,
coal gas, and renewable fuels. Further, reversible solid oxide cells (rSOCs) are considered an attractive option for co-generation of power and hydrogen,
thus ideally suited for large scale energy storage. However, one of the technical hurdles that hinder broad commercialization of these systems is the
vulnerability of the state-of-the-art air-electrode materials (e.g., Lag 6Sto4Cog2Feq30;.5 and Lag sSr,MnOs55) to water vapor. Accordingly, the development
of water-stable air-electrode materials is imperative. In this article, we report our findings in unravelling the mechanism of enhancing the catalytic activity
and durability of a new cathode material, PrBa, 3Ca;,C0,0s.5 (PBCC), through a water-mediated surface self-assembly process. In particular, the real-time

in situ Raman spectroscopic measurement is able to probe molecular species and reaction intermediates on electrode surfaces, providing information vital
to gaining insight into the molecular mechanism of water-electrode interactions under fuel cell conditions and to establishing the scientific basis for rational
design of advanced water-stable electrodes or catalysts for SOFCs, rSOCs, and other chemical and energy transformation systems.

Introduction

The demand for

generation. However, the relatively poor durability of SOFC
cathodes poses an obstacle hindering their commercial
deployment,>® and thus numerous works have been dedicated

secure, and sustainable energy ) )
to cathode design.'% 1! Nonetheless, a dramatic enhancement

technologies is growing rapidly due to the depletion of fossil
fuels and due to global warming. In particular, solid oxide fuel
cells (SOFCs) have attracted significant attention because they
can serve as one of the most efficient and cleanest power
sources to convert chemical fuels into electricity.l 2 SOFCs are
well associated with fuel flexibility (i.e., hydrocarbons, coal gas,
and renewable fuels).3 4 Therefore, their inclusion in electricity
generation infrastructure can serve as a pragmatic bridge as
hydrogen becomes the primary fuel of zero-emission power
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in the robustness of these cathodes that also allows them to
maintain their high catalytic activity toward the electro-
reduction of oxygen is required before commercially viable fuel
cells can be realized.

One technical challenge facing the development of a high-
performance SOFC cathode is to manage the impact of humidity
on the oxygen reduction reaction (ORR) outcome.>7- 1226 Water
vapor is routinely present in ambient air, yet even an
infinitesimal amount of water can elicit an immediate increase
in the polarization resistance of state-of-the-art
LageSro.4Cop,Fegs0s3s (LSCF) and Lay,SryMnOss (LSM)
cathodes.?’30 |t was reported that water incorporation
accompanies A-site cation segregation (e.g., Sr?*) in
conventional ABOs-type cathodes, causing irreversible
damage,313¢ although the surface segregation of an electrode
does not always have devastating consequences. Indeed, a well-
designed exsolution of nanoparticles (NPs) or the exclusion of
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Fig. 1 Schematic illustration of water-mediated surface self-assembly proceeding on double perovskite PBCC

self-assembled multi-phase/hybrid catalysts has potential as a
beneficial strategy to enhance electrode performance.37-4 In
other words, while water has long been considered to be a
contaminant in conventional SOFC air-electrodes, the rational
design of a highly moisture-tolerant cathode may be plausible
as long as water-segregated cations develop to shape
catalytically active phases. Thus far, however, no attempt has
been made to utilize airborne water to enhance the electrode
surface in applications of SOFCs (except for protonic ceramic
fuel cells, where water can be a major carrier of protons®).
Therefore, a novel strategy is essential to accomplish the
aforementioned intelligent concept. To this end, parent
materials should initially function as a durable backbone,
maintaining bulk structural features under humid air. Secondly,
water-mediated self-assembled phases on the surface should
play an active role in the oxygen electrochemistry. If the
aforementioned requirements are met, a genuine solution with
which to formulate water-stable electrodes for SOFCs can be
realized.

Inspired by this insight, herein we showcase a water-mediated
surface self-assembly process that overcomes the problems
commonly encountered with humidification of air-electrodes.
In this study, we selected layered perovskite PrBag gCap 2C0,0s.5
(PBCC) as the backbone material.*®¢ PBCC has demonstrated
superior electrochemical performance toward the ORR as well
as exceptional durability even in atmospheres which contain
CO, (e.g., degradation rate as low as ~4 x 10 Q cm? hr?! in
ambient air containing ~1% CO,). Our previous study
successfully found that when Ba cations are wet-impregnated
on the surface of a PBCC electrode, Co ions from the host oxide
diffuse out to form a catalytically active nano-phase of BaCoOs.
s (BCO), which dramatically enhances the ORR kinetics.*”

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

Considering that H,0 will likely facilitate the segregation of A-
site ions, excluded Ba nano-islands will spontaneously become
BCO catalysts through a topotactic cation exchange with Co ions
(Fig. 1). To the best of our knowledge, this innovative
engineering-oriented strategic attempt has not been reported
in the literature. The one-step formation of highly active BCO
NPs only hinging on water not only benefits the oxygen electro-
reduction process but may also open up novel applications to
produce functional self-assembled phases on the surfaces of
double perovskites. Moreover, we present here direct real-time
spectroscopic evidence of oxygen intermediates and their
interactions with surface protons with Jin situ Raman
spectroscopy as part of the effort to resolve issues related to
the complex catalytic processes critical to green energy
technologies, such as fuel cells and steam electrolysers.

Results and discussion

Microstructures of Water-mediated Self-assembled Catalyst
Coatings on PBCC

The backbone material, PrBaggCap,C0,0s,5 (PBCC), s
synthesized with the citricccombustion method. X-ray
diffraction (XRD) reveals that PBCC displays the layered
perovskite structure of the P4/mmm space group, with lattice
parameters of a = b =3.900 A, and c = 7.618 A (Fig. 2a). Shown
in Fig. 2b is a high-resolution transmission electron microscopy
(HRTEM) image of the as-synthesized PBCC. The length of the
unit cell is approximately 0.76 nm, which is consistent with a
previous report of the stacking sequence of [Ba(Ca)O]-[CoO,]—

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Microstructures of water-modified PBCC with BCO nano-catalyst coatings: (a) XRD data of the as-synthesized PBCC (gray, bottom) and after 3
vol.% H,0/air exposure at 600°C for 3 hours (red, top). (t()} II.-IR'I'.EM im%%e of an as-synthesized PBCC crystal. (Inset) FFT pattern showing the superlattice
ed linei

(arrow). (c) Line scan histogram (brightnessglalong ther

n(b). (

SEM images of a surface-viewed PBCC electrode before (top) and after (bottom

exposure to 3 vol.% H,0/air at 600°C for 3 hours. After interacting with water, PBCC developed multiple NPs on the surface. (e) HAADF-STEM image o%
wet-annealed PBCC with a self-assembled BCO NP. (f) EDX analyses of HAADF-STEM at point 1 (O, top) and point 2 (O,, bottom).

[PrO]-[Co0,]-[Ba(Ca)0], as clearly shown by the alternating
intensities of the line-scan profile in Fig. 2c.*¢  The
corresponding fast Fourier transform (FFT) pattern exhibiting a
superlattice again confirms the double perovskite structure of
PBCC (inset in Fig. 2b).

Thereafter, water-mediated surface self-assembly takes place
by treating the double perovskites in 3 vol.% H,0/air (hereafter
wet air) for 3 hours at 600°C. The temperature of 600°C is
chosen as we previously found out that formation of BCO NPs
are confirmed when temperature of ~565°C is reached.*” While
there is no observable surface decoration on the as-synthesized
sample, a scanning electron microscopy (SEM) image (Fig. 2d)
and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) (Fig. 2e) of wet-annealed
PBCC revealed a multi-phase surface composed of
nanoparticles (NPs), as discussed in the introduction. Despite
the dramatic change in the surface morphology, PBCC
maintained its layered structure (Fig. 2a top), proving its
outstanding chemical compatibility with water. To gain better
insight into the composition of the NPs, an energy-dispersive X-
ray spectroscopy (EDX) analysis was conducted, as shown in Fig.
2f. EDX confirms that BaCoOs.5 (BCO) NPs are formed on the
bulk PBCC, leading to the production of heterogeneous catalyst-
coated surfaces (Fig. S1). As noted earlier, the electro-catalytic
activity of an electrode can be improved further through the
sophisticated control of cation segregation.3”- 38 48 The cobalt
exsolution on PrBaCo,0s.s (PBC) can be executed by changing

the oxygen partial pressure,” and cobalt-deficient

This journal is © The Royal Society of Chemistry 20xx

PrBaCo;.940s:5 shows faster surface kinetics compared to the
corresponding perfect PBC.5° Similarly, we previously reported
the formation of a multi-phase catalyst coating with BCO NPs on
PBCC thin films. BCO NPs significantly enhanced the ORR
catalytic activity with a preferentially high 0O, uptake
capability.5t

Raman profilometry was also utilized here to confirm that H,0
mediates such self-assemblies. Raman profilometry is a useful
method to analyze proton distributions in dense ceramic
pellets.52 53 In this study, a dense PBCC pellet of 1 mm (Fig. S2)
is protonated in 3 vol.% H,0/air at 600°C, and the cross-section
of pellet is subsequently analyzed with Raman spectroscopy
from the surface to the center (Fig. S3). The Raman broad band
centered at 3,100 cm! is assigned to OH stretching associated
with bulk proton insertion into the PBCC double perovskite.>%
54,55 The distribution of the spectroscopic OH band intensity
along the sample depth shows excellent agreement with Fick’s
second law, which may support the bulk proton diffusion inside
of the PBCC double-perovskite structure (Fig. S4). We assume
that water incorporation into perovskites can hypothetically
facilitate dopant segregation in the perovskite structure.
Accordingly, this can be the driving force that effectively
assembles NPs. As rationally designed, we successfully
demonstrated that the BCO NP growth on PBCC is facilitated
only by the introduction of water. Raman spectra at a lower
vibrational region (100 cm™ ~ 1,200 cm™) associated with BCO
are displayed in Fig. S3b. While PBCC shows no observable band
due to its cubic symmetry, BCO NPs demonstrate Raman bands

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Electrochemical evaluation of PBCC with water-mediated surface self-assembly (a) Electrochemical impedance spectroscopy (EIS) spectra of PBCC (top) and
LSCF (bottom) electrodes tested in wet air (3 vol.% H,0/air) at 750°C. The polarization loss of the PBCC cell decreased dramatically upon the introduction of water.
(b) Long-term stability of PBCC electrodes in wet air compared to LSCF electrodes at 750°C. (c) Arrhenius plot of the polarization resistance of PBCC electrodes in
dry/wet air. (d) Comparison of typical I-V and I-P curves of a button cell with PBCC cathodes in dry/wet air at 750°C. The Ni-YSZ cell was dwelled under 3 hours of
wet air to reach equilibrium at 750°C. (e) Comparison of the impedance spectra of a button cell with PBCC cathodes in dry/wet air at 750°C (top), and impedance
spectra at 600~700°C under wet air (bottom). Impedance spectra are measured under open circuit voltage. (f) Typical I-V, I-P curves measured at 600~700°C.

similar to the cobaltite phase, presenting bands at 190 cm™ (Fp,®
), 490 cm™(Eg), 520 cm™(F¢?), and 690 cm*(A4,).47 56 The band
distribution of BCO NPs precisely matches that in the OH
profiles (Fig. S3a), clearly indicating that the NP assembly
originates from the introduction of water.

Indeed, water-mediated self-assembly highly
effective in tuning the surface morphology of PBCC, in terms of

surface is
temperature and water vapor pressure. To clearly visualize the
morphological change of PBCC, we have controlled the
temperature and water partial pressure (pH,0) as variable, and
according sets of SEM analysis is presented on Fig. S5. Initially,
the PBCC powder was dry-pressed and corresponding green
bodies were sintered at 1120°C for 10 hours to make dense
pellets. These pellets are then cleaved and treated with various
temperatures and pH,0 to execute water-mediated surface
self-assembly. Then the samples are characterized with SEM.

In the dry-annealed samples (Fig. S5a, d), the samples show
clear surface with no visual sign of nanoparticle formation.
However, as water is introduced, the surface of PBCC is
decorated with BCO nanoparticles (Fig. S5b, c, e, f), as we
characterized with TEM previously. Interestingly, we have
found out that higher the temperatures and the pH,O, more
effective formation of nanoparticles was identified (Fig.
S5g).The trend may be the reflection of A-site cation
segregation, as it is previously suggested that Sr tends to
segregate more in high temperatures and high pH,0.3* However,
Sr-based cathodes, these segregated
particles are developed into catalytically active BCO nano-

unlike conventional

catalysts. As envisaged, our collective analyses clearly manifest

4| J. Name., 2012, 00, 1-3

that airborne water modifies the PBCC crystals by liberating Ba
and Co ions from the bulk lattice, leading to the in situ formation
of an active catalyst coating of BCO NPs and ultimately
enhancing the ORR kinetics, as described in the next section.

Augmented ORR activity of PBCC electrodes by water introduction

The typical impedance spectra of symmetric cell configurations
are measured under open circuit conditions in order to
elucidate the electro-catalytic activity of PBCC electrodes for
the ORR under humid air (3 vol.% H,0/air) (Fig. 3a top). Notably,
changing the oxidant from dry to wet air brings a marked
improvement in the size of the impedance arc, implying
decreased polarization resistance (R,) of PBCC. This is attributed
to the water-mediated self-assembled catalyst coating, as
clearly demonstrated earlier in this paper. The behavior of PBCC
is distinctive from that of a state-of-the-art LSCF cathode, which
shows sharp degradation under identical experimental
conditions (Fig. 3a bottom).

To separate the contributions from each process involved in the
ORR, a distribution of relaxation time (DRT) analysis of EIS is
performed (Fig. S6, the DRTtools were obtained from prof.
Ciucci’s group®’>?). Indeed, DRT analysis is a powerful technique
capable of separating the complex ORR processes in discrete
steps according to the relaxation time of different processes, as
shown in Fig. S6. The DRT plots for the PBCC sample displayed
three distinct peaks: the high-frequency (HF), mid-frequency
(MF), and low-frequency (LF) peaks, corresponding to at least 3
elementary steps of the ORR processes. Previously, we have
suggested that the process at HF is likely attributed to the

This journal is © The Royal Society of Chemistry 20xx
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charge-transfer across the interface, the one at MF is associated
with the oxygen surface exchange (including oxygen
dissociation), and the one at LF is related to the mass transfer
process such as diffusion.46:51

Not surprisingly, after exposure to wet air at 750°C, the
impedances of the processes at MF and LF were dramatically
reduced, corresponding to the oxygen surface exchange and
diffusion process, respectively. This is consistent with the two-
process equivalent circuit model fitting results shown in Fig. S7
and Table S1. To further verify that the rate of the oxygen
surface exchange was enhanced, we performed additional
electrical conductivity relaxation (ECR) measurement to extract
the surface exchange coefficient (k) value (Fig. S8). It is found
that the k value of PBCC sample annealed in wet air (PBCC wet)
is 1.55 x 10® cm/s at 650°C, which is ~56% higher than that of
the pristine PBCC sample (PBCC dry, 9.9 x 107cm/s). The
calculated oxygen-vacancy formation energy for BCO catalyst is
0.55 eV which is much lower than that for PBCC (1.18 eV).
Therefore, the rapid oxygen surface exchange of wet-annealed
PBCC may be ascribed to the BCO NPs with enriched surface
oxygen vacancies, as confirmed by X-ray photoelectron
spectroscopy (XPS) analysis (Fig. S9). When dissociative oxygen
adsorption first takes place at the nano-structured BCO surface,
the dissociated oxygen species combine with PBCC at the BCO-
PBCC interface via fast surface diffusion. As supported by DFT
calculations (to be presented later in this manuscript), this step
has a lower activation energy in wet atmosphere (0.60 eV
versus 1.42 eV). The double perovskite-structured PBCC with
self-assembled BCO NPs (catalyst) demonstrates excellent
catalytic activity and remarkable tolerance to water vapor.
Since the formation of BCO NPs on PBCC can greatly promote
the catalytic activity for ORR, it would be highly desirable to
develop a wet-chemical process for mass production of BCO-
PBCC composite electrodes.

Furthermore, the multi-phase cathode did not show any
increase in polarization resistance (Rp) during 500 hours of
constant exposure to wet air with 3 vol.% water vapor (Fig. 3b).
Even when exposed to air containing 1 vol.% CO, and 3 vol.%
H,0 at 750°C for an extended duration of more than 325 hours
(Fig. S10), the durable PBCC backbone displayed an exceptional
stability in the CO, containing atmosphere, while the BCO NPs
catalyst derived from the water-mediated self-assembly yields
a greatly enhanced electrochemical performance.

A symmetric cell after approximately 200 hours of operation in
wet air was also examined using SEM and XRD; the results (Fig.
S11) show exceptional compatibility of the PBCC electrode with
the SDC electrolyte and airborne water. The polarization
resistances of the PBCC electrodes, with and without the BCO
nanoparticle catalysts owing to the airborne water, are also
presented in the temperature-dependent Arrhenius plots (Fig.
3c¢). Indeed, the formation of a multi-phase catalyst changes the
oxygen-reduction mechanism because the activation energy (E,)
in humid air (1.06 eV) is much smaller than that in dry air (1.15
eV). It is important to note that PBCC surpasses the
performance of LSCF in terms of both the electro-catalytic
activity and durability (Fig. S12), even under dry air conditions
(i.e., no catalyst coating). The water-mediated surface self-

This journal is © The Royal Society of Chemistry 20xx
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assembly can be reproducibly observed with a button cell under
realistic SOFC operating conditions. To evaluate its performance,
we used an anode-supported cell with a configuration of Ni-
yttria stabilized zirconia (Y: 8% mol, YSZ)|scandium stabilized
zirconia (Sc: 10% mol, ScSZ). The SDC buffer layer was then
deposited between the PBCC electrode and the ScSZ electrolyte
to prevent potential side reactions (Fig. S13, cell configuration
of Ni-YSZ|ScSZ|SDC|PBCC, Ni-YSZ cell). Subsequently, the
resulting button cell was loaded onto a fuel cell testing station
and the typical polarization curves were recorded in the
temperature range of 600~750°C (Fig. 3d-f). Dry air was initially
fed into the cathode side to investigate the inherent electro-
catalytic activity of the PBCC electrode without a catalyst
coating (Fig. 3d). Even without the coating, the cell
demonstrates a peak power density of approximately 0.94 W
cm? at 750°C, proving its good electro-catalytic activity.
Thereafter, the oxidant was switched from dry to wet air in
order to install a BCO catalyst coating mediated by water vapor
(Fig. S14). The cathode was exposed to wet air for 3 hours to
achieve water-mediated surface self-assembly. As a result,
exceptionally enhanced electrochemical performance is
achieved with wet air, as the peak power density reached
approximately 1.46 W cm2 at 750°C, a nearly 55% increase in
the performance compared to that under dry air conditions. To
investigate the detailed role of the water-mediated surface self-
assembly, electrical impedance spectra are measured under
open circuit voltage (Fig. 3e). Similar to the earlier symmetric
cell results, the arc resistance improved dramatically from ~0.30
Q cm? to ~0.14 Q cm?. The offset resistance showed no major
effects, as it remained ~0.10 Q cm?. Given that fuel cells reach
their maximal cost-efficiency during operation in ambient air
(which naturally contains moisture), the PBCC cathode
demonstrated here exhibits intriguing features for a high-
performance next-generation oxygen electro-catalyst with
exceptional water-contact compatibility. However, as displayed
in Fig. S15, excessive water (e.g., >20 vol.% H,0/air) may have a
deleterious effect on the electrode performance, suggesting
that the water vapor concentration should be carefully tuned
for optimal results.

In addition to the Ni-YSZ anode based button cells, we have also
applied the multi-phase PBCC cathode to single cells based on a
doped ceria electrolyte with Ni-Smg,Cep0,.5 (SDC) or Ni-
Gdp.1Cep90,.5 (GDC10) anodes to examine the potential for
applications at lower temperatures (500~650°C). Both ceria-
based single cells were initially heated up to 650°C to reduce
the anode with H,, while the cathode being exposed to wet air
to achieve water-mediated surface self-assembly (Detailed
procedure and additional experimental results are explained at
length in electronic supplementary information). Accordingly,
superior peak power density of ~0.95W cm2 can be reached
with Ni-SDC|SDC|PBCC single cell (Ni-SDC cell #1, Fig. $16, S17,
Table S2) which is nearly two times of the peak power density
of the YSZ based single cell at 650°C. The performance of button
cell based on GDC (configuration of Ni-GDC10]|Gd,,Ceng0,.5
(GDC20) | PBCC) achieved ~0.408 W cm2 at 500°C (Fig. $18).
These results imply that the multi-phase cathode is very
promising for operation at low-temperatures. Compared to the

J. Name., 2013, 00, 1-3 | 5



Energy-& EnvironmentaliScience

100 {/=—=——
99
g N
£ 98- A
~ ——PBCC, Dry |
£ ) !
S 4 3 vol% HZO i
20 vol% H,O i
30 vol% H,O |
96 . . —
0 200 400 600 800 1000

Temeperature (°C)

0.06 - 3 vol% H,0
0.05{——20 vol% H,O

3 0.0 30 vol% H,0

£

o 0.034

0

© 0.02-

@)

L1001
0.00-
-0.01 . :

400 600 800 1000

Temperature (°C)
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fuel cell performances reported recently, our results are among
the best ever reported, highlighting that our new cathodes are
highly promising for high-performance SOFCs to be operated in
a wide range of temperatures (Table S3).

it is of great importance to know if the self-assembled surface
created by exposure to water vapor is stable when the condition
is switched back to dry air, which is a typical SOFC operating
condition. Accordingly, we prepare another single cell (cell #2,
Ni-SDC|SDC|PBCC), and tracked the power density at a
constant cell voltage of 0.70V at 565°C, as the oxidant was
switched from dry to wet air containing 3 vol.% H,0O (Fig. S19).
In this case, the single cells performance can be compared at
identical operating conditions except the gas environment. In
the graph, the electrochemical performance enhancement
promoted by water-mediated surface self-assembly can be
clearly seen. Then we further tracked the evolution of power
density of cell #2, which was initially experienced water-
mediated surface self-assembly at 565°C in wet air. During the
test, there was little change in power output as the wet air was
switched back to dry air (Fig. S20), indicating that the electrode
structure remains unchanged in dry air once the BCO NPs are
formed (Fig. S21).

Additionally, long-term stability of the Ni-GDC cell is measured
at 500°C using wet air as oxidant. During the long-term testing
at a constant cell voltage of 0.65V, there was no sign of
degradation in performance over 230 hours, indicating good
water-compatibility of multi-phase PBCC cathode (Fig. S22).
After the test, the microstructure of the PBCC was analyzed
using SEM. For the single cell, electrolyte was ~12.2 um thick
and the cathode was ~10 um thick (Fig. S23), which retained the
microstructural features of water-mediated surface self-
assembly even after operation at a constant cell voltage for 230
hours continuous exposure to steam (Fig. S23b). Indeed, in situ
grown small NPs (less than 100 nm) are observable throughout
the cathode surface (Fig. S24), signifying the stability of these
NPs under the conditions.

6 | J. Name., 2012, 00, 1-3

Proton Solubility of PBCC

As discussed above, the highly efficient BCO NP formation on
PBCC upon the addition of water enhances its ORR kinetics.
While remarkable morphological approaches have been applied
as a sophisticated interpretation of such kinetic properties of
PBCC, it is also of great importance to assess the water uptake
characteristics of PBCC for a systematic thermodynamic
evaluation.5% ¢1 To understand the proton solubility of PBCC
materials in detail, thermogravimetric analyses (TGA) were
conducted (Fig. 4a). First, PBCC powders were calcined at 1100
°C to form a single phase, with this followed by exposure to
various water vapor pressures (3 vol.%, 20 vol.%, and 30 vol.%
H,0) at 600°C for three hours. XRD analyses were then
conducted to exclude any uncertainties regarding the chemical
compatibility with water (Fig. S25). After wet-annealing, TGA
was used to monitor the relative mass change as a function of
the temperature. As shown in Fig. 4a, while dry-annealed PBCC
shows a linear decrease in the oxygen nonstoichiometry, H,0O-
exposed PBCC deviates from the linear behavior, implying the
temperature-dependent bulk release of water (20H; = H20 )
+ V5" 4+ 05°).61 As the water vapor pressure was increased, the
TGA slope decreased precipitously, implying a higher
concentration of absorbed protons. Thereby, the extent of
water released from the PBCC was calculated, as shown in Fig.
4b. The corresponding van’t Hoff equation can be written as

follows:
AH /(1 AS
exp[—fR (?) + 7R]

By using an oxygen nonstoichiometry value of 5.75 (5+8) at 400
°C as a reference,®? the hydration equilibrium constant (K,,) can
be computed as ~0.018 at 600°C with 3 vol.% H,0, comparable
to that of PrBagsSrgsCoysFeqsOs.s (PBSCF) (K, = ~0.01 at 600
°C).%0 By using the van’t Hoff equation, the hydration enthalpy
(AH) and entropy (AS) at 600°C were found to be -120.28 kJ mol-
1and-171.24) mol! K1, respectively. While a significant amount

o lowp
“pH0 [V ][ox]

w

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 11



nergy-& Envirc

Journal Name

in situ HT

ARTICLE

=2

Raman Intensity (a.u.)

T T T T
900 1000 1100 1200
Raman shift (cm™)

Cc d 1.06 0.28
0.4 = Lo.27
600°C o 104 X
= *on L0.26
0.3 [+ 5 L0.25
e 1 Wet Dryi T 1.02 > ~
£ _ : 3 ", [024
é . § ' «* Lo23 &
. ; (== n. 3
= Yo = > o098 e (P22 2p9
N e z “W.g.. fo21
h il a on
[ 0.98 +0.20
J Lo.19
. ; . : 0.94
00 01 02 03 04 05 0 2000 4000 6000 8000
Z ©Qcm?) Time (s)

Fig. 5 Unraveling the surface chemistry of PBCC in a humidified atmosphere: (a) schematics of the in situ Raman spectroscopy

latform with a

PBCC|SDC|PBCC symmetric cell. (b) Temporal evolution of the in situ Raman spectroscopy of a PBCC surface in a wet air condition (3 vol.% H,0) at
600°C. Upon exposure to water, various oxygen species are found on the surface, supporting the contention of enhanced ORR activity. (c) Time-resolved
EIS spectra of a PBCC symmetric cell in wet air (3 vol.% H,0) at 600°C. (d) Quantitative correlation between the key features (v;/v,) of the in situ Raman

spectrum and the polarization resistance of a PBCC symmetric cell.

of protons can be observed in double perovskites, their proton
solubility is surprisingly different from that of conventional
perovskites such as Lag sSrgsCo03.s or LSCF, which show no sign
of water dissociation in neither TEM analysis nor TGA
outcomes.® %3 While the detailed hydration mechanism should
be studied further, it is theorized here that the different crystal
structure of double perovskites may be the origin of the more
dissolved hydroxyl groups compared to simple perovskites.5% 64
Nevertheless, the presented data are irrefutable evidence of
facile water dissociation occurring on PBCC.

Electrochemical Oxygen Reduction Pathways on a Protonated
Double Perovskite

The interaction of water with the double perovskite, forming
BCO NPs, was discussed in detail above. In this section, we
examine closely the surface chemistry of proton and oxygen
intermediates. As is well known, for a comprehensive
understanding of the ORR kinetics, determining the adsorbed
surface species under the given operating conditions and
correlating these results with the electrochemical data are
essential steps.*® > Although computational results for ABOs-
structured perovskites are available in the literature,®® 67 to the
best of our knowledge, in situ spectroscopic evidence of surface
oxygen intermediates on perovskites under SOFC conditions

This journal is © The Royal Society of Chemistry 20xx

Please do not

(i.e., at high temperatures) is quite rare. Thus, in this study the
ORR mechanism in the presence of surface protons is further
elucidated by means of in situ time-resolved Raman
spectroscopy, which accurately detects surface oxygen species
(Fig. 5a, please see Fig. S26 for the detailed experimental
setup).58-70 Information about the surface chemistry as obtained
using Raman spectroscopy is then carefully correlated with the
electrochemical performance as measured by EIS and density
functional theory (DFT) calculations.

The in situ spectroscopic evolution of the surface of a PBCC
electrode is displayed in Fig. 5b. Since the space group of PBCC
belongs to P4/mmm, it has little Raman activity,®? and no
specific bands appear under dry conditions. On the other hand,
switching the gas environment to wet air reveals various surface
species, v; ~ v4 (i.e., hydroxyl and oxygen species). These
intermediates may indicate that the surface of PBCC is more
active in a humidified atmosphere, as their existence was not
identified under a dry atmosphere. Because electronically
charged oxygen intermediates are reported to be in a broad
band regime,’’7* DFT-based vibrational frequency calculations
were applied for an accurate assignment of our measured
Raman peaks.

Geometry optimizations using DFT calculations were initially
conducted to examine the band assignments and further to
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determine the discrete steps of the ORR. As shown in Fig. S27,
the double-layered perovskite-structure PBCC (PrsBazCa;Cog0,4;
P4/mmm) was prepared. Then, to precisely rationalize the
experimental findings using in situ Raman spectroscopy, CoO-
terminated 8-atomic-layered PBCC(010)
prepared using a method similar to that in our previous study.>!
Given that the ORR enhancement of BCO NPs was already
examined in earlier work by the authors,®! herein the PBCC
surfaces are the major concern. As summarized in Fig. 6a, two

surfaces were

types of surface oxygen species (i.e., superoxo and peroxo
species) adsorbed at catalytically active Co ion sites (supergyy
and pergy, respectively) were initially optimized without
hydroxyl species, referring to a dry condition. Their
corresponding calculated vibrational frequencies for the O-O
stretching mode are 1,257 cm™ and 917 cm'?, without a scaling
factor.

Then, to accurately mimic the water-exposed condition, a
hydrogen atom was placed on the surface oxygen ions after
verifying the water dissociation on a perfect PBCC(010) surface,
which occurs without a barrier (Fig. 6b, Fig. S28). This may
qualitatively support the excellent water uptake capability of
PBCC at high temperatures, as shown in Fig. 4. As illustrated in
Fig. S29, the defective surface model has one oxygen vacancy
on the surface, resulting in seven active sites for hydrogen
adsorption. Using the optimized configurations, we carried out
vibrational frequency calculations. Compiled in Tables S4 and S5
are the vibrational frequencies of various oxygen species

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

adsorbed on a defective PBCC surface. Fig. S30 verifies the
excellent correlation between the vibrational frequencies and
the O-0 bond lengths as a function of the hydroxyl species. As
such, our measured Raman spectral observations of v,, vz and
v, are a perfect fit to the frequency regime of proton-elongated
superoxo species (Table 1).

Table 1. Summary of Raman peaks under wet conditions and
their assighnments.

vibrational .
mode . assignment
frequencies (cm™1)

vy 977 surface hydroxyl
vy 1,006

proton-elongated
Vs 1,114

superoxo

Va4 1,148

Indeed, a hydrogen-bond induced redshift of O-O bonds has
been reported during water oxidation.®® However, the observed
frequency of v4 (977 cm™?) is far from the regime for the peroxo
and superoxo region. Thereby, it is more reasonable to assign v;
as a bending mode of surface hydroxyl groups, typically
observed at ~960 cm™.7>77 Overall, the assignment of
experimentally observed oxygen species was confirmed with
the aid of DFT calculation.

Interestingly, as shown in Fig. 5b, the peak heights of the v; and
v, modes at ~¥977 cm™ and ~1,006 cm?, respectively, become

This journal is © The Royal Society of Chemistry 20xx
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reversed after 1,800 sec. The dynamic change between the two
bands, v; and v,, implies that they are the primary species in the
situation when the water uptake of PBCC -equilibrates.
Therefore, the relative intensity ratio of the v; and v, modes was
calculated and quantitatively synchronized with R, of an
independently measured cell as a function of time (Fig. 5c, d).
As shown in Fig. 5d, the peak intensity ratio (v;/v;) and R, show
an excellent correlation. In particular, as the peak intensity ratio
decreases, R, also decreases, signifying that the hydroxyl and
superoxo species actively participate in the major ORR path
under wet air.”®

For a deeper understanding of the highly complex ORR
processes, we undertook a mechanistic study using DFT
calculations. To propose a plausible mechanism, as
schematically depicted in Fig. 6¢, we mapped out a minimum-
energy profile under dry and wet conditions using the
energetics of optimized structures. For the dry pathway, gas-
phase oxygen adsorbs at the Co ion on defective PBCC(010) with
adsorption energy of —0.86 eV without a barrier (supery,,), after
which it becomes more stabilized to a peroxo species due to the
incorporation into an oxygen vacancy on the surface without a
barrier (pergry) (—1.12 eV).

On the other hand, the wet pathway was modeled using a PBCC
surface with two hydroxyl species (Fig. 6c), which is formed
after gas-phase water molecule dissociatively adsorbs as we
observed in previous TGA and Raman spectroscopy analysis.
The elementary steps from gas-phase oxygen to superoxo
species (superwe, -0.79eV) was then followed which is
consistent with the spectroscopic evidence. After the formation
of the peroxo species (peryet, —1.11 eV), concurrent dissociation
and diffusion into the sublattice follow, which is the rate-
determining step (RDS) in the reaction scheme proposed in this
study. Its reaction barrier height under the wet condition is
noticeably reduced compared to that under the dry condition
(0.60 eV versus 1.42 eV, respectively) which is consistent with
the previously shown DRT analysis or the ECR results (Fig. S6,
S8).

Our rationalization from the excellent correlation between the
in situ time-dependent Raman measurements and the EIS R
values could be generalized for the knowledge-based design of
novel SOFC cathode materials by applying molecular-level-
based design factors (i.e., a reaction barrier calculation for a RDS
in conjunction with a kinetic prediction) and by defining the
optimal surface coverage of hydroxyl species, achieving the
lowest barrier height under SOFC conditions.

Conclusions

In summary, we have showcased a novel approach by which to
achieve nano-structured functional catalysts on the surfaces of
layered perovskites for the highly augmented ORR simply by
introducing water. A double perovskite cathode of PBCC was
selected given its exceptional water stability in parallel with its
high ORR efficiency. Indeed, water exposure (3 vol.% H,0/air)
dramatically modified the surface of PBCC with catalytically
active BCO NPs, which turbo-changed the electrochemical

This journal is © The Royal Society of Chemistry 20xx
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performances (e.g., the peak power density is enhanced from
~0.94 W cm2 to ~1.46 W cm? at 750°C). In addition, with in situ
Raman spectroscopy, we precisely identified the presence of
multiple surface species in relation to oxygen electrochemical
reduction under humidification. In particular, the spectral
evidence for oxygen intermediates confirmed in this study
opens up an opportunity for a systematic understanding of
highly complex surface electrocatalytic processes under
practical conditions. Our high-efficient one-step approach
highlights the exclusive features of water-mediated self-
assembly, which can offer attractive options to apply beyond
other energy applications, including a solid oxide electrolysis
cell and high-value oxygen separation membranes.
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