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Abstract: Recently, there have been efforts to use clean and
renewable energy because of finite fossil fuels and environ-
mental problems. Owing to the site-specific and weather-
dependent characteristics of the renewable energy supply, solid
oxide electrolysis cells (SOECs) have received considerable
attention to store energy as hydrogen. Conventional SOECs
use Ni-YSZ (yttria-stabilized zirconia) and LSM (strontium-
doped lanthanum manganites)-YSZ as electrodes. These
electrodes, however, suffer from redox-instability and coarsen-
ing of the Ni electrode along with delamination of the LSM
electrode during steam electrolysis. In this study, we success-
fully design and fabricate highly efficient SOECs using layered
perovskites, PrBaMn,0Os,, (PBM) and
PrBa,;SrysCo, sFeysOs. s (PBSCF50), as both electrodes for
the first time. The SOEC with layered perovskites as both-side
electrodes shows outstanding performance, reversible cycling,
and remarkable stability over 600 hours.

I n recent years, there have been increasing demands for clean
and renewable energy sources owing to heavy dependence on
fossil fuels and environmental problems.[l*zl However, the
supply of renewable energy struggles to match demands
because it is weather-dependent and site-specific. Therefore,
these problems have motivated researchers to develop energy
storage devices such as secondary batteries, ultracapacitors,
and water electrolyzers. But, secondary batteries and ultra-
capacitors have drawbacks including limited energy storage
capacity, cost ineffectiveness, and loss of charge over time."!
In this regard, water electrolysis can be a leading technology
for large-scale and highly efficient energy storage. Most of the
work in electrolysis has focused on low-temperature proton
exchange membranes (PEM) and alkaline electrolysis cells.!
At present, high-temperature solid oxide electrolysis cells
(SOECs) have received great attention as a promising energy
storage device. Compared to low-temperature alkaline and
PEM electrolysis cells, SOECs have shown higher hydrogen
production efficiency because electrolysis at elevated temper-
atures is advantageous to both the thermodynamics and
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kinetics of the reaction.’! The electrical energy demand
decreases considerably as the operating temperature rises
owing to the increase in provided thermal energy. In addition,
a high operating temperature is favorable for the faster
kinetics, resulting in improved hydrogen production effi-
ciency for the SOEC.!

SOECs and solid oxide fuel cells (SOFCs), which are
referred to as solid oxide cells (SOCs), can operate reversibly
as shown in Figure 1. The electrical energy is converted to H,
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Figure 1. Illustration of a SOC system.

in electrolysis mode (green line) and the electricity is
produced from H, through fuel cell mode (orange line).>!
In SOECs, H, is produced by electrolysis of steam at the fuel
electrode, and then oxygen anions (O*") diffuse through the
electrolyte toward the air electrode. These anions are
oxidized to oxygen to complete the reaction. The reactions
in the fuel and the air electrode are:”

Fuel electrode : H,O +2e~ — H,(g) + O*" 1)
1
Air electrode : O — EOZ(g) +2e” @)

Generally, state-of-the-art SOECs use Ni-YSZ (yttria-
stabilized zirconia) and LSM (strontium-doped lanthanum
manganites)-YSZ as electrodes.”®! However, these electrodes
suffer from several important limitations, such as the redox-
instability and coarsening of Ni and the delamination and
insufficient electrolytic performance of LSM during steam
electrolysis.” "l LSM exhibits apparent oxygen excess non-
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stoichiometry in an oxidation environment. This excess
oxygen in LSM gives rise to the formation of cation vacancies,
which is thermodynamically unfavorable in the LaMnO;
perovskite structure.'>"! The cation vacancies would cause
the disintegration of LSM and the formation of cation oxides
or LSM nanoparticles. It results in degradation and delami-
nation due to severe microstructural damage near the air
electrode/electrolyte interface.'**!

Recently, one group found that reversible cycling between
electrolysis and fuel-cell modes can eliminate severe elec-
trolysis-induced degradation. Reversible cycling with time
periods of 1 hour in electrolysis mode and 5 hours in fuel-cell
mode reduce the internal oxygen pressure at the air electrode/
electrolyte interface during electrolysis operation, which
would reduce delamination and microstructural damage.!'"!
But, for continuous hydrogen production, reversible cycling is
not an optimal solution for electrolysis because the SOEC
must be switched to SOFC.

Accordingly, it is of great significance to develop fuel and
air electrode materials that can provide more active and
stable performance. In recent years, many researchers have
focused on layered perovskites as electrode materials for
SOFCs owing to their fast oxygen kinetics and stability.'18 A
site-layered perovskite PrBaMn,0Os,, (PBM) exhibited high
and durable performance and excellent redox stability.”! Also,
a layered PrBa, sSr,sCo; sFe;sOs, s (PBSCF50) perovskite was
reported to provide excellent electrochemical performance
and stability."”’ Furthermore, PBSCF50, in contrast to the
LSM electrode, can accommodate more oxygen as oxygen
interstitials, which can solve some of the problems associated
with LSM.

In this study, we successfully fabricated and demonstrated
the SOEC with layered perovskites as both-side electrodes for
the first time. This SOEC shows high durability and perfor-
mance without any coarsening and delamination of electrodes
for a long time.

The phase reaction between the electrode and electrolyte
can generate an undesired insulating layer at the interface,
which obstructs the oxide-ionic and electronic transport.’!
Therefore, it is essential to avoid any insulating phases during
electrochemical reaction for the reliable operation of the
SOEC. The chemical reactivity of each electrode with LSGM
electrolyte was evaluated by analyzing the X-ray diffraction
(XRD) patterns. Figure 2a and b show XRD patterns of the
PBSCF50-GDC/LSGM  and PBM(Co-Fe)/LDC/LSGM.
There are no observed interfacial reactions or undesirable
secondary phases between each electrode and LSGM.

The microstructure of the pristine SOEC is shown in
Figure 2c¢ and d. Figure2c presents a cross section of
PBSCF50-GDC/LGSM, and Figure 2d shows a cross section
of PBM(Co-Fe)/LDC/LSGM. The cell has ~20 um porous
electrodes and a ~5 pum LDC buffer layer, which prevents
any inter-diffusion of ionic species between the PBM and
LSGM. The interface between the electrode/buffer layer and
the electrolyte appears to be well-connected without any
delamination.

Figure 3a shows the /-V curves in this study at different
temperatures. H, gas containing 10% steam was fed to the
fuel electrode and the air electrode was exposed to an air.
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Figure 2. XRD patterns of a) PBSCF50-GDC/LSGM and b) PBM (Co-
Fe)/LDC/LSGM. SEM images of c) PBSCF50-GDC/LSGM and d) PBM
(Co-Fe) /LDC/LSGM interfaces of the single cell before electrolysis
tests.

16 14
(@ ¢ (b)
14 5 12
44 S o
< 800 °C
X 4.0
= >
s ' « g
@ ~ 08 E‘;
8 10 8 o 2
3 Z o6 = 3 5] o b
> . Electrolysis mode Fuel cell mode S ] 3 é = ;
7 T 04 N> |2 [ZN]
800°C = g g E g o g0 &
06 750°C g o2 I =
700°C 5 2| RS R (IE O RN RO |
o = ollell=|l2| =
17} = =X = (7} w 17}
04 . : ) . 0.0 ] a o z e (2] =
2 1 0 1 2 PresentRef. Ref Ref Ref. Ref Ref Ref.
. 5 study [21] [22] [23] [24] [25] [26] [27]
Current density (Acm™) Various electrolysis cell
3.0 4.0
-
254 (C) 7 (d) ~1j_
i 7 Electrolysis mode
30 gt AR Ty
~ 20 - £
S < 254 S UULU UUuuuu ULy
Py Py 08+ Fuel cell mode
2 157 T © 20+ 06
£ 2 P A
o
2 ] 2 15+ ® fmely o ¥
' B
o8 —
23+ 2 o
-0.7 Acm™ at 700 °C 053] -0.25 A cm™at 700 °C
0.0 T T T T 00 +—T—T—T—T—"—T—T—T—T—T—
10 20 30 40 50 0 100 200 300 400 500 600
Time (h) Time (h)

Figure 3. a) |-V curves for the single cell measured at various temper-
atures. b) Comparison of the current density at 1.3 V and 800°C of the
present work and other literature studies. c) The short-term stability of
the single cell under —0.7 Acm™2 at 700°C. d) The long-term stability
and reversible cycling test for —0.25 Acm ™2 at 700°C. The inset shows
the reversible cycling result that was performed at —0.25 Acm™2
(electrolysis mode) and at +0.25 Acm™? (fuel cell mode).

Current densities of 1.31, 0.81, and 0.52 A cm 2 were obtained
at 800, 750, and 700°C, respectively, at 1.3 V close to the
thermoneutral voltage. At thermoneutral voltage, which is
around 1.29 V for steam electrolysis, the electricity input into
the cell and the total energy demand for electrolysis reaction
are equal. Therefore, the electricity-to-hydrogen conversion
efficiency is 100% at this voltage.*'®! A Nyquist plot of the
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impedance data measured at OCV in electrolysis mode is
presented in Figure S1. The non-ohmic resistance was deter-
mined by the impedance intercept between the high and low
frequency intercepts, including charge and non-charge trans-
fer processes for the electrode electrolysis reaction,””) which
decreased with increasing temperature: 0.074, 0.118, and
0.161 Qcm? at 800, 750, and 700 °C, respectively.

Figure 3b and Table S1 show the electrolysis performance
data of this work and other reports.?’" The performance of
the present work (1.31 Acm™) is higher than that of the
nanostructured Sr,Fe, sMo,sO.s-YSZ and LSM-YSZ elec-
trode based single cell (1.12 Acm?) under the same steam
feeding condition.”!! This result is also more than 10-fold
better than that of prior report for perovskite LSM and
Lay Sty 4Nig ¢ Tig.0s05.s electrode (0.13 Acm 2 at 900°C) even
with lower operating temperature. Moreover, this work is
superior to that reported in the literature for Ni-YSZ
supported cell with LSM-YSZ composite air electrodes
(1.0 Acm™ at 850°C).*)

Electrolysis operating conditions give higher p(O,) to the
interface between air electrode and electrolyte (that is,
>0.21 atm) due to oxygen evolution [Eq.(2)]. Figure S2
shows the oxygen nonstoichiometry of the PBSCF50 and
LSM as a function of p(O,) at 700°C. At 0.21 atm, PBSCF50
shows oxygen-deficient nonstoichiometry while LSM shows
oxygen-excess nonstoichiometry. Excess oxygen in LSM can
form cation vacancies because oxygen ions do not participate
in the interstitial position of the close-packed ABO; type
perovskite structure owing to their larger ionic radii. From
a neutron diffraction study, Tofield and Scott reported the
existence of cation vacancies at both La and Mn sites.'>*!
Thus, it is assumed that metal vacancies on both La and Mn
are the predominant defects in the higher p(O,) region. In the
oxygen excess region, the formation of cation vacancies in
LSM may be expressed as:

3 " s
OMny, + 50; < Vi, + Vi, +305 +6Mny, (3)

Therefore, the cation vacancies would cause disintegra-
tion of LSM and the formation of cation oxide or LSM
nanoparticles, resulting in severe microstructural damage
near the air electrode/electrolyte interface, eventually, lead-
ing to degradation and delamination.” However, the layered
perovskite, PBSCF50, can accommodate excess oxygen as the
form of oxygen interstitials within the Pr—O plane in the
electrolysis region, thereby effectively inhibiting the creation
of any cation vacancies."” This would exclude some draw-
backs of the LSM electrode,*” and lead to improved stability
in the electrolysis mode.

Operating the electrodes under high current densities
results in an increased H, production rate and more efficient
usage of the surplus electricity. In the LSM-YSZ/YSZ/Ni-YSZ
cell operated at high current densities, anodic polarization of
the LSM-YSZ air electrode increases p(O,) at the air
electrode/electrolyte interface, resulting in accelerated deg-
radation along with delamination."! To assess the stability of
the single cell at high current density, the voltage of the cell
was recorded under a constant high current of —0.7 A cm ? at
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700°C (Figure 3c). The voltage of this cell was almost
constant with no degradation at —0.7 Acm? for 50 hours,
demonstrating that the PBM(Co-Fe)/LDC/LSGM/PBSCF50-
GDC cell can operate at high current densities and produce
more H, than the Ni-YSZ/YSZ/LSM-YSZ cell.

Ideally, SOECs can operate in a reversible mode as
a SOFC; that is, reversible SOCs produce H, from steam
(electrolysis) and subsequently use the produced H, to
generate electrical energy (fuel cell).®! However, the SOEC
is significantly different from the SOFC when considering the
fuel electrode reaction under high humidity conditions.
Figure 3d shows the reversibility and long-term stability of
the SOEC at 700°C under 10 % steam and 90 % H, fed in the
fuel electrode side. Over 15-30 hours, the reversibility of
operation (Figure 3d, inset) was confirmed by cycling
between electrolysis at —0.25 Acm 2 and fuel cell operation
at +0.25 Acm 2 The cell shows stable performance in both
electrolysis and fuel cell mode without noticeable degrada-
tion during 14 cycles. After reversible cycling, the voltage
remained almost constant without observable degradation for
over 600 hours at —0.25 Acm™. It is speculated that the
better redox stability, high mixed oxide ionic and electronic
conductivity, and fast oxygen kinetics of PBM and PBSCF50
affect the high electrolysis performance and stability of the
SOEC consisting of PBM and PBSCF50 as electrodes.!”)

To compare the microstructural stability of layered
perovskite electrodes and conventional electrodes, Figure 4
shows the microstructure of conventional LSMP! and Ni*
electrode reported in the literature and PBSCF50 and PBM
electrode before and after electrolysis stability test. As
depicted in Figure 4a, the LSM electrode delaminates from
the YSZ electrolyte. In Figure 4b, the Ni electrode exhibits
coarsening after aging on account of its inherently poor redox
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Figure 4. The SEM images and illustration of microstructural changes
after an aging test of a) LSM and b) Ni-YSZ electrodes before and after
stability tests in the literature, and c) the PBSCF50-GDC and d) PBM
electrodes before and after stability tests for over 600 hours. a) and b)
is reproduced with permission from Ref. [31] and [33].
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stability. In contrast, the layered perovskites, PBM and
PBSCF50, maintained fine particles with no delamination
after a long-term stability test (> 600 hours; Figure 4c and d).

In this study, we reported the successful application of the
layered perovskite PBM and PBSCF50 as fuel and air
electrodes for the efficient and continuous production of H,.
A current density of 1.31 Acm™ was obtained for the SOEC
using PBM and PBSCF50 as both electrodes at 800°C at
1.3 V. Generally, the SOEC using conventional LSM and Ni
as electrodes resulted in performance loss owing to delami-
nation of LSM and poor redox stability and coarsening of Ni.
In contrast, the SOEC based on PBM and PBSCF50 electro-
des shows very stable H, production without observable
degradation for more than 600 hours. The remarkable elec-
trolysis performance and stability demonstrate that a SOEC
with a configuration of PBM/LDC/LSGM/PBSCF50 is one of
the most promising electrolytic systems.
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