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Chapter 1 General introduction

1.1 Energy and environmental crisis

Since industrial revolution, the exponential growth in consumption of limited fossil
fuels not only leads to a serious energy crisis, but also causes many adverse
environmental impacts, i.e., global warming, due to the emission of greenhouse gases,
such as carbon dioxide (CO.), methane (CHa), nitrogen oxides (NOy), perfluorocarbons
(CFs, CyF¢), hydrofluorocarbons (CHF3, CF3CH,F, CH3CHF>), and sulfur hexafluoride
(SFe).!? CO, is the primary constitution of greenhouse gases, the emission rate
accounting 78% and 76% of the entire in 2010 and 2014, respectively, based on the
report of Intergovernmental Panel on Climate Change (IPCC).> The global CO,
emission by burning fossil fuels in energy sector is 34.81 billion t in 2020.* Paris
Agreement (PA) that is legally binding international treaty on climate change was
adopted in 2015 by 196 international parties, the goal of which is to limit global
warming to well below 2, preferably to 1.5 °C, compared to pre-industrial levels. To
achieve this goal, all countries nowadays aim to reach the zero emission of greenhouse
gases, that is carbon neutrality by 2050.%~

The development of renewable energy sources, such as wind, solar radiation,

biomass and geothermal,® ' together with CO» recycling techniques,'!!?

is a key issue
to achieve both the decrease of CO, emissions and the satisfaction of future energy
demands. Some of these natural energies are not suitable for the power supply core in
large electricity grid because of the intermittent nature and site dependency. Hence, to
utilize widely the natural energy sources involves the great demand on the grid-scale
electricity storage.'* Secondary ion batteries are well established technology and must
be suited for the hourly or daily energy storage. However, they cannot store the
electricity in longer periods than a few days because of the natural discharge, which
leads to a demand for the monthly or seasonally storage technology. The conversion of

renewable energy to hydrogen fuels offers a promising long-term storage way because

hydrogen is easily converted to liquid compounds by physical and chemical sorption



process and thus, easily stored in existing stock infrastructure for long periods without
environmental impact.'* Moreover, hydrogen fuels are regarded as the alternative to
fossil fuels because the gravimetric energy density (143 kJ kg™") is much higher than

other chemical-based fuels and energy carriers,'>'*

and exhausts only H>O through
combustion. Hence hydrogen has a potential to realize complete energy cycles based

on natural energy without carbon emission, as illustrated in Figure 1-1.

Hydrocarbon Economy

Grey hydrogen

o5 . Steam methane reforming;
. Gasification; X . . .
Fossil fuels astiication Electrical energy Photonic, thermal, biochemical energy
H>
Environment impacts . Applications
Transformation
o CO, exhaust Global warming;
[ Ocean acidification; CO; utilization Storage, Transport
I Sea level rise; co, H, CH,, CH:OH, etc. Industry ~ Transport
Species extinction;
moomm otc N, combination
Power generating plants N, H, Green NH;

Community Heating

Figure 1-1 Illustration of hydrocarbon economy and green hydrogen economy in

synthesis, transformation, and application.

Recently, many governments have announced a series of science and technology
strategies to aim the energy-efficient hydrogen production, storage, and utilization
technologies.!”° The major challenges in the utilization of hydrogen gas as a fuel are
to develop cost-effective and energetically rational method to produce the hydrogen gas
because it is rare in nature. Therefore, development races towards efficient hydrogen

production technologies have been heated up over the world.?!=2*



1.2 Technologies for hydrogen production

Table 1-1 Summary of methods to obtain hydrogen. (Adapted from Ref. 24,25)

Technology Feedstock Efficiency Maturity
Steam reforming Hydrocarbons 70-85% Commercial
Partial oxidation Hydrocarbons 60-75% Commercial
Autothermal reforming Hydrocarbons 60-75% Near term
Plasma reforming Hydrocarbons 9-85% Long term
Aqueous phase reforming Carbohydrates 35-55% Mid term
Ammonia reforming Ammonia - Near term
Biomass gasification Biomass 35-50% Commercial
Photolysis Water 0.5% Long term
Dark fermentation Biomass 60-80% Long term
Photo fermentation Biomass 0.1% Long term
Microbial electrolysis cell Biomass 78% Long term
Alkaline electrolyzer Water 59-70% Commercial
Proton exchange membrane electrolyzer Water 65-82% Commercial
Solid oxide electrolysis cell Water up to 90% Mid term
Thermochemical water splitting Water - Long term
Photoelectrochemical waster splitting Water 12.4% Long term

Hydrogen gas can be produced from different resources by catalytic and
electrochemical processes as displayed in Table 1-1. The current industry produces
hydrogen by means of steam methane reforming (SMR), in which, the endothermic
reaction between methane and steam (Equation 1-1) takes place at high temperature
(700-1000 °C) and high pressure (14-20 atm) in the first half reactors, and
subsequently water gas shift (WGS) reaction (Equation 1-2) progresses at about 360 °C
in the second half reactors.?® Hydrogen prepared by these processes is called “grey

hydrogen” since its production involves huge CO> esmisson.

CH, + H,0 & CO + 3H, (AHS0g x =+ 206 kJ mol ™) (1-1)

H,0 +CO — CO, +H, (AHogx = —41 kI mol ™) (1-2)

Instead of such “gray” hydrogen process, water electrolysis by using renewable energy
can produce hydrogen gas without CO> emission and thus is an alternative solution for

storing energy and establishing sustainable hydrogen economy. Hydrogen thus



prepared is called “green” hydrogen.

Several types of H>O electrolysis processes, such as alkaline water electrolysis
(AWE), anion exchange membrane water electrolysis (AEMWE), proton exchange
membrane water electrolysis (PEMECs), and solid oxide steam electrolysis cells
(SOECs) have been developed based on different materials and systems, as summarized
in Table 1-2.27 AWE is operated at 2080 °C where cathode and anode are put in a liquid
alkaline electrolyte solution (20-30% KOH or NaOH) with separated by a diaphragm
(usually asbestos) to prevent mixing of O, and H» gases, as depicted in the schematic
image in Table 1-2. Ni based metal electrodes are usually used as electrodes in AWE
due to its favorable activity and stability.?®?* AWE is a mature technology, having
advantages: saving amounts of non-noble metal catalysts, long-term stability, and
relative low cost. It, however, also involves some drawbacks, such as large electrode
overpotential due to the less activity of catalysts at low operation temperature, crossover
of gases, limited current density (200-400 mA ¢m™2), and so on.?>?°

The alkaline polymer electrolyte membranes, which are formed by the solid polymer
backbone with cationic functional groups, are applied in anion exchange membranes
water electrolysis (AEMWE).3%3! The major shortcoming of AEMWE is the relatively
low thermal stability structure of cationic functionality of polymer at high pH condition.
Moreover, state-of-the-art AEMWE uses amounts of noble metal electrocatalysts (Pt,
Ru, Ir etc.) in both cathode and anode, and it is crucial issue to develop alternative
catalysts without sacrificing the electrochemical performance. Ni-Mo or Ni-Fe alloys
have been identified as potential candidate of transition metal catalysts.3?

The cation exchange membranes water electrolysis (PEMWE) has established itself
in the marketplace at a particular application sector because of the outstanding
advantages, including the compact design, fast response, high output pressure and
efficiency. PEMWE can be generally operative at a current density of 2 A cm™ at 50—
80 °C with a bias approximately 2.1 V.3° The high performance of PEMWE largely
relies on high activity of platinum group metals (PGM) catalysts (like Pt, Ir and Ru) for
both oxygen evolution reaction (OER) and hydrogen evolution reaction (HER).
Therefore, the resource scarcity of PGM limits the applications of PEMWE.
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Solid oxide electrolysis cell (SOECs) and protonic solid oxide electrolysis cells (P-
SOECs) are based on oxygen-ion and proton conducting oxide electrolyte, respectively,
both of which conduct steam electrolysis at elevated temperatures. Recently, they have
drawn considerable attention due to thermodynamical advantages. The reaction of H.O
electrolysis is given by Equation (1-3).

H,O0 + electric energy (AG) + heat (Q)—H, + éOz (1-3)

Figure 1-2 shows the thermodynamics of water and steam electrolysis at atmospheric
pressure, in which, the total energy (standard enthalpy, AH = AG + TAS) for H,O
splitting requires a fraction of electrical energy (Gibbs free energy, AG) and heat energy

(Q = TAS).33 Standard thermodynamic parameters, AH and AS are functions of

temperature, as given by Equation (1-4) and (1-5).

T (1-4)
AH = AH§98.15+j AC,dT
298.15
T AC, (1-5)
AS: ASEgng""j _dT
298.15

Here, AC;, is constant-pressure molar heat capacity. Total energy, i.e., AH for steam
electrolysis is smaller than that for water electrolysis because of the gain by
vaporization heat, as shown by the jump point in Figure 1-2 at approximately 100 °C.
This thermodynamic feature assesses the steam electrolysis as energy-rational way to
produce the green hydrogen because the steam electrolysis can conduct water-splitting
with smaller electrical energy than water electrolysis, as calculated by AH, if the
exhaust heat is available for water vaporization. The details are described below.

The water or steam electrolysis can be progressive when the applied bias is higher
than the reversible voltage (Erev) which is determined by the Nernst equation, as given
by Equation (1-6).

RT . PyPo. (1-6)
n—

In SOECs and P-SOECs, the pressure is usually fixed at 1 atm, thereby, the Ery is

calculated by Equation (1-7), leading to Eryv equaling 1.23 V at standard conditions



(25 °C and 1 atm) for H>O splitting (Figure 1-3). The thermodynamic data used in this

thesis, are referred to Ref.36.
P AG  237.16x1000 123 (V (1-7)
T oF T 2oeass Y

Here, n is the number of electrons and F is Faradaic constant (= 96485 C mol™). The
total energy needed for H>O electrolysis is used to determine thermal neutral voltage
(also denoted as enthalpy voltage (Fwme)), which is defined as the minimum
thermodynamic voltage for steam or water electrolysis and can be calculated by

Equation (1-8) at 25 °C.

AH  285.83x1000
nF 2x96485
Near the operation temperature of SOECs and P-SOECs, for example, at 700 °C, Ene

Epe= ~1.48 (V) (1-8)
is approximately 1.28 V, which is smaller than that of water electrolysis at 25 °C by 0.2
V. Therefore, the performance of SOECs and P-SOEC:s is usually evaluated with a bias
at around 1.30 V near Eipe.

Unlike water electrolysis, both SOECs and P-SOECs normally keep high electrolysis
performance with transition metal oxide base electrodes (Figure 1-3) because the
electrode reactions are significantly activated at elevated temperatures.’” Moreover,
both devices can be applied to the CO2-H>O co-electrolysis, which is a promising
method to direct conversion of CO2 to CO, CH4 and other utility chemicals with

resources of renewable energy.



Table 1-2 Comparison of the typical characteristic of water-splitting technologies.
Water electrolysis Steam electrolysis
Cells
AWE AEMWE PEMWE P-SOECs SOECs
€1y _ml._ — _|_ — _|m. I— _P_ —
Q_NUTEQB
H,0 H,0 H20 H,0
= =) =) &=
Operation principles g g Oz OH- e H: H* H, Oz o
2 = Ha (07} 02 Ha
< 8 H20
Charge carrier OH- H* 0z
Temperature 20-80 °C 20-200 °C 500-700 °C 750-900 °C
Electrolyte liquid (~20% KOH) solid (polymeric) solid (polymeric) solid (ceramic) solid (ceramic)
1 1 1
Anode reaction (OER) 20H"—H,0+ MON+Nm- H,O0—2H*+ MON+Nm- O».lMO~+mm.
Ni, Co, Fe(oxides) - IrO,, RuOy; Ba(Zr,Ce,M)O3 s (M =Y,

Anodes perovskites Ni-based TiO,, ITO, TiC Yb, etc.) YSZ,GDC, Sbe
Omjﬁ_&._mmmwg_% 2H,0+26"—20H"+H, 2H*+2e"—H, H,0+26"—H+0%
Cathodes Ni alloys Ni, Ni-Fe, NiFe,O4 Pt/C, MoS, Ni-cermet Ni-YSZ

Efficiency 59-70% 65-82% up to 100%
Applicability commercial laboratory scale :mmlmq.B . laboratory scale demonstration
commercialization
low capital cost; o . compact design; enhanced kinetics;
) ' combination of alkaline . .
Advantages relatively stable; N : fast response/start-up; thermodynamics;
and H*-PEM electrolysis : . . -
mature technology high-purity H, high efficiency
limited current density; ) L . )
Drawbacks corrosive electrolyte; low OH .oo:acoﬁ_sq n high cost of polymeric unstable electrodes (cracking)
) polymeric membranes membranes, noble metals
low dynamics
improve durability/reliability; . reduce noble-metal microstructure changes in electrodes: delamination,
Challenge : improve electrolyte S ) . o
oxygen evolution utilization blocking of TPB*, passivation

* gas-anode-electrolyte triple phase boundary



AWE PEMWE SOECs

Noble catalysts cost Low cost High system cost
Sluggish Kinetics High stability High degradation rate
Low efficiency High efficiency High efficiency
300 T 2.0
250 |- : AH (Total energy demand)

S i AG . _ z
5 00l ! (Electrical energy demand) 1.5 g
£ ; o
y = E (Nernst potentialy °
£ 150 ¢! —1.0 2
> g5 C g
g 100 2 : % Proton Oxide-ion 5
c ol —

O and) =405 =<
w 50 _.yl Q=TAS (Heat dem ~
b —1 0 g,
0 200 400 600 800 1000

Temperature (°C)

Figure 1-2 Energy demand of total (AH), thermal (Q) and electrical (AG) for ideal water

or steam electrolysis process as a function of temperature.

1
30 B H20—> H2 + 502
[ _ PEMWE (commercial &
= AWE (commercial)  agvanced alkaline(R&D) )
S 20}
[0
&

S [ e 1.48 V: Epne, water
> —s==sssssss--ooamEEEo——o—oooo- -1 28V the, steam
1.0} 1.23 V: Eyey
SOECs and P-SOECs (R&D)

0 1 1 1 1
0 0.5 1.0 15 2.0

Electrolysis current density (A cm=2)

Figure 1-3 Typical performance ranges for competing electrolysis technologies for H.O

splitting (R&D: research and development).’’



1.3 Solid oxide electrolysis cells

Air electrode: 0% — 1/20, + 2e-

S

External circuit

Fuel electrode: H,0 + 2e- — H, + 0%

Figure 1-4 Schematic illustration of the operation mechanism in SOECs.

SOECs depicted in Figure 1-4 are electrochemical devices consisting of three main
components: two porous electrodes and a dense ceramic electrolyte film with oxide-ion
conductivity. The typical electrolytes are yttrium-doped ZrO> (YSZ) and samarium-
doped ceria (SDC). Because of the large activation energy associated with oxide-ion
conduction of SOECs, high operating temperatures (700—-1000 °C) are required to reach
sufficient ionic conductivity. Here, some of the electrolysis performance in SOECs is
summarized in Table 1-3, which shows the outstanding current density is ~2 A cm™ at
750 °C. The high operating temperature is an important feature of SOECs but causes
serious problems regarding to material degradation and limited long-term stability; for
example, delamination of anode caused by coarsening of porous Ni-YSZ cermet,
intermixing of cathode and electrolyte materials due to the high oxygen chemical
potential gradient, and so on.’®*° Therefore, it is strongly motivated to decrease
operating temperature of SOECs below 600 °C. In addition, steam gases including
impurities such as CO, O: etc are fed to the fuel electrode side in SOECs, as shown in
Figure 1-4, and thus, purification process is needed to obtain pure and dry hydrogen

after electrolysis.



Table 1-3 Current density of SOECs at 1.3 V.

Configuration of SOECs: Measurement condition Current density
Ref.

Air electrode/electrolyte/fuel electrode Temperature (°C) Humidity (%) (A cm?)
SSC-SDC/GDC (barrier layer)/YSZ/Ni-

750 50 3.13 41
YSZ
SSC-SDC/GDC (barrier layer)/YSZ/Ni-

800 50 4.08 41
YSZ
LSM/YSZ/Ni-YSZ 800 50 ~0.80 42
LSCF-GDC/YSZ/Ni-YSZ 850 50 ~0.74 43
LSCF-GDC/GDC (barrier

800 50 0.85 44
layer)/YSZ/Ni-YSZ
LSCF-GDC/GDC (barrier

750 50 0.90 45
layer)/YSZ/Ni-YSZ
LSCF-GDC-SSC/GDC (barrier

750 50 1.80 45
layer)/YSZ/Ni-YSZ
YSZ-SSC/YSZ/Ni-YSZ 750 50 0.71 46
BSCF-SDC/YSZ/ Ni-YSZ 850 80 ~0.40 47
NN/YSZ/Ni-GDC 750 47 0.40 48
LSCN/10Sc1CeSZ/Ni-YSZ 850 31 0.87 49
LSCF-GDC/GDC (barrier

750 75 0.58 50
layer)/YSZ/Ni-YSZ
LSM-YSZ/YSZ/Ni-YSZ 895 70 0.68 51
LSCF/YSZ/Ni-YSZ 750 50 1.72 52
LSCF/LSGM/Ni-LSGM 650 50 ~2.00 53
LSCF2882/GDC (barrier

700 50 0.82 54
layer)/YSZ/Ni-YSZ
STFC/YSZ/Ni-YSZ 700 50 1.48 55
PrO -GDC/GDC/YSZ/Ni-YSZ 700 50 2.9 56

Abbreviations: Smg 5819 sC003-5 (SSC); CepsSmp20,-5 (SDC); (La, Sr)MnO;_s (LSM); Lag 6Sr9.4Coo.2Fe303-5
(LSCF); Ceo.9Gdo.102-5 (GDC); BagsSrpsCoosFep203-5 (BSCF); NdaNiOs+s (NN); Laj 7Sr03C00.5Nig 50445
(LSCN); 10% Sc203 and 1%CeO, doped ZrO, (10Sc1CeSZ); (LagoSro.1)o.98GaosMgo203-5 (LSGM);
Lag 2Sro.8Co0.8Fe0.203-5 (LSCF2882); SrTio3Fe0.63C00.0703-5 (STFC);
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1.4 Protonic solid oxide electrolysis cells

Protonic solid oxide electrolysis cells (P-SOECs) based on proton-conducting
electrolytes are promising alternative to the conventional oxide-ion conducting SOECs.
Proton-conducting oxides, typically, Ba(Zr,Ce)Os-s, has a lower mobility activation
energy (0.4-0.6 eV) compared to oxide-ion conducting electrolyte (YSZ, ~0.8 eV),*’
thereby resulting in higher conductivity (> 107 S c¢m ') at 500 °C.%%° Therefore, P-
SOECs can be operative at lower temperatures than SOECs. In addition, the steam is
fed in air electrode (anode) of P-SOECs as shown in Figure 1-6, thus, P-SOECs enable
the production of pure and dry hydrogen at fuel electrode (cathode). Moreover, the P-
SOECs avoid the issue of Ni oxidation/coarsening in SOECs. Therefore, P-SOECs are
potential devices for hydrogen production at intermediate temperatures (400—-700 °C),

which are expected to have high current, efficiency, and long-term durability.

1.4.1 Proton-conducting oxides

(@)

0o @0
% 0% 09 'Y
B
%o O “a °0
» H*
e (o3 Lo OB
oy oy
(b) Hydration mechanism 0Og + Vg + H,0 — 20Hg
Hydration Defects in structure
[ I
O——B—OH——B—0 O0— B — 05— B—0
| 3’\‘\ | , G | D |
O A OH* 4= (0] Vo
| L |
O—B—O0O——B—0 O—B—O0O—B—0

O o (¢} (0}

Figure 1-5 (a) Crystal structure of ABO3 perovskite. (b) Hydration mechanism. (c)

Schematic illustration of the proton rotation and hopping for Grotthuss mechanism.

Proton-conducting oxides have been actively investigated for decades, since Forrat

et al. first reported the phenomenon of proton conduction in LaAlOs ceramic.%® The
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studies in the past few decades clarify that the proton-conducting oxides are
fundamentally ‘hydrated’ oxides and can be categorized to three structure types:
perovskite (ABO3), fluorite (AO>) and pyrochlore (A2B20O7). The most ubiquitous and
attracted proton-conducting oxides are BaCeOs; and BaZrOs base perovskites, which
exhibit higher hydration capability and proton conductivity than other groups. The ideal
ABO; perovskite shows a cubic (space group, Pm3m) structure, in which, the A-site
and B-site cations are in twelve-fold coordination and six-fold coordination with
oxygen, respectively, as shown in Figure 1-5a. Unfortunately, BaCeO; and BaZrO; base
oxides can’t satisfy all the requirements of P-SOECs. BaCeOs3 base electrolytes have
high proton conductivity, while are unstable in steam electrolysis conditions since
decomposing to Ba(OH), and CeO: in relatively high water pressure at temperatures
below 800 °C.%! BaZrOs-based electrolytes show excellent thermodynamic stability
under high humidity but exhibit larger grain boundary resistances because the ceramics
have coarse granular morphology due to poor sinterability.®> By combining the
advantages of both oxides, the electrolyte materials fall into the solid solution
Ba(Zr,Ce,M)O3.s M =Y, Yb, etc.). M is the trivalent rare earth ions as the B-site
acceptor dopant. Yttrium (Y) was found to fit seamlessly into the host lattice without
large crystal distortion.%3%° Ytterbium (Yb) was identified to further improve the
chemical stability of Ba(Zr,Ce,M)Os_s and to be beneficial for the migration of oxygen
vacancies. -6

In perovskites, mobile proton defects (OHg) are incorporated by thermodynamic
hydration via the association of oxygen vacancies (V) and water vapor, and thus the
oxygen vacancies are occupied by hydroxide ions, as shown in Figure 1-5b. This
process is called hydration reaction expressed as Equation (1-9).

0y + Vg +H,0 — 20H, (1-9)

Hereafter, the defect thermodynamic reactions are represented by Kroger—Vink
notation. In Equation (1-9), Og is the lattice oxygen. Grotthuss-type mechanism is
most widely accepted for the proton transfer process in oxide crystals, as shown in
Figure 1-5¢.57% H,0 is chemisorbed on the oxygen vacancy on the ceramic surfaces
and one proton coordinates to the neighbor lattice oxygen atom with forming a weak
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O-H bond. Then, the proton rotates and hops from one oxide ion to the nearest neighbor
ones, in which one O-H bond is broken while simultaneously another O-H bond is

formed with the neighboring oxide ion.%’
1.4.2 Cell structure and operation mechanism

P-SOECs were first reported by Iwahara et al. in 1981, in which the electrolysis of
steam was performed using SrCei—Sc:O3-5 (x = 0.05 and 0.1) bulk electrolyte with a
thickness of about 0.5 mm and Pt electrodes. They demonstrated the current efficiencies
for hydrogen evolution were in the range of 50-95% and the reasons for current loss
may be ascribed to the conduction due to electron holes in electrolytes.”® After the
numerical studies for fabrication of protonic ceramics,’'74 He et al. had successfully
fabricated the lab-scale electrolysis cells with electrolyte thin film of about 20 pum
thickness by a dry-pressing method.”” The current thin film P-SOECs typically
comprise of the porous cermet cathode support, dense and thin electrolyte film (10-30

um) and porous nanoparticles layer of anode, as shown in Figure 1-6.

Porous anode: H,O — 2H* + 1/20, + 2e-
H,O
\

AR A

External circuit

?

Porous cathode: 2H* +2e- — H,

Hy

Figure 1-6 Schematic illustration of the operation mechanism in P-SOECs.

The anode reactions including the oxygen evolution reaction (OER) of P-SOECs are

mainly progressive at the sites near the gas-anode-electrolyte triple-phase boundary
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(TPB), in which the OER is caused by coupled with interfacial diffusion of protons and
oxygen species. At the cathode side, hydrogen evolution reaction (HER) takes place via
coupling of protons and electrons at metal-electrolyte-gas TPB. These electrochemical
reactions are promoted by applying a bias between two electrodes, as depicted in Figure

1-6.
1.4.3 Performance of current proton solid oxide electrolysis cells

As mentioned before, the first report from Iwahara et al.”® demonstrated steam
electrolysis was conducted with a Faradaic efficiency of 50-90% in the current range
of 0.1-0.8 A cm™ at 900 °C by using the cells of SrCe;_.ScyOs-s bulk electrolyte.
Nevertheless, P-SOECs received relatively little attention owing to the poor
sinterability and complexity in stoichiometry of proton conducting ceramics until
2000’s. In 2007-2009, Babilo et al. and Yamazaki et al. pioneered the ZnO sintering
aid that can dramatically lower the sintering temperatures,’®’’ which stimulates
numerous researches of P-SOECs. In 2010, P-SOECs based on SmygsSro5C00O3-
s—BaZro3Ceos5Y0203-s (SSC-BZCY352) composite anode and BZCY352 thin
electrolyte achieved electrolysis current of 0.19 A cm™ at 1.3 V and 600 °C with
50%H>0-Air and pure H; as reacting gases.”> In more recent year (2019), Duan et al.
reported a champion data of P-SOECs based on with BaZro.1Ceo.7Y0.1Ybo.103-s
(BZCYYDb1711) thin film electrolyte and BaCoo.4Feo.4Zr0.1Y0.103-5 (BCFZY) anode,
which demonstrated electrolysis at thermal neutral voltage (1.3 V) with remarkably
high Faradaic efficiency of 90-98% and electrochemical current (1.00 A cm™2) at
600 °C.”® In the same year, Choi and co-workers reported excellent performance of the
cells applied by proton-conducting PrBaosSrosCor-<Fe.Os+s (PBSCF) anode on
thermodynamically stable BaZro4Ceo4Y0.1Ybo.103-s (BZCYYDb4411) electrolyte.
Finally, P-SOECs yielded a current of 1.42 A cm™ but a relatively low Faradaic
efficiency near 46% at 1.3 V and 600 °C.”° In 2022, Bian et al. founded that a simple
acid treatment can effectively rejuvenate the high-temperature annealed electrolyte
surface, resulting in reactive bonding between anode and electrolyte and achieving a

current approximately 1.86 A cm™ at 1.3 V and 600 °C.%° All mentioned performance
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here is summarized in Table 1-4. In conclusion, those excellent performance indicates
that P-SOECs are promising technology for hydrogen production at intermediate

temperatures.
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Table 1-4 Current density of P-SOECs at 1.3V and 600 °C.

Configuration of electrolysis cell: Inlet gas composition I
Ref.
Anode/electrolyte (thickness)/cathode Anode Cathode (Acm™)
SSC-BZCY352/BZCY352 (20 pm)/Ni- )
Air (50% H,0) 100% H» ~0.19 75
BZCY352
LSC-BZCYbCo/BZCYbCo (45 pum)/Ni- )
Air (30% H0) 10% Ha/He 0.03 81
BZCYbCo
LSCF-BZY82/BZY91 (15 um)/Ni- )
Air (3% H,0) 4% Hy/Ar 0.05 82
BZY82
LSCF/BZCYYb4411 (15 um)/Ni- )
Air (3% H,0) 97% H, (3% H,0) 0.70 79
BZCYYb4411
LSM/BZCYYb4411 (15 pm)/Ni- )
Air (3% H,0) 97% H, (3% H»0) 0.65 79
BZCYYb4411
LSCF/BZCY442 (24 um)/Ni-BZCY442  Air (3% H,0) 97% H, (3% H»0) 0.50 83
LNO-BZCDy/ BZCDy (30 pm)/Ni- .
Air (90% H,0) 97% H, (3% H,0) 0.16 84
BZCDy
BSCF-BZCY262/BZCY262 (10- . 50% H» (2.76%
Air (2.76% H,0) 1.05 85
15um)/Ni-BZCY262 H>0)
PNO/LCOIBZCYYb1711 (bilayer 20 )
Air (60% H,0) 100% H» 0.33 86
um)/Ni-BZCYYb1711
SFM-BZYS82/BZYS2 (16 um)/Ni-BZY82  Air (3% H,0) 10% Ha/N, 0.21 87
SFM-BZY82/BZY82 (18 pm)/Ni- )
Air (3% H,0) 20% Ha/Na 0.38 88
BZCY172
SEFC-BZCY532/BZCY532 (15 pm)/Ni- )
Air (10% H,0O) 97% H, (3% H»0) 0.42 89
BZCY532
SLF/BZCY352 (20 um)/Ni-BZCY352 Air (20% H0) 97% H, (3% H,0) 0.46 90
LSN/BZCY172 (15 um)/Ni-BZCY 172 Air (20% H,0) 97% H, (3% H»0) 0.42 91
LSN/BZCYYbCu (13 pum)/Ni- )
Air (20% H0) 97% H, (3% H>0) 0.59 92
BZCYYbCu
LSN-BZCYYbCu/BZCYYbCu (13 .
] Air (20% H,0) 97% H, (3% H>0) 1.03 93
um)/Ni-BZCYYbCu
PNO-BZCY262/ BZCY262 (20 um)/ Ni- )
Air (40% H,0) 100% H» 0.60 94
BZCY262
BGLC-BZCY721/BZCY721 (~20 5%02/Ar (50%
10% Ha/Ar 0.11 95
um)/Ni-BZCY721 H,0)
NBSCF-BZCYYb1711/BZCYYb1711
Air (10% H,0O) 97% H, (3% H>0) 0.75 96
(20 um)/Ni-BZCYYb1711
PBSCF/BZCYYb (20 pm)/Ni-BZCYYb O (3% H,0) 100% H» 0.55 97
PBSCF/BZCYYb4411 (15 pm)/Ni- )
Air (3% H,0) 97% H, (3% H»0) 1.42 79
BZCYYb4411
PBSCF/BZCYYb4411 (15 pm)/Ni- )
Air (3% H,0) 5% Ha/Ar 1.31 79
BZCYYb4411
PBSCF(3D)/BZCYYb (20 um)/Ni-
0, (12% H,0) 5% Ha/Ar 0.85 98
BZCYYDb
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PBSCF/BHCYYb3511 (10 pm)/Ni-

BHCYYD3S11 Air (3% H,0) 97% Hz (3% H20) 1.45 99
BCFZY/BZCYYb1711 (12 pm)/Ni-
BZCYYbI711 Air (10% H,0) 100%Ar 1.00 78
BCFZY-BZCY361/BZCYSm (25
JNi-BZCYS Air (12% H,0) 97% Hz (3% H>0) 0.37 100
pm)/Ni- m
PBCC95/BZCYYb4411 (20 pm)/Ni-
BZCYYbadl] 0, (20% H>0) 97% Hz (3% H20) 0.72 101
LSCN8210/BZCY442 (24 pm)/Ni- )
BZCY442 Air (3% H,0) 97% Hz (3% H20) 0.87 83
LSCN8273/BZCY442 (24 pm)/Ni- )
BZCY442 Air (3% H,0) 97% Hz (3% H20) 1.09 83
PNC/BZCYYb4411 (15 um)/Ni-
BZCYYbaall Air (10% H,0) 10% Hy/Ar 0.85 102
PNC(3D)/BZCYYb4411 (15 um)/Ni-
T Air (10% H,0) 10% Ha/Ar 1.18 102
BZC
PBCC-BCO/BZCYYb1711 (10 pm)/Ni-
BZCYYb711 Air (3% H,0) 97% Hz (3% H20) 1.51 103
YEBCG/BZCYYb1711 (13.6 pm)/Ni- )
BZCYYbI711 Air (20% H,0) 10% Ha/N, ~1.18 104
SCFN/BZCYYDb1711 (26 um)/Ni-
BZCYYbI711 Air (3% H,0) 100% H, 0.36 105
PLNCu-BZCY172/BZCY 172 (15um)/ )
NLBZCY Air (3% H,0) 97% Hz (3% H20) 0.76 106
‘l_
PNC/(acid treated)BZCYYb1711 (22
0, (30% H»0) 100% H, ~1.86 80

um)/Ni-BZCYYb1711

Abbreviations of anode: Smg sSrpsCo0s3_s (SSC); (LaSr)CoO3_s (LSC); Lag 6Sro4Coo2Feo 3035 (LSCF); Lag gSro.MnOs_;
(LSM); LayNiOu4:s (LNO); BagsSrgsCoosFeo203-5 (BSCF); PraNiOsys (PNO); LasNiOgs (LNO); SroFe; sMogsOs-s
(SFM); SrEuyFe; 3C00.207-5 (SEFC); SrasLag2Fe>O7-5 (SLF); La;2SrosNiO4 (LSN); Ba;_.GdosLag 2+:C0206-s (BGLC);
NdBay 5SrgsCo15FeosO0sis  (NBSCF);  PrBagsSrgsCoz-Fe,Osis  (PBSCF); BaCogsFeo4Zr01Y0103-5s (BCFZY);
(PrBag $Ca0.2)0.95C0206-s (PBCCI5); Lag sSro.2C003-s (LSCN8210); Lag sSro2C00.7Ni0.303-5 (LSCN8273); La 5Sr0.5Co03-
s (LSCS55); PrNig5C00.503-5 (PNC); PrBagsCap2C0,0s:5-BaCo03_s (PBCC-BCO); Yo sEro2BaCos2Gaos07+5 (YEBCG);
Srg.9Ceo.1Fe0.sNio 203-5(SCFN); (Pro.9Lag.1)2(Nio.sCuo 2)Os+s (PLNCu);

Abbreviations of electrolyte and cathode: BaZr3Ceos5Y 02035 (BZCY352); BaZro40Ce.43Ybo.1C00.0203-5 (BZCYbCo);
BaZrosY020s.6 (BZY82); BaZrooY0.10s.s (BZY91); BaZrosCeosYo1Ybo 1055 (BZCYYb4411); BaZrosCeosY0205s
(BZCY442);  BaZro3CeosDyo203 5 (BZCDy); BaZrgaCeoY020s5 (BZCY262);  BaZry Ceo7Yo1Ybo 05 s
(BZCYYDb1711); BaZry1Ceo.7Y 02035 (BZCY172); BaZrosCeo3Y 02035 (BZCY532); BaZro3Ceo5Y0.203-5 (BZCY352);
BaZry.1Ceo.68Y0.1Ybo.1Cuo,0203-5 (BZCYYDbCu); BaZry7Ceo2Y0.103-5 (BZCY721); BaZry1Ceo7Y 02 Yb:O3-5 (BZCYYD);
BaHfy3Ce0sY01Ybo.10ss (BHCYYb3511); BaZro3CeosY0.10ss (BZCY361); BaZro;CeosYo1Smo 055 (BZCYSm);
BaZrp4Ce04Y02035 (BZCY442); BaZrosCeo2Y0.1Ybo103s (BZCYYb6211); BaZrp2CeosYo0.1Ybo1Gdo 1035
(BZCYYbGd).
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1.5 Issues of protonic solid oxide electrolysis cells

1.5.1 Resistance of anode reaction

Most of current densities in P-SOEC are below 1.00 A cm™2 at 600 °C under 1.3 V

as listed in Table 1-4, although several groups have developed P-SOECs with very high
electrolysis current. One of the reasons for inferior performance is the large anode
reaction resistance. The anode reaction resistance regarding to OER is sluggish and thus
involves relatively large overpotential in comparison to the cathode ones regarding to
HER, which prompts the development of highly active and highly water-tolerant anode
materials for P-SOECs. In the early stage, P-SOECs are employed with the O*
/e double conductors for the anode, which are widely used in the cathode of solid oxide
fuel cells (SOFCs). For instance, SmgsSrosCo0O3-s (SSC) was applied on
BaZro.4Ce0.4Y 02035 (BZCY442) dense electrolyte. The cell yielded a current of 0.02 A
cm2 at 600 °C under 1.5 V, with a larger polarization resistance of 17.90 Q cm? at
600 °C under open circuit voltage (OCV) as summarized in Table 1-5. Finally, the cell
achieved Faradaic efficiency approximately 75% at 600 °C.'?

The conventional O?*/e” conductors as mentioned above adopt to ABOs type
perovskite phase. Recently, many other types of oxides were also investigated as anode
in P-SOECs. The redox stable perovskite SroFe1.sMoo.sOs-s (SFM) was demonstrated
and the corresponding P-SOECs with BZY82 electrolyte showed promising cell
performance, 0.21 A cm™ at 600 °C under 1.30 V with anode resistance of 0.65 Q cm?,
The cell also achieved a Faradaic efficiency of 63.6%.%7 Their current density increases
to 0.38 A cm™? by mixing SFM with BaZrosY0203s (BZCY82).8 After this, the
Ruddlesden-Popper type SrEuzFei.8C00207-s (SEFC) and Srz.sLao2Fe2O7-5 (SLF) were
also proposed as novel anode to optimize the catalytic ability for steam electrolysis.?%
Yang et al. reported Cobalt-free Ruddlesden-Popper type Lai»SrosNiO4 can remain
stable structure over 100 h in humidified air (20 vol% H>O) at 800 °C, in which the

current density reached to 0.42 A cm™ at 1.30 V and polarization resistance equaled

1.47 Q cm? under OCV condition.’! Those efforts boosted up the electrochemical
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performance of P-SOEC to achieve 0.50 A cm™ near 1.3 V bias at 600 °C.

(a) Double conducting (b)  Triple conducting (€) Triple conducting single-
anode composite anode phase anode

R

°* %

------ | O%/e conducting particle H*/O%/e- conducting particle

Reaction zone
Figure 1-7 The scheme of effective reaction areas for P-SOECs with (a) mixed O*/e”
double conducting anode, (b) triple conducting composite anode, and (c) triple

conducting single-phase anode.

The pure O*/e” double conducting anode limits the effective reaction areas into the
gas-electrode-electrolyte triple phase boundary (TPB) as shown in Figure 1-7a.
Therefore, the anode materials of P-SOECs are favored to possess proton conductivity,
together with good catalytic activity and desirable electrical conductivity, to extend the
reaction zones into the anode surfaces. For this, to design the composite of double O
/e conductors with proton conducting electrolyte is a simple way to extend the effective
reaction area, as shown in Figure 1-7b. He et al. employed SSC-BaZro3Ce0.5Y0.203-5
(BZCY352) composite to the air electrode and achieved a current 0.19 A cm™ at 1.32
V with a polarization resistance of 2.41 Q cm? at 600 °C.”> And the electrochemical
performance was characterized with various reacting atmospheres, which shows an
increased tendency with the enhancement of steam partial pressure. Bi et al. fabricated
the cells with a porous Lag.sSr0.4Co02Fe0303-s (LSCF6428)-BaZrosY0.203-5 (BZYS82)
composite air electrode on the BaZrooY0.103-s (BZY91) electrolyte, which exhibited a
current of 0.05 A cm2 at 600 °C under 1.32 V.32 The performance of P-SOECs is rather
low, implying that the composite air electrode would not increase sufficiently the

reaction areas.
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In more recent year, H"/O?*/e triple conductors have been extensively examined for
the anode in P-SOEC:s, as inspired by the results that triple conductors could spatially
expand reaction zone of the cathode on protonic solid oxide fuel cells (P-SOFCs) from
TPB to the whole cathode particles, as shown in Figure 1-7c. The application of triple
conducting anode in P-SOECs significantly increased the electrolysis currents, which
is close to 1 A cm™ at 600 °C near 1.3 V bias and decreases the polarization resistance.
In 2018, Kim et al. employed triple conducting NdBao 5Str0.5Co1.5Fe0.505+5 (NBSCF)
layered perovskite to the anode of P-SOECs with addition of BZCYYb1711, which
yielded high current density of 0.75 A cm at 1.3 V and very low polarization resistance
of about 0.16 Q cm? under OCV at 600 °C.%° Choi et al. reported a triple conducting
material, PrBao sSro.sCozFe.Os+s (PBSCF), which was successfully applied as cathode
in P-SOFCs with a peak power density (PPD) near 2.2 W cm™ at 600 °C.'® Wu et al.
examined PBSCF anodes on BZCYYb1711 based P-SOECs and achieved the
electrolysis current of 0.55 A cm™ at 1.3 V at 600 °C, with a polarization resistance of
0.30 Q c¢cm under OCV at 600 °C.°7 In 2019, Choi et al. reported that P-SOECs
comprising BaZro4Ceo4Y0.1Ybo.103-s (BZCYYb4411) electrolyte with high proton
conductivity and chemically stability and PBSCF air electrode exhibited current density
of 1.42and 1.31 Acm2 at 1.3 V at 600 °C by supplying the cathode gases of humidified
H> and 5%-H»/Ar, respectively. And the corresponding polarization resistance is 0.34
Q cm? in the case of 5%-Ho/Ar at 600 °C under OCV.” In 2020, Murphy et al.
demonstrated a remarkable current density of 1.45 A cm™ at 1.3 V at 600 °C, by
employing PBSCEF air electrode to the cells with a new proton conductor of BaHfCeo.s-
xY0.1Ybo.103-5 (BHCYYD). The identical cell showed similar performance for CO>-H>O
co-electrolysis conducting with feed of humidified 16%-CO2/Hz on the fuel side and
excellent stability throughout a 700-h operation.’® These works unambiguously validate
the usefulness of triple conducting PBSCF for P-SOEC anodes. Meanwhile, the
durability of PBSCF under high water partial pressure is still unclear because the steam
concentration in the above reports is relatively low, ranging from 3 to 12%. Other triple
conductors, such as BaCoo4Feo4Zro.1Y0203-5 (BCFZY),”® (PrBaosCao2)0.95C0206-5
(PBCC95),'" LaggSro2Co1-+NixO3-5 (LSCN),® and PrNigpsCoos03-s (PNC)30:102109
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were also reported to present low polarization resistances and superior electrochemical

performance of P-SOECs.

Table 1-5 Polarization resistance of P-SOECs at 600 °C and open circuit voltage (OCV).

Configuration of electrolysis cell:

Polarization resistance (Q cm?) Ref.
Anode/electrolyte (thickness)/cathode
SSC/BZCY442 (1.5 mm)/Pt 17.90 107
BMO-ATO/BZCY442 (1.5 mm)/Pt 17.50 110
SSC-BZCY352/BZCY352 (20 um)/Ni-BZCY352 2.41 75
SFM-BZY82/BZY82 (16 um)/Ni-BZY82 0.65 87
SFM-BZY82/BZY82 (18 um)/Ni-BZY82 2.81 88
SFM-BZY82/BZY82 (18 um)/Ni-BZCY'172 248 88
SEFC-BZCY532/BZCY532 (15 um)/Ni-BZCY532 0.89 89
SLF/BZCY352 (20 um)/Ni-BZCY352 2.22 90
LSN/BZCY172 (15 um)/Ni-BZCY172 1.47 91
PSN/BZCY 172 (15 pm)/Ni-BZCY172 2.17 91
NBSCF-BZCYYb1711/BZCYYDb1711 (20 pm)/Ni- 0.16 o6
BZCYYDb1711
PBSCF/BZCYYb4411 (15 pum)/Ni-BZCYYb4411 0.34 79
LSCF-BCO/BZCYYDb1711 (10 pm)/Ni-BZCYYb1711 0.13 111
PBSCF/BZCYYb (20 um)/Ni-BZCYYb 0.30 97
BGLC/BZCY721 (~20 um)/Ni-BZCY721 4.00 95
BGLC-BZCY721/BZCY721 (~20 um)/Ni-BZCY721 0.80 95
PBCC-BCO/BZCYYb1711 (10 pm)/Ni-BZCYYDb1711 0.16 103
LSN-BZCYYbCu/BZCYYbCu (13 um)/Ni-BZCYYbCu 0.36 93
PNO/LCOIBZCYYD1711 (bilayer 20 um)/Ni-BZCYYb1711 1.10 86
PNO-BZCY262/ BZCY262 (20 um)/ Ni-BZCY262 0.40 94
YEBCG/BZCYYb1711 (13.6 um)/Ni-BZCYYb1711 0.27 104
PLNCu-BZCY172/BZCY 172 (15um)/ Ni-BZCY'172 1.04 106
PNC/(acid treated)BZCYYb1711 (22 pm)/Ni-BZCYYb1711 0.08 80

Abbreviations of anode: Smyg 5Srp sC003_s (SSC); Baz(MnOs)2 (BMO); Sbg.0sS1n0.9502-5 (ATO); SraFe; sMog sO6-
s (SFM); SrEu,Fe; 3C00207-5 (SEFC); Sraglag,Fe2O7_s (SLF); Laj2SrosNiOs (LSN); Pri2SrosNiOs (PSN);
NdBay 5SrsCo1 5Feps0s:s (NBSCF); PrBagsSrosCoz-Fe.Osis (PBSCF); LageSro4Coo2Fe)s03-5-BaCoOs_s
(PBCC-BCO); Baj_.GdosLag2+:C0206-s (BGLC); PrBagsCap2C0205+5-BaCo0O3_5 (PBCC-BCO); PraNiOsss
(PNO); Y.3Erg2BaCo3,Gag s07+9 (YEBCG); (Pro9Lag.1)2(Nio.sCup.2)O4s+5 (PLNCu).

Abbreviations of electrolyte and cathode: BaZry4Cey4Y 02035 (BZCY442); BaZr3Ce5Y0203-5 (BZCY352);
BaZrosY02035  (BZY82);  BaZroiCeo7Y020ss (BZCY172);  BaZryosCep3Y0203s  (BZCYS532);
BaZro 1Ce07Y01Yb010s 5 (BZCYYb1711); BaZro4CeoYo1Ybo10s 5 (BZCYYb4411); BaZro 1 Cen7Y o2 +YbiOs-
s (BZCYYDb); BaZro7Ceo2Y0.103s (BZCY721); BaZro.1Ceo.ssY0.1Ybo.1Cu002035 (BZCYYbCu); LaxCe,O7
(LCO); BaZro2Ceo6Y 02035 (BZCY262).
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1.5.2 Stability of electrolyte

The electrolyte material for P-SOEC is required to be thermodynamically stable in
both reducing (cathode) and high-humidified, oxidizing atmosphere (anode). The most
widely used electrolyte materials for P-SOECs are Ba(Zr,Ce,M)O3s solid solutions
because highly-conducting BaCeOs_s is rather unstable in humidified atmospheres but
poorly-conducting BaZrOs_s is highly tolerant to H>O.''> The steam tolerance in
Ba(Zr,Ce,M)Os_s electrolyte is increased with the Zr contents of B-Site cations. Zhong
et al. evaluated the thermo-chemical stability by changing the ratio of Ce to Zr in
BaZro9<CexY0.102.95, in which the sintered pellets were first treated in boiling water
and then heated in CO, atmosphere at 900 °C for 2 h. Only the phase with x <0.5 remain

113 Fabbri et al. also conducted the similar

unchanged through the durability tests.
durability tests for BaZros.CerY0.203-5, demonstrating the excellent CO, and H>O
tolerance for phase with x < 03."* Many works have reported that
BaZro.1Ce0.7Y0.1Ybo.103-5 (BZCYYDb1711) based cells are decomposed by running with
concentrated H>O and CO; at 500-900 °C for 100 h.62!'5-117 These findings strongly
suggest that the Zr content in BaZr; . ,CexMyO3_s should be higher than 0.5 for P-
SOECs used in high H,O partial pressure (pu20) conditions.

It 1s obviously important to enhance steam electrolysis performance of P-SOECs
with high Zr content BaZr;.,Ce:MyO3_s electrolyte. Zr-rich side BaZr; . ,Ce;MyO3_5
causes large ohmic resistances in P-SOECs, because such electrolyte involves large
grain boundary resistances due to the high refractory nature of BaZrO3, as mentioned
before. Therefore, it is great challenge to fabricate highly efficient P-SOECs with
relatively high Zr content (> 0.5) electrolytes. The cells with BaZro9Y0.103-s
(BZY91),}? BaZrosY02035 (BZY82),% BaZro7Ce02Y0.1035 (BZCY721)*° were
investigated, while their electrolysis currents were limited to 0.05, 0.21, and 0.11 A cm™

2 at 600 °C under 1.3V, respectively. Hence the studies on Zr-rich side electrolysis cells

are rather few.
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1.5.3 Current leakage and Faradaic efficiency

In Ba(Zr,Ce,M)Os_s electrolyte, the proton defects (OHg ) are formed by the
incorporation of water vapor with association of oxygen vacancies ( Vg ) via
thermodynamic hydration by Equation (1-10):

0g + V5 +H,0 — 20H, (1-10)
Here, O is the lattice oxygen. The equilibrium constant of hydration reaction and the
concentration of proton can be expressed by Equation (1-11) and (1-12), respectively.

[OHG]?

Kioqpoo = ———— -
hydration [O(x)] [Va]szo (1 1 1)

(1-12)

[OH] = Kiyration [00] 2 [VE] 1112,

The anode side is exposed to oxidizing atmosphere, and, therefore, the association
between oxygen vacancies and oxygen gas is equilibrated by Equation (1-13) at the

same time.
1
V5+502—>06+2h' (1-13)

Here, h™ is electron hole. The oxidation reaction equilibrium constant and the

concentration of hole can be expressed as Equation (1-14) and (1-15), respectively.

[h']?[O06]
Koxidation = Tom1 17 1-14
oxidatio [Vo]pgzz ( )

[0'] = K uion 052V 21 (I-13)
In fact, the Ba(Zr,Ce,M)Os_s electrolytes have mixed protonic, oxide ionic and
electronic triple conductivity, and thus, the migration of h* carries from the anode side
to the cathode side causes serious electron leakage, resulting in a decrease in Faradaic
efficiency (Figure 1-8). Combining Equation (1-12) and (1-15), the hole concentration
can be descripted as a function of steam and oxygen partial pressures (pu20 and pog,

respectively), as shown in Equation (1-16).

23



[h.] = Kh_y]égation 01>{i2dation [OH.O] [O(X)] _lpﬁlz/(z) plo/;1 (1 -1 6)
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Figure 1-8 Schematic illustration of competition between hydration and oxidation

reactions.

The proton concentration exhibits positive and negative correlation with pr2o and
po2, respectively, which means the gas composition of anode has a direct influence on
the Faradaic efficiency. Juaristi et al. reported the effect of temperature, po> and pu2o
on the electrical transport numbers of BaZro7Ce.2Y0.103-5 (BZCY721) dense ceramic
electrolyte, revealing that the protonic transport number () is about 0.95 at po, = 107
atm while it decreases to 0.63 at po> = 0.2 atm at 600 °C in wet condition (pu20 = 0.022
atm) due to the increment of the electronic transport number (#,). On the other hand, 4
becomes larger with pmzo,''® which agrees with Equation (1-12). The measurement
conditions are very important to achieve high Faradaic efficiency, and the lower po>
and higher pu20 must be favorable to increase the efficiency. Some P-SOECs already
obtained very high current density over 600 °C. However, oxidation reaction is
dominant to hydration reaction in such high temperature region because the enthalpy of
oxidation (—135 kJ mol™! for BZY82) is more negative than that of hydration (-93.3 kJ
mol™! for BZY82).!"" Therefore, hydrogen production by P-SOECs should be
conducted at temperatures below 600 °C in order to gain high Faradaic efficiency.

Many investigations have demonstrated the electronic conductivity is closely related
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to the composition of electrolyte materials.”®!20-123 Zhu et al. calculated the Faradaic
efficiency of BaZrosY 02035 (BZY82) and BaZro.1Ce0.7Y0.1Yb0.103-s (BZCYYDb1711)
based P-SOEC by considering the fluxes of three charge carries inside electrolyte under
electrolysis conditions in terms of a Nernst-Planck model, which forecasts
BZCYYb1711 based cell has a much higher protonic transfer number than BZY 82
based cell, thereby the former exhibiting higher Faradaic efficiency than latter.'!-?? In
more recent year, this calculation results were verified by Duan et al. with electrolysis
tests of BZCYYb1711 and BZY82 cells.”® Hence it is a great challenge to explore the
new way to reduce the hole leakage of P-SOECs based one Zr-rich side electrolyte
materials.

Equation (1-16) can be converted to Equation (1-17) by using the electrochemical

potential of the anode reaction represented by Equation (1-18).

. _ F(E — Eqp)
[h] = hylc{rzation olx/izdationexp< RT = ) (1'17)
RT, po [HT]?
E = Eg+ oIn——— (1-18)

Pu,0

Here E.n is potential at anode/electrolyte interface and is proportional to the anode
reaction resistances. This strongly suggests that hole leakage can be minimized if the
anode reaction resistance is sufficiently lowered with a use of highly active anode

materials.
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Table 1-6 Faradaic efficiency of P-SOECs in recent years.

Electrolyte Anode Temperature (°C)  Faradaic efficiency (%)  Ref
Material Gas (Air)
BZCYZn LSM-BZCYZn-Co30s 10% H>O 800 43 124
BZCYZn LSM-BZCYZn-Fe;03 5% H,O 800 55 125
BZCYZn LSCF-BZCYZn 3% H,O 800 38 126
BZCYZn BSCF-BZCYZn 3% H,O 800 44
BZCYZn LSMSc 5% H,0 700 72 127
BZCY721 BGLC 50% H,0 600 53 o5
BZCY721 BGLC-BZCY721 50% H,O 600 88
BZY82 SFM-BZY82 3% H,O 600 64 87
BZY82 SFM-BZY 82 3% H,O 550 54 88
BZY82 SFM-BZY 82 3% H,O 550 44 88
BZCY532 SEFC-BZCY532 10% H,O 700 20 89
BZCY352 SLF 20% H,O 700 25 90
BZCYYb4411 PNC 15% H,O 550 83 102
500 86
BZCYYb4411 PBSCF 3% H,O 600 46 79
550 58
500 71
BZCYYb1711 BCFZY 20% H>,O 600 ~97 78
10% H,O 550 ~90
BZCYYbl1711 PBCC-BCO 30% H,0 600 82 103
3% H,0 500 80
20% H,O 89
30% H,0 94

Abbreviations of electrolyte: BaZry3CeosY0.16Zn004035 (BZCYZn); BaZro7Cep2Y0.1035 (BZCY721);
BaZrosY020ss  (BZYS2); BaZrosCeosY020ss (BZCY532);  BaZrosCeosYo203s  (BZCY352);
BaZro4Ceo4Yo01Ybo.10ss (BZCYYb4411); BaZroCeo7Yo1Ybo 1035 (BZCYYDb1711).

Abbreviations of anode: LagsSrooMnO3_s (LSM); Lag¢Sro4Coo2FeosO03-s (LSCF); Bag sSrosCogsFeo203-5
(BSCF); LagsSro2Mngo5Sco.0503-5 (LSMSc); Ba;«GdosLag2+xC0,065 (BGLC); SroFe;sMoosOss (SFM);
SrEwFe; 3C00207-5 (SEFC); Sraslag2Fe;07s (SLF); PrNigsCoosOs-s (PNC); PrBagsSrosCoz(Fe Osis
(PBSCF); BaCog 4Fep.4Zro.1Y0.103-5 (BCFZY); PrBag sCag2C0,0s5+5-BaCoOs_s (PBCC-BCO).
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1.5.4 Importance of anode/electrolyte interface

The microstructures near the interface between the anode and electrolyte have not
been significantly studied, although the interfacial contact is crucial for the proton
transfer from anode to electrolyte and/or to elongate the reaction zones near TPB. The
fabrication of P-SOECs usually includes two steps; the first step is the preparation of
half-cell comprising electrolyte thin films supported on porous cermet cathode by
sintering the green body at high temperature (> 1400 °C). In the second step, anode ink
i1s screen-printed on the Ba(Zr,Ce,M)Os_s electrolyte and calcined at moderate
temperature below 1000 °C to improve the adhesion between anode and electrolyte. It
is easily presumed that interdiffusion occurs between anode/electrolyte by the
calcination at the 2nd step and the interfacial layers thus formed must be crucial to the
activity of TPB reaction sites and/or interfacial proton transfers. Therefore, it is strongly
motivated to design the microstructure at anode/electrolyte interfaces for enhancing the
performance of P-SOECs.

Recently, Bian et al. focused on the true contact of anode/electrolyte interface and
proposed an acid treatment to rejuvenate the high-temperature annealed
BaZr.1Ce07Y0.1Ybo.103-5 (BZCYYb1711) electrolyte surface before bonding anode.®’
They demonstrated such treatment could fully recover the theoretical bulk proton
conductivity in electrochemical cells and significantly increased the cell currents from
0.70 Acm™2to 1.86 A cm™ at 600 °C under 1.30 V with decreasing the anode resistance
from 0.17 to 0.08 Q cm? at 600 °C and OCV, respectively. The ohmic resistance also
decreased from 0.20 to 0.09 Q cm? by such treatment. The authors mentioned that some
new phase was formed at anode/electrolyte interface during 2nd step calcination of the
etched cells and this interfacial layer encouraged the strong adhesion between
electrolyte and anode.®® These results provide an important insight that the interfacial
new phase formed between anode and electrolyte makes an important role to elongate
the proton-accessible, electrochemical area at the anode sides. Combined these results
and Equation (1-17), it is plausible that such interfacial modification may lower the

hole leakage by decreasing the anode potential Ean.
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Matsuzaki et al. proved that current leakage of BZY 82 electrolyte became 200 times
smaller when Lazg «W4+.Os4+5 (LWO) film was introduced between electrolyte and
anode by means of numerical simulations. Unfortunately, the area specific resistance
(ASR) of electrolyte was largely increased owing to the lack of proton conductivity of
LWO. However, these results strongly suggest hole blocking layer of optimal oxide
films provide another possible approach to mitigate the current leakage and achieve
high Faradic efficiency.!?® In conclusion, the modification of anode/electrolyte interface

is efficient way to improve simultaneously the anode reaction resistance and Faradaic
efficiency and thus the overall performance of P-SOECs. Hence it is strongly motivated

us to design the interface layer between electrolyte and anode, i.e., forming anode
functional interlayer (AFL) on Ba(Zr,Ce,M)Os3_s based P-SOEC:s.

As mentioned in Figure 1-8, the low Faradaic efficiency in P-SOECs is due to the
drift/diffusion of h* defects from anode to cathode side, which is greatly influenced by
po2 and pu2o at anode/electrolyte interface as shown in Equation (1-16). According to
this, the modification of the anode/electrolyte interface using AFL could lower the hole
leakage by another mechanism. For instance, in the case of cell without modification,
Figure 1-9a represents schematically the oxygen and water chemical potential terms,
1.e., Inpoz and Inpna, respectively across electrolyte. poz and pr2o are oxygen and water
partial pressures in the anode gases, respectively. After incorporating dense AFL, the

drop of Inpoz and Inpnz in AFL must be different from that in electrolyte, thus it’s highly

possible to achieve high pg’; and low p}‘{‘zo at electrolyte surfaces as shown in Figure

1-9b, which is favourable to depress h™ formation and increase the Faradaic efficiency.

(a) Without AFL (b) With AFL
4 Cathode Electrolyte Anode i AFL
high pi . p
_-PH,0 H,O__-- PH,0O
% " /’// ," poz " /’// , poz

= PH,0~ L7 PH,0~ e
/, /
-, /
/, " P - .

PE)Z/ Po,--"" Iowp'gg

Figure 1-9 Oxygen and water chemical potentials across electrolyte.
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1.6 Motivation and objective of this thesis

It is a great challenge to improve the current outputs and durability of P-SOECs based
on the Ba(Zr,Ce,M)Os_s electrolytes. As listed in Table 1-4, only few groups reported
current densities of P-SOECs exceeding 1 A cm™ at 600 °C under thermal neutral
potential (near 1.30 V),”8%103 which is falling behind that (~2 A cm™ at 750 °C) of
SOECs summarized in Table 1-3. One of the reasons for low currents is the large anode
reaction resistance because of the carrier mismatch between anode and electrolyte by
using conventional O*/e” double conductors as anode, which limits effective reaction
area, that is, the gas-anode-electrolyte triple-phase boundary (TPB).

The further challenge in P-SOEC:s is to decrease the hole leakage in Ba(Zr,Ce,M)O3-
s electrolytes. There are many reports on the steam electrolysis currents for P-SOECs
(Table 1-4), whereas there exist only a few reports on the conversion efficiency from
current to hydrogen production (usually, Faradaic efficiency), as shown in Table 1-6.
The highest efficiency (~97% with applied current of 1.00 A cm™ at 600 °C) was
achieved in Ce-rich side BaZro.1Ceo.7Y0.1Ybo.103-s (BZCYYb1711) electrolyte cells.”
On the other hand, the efficiency is limited in below 60% for the cells comprising
thermodynamically-stable, Zr-rich side Ba(Zr,Ce,M)Os_s electrolytes;
BaZro5Ceo.3Y0203-5 (BZCY532) base cells exhibit only 20% efficiency with a current
of 0.30 A cm™ at 700 °C and 46% of BaZro4Ceo4Y0.1Ybo.1035 (BZCYYb4411) base
cells with current of 1.40 A cm™ at 600 °C.”%° These deteriorated efficiencies are
attributed to the relatively low Khydration/Koxidation Tation in Equation (1-16). The enthalpy
of hydration reaction (Equation (1-10)) for BZY91 is about —80.00 kJ mol™! which is

more positive than that of BCY91 (-138.00 kJ mol™), and thus Khydration 0f BZY91 is

smaller than that of BCY91. At the same time, the enthalpy of oxidation reaction
(Equation (1-13)) for BZY91 (-38.08 kJ mol™") is more negative than BCY91 (9.8 kJ
mol™), and thus K igaion Of the former is larger than that of the latter.'?*!3° Combined
these with Equation (1-16) clearly indicate that Zr-rich BaZr; . ,Ce:MyO3_s may cause
more serious current leakage than Ce-rich one in P-SOECs. Nevertheless, BaZri_.—

4CexMy0O3_5 can avoid the decomposition to Ba(OH), or BaCO; only when 1-x—y >
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0.5,'311* and thus such composition is desirable for a practical electrolyte for P-SOECs.
Hence, in the studies of P-SOECs, the other critical issue is to increase electrolysis
current of Zr-rich electrolyte-based cells together with high Faradaic efficiency.

As mentioned in 1.5.4, modification of anode and electrolyte interface by functional
oxide thin films, i.e., anode functional layer (AFL) may enable the simultaneous
optimization of anode reaction resistance and Faradaic efficiency of P-SOECs. Such
improvement of resistance may be attributed to the elongate reaction zones near TPB,
thus promoting the anode reaction and proton transfer from anode to electrolyte.
Therefore, AFL has possibility to decrease overpotential and achieve a lower hole
concentration ( [h']). In addition, if the AFL can modify the po» and pm2o at
anode/electrolyte interface as illustrated in Figure 1-9, AFL can prevent hole injection
to electrolyte and thus [h] will be further decreased, thus achieving higher Faradaic
efficiency. The main objective of this thesis is to explore novel AFL for P-SOECs with
high Zr-content electrolyte to aim the development of the device with excellent
performance and long-term durability. In this thesis, various thin films with different
structures and transport properties were employed as AFL at the anode/electrolyte
interface for P-SOECs with BaZro.6Ceo.2Y0.1Yb0.103-s (BZCYYb6211) electrolyte, and
its effects on Faradaic efficiency and anode reaction resistance were evaluated. The
functionality of AFL was verified by means of electrochemical analysis, and finally, the
P-SOECs with very high Faraday efficiency and current density were demonstrated.
Thus, this thesis gives a general guidance of design principles of AFL for highly

efficient P-SOECs operating at relatively low temperatures.

30



1.7 Contents of this thesis

This thesis consists of 6 chapters as follows.

Chapter 1 introduces the backgrounds, unique advantages, and recent developments
of protonic solid oxide electrolysis cells (P-SOECs) operating at intermediate
temperatures and summarizes the challenges blocking the improvement of
electrochemical performance in P-SOECs. The motivations and objectives were also
described.

Chapter 2 gives the general experiments about material synthesis, AFL deposition
techniques and characterization methods.

Chapter 3 demonstrated that the electrolysis performance of the cell with a high Zr
content electrolyte BaZrosCeo.2Y0.1Ybo.103-s (BZCYYDb6211) could be drastically
improved by a use of Lag 5Sr9.5Co03-5 (LSC) thin film (~90 nm) as an anode functional
layer (AFL). Electrochemical measurements proved that LSC AFL significantly
reduced the barrier height for electrochemical proton incorporation reaction at gas-
electrolyte-electrode triple phase boundary. Hence both ohmic and polarization
resistances of the BZCYYDb6211 cell decreased from 0.52 and 0.98 Q ¢cm? to 0.26 and
0.57 Q cm?, respectively, with the LSC AFL at 600 °C, and thus achieved a high
electrolysis current 1.22 A cm™ at 1.3 V, which was equivalent to that of the cell with
a state-of-the-art electrolyte BZCYYb1711 (1.13 A cm™2). BZCYYb6211 with LSC
AFL showed good durability at 500 °C under high steam condition with an applied
current of 1 A cm~2 over for 100 hours, and Faradaic efficiency about 70% was achieved.

In chapter 4, a series of double- or triple-conducting oxides LaSrCoQOs+s (LSC4)
LaosSr95Co03-5s (LSC), LaNiOs-s (LNO) or BagosLaoosFeosZno203-5 (BLFZ),
BaCoo.4Fe04Z10.1Y0.103-5 (BCFZY), BaProsY0.203-s (BPY), PrBaosSro.sCo1.5Feos03-s
(PBSCF) were applied as AFLs (~100-140 nm) between the Lao.¢Sro4Coo.2Fe0803-s
(LSCF) anode and BZCYYDb6211 electrolyte in P-SOECs. The steam electrolysis
performance and efficiency of P-SOECs could be drastically improved by the use of
H*/O*/e" triple conducting BLFZ thin film as AFL. The electrochemical analysis

clarified that BLFZ AFL could significantly promote interfacial proton transfer at
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anode-electrolyte interfaces, resulting in low interfacial resistivity, and provide the
proton-accessible reaction zones extended overall the surfaces of AFL. These features
enable promoting the anodic reaction without long range surface diffusion of oxygen
species from gas-anode-electrolyte triple phase boundary (TPB) to LSCF anode
surfaces. The BLFZ cell offered an electrolysis current of 0.57 A cm™ at 1.3 V at 600 °C,
which was higher than reported cells with LSCF as anode. And interestingly, the
Faradaic efficiency increased from 46% for a cell without the BLFZ AFL to 75% for
BLFZ cell at 500 °C. These results proved that BLFZ could depress the hole in
electrolyte because the water partial pressure retained to relatively high in comparison
to oxygen partial pressure at AFL/electrolyte interface due to the excellent proton
conductivity.

In chapter 5, the thickness of BLFZ AFL was optimized for the cells with H/O%* /e
triple conducting PBSCF anode, indicating a favorable thickness is in the range of 90-
170 nm. The P-SOEC with 150 nm BLFZ AFL gained highest electrolysis current at
1.3 V bias equaling to 0.83 A cm™ at 600 °C. The cell exhibited very high Faradaic
efficiency of 71% in 0.74 A cm™ and 82% in 0.22 A cm™ at 600 and 500 °C, which was
the highest values of the P-SOECs with high Zr-content electrolyte (BZCYYb6211).
Moreover, the polarization resistance of the corresponding cells was lower than that of
reported cells yielding similar electrolysis current, indicating the anode reaction
kinetics were greatly boosted by the synergy of BLFZ AFL and PBSCF anode.
Nevertheless, the cells using BLFZ anodes exhibited inferior performance,
demonstrating the AFL make a different role from that of anode in the anode reaction.
These results revealed that AFL could be a strong and effective tool to design P-SOECs
with excellent performance for green hydrogen production.

Chapter 6 gives the overall summary and conclusion of this thesis.
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Chapter 2 General experiment

2.1 Synthesis of materials for anode and functional layer

The anode powders LagpgSro2C00.7Ni9303-5 (LSCN) PrBaosSrosCoi.5FeosO3-s
(PBSCF) Bag.gsLao.osFeo.sZno203-s (BLFZ) and most of materials BLFZ, PBSCF,
LaSrCoO4+s (LSC4), LagsSro5C00s3-s (LSC), BaCoosFe04Z10.1Y0.103-s (BCFZY),
BaProsY0.203-5 (BPY) for pulsed laser deposition (PLD) targets in this thesis were
synthesized by a citrate precursor route as shown in Figure 2-1. The precursor solution
of the material (M) was prepared by dissolving the required stoichiometric amounts of
nitrates in Milli-Q H>O with citric acid (CA, CsHsO7-H20) as a chelate agent in a mole
ratio of M:CA = 1:2. The gelatinous product was obtained by heating and stirring to
evaporate H>O and promote polymerization, in which the temperature of solution was
keep at 50—60 °C. The gel was calcined at 500 °C for 1 h. Finally, the ground precursor
powder was calcined at a higher temperature, usually 900—-1100 °C, to obtain single-
phase powders. Particular, in the case of LaNiO;s (LNO), ethylene glycol (MEG,
C>Hs0O») was also added as solvent together with H>O. The molar ratio of M:CA:MEG
was maintained at 1:1.5:3 and the final sintered temperature was 750 °C.! And the LNO
target was sintered at 850 °C. BPY powders were prepared by ball-milling BaCOs3,
PrsO11, Y203 for 2 h in 2-propanol and then calcined at 1200 °C for 8 h, the PLD target
was sintered at 1500 °C for 12 h.

50-60 °C Ball milling-3h 1000 °C-8 h
in air
y
water 500°C-1h

Nitrates e —) (
Fox example (LSC4): = |
La(NO3)3'6H20
SF(N03)2 T
Co(NO3),-6H,0 Citric acid:LSC4=2:1

Figure 2-1 Flow chart of the citrate acid method to prepare powders for anode and PLD

targets.

40



2.2 Fabrication of protonic solid oxide electrolysis cells

Before the fabrication of half-cells, BaZr.Ceos—Y0.1Ybo.103-5 electrolyte powders
were prepared with stoichiometric quantities of raw materials (BaCOs, ZrO,, CeOy,
Y203 and Yb203) by ball-milling and calcined at 1300 °C for 10 h in air. And then, the
cathode-supported protonic solid oxide electrolysis cells were fabricated as shown in
Figure 2-2. The porous cathode was prepared by ball-milling NiO, electrolyte powders
and starch in ethanol or 2-propanol. After drying, the mixture powders were uniaxially
pressed and subsequently isostatically pressed to obtain the pellets. The electrolyte
layer was spin-coated on both surfaces of the cathode pellet with a slurry, which was
prepared by dispersing electrolyte powders with 1 wt.% NiO into a solution containing
dispersant and binder. After sintering in air atmosphere, the back side of formed
ceramic pellets was polished with SiC paper to get half-cells. Finally, anode was screen

printed on electrolyte or anode functional layer for electrochemical analysis.

P-SOECs
BZCYYb ball milling -
- - S
1 wt.% NiO dispersant and binder élurfy anode screen printing

spin coating -—
without/with AFL
O t
sinter

—_— E:: —_— ~

half-cell

Figure 2-2 The schematic diagram for fabrication of protonic solid oxide electrolysis

cells.
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2.3 Fabrication of anode functional layer

The anode functional layers (AFLs) in this thesis were prepared by radio frequency
(RF) sputtering (chapter 3) and pulsed laser deposition (PLD, chapter 4 and 5),
respectively. In the case of RF sputtering, the AFL of Lag 5Sr05C003-s (LSC) thin film
was deposited on the electrolyte layer at 500 °C. Figure 2-3a simply gives the working
principles of RF sputtering. RF sputtering runs an energetic wave through an inert Ar
gas in a vacuum chamber which becomes ionized. The LSC target is bombarded by

these high energy ions and sputter off atoms as a fine plasma covering the half-cell

pellet.
(a) Radio frequency (RF) sputtering (b) Pulsed laser deposition (PLD)
Pellet Heater 700 °C
0009900000000
o ° @ Substrate
C . 2000099900
Plasma &%
LY plasma plume
¥ \Q” &
2 O S@'é

KrF, 248 nm;
102 mJ pulse™!

Figure 2-3 Diagram of method for anode functional layer fabrication. (a) Radio
frequency (RF) sputtering. (b) Pulsed laser deposition (PLD).

To explore the effect of other oxides as AFLs for P-SOECs, the PLD technology
(Figure 2-3b) was applied in this thesis and the corresponding targets were prepared by
the synthesised powders in chapter 2.1. PLD is a physical vapor deposition technique,
in which, the target is stricken by the high-power laser beam in a vacuum chamber with
the presence of oxygen. And then, material is vaporized and deposited as a thin film on
the substrate. All AFLs prepared by PLD in this thesis were performed under 700 °C
and an oxygen pressure of 21 Pa by a KrF excimer laser (248 nm, Coherence Comp109)

with an energy of 102 mJ pulse™' and a repetition rate of 5 Hz.
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2.4 Characterization

2.4.1 Phase and microstructure

The phase purity of anode and electrolyte materials was identified by X-ray powder
diffraction (XRD, Rigaku, Ultima IV) with Cu Ka radiation at a scan rate of 5° min™!
in the 20 range from 20° to 80°. The phase structure of AFL thin film deposited on a
silicon plate was characterized using a grazing incidence X-ray diffractometer (GIXRD,
Rigaku, RINT-2000) at a scan speed of 0.5° min~' and a grazing incidence angle of 2°.
Field emission scanning electron microscopy (FESEM, SIGMAS500, ZEISS) was
employed to examine the microstructures of anode powders, AFL surfaces, electrolyte
surfaces and P-SOECs. Element mapping and high-resolution transmission electron
microscopy (HRTEM) images were obtained using a field-emission TEM (Jeol JEM-
2010 or Titan®™ G2 60-300) equipped with an EDS apparatus. The samples for TEM

were prepared using the focused ion beam technique (HITACHI FB-2100).
2.4.2 Electrochemical analysis

The slurry of anode materials was screen-printed on the electrolyte or AFL surfaces
to obtain the full cells and then P-SOECs were mounted in a laboratory-constructed test
station with the seal of a molten glass ring gasket. First, the cathode was reduced by H»
to form a porous Ni-BZCYYb cermet cathode. For steam electrolysis, steamed air was
fed to the anode and humidified 10% hydrogen in Ar gas was fed to the cathode.
Steamed air was prepared using a temperature-controlled water bubbler and the water
partial pressure (pu20) was set from 0.03 to 0.4 atm according to the detailed
measurement conditions. A Solartron 1260A frequency response analyzer implemented
with a Solartron 1287 potentiostat in the frequency range of 10°-~10~' Hz with an
alternating current (AC) amplitude of 30 mV under open circuit voltage (OCV)
conditions and different direct current (DC) potentials. Current-voltage (/-}) curves

were recorded using the same apparatus as displayed in Figure 2-4.

2.4.3 Hydrogen production and Faradaic efficiency

After the reduction of NiO in the cells, the temperature was maintained at 500 or
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600 °C. Subsequently, the steam partial pressure was fixed at 0.2 atm to evaluate the
hydrogen production and faradaic efficiency. Under galvanostatic electrolysis
conditions, the variation of the hydrogen concentration in the cathode out-gas was
monitored using gas chromatography (490 Micro GC, Agilent Technologies) as shown
in Figure 2-4. The efficiency under steam electrolysis was calculated as the ratio of the
measured hydrogen evolution rate and the theoretical data from the applied current as
shown in Equation (2-1).

nHz,measured N nHz, measured

B -1
NH,, theoretical 1 X (n X F)

x 100% (2-1)

Where, 112, measured 18 the measured hydrogen evolution rate, / is the applied current, n
(2) 1s the electron transport number of steam electrolysis, and F' is Faraday’s constant

(96485 C mol).

; Anode chamber
Heating tape 4
AVFC by e o e -
_____________ — 7 |
< ! ,
0O, :
MFC :
—
30% H,O/Air : -
Steam generator IIIIIIIIIIIIIIIIII;__J
Solartron 1260A
S K Solartron 1287
s R N
Furnace Cathode chamber
n ' Ar
H2, measured Out gas MFC
[7 D e——
nH2, theoretical 10% HZ/AT
H,

MFC
490 Micro GC

Figure 2-4 Measurement setup of steam electrolysis for P-SOECs.
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Chapter 3 Effect of LaosSrosCo0Os3-s anode functional layer for
protonic solid oxide electrolysis cells based on high Zr-content

electrolyte

3.1 Objective of chapter 3

As mentioned in chapter 1.4, protonic solid oxide electrolysis cells (P-SOECs) based
on proton-conducting perovskites, that is, Ba(Ce,Zr,M)O3-s (M =Y, Yb, etc.) are
attractive alternatives to high temperature solid oxide electrolysis cells (SOECs)
because the relatively low activation energy of proton conduction (0.4-0.6 V) enables
operation in the intermediate temperature region (400—700 °C)."~* Ba(Ce, Zr, M)Os_s
tends to be more thermodynamically stable under high H>O partial pressure (pr20) with
increasing Zr content,>”’ and thus, Zr-rich side materials are desirable as a practical
electrolyte for P-SOECs. Nevertheless, the electrolysis performance of P-SOECs with
Zr-rich side electrolyte is considerably inferior to that of P-SOECs with a Ce-rich side
electrolyte. For instance, Duan et al. conducted a study on BaZro.1Ceo.7Y0.1Ybo.103-s
(BZCYYDb1711) can yield an electric current density of ~1.00 A cm™? at a thermal
neutral voltage of 1.30 V at 600 °C,* which is considerably higher than the performance
of SOECs with YSZ electrolyte.®” However, the cell with Ba(ZrosCeo4)s9Y 02029 can
produce only 0.50 A cm™2 at 1.45 V at 600 °C.'° One major reason for the deteriorated
performance in Zr-rich side electrolytes is the relatively large ohmic resistance of the
electrolyte. This is because Ba(Ce,Zr,M)O;-s tends to show larger grain boundary
resistances with increasing Zr content due to the highly refractory nature of BaZrO;
moieties.

In this chapter, we demonstrated that the electrolysis performance of a cell with high
Zr-content electrolyte, BaZro.cCeo2Y0.1Ybo.103-5s (BZCYYDb6211) can be significantly
improved by using a LagsSrosCo0Os-s (LSC) thin film as an anode functional layer
(AFL), which was fabricated between the electrolyte and anode by radio frequency (RF)
sputtering. The implementation of LSC AFL decreased the ohmic resistances due to

proton bulk conduction even though LSC was not highly proton conductive. It also
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decreased the resistances related to electrochemical proton incorporation at anode-
electrolyte—gas triple phase boundaries by a factor of 50% at 600 °C. BZCYYb6211
based P-SOECs yielded 1.22 A cm™ at 600 °C in 1.3 V with the aid of LSC AFL, which
is close to the electrolysis current of a similar type of cell using Ce-rich electrolyte
BaZro.1Ce0.7Y0.1Yb0.103-5(BZCYYb1711). These results reveal that the introduction of

an AFL is an effective method to obtain P-SOECs with excellent performance.

3.2 Experimental section

3.2.1 Synthesis of Lag.sSro.2C00.7Ni0.303-; anode powders

We chose Lao §Sr02C00.7N19.303-5 (LSCN) as the anode of P-SOECs in this chapter
because the previous study of our laboratory has demonstrated that LSCN is efficient
for revisable protonic ceramic cells (R-PCCs) with excellent activity and durability.!!
The powders were synthesized via a citrate precursor route, in which the required
amounts of nitrate precursors of La(NOs3);:6H2O (99.99%, Kanto Chemical
Co.), Sr(NO3)2 (98%, Kanto Chemical Co.), Co(NOs3)>-6H>0 (98%, Kanto Chemical
Co.), and Ni(NO3)>-6H20 (98%, Kanto Chemical Co.) were dissolved in Milli-Q H>O.
The chelating agent citric acid (CA; C¢HgO7-H20, 99.5%, Kanto Chemical Co.) was
added at a molar ratio of CA:LSCN = 2:1. Gelatinous products were obtained by heating
the citrate solution at 60 °C for 3 h with vigorous stirring to evaporate H>O and promote
polymerization. The gel was calcined at 500 °C for 1 h in air and then annealed at
800 °C for 15 h in O to obtain single-phase LSCN powders. In a separate experiment
Lao sSr0.5C003-5 (LSC) was also applied to the anode, which was prepared by the
similar method as LSCN.

3.2.2 Synthesis of BaZr.Ceo.s-xY0.1Yb0.103-5

BaZrCeos—+Y0.1Yb0.103-5 (x=0.1, 0.6; BZCYYb1711, BZCYYb6211, respectively)
electrolyte powders were prepared with stoichiometric quantities of BaCOs (High
Purity Chemicals, 99.95%), ZrO> (High Purity Chemicals, 98%), CeO> (High Purity
Chemicals, 99.99%), Y.Os3 (High Purity Chemicals, 99.99%), and Yb,Os3 (High Purity

Chemicals, 99.9%). The mixture was first ball-milled for 10 h using ethanol as the
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milling medium, and then the ethanol was removed by heating the mixture at 80 °C.
The powders were calcined at 1300 °C for 10 h after slightly grinding by hand. To

ensure the formation of phases, milling and calcination were repeated.
3.2.3 Fabrication of protonic solid oxide electrolysis cells

Cathode-supported P-SOECs were fabricated as shown in Figure 3-1. The porous
cathode was prepared by ball-milling NiO (High Purity Chemicals, 99.97%),
electrolyte powders (either BZCYYb1711 or BZCYYDb6211), and starch with a weight
ratio of 60:40:7, respectively, for 10 h in ethanol. After drying, the mixture powders
were uniaxially pressed into pellets (~12 mm diameter, ~1.8 mm thickness) under 20
MPa and subsequently isostatically pressed under a hydrostatic pressure of 100 MPa.
The electrolyte layer was spin-coated on both surfaces of the porous cathode pellets
with a slurry, which was prepared by dispersing electrolyte powders with 1 wt.% NiO
into a solution containing a dispersant (20 wt.% polyethyleneimine (Mw 28 000)
dissolved in a-terpineol) and a binder (5 wt.% surfactant dissolved in a-terpineol).
Subsequently, the pellet was first exposed to 1450 °C for 10 min and then at 1400 °C
for 8 h in an air atmosphere to form a half-cell. The back side of the sintered pellet was
polished with SiC paper. LSC thin film was deposited on the electrolyte layer by radio
frequency (RF) sputtering at a base pressure of less than 1 x 107* Pa, performed in an
ultrahigh-vacuum chamber system (ULVAC ACS-3000). RF sputtering was performed
at a sputtering power of 50 W under a flow of 4%—-0O>/Ar gas at 50 sccm, and the
substrate temperature was maintained at 500 °C. Finally, a LSCN slurry prepared by
dispersing the powders into a mixture of dispersant and binder was screen-printed on

the electrolyte or LSC AFL as porous anode.
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Figure 3-1 Schematic illustration of the fabrication for protonic solid oxide electrolysis

cells.
3.2.4 Characterization

The phase was identified by X-ray powder diffraction (XRD, Rigaku, Ultima IV)
with Cu Ka radiation at a scan rate of 5° min™! in the 26 range from 20° to 80°. For the
XRD measurements, the sintered body specimens were pulverized in a mortar. The
structure of the LSC thin film deposited on a silicon plate was characterized using a
grazing incidence X-ray diffractometer (GIXRD, Rigaku, RINT-2000) at a scan speed
of 0.5° min! and a grazing incidence angle of 2°. Field emission scanning electron
microscopy (FESEM, SIGMAS00, ZEISS) was employed to examine the
microstructures of the cells. High-resolution transmission electron microscopy (HR-
TEM) was performed using a field-emission TEM (Jeol JEM-2010) equipped with an
energy dispersive X-ray spectrometer (EDX).

For steam electrolysis, P-SOECs were mounted in a laboratory-constructed test
station with the seal of a molten glass ring gasket. The cathode was reduced at 700 °C
for 3 h by supplying 60%—H>/Ar gas to the cathode side and 3%—H>O/Ar to the anode
side to form a porous Ni-BZCYYb cermet cathode. For steam electrolysis, steamed air
was fed to the anode at a total flow of 62 sccm, and humidified hydrogen gas with a
ratio of H>O/Hz/Ar = 2/10/90 was fed to the cathode at a total flow rate of 20.4 sccm.
Steamed air was prepared using a temperature-controlled water bubbler with an inlet of

20%—0/Ar mixed gas. The water partial pressure (pu20) of steamed air was set to 0.3
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atm. Humidified hydrogen gas was prepared by bubbling 10%—H2/Ar = 10/90 in pure
water maintained at 25 °C. The impedance spectra of P-SOECs were measured using a
Solartron 1260A frequency response analyzer implemented with a Solartron 1287
potentiostat in the frequency range of 10°~10~! Hz with an alternating current (AC)
amplitude of 30 mV under open circuit voltage (OCV) conditions and different direct
current (DC) potentials. Current-voltage (/-V) curves were recorded using the same
apparatus.

The amount of hydrogen evolution through steam electrolysis was determined by
analyzing the exhaust gas from the cathode side using a gas chromatograph (490 Micro
GC, Agilent Technologies). The Faraday efficiency, #, was calculated according to

Equation (2-1) as depicted in Chapter 2.4.3.

3.3 Results and discussion

3.3.1 Material characterization

In general, water tolerance of proton conducting perovskite is increased with Zr
contents of B site cations.>'>!3 In this regard, BaZro¢Ceo.1Y0.1Ybo103-s
(BZCYYDb6211) is attractive electrolyte for steam electrolysis conducted under high
water partial pressure (pn20) condition. BaZro.1Ceo.7Y0.1Yb0.103-s (BZCYYb1711) has
been recognized as a state-of-the-art electrolyte of proton conducting perovskites with
satisfactory high proton conductivity, as mentioned in chapter 3.1. *!416 Here the effect
of the AFL was examined on both BZCYYb1711 and BZCYYb6211 electrolytes. Both
electrolyte powders were successfully prepared as single-phase monoclinic and cubic
perovskites, respectively. Figure 3-2 shows the powder XRD patterns of a sintering
cake for dense BZCYYb films on BZCYYb-NiO composite supports. All the
diffraction peaks were consistent with those of the BZCYYb perovskites and NiO. The
peaks of BZCYYDb6211 emerged at higher angles than the corresponding peaks of
BZCYYb1711, indicating that the lattice constants of the former were smaller than
those of the latter due to the substitution of Ce*" (0.87 A) by Zr** (0.72 A). The surface
SEM images of BZCYYb1711 and BZCYYb6211 electrolyte films are shown in Figure
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3-2b and c, respectively. Due to the easy sinterability of the Ce-rich phase compared to
that of the Zr-rich phase,!”!® the average grain size of BZCYYb1711 (ca. 20-25 pm)
was considerably larger than that of BZCYYb6211 (ca. 3—4 pum).

O BZCYYb1711 (b)
v BZCYYb6211
4 NiO

(a)

< -

*

’ BZCYYb6211+NiO
\V4
Lii LT v e

L 2
< BZCYYb1711+NiO
o
@)
L steo ¢

Intensity / arb. unit
e -

20 30 40 50 60 70

26 (CuKa) / degree

Figure 3-2 (a) Powder XRD patterns of a sintering cake comprising a dense BZCYYb
film and BZCYYb-NiO composite bulk. (b) and (c) show surface SEM images of
BZCYYDb1711 and BZCYYDb6211 electrolyte films, respectively.

The single phase of LSCN anode layer was a porous agglomerate of oxide particles
with a diameter of several tens of nanometers (Figure 3-3a and b). Figure 3-3¢ and d
shows the cross-sectional SEM images of BZCYYb1711 and BZCYYb6211 P-SOECs
comprising a porous cathode support, electrolyte film, AFL, and LSCN anode. Ni-
BZCYYb cathode supports retain interpenetrating networks of macro-and micropores,
which must be formed via the combustion of starch and the reduction of NiO, thus
providing a sufficient gas diffusion pathway. A highly dense electrolyte film of
BZCYYDb1711 and BZCYYDb6211 was uniformly formed over a wide area of

corresponding porous Ni-BZCY'YDb cathode with a thickness of ~14 um.
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images of cathode-supported P-SOECs of BZCYYDb1711 (¢) and BZCYYDb6211 (d),

respectively.

The SEM and TEM images of the interface between LSC AFL and BZCYYb6211
electrolyte revealed that the LSC AFL with a thickness of ~90 nm was uniformly
formed over the surface of the electrolyte (Figure 3-4a and b). The GIXRD patterns of
the LSC thin film deposited on a silicon wafer by RF sputtering were identical to those
of rhombohedral LaosSrosC00291 ( R3¢, PDF-48-0122; Figure 3-5). Further
characterization was conducted for the LSC AFL of the cell before printing the porous
anode. Figure 3-4c shows the scanning TEM (STEM)-EDX mapping analysis,
confirming that La, Sr, and Co atoms were uniformly distributed throughout the film
while preserving the same molar ratio of La:Sr:Co = 1:1:2 as the parent phase. HRTEM
results exhibited a clear lattice fringe with an interplanar lattice distance of 0.271 nm
(Figure 3-4d), which corresponds to the (104) crystal plane, indicating that a well-

defined LSC thin film was uniformly formed over the electrolyte surface.
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Figure 3-4 Cross-sectional SEM (a) and TEM (b) images of BZCYYb6211 cell. (¢)
STEM-EDX mapping and (d) HRTEM image of LSC thin film deposited on
BZCYYDb6211 electrolyte. The inset of (d) shows the fast Fourier transform patterns of

the lattice fringe image.
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Figure 3-5 (a) Crystal structure of Lao sSrosCo0Os. (b) XRD patterns of prepared LSC

powder and LSC thin film deposited on a silicon wafer.
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3.3.2 Performances of P-SOECs without and with LSC AFL

The electrochemical performance of P-SOECs based on BZCYYbl1711 and
BZCYYDb6211 electrolytes was evaluated in the temperature range of 700-500 °C by
supplying 30%—-H>O/Air and humidified 10%—H»/Ar gases to the anode and cathode,
respectively. Figure 3-6 shows the current-voltage relationships of the P-SOECs with
and without LSC AFL (~90 nm). For the cell without LSC AFL layer, the OCVs of
BZCYYDb1711 and BZCYYDb6211 cells were 0.93 and 0.92 V, respectively, at 600 °C
(Figure 3-6a and c, respectively), which were slightly lower than the theoretical value
(Enemst) 0f 0.96 V as calculated by conventional Nernst equation. The steam electrolysis
currents of the BZCYYb1711 cell were equal to 2.10, 1.11, 0.57, 0.30, and 0.15 A cm™
at 700, 650, 600, 550, and 500 °C, respectively, at the thermal neutral point
(approximately 1.3 V in the temperature range; Figure 3-6a). BZCYYb6211 exhibited
inferior performance to BZCYYb1711 at relatively high temperatures, with electrolysis
currents of 1.50 and 0.96 A cm™, at 700 and 650 °C, respectively, in 1.3 V. The
electrolysis currents of the former were similar to those of the latter at temperatures
below 600 °C, yielding 0.55, 0.30, and 0.14 A cm~2 at 600, 550, and 500 °C, respectively
(Figure 3-6¢). The electrolysis currents of P-SOECs significantly increased with the
introduction of the LSC AFL between the electrolyte film and anode at all temperatures
analyzed (Figure 3-6b and d). With the LSC AFL, the currents of BZCYYb1711 and
BZCYYDb6211 base cells provided OCVs similar to those of cells without LSC AFL,
were 3.07 and 3.07 A cm2, respectively, at 700 °C by applying 1.3 V cell voltage. These
values were 46.19% and 104.46% higher than the corresponding values of the cells
without LSC AFL, respectively (Figure 3-6e and f, respectively). Similarly, the currents
at 1.3 V were 1.13 and 1.22 A cm™ for BZCYYb1711 and BZCYYb6211 base cells, at
600 °C, which were 97.55% and 120.61% higher than the values of the corresponding
cells without LSC AFL, respectively. Even at the relatively low temperature of 500 °C,
the BZCYYb1711 and BZCYYb6211 base cells with LSC AFL exhibited 0.31 A cm™
and 0.30 Acm™2 at 1.3V, and 0.65 and 0.76 A cm™ at 1.5 V, respectively. The values at
1.3 V were 110.81% and 117.73% higher than those of cells without LSC AFL,
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respectively (Figure. 3-6e and f).
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Figure 3-6 Electrochemical performance of (a) and (b)) BZCYYb1711 base cells and (d)
BZCYYDb6211 base cells. (a) and (c) are the cells without LSC AFL, and (c¢) and (d) are
cells with LSC AFL. Electrolysis current density at 1.3 V for (¢) BZCYYb1711 and (f)
BZCYYDb6211 base cells.
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Table 3-1 Performances of steam electrolysis based on P-SOECs at 600 °C under 1.3 V in recent years.

Configuration of electrolysis cell:

Inlet gas composition

. OCV/Exernst (V) T(A cm™2) Ref.
anode/electrolyte (thickness)/cathode Anode Cathode
LSCN8273/BZCYYb1711 (14 um)/Ni-BZCYYb1711 Air (30% H,0) 10% Hy/Ar (3% H,0) 0.93/0.96 0.57 This
LSCN8273/BZCYYDb6211 (14 um)/Ni-BZCYYb6211 Air (30% H,0) 10% Hy/Ar (3% H,0) 0.92/0.96 0.55 This
LSCN8273/LSC/BZCYYDb1711 (14 um)/Ni-BZCYYDb1711 Air (30% H,0) 10% H,/Ar (3% H,0) 0.89/0.96 1.13 This
LSCN8273/LSC/BZCYYb6211 (14 um)/Ni-BZCYYb6211 Air (30% H,0) 10% H,/Ar (3% H,0) 0.91/0.96 1.22 This
SFM/BZY82 (16 um)/Ni-BZY 82 Air (3% H,0) 10% H,/N, 0.86/1.05 0.21 19
SEFC/BZCY172 (15 pum)/Ni-BZCY 172 Air (10% H,0) 97% H, (3% H,0) 0.99/1.05 ~0.40 20
SLF/BZCY352 (20 um)/Ni-BZCY352 Air (20% H,0) 97% H, (3% H,0) 0.96/1.04 0.46 21
NBSCF-BZCYYb1711/BZCYYDb1711 (20 um)/Ni-BZCYYb1711 Air (10% H,0) 97% H, (3% H,0) 1.03/1.05 0.75 15
PNO-BZCY262/ BZCY262 (20 um)/ Ni-BZCY262 Air (40% H,0) 100% H, 0.98/1.02 0.60 22
LSN/BZCY 172 (15 um)/Ni-BZCY 172 Air (20% H,0) 97% H, (3% H,0) 1.02/1.04 0.42 23
PBSCF(3D)/BZCYYb (20 um)/Ni-BZCYYb 0, (12% H,0) 5% H,/Ar 0.99/1.00 0.85 16
PBCCY95/BZCYYb4411 (20 um)/Ni-BZCYYb4411 0, (20% H,0 100% H, 1.06/1.16 0.72 24
PNC/BZCYYb4411 (15 pm)/Ni-BZCYYDb4411 Air (10% H,0) 10% H,/Ar 1.01/1.00 1.18 25
PNO/LCO|BZCYYb1711 (bilayer 20 pm)/Ni-BZCYYb1711 Air (60% H,0) 100% H, 0.95/1.00 0.33 26
LSN/BZCYYbCu (13 pum)/Ni-BZCYYbCu Air (20% H,0) 97% H, (3% H,0) 0.99/1.06 0.59 27
PBSCF/BZCYYb4411 (15 pm)/Ni-BZCYYb4411 Air (3% H,0) 5% H,/Ar 0.92/1.03 1.31 28
BCFZY/BZCYYb1711 (12 um)/Ni-BZCYYb1711 Air (10% H,0) 100%Ar - 1.00 4
PNC/BZCYYbGd (25 um)/Ni-BZCYYbGd 0, (20% H,0) 100% H, 1.02/1.09 0.56 29
BZCY36-BCFZY/BZCYSm (25 um)/Ni-BZCYSm Air (12% H,0) 97% H, (3% H,0) 1.05/1.08 0.37 30
LSN- BZCYYbCu/BZCYYDbCu (13 um)/Ni-BZCYYbCu Air (20% H,0) 97% H, (3% H,0) 0.98/1.08 1.03 31
SFM-BZY82/BZY82 (18 um)/Ni-BZCY 172 Air (3% H,0) 20% H,/N, 0.92/1.08 0.38 32
PBSCF/BHCYYDb3511 (10 um)/Ni-BHCYYb3511 Air (3% H,0) 97% H, (3% H,0) 1.04/1.13 1.45 33
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Abbreviations:  St,Fe, sMoysOs s (SFM); BaZryY,,05, (BZY82); SrEu,Fe, ¢Co0,0;, (SEFC); BaZry,Cey,Y0,05 s (BZCY172); Srelag.Fe,0,, (SLF);
BaZr,;CeysY,.05 5 (BZCY352); NdBa, sSt, sCo, sFey s0s.5 (NBSCF); Pr,NiO,,5 (PNO); BaZr,,Ce,Y,,0; 5 (BZCY262); La, ,St,sNiO, (LSN); PrBa, Sty sCo, ,Fe,Os.y
(PBSCF), BaZr,,Cey;Y,. Y055 (BZCYYb);  (PrBagsCapr)e0sC0,0s s (PBCCY5); BaZry,CepsYo Ybo 055 (BZCYYb4411); PrNijsCoysO; s (PNC);
BaZry Cege5Y o1 Yo 1Clig 00055 (BZCYYbCu); BaCoy sFey 4Zry Yo, 055 (BCFZY); BaZry,CeysYo 1 Ybo Gdo 05 5 (BZCYYbGd); BaZr, ,Cey Yo, Smy ;05 5 (BZCYSm).
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Figure 3-7. I-V curves for five samples of BZCYYb6211 base electrolysis cells with
LSC AFL at 600 °C.

The electrolysis currents of the cells with LSC AFL were considerably higher than
those of most previously reported P-SOECs, as summarized in Table 3-1. Figure 3-7
shows -V curves for several samples of BZCYYb6211 cells with LSC AFL at 600 °C,
indicating that the curves are very similar to each other, which confirms the excellent
performance of the current cells.

Figure 3-8 shows the current-voltage-power (/-V-P) curves of BZCYYb1711 and
BZCYYDb6211 base cells with and without LSC AFL in the fuel cell mode. The peak
power densities (PPDs) of BZCYYb1711 and BZCYYb6211 cells with LSC AFL were
considerably higher than those of cells without LSC AFL. For instance, the PPDs of the
BZCYYb6211 cell with LSC AFL were 316, 297, 233, 171, and 110 mW c¢m~2 at 700,
650, 600, 550, and 500 °C, respectively, which were considerably higher than the values
of the cell without LSC AFL at each temperature. These results indicate that AFL

promotes both oxygen evolution and reduction reactions in protonic ceramic cells.
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Figure 3-8 Current-voltage-power (/-V-P) curves of fuel cell mode for the
BZCYYDb1711 base cells ((a) and (b)) and the BZCYYb6211 base ones ((c) and (d))
performed with 30%—-H>O/Air and humidified 10%—H2/Ar gases to the air and fuel
electrodes, respectively. (a) and (c) are the cells without LSC AFL, and (c) and (d) ones
with LSC AFL. The gas condition of the fuel cell mode is same as that of the steam
electrolysis cell, i.e., 30%—H>O/Air and humidified 10%—H/Ar gases were fed to the

air and fuel electrodes, respectively.

Figure 3-9 shows the voltage responses and H» evolution rates of BZCYYb1711 and
BZCYYDb6211 cells without and with LSC AFL during galvanostatic electrolysis at 500
°C. Here, the constant current was set to 0.15 A cm~2 for the cells without AFL (Figure
3-9a) and 0.24 A cm™2 for the cells with AFL (Figure 3-9b and c¢) to investigate the
behavior near the thermal neutral point around 1.3 V. The hydrogen concentrations in
the cathode exhaust gases were monitored by gas chromatography, which allowed the
determination of the H» evolution rate. The concentrations were in equilibrium for
approximately 1 h after the beginning of electrolysis in every cell, and thus the average

rates after 1 h were used to calculate the Faraday efficiency (see chapter 2.4.3). The
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efficiency of BZCYYb1711 without and with LSC was approximately 76% and 71%,
respectively. The efficiency of less than 100% is due to the hole conductivity of
Ba(Zr,Ce,Y)Os-s electrolytes,>*>¢ which is attributed to the relatively low steam
pressure (pH20) at the anode and hydrogen pressure (pu2) at the cathode because the
transport number of holes in the BaZro7Ceo2Y0.102.95 electrolyte is close to 0 with
increasing pressure of pmo and pm» to 25 and 50 atm, respectively.’* Both
BZCYYDb6211 and BZCYYb1711 cells with LSC achieved an efficiency of 70%. These
values of Faraday efficiency were consistent with the corresponding values ranging
from 40% to 86% for the P-SOECs at 1.3 V under low pn20 and pu2 conditions.?>?® The
slight degradation in Faraday efficiency indicates the LSC AFL promotes not only
proton but also hole transport in electrolyte, which is probably due to the modification
of hydrogen and/or oxygen potential at the interface. Nevertheless, the hydrogen
production rate clearly increases from ~40 to ~60 ymol min~! cm™2 at 1.3 V by LSC

AFL as shown in Figure 3-9.
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Figure 3-9 Responses of cell voltages and transients of H» gas evolution rates during
galvanostatic electrolysis at 500 °C. (a) BZCYYb1711 cell without LSC AFL, (b)
BZCYYDb1711 cell with LSC AFL, and (¢c) BZCYYDb6211 cell with LSC AFL. The
constant currents were set to 0.15 A cm™ for (a) and 0.24 A cm™ for (b) and (c). Blue
lines show the cell voltage and red symbols show the H» evolution rate determined by

gas chromatography. Black dashed lines indicate the rate calculated with 100%

Faradaic efficiency.
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3.3.3 Impacts on ohmic and polarization resistances by LSC AFL

Electrochemical impedance spectra (EIS) were recorded under various DC
conditions and temperatures, as shown in Figure 3-10, 3-11 and 3-12, to deconvolute
the ohmic and polarization resistances of the P-SOECs. Usually, the impedance spectra
of solid electrochemical cells include the high-frequency x-intercept region,
corresponding to ohmic loss, that is, the bulk resistances (R,) and the following arcs are
associated with the interfacial polarization resistances (R,) on the anode side.®20-36-37
The P-SOEC:s yield two distinct arcs in the EIS spectra: an Sur arc (Figure 3-11a and c¢)
in the high-frequency region of 105103 Hz, and an Sir (Figure 3-11a and c) arc in the
low-frequency region of 103-10~! Hz. Hence, the EIS spectra of P-SOECs at 600 and
500 °C were fitted with the equivalent circuit Ls-Ro-(Rur-CPEnr)-(RLr-CPELF) depicted
in the inset of Figure 3-11b, where L, R, and CPE are the inductance, resistance, and
constant phase element, that is, pseudo-capacitance, respectively. Ls comes from the
electrical metal lead, and R, is mainly attributed to proton conduction in the electrolyte.
Parallel components of (Rur-CPEnr) and (RLr-CPELr) were used to represent Sur and
Str, respectively. Therefore, Rur and Rrr provide the polarization resistance related to
Sur and Str, respectively. In all cells, the observed EIS spectra were well fitted with the
equivalent circuit model, as shown in Figure 3-11a—d, and the results are summarized

in Table 3-2.
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Figure 3-10 EIS for BZCYYb1711 ((a) and (b)) and BZCYYDb6211 ((c) and (d)) cells

without and with LSC AFL at various temperatures under OCV.
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Figure 3-11 EIS of BZCYYb1711 and BZCYYb6211 cells without (black) and with

(red) LSC AFL under OCV conditions. (a) and (b) The spectra at 600 °C, and (c) and

(d) the spectra at 500 °C. Circles are the observed data and solid lines are the fitting

results with the equivalent circuit depicted in the inset of (c).
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Figure 3-12 EIS of BZCYYDb1711 and BZCYYb6211 cells without ((a) and (c)) and
with ((b) and (d)) LSC AFL under various cell voltages at 600 °C.
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Table 3-2 Parameters of equivalent-circuit fitting analysis for impedance spectra of

BZCYYDb1711 and BZCYYb6211 cells without and with LSC anode functional layer.

Sur arc Str arc

T R,
P-SOECs Rur fHF E, Rir fLF E,
C)  (Qem?)
(Q cm?) (Hz) eV) (Qcm?) (Hz) (eV)

BZCYYbI711 600  0.30 052  L14x10° 070 056 223 1.04
without LSC 500 0.6l 129  438x10° 3.66 282
BZCYYb6211 600  0.52 021  3.50x10° 1.15 077 112 0.95
without LSC 500  0.83 172 6.94x10° 458 278
BZCYYbO2I1 o0 0.49 0.10  4.98x10* - 0.71 110 -
without LSC

(LSCasanode) 500 0.86 0.88  5.52x10 859 212
BZCYYbI711 600  0.12 040  1.28x10° 044 054 335 088
with LSC 500 0.29 0.58  2.30x10° 287 795
BZCYYb6211 600  0.26 0.06  846x10>° 0.09 051 344 0.79
with LSC 500 0.47 0.07  7.76x10° 269  1.82

In case of the cells without LSC AFL, R, of BZCYYb1711 was lower than that of
BZCYYDb6211 by 20—-50% in the entire measured temperature range (Figure 3-10 and
3-11). The values of BZCYYb1711 were 0.30 and 0.61 Q c¢cm? at 600 and 500 °C,
respectively, whereas those of BZCYYb6211 cells were 0.52 and 0.83 Q cm? at 600
and 500 °C, respectively. The relatively large R, of BZCYYb6211 could be attributed
to the grain boundary resistances because the BZCYYb6211 film had a smaller grain
size than the BZCYYb1711 film (Figure 3-2). R, was considerably reduced with
increasing cell voltage in both cells, which is probably due to the increment of both
proton and hole currents by the modification of proton and hole defect profiles across
the electrolyte film by the applied electrochemical potential field (Figure 3-12).3%% R,
of BZCYYb1711 decreased from 0.30 to 0.27 Q cm? with switching from OCV to 1.2
V at 600 °C (Figure 3-12a), and similarly, R, of BZCYYb6211 decreased from 0.52 to
0.45 Q cm? (Figure 3-12¢). Figure 3-13a and b show the Arrhenius plots of R,™!,
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revealing that the activation energies of bulk proton conduction were 0.37 and 0.28 eV
for BZCYYb1711 and BZCYYb6211, respectively, which were similar to the early
corresponding reports of BZCYYb1711 (~0.40 V) and BZCY 622 (~0.33 eV).33:40
The Rur and Ryr significantly decreased with increasing cell voltage (Figure 3-12),
which confirmed that the concentration overpotential owing to the slow gas diffusion
was relatively small; thus, both resistances were correlated with the anode reaction
kinetics. Without LSC AFL, BZCYYbl711 cells exhibited larger Rur than
BZCYYDb6211 cells, although the Rir of both cells was similar (Figure 3-11a and b). At
600 °C, Rur of BZCYYb1711 and BZCYYb6211 was 0.52 and 0.21 Q cm?, respectively,
whereas Rir was 0.56 and 0.77 Q cm? at OCV, respectively. Based on the reverse mode
of the cathode reactions on protonic solid oxide fuel cells,*!#? the anode reactions in P-
SOECs were roughly represented as shown in Figure 3-15a. Step-1 is the dissociative
adsorption of water on the gas-electrode-electrolyte triple phase boundary (TPB), Step-
2 is the electrochemical proton incorporation into BZCYYb electrolytes, Step-3 is the
electrochemical diffusion of oxygenic species in LSCN, and Step-4 is the associative

desorption of oxygen.* Each elementary step can be given as follow:

Step-1: H,0(g)— O* (TPB) + 2H"(TPB) (3-1)
Step-2: 0> (TPB) + 2H'(TPB) + h*—O " (TPB) + 2H" (ele) (3-2)
Step-3: O (TPB) + h"—O(an) (3-3)
Step-4: O(an)—1/2 O,(g) (3-4)

Here, “an” indicates that a species is on the anode surface, “TPB” indicates species
adsorbed at the electrode-gas-electrolyte triple phase boundary, and “ele” indicates the
species in the electrolyte.

Several authors have reported that P-SOECs based on Ba(Zr,Ce,M)Os3-s electrolytes
exhibit two distinct semiarcs at approximately 10°-10?> Hz and 10>—10~" Hgz,?!223743
mainly due to the polarization of the electrochemical reactions at the anode/electrolyte
interface. In general, the low-frequency semiarc could be primarily related to the mass
transfer on the anode, that is, the surface diffusion or associative desorption of oxygenic

species on the anode (Step-3 and 4, respectively). The high-frequency semiarc is
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probably associated with the charge transfer at the TPB, that is, electrochemical proton
incorporation (Step-2).374144 In fact, these general descriptions fit the features of Rur
and Rir in our cells. The Rir of BZCYYDb1711 cells was equivalent to that of
BZCYYDb6211 cells, indicating that the same LSCN anode purely contributed to Rrr
(Figure 3-11a and b). In contrast, the charge transfer kinetics at TPB must vary with the
electrolyte materials, such that the different Rur values among both cells confirm the
correlation of Rur with coupled hole/proton transfer at TPB (Step-2).

Arrhenius plots of Rur ! and Rir ' under OCV indicated activation energies of 0.70
and 1.04 eV, respectively, for BZCYYb1711 (Figure 3-13c and ¢), and 1.15 and 0.95
eV, respectively, for BZCYYb6211 (Figure 3-13d and f). The activation energy of Rir
was very close to the related energy (0.77—1.21 eV) for oxide ion diffusion on cobaltite
perovskite,*> which proved the assignment of Rir to the oxygen diffusion on LSCN.
The activation energy of Rur was similar to those (0.51—1.00 eV) of the corresponding
resistance components for P-SOECs with Ba(Zr,Ce,M)O;-s electrolytes.?>?

EIS revealed that R,, Rur, and Ry r significantly decreased due to the use of LSC AFL
in both BZCYYb1711 and BZCYYDb6211 cells. The impact of LSC AFL on R, was
clearly demonstrated by the Arrhenius plots as shown in Figure 3-13a and b. Although
the activation energies of proton conduction remained unchanged (0.37 and 0.28 eV for
BZCYYDb1711 and BZCYYDb6211, respectively), the values of R, almost decreased to
half for BZCYYb1711 and BZCYYDb6211, with the use of LSC AFL. For instance, R,
of BZCYYDb1711 decreased from 0.30 to 0.12 Q cm? and that of BZCYYb6211 from
0.52 to 0.26 Q cm? at 600 °C under OCV (Figure 3-11a and b and Table 3-2). These
results imply that R,, that is, ohmic loss, includes large contributions of proton
conduction near the anode/electrolyte interface, and thus, LSC AFL sufficiently
increases the number of mobile protons or conduction paths near the interface (Figure
3-15b).

In contrast, the activation energy for Rur drastically decreased with LSC AFL (Figure
3-13c and d). Rur of BZCYYb1711 decreased with LSC from 0.52 to 0.40 Q cm?, and
from 1.29 to 0.58 Q cm? at 600 and 500 °C, respectively (Table 3-2), and the related
activation energy decreased from 0.70 to 0.44 eV with LSC (Figure 3-13c). The
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reduction in Ruyr was more evident in BZCYYb6211 than BZCYYb1711 cells (Figure
3-13d and Table 3-2). Rur decreased from 0.21 to 0.06 and from 0.72 to 0.07 Q cm? at
600 and 500 °C, respectively, by using LSC AFL. Moreover, Rur of the BZCYYb6211
cell with LSC AFL exhibited a less-pronounced temperature dependence, and thus, the
related activation energy was equal to 0.09 eV, which was one order of magnitude
smaller than the values of the cell without LSC AFL. These results indicate that LSC
AFL can significantly promote hole/proton transfer at the TPB (Figure 3-15b). It is
warrant noticing that the activation energy of Rur of BZCYYb6211 is much smaller
than that of BZCYYb1711 with LSC AFL.

The changes in Rir with LSC were small in comparison to Rur for both
BZCYYb1711 and BZCYYb6211 cells (Figure 3-13e and f). From the Arrhenius plots
of Rur ! under OCV, the activation energies slightly decreased from 1.04 and 0.95 eV
to 0.88 and 0.79 eV for BZCYYb1711 and BZCYYDb6211, respectively. This indicates
that the Rir is purely related to the surface kinetics of the LSCN anode.

Because the BZCYYD electrolyte is covered by a dense layer of LSC (Figure 3-4),
the anode reactions occur mainly near the gas-AFL-electrode triple phase boundary
(hereafter denoted as a-TPB). This strongly suggests that LSC AFL exhibits partial
proton conductivity under the anode conditions of steam electrolysis, which is
consistent with the report that a La;-.Sr.CoO;-5 series show minor proton conduction
via hydration under a relatively high pi>o atmosphere.*® Based on this, we ascribe LSC
AFL as a proton-electron-oxide ion triple conducting phase.

The electrochemical proton incorporation (reaction (3-2)) can be rewritten for the
cell with AFL as follows:

0% (a-TPB)+2H" (a-TPB)+h"— O~ (a-TPB)+2H" (AFL) (3-5)

EIS revealed that LSC significantly decreased the activation energy of Rur (Figure
3-13c and d), which indicates that LSC AFL involves a decrease in the energy barrier
height of electrochemical proton incorporation. Although the rate-determining step of
reaction (3-5) is still unclear, the activation energy of reaction (3-5) must be smaller

than that of reaction (3-2). EIS also confirmed that R, was sufficiently decreased by the
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aid of AFL. When electrochemical proton incorporation is encouraged, the proton
concentration near the underlayer of the anode can be increased, which may lead to a
reduction in the proton-conducting resistance.

To evaluate the activity of LSC as an anode, the BZCYYb6211 cell applied by LSC
porous anode without AFL was also constructed. The LSC anode cell exhibited a
current of 0.65 and 0.14 A cm™2 at 600 and 500 °C under 1.3 V, which are similar to the
values of the corresponding cell using LSCN anode without the AFL (Figure 3-14),
confirming that the LSC anode has similar activity as LSCN anode. These results prove
that the effect of LSC AFL does not rely on the activity of LSC and thus AFL has

inherent role to promote the electrochemical proton incorporation.
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Figure 3-13 Arrhenius plots of ohmic resistances (R,) and polarization resistances (Rur
and Rir) of (a), (¢c) and (¢) BZCYYb1711 and (b), (d) and (f) BZCYYb6211 cells under
OCYV conditions, as determined by equivalent circuit analysis. Black and red symbols

show the cells without and with LSC AFL, respectively.
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Figure 3-15 Schemes for the anode reactions of P-SOECs (a) without LSC AFL and (b)
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3.3.4 Durability test

Finally, the long-term durability of the BZCYYb6211 electrolysis cell with LSC AFL
was examined by galvanostatic electrolysis at 1 A cm™ at 500 °C for 100 h (Figure 3-
16a). It is known that Ba(Zr,Ce)Os solid solutions can show a higher tolerance to steam
with increasing Zr content. As mentioned earlier, BZCYYb6211 cells exhibited
performance similar to those of BZCYYb1711 cells with LSC AFL despite the
relatively high Zr content. Hence, BZCYYb6211 is very attractive as an electrolyte for
steam electrolysis cells operating under high H>O conditions. The cell showed excellent
durability with only a 1% increase in cell voltage for 100 h. The EIS of the cells before
and after the long-term durability tests (Figure 3-16¢) confirmed that the changes in the
ohmic resistance and polarization resistance at high-frequency were relatively small
(Figure 3-16b). Bulk resistance (R,) increased from 0.31 to 0.33 Q cm?, whereas Ryr in
high-frequency region of 10°-10° Hz slightly decreased from 0.09 to 0.08 Q cm? after
100 h of operation. Ryr value in low-frequency region of 10°~10"! Hz became 2.5 times
higher than the value before the durability test, indicating that the deterioration of cell
performance was mainly because of the degradation of the anode material, rather than
the electrolyte and AFL. Anyway, these results indicate that LSC AFL can persist for a
long time under the anode conditions of P-SOECs. There is a simultaneous
improvement in the ohmic resistance and interfacial charge transfer resistances of P-
SOECs.

The results clearly demonstrate that the LSC AFL developed in this chapter is
significantly advantageous for use in P-SOECs to accelerate charge transfer at the TPB
and increase the number of mobile protons or conduction paths near the
anode/electrolyte interface, as shown in Figure 3-15b. In conclusion, the anode
functional thin layer is a promising technology for P-SOECs and offers an opportunity
to explore other active materials to improve the steam electrolysis performance at

intermediate temperatures.
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Figure 3-16 (a) Long-term durability tests of cell BZCYYb6211 with LSC AFL in
20%—-H>O/Air at 500 °C. (b) Comparison of ohmic resistances (R,) and polarization
resistances (Rur and Rir) before and after ~100 h operation, which was determined

from the impedance spectra measured under OCV condition (c).
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3.4 Conclusion

P-SOECs with or without LSC AFL were successfully fabricated using
BZCYYDb1711 or BZCYYb6211 as the electrolyte and LSCN as the anode in chapter 3.
Here, the novel LSC AFL was demonstrated to be a promising technology for P-SOECs
owing to the established connection between the anode/electrolyte. BZCYYb6211 with
LSC AFL exhibited an excellent current of 1.22 A cm at 600 °C and 1.3 V, despite the
larger grain boundary surfaces compared with BZCYYb1711. This result was attributed
to the decreased ohmic loss caused by the increased number of mobile protons or
conduction paths near the anode/electrolyte interface and the polarization resistance at
high frequencies by promoting hole or proton transfer at the anode-electrolyte-gas triple
phase boundary. The BZCYYb6211 cell showed a Faraday efficiency of ~70% for H»
evolution and excellent stability with only ~1% increment in cell voltage for 100 h. The
current results offer an opportunity to explore more active anode functional materials
to improve the electrochemical performance of steam electrolysis at intermediate

temperatures.
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Chapter 4 Design of anode functional layer for protonic solid

oxide electrolysis cells

4.1 Objective of chapter 4

Protonic solid oxide electrolysis cells (P-SOECs) offer advantages over oxide-ion-
conducting solid oxide electrolysis cells (SOECs); they do not require hydrogen
purification! and undergo lesser thermal corrosion due to moderate operating
temperatures (400-700 °C)?3. Despite these advantages, recent P-SOECs exhibit
several serious drawbacks related to high anode polarization resistances and low
Faradaic efficiencies, which are due to the sluggish four-electron transfer oxygen
evolution reaction (OER) of anode and the generation and migration of hole from anode
to electrolyte happen, thus, cause electron leakage, respectively.

The anode reaction on the P-SOECs is progressive at the triple boundary of the
proton-conducting phase, electron conducting phase, and gas phase. Hence, it is highly
desirable to design anode materials with a triple conductivity for protons, oxide ions,
and electrons for P-SOECs, instead of mixed O%*/e” double-conducting materials for
SOECs, as a means to extend the effective reaction area. Cells with H/O*/e™ triple-
conducting phases, BaCoo4Fe04Zr0.1Y0.103-5 (BCFZY),* PrNipsCo0503-5 (PNC),’
PrBag sSr95Co2Fe Os+s  (PBSCF),*® NdBagsSrosCo15FeosOs+s (NBSCF),!? and
PrBag sCa2C020s+5 (PBCC)!" have been reported to achieve high performance over 1
A cm™ at 600 °C under 1.3 V for steam electrolysis, possibly due to the reduction of
anode polarization by spatially expanding reaction zones to the whole anode particles
from the triple-phase boundary (TPB). Theoretical analysis clarifies that enhanced
anodic reaction kinetics is crucial for increasing the Faradaic efficiency of electrolysis,
because the rate of hole injection into the Ba(Zr,Ce,M)O3s electrolyte is inversely
proportional to the rate of the interfacial anode reaction.!?> Therefore, the design of
efficient anode reaction zones with a high proton- and electron-conductive phase is
crucial to address issues related to the polarization resistance and Faradaic efficiency.

In chapter 3, the use of the well-known O%*/e” double-conducting Lag sSrosCoOs-s
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(LSC) film (90 nm) at the anode-electrolyte interface could decrease the ohmic and
polarization resistances of BaZrosCeo.2Y0.1Ybo.103-s (BZCYYb6211) base cells. This
finding indicates that the effects of the anode functional layer (AFL) widely range from
enhanced interfacial proton transfer to the anode reaction kinetics. Hence, there is
considerable motivation to explore optimal materials as AFL (Figure 4-1). In this
chapter, a series of double- or triple-conducting oxides (LaSrCoOs+s (LSC4)
LaosSr05C003-5s (LSC), LaNiOs-s (LNO) or BagosLaoosFeosZno203-5 (BLFZ),
BaCoo.4Fe04Zr0.1Y0.103-5 (BCFZY), BaProsY0.203-5 (BPY), PrBaosSrosCo1.5Feo.505-5
(PBSCF) were applied as interfacial functional layers (~100-140 nm) between the
Lag.6Sr0.4Co0.2Fe0 3035 (LSCF) anode and electrolyte in BZCYYb6211-based P-
SOECs.

(a) (b) Pulsed Laser Deposition
LSCF anode

Substrate

£
49@@,
%%7 plasma plume
Ni-BZCYYb
cathode support I

S Gy T

Figure 4-1 Structural configuration of P-SOECs. (a) Cross-sectional SEM image of
cathode-supported P-SOECs. (b) Anode functional layer (AFL) prepared by pulsed
laser deposition (PLD).

4.2 Experimental section
4.2.1 Material synthesis

LSC4, PBSCF, and BLFZ powders were synthesized by a citrate precursor route,
where citric acid (CA; C¢HgO7-H20, 99.5%, Kanto Chemical Co.) was used as a
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chelating agent at a molar ratio of CA : LSC4 (PBSCF, BLFZ) = 2:1. The precursor
solution of LSC4 was prepared by dissolving the required stoichiometric amounts of
La(NO3)3-6H20 (99.99%, Kanto Chemical Co.), Sr(NO3)> (98%, Kanto Chemical Co.),
and Co(NO3)2-:6H20 (98%, Kanto Chemical Co.) in Milli-Q H>O with CA. The
gelatinous product was obtained by heating and stirring to evaporate H,O and promote
polymerization. The gel was calcined at 500 °C for 1 h, following which the ground
precursor powder was calcined at 1000 °C in air for 8 h. The LSC4 powders were
pelletized into a disk and subsequently sintered at 1100 °C for 6 h to obtain the target
for pulsed laser deposition (PLD). PBSCF and BLFZ targets were prepared at 1000 °C
and 1200 °C for 6 h, respectively by the same process, using Pr(NO3)3-nH20 (99.5%,
FUJIFILM Wako Pure Chemical Corporation), Ba(NO3)> (99%, Kanto Chemical),
Sr(NO3)2, Co(NO3)2:-6H20, Fe(NO3)3-9H20 (99.9%, Wako Pure Chemical Industries),
and La(NOs3);-6H20, and Zn(NO3)2-6H20 (99.9%, FUJIFILM Wako Pure Chemical
Corporation). The calcined temperatures of powders and PLD target for LSC were 900
and 1100 °C, for BCFZY were 1100 and 1200 °C. The method for LNO and BPY was

modified as described in chapter 2.1.
4.2.2 Fabrication of half-cell and AFL

BZCYYDb6211 powder was prepared with stoichiometric quantities of BaCOs
(99.95%, High Purity Chemicals), ZrO (98%, High Purity Chemicals), CeO2 (99.99%,
High Purity Chemicals) Y203 (99.99%, High Purity Chemicals), and Yb2O3 (99.9%,
High Purity Chemicals), as described in chapter 3.2 The mixture was ball-milled for 10
h and calcined at 1300 °C in air for 10 h. Milling and calcination were repeated to
ensure the formation of the BZCYYb6211 phase. Cathode-supported half-cell with a
configuration of NiO-BZCYYb6211|BZCYYDb62211 was fabricated by spin coating.
The porous cathode was prepared by ball milling NiO (99.97%, High Purity Chemicals),
BZCYYDb6211, and starch (Kanto Chemical Co.) with a weight ratio of 60:40:10 for 10
h in ethanol. The mixed powder was mechanically pressed into pellets using a uniaxial
press (20 MPa for 1 min) and a cold isostatic press (100 MPa for 1 min). The

BZCYYDb6211 electrolyte layer was spin-coated on both surfaces of the pellet with a

79



slurry, which was prepared by dispersing the electrolyte powder with 1 wt% NiO into
a solution containing a binder (5 wt% surfactant dissolved in a-terpineol) and dispersant
(20 wt% polyethyleneimine (Mw 28 000) dissolved in a-terpineol), followed by
exposure to 1500 °C for 10 min and sintering at 1450 °C in air for 8 h to form a half-
cell. The back side of the sintered disc was polished using SiC paper. A thin AFL was
grown on the BZCYYDb6211 electrolyte layer surface via PLD with an Ulvac UPS-
10000S ultravacuum chamber system, as shown in Figure 4-1b. The substrate was
maintained at 700 °C for thin film growth. The target was ablated by a KrF excimer
laser (248 nm, Coherence Comp109) with an energy of 102 mJ pulse™ and a repetition
rate of 5 Hz under an oxygen pressure of 21 Pa for 10 min. The phase of the thin film

grown on the silicon wafer was characterized using GIXRD (Rigaku, RINT-2000).
4.2.3 Characterization

A commercial LSCF ink (Fuelcellmaterials) was screen-printed on the
BZCYYDb6211 electrolyte or the AFL as the anode. Pt (Tanaka Co.) paste was painted
on the surface of the cathode for current collection. Before measurements, the cells
were preannealed at 800 °C to facilitate the adhesion of the LSCF anode. The current—
voltage (/-V) characteristic curves, electrochemical impedance spectra and Faradaic
efficiency were measured as described in chapter 3.2.4. The microstructures of the post-
test cells were examined using field-emission scanning electron microscopy (FESEM,
SIGMAS500, ZEISS). Element mapping and HRTEM images were obtained using a
field-emission TEM (Titan®™ G2 60-300) equipped with an EDS apparatus. The
samples for TEM were prepared using the focused ion beam technique (HITACHI FB-
2100).

80



4.3 Results

4.3.1 Structural characterization of AFLs

In this study, four triple conductors, PBSCF, BLFZ, BCFZY, and BaProgY0203-s
BPY, and three double conductors, LSC, LSC4, and LNO were studied. Figure 4-2a, b,
and c, show the grazing incidence X-ray diffraction (GIXRD) patterns of the LSC4,
PBSCEF, and BLFZ thin films deposited on a Si wafer by pulsed laser deposition (PLD)
at 700 °C. All diffraction peaks are consistent with those of LSC4 (LaSrCoO4, PDF-50-
0093), PBSCF (PrBaCo,0s.63, PDF-53-0131), and BLFZ (BaFeOs_s, PDF-75-0426),
respectively, confirming the formation of LSC4, PBSCF, and BLFZ as a single phase.
The surface SEM images show that the dense LSC4, PBSCF, and BLFZ thin films are
composed of particles sized tens to hundreds of nanometers, respectively (Figure 4-2d,
e and f). Thin films of LNO, LSC, BCFZY, and BPY could also be obtained by PLD as
shown in Figure 4-3.

XRD measurements of the pulverized BZCYYb6211 thin film cells confirmed that
the oxide preserves a single phase of the cubic perovskite without severe reactions with
NiO through sintering at 1450 °C (Figure 4-4a). The BZCYYb6211 electrolyte film is
a uniform polycrystalline layer, in which 3—4 um-sized grains are tightly bound to each
other without forming cracks and pinholes (Figure 4-4b). The cross-sectional SEM
images of P-SOECs with a BLFZ AFL confirmed that dense BZCYYb6211 electrolyte
films (14 um thickness) were precisely formed over the porous cermet cathodes, and
that the LSCF anode is a porous layer consisting of sub-100 nm-sized particles (Figure
4-5). The BLFZ AFL thin film deposited by PLD fully covered the surface of the
electrolyte with a thickness of approximately 140 nm (Figure 4-5h). Similarly, the AFLs
of other oxides were also formed as a uniform thin film (Figure 4-5h and Figure 4-6).

The microstructures of LSC4 and BLFZ grown on the BZCYYb6211 electrolyte
were identified in detail by high-resolution transmission electron microscopy
(HRTEM). The cross-sectional TEM images of the BLFZ thin film and BZCYYb6211
electrolyte interface indicate that BLFZ is highly dense and maintains a sharp interface

with BZCYYb6211 (Figure 4-7). The images also reveal clear lattice fringes with
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interplanar lattice distances of 0.29 and 0.40 nm (Figure 4-7b), which are consistent
with the (110) and (100) crystal planes of BLFZ, respectively. The energy dispersive
X-ray spectroscopy (EDX) mapping (Figure 4-7c) unequivocally indicates a
homogenous distribution of metal atoms. The HRTEM image of the LSC4 thin film

also confirmed that well-defined films could be formed by PLD (Figure 4-8).
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Figure 4-2 GIXRD patterns and the surface SEM images of LSC4, PBSCF and BLFZ

thin films deposited on a silicon wafer.
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Figure 4-4 XRD and surface SEM image of BZCYYb6211 based cell. (a) Powder XRD
patterns of as synthesized BZCYYb6211 at 1300 °C for 10 h and BZCYYb6211-NiO
composite bulk at 1450 °C for 8 h. (b) Surface SEM image of BZCYYb6211 electrolyte
film.
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Figure 4-5 Cross-sectional SEM images of Ni-BZCYYb6211 cathode-supported P-
SOECs. (a) Cell without anode functional layer (NoAFL). (b)-(d) Cells with LSC4,
PBSCEF, and BLFZ AFL, respectively. (e)-(h) Corresponding enlarged SEM images of
interfaces between LSCF anode and BZCYYDb6211 electrolyte.
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Figure 4-6 Cross-sectional SEM images of the interfaces between LSCF anode and
BZCYYDb6211 electrolyte of various AFL cells. (a) BPY. (b) LNO. (¢) LSC. (d) BCFZY.
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Figure 4-7 High-resolution electron micrographs of BLFZ thin films. (a) Cross-
sectional TEM image of interfaces between the BLFZ interlayer and BZCYYb6211
electrolyte. (b) Lattice fringes of BLFZ and corresponding line scan histogram along

the blue line. (¢c) EDX element mapping of BLFZ thin film.
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Figure 4-8 High-resolution electron micrographs of LSC4 thin films. (a) Cross-
sectional TEM image of interfaces between the LSC4 interlayer and BZCYYb6211
electrolyte. (b) Lattice fringes of LSC4 and corresponding line scan histogram along

the blue line. (¢c) EDX element mapping of LSC4 thin film.
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4.3.2 Electrochemical performance of P-SOECs

A series of well-known oxide electrodes for solid oxide fuel cells (SOFCs) or
protonic solid oxide fuel cells (H-SOFCs) have been examined as AFLs, including O*
/e~ double conductors of LSC4,'3 LNO,'* and LSC,'>'¢ and H*/O?*/e" triple conductors
of BCFZY,*!7-18 BPY,!” BLFZ,2?! and PBSCF®. All AFLs were formed by PLD with
thicknesses adjusted to approximately 100—140 nm (Figure 4-5 and Figure 4-6). Figure
4-9a shows the temperature dependence of the OCVs by supplying a 30%-H»O/air
gaseous mixture to the anode and humidified 10%H>/Ar to the cathode. The OCVs of
the cell without the AFL (NoAFL cell) are 0.91 and 0.96 V at 600 and 500 °C,
respectively. The OCVs of the cells vary with the AFL, and the values can be classified
into three categories. The cells with LSC and PBSCF AFLs exhibit similar OCVs as the
NoAFL cell, as indicated by the black symbols in Figure 4-9a. The cells of the LSC4
and LNO AFLs, indicated by red symbols in Figure 4-9a, possess lower OCVs than
those of the NoAFL cell, which are equal to 0.87 and 0.91 V for LSC4 and 0.87 and
0.94 V for LNO at 600 and 500 °C, respectively. However, the OCVs of BCFZY, BPY,
and BLFZ, as indicated by the blue symbols in Figure 4-9a, are apparently higher than
those of the NoAFL cells, for example, 0.94 and 1.00 V at 600 and 500 °C for the BLFZ
AFL cell.

Figure 4-9b-f and Figure 4-10, show the current—voltage (/-}) characteristics of the
P-SOECs in the fuel cell and electrolysis modes. Here, the electrolysis mode is
represented by a positive current. The steam electrolysis currents of the NoAFL cell are
848, 395, and 117 mA cm2 at 700, 600, and 500 °C, respectively, for a bias of 1.3V,
which is close to the thermal neutral voltage of water splitting at 600 °C (1.28 V; Figure
4-9b).1:22 These currents are similar to those in early reports of P-SOECs with the
BZCYYb4411 electrolyte and LSCF anode.?* The electrolysis currents of P-SOECs
widely vary with the choice of AFL. Figure 4-9g plots the currents at 1.3 V for various
AFL cells. The LSC4, PBSCF, and BLFZ AFLs largely increase the currents in the
range of 500 to 700 °C. On the other hand, the BPY, LNO, and BCFZY perovskite AFLs

exhibit electrolysis currents almost similar to that of the NoAFL cell.
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Figure 4-9 Electrochemical performance of P-SOECs without and with the AFL. (a)
Open-circuit voltages (OCVs) of P-SOECs with different AFLs as a function of
temperature. (b)-(f) I~V characteristics of the cell without the AFL (NoAFL; (b)) and
the cells with (¢) LSC4, (d) PBSCF, (e) BLFZ and (f) BPY AFLs, respectively. (g)

Comparison of steam electrolysis currents at 1.3 V.
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2425 and

LSC4 is a p-type semiconductor with a Ruddlesden-Popper type structure,
possibly exhibits oxide-ion conductivity. The OCVs of the LSC4 cells were lower than
those of the NoAFL cells (Figure 4-9a). Meanwhile, the cell exhibited the highest
electrolysis current of the tested AFL at temperatures above 600 °C, with electrolysis
currents of 1860, 733, and 154 mA cm2 at 700, 600, and 500 °C, respectively, at 1.3 V
(Figure 4-9c, g), which are higher than the corresponding values of the NoAFL cell by
119%, 86%, and 32%, respectively. PBSCF is an H"/O%*/e triple conductor with a
hydration enthalpy of approximately 22 kJ mol™! and a proton concentration of 3.5%
per formula unit at 200 °C under pn20/po = 0.020.2° The cell shows similar OCVs as
NoAFL cells in the range from 500 to 650 °C, while the currents of the former are much
higher than those of the latter. The currents at 1.3 V were 1386, 651, and 173 mA cm™
at 700, 600, and 500 °C (Figure 4-9d), respectively, which are higher than the
corresponding currents for the NoAFL cell by 63%, 65%, and 48%, respectively.

BLFZ has a higher hydration enthalpy (~ 86 kJ mol™') than PBSCF, and hence,
possesses a very high proton concentration (10% per formula unit at 250 °C under
pizo/po =0.016).2° The BLFZ cell exhibited the highest OCVs in all temperature ranges
and the highest electrolysis currents at temperatures below 550 °C among the tested
materials (Figure 4-9a, e, and g). The cell yielded currents of 1245, 570 and 191 mA
cm2 at 700, 600, and 500 °C, respectively, at 1.3 V, which are higher than the
corresponding values for the NoAFL by 47%, 44%, and 63%, respectively. Hence, the
three AFLs, i.e., LSC4, PBSCF, and BLFZ, which yield higher electrolysis currents
than NoAFL, can be distinguished from each other according to lower, similar, and
higher OCVs in comparison with the NoAFL, and together with BPY (higher OCVs),

are investigated in more detail in subsequent sections.
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4.3.3 Faradaic efficiency of P-SOECs

Ba(Zr,Ce,M)03s (M =Y, Yb, etc.) electrolytes show mixed protonic, oxide-ionic,
and electronic conduction under steam electrolysis conditions. Mobile proton defects
(OHp) are incorporated by thermodynamic hydration via the association of oxygen
vacancies (V) and water vapor:

04 + V5 +H,0 — 20H, 4-1)
Equation (4-1) uses the Kroger-Vink notation, where Og is the lattice oxygen.
Simultaneously, the association between oxygen vacancies and oxygen gas was
equilibrated:
Vo %02 — Op + 21’ (4-2)
Here, h® is an electron hole; thus, the migration of h*® from the anode to the cathode
causes electron leakage, resulting in a decrease in Faradaic efficiency ().

n was evaluated by calibrating the hydrogen evolution rate under galvanostatic
conditions at 600 and 500 °C, in which the current was set to maintain the bias around
the thermal neutral potential of 1.3 V (Figure 4-11 and Figure 4-12). At 600 °C, the
current was set to 314 mA cm~2 for NoAFL (Figure 4-11a) and 570 mA cm2 for BLFZ
(Figure 4-11b). Both cells yielded a stable bias at approximately 1.3 V during 2 h of
galvanostatic electrolysis. In every cell, the hydrogen production rate could be in
equilibrium after approximately 1 h. Hence, # was precisely determined from the
average hydrogen evolution rate after 1 h. The # of the NoAFL cell was relatively low
(31%), which is attributed to the relatively high hole conductivity of the Zr-rich side
phase of the Ba(Zr,Ce,M)Os.s electrolyte,?”?® and the low activity of LSCF. This is
consistent with previous reports, where the # of P-SOECs was approximately 20—-60%
when the anode employed O%/e” double conductors, such as LSCF,? Lag sSro2MnOs.s
(LSM)*%3! and Bayg 5Sro.5C00.sFe0203-5 (BSCF).? The 5 of the BLFZ cell (45%; Figure
4-11Db) is higher than that of the NoAFL cell (Figure 4-11a), although the current of the
former is two times larger as that of the latter.

Moreover, the BLFZ AFL can achieve the highest # and current at approximately 1.3

V and 500 °C. All cells can retain the DC bias constant at approximately 1.3 V during
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galvanostatic electrolysis at 500 °C, in which electrolysis currents of 70, 128, 142 and
214 mA cm™ are applied to the NoAFL, LSC4, PBSCF and BLFZ cells, respectively
(Figure 4-11c, d, and Figure 4-12a, b). The BLFZ cell shows an # of 75% (Figure 4-
11d) at 1.3 V, which is much higher than (46%) that of the NoAFL cell (Figure 4-11c¢),
and can maintain an 5 greater than 60% by applying a current of 343 mA ¢cm~ (Figure
4-12¢) at 1.4 V. Meanwhile 5 drops to approximately 30% at 1.3 V when using LSC4
and PBSCF AFLs (Figure 4-12a, b). The # value of our PBSCF AFL cell is lower than
the value reported for P-SOECs with an identical AFL (~100 nm), possibly because of
the difference between the electrolyte and anode materials.?

BPY is favorably hydrated even at 600 °C, retaining similar number of protons as
those of the BaZ:05Y 0203 proton conductor *2. The BPY AFL could also increase the
OCVs, as is the case with BLFZ, although the currents are 986, 432, and 106 mA cm™
at 700, 600, and 500 °C near a bias of 1.3 V, similar to those of the NoAFL cell, as
displayed in Figure 4-9a and f. Thus, the use of the BPY cell leads to a higher # (58%)
than that of NoAFL at 500 °C (Figure 4-12d). These results indicate that the AFL-

elevating OCVs can achieve a high 7 by lowering the hole leakage.
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Figure 4-11 Transients of cell voltages and H» gas evolution rates during galvanostatic
electrolysis. (a)-(b) NoAFL and BLFZ cells at 600 °C. The constant currents were set
to 314 and 570 mA cm2 for NoAFL and BLFZ, respectively. (¢c)-(d) NoAFL and BLFZ
cells at 500 °C with applied currents of 70 and 214 mA cm2, respectively. Black lines
depict the cell voltage, green and blue circles show the H; evolution rate and

corresponding Faradaic efficiency (7).
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Figure 4-12 Transients of cell voltages and H» gas evolution rates during galvanostatic
electrolysis at 500 °C. (a) LSC4 AFL cell with applied current of 128 mA ¢m™ at 1.3
V. (b) PBSCF AFL cell with applied current of 142 mA cm™ at 1.3 V. (¢) BLFZ AFL
cell with applied current of 343 mA cm at 1.4V. (d) BPY AFL cell with applied current
of 100 mA cm2 at 1.3 V.
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4.3.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed to assess the
polarization resistances related to the anodic reaction in the gas-anode-AFL TPB and
provide insights into the functionality of the AFL (Figure 4-13). All NoAFL, LSC4,
PBSCEF, and BLFZ cells show impedance responses. These responses include the x-
intercept at high frequency (> 10° Hz), that is, ohmic loss (R,) arising from bulk
resistances of the electrolyte, and the polarization semicircle with two (700-600 °C) or
three (550 and 500 °C) distinct semicircles in the high-frequency (HF), middle-
frequency (MF), and low-frequency (LF) regions at approximately 10°-10° Hz, 103~
10" Hz, and 10'-10"" Hz, respectively, which are denoted as Sur, Smr, and Sir (Figure
4-131). The anodic polarization is dominant in P-SOECs, as mentioned before, such that
the total diameters of the semicircles can provide an approximate estimate of the anodic
polarization resistances (Rp). Therefore, the equivalent circuit analysis with a model of
Ro—(Rur—CPEnr)—(RMr—CPEMrF)—(RLF—CPELF) depicted in the inset of Figure 4-131, was
conducted to deconvolute the impedance responses, where R, and CPE are the
resistances from proton conduction in the BZCYYb6211 electrolyte and constant phase
element, respectively. The parallel components of (Rur—CPEur), (RmMr—CPEwmr), and
(RLr—CPE-vLr) represent the Sur, Smr, and Str semicircles. Rur, Rvr, and Rir provide the
corresponding anodic polarization resistances related to Sur, Smr, and Str, respectively.
Hence, R, is calculated as the sum of Rur, Rmr, and Rir. The fitting results for the
NoAFL, LSC4, PBSCF, and BLFZ cells are shown as solid lines in Figure 4-14a, b, and
the resultant R, and R, are summarized together with the results for the BPY cell in
Figure 4-14c and d. R, and R, and the related activation energies for other AFLs are
summarized in Figure 4-15 and Table 4-1.

The R, values of the LSC4, PBSCF, and BLFZ cells are 0.54, 0.56, and 0.58 Q cm?
at 600 °C, respectively, all of which are nearly 50% lower than the value (1.29 Q cm?)
of the NoAFL cell. The R, of NoAFL cell is 2.18 Q cm? at 600 °C, and decreases to
1.54,0.97, and 0.46 Q cm?, which are reductions of 29%, 56%, and 79%, respectively,
with the use of LSC4, PBSCF and BLFZ, respectively (Figure 4-14a). At 500 °C, the
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R, values of NoAFL, LSC4, PBSCF, and BLFZ cells are 2.06, 0.95, 1.04, and 0.89 Q
cm?, respectively, and the corresponding R, values are 14.04, 10.26, 5.89, and 1.85 Q
cm?, respectively (Figure 4-14b)

The NoAFL cells were constructed with various thicknesses of the BZCYYb6211
electrolyte at 8, 14, and 30 um, as shown in Figure 4-16a, b, and c; thus, the R, of the
cell was evaluated as a function of the electrolyte thickness (Figure 4-14e). R, is
proportional to the thickness at every temperature, and extrapolation to the linear
dependence reveals the existence of a high resistance at zero thickness (Ro(0)), which
can be assigned to the interfacial contact resistances between LSCF anode and
BZCYYDb6211 electrolyte. The R, values for the cell with 0 (i.e., Ry(0)) and 14 pm
thicknesses are 0.96 and 1.29 Q cm?, respectively at 600 °C, which reveals that
approximately 80% of ohmic losses in NoAFL cells are due to the interfacial resistances
rather than bulk resistances. The thickness dependence of R, for the BLFZ AFL cells
with different electrolyte thicknesses reveals that Ro(0) becomes only 0.31, 0.41, and
0.64 Q cm? at 700, 600, and 500 °C (Figure 4-14¢), which are 60% lower than the
corresponding values of NoAFL, verifying that the BLFZ AFL significantly decreases
the interfacial protonic resistances.

BLFZ AFL possesses much lower values of R, than other cells (Figure 4-14d, Table
4-1). Moreover, the related E. of the former (0.78 eV) is lower than the latters (~1.0
eV), confirming the enhancement of the anodic reaction kinetics by the BLFZ AFL.
The impedance spectra at 500 °C for the NoAFL, LSC4, PBSCF, BLFZ, and BPY cells
were analyzed using the distribution of relaxation time (DRT) technique, which enables
deconvolution of the impedance responses to resistive components at each time, as
illustrated in Figure 4-14f.33 The DRT plots could also be divided into three regions:
HF, MF, and LF at approximately 10°-10° Hz, 10°-10' Hz, and 10'-10"' Hz,
respectively. NoAFL cells possess relatively large resistive components in the LF
region (Figure 4-14f). All AFLs efficiently decreased the resistances in the HF and MF
regions, whereas only the BLFZ AFL could significantly decrease the resistance in the
LF region. These features imply that the BLFZ AFL takes a different reaction path from
the NoAFL cells.
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Figure 4-13 Electrochemical impedance spectra (EIS) of P-SOECs with various AFLs
ranging from 700 °C to 500 °C under OCV condition. (a) NoAFL. (b) LSC4. (c) PBSCF.
(d) BLFZ. (e) BPY. (f) LNO. (g) LSC. (h) BCFZY. (i) EIS of BLFZ AFL cell at 500 °C,
circles are observed data and solid line is fitting result with equivalent circuit model of
Ro—~(Rur—CPEur)~(Rmr—CPEMF)—~(RLr—CPELF)
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Figure 4-14 Electrochemical impedance spectra of P-SOECs. (a)-(b) Nyquist plots
obtained by EIS at 600 and 500 °C, respectively, under open-circuit voltage (OCV)
conditions. Circles represent the observed data and solid lines are fitting results with
the equivalent circuit. Arrhenius plots of (c) ohmic resistance (R,) and (d) anodic
polarization resistance (R;), as determined by equivalent circuit analysis using EIS. (e)
R, for the cells with different electrolyte thicknesses. (f) Distribution of relaxation time

(DRT) analysis of NoAFL, LSC4, PBSCF, BLFZ and BPY cell at 500 °C.
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Figure 4-16 Cross-sectional SEM images of NoAFL cells with different thicknesses of
BZCYYDb6211 electrolyte.
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Table 4-1 Comparison of activation energies of ohmic resistance (R,) and anodic

polarization resistance (R;,) for P-SOECs without and with different AFLs.

Anode functional layer (AFL) Activation energy for R, Activation energy for R,

NoAFL 0.29 1.24

LSC4 0.31 1.04

PBSCF 0.32 1.01

BLFZ 0.24 0.78

BPY 0.31 1.17

LNO 0.32 0.95

LSC 0.35 0.99

BCFZY 0.36 1.32

4.3.5 Anode reaction resistances

Recent studies have successfully employed a combination of reaction order analysis
and DRT analysis of EIS to validate the sluggish elementary step in the air electrode
reaction on protonic solid oxide cells (P-SOCs). An elementary reaction model was
proposed for the anodic reaction on P-SOECs, as shown in Table 4-2.>37¢ In this, the
steam dissociative adsorption coupled with proton migration preferentially takes place
at the gas-anode-electrolyte TPB (step 1-3), following which multiple charge transfers
with the surface diffusion of oxygen species occur on the LSCF anode (step 5-7),
together with interfacial proton transfer (step 4); finally associative oxygen desorption
(step 8). The BLFZ cell may use the gas-anode-AFL TPB. The reaction orders in terms
of steam and oxygen partial pressures, denoted as m and n, respectively, for each
elementary step are listed in Table 1, and are calculated by representing the rate
equations of every elementary step as a function of pu2o ™ and po> ™" through a simple
kinetic treatment.’3-* The polarization resistance related to the step (i) tends to be
proportional to pu2o™ and po2™, so that DRT peaks can be identified through their
pr2o and po2 dependencies. Among steps 1-8 in Table 4-2, the resistance related to step

4, that is, interfacial proton transfer resistance, could be assigned to R,(0), as mentioned
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above.

The impedance responses of NoAFL and BLFZ cells were evaluated under various
po2 values in the anode side at 500 °C under the OCV (Figure 4-17). The DRT responses
to poz are displayed in Figure 4-18 for NoAFL cells. Five peaks appear at approximately
10%,10% 10%, 10°, and 10! Hz, which are marked as P1, P2, P3, P4, and P35, respectively;
the corresponding resistances were calculated from the peak area, as shown in Figure
4-18b. P3, P4 and P5 apparently respond to po> with n = 0.15, 0.25 and 0.17, so that
these can attribute to step 6—8. P4 and P5 of BLFZ AFL cells are clearly assigned to the
charge transfer to O adsorbs (step 7) and the associative desorption (step 8), respectively,
as mentioned below. Therefore, P4 and P5 of NoAFL cell could also assign to step 7
and 8, respectively, although the corresponding » value does not perfectly coincide with
the ideal one. Hence, P3 that is the largest resistances of fives is assigned to the diffusion
of O adsorbs (step 6). This agrees with the previous reports that LSCF anode exhibit
large resistances related to oxygen surface diffusion in the frequency region of about
10> Hz.3"3 P1 exhibits negligible dependence on poa, which is consistent with the
feature of step 1-4. Zhou et al reported that P-SOEC exhibits relatively large resistance
in a frequency higher than 500 Hz, which might be associated with charge transfer
reaction on LSCF-electrolyte interfaces.’®*° Based on these, P1 should be assigned to
the first charger transfer at the TPB. P2 is smaller than P3 by 40% and is not assigned
precisely, here.

BLFZ cell also has five peaks (P1-P5) as well as NoAFL cells, but the resistances
decrease in the entire frequency region by one order of magnitude with the application
of the BLFZ AFL (Figure 4-18c and d). The P5 at 10~' Hz has a large po» dependence
(n =0.72) and thus can be assigned to step 8. Because P4 of the BLFZ cell has a n =
0.35, which is close to the ideal value of step 7 (n = 3/8), it can be assigned to the second
charge transfer step 7. P3 was not sensitive to po2 and the value is only 8% of that of
NoAFL cells. These features indicate that the resistances related to surface diffusion are
not dominant in BLFZ AFL cell. The P1 of the BLFZ cell is not sensitive to pog,
indicating that the peak is assigned to step 5 as is the case with NoAFL. These results
of DRT analysis clarify the distinguishing features of the anode reaction on BLFZ AFL:
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1) the resistances related to the charge transfer and associative desorption of oxygen,
are much lower than those of NoAFL cell, and 2) the anode reaction proceeds without
large overpotential for surface oxygen diffusion over LSCF. Compared to other AFL
materials, only BLFZ AFL cell remarkably decrease P4 and PS5, i.e., the resistances of
step-7 and 8, respectively in LF region. This must be related to the expand of proton
accessible reaction areas near AFL-gas-electrolyte TPB due to the excellent proton

conductivity in BLFZ, as mentioned below.

Table 4-2 Elementary steps for the anode reaction of P-SOECs and related reaction

orders in terms of steam and oxygen partial pressures, which are denoted as m and n,

respectively.
Steps Reactions m n
Step 1 H,0(g) — H,O (TPB) 1 0
Step 2 H,0 (TPB) — OH ™ (TPB) + H*(TPB) 1 0
Step 3 OH™(TPB) — O (TPB) + H*(TPB) 12 0
Step 4 H* (TPB) — H" (ele) 1/2 0
Step 5 0% (TPB) + h* — O™ (TPB) 0 0
Step 6 O™ (TPB) — O™ (an) 0 1/4
Step 7 O~ (an) +h* — O (an) 0 3/8
Step 8 20 (an) — O, (g) 0 1

113

an,” “TPB,” and “ele” indicate species on LSCF anode surfaces, the gas-anode-electrolyte triple-
phase boundary and BZCYYb6211 electrolyte, respectively. For AFL cells, “TPB” is replaced to

the gas-anode-AFL triple-phase boundary.
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Figure 4-17 EIS of P-SOECs measured at 500 °C of (a) NoAFL and (b) BLFZ AFL

cells as a function of oxygen partial pressures (po2).
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Figure 4-18 DRT plots for the impedance spectra of the (a) NoAFL and (c) BLFZ AFL

cells at 500 °C as a function of oxygen partial pressures (po2). po2 dependences of

resistances related to DRT peaks P1-P5 for (b) NoAFL and (d) BLFZ cells.
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4.4 Discussion

4.4.1 Improvement of Faradaic efficiency

(a) LSC4 cell (b) NoAFL cell (c)
4 LSC4 Cathode  Electrolyte  Anode i i BLFZ
it~ ,*PH;0 ~PH,0 High PH,0__ - -PH,0
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Figure 4-19 Oxygen and water chemical potentials across electrolyte and AFL for (a)

LSC4 cell, (b) NoAFL cell and (c) BLFZ cell.

The OCV of NoAFL is varied with expressed by Equation (4-3) due to the mixed
conductivity. 404!

OCV = tOEO + tHEH

’ 1" ;12 -
RT, (Po, RT . [PHy0) [Po, (4-3)
= t,—Inl=~] + ty—In —7
0 4r L HsHp 1 1 172
Po, Pry0/ \Po,

Here, E, and En are the thermodynamic OCV values of oxygen and hydrogen

concentration cells, respectively, and 7 and u are the transport numbers of oxide ions

and protons for BZCYYb6211. pé)zand phzoare oxygen and water partial pressures in

the anode gases, respectively. pgz and ph’z o are oxygen and water partial pressures in

the cathode gases, respectively. OCV of AFL cell is given by similar equation with

replacing pé)z and p;{zo to pg’; and p}f;;o, respectively, which are po> and pn2o at

AFL/electrolyte interface, respectively. OCV of P-SOECs becomes lower than the ideal
value since sum of #, and ¢y is lower than unity by the partial conductivity of hole
carriers formed by Equation (4-4). The hole carrier concentration h' near the

anode/electrolyte interface is greatly influenced by po2 and pu2o at the TPB as follows:!?
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[h'] = Ky Ko [OHo 1P 3 po!

F(E-E°
_ h_ylc{zKo]x/zeXp< (RT ))

(4-4)

Here, E, E°, F, R, and T are the redox potential, standard potential, Faraday’s constant,
gas constant, and temperature, respectively. Knya and Kox are equilibrium constant of
hydration and oxidation reaction (Equation (4-1) and (4-2)), respectively. Equation (4-
4) proves that [h'] decreases with increasing pu20 and decreasing poo.

Figure 4-19 represents schematically the oxygen and water chemical potential terms,
1.e., Inpoz and Inpuo, respectively across electrolyte and AFL. po2 and pu2 at both edges
are fixed by the value of the anode and cathode gases. The gradients of Inpo2 and Inpu20
provide the driving forces of oxide ion and proton, respectively, assuming that a
constant electrical field is applied in both electrolyte and AFL.

In NoAFL cell, both Inpo> and Inpn2o should decrease linearly with going from the
anode to the cathode side across electrolyte, respectively, because the fluxes of oxide
ions and protons remain constant throughout electrolyte (Figure 4-19b).4> LSC4 AFL
must require large drop of Inpn2o across the layer to yield the equivalent proton flux as
one of BZCYYb electrolyte, owing to the relatively low proton conductivity (Figure 4-

19a). It may not, however, involve large drop of Inpo> due to certain oxide ion

int

H,0 and pi" of LSC4 AFL cell become relatively low and high,

conductivity. Hence, p 05
respectively, in comparison to NoAFL cell, which are favourable to form [h']
according to Equation (4-4). Thereby LSC4 cells show low OCV.

BLFZ AFL must need only small drop of Inpu2o for the sufficient proton flux due to

the excellent proton conductivity, which results in relatively high p}fl’; o (Figure 4-19c).

BLFZ is also expected to involve relatively low pi(‘)‘; with relatively large Inpo> drop

because ferrite perovskite LaFeOs; (9x107'3 cm? s!') has much smaller oxygen
diffusivity than cobaltite LaCoOs (6x1071° cm? s7!).** These features favour lowering

[h'] in comparison to NoAFL cell, and thus BLFZ AFL cell gives rise to high OCV.

Tuning of pg’; and pg’zo as depicted in Figure 4-19 also fits to the changes of
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Faradaic efficiencies () with AFL. BLFZ AFL develops relatively low of pg’; and

high p}fgo at the AFL/electrolyte interface by combing high proton and low oxide ion

conductivities, which depresses hole carries at the interface. The # of the BLFZ cell is
about 75% at 214 mA cm2, which is nearly two times higher than those of cells with
O%/e” double-conducting anode materials, including LSM,3%3! BSCF,* SEFC,* and

SLF#. Poorly proton-conducting AFLs, such as LSC4, cause the large drop of Inpu20

across the layer and thus retain relatively low p}fl‘; o» Tesulting in increase of [h’] and

decrease of 7.
4.4.2 Reaction model at gas-anode-AFL TPB

The anode reaction model for the gas—anode—AFL TPB is proposed based on the
different polarization behaviors of the NoAFL and BLFZ cells, as shown in Figure 4-
20. Since LSCF is an O%*/e double conductor, the dissociative adsorption of water
dominantly occurs at the TPB, as shown in Figure 4-20a (red zone). NoAFL cell
possesses large interfacial protonic resistances, i.e. Ro(0), which is corresponding to 80%
of ohmic resistance (Figure 4-14e). Such interfacial contributions must be caused by
poor electrical contact, because limited TPB areas between LSCF and BZCYYb6211
narrow proton-accessible electrode area, as shown in Figure 4-20a (red zone). BLFZ
AFL drastically improved the electrical contact with decreasing R,(0) by 60%, because
the triple conductivity of the BLFZ AFL can extend proton-accessible electrode areas
near TPB (Figure 4-20b, red zone).

Impedance analysis revealed that the NoAFL cell caused high R, owing to the
sluggish diffusion, charge transfer and desorption of O species over LSCF (Figure 4-
20a). The effective reaction zones near the TPB are generally proportional to the term
D/k, where D is the diffusion constant of the anode reaction intermediates, and % is the
surface exchange kinetics determined by the desorption and charge transfer steps.*64”
Hence, NoAFL cell requires a long distant diffusion for oxygen species (step 6) from
the TPB to the LSCF anode to extend the TPB length, thereby resulting in high

resistances for diffusion (Figure 4-18a). BLFZ AFL cells have significantly extended
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reaction areas near TPB, so that they do not need to extend the reaction areas with
surface diffusion, if £ of BLFZ is larger than LSCF. In fact, the BLFZ AFL exhibits
lower resistances for charge transfer to oxygen species and associative oxygen
desorption than other AFLs, which confirms that the BLFZ AFL has a significantly
large k. It is concluded that the BLFZ AFL can facilitate the anode reactions without
remarkable diffusion of O adsorbs due to its high proton conductivity and excellent

kinetics for associative desorption and charge transfer with water molecules.

(@) “ 0. (9) (b) Dissociative adsorption
(Step 8) & at TPB (Step 1, 2, 3)
f 2 & H,0 (g)
@« 0o {@9 Adsorption at 4 ‘ ‘
@ S o TPB (Step 1) %, 02 (g)
e 1 £Q' %,
\%\89 & ‘ ‘ ‘o ~
o) %,
\5 o B'\. H,0 (9) LSCF ‘S‘/é,/) b H* (TPB)

LSCF %)
o N b Expanded TPB ”:?7'_'_!_!_!
[ BLFZ (Step 5, 7)

TPB = H* (TPB) e e
BZCYYb6211 Proton transfer BZCYYb6211 Boosted (Step4) @
H* (ele) ® (Step 4) Decreased R,(0) H* (ele)

Figure 4-20 Schematic of proposed anodic reaction mechanism of P-SOECs. (a)

NoAFL cell. (b) BLFZ AFL cell.
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4.5 Conclusion

In this chapter, modification of the anode/electrolyte interface by BLFZ AFL was
demonstrated to be a promising strategy to obtain P-SOECs with a high electrochemical
performance and hydrogen production. The NoAFL cell offered effective reaction
zones for electrochemical water adsorption and proton transfer in the vicinity of the
gas-electrolyte-anode TPB, necessitating diffusion of oxygen adsorbs to extend the
reaction area for electrochemical associative desorption. The BLFZ AFL provided
relatively large proton-accessible electrode areas due to the H/O?* /e triple conductivity,
and thus involved very small interfacial protonic resistances. The extended reaction
areas over BLFZ cell enables the anode reactions without aids of enhanced oxygen
diffusions, and thus the cells exhibit much lower polarization resistances than those of
NoAFL cells. The polarization resistances of BLFZ AFL cells are much lower than
those of the cells with other triple-conducting and double-conducting AFLs, which
confirms that BLFZ is very active for the various electrochemical steps of anode
reactions. Moreover, the BFLZ AFL depresses hole carriers in BZCYYb6211
electrolyte because it retains relatively high pn2o and low po> at the interface owing to
the relatively high proton conductivity but low oxide ion conductivity. Hence the
implementation of BLFZ AFL can simultaneously improve the current density and
Faradaic efficiency of P-SOECs. The design of optimum AFLs offers a strong tool to
simultaneously improve the electrolysis performance and energy conversion efficiency

of P-SOEC:s.
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Chapter 5 High performance of BaggsLagosFeosZno.0s3_; anode
functional layer with efficient PrBaysSrosCo1.5sFes0s+s anode for

protonic solid oxide electrolysis cells

5.1 Objective of chapter 5

As described in chapter 1.5.1, there exists three kind of anode materials for P-SOECs.
O%/e” double conductors, composites of O?/e” double conductor and proton-conducting
electrolyte, and single-phase H"/O%/e" triple conductors. Single-phase H/O%* /e triple
conductors are most promising candidates among the three since they allow using not
only TPB but also whole anode particle surface for the anode reaction.

In chapter 4, a series of double- or triple-conducting oxides were examined as AFL,
and Bag.gsLao.0sFeo.8Zno203-s (BLFZ) was found to improve simultaneously both cell
conductivity and Faradic efficiency. However, the cells tested in chapter 4 using LSCF
anode, which is typical double conductor and thus is not desirable anode material.
Among various H"/O?/e" triple conducting anode materials, PrBag sSrosCo2Fe,Os:s
(PBSCF) has been recognized as favorable anode for P-SOECs. BLFZ is also H'/O?*"/e”
triple conductor, but the implementation to P-SOECs anode has not been examined. In
this chapter, the improvement of P-SOECs with BLFZ AFL was carried out through the
optimization of AFL thickness and choice of anode material. The cells with BLFZ
anode were confirmed to possess deteriorated performance compared to the cells with
PBSCF anode. The best performance in P-SOECs with Zr-rich side electrolyte could
be achieved by combination of 150 nm-thick BLFZ AFL and PBSCF anode, and the
corresponding cell exhibits current of 1.12 A cm~ at 1.3V with very low anodic reaction

resistance of 0.10 Q cm? at 600 °C.
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5.2 Experimental section
5.2.1 Material synthesis

PBSCF and BLFZ powders were synthesized by a citrate precursor route as described

in chapter 4.2.1.
5.2.2 Fabrication of half-cell and AFL

Half-cells based on BZCYYb6211 electrolyte were prepared by the same procedures
in chapter 4.2.2. The thin BLFZ AFL was also grown on the BZCYYb6211 electrolyte
layer surface via PLD, and the thickness of BLFZ film was control by different
deposition time under an energy of 102 mJ pulse™, a repetition rate of 5 Hz and an

oxygen pressure of 21 Pa at 700 °C.
5.2.3 Characterization

XRD and SEM were used to check the phase purity and microstructure of PBSCF
and BLFZ powder, and cross-sectional images of cell.

In this chapter, two kind of anode slurries were prepared. In the first case, as prepared
PBSCF or BLFZ powders were simply dispersed into a solution containing a binder (5
wt% surfactant dissolved in a-terpineol) and dispersant (20 wt% polyethyleneimine
(Mw 28 000) dissolved in a-terpineol) by ball milling for 3 h with a weight ratio of
powder (PBSCF or BLFZ):dispersant:binder = 10:3:1. In the second case, PBSCF and
BLFZ were ball milled for 24 h in ethanol. After drying, the powders together with
dispersant and binder were ball milled for 10 h to obtain the second kind of anode slurry.
Finally, the slurry was screen-printed on the BZCYYb6211 electrolyte or BLFZ AFL

as the anode for the measurement of P-SOECs as described in chapter 3.2.4.
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5.3 Results and discussion

5.3.1 Characterization of PBSCF and BLFZ

m BLFZ (b) 4lm 4

—~
QO
~

Intensity / arb.unit

26 (CuKa) / degree

—
O
-~

° ® PBSCF

Intensity / arb.unit

26 (CuKa) / degree

Figure 5-1 Phase and microstructure characterization of BLFZ and PBSCF. (a) and (c)
XRD patterns of BLFZ and PBSCF powders. (b) and (d) EDX element mapping of
BLFZ and PBSCF particles.

The BLFZ and PBSCF powders were confirmed by XRD, as shown in Figure 5-1a
and c. All diffraction peaks of BLFZ and PBSCF are well-matched with cubic BaFeO;-
s (PDF-75-0426) and tetragonal PrBaCo20s6s (PDF-53-0131) perovskite structures,
respectively. SEM and the related EDX mapping (Figure 5-1b) indicate that BLFZ has
particle sizes of approximately several micrometers and the distribution of metal atoms
is highly homogenous. PBSCF particles are much smaller than that of BLFZ with the
particle sizes equaling a few hundred nanometers (Figure 5-1d). The large particle size
of BLFZ must be attributed to the grain growth, assisted by liquid phase formation of
ZnO and BaO mixed phase, such as BaZnO,."!

BLFZ was introduced to the interface between BZCYYb6211 electrolyte and PBSCF

anode to optimize the thickness of AFL. Figure 5-2a show the typical cross-sectional
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SEM image of P-SOEC with porous PBSCF anode. Fives cells were fabricated with
BLFZ AFL of 0, 30, 90, 150 and 170 nm thickness, as shown by Figure 5-2b, which are
called BLFZ-0, 30, 90, 150 and 170, respectively, based on the thickness. The
microstructures of cell with 150 nm thick BLFZ were investigated in detail by high-
resolution transmission electron microscopy (HRTEM). The lattice fringes (Figure 5-
2¢) with interplanar spacing of 0.40 and 0.29 nm are well agreement with the (110) and
(100) crystal planes, respectively (PDF-75-0426). The EDX mapping analysis of Fe
(Figure 5-2¢) confirms a sharp interface was reserved between BLFZ AFL and
BZCYYDb6211 electrolyte. Hereafter, the cells have different BLFZ AFL thicknesses.

BLFZ thickness!

0 nm

25nm W
- Carbon —_— ¥

@ 0) =0:99 nm”
e P g

BLFZ layer

BZCYYb6211

Figure 5-2 (a) Typical cross-sectional SEM image of P-SOECs. (b) P-SOECs with
different thickness of BLFZ anode functional layer. (c¢) Lattice fringes and EDX

mapping (Fe) of BLFZ anode functional layer.
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5.3.2 Performance and Faradaic efficiency of P-SOECs
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Figure 5-3 Current-voltage (/-V) curves of P-SOECs with various thicknesses of BLFZ
layer. (a) BLFZ-0, (b) BLFZ-30, (c) BLFZ-90, (d) BLFZ-150, and (¢) BLFZ-170 cell.
(f) Electrolysis current density in 1.3 V at 600 and 500 °C.
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The current-voltage (/-V) curves (Figure 5-3) of P-SOECs as a function of BLFZ
AFL thickness were recorded by supplying a 30%-H»O/air gaseous mixture to the
PBSCEF anode and humidified 10%H>/Ar to the Ni-BZCYYb6211 cathode, respectively.
The open circuit voltage (OCV) of cell without BLFZ AFL, that is BLFZ-0 cell, is 0.94
and 1.00 V at 600 and 500 °C, respectively, which is higher than the values of the cells
using LSCF anode (see chapter 4.3). This means the PBSCF anode more efficiently
suppress the hole injection into the electrolyte than LSCF. The current densities of
BLFZ-0 under 1.3 V bias at 650, 600, 550 and 500 °C are 0.45, 0.23, 0.13 and 0.05 A
cm2, respectively, as shown in Figure 5-3a. All cells with BLFZ AFL show similar
OCYV as BLFZ-0 cell (same with the highest data in chapter 4.3). The I-V curves of cells
(Figure 5-3b-e) with BLFZ AFL exhibit higher current densities than the bare cell
(BLFZ-0 cell) at each measured temperature. The electrolysis currents at 1.3 V and
600 °C are enhanced to 0.38, 0.75, and 0.83 A cm™2, respectively, for BLFZ-30, -90 and
-150 cells, which are higher than the corresponding value (0.23 A cm2) of BLFZ-0 cell
by 65%, 226% and 261%, respectively (Figure 5-3f). However, when the BLFZ AFL
thickness is further increased to 170 nm, the current density is slightly deteriorated to
0.75 A cm™? (Figure 5-3¢ and f), indicating the optimal thickness of BLFZ thin film is
around 150 nm.

Figure 5-4 shows the hydrogen evolution rates of BLFZ-0, -90 and -150 cells under
galvanostatic electrolysis with corresponding applied currents at 600 and 500 °C
measured by gas chromatography. All cells were maintained for 3 h of galvanostatic
electrolysis at each fixed current, and in every cell, the hydrogen production rate could
be in equilibrium after approximately 1 h. Hence, the average hydrogen evolution rate
was determined by data of the following 2 h. BLFZ-0 cell has an average hydrogen
evolution rate of 50, 70, 100 and 120 umol min™' ¢cm= (Figure 5-4a) at the applied
currents of 0.24, 0.34, 0.46 and 0.57 A cm2, respectively, from which the Faradaic
efficiency is calculated to be 69%, 67%, 68% and 67%, respectively (Figure 5-4d). In
the case of BLFZ-90 cell, the average hydrogen evolution rates are 140, 180, 210 and
240 pmol min~! cm (Figure 5-4b) at currents of 0.70, 0.90, 1.10 and 1.30 A cm~2 and
the efficiencies are 65, 65, 62 and 58%, respectively (Figure 5-4d). BLFZ-150 cell
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shows average hydrogen evolution rates of 170, 180, 210 and 230 pmol min~! ¢cm™
under 0.74, 0.92, 1.10 and 1.40 A cm™ (Figure 5-4¢) with efficiencies of 71, 62, 59 and
51% respectively (Figure 5-4d). At thermal neutral potential, i.e., 1.3 V, the hydrogen
evolution rates of BLFZ-90 and -150 cells are almost 2 times higher than that of BLFZ-
0 cell with keeping Faradaic efficiency about 70%, indicating the increment of the
current (Figure 5-3) is coming from enhancement of electrochemical reaction rates by
BLFZ AFL and is not caused by the hole leakage.

Figure 5-4e and f are hydrogen evolution rates under galvanostatic electrolysis
condition at 500 °C for BLFZ-0 and -150 cells. Here, the constant currents were set so
as to apply the bias about 1.3 V. The average hydrogen evolution rate of BLFZ-0 cell is
only 10 umol min~! cm~ (Figure 5-4¢) at a current of 0.05 A cm~, and the efficiency is
67%. BLFZ-150 cell exhibits the evolution rate of 55 umol min~' ¢cm™ with an
efficiency of 82% (Figure 5-4d), which is the highest value in this thesis at the same
conditions. The electrolysis current and Faradaic efficiency of BLFZ-150 cell using
PBSCEF anode are much larger than both BLFZ-0 cell with PBSCF anode and BLFZ-
140 cell with LSCF anode (chapter 4), confirming the synergy effects of BLFZ AFL

and PBSCEF triple conducting anode.
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Figure 5-4 Hydrogen evolution rates under galvanostatic electrolysis condition at

600 °C. (a) BLFZ-0 cell with applied currents of 0.24, 0.34, 0.46 and 0.57 A cm™. (b)

BLFZ-90 cell at 0.70, 0.90, 1.10 and 1.30 A cm™. (¢) BLFZ-150 cell at 0.74, 0.92, 1.14

and 1.42 A cm™. Black lines depict the theoretical hydrogen evolution rates at

corresponding current and circles show the real-time detected hydrogen evolution rates.

(d) Calculated average Faradaic efficiency from hydrogen evolution rate. Hydrogen
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evolution rates of (¢) BLFZ-0 and (f) -150 cells under galvanostatic electrolysis
condition at 500 °C. The currents are 0.05 and 0.22 A cm™ for BLFZ-0 and -150 cell,

respectively, in both of which the applied bias is around 1.3 V.

5.3.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectra (EIS) were recorded from 650 to 500 °C in the
frequency range of 10°~10~! Hz with an alternating current (AC) amplitude of 30 mV
under open circuit voltage (OCV) conditions and different direct current (DC)
potentials as displayed in Figure 5-5 and 5-6. The Nyquist impedance plots of all cells
have the x-intercept at high frequency region, which corresponds to the ohmic
resistance (Ro) from BZCYYb6211 electrolyte and the polarization resistance (Rp) with
two distinct semicircles from anodic reaction, respectively. Therefore, the equivalent
circuit analysis as described in chapter 3.3.3 and chapter 4.3.4 was conducted to obtain
R;, values (Figure 5-5d).

Figure 5-5a and b show the EIS of BLFZ-0, -30, -90, -150 and -170 cells measured
under OCV conditions at 600 and 500 °C, respectively. BLFZ-0 cell has R, of 1.67 and
3.17 Q cm? at 600 and 500 °C, respectively. The relatively large R, is assigned to the
interfacial contact resistances as demonstrated in chapter 4.3.4 (Figure 4-14e). R,
decreases by increasing thickness of BLFZ AFL and the values for 30 nm, 90 nm, 150
nm, and 170 nm thickness equal to 1.01, 0.61, 0.55 and 0.52 Q cm? at 600 °C,
respectively, and 1.65, 1.15, 0.95 and 0.74 Q cm? at 500 °C, respectively (Figure 5-5a-
c). This feature indicates that BLFZ AFL has significant proton conductivity so as to
enhance the proton transfer from reaction sites to electrolyte. The activation energies of
R, (Figure 5-5e) clearly decreases with the thickness of AFL and the values as
calculated from the Arrhenius plots of R, (Figure 5-5¢) are 0.38, 0.38, 0.40, 0.32 and
0.23 eV for BLFZ-0, 30, 90, 150 and 170 cells, respectively. This result verifies that the
interfacial proton migration controls the overall ohmic resistances, and moreover,
confirms that the proton transfer barrier at the interface is lowered by the BLFZ AFL.

Similarly, the R, decreases with thickness of AFL. R, of BLFZ-0 cell is 1.30 Q c¢m?
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at 600 °C, and decreases to 0.46, 0.20, 0.22 and 0.18 Q cm?, respectively by 65, 85, 83
and 86% reduction, respectively, with increasing thickness of BLFZ from 30 to 90 to
150 to 170 nm, respectively (Figure 5-5d). At 500 °C, the corresponding R, values of
BLFZ-30, 90, 150 and 170 cells are 2.79, 1.38, 1.13, and 1.08 Q cm?, respectively
(Figure 5-5b and d). The Arrhenius plots of R,~! (Figure 5-5d) clearly demonstrates the
activation energy gradually decreases from 1.28 to 1.16 to 1.06 to 0.93 to 0.98 eV with
increasing thickness from 0 to 30 to 90 to150 to 170 nm, as shown in Figure 5-5e. R,
of BLFZ-150 cell is much smaller than those of BLFZ-0 cells (1.30 and 2.18 Q cm? at
600 °C for PBSCF and LSCF, respectively) with either PBSCF or LSCF anode,
confirming that BLFZ AFL plays a crucial role for the anodic reaction on P-SOECs.
The R, of BLFZ-150 cell using PBSCF (0.22 ©Q c¢cm? at 600 °C) is only 48% of that of
BLFZ-140 cell using LSCF anode (0.46 Q cm? at 600 °C, chapter 4.3.4), which verifies
the synergy effects of BLFZ AFL with highly active, triple conducting PBSCF.
Impedance spectra of all cells were collected under various cell biases as shown in
Figure 5-6 at 500 °C. R, is slightly decreased with increasing cell biases in all cells,
which is probably due to the increment of both proton and hole currents by the
modification of proton and hole defect profiles across the electrolyte film at the applied
electrochemical potential field.>® Meanwhile, R, monotonically decreases with

increasing cell bias from 50 mV to 200 mV for every cell.
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Figure 5-5 Electrochemical impedance spectroscopy (EIS) of P-SOECs as a function

of BLFZ AFL thickness. EIS measured at (a) 600 °C, (b) 500 °C under open circuit
voltage. Arrhenius plots of (c) ohmic resistance (R,) and (d) anodic polarization

resistance (Rp) as determined by equivalent circuit analysis using EIS. (e) Activation

energy for R, and R,. (f) Bias-dependence of EIS for BLFZ-150 and 170 cells.
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5.3.4 Performance of BLFZ anode on P-SOECs

As described in chapter 4.3.2, PBSCF is a H"/O%/e" triple conductor with a hydration
enthalpy of approximately 22 kJ mol~! and a proton concentration of 3.5% per formula
unit at 200 °C under pu20/po=0.020. BLFZ is, actually, also triple conductor having a
higher hydration enthalpy (~ 86 kJ mol™"), thereby higher proton concentration (10%
per formula unit at 250 °C under pu20/po=0.016) than PBSCF.* 3 Therefore, the results
mentioned above stimulate to examine the electrochemical performance of BLFZ as
anode on P-SOECs. Unfortunately, the particle sizes of BLFZ are much larger than that
of PBSCEF, as shown in Figure 5-1. Therefore, BLFZ fine powders were prepared by
ball-milling for 24 h in order to reduce the particle sizes and increase the anode surface
areas. The BLFZ powders before and after ball-milling are denoted as O-BLFZ
(Original BLFZ anode) and BM-BLFZ (Ball-milled BLFZ anode), respectively. O-

BLFZ slurry was prepared by ball milling the O-BLFZ powders with a solution
containing dispersant and binder for 3 h with (weight ratio of BLFZ:dispersant:binder

=10:3:1). BM-BLFZ slurry was prepared by ball milling the BM-BLFZ powders with
the same solution for 10 h, as shown in Figure 5-7. Similarly, O-PBSCF and BM-
PBSCF slurries were also prepared from as-received and ball-milled powders,
respectively.

Figure 5-7a and b show the XRD patterns of BM-BLFZ and BM-PBSCF powders,
respectively. The corresponding insets are expansion of (110) peak for O-BLFZ (black)
and BM-BLFZ (red) in 26 ranging from 29.5 ° to 32.5 °, (102) peak for O-PBSCF
(black) and BM-PBSCEF (red) at 20 ranging from 31.5 ° to 34.5 °. Obviously, the peaks
are broadened after ball milling in both, indicating the miniaturization of particle sizes
by ball milling. O-BLFZ and O-PBSCF are comprised particles with a diameter of
several micrometers and hundreds of nanometers, respectively, as confirmed by SEM
(Figure 5-7c and d). Simultaneously, the SEM images of BM-BLFZ and BM-PBSCF
(Figure 5-7e and f) clearly show the reduction of particle sizes. BM-BLFZ is mixture
of several tens nm and a few pm-size particles. BM-PBSCF is more homogeneous,

comprising several tens nm-size particles.
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The [-V curves of P-SOECs based on O-BLFZ, BM-BLFZ and BM-PBSCF anodes
are shown in Figure 5-8. BLFZ anode functional layer with a thickness of 150 nm was
applied in all cells. O-BLFZ cell yields currents of 0.46, 0.24, 0.16 and 0.10 A cm™ at
650, 600, 550 and 500 °C, respectively, under the thermal neutral potential 1.3 V
(Figure 5-8a). BM-BLFZ cell exhibits similar values of 0.47, 0.32,0.18 and 0.11 A cm™
2 at corresponding temperatures (Figure 5-8b), which indicates the anodic reactions are
not promoted by increasing the surface areas of the BLFZ anodes. The electrolysis
currents of BM-BLFZ cell are much lower than the corresponding values of O-PBSCF
cells (compared Figure 5-8b and Figure 5-3d) although the particle sizes of the former
is similar as one of the later (Figure 5-7d and ¢). These features confirm that PBSCF is
more favorable anode materials for P-SOECs. The electrolysis currents of BM-PBSCF
cell at 1.3 V are 1.61, 1.12, 0.70 and 0.44 A cm™? at 650, 600, 550 and 500 °C,
respectively, (Figure 5-8c) which are 13, 35, 30 and 83% higher than the corresponding
values (1.42, 0.83, 0.54 and 0.24 A cm2) of O-PBSCF, respectively, indicating the
surface areas of PBSCF anodes are important to decrease the anode reaction resistances
of P-SOEC:s particularly at low operating temperatures.

Figure 5-9 shows the hydrogen evolution rates of O-BLFZ cell under galvanostatic
electrolysis at 600 °C and fixed current of 0.28 A cm™ (1.3V). The average hydrogen
evolution rates is 70 pmol min~' ¢m with a Faradaic efficiency of 79% calculated as
described in chapter 3.3.2 and 4.3.3, which is far below that (165 pmol min~' cm™ and
71%) of O-PBSCF (Figure 5-4c¢).
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The polarization behavior was evaluated by electrochemical impedance spectroscopy
(EIS), as shown in Figure 5-10 and 5-11. Figure 5-10a shows the Nyquist plots of O-
BLFZ and BM-BLFZ cells at 600 and 500 °C under OCV conditions, which show two
distinct semicircles, i.e. the polarization resistance (Rp) related to the anode reaction
after the high frequency x-intercept corresponding to the ohmic resistance (R,). The R,
values of BM-BLFZ are 1.11 and 1.68 Q c¢m? at 600 and 500 °C, respectively, which
are 28% and 20% smaller than those (1.54 and 2.10 Q cm?) of O-BLFZ. R, of O-BLFZ
cell is 0.79 Q ¢cm? at 600 °C, and it is 54% larger than that of BM-BLFZ (0.36 Q cm?)
cell. At 500 °C, O-BLFZ and BM-BLFZ cells have R, of 2.64 and 2.67 Q cm?,
respectively, implying that the anode reaction resistances are similar each other, which
1s consistent with the similarity of /-V characteristics in both cells (Figure 5-8 a and b).
These results indicate the anodic reaction mainly proceeds at the sites on BLFZ AFL,
rather than those on BLFZ anode in case of BLFZ-150 cell using BLFZ anode.

In the case of BLFZ-150 cell with BM-PBSCF anode, both R, and R, are much lower
than the cells with O-PSBCF anode, which is agreement with the /- characteristics as
depicted in Figure 5-8c. The R, and R, are only 0.32 and 0.10 Q cm?, respectively, at
600 °C, and 0.46 and 0.28 Q cm?, respectively, at 500 °C under OCV (Figure 5-10b and
d). These results reveals that some anodic reaction steps favorably occurs on PBSCF
anode surfaces. The R, of BM-PBSCEF cell is much smaller than the R, at OCV, although
R, of other cells are lower than the corresponding R,. This feature prove the pronounced
anodic reaction activity of BLFZ-150 cell with PBSCF nanoparticle anodes. Figure 5-
11 shows the dependance of impedance spectra for O-BLFZ, BM-BLFZ and BM-
PBSCEF cells under different cell bias at 500 °C. Similar with Figure 5-6, R, of all cells

decrease as increasing the DC potentials from OCV to 200 mV.
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Figure 5-10 Electrochemical impedance spectroscopy (EIS) of P-SOECs. (a) and (b)
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As demonstrated in chapter 4.3.5, the combination of reaction order analysis and the
distribution of relaxation time (DRT) analysis of EIS can validate the sluggish
elementary step of the anode reaction in P-SOECs. The impedance responses of BM-
PBSCEF cells were evaluated under various oxygen partial pressures (po2) in the anode
side at 500 °C under the OCV balanced with a fixed stem partial pressure of (pH20 =
0.30 po, po = 101.3 kPa), as displayed in Figure 5-12. Unlike LSCF anode, BLFZ-150
cell using BM-PBSCF anode shows only four DRT peaks at approximately 10° (P1),
10% (P2), 10" (P3) and 107" (P4) Hz, respectively. The corresponding resistances were
calculated from the peak area as shown in Figure 5-12c. Hereafter, the assignment of
DRT resistance peaks is conducted with response to po>™ terms and reaction model
listed in Table 4-2. P1 is dependent on po>™” with n =—0.04 and thus is attributed to the
first charger transfer (0>~ + h™ — O, n=0). P2 exhibits dependence on poa (7 = 0.38),
which is consistent with the feature of the second charger transfer (O~ +h* — O, n =
0.375). P3 at 10! Hz region is also assigned to the second charger transfer as LSCF
anode, although the corresponding n value does not perfectly coincide with the ideal
one. P4 at 107! Hz region exhibits very large po> dependence (n = 0.52), so it should be
assigned to associative oxygen desorption (20 — O, (g)). The largest resistance of P3
means that second charger transfer is rate-controlling step of anodic reaction on BM-
PBSCEF anode.

Figure 5-13 shows the EIS and DRT plots as a function of pu2o at 500 °C under the
OCYV with a fixed po> = 0.20 po. As pu2o increasing from 0.03 po to 0.40 po, the EIS and
DRT plots remain the same, revealing that the partial pressure of steam has little impact
on the performance in BM-PBSCF cell.

Here, the DRT plots of LSCF and BM-PBSCF anode-based cells are compared in
Figure 5-14. Clearly, the higher current of BM-PBSCF cell is attributed to the
significantly decrease of resistance from first, second charger transfer and oxygen
desorption, indicating that PBSCF has higher catalytic ability than LSCF and is suitable
to use as anode for steam electrolysis.

Finally, the long-term stability of electrolysis cell with BZCYYb6211 electrolyte and
BLFZ AFL was examined by galvanostatic electrolysis at 1 and 0.45 A cm=2 at 600 and
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500 °C, respectively, over 100 h under high humidified condition (Figure 5-15). The

cell showed excellent durability.
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5.3.5 Comparison of performance and efficiency in P-SOECs
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Figure 5-16 Comparison of electrochemical performance and Faradaic efficiencies in
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Ln;»SrosNiO4 (LSN),'? SrasLag2FexO7-5 (SLF),"” LagsSro2MnO3_5-BaZro3Ceo5Y0.16Z10.0403-5-
Cos04Fex03  (LSM),'™'7  LagSr0.4Co0.2Fe0s03-5-BaZro3CeosYo.16Zn004035  (LSCF),'®
Bao 5Sro.5Co0.sFe0.203-5-BaZro3Ce05Y0.16Z10.0403-5 (BSCF)," LagsSr02Mno.05Sc0.0s03-5 (LSMS),"?
SrEusFer 5C00207.5 (SEFC). '
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Abbreviations of triple conductors: BaZry7Cep2Y0.10295-BaZry7Ce02Y0.103-s (BGLC-
BZCY721),% BaCoo.4Fe4Zro.1 Y0105 5-BaZro3Ceo6Y0.105-5 (BCFZY-BZCY361),%
La §Sr02C00.7Nig 3035 (LSCN in chapter 3), PrBag sSro sCo2-+Fe Os5 (PBSCF-1),%* PrNig sCoo 503-
s (PNC),? (PrBao.sCa0.2)0.95C0206-5 (PBC(C95),% NdBay.sSr0.5Co1.5Fe.505+5-
BaZr.1Ce07Y0.1Ybo10ss (NBSCF-BZCYYb1711),* PrBapsSrosCos.FexOsis (PBSCF-3D),2
BaCoo4Feo4Zr01Y0103 5 (BCFZY),>” PrNipsCoos03s (PNC-3D),? PrBagsSrosCoisFeosOsis
(PBSCF-2),” PrBay sCag,C0,0s:5-BaCo03_s (PBCC-BCO)?.

Figure 5-16a compares the electrochemical performance at 600 °C and 1.3 V for the
cells presented in this thesis and reported previously. In chapter 3, LSC AFL was
fabricated between BZCYYb6211 electrolyte and LSCN H*/O?/e" triple conducting
anode, achieving a current of 1.22 A cm™ at 600 and 1.3 V, which is higher than most
of the previously reported in P-SOECs, such as BaCoo4Feo4Zr0.1Y0.103-5 (BCFZY),?’
NdBay 5Sro.5Co1.5FeosOs:s (NBSCF),? PrBagsSrosCoz-+FeOs:5-3D (PBSCF-3D),2¢
and PrNiosCo0s03-s (PNC)** although most of them use Ce-rich-side, highly
conductive electrolytes BZCYYb4411 or BZCYYb1711. The results of chapter 3
indicate that design of anode functional layer is effective to improve the performance
of P-SOECs with Zr-rich electrolyte (BZCYYb6211). However, unfortunately, the
Faradaic efficiency () is only approximately 70%, as shown in Figure 5-16b.

Therefore, a broad survey of the electrolysis performance was conducted for the cells
with various AFLs, as demonstrated in chapter 4. NoAFL cell with LSCF anode have a
higher current density (0.395 mA c¢cm™) than the previously reported P-SOECs using
O%/e” double-conducting anode materials, such as LSCF,” LSC,® LaxNiO4+s (LNO4)®
and Smy 5Sr9.sC003-5 (SSC)’ as displayed in Figure 5-16a. In addition, the performance
of NoAFL cells is comparable to that of novel anode materials. For example, Huan et
al. reported a current of 042 A cm? with a SrEuwFe;sC002075 (SEFC)-
BaZro5Ce03Y02035 (BZCYS532)" composite anode. The composite anode of the
redox-stable perovskite SroFe1.sMoo.50s-s (SFM) with BaZrosY0203-5 (BZY82) has a
current of 0.38 A cm2,!3 and that of the La; 2SrosNiO4 (LSN)'? anode has a current of
0.42 mA cm™. The BLFZ cells achieved 0.57 mA cm™, which was surprisingly higher

than that of P-SOECs with H/O*/e" triple-conductor anodes for Ba.
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+GdogLao2+:C02065 (BGLC, 0.11 A cm™3),® BCFZY (037 A cm?)?
Lag 3Sr92C00.7Nig303-5 (LSCN, 0.55 A cm™2 in chapter 3), PBSCF (0.55 A cm2)* and
PNC (0.56 A cm™2).2 Thus, the modification of electrolyte and anode interfaces by the
BLFZ AFL in this work is an effective strategy to improve the performance of
electrolyzers. The 7 of the NoAFL cell is approximately 46% at 0.070 A cm2, which is
similar to those of other O*/e” double-conducting anode materials, including
LaogSro2MnOs.s (LSM),'*'7 Bag sSro.sCo0.8Fe0203-s (BSCF),"”® SrEuFe18C00207-s
(SEFC),'* and Sr»3Lag2Fe>07-5 (SLF)."> The BLFZ cell can gain an 5 of 75% at 0.214
A c¢cm™2, which is higher than the values for the cells with Ba;..GdosLao2+xC0206-s
(BGLC) and LSCN (chapter 3) H"/O?/e" single-phase triple-conductor anodes.
Because of the low activity of LSCF, the performance of BLFZ cells is still inferior
to those of state-of-the-art P-SOECs, and it is also difficult to obtain high # values.
Hence, PBSCF H'/O?/e" triple conducting anode was applied in P-SOECs. The synergy
of BLFZ AFL and PBSCF anode further improve the performance and thus the cell with
150 nm-thick BLFZ AFL gains the currents of 0.83 and 1.12 A cm2 for the cells by
using O-PBSCF and BM-PBSCEF, respectively, (Figure 5-16a). Surprisingly, the # of
the cell with O-PBSCF anode increases to 82% and 71% at 500 and 600 °C with
currents of 0.22 A cm™ and 0.74 A cm™, respectively, under the thermal natural
potential (1.3V) as shown in Figure 5-16b. These # are much higher than not only the
other cells tested in this thesis (chapter 3 and 4) but also the champion data of the cells
with PNC (74% at 0.62 A cm2)* and PBSCF (71% at 0.37 A cm™2, 58% at 0.78 A cm~

2) anodes.?
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5.4 Conclusion

In summary, this chapter demonstrated that the combination of BLFZ AFL and
H*/O%* /e triple conducting PBSCF anode is beneficial to significantly improve the
electrolysis performance and conversion efficiency of P-SOECs. When the BLFZ film
thickness increased from 0 nm to 150 nm, the steam electrolysis current at 1.3 V
increased monotonously from 0.23 to 0.83 A cm™? at 600 °C since the ohmic and
reaction resistances decreased from 1.67 to 0.55 Q cm? and from 1.30 to 0.22 Q cm?,
respectively. The current was slightly lowered by further increase of the thickness to
170 nm. The results confirmed the optimal thickness range for BLFZ thin film should
be approximately 150 nm thick. The cell with 150 nm BLFZ AFL had a remarkable
Faradaic efficiency equaling to 71% at 0.74 A cm™, which is the highest value of the
cells with Zr-rich side BZCYYb6211 electrolytes. Meanwhile, the use of BLFZ for the
anode leaded the deterioration of the performance; 0.32 A cm™ at 600 °C and 1.3V. EIS
confirmed that BLFZ anode caused large resistances related to charger transfer and
oxygen desorption, indicating that BLFZ is less active than PBSCF for oxygen
evolution reaction. In addition, the larger ohmic loss also hindered BM-BLFZ cell to

achieve high performance.
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Chapter 6 General conclusion

In this thesis, the protonic solid oxide electrolysis cells (P-SOECs) were investigated,
and the following achievements were accomplished. Firstly, P-SOECs were fabricated
with thermodynamically stable BaZr.cCeo.2Y0.1Ybo.103-5 (BZCYYb6211) electrolyte.
The performances of the cells were drastically improved by implementing
Lao5Sr9.5C003-s (LSC) nanofilm as an anode function layer (AFL), and thus the
resultant cells exhibited equivalent performance as the cell with Ce-rich side electrolyte
BaZro.1Ce0.7Y0.1Ybo.103-s (BZCYYDb1711). Based on this finding, a broad material
survey was conducted with various double- or triple-conducting oxides, and
consequently, BagosLaoosFeosZno203-s (BLFZ) AFL was found to significantly
increase the Faradaic efficiency of BZCYYb6211 base P-SOECs. The functionality of
BLFZ AFL was clarified by means of electrochemical measurements. Finally, we
demonstrated the highest Faradaic efficiency and electrolysis current of P-SOECs with
Zr-rich side Ba(Zr,Ce,M)0Os_s electrolyte. The achievements of this thesis were briefly
summarized as follows.

In chapter 1, the urgent demand for industrial production of green hydrogen was
explained in terms of utilization of renewable energy for carbon neutrality. Compared
to other H>O electrolysis technologies, the essential merits of P-SOECs were assessed,
in concern with the thermodynamic features of water splitting and less-pronounced
thermal-corrosion of materials in the relatively low operation temperatures (400—
700 °C). On the other hand, major issues of P-SOECs were attributed to the relatively
high anodic polarization resistances and low Faradaic efficiency for the cells with
thermodynamically sable, Zr-rich side Ba(Zr,Ce,M)Os3_s electrolyte. The modification
of anode/electrolyte interface was identified as a key factor to address these issues,
based on the summary of the recent advances and challenges of P-SOECs. Finally, the
motivations and objectives of this thesis were clearly stated.

In chapter 2, the experimental methods used in this thesis were introduced. Radio
frequency (RF) sputtering and pulse laser deposition (PLD) techniques were applied in

this thesis to grow AFL thin films on the electrolyte.
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In chapter 3, thin film cells based on high Zr-content BZCYYb6211 and Ce-rich
BZCYYDb1711 electrolyte were fabricated by solid-state sintering at 1400 °C. The grain
sizes of BZCYYDb6211 electrolytes (3—4 um) were smaller than those of Ce-rich
BZCYYb1711 electrolytes (20-25 um), so that the former cell exhibited high ohmic
loss than the later probably due to the large grain boundary resistances. Meanwhile, the
electrolysis current of BZCYYb6211 cell remarkably increased from 0.55 A cm™ to
1.22 A cm™2 at 600 °C with 1.3 V bias by introducing Lag sSrosCoOs-s (LSC) AFL of
90 nm thickness at anode/electrolyte interface, which was close to that of
BZCYYb1711 cell (1.13 A cm™?), demonstrating the importance of anode/electrolyte
interface microstructures. AFL clearly decreased both ohmic resistances and anode
reaction resistances at gas-electrolyte-electrode triple phase boundary (TPB), in which
the total area-specific resistance (ASR) decreased from 1.50 Q c¢cm? to 0.83 Q cm? at
600 °C under open circuit voltage (OCV). In addition, long-term durability of
BZCYYb6211 cell with LSC AFL was carried out at 500 °C for 100 h under applying
a constant current of 1 A cm™. The cell retains a bias at around 1.5 V and achieved
Faradaic efficiency of approximately 70%. These results confirmed that steam
electrolysis performance of P-SOECs based on Zr rich side Ba(Ce, Zr, M)O3_s could be
greatly enhanced by AFL and thus the approach was helpful to develop a practical P-
SOECs.

In chapter 4, a series of oxides with double- or triple-conductivity were surveyed to
explore the optimal materials as AFLs for BZCYYb6211 electrolyte cells with standard
air electrode material of Lao.6Sro.4Co00.2Fe0.803-5 (LSCF). According to the OCVs values,
these cells could be classified into three categories: (1) relatively low, (2) equivalent
and (3) relatively high in comparison to the cell without AFL (NoAFL). Typical
material categorized to (1), (2) and (3) are LaSrCoOss (LSC4),
PrBao sSro.5Co1.5Fe0sOs+s (PBSCF) and BagosLao.osFeosZno203-s (BLFZ) AFL,
respectively. The electrolysis currents of LSC4, PBSCF and BLFZ cells were much
larger than that (0.40 A cm™2) of NoAFL cell at 600 °C with 1.3 V bias, which equaled
to 0.73, 0.65 and 0.57 A cm™ respectively. Particularly, BLFZ cells possessed the
anodic resistance of only 0.46 Q cm? at 600 °C in OCV, which was 80% smaller than
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that of NoAFL cell (2.18 Q cm?). The distribution of resonant time analysis for
impedance spectra revealed that BLFZ AFL significantly extended proton-accessible
reaction areas near TPB due to the superior proton conductivity and thus conducted the
anode reaction without long range diffusion of O adsorbs. Moreover, BLFZ AFL could
significantly increase Faraday efficiency and the corresponding cells exhibited
efficiency of 75% at 500 °C with yielding significantly high current density (0.21 Acm™
2) at around 1.3 V bias, although LSC4 and PBSCF AFL decreased the efficiency. These
results indicated the actual protonic current was changed by AFL, i.e., the AFL-
elevating OCVs achieved a high efficiency by lowering the hole leakage. These results
proved that BLFZ AFL could retain the relatively high steam partial pressure but lower
the oxygen partial pressure at the AFL/electrolyte interface due to the relatively high
proton and low oxide ion conductivity and thus suppressed the formation of hole carries
at anode/electrolyte interface. Hence, the corresponding cells showed relatively high
OCYV and high efficiency.

In chapter 5, H"/O?*/e" triple conducting PBSCF was applied as anode of P-SOECs
with BLFZ AFL. The simultaneous use of PBSCF anode and BLFZ AFL exhibited very
low polarization resistances (0.10 Q cm? at 600 °C and OCV), which was only 21% of
that (0.46 Q cm) for cell with LSCF anode. Hence the corresponding cells achieved
electrolysis current equaling to 1.10 A cm at 600 °C and 1.3 V, with a high efficiency
of 71%, which was the highest values of P-SOECs with Zr-rich side BZCYYb6211
electrolyte. Nevertheless, BLFZ was found to poorly active if it was applied to the
anode. These proved that AFL played a different role from that of anode in the anode
reaction. DRT analysis revealed that BLFZ AFL reduced the resistance related to water
adsorption due to the excellent hydration capability whereas PBSCF anode sufficiently
decreased the resistance related to charge transfers. The cell with BLFZ AFL showed
excellent long-term stability over 100 h with an electrolysis current of 1 A cm™ at
600 °C under high steam condition.

In conclusion, this thesis demonstrated that modification of anode/electrolyte
interface with functional oxide interlayer was an alternative way to develop highly
efficient P-SOECs with Zr-rich electrolyte. The AFL could tune the hole carrier
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concentration in electrolyte and increase proton-accessible reaction areas near the TPB,
if the oxides of AFL had significantly high hydration capability and relatively low oxide

ion conductivity.
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