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Abstract

It is a great challenge to address global energy and climate change crises by new
clean energy devices utilizing renewable energy sources (e.g., solar, wind, geothermal,
biofuels). Protonic ceramic cells (PCCs) based on the proton conducting Ba(Zr, Ce)O3
solid electrolytes are a highly efficient storage device of natural energy with, because
they can produce hydrogen by steam electrolysis with a use of electrical powers
originating from natural energy (EC mode) and conduct power generation with the
hydrogen products (FC mode). Nevertheless, the performances of the current devices
lag far behind those expected from the electrolyte resistances at the temperatures below
600 °C. A major reason for the reduced performance at lower temperatures is the
occurrence of the considerable interfacial polarization at air electrodes in both FC and
EC modes. The well-known air electrode materials, such as La;..SriCoo2Feo303
(LSCF), Smyo 5Sr0.5C00O3 (SSC) and so on are oxide-ion conductors; there is a mismatch
of main ionic carriers between the air electrode and the electrolyte, which limits the
efficient area for air electrodes’ reaction to the air electrode—electrolyte—gas triple phase
boundaries (TPB). The materials having efficient proton conductivity together with
electron and oxide ion conductivity, if available, is expected to extend the effective
reaction area to the overall surface of the electrode, and thus decreases the interfacial
polarization resistances. Such H*/O?/e™ triple conducting materials could be derived
from the oxides having the pronounced hydration capability at intermediate
temperatures. The main objective of this thesis is to explore the tiple perovskite type
oxides with high hydration capability at intermediate temperatures, and figure out the
hydration mechanism to lead a robust guideline for the material design. Finally, the
excellent cell performances were demonstrated with the PCCs using triple conducting

air electrodes.

In chapter 1, the general background of energy conversion devices based on protonic



ceramic cells was firstly described. Then the progresses on PCCs were summarized for
the comprehensive understanding of proton-conducting oxide cells. The issues of PCCs

were analyzed and the aims of this thesis were proposed.

In chapter 2, experimental and theoretical techniques used in this thesis were

surveyed.

In chapter 3, Lao §Sr0.2C01-:N1,O3.5 (LSCN; x=0-0.3) families were found to undergo
the thermochemical hydration and take favorably proton defects in the concentration of
0.06-0.15 mole fraction at around 400 °C by exposed to water pressure of 0.023 atm.
Hence LSCN electrodes could efficiently reduce the polarization resistances regarding
to the water formation and dissociation reactions on protonic ceramic fuel cells (PCFCs)
and protonic ceramic electrolysis cells (PCECs), respectively, attributed to the mixed
H'/e/O* triple phase conductivity. The thin-film cells based on Zr-rich
BaZro4Ceo4Y 0205 electrolyte yielded the peak power density of 0.88 W ¢cm™ in FC
mode and electrolysis current of 1.09 A cm™ at 1.3 V in EC mode at 600 °C, respectively,
which are superior to the well-known Lag 6Sr0.4Coo.2Feo 803 electrodes under the same
conditions. The XAS measurements proved that the hydration did not involve the

valence change of O and metal atoms.

The chapter 4 reported on the massive uptake of proton carriers in cubic perovskite
type Lao7Sro3MnQOs.s at intermediate temperatures through the hydration reaction
triggered by the charge disproportionation between oxygen and manganese redox.
Lao.7Sr03MnOs3.5 underwent the decline of antibonding O 2p states hybridized with Mn
3d orbitals together with oxidation of Mn*" to Mn*" by hydration, and thus, retained
bulk protons in the concentration of 0.14 mole fraction in wet air at around 420 °C,
which was corresponding to the concentration of the well-known protonic conductor
BaZr,Ceos+Y020;3-5. These results offered a general concept to design mixed H"/O* /e

triple conductors operating in air conditions, namely, that transition metal oxides



possessing holes on O 2p states together with oxygen vacancies could be promising

candidates.

In chapter 5, it was also demonstrated that a cubic-type Lao.7Sro3Mno.7Nig303-5 (C-
LSMN7373) perovskite was promising for intermediate-temperature PCFCs because of
the sufficient H'/e/O* triple conductivity. The oxides could be hydrated by gaining 0.1
mole fraction H,O under wet air at 415 °C, as confirmed by thermogravimetry analysis.
An in situ extended X-ray absorption fine structure (EXAFS) analysis revealed that the
hydration reaction took place via the association between H>O and oxygen vacancy,
coupled with the charge disproportionation between Mn and O atoms. Rhombohedral-
type Lao.7Sro3Mn;.xN1,O3.s could not undergo hydration because the oxygen vacancy
concentration required for water association was lower than the cubic phase
concentration. The cathode performances of various PCFCs were examined by
fabricating thin-film cells based on a Ba(Zro4Ceo.4Y0.2)O3 electrolyte. The peak power
density of the PCFCs with cubic-type LSMN7373 cathode was 386 mW cm 2 at 600 °C,
which was much higher than the reported values for the Zr-rich side electrolytes.
Moreover, the cathodic polarization resistance was lower than that of the cell with the

widely used Lao.sSro4Coo.2Fe0 803 cathode below 550 °C.

The chapter 6 is the summary of this thesis. The hydration enthalpy of
Lag sSr02C007Nip3035 and C-Lag7Sro3Mng7Nig303-5 were about -110 kJ mol! as
calculated from the dehydration temperatures under water pressure of 0.023 atm.
Therefore, these oxides must retain sufficient amount of water even in the temperature
range of the PCC’s operation, i.e. 500—600 °C under water partial pressure of 0.1 atm.
The performances of PCECs and PCFCs with cubic-type Lao 7Sro3Mno.7Nig303-5 air
electrodes were superior to those reported for the corresponding cells with O*/e” double
conductors at 500 and 600 °C, because the interfacial polarization resistances of the
formers were significantly lower than those of the latter. It was concluded that the

hydrated oxides could extend the reaction areas for the water formation or splitting
1l



reactions on the proton conducting solid electrolytes due to the H'/O*/e triple
conductivity and thus, were promising air electrodes for the intermediate temperature

PCCs.
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Chapter 1 General introduction

1-1 Solid oxide fuel cells

With the emergent growth of global economy, ones are facing the climate and energy
crises and the stringent regulations on fossil fuels, and the currently serious situation
drives a shift toward renewable energy sources (e.g., solar, wind, and geothermal) and
cleaner, more efficient utilization of green fuels, i.e. hydrogen. Therefore, it is urgent
task for many material chemists to develop advanced electrode and electrolyte materials
for electrochemical energy-conversion and storage devices, such as proton-exchange

membrane fuel cells (PEMFCs),! solid oxide fuel cells (SOFCs),*” lithium batteries,>’

10,11 12,13

flow batteries, and alkaline water electrolyzers, solid oxide electrolysis cells

16-18 19,20

(SOECs),'*!* reversible ceramic electrochemical cells, and so on, as shown in

Figure 1-1.2!2

SOFC is an electrochemical device, based on oxide-ion conducting solid electrolyte,
typically Y-dope ZrO» (YSZ), and enables efficient electrical power generation with by
utilizing hydrogen (or hydrocarbons) fuels with achieving more than 60% ideal
efficiency (Figure 1-2). SOFCs possess several particularly attractive advantages
compared with PEMFCs. 1) Fuel flexibility, they can directly use hydrocarbons fuels,
even solid carbon, with efficiently reforming hydrocarbons/carbon to H> and CO in the
anode, because of the high operating temperatures (800-1000 °C). II) High efficiency,
SOFCs produce electricity directly from fuels upon electrochemical processes, with the
efficiency over the limits of the Carnot cycle. III) Materials choice: the device does not
need to use precious-metal (Pt) catalysts. Another benefit offered by high operating
temperatures is that the heat produced by the SOFCs stack can be utilized by
endothermic steam reforming reactions, which can increase overall system efficiency
when operating on hydrocarbon or alcohol fuels. The total energy efficiency of the

SOFCs system can reach up to 90% in combined high-quality waste heat and electricity
1



applications by recovering waste heat.

According to these advantages, recently the SOFCs system (Ceres Co Ltd.) has been
applied to middle or small-sized power plants in EU and USA, in which hydrogen fuel
produced by water electrolysis with renewable electricity and bio gas were converted
to electricity with efficiency of more than 50%. However, the conventional SOFCs
together with SOECs suffer from high running cost and poor long-term stability because
of the serious material corrosion under high operation temperatures around 800 °C.

Therefore, in order to solve these problems, it is strongly demanded to lower the

operating temperature of SOFC devices into the range below 600 °C.
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Figure 1-1 Current electrochemical devices for energy conversion and storage.
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Figure 1-2 Schematic representation of an oxide-ion conducting solid oxide fuel cell.



1-2 Protonic ceramic cells

Proton-conducting ceramic fuel cells (PCFCs) and electrolysis cells (PCECs) are
promising alternative to the conventional SOFCs and SOECs, which are based on the
protonic conducting ceramic electrolytes, typically, Ba(Zr, Ce)O3 base oxides. Because
the protonic conducting Ba(Zr, Ce)O3 possesses the lower activation energy for protonic
conduction (0.3-0.5 eV) than that of oxide-ion conducting YSZ (0.8 eV) and thus
exhibits significantly high conductivity (> 10 S cm™') at temperatures above 400 °C,
the related devices can be operative at temperatures below 600 °C. Unlikely in SOFCs,
PCFCs/ECs do not produce water in the fuel electrode side, so that the dilution of
hydrogen fuel does not occurs during operation, which results in not only increase of
the fuel utilization but also suppress of oxidation of metal catalysts.?* 2%-26:27 Therefore,
the protonic ceramic cells deserve the extensive research aiming to next-generation
intermediate temperature energy conversion systems with high efficiency, cost-

effectiveness and long-term durability.

PCFCs consist of three parts, i.e. anode, air electrode and electrolyte (Figure 1-3a).
The electrolyte is a dense solid oxide membrane which transports mainly protons from
the anode to the air electrode. The anode is porous electrodes comprising typically Ni-
electrolyte cermet and promotes the oxidation of fuels (e.g. hydrogen, hydrocarbons,
alcohols, etc.) with separating them into protons and electrons at the electrolyte-
electrode-gas triple phase boundary. The air electrode is needed to promote the
reduction of oxygen molecules to oxide ions, and recombination of the resultant oxide
ions and protons provided from electrolyte membrane to produce water. Electrons
transport from the anode to the air electrode through an external circuit and load where

the produced electricity is utilized.

PCECs operate essentially in the reverse mode of the PCFCs for hydrogen production

by water electrolysis (Figure 1-3b). By applying DC power, steam is separated to



oxygen molecules and protons and electrons via oxygen evolution reaction (OER) in
the anode. Protons migrate from the air electrode to the cathode through the proton-
conducting electrolyte membrane. At the cathode, protons provide from cathode
recombine with electrons to hydrogen gas. PCECs are very promising energy storage
devices for the conversion of renewable electricity to hydrogen energy, because
standard electrode potential for water splitting is decreased with temperature and thus
the electrolysis potentials of PCECs tend to be lower than those of the alkaline

electrolysis at around room temperature.*

RePCFCs are the combined system of PCFCs and PCECs, and can be categorized to
energy harvesting system (Figure 1-3c). When the excess electricity generates from
solar or wind at abundant days/seasons, it is applied to the RePCFCs to storage as a
hydrogen energy in electrolysis mode. However, fuel cell mode will start to generate
electrical power by consumption of the stored hydrogen, conversely, when the
additional electricity is needed to make up for the insufficient electricity from solar and

wind.
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Figure 1-3 Operation mechanism of (a) proton-conducting fuel cells (PCFCs), (b)
protonic ceramic electrolysis cells (PCECs), and (c) reversible protonic ceramic
electrochemical cells (RePCECs).



1-3 Protonic ceramic fuel cells

The first page of the PCFCs was opened in 1964 with the discovery the proton
conduction of LaAlOs by French scientist Francis Forrat.? In 1982, proton-conducting
oxides, SrCe1..M,03 (M=Sc, Yb), were applied to fuel cells.>’ In the 90s, highly proton
conducting ceramic acceptor-doped Ba(Zr, Ce)O; were discovered.*!* In the following
years, the PCFCs faced the challenge of poor sinterability, and thus received relatively
little attention until the important process breakthrough on sinterability in 2007. Babilo
et al. and Yamazaki et al. pioneered the use of a ZnO sintering aid to enhance
densification and dramatically lowered the required sintering temperatures.*** Since
then, a growing body of research has focused on further enhancing sintering of protonic

ceramics by adding various sintering aids, including ZnO, NiO, CuO, and CoQ.*¢3*

In 2015, Duan et al. first reported a modified sintering-aid-assisted synthesis
processes to fabricate lab-scale high performance PCFCs based on
BaZro.1Ce07Y0.1Ybo.10O3 (BZCYYDb1711) electrolyte and demonstrated excellent
performance (650 mW cm at 600 °C) and long-term stability with both hydrogen and
methane fuels.?* This work reaffirmed the feasibility of intermediate-temperature
PCFCs. In 2018, Ann et al. demonstrated the world record power density of PCFCs
with BaCeos5Zr03Y0.1503-5 electrolyte (1.302 W cm™ at 600 °C).>* In the same year,
Choi et al. demonstrated high performance of BaCeo4Z10.4Y0.1Ybo.103 (BCZYYb4411)-
based PCFCs designed with an air electrode functional layer, and achieved the
champion data of the peak power density (PPD) equaling to 0.548 W c¢cm™ at 500 °C.*°
Bae et al. reported the power output of 1.10 W cm 2 at 600 °C for the cell based on
BaCeo.s5Z103Y0.1503-5.*! In 2019, Song et al reported the PPD of 743 mWcm™ for
BZCYYb4411 base PCFC at 600 °C.** In the same year, Zhou et al. found a cell with a
thin-film BaZro.1Ce0.7Y0.1Ybo.103 (BZCYYb1711) electrolyte delivered the PPD of 732
mW cm™, at 600 °C.* In addition, Xia et al reported that the single cells with

BaZro.1Ceo7Y0203; (BZCY172) electrolytes reached to 841 mW cm? at 600 °C.** All the
7



mentioned PPDs are listed in Table 1-1. In conclusion, those excellent performances

indicate that PCFCs are promising for intermediate temperature next generation fuel

cells.

Table 1-1 Summary of peak power densities of PCFCs at 600 °C.

Electrolytes

Air electrodes

Power densities (W cm )

Ref

BZCY442
BZCY172
BZCYYb4411
BZCYYb4411
BZCYYb4411
BZCYYb4411
BZCYYh4411
BZCYYh4411
BZCYYb1711
BZCYYb1711

BZCYYh4411

BCCY

BFSB3

BCFZY

PBSCF

BCCY

PBSCF

LSCF

LSM73

SSNCF

NBSCF

PNC

0.40

0.84

0.648

1.065

0.74

0.82

0.42

0.37

0.73

0.69

0.53

42

44

24

40

42

17

17

17

43

46

45

For electrolytes: BZCY442 = BaZro4Ceo.4Y0203; BZCY172 = BaZro1Ceo7Y0203; BZCYYb4411
= Bazro,4C60,4Yo,1Ybo,1O3; BZCYYb1l711 = Bazro,lceo]Yo,leo,lOs;

For air electrodes: BCCY = BaCo0o.7(CeosY02)0.3035; BFSB3=BaFeosSng2Bio3035; BCFZY =
BaCoo.4Fe0.4Zr01Y0103-5; PBSCF = PrBagsSro5C01.5F€050s5+5; SSNCF = Sr2S¢0.1Nbo.1C01.5F€0306-
s; NBSCF = NdBap5Sro5C015F€0505+5; LSCF = Lag 6Sro4Co02Fe0s03; LSM73= Lag 7Sro3MnOs;

PNC = PrNio‘5COo‘503.



1-4 Protonic ceramic electrolysis cells

In addition to electricity generation, protonic ceramic cells in electrolysis mode, the
reversible version of an PCFC, can be used to convert electricity and water/carbon
dioxide to hydrogen and/or carbon monoxide, or even other fuels by chemical
electrolysis. The PCEC was firstly demonstrated by Iwahara et al. for the electrolysis
of steam in 1982.*7 After several dozens of years development, several groups
developed the PCECs with high electrolysis efficiency. Choi et al. demonstrated the
cells with BZCYYb4411 electrolyte reached to the current density of 1920 mA cm™ at
thermal neutral point (1.3V) at 600 °C,!” however, most of them are limited to 0.8 A

cm?at 1.3 V as shown in Table 1-2.

Table 1-2 Current densities at 1.3 V for PCECs at 600 °C.

Electrolytes Air electrodes Current densities (A cm™) Ref
BZCY442 SSC 0.01 48
BZY91 LSCF-BZY82 0.05 49
BZY82 SFM-BZY 0.21 50
BZCY532 SEFC-BZCY53 0.42 51
BZCYYb4411 LSM73 0.65 17
BZCYYb4411 LSCF 0.70 17
BZCYYb1711 NBSCF- 0.75 52
BZCYYb
BZCYYb1711 PBSCF 0.85 53
BZCYYb4411 PBSCF 1.42 17
BZCYYb4411FD) PBSCF 1.92 17

For electrolytes: BZCY442 = BaZro.4Ceo4Y0.203; BZY91 = BaZrogY0.103; BZY82 = BaZrosY.20s;
BZCY352 = BaZrosCeosY0203 BZCYYDb4411l = BaZrosCeosYo01Ybo10s; BZCYYb1711 =
BaZro1Ceo7Y01Y0010s;

For air electrode: SSC = SmosSrosCo03; LSCF = LaggSro.4C0o.2Fe0803; SFM = SraFe1sM0g506;
SEFC = SFEU2F61,8C00,207; LSM73 = Lag7Sr03MnQs. PBSCF = PrBao,5sro,5C01,5F60,505+5;

9



1-5 Reversible protonic ceramic electrochemical cells

Protonic ceramic cells have also been explored for energy storage when their
applications are reversible protonic ceramic electrochemical cells (RePCECs), which
combine the functions of PCFCs and PCECs, but greater than them. They are relatively
new, hence, there are not so many researches on RePCECs. In 2017, Yang et al. reported
that RePCECs with BaCeo 5Zro2Ing303 membrane as an electrolyte displays a power
density of 151 mW cm at 700 °C in fuel cell (SOFC) mode, and manifest the current
density of 729 mA cm? at 700 °C with an applied voltage of 1.5 V;** RePCECs with
BZCY53 electrolyte obtained the PPD of ~200 mW cm™ in fuel cell mode, and ~500
mA cm™ @ 1.3V in electrolysis mode at 600 °C with air electrode SrEuxFe; sC00207-5
(SEFC).>! RePCEC based on BZCYYb1711 electrolyte with La; 2Sro sNiO4s (LSN) air
electrode exhibits maximum current density of 420 mA ¢cm™ at 1.3 V in electrolysis
mode, and PPD of 223 mW cm™, respectively, at 600 °C reported by Yang et al..>® In
the same year, the same group developed Lni 2Sr9sNiOj4 as the air electrode of RePCEC,
the electrochemical performance was still limited at lower intermediate temperature.*®
Furthermore, they infiltrated Lai2Sr08NiO4.5 (LSN) into
BaCeo.68Z10.1Y0.1Ybo.1Cu0.0203-5s (BCZYYC2) to make the composite air electrode,
improved the electrical performance to 540 mW cm™, 1040 mA cm™, respectively, at
600 °C.”” These researches are unsatisfied until the following RePCECs are reported.
In 2019, Duan et al. demonstrated RePCECs for seasonal energy storage, while Choi
and co-workers demonstrated RePCECs with excellent reversibility cells with
BZCYYb4411 electrolyte and PBSCF air electrode yield a remarkable current density
of 1920 mA cm, and PPD of 1070 mW cm at 600 °C.'%!” These works present a new
hydrogen production scenario, which could facilitate cost reduction of large-scale
hydrogen production and bodes well for the massive deployment of hydrogen energy

integrated with renewable power plants.

10



1-6 The issue of protonic ceramic fuel cells

Hereafter, this thesis focuses on the PCFCs even though the contents are also related
to PCECs and REPCFCs. Although several groups have developed thin-film PCFCs
with very high power output (PPD > 1.0 W c¢cm ?; current density at 1.3 V> 0.8 A cm
2) at 600 °C as already mentioned above,!®!73#! the power generation performance
rapidly deteriorates with further reduction of the operating temperature. Hence the
champion data of PPD at 500 °C is 0.548 W cm 2.*° This is much lower than the values
predicted from ohmic resistance of the current PCFC electrolytes with 10 um thickness,

which are ranged from 0.2 to 1.6 W cm™ with increasing temperatures from 350 to

600 °C.*

One of the reasons for the deteriorated performances is the increase of electrolyte
resistivity, especially at temperatures below 500 °C. To the best of our knowledge, the
vast majority of high power-output PCFCs is achieved with Ce-rich side of acceptor
dope Ba(Zr, Ce)Os solid solutions, such as BaZry1Ceo.7Y02.+Yb:O3 (x = 0 or 0.1) or
BaZr04Ce04Y02-:Yb:O3 (x =0 or 0.1). For instances, Choi et al. reported that the ohmic
resistance of 15 um-thick BZCYYb4411 film is 0.5 Q cm? at 500 °C under fuel cell
condition.*’ Nien et al. reported that an ohmic resistance (ASR) of ~18 um-thick
BZCY172 film is 0.45 Q cm? in the similar condition.’® and An et al. reported that the
ohmic resistance of 5 um-thick BaCeo.55Z10.3Y0.1503-5 (BCZY?3) film reached to 0.17 Q
cm? which is the champion data of the ceramic electrolyte membranes.*® These ohmic
resistances are still larger than the value expected from the bulk conductivity by about

one order of magnitude.!’

Another critical issue is the lack of air electrode materials especially designed for
protonic ceramic cells. Mixed O*/e” double conductors, such as LagsSro4CoO3
(LSC64), SmgsSrosCoO3 (SSC55), LageSrosCoo2FeosOs; (LSCF6428) and

Bay 5S10.5Co0.2Fe0sO3 (BSCF5528) are practically-feasible air electrodes for SOFCs.
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Because their bulk oxide ion conductivities allow fast transfer of oxide ions from air

electrode to electrolyte via surface and bulk diffusion, the reaction areas do not limit
within the gas-electrode-electrolyte triple phase boundary (TPB) and thus, are extended

to overall the surface of the double conducting oxides. (Figure 1-4a).>

However, these double conductors are not suitable for the air electrode of PCFCs due
to the mismatch of the ion carrier with electrode and electrolyte. In case of PCFCs,
protons are needed to translate from electrolyte to air electrode surface for the water
formation, so that the reaction area is limited to the TPB with a use of double conducting
air electrodes (Figure 1-4b).5%-% Hence, the PCFCs with double conducting air electrode
show the large polarization resistances at the cathode, resulting in the deteriorated fuel
cell performances as listed in Table 1-3. The materials having sufficient proton
conductivity together with electron conductivity, if available, are expected to extend the
effective reaction area to the overall surface of electrode, leading to the decrease of the

) 64,65
2

polarization resistances (Figure 1-4c which motivates us to develop mixed O

/H'/e" triple conducting materials for the air electrode of PCFCs.

12



(a)

Electrolyte
0z
(b) Ozg) (c) OT(Q)
1
-0, + 2e- — 0%
1 2(g)
2029 26" — O -
o>
—t _2H"+0*>H,0 * + 0% — H,0
Electrolyte Electrolyte 2
H* H*

Figure 1-4 The scheme of effective reaction areas (a) air electrode reaction area of
oxide-ion conducting cell with double conductor, (b) protonic ceramic cells with double
conductor, and (c) mixed O*/H"/e triple-conducting air electrodes.
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Table 1-3 List of electrochemical performances at 600 °C of the PCFCs with various

O?/e” double conductors as air electrodes.

Electrolytes  Air electrodes PPD (mW cm™?) R, (Q cm?) Ref
BZCY442 BSCF 276 0.74 66
BZCY442 BSCF 161 0.18 67
BZCY442 LSCF 279 0.71 68
BZCY622 LSCF 336 0.58 68
BZCY712 LSCF 111 1.34 68

BZY15 LSC64 720 0.15 69
BZCY721 LC - 0.14 70
BCY91 BSCF - 1.5 71
BCSmS82 SSC 225 0.21 72
BZCY442 PraNiO4 102 0.77 73
BZYbCu LSM6530 51 0.55 74
BCY85 LSM&2 80 7.3 75

For electrolytes: BZCY442 = BaZro4CeosY0203; BZCY622 = BaZrosCeo2Y0.203;, BZCY712
BZCY721 = BaZro7Ceo2Y0.10s3;
BaCeo9Y0103; BCSM82 = BaCeosSmg2029; BZYbCu = Ba(Zro34Ybo.15Cuo.01)O3; BZY85

BaZro7Ce0.1Y0203;

BaZro.15Y0.8503;

For air electrodes: BSCF = BagsSrosC0o0sFep503-5; LageSro4Coo2FeosO3; = LSCF; LSC64
(Lao.65Sr03)MnOs.s;

Lao.6S10.4)C00s3.5;
Lag.§Sro2MnOs.

SSC =

BZY15 = BaZrogsY0150s3;

Smo.ssro.5COO3;

LSM6530

14
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1-7 Composite air electrodes

The development of H'/O* /e triple conducting materials must be indispensable as
air electrodes of the advanced PCFCs, as mentioned above. The composites of double
conductors and Ba(Zr, Ce, Y)Os electrolytes were first proposed as a such triple
conducting materials, most of which are listed in Table 1-4. Yang et al. first reported
composite air electrodes consisting of proton-conducting BaZro.1Ceo.7Y0203
(BZCY172) and mixed oxide-ion electron conducting Smgs5SrosCoO3 (SSC) or
Lag.¢Sro4Coo.2Feo 803 (LSCF), prepared by physical mixing of both with a subsequent
high-temperature calcination.?>’® The PPDs of the corresponding cells were 445 mW
cm? at 600 °C and 215 mWem 2 at 550 °C.2>7¢ Fabbri et al. reported that LSCF-
BaZrosPro3Y0.203; composite for the air electrode of PCFCs, and the PPD is relatively
small with the value equaling to 128 mW cm™ at 650 °C.”” Lag7Sro3FeO; /
Ba(Ceos51Z103Y0.15Zn004)O3 composite air electrode exhibited ~170 mW cm™? at
550 °C.”™ A composite air electrode consisted of BaZro1CeosY0.103 (BZCY181) and

SSCS55 gives the power output 370 mW cm 2 at 600 °C.”

In more recent year, the BaCeo5Z1035Y0.1503-5 (BCZY53515) particles wrapped by
LSCF6428 thin films were examined as a composite electrode, however, the related
cells showed dissatisfactory peak power density of 239 mW cm ™2 at 550 °C.%° The
LaosBaosCoi1sMni;sFe1303-BaZrooY0.10295 composite prepared via oxidation-driven
exsolution method gains the moderate performance with 440 mW cm™ PPD at 600 °C.%!
Song et al. reported that mixed H"/O%/e" triple conducting nanocomposite comprising
protonic conducting BaCeo Y0203 and double conductor BaCoo.9(Ceo.8Y0.2)0.103 could
be prepared by micro phase separation of perovskite-type BaCoo.7(Ceo.sY0.2)0303
(BCCY) and the corresponding cell yielded the PPD of 319 mW cm™ at 500 °C.*
Similarly, a stable twin-perovskite nanocomposite of BaCeo.4Feo4C00203 was
synthesized by a one-pot Pechiney synthesis method in 2020, however, its

electrochemical performance was rather limited (237 mW cm?, 0.26 Q cm? at
15



600 °C).53

In addition to the above mentioned, there are numerous reports for the PCFCs with
composite air electrodes, as shown in Table 1-4. Most of them involved large
polarization resistances of more than 0.3 Q cm? and gained less than 400 mW cm? in
PPDs even at 600 °C. These poor performances of the composite air electrodes imply
that inhomogeneous triple conductors cannot extend the reaction area (Figure 1-5a),
attributed to the small contact area between double conductors and proton conductors
due to the inhomogeneity of the mixing and so on. Therefore, the single-phase oxides
with mixed H"/O%*/e" triple conductivity, i.e. ‘true’ H/O?/e" triple conductor must be
desirable for high efficiency protonic ceramic cells, whose reaction area is expected to

be the overall surface of air electrodes particles (Figure 1-5b).
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Table 1-4 Comparison of electrical performances of the protonic ceramic fuel cells with
composite air electrodes at 600 °C.

PPDs (mW

Electrolytes Air electrodes - R,(© sz) Ref
cm))
BZCY172 BZCY172-SSC 445 0.17 25
BZCY172 BZCY172-LSCF - 0.47 76
BZPY712 BZPY532-LSCF - 0.16 77
BZCYZn BZCYZn-LSF73 270 0.35 78
BZCY181 BZCY181-SSC 370 0.42 79
BZCY172 BZCY172-BSCF 270 0.56 84
BCZY172 BCZY172-SSC 350 0.35 85
BZCY172 BZCY172-GBSC 255 0.39 86
BZCY172 BZCY172-BSPCu 190 0.71 87
BZCY172 BZCY172-SSC 170 0.71 88
BZCY442 BZCY442-NBFNi 270 0.62 89
BZCY442 BzCYad2- 215 0.82 90
NBFNDb
BZCY53515 BZCY53515- 324 0.77 80
LSCF
BZY91 BZY91-LBCMF - 0.44 81
BZY91 BZ-LBC - 1.54 91
BZCY442 BZCY-BSCFT 190 0.91 92
BZCY352 BZCY352-SF 370 0.35 60
BZCY442 BCCY 400 0.16 42
BZCYYbh4411 BCCY 740 0.13 42
BZCYYDb1711 BCFC442 237 0.26 83

For electrolytes: BZCY172 = BaZro1Ceo7Y0203; BZPY712 = BaZro7Pro1Yo20s;, BZCYZn =
BazI’o,51CEo,3Yo,152no,o403; BzCY181 = Bazro,lceo,sYo,los; BZCY442 = BaZro_4Ceo_4Yo_203;
BZCY53515 = Bazro,5C60,35Yo,1503; BZY91 = Bazro,gYo,los; BZCY352 = BaZro_3Ceo_5Yo_203;
BZCYYb4411 = Bazro,4C60,4Yo,1Ybo,103; BZCYYhbh1711 = Bazro,1C6‘o,7Yo,1Ybo,103;

17



For air electrodes: SSC = SmgsSrosCo0s; LSCF = LageSro4Coo2FeosOs; LSCF
LaogSro4Cop2FepsOs; LSF73 = LapsSrosFeOs; SSC =  SmpsSrosCoOs; BSCF

Bag 5Sros5C0o5F€0503.5; GBSC= GdBaosSrosC020s; BSPCu = BagsSrosFeosCup203; NBFNi
NdosBagsFer xNixOs; NBFNb = NdBaFe19Nbo10s; LBCMF = LagsBag5C013MnyssFe1303; BZ—
LBC = Lag sBao sCo0s—BaZrO3; BSCFT= Ba 5Sr05(Coo.sFe0.2)0.9Ti0.103; SF= SrsFe,0;; BCCY=
= BaCoo.7(Ceo.sY0.2)0.303-5; BCFC442= BaCeo.4F€04C0020s3.

Reaction zone

Figure 1-5 The scheme of effective reaction areas of (a) composite air electrode (Song
et al., Joule, 2019, 3, 1-12), and (b) single-phase triple air electrode.
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1-8 Mixed H"/O%/e triple conductors as advanced electrode materials

It has been demonstrated that the single-phase H/O%*/e" triple conductors exhibit
excellent performances as an air electrode of PCFCs (Table 1-5). Duan et al. first reports
the triple conductor BaCoo4Feo4Zr0.1Y0.103.5 (BCFZY).2* This oxide can be partially
hydrated with retaining 0.019 mole fraction protons at 500 °C under pu20 of 0.0095 atm
and the related cells reached the PPD of 405 mW cm™ at 500 °C.>*?3 In 2018, Choi et
al. reported that PrBag sSro.5Co1.5Feo50s+5 (PBSCF) can be hydrated, thereby exhibiting
triple O*/H'/e” conductivity, and the cells yielded PPD of more than 500 mW cm 2 at
500 °C, although the proton concentration abruptly decreases from 0.035 mole fraction
at 200 °C to 0.017 mole fraction at 600 °C.** The other double perovskite type triple
conductor is Sr2Sco.1Nbo.1Co1.5Fe0 306 (SSNCF) which gains the peak power density of
405 mW cm at 500 °C with BaZro.1Ceo.7Y0.1Ybo.10; electrolytes.** BaFeo sSno2Bio303
(BFSBi3) is a new type of Co-free triple conductors, gaining PPD of 426 mW cm™ at
500 °C with BZCY172 based cells.** Based on these references, developing single-
phase mixed H"/O?/e triple conductors are more powerful approach for lowering the

polarization resistances of protonic ceramic cells than the composite electrodes.
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Table 1-5. Comparison of electrochemical performances of the protonic ceramic fuel
cells with mixed H"/O?/e" triple air electrodes at 600 °C.

Electrolytes Air electrodes PPDs (MW cm ) R,(Q cm’) Ref
BZCYYb1711 SSNCF 730 0.30 43
BZCYYbl1711 NBSCF 690 0.28 46
BZCYYb4411 PBSCF 1065 0.14 40
BZCYYb4411 PBSCF 820 0.15 17
BZCYYb4411 BCFZY 648 0.08 24

BZCY172 BFSB3 840 0.09 44
For  electrolytes:  BZCYYb1711 =  BaZroiCeorYo1YboiOs;  BZCYYb4dll =

BaZI’o,4ceo,4Yo,1Yb0,103; BZCY172 = BaZro,lcequo,gOg;

For air electrodes: SSNCF = Sr2Sco.1Nbo.1C015Fe0306.5; NBSCF = NdBaosSrosC01.5F€050s545;
PBSCE = PrBaosSrosCo1.5Feo50s:3; BCFZY = BaCoo.4Fe04Zr01Y010s-5;
BFSB3=BaFeos5Sno.2Bio303-5;
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1-9 Objective of this thesis

As mentioned before, developing single-phase mixed H*/O?*/e" triple conductors is
promising way to improve the efficiency of PCFCs at relatively low temperatures.
Normally, the formation of proton defects in oxides is conducted via hydration, driven

by association between oxygen vacancies and water molecules (Equation 1-1).
0% +V; +H20() « 20H (1-1)

Thereby, the oxides which are capable of bulk hydration at intermediate temperatures
are attractive candidates for the H"/O?/e" triple conducting air electrodes. In most cases,

the hydration enthalpies of transition metal oxides are negative,’*¢

so that the proton
defect concentration tends to decrease with temperature. Unfortunately, the hydration
degree of the available triple conductors is still limited and the mole fractions of protons
are much lower than the values of typical proton conductor Ba(Zr, Ce, Y)Os.5 (~0.1
mole fraction) even at relatively low temperatures. In fact, the cathode polarization
resistances of the PCFCs with the current triple conductors are not significantly small
(see Table 1-5), which implies that the proton conductivity of the most triple conductors

is relatively low probably due to the lowered proton concentrations at the device

operation temperatures, typically above 500 °C.

The thermogravimetry (TG) a powerful tool to characterize the hydration of oxides
at elevated temperatures under controlled atmosphere. The molar fractions of hydroxide
ions, i.e. protons, which is defined as [OHg] were less than 0.0026 mole fraction for
Lag.6Sr04Co1-yFeyOs-5 under the partial water pressure (pn20) of 0.005 atm at 300 °C,
and that of La;..SriCoO3 samples were less than 0.003 mole fraction in the same
conditions.”” BaCoo4Fep4Zr0.1Y0.103-5 (BCFZY) has been reported to take 0.019 mole
fraction of protons at 500 °C under the partial water pressure (pn20) of 0.01 atm by
hydration.?* It was demonstrated that double perovskite-type PrBag sSrosCo1 sFesOs+5

(PBSCF) favors to take proton defects equaling to 0.017 mole fraction at 600 °C.*
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Zohourian et al. conducted systematic studies for the hydration of (Ba, Sr, La)(Fe, Co,
Zn, Zr, Y)Oss perovskites by means of TG.” (BagosLaoos)(FeosZno2)Oss and
(Bao.5Sro.5)(Sno.8Znp2)O03.5 show the highest proton defect concentrations among those
families with equaling 0.1 and 0.063 mole fraction, respectively, at 250 °C in puo =

0.01 atm (see Figure 1-6).%°

As aforementioned, the proton concentrations of the current triple conductors are
remarkably lower than those of the well-known pure proton conductors, such as
BaCe0.9Y0.103, and BaZro.9Y0.103, which retain protons of 0.1 and 0.08 mole fraction at
600 °C in wet N> atmosphere (pn2o = 0.023 atm), respectively.>>® Hence it is a great
challenge for materials chemists to design H*/O?/e" triple conductors with pronounced
bulk hydration ability at higher temperatures as much as proton-conducting electrolytes.
The main objective of this thesis is to explore perovskite type oxides with high
hydration capability at intermediate temperatures, and figure out the hydration
mechanism to lead a general guideline for designing H"/O* /e triple conductors. Finally,
the excellent cell performances are demonstrated for the PCFCs and PCECs applied

with such mixed H"/O? /e triple conductors.

10
. B Fe,sZn, ;0
A~ 3.0%
\
™ - LY
7% —.0.4%
B3 Ba,
/ " 0.rst.
1.99 Bag gcla, Fe0, 5y q"taow':eoa’“?’:ﬂoa 3 -
/ “s ! Ba, .Sr, Fe, Zn, 0, . ¥~ .
Bag ;Sr,.FeO, ) Ba, j:.La,._._F:aC'_‘.__, 2.2
e ) {90 ) BaCoy3Feq «Zf0..0,
— | o /,eﬁ. ~1.9% BaCoy:Fe, ,Zr, .0,
SrFe0, , S”'“La. sl @ 5\(‘\“ ”_Bay sSrysFe0, 0.69
25 o.15Fe0, C2sFeQ, et 0 055 25
26 2m O ® 7 Bay 55200, sF€, -0
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decrease of [V57] SrFeg eZn; 0, 4 SrFe0, 5
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Figure 1-6 Proton concentration for (Ba, Sr, La)(Fe, Co, Zn, Zr, Y)Os.5 perovskites at
250 °C in =16 mbar H,0.”
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1-10 Contents of this thesis

This thesis consists of 6 chapters as follows.

In chapter 1, the general background of SOFCs and the development of protonic
ceramic cells are firstly given. Then the progresses on PCFCs, PCECs and RePCECs
are generalized for the comprehensive understanding of protonic ceramic cells. Finally,
the issue of protonic ceramic cells is analyzed and the corresponding solutions are

proposed.
Chapter 2 gives an explanation for the general experiments used in this thesis.

Chapter 3 demonstrates the hydration capability of LaogSro2Co1xNi O35 (LSCN,
x=0-0.3) in wet air condition at intermediate temperatures and sufficiently high
performances of the related PCFCs and PCECs. LSCN oxides can capture bulk proton
carriers in the concentration range of 0.06-0.15 mole fractions by the defect association
mechanism at around 400°C. The cells with LSCN air electrodes exhibit superior
electrochemical performances to the cells with conventional double conducting air
electrodes in both FC and EC mode, achieving the current densities of 1.09 A cm™ at
1.3 V in EC mode and PPD of 0.91 W cm™ in FC mode at 600 °C. The polarization

resistance of LSCN was reduced to 0.09 Q cm™ at 600 °C.

In chapter 4, the massive uptake of proton carriers in cubic perovskite type
Lao7Sro3MnOs-5 at intermediate temperatures has been demonstrated. The
thermochemical hydration reaction is not carried out by a simple association
mechanism (Equation 1-1) and mediated via the charge disproportionation between
oxygen and manganese atoms. Lao 7Sr0.3MnOs-5 undergoes decline of antibonding O 2p
states hybridized with Mn 3d orbitals together with oxidation of Mn** to Mn** through
the hydration and thus retains bulk protons in the concentrations of 0.14 in wet air at
around 415 °C. The current results offer a general concept to design triple conductors

operating in air condition, namely, that transition metal oxides possessing many oxygen
23



vacancies and oxygen hole carriers could be promising candidates.

In chapter 5, cubic-type Lag7Sro3Mng7Nip303-5 (C-LSMN7373) perovskite is
promising for intermediate-temperature protonic ceramic fuel cells (PCFCs) because of
the sufficient H'/ O*/e" triple conductivity. The oxide can be hydrated by gaining 0.1
mole fraction H,O under wet air at 415 °C, as confirmed by thermogravimetry analysis.
However, rhombohedral-type Lao.7Sro.3Mni..Ni,O3.s cannot undergo hydration because
the oxygen vacancy concentration required for water association is lower than the cubic
phase concentration. The air electrode performances of various PCFCs are examined
by fabricating thin-film cells based on a Ba(Zro4Ceo4Y02)Os electrolyte. The peak
power density of the PCFCs with cubic-type LSMN7373 air electrode is 386 mW c¢cm 2
at 600 °C, which is much higher than the reported values for the Zr-rich side electrolytes.
Moreover, the cathodic polarization resistance is lower than that of the cell with the

widely used Lao 6St0.4Co0.2Feo 303 air electrode below 550 °C.

In chapter 6, the overall summary and conclusion of this thesis are presented.
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Chapter 2 General experiments

2-1 Synthesis of perovskite oxides

All the perovskite Lai.,Sr,Mni,NiO35 (LSMN; y = 0.1-0.4; x = 0.0, 0.1, 0.3) and
Lao8Sr92C01-+NixO3.5 (LSCN; x = 0.0-0.3) fine powders in this thesis were synthesized
via a citrate precursor route. The flow chart of synthesis procedures is shown in Figure
2-1. First, the required amounts (based on desired stoichiometry) of nitrates were
completely dissolved in Milli-Q H>O. Citric acid (CA; CsHsO7-H20) was then added
as a chelate agent in a mole ratio of CA:LSMN/LSCN = 2:1. Next, the citrate solution
was heated while vigorously stirring at 60 °C for 2 or 3 h to evaporate H,O and promote
polymerization. Thus, gelatinous products were obtained. Deep color precursors were
obtained by calcination of the gel at 500 °C for 1 h under air, then grind them evenly by
hand milling. After that, the evenly precursors were annealed in a tube furnace in
oxygen atmosphere to obtain single phase powder, finally, theses powder oxides were

ball milling to obtain the distributed particles.

1
1
i
: Nitrates
1
1
1

Ball milling

Stir at 60 °C

Annealingin O,

Z~ Precursor
; 500 °C for g |
Solution e ; O |
Citric acid . ‘le‘
1h under air "g !

Hand milling

Figure 2-1 Flow chart of citrate acid method to synthesis LSMN and LSCN powders.
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2-2 Fabrication of protonic ceramic cells

Protonic ceramic cells, including protonic conducting fuel cells (PCFCs) and
electrolysis cells (PCECs) were fabricated by solid-state reactive sintering (SSRS) with
a sintering aid of Zn(NO3)2, the schematic diagram for SSRS is shown in Figure 2-2.
BaCOs3, ZrO,, CeO3, and Y203 (all high Purity Chemicals, >99.95%) with 3.56 wt% of
Zn(NO3)2-6H20 (ako chemicals, 99.9%) were ball-milled in ethanol and subsequently
dried at 80 °C to obtain precursor powders of BaZro4Ceo4Y 0203 (BZCY442). This
precursor powder is denoted by Pre-1. Moreover, the precursor powders for the fuel
electrode supports (noted by Pre-2) were prepared by mixing Pre-1 and NiO in ethanol
and ball-milled. The Pre-2 powders were uniaxially pressed. Thus, we obtained green
pellets. The precursor layers of the electrolyte films were spin-coated on both surfaces
of the green pellets with sols (Figure 2-3a), which were prepared by dispersing Pre-1
into a solution containing dispersant and binder. These pellets were co-sintered,
resulting in compact ceramic discs (Figure 2-3b). The back side of the sintered discs
was polished with a mechanical grounder to obtain the half cells. The air electrode
functional layer LaosSro.sCoOs (LSC55) was sputtered on the half cells in chapter 3.
Finally, an air electrode was deposited on the electrolyte as a porous air electrode by

screen printing (Figure 2-3c¢).
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Figure 2-2 The schematic diagram for SSRS fabrication of protonic ceramic cells

(PCFCS/ECs).

Figure 2-3 Half cells (a) before and (b) after sintering, (c) and the full cell after screen
printing air electrode.
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2-3 Characterizations

2-3-1 Structural characterizations

The phase purity of perovskite oxides and PCFCs/ECs was checked by X-ray powder
diffraction (XRD; Rigaku, Ultima IV) using Cu Ka radiation (40 kV, 20 mA) in a 20

range of 20—90°. The scan rate and 20 step were 5° min ! and 0.02°, respectively.

Brunauer—Emmett—Teller (BET) analysis (MicrotracBel BELSORP Mini-II) was
performed to measure the surface area of perovskite oxides. Scanning electron
microscopy (SEM; SIGMAS500, ZEISS) was performed to measure the microstructure
of oxides and PCFCs, the detailed structure was further evaluated using transmission

electron microscopy (TEM; JEOL, JEM-2010 F).

In-situ Fourier transform infrared (FT-IR) spectroscopy was conducted in diffuse-
reflectance mode utilizing a FT/IR-350 spectrometer and FT-IR-4600 Fourier

Transform Infrared Spectrometer from JASCO.

2-3-2 Rietveld structure refinement

The XRD patterns were refined by the Rietveld method using the Materials Studio

or GSAS over the 26 range of 20—80°.

2-3-3 Thermodynamic characterizations for hydration

Thermogravimetric  (TG) analysis was performed using a STA2500
thermogravimetric analyzer (Netzsch). Thermal desorption spectroscopy (TDS)
analysis couples with mass spectra was performed for as-prepared specimens using an
ultra-high vacuum chamber system (ESCO TDS1400) equipped with a quadruple mass

analyzer and an infrared lamp heater.
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2-3-4 Single crystal X-ray absorption spectroscopy

The single crystal X-ray absorption spectroscopy (XAS), including Mn K-edge
XAFS, O K-edge XAS, and Co, Ni L-edge, was obtained on the BLO1B1 and BL27SU
stations of Spring-8 facility, Japan Synchrotron Radiation Research Institute (JASRI)

and at beamline BL-2 of Ritsumeikan University SR Center (Shiga, Japan).

2-3-5 Fuel cell and electrolysis tests

Impedance spectra were measured with a Solartron 1260A frequency response
analyzer implemented with a Solartron 1287 potentiostat (Figure 2-4) in the frequency
range of 10° to 0.1 Hz with ac amplitude of 30 mV under OCV condition. The current—
voltage (/-V) and current—-power (/—P) characteristics under fuel cell mode and
electrolysis mode were recorded on the same apparatus, the measuring apparatus is

shown in Figure 2-5.

Figure 2-4 The solartron 1260A frequency response analyzer implemented with a
Solartron 1287 potentiostat.
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Figure 2-5 (a) The pictures of the FC/EC test equipment with the high-temperature
furnace and gas supply system. (b) The picture for sealing with glass ring between the
full cells and ceramic tube. (c) The pictures of the cells on the ceramic tube for fuel gas

flow.
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Chapter 3 Enormous proton carriers incorporated LaggSro2Co;-

xNixOs.5 as highly efficient air electrodes for protonic ceramic cells

3-1 Introduction

Protonic ceramic fuel cells (PCFCs) and electrolysis cells (PCECs) categorized to
protonic ceramic cells as the energy conversion devices have attracted many materials
chemists, because the ongoing and worsening climate and energy crises promote
materials chemists to urgently develop such efficient and clean electrochemical
devices.! However, the peak power densities (PPDs) for PCFCs especially based on
Zr-rich BZCY electrolyte, are still lower than 0.5 W cm™at 600 <C, ® and the current
densities at 1.3 V for majority of PCECs based on Ba(Zr, Ce, Y)O3 (BZCY) electrolytes
are still less than 0.5 A cm™, and some even limit to tens of mA cm at 600 °C. "' A
major reason for the limited electrochemical performances of PCECs and PCFCs at
intermediate temperatures is lack of mixed single-phase H'/O?*/e triple conductors
detailed explained in Chapter 1-6, 1-7, and 1-8. Therefore, it is necessary to develop
single-phase triple conductors that exhibit sufficient H/O*/e conduction to extend the
efficient reaction zones beyond the air electrode-electrolyte-gas triple phase boundary
and thus reduce the air electrodes’ overpotentials and improve electrochemical

performances for PCFC/ECs.124

The hydration reaction (Equation 3-1) is proposed to evaluate the ability of taking
proton defects by association between oxygen vacancy and water molecules, the proton
defects can be precisely determined by calculating the amount of incorporated water by

thermogravimetry (TG) measurements under the controlled atmospheres.
0f + V5 '+HaOp) < 20H) (3-1)

La1«SrkCo0s.5 is the excellent catalyst for oxide-ion conducting cells, but never

categorized as a protonic conductor. Therefore, the strong hydration capability of
36



LaggSrp2Co1xNixO35 (LSCN, x=0-0.3) in wet air condition at intermediate
temperatures was demonstrated in this chapter, the hydration is associated between
oxygen vacancy and water molecules, and sufficiently high electrochemical
performances in fuel cell and electrolysis mode were obtained by applying LSCN as

the air electrodes of protonic ceramic cells.
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3-2 Experimental Section

3-2-1 Synthesis of LSCN

LaosSr92C01-+NixO3.5 (LSCN; x = 0.0, 0.1, 0.2, 0.3) fine powders were synthesized
via a citrate precursor route reported elsewhere.!>!¢ Firstly, La(NO3)3*6H,0, Sr(NO3)a,
Co(NO3)226H>0 and Ni(NO3),°6H>0 (all from High Purity Chemicals and at 99.99%)
in amounts corresponding to the desired stoichiometry were completely dissolved into
Milli-Q H»O, and then citric acid (CA; CsHsO7°H>0) was added as a chelating agent in
a mole ratio of CA:LSCN = 2:1. Next, the citrate solution was heated with vigorous
stirring at 60 °C for 2-3 h to evaporate the water and promote polymerization. The
obtained gelatinous product was calcinated at 500 °C for 1 h in air to produce a black-
colored precursor. Then, the precursor was annealed in a tube furnace at 800 °C for 15
h under pure O; atmosphere to get LSCN powders, finally, these oxides were grinded

by ball milling under 300 rmp for 2 hours.

3-2-2 Fabrication of PCFC/ECs

The protonic ceramic fuel cells/electrolysis cells (PCFCs/ECs) were fabricated by
solid-state reactive sintering (SSRS) with a sintering aid of Zn(NO3)2*6H,0. BaCOs
(High Purity Chemicals, 99.95%), ZrO, (High Purity Chemicals, 98%), CeO: (High
Purity Chemicals, 99.99%), and Y203 (High Purity Chemicals, 99.99%) with 3.56 wt%
of Zn(NO3)2°6H>0 (Wako chemicals, 99.9%) were ball-milled in ethanol for 2 h and
subsequently dried at 80 °C to obtain precursor powders of BaZro4Ceo4Y0.203
(BZCY442). This precursor powder is denoted by Pre-1. At the same time, the precursor
powders for the fuel electrode supports (noted by Pre-2) was prepared by mixing Pre-1
and NiO at a weight ratio of 40 : 60 (BZCY442 : NiO) in ethanol and ball-milled for 2
h. The Pre-2 was uniaxially pressed under 15 MPa and subsequently, pressed

isostatically under a hydrostatic pressure of 100 MPa, and thus green pellets (~12 mm
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diameter, ~1.2 mm thickness) of fuel electrode-support precursors were obtained.
Precursor layers of electrolyte films were spin-coated on both surfaces of the green
pellets with sols which were prepared by dispersing Pre-1 into a solution containing
dispersant (20 wt% polyethyleneimine (M,, 28000) dissolved in a-terpineol, called Sol-
1) and binder (5 wt% surfactant dissolved in a-terpineol, called Sol-2). These pellets
were co-sintered at 1500 °C for 10 mins then decreased to 1400 °C for 8 h at air
atmosphere, which resulted in a compact ceramic disc with ca. 9 mm¢ x 1 mmd. The
back side of the sintered discs were polished with a mechanical grounder and then
Lag5SrosCo0O3 (LSCS55) film was fabricated on BZCY442 electrolyte as functional
interlayer by RF sputtering at 500 °C for 2 hours in Ar atmosphere, the RF power is 40
W, the post annealing temperature and time are 700 °C and 1 h in oxygen atmosphere,
respectively. Finally, the back side was applied with Pt paste as a current collector,
LSCN oxides as button air electrodes were deposited on sputtered electrolyte as a
porous cathode by screen printing, the oxide inks were obtained by mixed oxides, Sol-

1 and Sol-2 in weight ratio 9:3:1, LSCF6428 past was commercial product.

3-2-3 Characterizations

(a) Structural characterizations

The phase purity was checked by X-ray powder diffraction (XRD; Rigaku, Ultima
IV) using Cu Ko radiation (40 kV, 20 mA) in a 26 range of 20-90°. The scan rate and
20 step were 5° min™' and 0.02°, respectively. The microstructure of LSCN oxides and
PCFC/ECs was observed by using scanning electron microscope (FESEM; SIGMAS500,
ZEISS) operated at 1.0-5.0 kV and the detailed structure was further evaluated using
transmission electron microscopy (TEM; JEOL, JEM-2010 F) with the system operated

at 200 kV.
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(b) Thermodynamic characterizations for hydration

Thermogravimetric (TG) analysis was performed using a STA2500
thermogravimetric analyzer (Netzsch). The TG measurements were carried out using
about 20 mg of LSCN oxide powders. The possibility of hydration was performed by
heating from room temperature (RT) to 1000 °C at a ramp rate of 5 °C min™! under a
flow of dry and wet air at 50 sccm. Dry air was prepared by mixing pure Ar and O> in
Ar/Oz =4/1 (v/v). Wet gases were prepared by bubbling them through a water bath at
20 °C at a flow rate of 50 sccm; the resultant gases had a water partial pressure (pu20)
of 0.023 po (po = 101.3 kPa). Hydration ability cyclic tests were operated at 405 °C by
switching dry and wet air (pr20 = 0.023 po) every 30 mins. And the hydration ability at
the temperature range of 220-800 °C was measured by the following procedure: the
sample was once measured in dry air by cooling from 800 to 220 °C at a rate of 5 °C
min’!, and abruptly heated again to 800 °C, and then, the TG was measured again by

cooling in the same conditions after switching the atmosphere to wet air.

(¢) Single crystal X-ray absorption spectroscopy

LSCN oxides were pressed into the pellets (~5 mm diameter, ~1 mm thickness), and
pre-treated at 405 °C in dry and wet air for 12 hours for dehydrated and hydrated
samples, then, the pellets were grinded into powders. Single crystal X-ray absorption
spectroscopy was carried out for the powders under ultra-high vacuum conditions at
ambient temperature at BL27SU SPring-8. Transition metal L-edges (Co: 770-805 eV
and Ni: 845-875 eV) and the oxygen K-edge (524-550 eV) of pre-treated samples were

recorded using fluorescence yielding (FY) method.

(d) Fuel cell and electrolysis tests

As-prepared cells were sealed in the cell sealing system, as shown in Figure 2-5 in

Chapter 2, then increased to 700 °C for NiO reduction by H> to make porous fuel
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electrode for ~ 2 h. Then, the wet air with mixed 4 mL min"' Oz and 16 mL min™' Ar by
bubbling in a pure water at 25 °C was inlet to air electrode side, and the wet H» at 40
mL min! was into the fuel electrode side. Impedance spectra of PCFC/ECs was
measured by 2-probe methods, with a Solartron 1260A frequency response analyzer
implemented with a Solartron 1287 potentiostat (in Figure 2-4 in Chapter 2) in the
frequency range of 10° to 0.1 Hz with ac amplitude of 30 mV under OCV condition,
current-voltage (/-V) from 1.8 V to 0 V vs counter electrode were recorded on the same
apparatus at the temperature range of 450-700 °C. Durability test was measured by the

same apparatus.
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3-3 Results and discussion

3-3-1 Preparation of LSCN

Figure 3-1a shows the XRD patterns of LaosSro2Co1-,NiO3.5 (LSCN; x = 0.0, 0.1,
0.2, and 0.3). LaggSro2C01xNiyO3.5 oxides with x = 0.0, 0.1, 0.2, and 0.3 are denoted
hereafter as LSCN8210, LSCN8291, LSCN8282 and LSCNS8273, respectively,
according to the Co/Ni molar ratios. All oxides exhibit the similar XRD patterns as
rhombohedral LagoSro.1CoO3 (Space group R-3c; PDF#28-1229). The ball-and-stick
model of rhombohedral LSC8210 is shown in Figure 3-1b. High resolution TEM (HR-
TEM) images of LSCN8210 (Figures 3-1c-e) show clear lattice fringes with spacing of
0.221 nm and 0.271 nm (Figures 3-1d and e), which is corresponding to a sequence of
(202) and (110) planes, respectively, thus confirming LSCN oxides have rhombohedral
perovskite type structure. LSCN powder is comprised a fine particle with a diameter of

50 to 100 nm, as confirmed by SEM (Figure 3-2).
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Figure 3-1 XRD patterns of LaogSro2Co1xNi,O35 (LSCN; x = 0.0, 0.1, 0.2, and 0.3)
powders (a). Ball-and-stick model of rhombohedral Lag §Sro.CoO3 (LSC8210) (b). HR-
TEM image of LSCN8210 (c), (202) (d) and (110) (e) of rhombohedral LSC8210, and
corresponding fast Fourier transform (FTT) (insets of d and e).
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Figure 3-2 SEM images of (a) LSCN8210, (b) LSCN8291, (c¢) LSCN8282, and (d)
LSCN8273.
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3-3-2 Hydration/dehydration reactions of LSCN oxides

Figures 3-3a-d show thermogravimetric (TG) curves of the LSCN oxides power
measured in dry and wet air (pa2o0 = 0.023 po). LSCN exhibit three steps of thermal
weight losses in air. The weight losses at 7 < 200 °C and at approximately 700 °C can
be attributed to the desorption of surface H,O and the lattice oxygen loss with the
thermal reduction of Co*" to Co®* and/or Ni** to Ni**. LSCN exhibits a clear mass loss
at approximately 400 °C, probably because of the dehydration following the release of
bulk H>O, since the onset temperature corresponding to the mass loss increases from

about 350 to 450 °C when changing dry to wet air (Figures 3-3a-d).

In order to verify the capability of reversible hydration/dehydration reactions, mass
changes for all LSCN oxides are monitored by switching repeatedly between dry and
wet (pu20=0.023 po) air every 30 mins for 4 cycles (Figures 3-3e-h). The temperature
was fixed at 405 °C, which is the intermediate between the dehydration temperatures in
dry (350 °C) and wet air (450 °C). All LSCN oxides exhibit reversible mass changes by
responding to dry and wet air, with a mass gain upon exposure to wet gases (pn20=0.023
po) and an equal mass loss when exposed to dry gases. The hydration/dehydration
behavior is completely repeatable since the deviation between the amount of water
release during dehydration and water uptake by hydration is within 5%. The weight
variable (4W) is defined as the mean weight difference between the samples
equilibrated in dry and wet air. LSCN8210 exhibits the highest AW value of 0.57 wt%
(Table 3-1) in wet air, which is even higher than the corresponding value of cubic
perovskite type Lag7S103sMnQOs3 (C-LSM73; AW = 0.5 wt%) at the same temperature. >
AW decreases with Ni contents (x) with equaling to 0.48, 0.31 and 0.24 wt% for x=0.1,

0.2 and 0.3, respectively.

The hydration capability (4n) can be quantified by using AW, which is defined as the
molar fractions of water absorbed, i.e. An =n(H20) / n(LSCN8210). An of LSCN oxides
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decreases from 0.075 to 0.031 with increasing Ni contents (x) from 0 to 0.3 (Table 3-
1). The decreased hydration/dehydration ability maybe attributed to that the decreased
Co cations, V" connected Co cations is essential for hydration / dehydration reaction.
The concentrations of protonic defects, [OHg], which must be equivalent to twice of
An (Equation 3-1 and Table 3-1), for LSCN series are comparable to those of the well-
known proton conductors such as BaCeo.9Y0.103 (~0.1) and BaZrogY0.10s (~0.08) at
600 <T in wet N2 atmosphere (pH2o = 0.023 atm).

Finally, the hydration ability of LSCN at the operation temperatures of PCFCs and
PCECs (400-700 °C) was examined (Figure 3-4). Here, the temperature once increased
to 800 °C and was kept isothermally for 2 h in dry air, and then TG measurements
started by cooling from 800 to 220 °C at a rate of 5 °C min™! in the same atmosphere
(1st run). Subsequently, the temperature increased again to 800 °C with keeping at the
temperature for 2 h in wet air, and the TG in wet air started by the same temperature
program (2nd run). Figure 3-4a show the relative mass changes of LSCN8273 during
Ist and 2nd run, in which the relative mass was calculated by divided the masses at each
temperature with the mass at 800 °C. The mass in wet atmosphere is clearly larger than
that in dry air in the measure temperature range, and the gap between both curves
expand with decreasing temperature. The proton concentrations are 0.046, 0.012, 0.009
molar fraction at 405, 500 and 600 °C (Figure 3-4b), which is consistence with the
results of Figure 3-3h. These provide a clear verification for the hydration capability of

LSCN oxides at the device operation temperatures.
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Figure 3-3 TG curves of (a) LSCN8210, (b) LSCN8291, (c) LSCN8282, and (d)
LSCNS8273 measured in dry and wet air (pn20=0.023 po). The weight gain/loss in
response to atmospheric switching between wet/dry air every 30 mins for (e)
LSCNS8210, (f) LSCN8291, (g) LSCN8282, and (h) LSCN8273 at 405 °C. In (e)-(h),
pale purple areas represent the durations of wet air.
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Figure 3-4 (a) TG curves of at 220-800 °C in dry and wet air, and (b) calculated proton
concentrations from 220-800 °C for LSCN8273 oxide.
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Table 3-1 Hydration properties of LSCN and other triple phase conductors.

Systems AW An Proton' Temperatu  pu2o / Ref.
(Wt%) concentration™® re (°C) Po
LSCNS8210 0.57 0.075 0.15 405 0.023  This work
LSCNS8291 0.48 0.063 0.126 405 0.023  This work
LSCNS8282 0.31 0.041 0.082 405 0.023 This work
LSCNS8273 0.24 0.031 0.062 405 0.023  This work
LSCN8273 0.11 0.012 0.025 500 0.023 This work
LSCN8273 0.09 0.011 0.022 600 0.023 This work
C-Lag.7S103MnO295 0.56 0.070 0.142 415 0.023 15
C-Lag.7S103MnO295 0.32 0.041 0.082 415 0.009 15
PrBay 5Sro.5Co1.5Feo 50545 - 0.018 0.036 200 0.02 27
Bag.osLag.osFeosZno20s-5 - 0.050 0.10 200 0.016 28
BaCoo4Fe0.4Z19203-5 - - 0.015-0.05 200-400  0.015 29
Bao sSrosFeo.sZno203-5 - - 0.015 350 0.02 30
Bao 5SrosFeo.sZno203-5 - - 0.02 400 0.02 30
Bao 5SrosFeo.sZno203-5 - - 0.013-0.032 350-600  0.02 30
PrBag 5Sro.5Co1.5Feo 50545 - 0.009 0.018 600 0.02 27
Bag 9sLao.osFeosZno 2035 - 0.023 0.056 400 0.016 31
Bag9osLao.osFeo 8Zng 2035 - 0.012 0.024 500 0.016 31
BaCoo4Feo.4Z10.1Y0.103-5 - 0.095 0.019 500 0.001 29

* Represented by molar fraction.

In order to confirm the chemical state of O and metal atoms before and after hydration,
X-ray adsorption spectroscopy (XAS) was carried out at the Co L-edge, Ni L-edge, and
O K-edge for the hydrated and dehydrated LSCN8210 and LSCN8273 oxides (Figure
3-5). The spectra were normalized by the jump height of the main edge. Metal L edge
adsorption peak corresponding to the transition from 2p core level to unoccupied states
normally sprits into L, and L3 peaks attributed to the 2p core-hole spin-orbit interaction.

Co L3 and L absorption peaks appear at around 779 eV and 794 eV, respectively (Figure
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3-5a). In both LSCN8210 and LSCNS8273, the Co L—edge features are perfectly
identical between hydrated and dehydrated phases, indicating that Co valence state does
not change by hydration. Although Ni Ls—edge peak (852 eV) is overlapped with La M—
edge peak (849 eV) and thus is not well-defined (Figure 3-5b), Ni L, features of
LSCN8273 remain unchanged before and after hydration, which confirms Ni valence
state is also kept through the hydration. In conclusion, there is no Co and Ni redox

during hydration/dehydration reaction.

O K—edge XANES spectra, however, were found to change drastically with hydration
(Figure 3-5c). The XANES of cobalt and nickel oxides correspond to the transitions of
the O Is electrons to the unoccupied O 2p states mixed in the M 3d bands (M = Co and
Ni), and thus, tend to display the complicated features because of the strong 2p-3d
hybridization. The O K-edge features of LSCN8210 are very similar to those reported
for LaosSro2Co0s elsewhere.l”!® Based on these previous papers,'? the pre-edge
features (A, B, a, and 3) below the threshold (533 eV) could be assigned to the O 2p
states mixed with Co 3d bands, ones between 534 and 538 eV (C and D) to O 2p states
mixed with La 5d bands, and ones between 538 and 550 eV (E and F) to O 2p states
mixed with Co 4sp bands. Hereafter, we discuss mainly the pre-edge features below

533 eV.

In dehydrated LSCN8210, the pre-edge peaks at 529.3 and 530.6 eV, which are
denoted as A and B, respectively, are identical to antibonding e, and f, states,
respectively.'®?° The A and B peaks decreases after hydration, whereas additional two
peaks newly develop at 530.7 and 531.8 eV as denoted as a, and B, respectively, even
though the o looks very broad by overlapped with B. The energy level of antibonding
O 2p states could be increased in the pre-edge region at around 531.8 eV and,
alternatively, the intensity of pre-edge peaks of A and B significantly deceases by
hydration. It has been verified by X-ray photoelectron spectroscopy (XPS) that the O1s

core level in the hydroxide groups is chemically shifted by 1.2 eV to higher binding
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energy relative to oxygen sites, because a decrease of the negative charge on the ionized
atom, leads to a increasement of its core binding energies.?*?2 This effect could involve
comparable chemical shift in the energy position of O K-edge XAS features. In fact,
similar chemical shifts of O K-edge pre-edge peaks was reported for NiO and Ni(OH);
systems, in which the pre-edge position of Ni(OH)> (533.3 and 532.1 eV) is higher than
that of NiO (531.7 eV).2*?* The energy positions of o (530.7 eV) and B (531.8 eV) are
higher than those of A (529.3 eV) and B (530.6 eV) by about 1 eV, respectively, which
indicates that o and 3 can be assigned to ey and tog component of hydroxyl groups,
respectively. Thus, the small peaks at 529.2 and 530.2 eV in the dehydrated phase must
be due to the residue of the hydrated phase. The total areas of A, B, a and [ peaks are
almost same between the hydrated and dehydrated phase (Figures 3-5d and e), revealing
that the population of the unoccupied O 2p states are preserved through hydration and

dehydration reactions.

Hydrated and dehydrated LSCN8273 exhibit similar spectral features as such
LSCNB8210, except for the pre-edge features below 533 eV. LSCN8273 show clear two
peaks in the lower energy side of A and B, which is noted as A’ (528.1 ¢V) and B’ (529.5
eV), respectively. Referred to the pre-edge peaks of LaNiOs due to the hybridization of
O(2p) — Ni(3d) appearing in the relatively low energy position than those of LaCoQ3,%
the peak of A’ and B’ can be featured intermixing of antibonding e, and 7, states due to
O(2p)/Ni(3d) hybridization. Likely in LSCN8210, the intensity of A’ and B’ decreases
while additional o and 3 peaks appears at 530.9 and 531.6 eV, respectively, attributed
to the formation of hydroxyl group by hydration. The totals in the peak areas of A’, B’,
o and P are similar each other before and after hydration (Figures 3-5d and e), which
suggest that Co—O and Ni—O bonds retain significant degree of covalency even after
hydration. Combined results of XAS measurements clarifies that the thermochemical
hydration of LSCN8210 is carried out by the association reaction of oxygen vacancy

and water as represented by equation (3-1) without the charge proportionation between
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transition metal and O, the different hydration behavior between LaosSro2.CoO3 and
Lao.7Sro.3MnO3 systems can be attributed to the high covalent nature of Co-O bond than

Mn-O bonds.2®
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Figure 3-5 (a) Co L-edge, (b) Ni L-edge, and (c) O K-edge XAS spectra, (d) Pre-edge
areas of O 2p-Co/Ni 3d, and (e) the peaks area of peaks A, B, A’, B’, o and B by
integrating the black and red areas in (d) for hydrated and dehydrated LSCN8210 and
LSCN8273, The hydrated and dehydrated phases were prepared by preheating at 405
<€ for 6 h in wet and dry air, respectively. Black and red distinguish the dehydrated and
hydrated phases, respectively. A-F, o and 3 peaks are represented in the main text.
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3-3-3 Protonic ceramic cells with LSCN air electrodes

The bulk hydration ability of LSCN oxides ensures the bulk proton conduction at
intermediate temperature range as analyzed above, so that LSCN oxides should be
promising for the H'/O*/e™ triple conducting electrodes of PCFCs and PCECs in the
intermediate temperature region. Here, we fabricated thin film cells comprising
BaZro4Ce0.4Y 0203 (BZCY442) electrolyte films and Ni / BZCY442 cermet support
with LSCN air electrodes and evaluated the performances in FC and EC modes. The
cross-section SEM images for the cell with LSCN8210 air electrode are shown in
Figure 3-6. The cell comprises of three distinct layers: porous LSCN layer made of 50
nm-size particles, dense electrolyte film with a thickness of 24 pum and porous cermet
support (Figure 3-6a). LSCN8210 air electrode maintains perfect contact with
electrolyte without any delimitation (Figure 3-6b), and the electrolyte is densely
sintered with the grains of ~9 um diameters (Figures 3-6¢). The Ni-BZCY442 cermet
support retains clear porosity to provide enough pathway for fuel diffusion (Figure 3-

6d).

The current-voltage (I-V) curves (Figure 3-7) for PCFC/ECs were recorded by
sweeping voltages on LSCN air electrodes from 1.8 V to 0 V vs counter electrode with
supplying wet hydrogen to the fuel electrode and wet air to LSCN side. The wet gases
(pr20 = 0.03 atm) were prepared by bubbling in a pure water at 25 °C. The negative
current density refers to electrolysis cell operation, called EC mode, while the positive
current density to fuel cell operation, called FC mode. Here the cell with mixed O*/e"
conducting Lag¢Sr0.4Co00.2Fe0s03 (LSCF6428) was also examined to compare ones
using triple conducting LSCN oxides (Figures 3-7¢ and f). Cell potential value at zero
current density is defined to the open-circuit voltage (OCV). All cells exhibit similar
OCVs with the values increasing from 0.99 V to 1.1 V with lowering temperatures from
700 to 500 °C (Figures 3-7a-c, Table 3-2), which are slightly lower than the theoretical

OCVs because of the hole conductivity of BZCY442 electrolytes. However, the output
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currents are largely altered with the different air electrodes in both EC and FC modes.
In EC mode, the current densities with 1.3 V bias at 700, 600 and 550 °C are 2.22, 0.868
and 0.482 A cm?, respectively, for LSCN8210, and 2.32, 1.09 and 0.684 A cm?,
respectively, for LSCN8273. Although these electrolysis currents do not reach to the
values (1.92 A cm™ at 600 °C) reported by Choi,?’ these are higher than most of the
oxide ion conducting electrolysis cells (0.08~0.21 A cm™?; Table 3-3).3%%33% Moreover
LSCN cells exhibit pronounced fuel cell performances. LSCN8210 achieves the peak
power density (PPD) of 1.13, 0.724 and 0.526 W cm™ at 700, 600 and 550°C,
respectively, and LSCN8273 of 1.25, 0.882 and 0.652 W cm at 700, 600 and 550 °C,
respectively. The PPDs of our LSCN cells are considerably higher than those of the
PCFC with Zr-rich side Ba(Zr, Ce, Y)Os electrolytes, because the PPDs of the latter
cases are still limited to a few hundred mW cm™ at 600 °C as listed in Table 3-3. In
general, PCFCs tends to show higher power outputs with increasing Ce contents of
BZCY electrolytes because the proton conductivity is increased with the contents.?
Actually, PPDs of the LSCN cells at 700°C is close to the champion data of PCFCs
based on Ce-rich side, BaZro1Ceo7Y01Ybo10s (BZCYYb1711) (1.37 W cm?) and
BaZro1Ceo7Y0203 (BZCY172) (1.28 W cm™) at 700 °C (Table 3-3).3¢37

Apparently, the electrochemical performances of the LSCN cells were much superior
to those of the cells using a mixed O*/e” double conducting LSCF6428 electrode. The
LSCF6428 cell yields the electrolysis currents of 1.57, 0.498 and 0.265 A cm™ at 700,
600 and 550 °C, respectively, with 1.3 V bias, and the PPDs of 0.842, 0.475 and 0.301
W cm™ at 700, 600 and 550 °C, respectively. (Figures 3-7c, f and 3-8a, b). The
electrolysis currents and PPDs of LSCN8273 cell at 600 °C are 2.2 and 2.1 times as the
values of LSCF6428 cell. Finally, the durability of LSCN8210 cell was examined by
conducting constant voltage operation of electrolysis under 1.3 V at 600 °C. The cell
yielded a stable output without degradation for about 60 hours, confirming the excellent

durability of LSCN under relatively high voltage conditions (Figure 3-9). In a
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conclusion, the LSCN is promising air electrodes for PCFCs and PCECs.
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Figure 3-6 (a) Cross section SEM images of cermet-supported PCFC/EC with
BZ(CY442 electrolyte thin films and LSCN8210 air electrodes. (b) High magnification
near the interface between LSCN8210 electrode and BZCY electrolyte. Magnifications
to highlight grain sizes of (b) BZCY442 electrolyte and (c) BZCY442-Ni cermet
support after reduction.
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Figure 3-7 Current-Voltage (/-V) curves of PCFC/ECs with (a) LSCN8210, (b)
LSCN8273 and (c) LSCF6428 air electrodes in the temperature range of 450-700 °C.
The negative current was set to electrolysis mode. The current-voltage-power (/-V-P)
curves of fuel cell with (d) LSCN8210, (¢) LSCN8273, and (f) LSCF6428 air electrodes.
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Figure 3-8 (a) Electrolysis current at 1.3 V and (b) PPDs in FC mode for the BZCY442
base cells with different air electrodes at each temperature. (c¢) Arrhenius plots of R,

under OCV.
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Figure 3-9 Durability test of LSCN8210 cell in a constant voltage operation under 1.3
V at 600 °C.

Table 3-2 Theoretical and observed open circuit voltages (OCVs) of PCFCs with LSCN
and LSCF6428 air electrodes at 700, 600 and 500 °C.

OCVs  Theoretical LSCN8210 LSCN8273  LSCF6428

700 °C 1.140 0.99 0.99 0.99
600 °C 1.152 1.06 1.05 1.07
500 °C 1.164 1.10 1.09 1.10

Electrochemical impedance spectra (EIS) of LSCN and LSCF cells were measured
under OCV condition (Figure 3-10). In general, the Nyquist plots of impedance
responses of PCFC and PCEC have the x-intercept in a high-frequency region, which
corresponds to electrolyte resistances (Ronm). After the intercept, they exhibit broad
semi-arcs due to the interfacial polarization resistance at the cathode side, and, the
diameters of the arcs provide polarization resistance (Rp) at the cathode side. The
diameters of the semi arcs of the fuel cells with LSCN cathodes are several times

smaller than those of the cells with LSCF6428 ones, revealing that R, of the former is
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much lower than that of the latter despite their similar chemical compositions. Figure
3-8c shows Arrhenius plot of R, for the cells with deferent cathodes, determined from
the diameters of the impedance semi-arcs under OCV condition. The R, of LSCN cells
are much smaller than those of LSCF6428 cells in the range from 700 to 450°C.
Moreover, the gap between both expand with decreasing temperature (Figure 3-8c)
because the activation energy (Ea.) of R, for LSCN (about 0.72 eV) are much smaller
than that of LSCF6428 (1.1 eV, Figure 3-8c). This feature validates the proton
conductivity of LSCN electrodes, because the hydration degree of LSCN increase with
decreasing temperatures and thus, the proton conductivity more efficiently promotes

the water formation and dissociation at lower temperatures.

Surprisingly, the £, of LSCN8210 cell is smaller than other triple conducting oxide
electrodes, such as BaCoo7(CeosY02)0303-5 (BCCY; 1.13 eV),* BaCoo4Feo.4Zr0.1Y0.10;
series (BCFZY; 1.15 eV)* and BaFe(sSn2Bio30; (BFSB3; 0.84 eV) (Table 3-2).%
Hence LSCN8273 cell possesses R, of 0.09 Q cm? at 600 °C, which is comparable with
the smallest value (0.08 Q cm?) of the PCFC as reported for BCFZY electrodes.” These
results confirmed that the hydrated LSCN electrodes efficiently extend the reaction
areas beyond electrode electrolyte gas TPB due to the enhanced the H'/e /O triple
conductivity in the intermediate temperatures. The R, of the LSCN cells is smaller than
the BZCY442 electrolyte resistances in the temperature range of 550-700 °C. Therefore,
combining with more-conductive, Ce-rich side BZCY electrolytes leads to
simultaneous improvement in lowering operation temperature to less than 600 °C and

in increasing efficiency in both FC and EC modes.
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Figure 3-10 Electrochemical impedance spectra of PCFC/ECs with LSCN series as air
electrodes at (a) 700 °C, (b) 650 °C, (c) 600 °C and (d) 500 °C under OCV condition.
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Table 3-3 Comparison of electrochemical performances of the protonic ceramic cells
with various air electrodes at 600 °C.

Electrolysis

R (Q
Electrolyte  Airelectrode  densityat1.3  PPD (W cm™) -~ Ref
_ cm
V (Acm 2) )
BZCY442 LSCN8210 0.87 0.72 0.13 This work
BZCY442 LSCN8273 1.09 0.88 0.09 This work
BZCY442 LSCF 0.50 0.48 0.26 This work
BZCY442 BSCF - 0.28 0.74 40
BZCY442 PraNiOq4 - 0.10 0.77 41
BZCY-
BZCY442 - 0.19 0.91 9
BSCFT
BZCY442 BSCF - 0.23 - 42
BZCY442 BCCY - 0.40 0.16 6
BZCY172 BFSB3 - 0.84 0.094 39
SF-
BZCY352 - 0.37 0.35 43
BZCY352
BZCYYh4411 BCFZY - 0.648 0.08 29
BZCYYh4411 PBSCF - 1.065 0.14 27
BZCYYh4411 BCCY - 0.74 0.13 6
BZCYYb1711 SSNCF - 0.73 0.30 44
BZCYYb1711 NBSCF 0.69 0.28 37
SEFC-
BZCY532 0.42 - - 11
BZCY53
BZY82 SFM-BZY 0.21 - - 10
LSCF-
BZY91 0.05 - - 45
BZY82
BZCYYb4411 PBSCF 1.42 0.82 0.15 46
BZCYYb4411(
o PBSCF 192 . 0.14 46
)
BZCYYb4411 LSCF 0.70 0.42 - 46
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BZCYYb4411 LSM 0.65 0.37 - 46

NBSCF-

BZCYYb1711 0.75 - - 47
BZCYYb

BZCYYb1711 PBSCF 0.85 - - 48

For electrolyte: BZCY442 = BaZro4Ceo4Y 0203, BZCY172 = BaZrg1Ceo7Y0203;, BZCY352
Bazro,3C80,5Y0,203; BZCYYh4411 = BaZro,4C60,4Yo,1Ybo,103; BZCYYbl1711

BaZro1Ceo7Y01Yho103; BZCY532 = BaZrosCeosYo0203; BZY82 = BaZrogYo203 BZY91
BaZrooY0.10s;

For air electrode: C-LSMN7373 = cubic type Lag7Sro3Mno7Nig303; BSCF = Bag5Sro5C0o5Feg50s-
5 BZCY-BSCFT = BaZro.4Ceo.4Y0203-BagsSros(Coo.sFen.2)0.9Tio103-5; BCCY =
BaCoo.7(Ce05Y02)0303-; BFSB3=BaFe(5Sno2Bio303.s; SFO-BZCY352=SrFeQ3-
BaZro3CeosY0203; BCFZY = BaCog4FesZro1Y01035; PBSCF = PrBaosSrosCo1s5FeqsOsqs;
SSNCF = Sr3Sco.1Nbg.1C015F€e0306.5; NBSCF = NdBag 5Sr05C01.5F€050s+5;
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3-4 Conclusions

In summary, LSCN oxides were demonstrated to exhibit bulk proton conduction at
intermediate temperature region by pronounced hydration/dehydration reactions with
retaining sufficient mole fraction of water under wet air atmosphere in at temperatures
below 800 °C. LSCN8210 and LSCN8273 undergo thermochemical hydration in wet
air by the defect association between oxygen vacancy and water molecules with gaining
proton carriers of 0.15 and 0.06 mole fraction at around 400 °C, respectively, which is
quite similar to the concentration of the widely-used protonic conducting ceramic
BaCe0.9Y0.103. The cells comprising LSCN8273 air electrode and BZCY442 electrolyte
yielded PPD of 0.65 W cm™ in FC mode and electrolysis current at 1.3V of 0.68 A cm”
2 in EC mode at 550 °C, and thus, was demonstrated to have the performances close to
the champion data reported for the cells with BZCYYb electrolytes despite using
relatively poor-conductive, Zr-rich side electrolytes. The cell with LSCN8273 air
electrode has similar polarization resistance (0.09 Q cm?) at 600 °C as the smallest
values reported for advanced triple conducting electrodes, and, moreover, the related
activation energy is significantly lower than those for the other triple conducting
materials. These superior performances of LSCN electrodes verify the extended
reaction areas at electrode/electrolyte interfaces due to the enhanced proton
conductivity. In conclusion, LaogSro2Co01-xNixO3.5 with sufficient protonic conduction
are promising air electrodes for protonic ceramic cells operating at intermediate

temperatures.

64



3-5 References

1.

10.

I1.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

L. Xu, Q. Jiang, Z. Xiao, X. Li, J. Huo, S. Wang and L. Dai, Angewandte Chemie
International Edition, 2016, 55, 5277-5281.

S. Dresp, F. Luo, R. Schmack, S. Kiihl, M. Gliech and P. Strasser, Energy &
Environmental Science, 2016, 9, 2020-2024.

S. Park, Y. Shao, J. Liu and Y. Wang, Energy & Environmental Science, 2012, 5,
9331-9344.

L. Yang, S. Wang, K. Blinn, M. Liu, Z. Liu, Z. Cheng and M. Liu, Science, 2009,
326, 126-129.

M. A. Pellow, C. J. Emmott, C. J. Barnhart and S. M. Benson, Energy &
Environmental Science, 2015, 8, 1938-1952.

Y. Song, Y. Chen, W. Wang, C. Zhou, Y. Zhong, G. Yang, W. Zhou, M. Liu and Z.
Shao, Joule, 2019, DOI: 10.1016/j.joule.2019.07.004.

T. Kobayashi, K. Kuroda, S. Jeong, H. Kwon, C. Zhu, H. Habazaki and Y. Aoki,
Journal of The Electrochemical Society, 2018, 165, F342-F349.

S. Li and K. Xie, Journal of The Electrochemical Society, 2013, 160, F224-F233.
L. Bi, E. Fabbri and E. Traversa, Electrochemistry Communications, 2012, 16, 37-
40.

L. Lei, Z. Tao, X. Wang, J. P. Lemmon and F. Chen, Journal of Materials
Chemistry A, 2017, 5, 22945-22951.

D. Huan, N. Shi, L. Zhang, W. Tan, Y. Xie, W. Wang, C. Xia, R. Peng and Y. Lu,
ACS applied materials & interfaces, 2018, 10, 1761-1770.

Y. Lin, R. Ran and Z. Shao, International Journal of Hydrogen Energy, 2010, 35,
8281-8288.

J. Dailly, S. Fourcade, A. Largeteau, F. Mauvy, J.-C. Grenier and M. Marrony,
Electrochimica Acta, 2010, 55, 5847-5853.

A. Grimaud, F. Mauvy, J. Bassat, S. Fourcade, L. Rocheron, M. Marrony and J.
Grenier, Journal of The Electrochemical Society, 2012, 159, B683-B694.

N. Wang, S. Hinokuma, T. Ina, H. Toriumi, M. Katayama, Y. Inada, C. Zhu, H.
Habazaki and Y. Aoki, Chemistry of Materials, 2019, 31, 8383-8393.

Y. Aoki, E. Tsuji, T. Motohashi, D. Kowalski and H. Habazaki, The Journal of
Physical Chemistry C, 2018, 122, 22301-22308.

N. Tsvetkov, Q. Lu, L. Sun, E. J. Crumlin and B. Yildiz, Nat Mater, 2016, 15,
1010-1016.

N. M. M. Imamura, and H. Shimada, Journal of Physical Chem B 2000.

D. N. Mueller, M. L. Machala, H. Bluhm and W. C. Chueh, Nature
communications, 2015, 6, 6097.

B. Gilbert, C. S. Kim, C.L. Dong, J. Guo, P. S. Nico and D. K. Shuh, AIP
Conference Proceedings, 2007, 882, 721.

I. D. Welsh and P. M. Sherwood, Physical review. B, Condensed matter, 1989, 40,

65



22.

23.

24.

25.

26.

27

28.
29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

6386-6392.

J. C. Dupin, D. Gonbeau, P. Vinatier and A. Levasseur, Physical Chemistry
Chemical Physics, 2000, 2, 1319-1324.

M. Yoshida, Y. Mitsutomi, T. Mineo, M. Nagasaka, H. Yuzawa, N. Kosugi and H.
Kondoh, The Journal of Physical Chemistry C, 2015, 119, 19279-19286.

X. Su, Y. Wang, J. Zhou, S. Gu, J. Li and S. Zhang, Journal of the American
Chemical Society, 2018, 140, 11286-11292.

D. Drevon, M. Gorlin, P. Chernev, L. Xi, H. Dau and K. M. Lange, Sci Rep, 2019,
9, 1532.

R. D. Shannon, Book.

. S. Choi, C. J. Kucharczyk, Y. Liang, X. Zhang, I. Takeuchi, H.-I. Ji and S. M. Haile,

Nature Energy, 2018, 3, 202-210.

D. Poetzsch, R. Merkle and J. Maier, Faraday discussions, 2015, 182, 129-143.
C. Duan, J. Tong, M. Shang, S. Nikodemski, M. Sanders, S. Ricote, A. Almansoori
and R. O’Hayre, Science, 2015, 349, 1321-1326.

D. Poetzsch, R. Merkle and J. Maier, Physical Chemistry Chemical Physics, 2014,
16, 16446-16453.

I. K. Andersen, E. K. Andersen, P. Norby and E. Skou, Journal of Solid State
Chemistry, 1994, 113, 320-326.

L. Bi, S. P. Shafi and E. Traversa, Journal of Materials Chemistry A, 2015, 3, 5815-
5819.

Y. Gan, J. Zhang, Y. Li, S. Li, K. Xie and J. T. S. Irvine, Journal of The
Electrochemical Society, 2012, 159, F763-F767.

F. He, D. Song, R. Peng, G. Meng and S. Yang, Journal of Power Sources, 2010,
195, 3359-3364.

R. Wang, C. Byrne and M. C. Tucker, Solid State lonics, 2019, 332, 25-33.

Y. Xia, Z. Jin, H. Wang, Z. Gong, H. Lv, R. Peng, W. Liu and L. Bi, Journal of
Materials Chemistry A, 2019, 7, 16136-16148.

J. Kim, S. Sengodan, G. Kwon, D. Ding, J. Shin, M. Liu and G. Kim,
ChemSusChem, 2014, 7, 2811-2815.

R. Ren, Z. Wang, C. Xu, W. Sun, J. Qiao, D. W. Rooney and K. Sun, Journal of
Materials Chemistry A, 2019, 7, 18365-18372.

Y. Xia, Z. Jin, H. Wang, Z. Gong, H. Lv, R. Peng, W. Liu and L. Bi, Journal of
Materials Chemistry A, 2019, 7, 16136-16148..

Y. Liu, Y. Guo, R. Ran and Z. Shao, Journal of Membrane Science, 2013, 437,
189-195.

N. Nasani, D. Ramasamy, S. Mikhalev, A. V. Kovalevsky and D. P. Fagg, Journal
of Power Sources, 2015, 278, 582-589.

Y. Guo, Y. Lin, R. Ran and Z. Shao, Journal of Power Sources, 2009, 193, 400-
407.

Z. Wang, W. Yang, S. P. Shafi, L. Bi, Z. Wang, R. Peng, C. Xia, W. Liuand Y. Lu,

66



44,

45.

46.

47.

48.

Journal of Materials Chemistry A, 2015, 3, 8405-8412.
C. Zhou, J. Sunarso, Y. Song, J. Dai, J. Zhang, B. Gu, W. Zhou and Z. Shao,
Journal of Materials Chemistry A, 2019, 7, 13265-13274.

L. Bi, S. P. Shafi and E. Traversa, Journal of Materials Chemistry A, 2015, 3, 5815-
5819.

S. Choi, T. C. Davenport and S. M. Haile, Energy & Environmental Science, 2019,
12, 206-215.

J. Kim, A. Jun, O. Gwon, S. Yoo, M. Liu, J. Shin, T.-H. Lim and G. Kim, Nano
Energy, 2018, 44, 121-126.

W. Wy, H. Ding, Y. Zhang, Y. Ding, P. Katiyar, P. K. Majumdar, T. He and D. Ding,
Advanced science, 2018, 5, 1800360.

67



Chapter 4 Incorporation of bulk proton carriers in cubic
perovskite manganite driven by interplays of oxygen and

manganese redox

4-1 Introduction

As already mentioned in Chapter 1, it’s highly motivated to develop single-phase
mixed H'/O%*/e" triple conductors in order to eliminate the mismatch of main ionic
carriers between the double conducting air electrode and the electrolyte and thus, extend
the reaction area at the air electrode.!* As described in Chapter 1-8, the proton defect
concentrations of the current triple conductors are still low in comparison to the well-
known proton conductor Ba(Ce, Zr, Y)0;.*> In general, incorporation of protonic

defects in oxides is driven via association between oxygen vacancy and water molecules.

La;Sr,MnO3 (LSM) is a well-known cathode material for solid oxide fuel cells
however, Rhombohedra LSM was recognized as a bad cathode for them at elevated

temperatures,>’*8

and it has not been subject to a proton conducting material. This
chapter describes the discovery of the pronounced hydration capability in cubic
perovskite type Lao 7Sro3MnOs.5, mediated by the charge disproportionation between
oxygen and manganese atoms. Lao.7Sro3MnQOs-s undergoes decline of antibonding O 2p
states hybridized with Mn 3d orbitals together with oxidation of Mn>" to Mn** through
the hydration, subsequently protons attach to oxygen. Hence Lao 7Sro3MnOs_s is capable
of up-taking bulk proton carriers in wet air with the proton concentrations equaling to

that of well-known protonic electrolyte material Ba(Zr, Ce, Y)Os at the intermediate

temperature (IT) region.
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4-2 Experimental section

4-2-1 Synthesis of LSM

Lai.Sr:MnOs.5 (LSM; x = 0.1, 0.2, 0.3, 0.4) fine powders were synthesized via a
citrate precursor route reported elsewhere.® Firstly, La(NO3)3;*6H,0, Sr(NOs),, and
Mn(NO3)2*6H,O (all from High Purity Chemicals and at 99.99%) in amounts
corresponding to the desired stoichiometry (calculated from total 0.05 mole LSM) were
completely dissolved into Milli-Q H>O, and then citric acid (CA; CsHsO7*H20) was
added as a chelating agent in a mole ratio of CA:LSM = 2:1. Next, the citrate solution
was heated with vigorous stirring at 60 °C for 2 h to evaporate the water and promote
polymerization. The obtained gelatinous product was calcinated at 500 °C for 1 h under
air to produce a black-colored precursor. Finally, the precursor was annealed in a tube

furnace at 700, 800, or 1000 °C for 15 h under pure O, atmosphere (15 mL min™').

4-2-2 Characterizations

(a) Structural characterizations

XRD and SEM were carried out for the phase impurity and microstructure of LSM
oxides, the measurement conditions were detailed described in Chapter 3-2-3.
Brunauer-Emmett-Teller (BET) analysis (Microtrackbel BELSORP Mini-II) was
performed to measure the surface area of LSM powders. Fourier transform infrared
(FT-IR) spectroscopy was conducted in diffuse-reflectance mode utilising a JASCO
FT/IR-350 spectrometer. LSM powder was sealed in a gas-sealed optical cell with an
antireflective glass window under controlled atmospheric and thermal conditions to

perform in-situ FT-IR measurements.

(b) Rietveld structure refinement

The obtained XRD patterns were refined by the Rietveld method using the Materials
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Studio software over the 26 range of 20-80° to precisely determine the phase structure

of LSM oxides annealed at different temperatures.

(¢) Thermodynamic characterizations for hydration

The TG measurements for possibility of hydration and hydration ability cycles were
performed by the same techniques mentioned in Chapter 3-2-3, but slightly difference
in measuring conditions. Besides the former mentioned conditions in Chapter 3-2-3, Ar
gas and wet gases (air, Ar) with various water partial pressure (pu20) were used to
characterize hydration ability of LSM. Here, Ar gas with added O» (10 ppm) was used
as a dry Ar gas without further purification, wet gases were prepared by bubbling them
through a water bath at -8, 5 and 20 °C at a flow rate of 50 sccm; the resultant gases

had a water partial pressure (pu20) of 0.003, 0.009 and 0.023 po (po = 101.3 kPa).

Thermal desorption spectroscopy (TDS) analysis was performed for as-prepared
specimens using an ultra-high vacuum chamber system (ESCO TDS1400) equipped
with a quadruple mass analyzer and infrared lamp heater. The spectra were recorded
during heating from 50 to 1000 °C at 30 °C min™ under the initial pressure of 2.0 x 10-

7 Torr. Prior to the measurement, the samples were dried in oven at 120 °C overnight.

(d) Single crystal X-ray absorption spectroscopy

In-situ extended X-ray absorption fine structure (EXAFS) for the Mn K-edge was
obtained on the BLO1BI station of Spring-8 facility, Japan Synchrotron Radiation
Research Institute (JASRI). The sample placed in a temperature- and atmosphere-
controllable cell was heated to 415 °C at a heating rate of 10 °C min™' in dry air (He/O>
=4/1 (v/v), flow rate: 50 mL/min). A Si (111) double-crystal monochromator was used.
The incident and transmitted X-rays were monitored in ionization chambers filled with
N2 and 85% Nz + 15% Ar. Quick EXAFS in the continuous scanning mode was

recorded from 6520 to 6600 eV (5 min scan™!). All samples were mixed with boron
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nitride (BN) powder to achieve an appropriate absorbance at the edge energy. The
weight ratio of sample and BN is about 1:10. The EXAFS data were processed using

the IFEFFIT software package (Athena and Artemis).

O K-edge X-ray absorption spectra (XAS) were obtained at beamline BL-2 of
Ritsumeikan University SR Center (Shiga, Japan). Here, measurements were conducted
on the dehydrated and hydrated LSM specimens that were prepared by heating at 430 °C
for 6 h in dry and wet air, respectively. Subsequently, the specimens were sealed in a
specially designed transfer vessel without exposure to ambient atmosphere and then
supplied to the high vacuum sample chamber of BL-2. All procedures from heating to
sealing were conducted in Ar-filled glove box. The XAS data were obtained in the
partial fluorescence X-ray yield (PFY) mode with a silicon drift detector (KETEK,
VITUSR100 with a 0.1 mm thick Parylene-N film window), because the PFY mode is

more bulk-sensitive than the total electron yield (TEY) mode.
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4-3 Results

4-3-1 Preparation of LSM

Figure 4-1a shows XRD patterns of La;«Sr,MnOs.s(x = 0.1, 0.2, 0.3, and 0.4; LSM),
denoted hereafter as LSM91, LSM82, LSM73, and LSM64, respectively according to
the La/Sr mole ratios. For LSM91, LSM82, and LSM73, annealing at 700 °C for 15 h
in pure O; result in a single cubic-type perovskite phase, as checked by XRD Rietveld
analysis. The LSM specimens thus prepared show only a single intensive peak in the
20 range of 31-34°, so that these would be identical to cubic or orthorhombic structure
rather than rhombohedral one involving two distinct peaks in the 20 region (Figure 4-
1b). Rietveld refinement was performed for the LSM series prepared at 700 °C with the
cubic (Pm-3m), orthorhombic (Pnma) and rhombohedral (R-3c) LaMnOs structure
model.>!! For these, the best fitting is obtained with cubic structure model with the
minimized Rietveld parameter (Rwp) values (Figure 4-2, 4-3 and Table 4-1), confirming
that the LSM prepared at 700 °C is analogous to cubic perovskite phase. These are
denoted hereafter with the prefix of ‘C-’ (e.g. C-LSM91) to identify their cubic structure.
The relatively broad XRD peaks of the cubic phase are attributed to the relatively small
grain sizes (Figure 4-4), with the values of LSM91, LSMS82 and LSM73 equaling 30

nm, 19 nm, and 27 nm, respectively.

LSM91 and LSM82 retain cubic structure even after annealing at 1000 °C, whereas
LSM?73 becomes rhombohedral phase by annealing at 1000 °C. The LSM73 prepared
at 1000 °C exhibited a split in the main peak at round 32°, which is attributed to the
transformation to rhombohedral phase (PDF-70-3942; Figure 4-1b), and thus shows
two intense peaks at around 31.98 and 32.21° corresponding to the (110) and (104)
planes (Figure 4-1b), respectively. The best fitting of Rietveld refinement is obtained
with rhombohedral space group (R-3c, 167; Figure 4-3d), confirming that a single
rhombohedral phase (R-LSM73) is available.
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The phase stability of Lai.Sr,MnOs; systems is sensitive to oxygen

12-14 and thus, they tend to take different crystal structure depending on

stoichiometry,
the preparation roots.'> Wang et al reported that La;.Sr;MnO; (x=0.3) prepared by
modified polymer complex method and post-annealing at 750 °C take cubic phase and
transform to orthorhombic phase by post-annealing at 850 °C,° however, Anderson et
al reported that La;_..Sr;MnQO3 (0.0<x<0.2) prepared by wet chemical methods and post
annealing at 900 °C in N, crystallize orthorhombic phase.!* Rietveld refinement
unambiguously demonstrates that LSM members prepared here take cubic structure
with annealing at 700 °C and LSM73 rhombohedral with annealing at 1000 °C.
Unfortunately, LSM64 yielded only a small amount of secondary phase SrisLaosMnOs

under the preparation conditions tested here, and thus further characterization was not

applied for this composition.
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Figure 4-1 (a) XRD patterns of cubic- and rhombohedral-type La;.St;MnOs.5 (x = 0.1,
0.2, 0.3, and 0.4). (b) Expansion of (110) peaks for the cubic phase, and (110) and (104)
peaks for the rhombohedral phase from 31° to 34°. Ball-and-stick models of (c¢) cubic
and (d) rhombohedral LaMnOs.
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Figure 4-2 Rietveld refinement profiles for C-LSM73 assuming models of (a) cubic
(Pm-3m, #221), (b) rhombohedral (R-3c, #167) and (c) orthorhombic (P4ma, #62).
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Figure 4-3 Rietveld refinement profiles for (a) C-LSM91, (b) C-LSMS2 and (c¢) C-
LSM73 assuming models of cubic structure (Pm-3m, #221), and (d) R-LSM73
assuming models of rhombohedral (R-3c, #167).
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Table 4-1 Refined lattice parameters for LSM materials.

Space Lattice Parameters (A) Reliability

Samples
group a b c o s 4 (Rup%)

C-PDF# 75-0440 Pm-3m 3.88 3.88 3.88 90 90 90 -
R-PDF#70-3942 R-3c 5531 5531 13.363 90 90 120 -
O-PDF#72-0841 Pnma 5742  7.668  5.532 90 90 90 -

C-LSMOI1 Pm-3m  3.880 3.880  3.880 90 90 90 10.04
C-LSM&2 Pm-3m  3.878 3.878  3.878 90 90 90 7.32
C-LSM73 Pm-3m 3875 3.875 3.875 90 90 90 9.01
R-LSM73 R-3c 5.567 5.567 13.610 90 90 120 7.17
C-LSM73 R-3c 5497 5497 13367 90 90 120 12.51
C-LSM73 Pnma 5465 7.747  5.505 90 90 90 15.66

Figure 4-4 SEM images of C-LSM91 (a), C-LSM82 (b), C-LSM73 (c), and R-LSM73
(d) with grain size 30 nm, 19 nm, 27 nm, and 162 nm, respectively.
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4-3-2 Hydration/dehydration reactions of LSM

Figures 4-5a-c show thermogravimetric (TG) curves of the C-LSM samples,
measured mainly in dry and wet Ar gases with O, additive at 10 ppm. (In the discussion
hereafter, the ‘Ar gases’ all include 10 ppm O».) The TG profiles of C-LSM91 (Figure
4-5a) and C-LSM82 (Figure 4-5b) in dry Ar are similar to each other, revealing a mass
loss at 7 < 200 °C due to desorption of surface H>O and mass losses at 7> 700 °C
probably due to oxygen release with the reduction of Mn** to Mn**.!> The TG curves
are also similar either in wet or dry conditions, indicating that they are inert to water

vapor at elevated temperature.

The profiles of C-LSM73 (Figures 4-5¢) are comparatively quite different. In
addition to the desorption of surface water at 7' < 200 °C and oxygen release at 7 >
700 °C, a mass loss of about 0.5 wt% occurs at around 350 and 430 °C in dry and wet
Ar, respectively. There is also a subsequent thermogravimetric plateau from about 400
to 700 °C due to the formation of thermochemically stable phase. The BET surface area
of C-LSM73 (18.6 m? g'!) is quite similar to those of C-LSM91 and C-LSMS2 (20.3
and 26.5 m? g!, respectively), and therefore the mass loss at around 400 °C can be
related to the bulk reaction rather than surface desorption. The weight losing onset
temperature under the wet condition (430 °C) is clearly higher than that under the dry
condition (350 °C), indicating that the mass losses are related to thermochemical
reactions with water vapor. On the other hand, this event is not sensitive to the oxygen
partial pressure (po2): the mass loss starts at 350 °C in dry air and at 430 °C in wet air,
which are the same as the values in dry and wet Ar, respectively (Figure 4-5d). R-
LSM73 exhibits small weight loss at around 430 °C in wet air and at 350 °C in dry air

(Figure 4-5e).
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Figure 4-5 TG curves of (a) C-LSM91, (b) C-LSM82, (c) C-LSM73, and (e) R-LSM73
measured in the range from RT to 1000 °C in dry and wet Ar atmosphere (10 ppm O3).
pmzo of the wet gas is 0.023 po. (d) TG curves of C-LSM73 measured in dry and wet air.
The weight gain/loss in response to atmospheric switching between wet/dry Ar every
30 mins for (f) C-LSMO1, (g) C-LSM82, (h) C-LSM73, and (j) R-LSM73. (i) Weight
gain/loss in response to atmospheric switching between wet/dry air every 30 mins for
C-LSM73. In (f)-(j), pale blue areas represent the durations of wet atmosphere.
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To elucidate the released gases, thermal desorption spectroscopy (TDS) was
performed for C-LSMO91, C-LSM73 and R-LSM73 (Figure 4-6a). C-LSM73 exhibits
an intensive desorption peak of H,O (m/z = 18) at around 300-500 °C after the
desorption of surface-adsorbed water in the range below 200 °C, and a flat profile of O
(m/z = 32) in the range below 600 °C. C-LSM91 does not exhibit any desorption peak
of H>O at temperatures above 200 °C. High-temperature XRD data confirms that C-
LSM73 retains the cubic-type perovskite structure before and after the mass losses at
around 400 °C (Figure 4-7). These findings unambiguously demonstrate that C-LSM73
undergoes an isostructural dehydration reaction at around 400 °C. R-LSM73 has a
relatively small water desorption peak at intermediate temperature (Figure 4-6a), which
is in agreement with very small weight loss (0.054 % in Ar) at around 415 °C (Figure

4-5j). R-LSM73 is weakly hydrated in comparison to C-LSM?73.

In-situ infrared absorption spectroscopy (IR) highlights the enhanced hydration
behavior of C-LSM73. The O-H vibration modes are developed in the wavenumber
range of 3100 to 3500 cm™ as exposed to wet air (p2o = 0.023 po), in which a strong
peak appears at 3240 cm™! and two broad peaks at 3170 and 3380 cm™ (Figure 4-6b).
These features are in agreement with vibration bands of O—H groups incorporating into
oxygen vacancies of BaZrosY0203; the vibration modes split in concerned with various
local coordination environment of the O site.!®!” These results demonstrate that C-
LSM73 causes bulk hydration via association of water and oxygen vacancy under wet
atmosphere at around 400 °C. R-LSM73 and C-LSM91 show a quite small absorption
of O—H groups at around 3200 cm™! (Figure 4-6¢ and d) even after exposure to wet

gases, indicting the less pronounced hydration ability.

Actually, C-LSM73 was found to undergo reversible hydration/dehydration reactions
in response to pu2o at around 400 °C. At the fixed temperature of 415 °C, mass changes
were monitored for repeated cycles of atmospheric switching between dry and wet Ar

(10 ppm O2) every 30 mins (Figure 4-5h). At the same time, the weights of C-LSM91
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and C-LSMS2 remain unchanged throughout these cycles (Figure 4-5 f and g), which
is consistent with their TG profiles (Figures 4-5a and b) and confirms that both are

incapable of up-taking and releasing water at around 400 °C.

C-LSM73 has reversible mass changes by dry/wet switching in both Ar and air
atmospheres (Figures 4-5h and 1), with a mass gain of about 0.5 wt% upon exposure to
wet gases (pn20=0.023 po) and an equal mass loss when exposed to dry gases.
Apparently, C-LSM73 does not change its mass in response to po» by switching
between air and Ar, either in the dry or wet conditions (Figure 4-8), which confirms that
the oxide does not conduct reversibly uptake/release oxygen at around 400 °C. The
hydration/dehydration behaviors are completely repeatable, because the mass loss
during dehydration and mass gain during hydration agree within 10%. These combined
results prove that C-LSM73 is capable of reversible water uptake/release in the
intermediate temperature range, mediated by bulk proton conduction. In Figures 4-5h
and 1, the mass changes decayed quickly during the dry/wet switching, reaching
equilibria within a few minutes, which provides clear evidence for the significant bulk
proton conductivity of C-LSM73 in the IT region. Here, the weight variable (AW) is
defined as the mean weight difference between the samples equilibrated in dry and wet
conditions for 5 switching cycles. For C-LSM73, AW is equal to 0.56 and 0.51 wt% in
air and Ar, respectively (Table 4-2) under puxo = 0.023 po. AW of R-LSM73 is 0.054
wt% (Table 4-2 and Figure 4-5j), confirming that amount of water sorbate of R-LSM73

1s much smaller than that of C-LSM73.

The dehydration onset temperature of C-LSM?73 is clearly dependent on pm2o (Figure
4-9). It shifts from 350 to 401 to 410 to 430 °C (Figure 4-9a) with switching from dry
to pm2o = 0.003 to 0.009 to 0.023 po. AW, moreover, decreases from 0.56 wt% to 0.32
wt% to 0.18 wt% with decreasing pn2o from 0.023 to 0.009 to 0.003 in wet air (Figure
4-9b). These features prove that hydration/dehydration reactions of C-LSM73

thermochemically undergo.
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Table 4-2 Hydration properties of C-LSM73 and other triple conductors.

AW Proton Temperature  pu2o /
Systems * . Ref.
(wt%) concentration*® °O) Po
0.56 0.070
(air) (air) 0.142 (air) This
C-Lag.7S103Mn0O2 95 415 0.023
0.51 0.064 0.128 (Ar) work
(Ar) (Ar)
0.32 0.041 . This
C-Lag.7Sr03MnO3 .95 . . 0.082 (air) 415 0.009
(air) (air) work
0.18 0.023 ) This
C-Lag.7Sro3MnO3 .95 . . 0.046 (air) 415 0.003
(air) (air) work
R-Lao 1St03MnO 00540007 14 (An) 415 0023 M
-Lao7Sr n . r .
0.7910.3 2.98 (A7) (A7) work
PrBay 5Sr95Co1 5Feo 5055 - 0.018 0.036 200 0.02 6
Bao_gsLao_osFeo‘gzno‘zoyﬁ - 0.050 0.10 200 0.016 18
BaCop4Fep4Z10203-5 - - 0.015-0.05 200-400 0.015 19
Bao.sSro5Fe0.8Zno 2035 - 0.015 350 0.02 20
Bao_ssro_sFeo‘gzno‘zoyﬁ - - 0.02 400 0.02 20
Bay.5SrosFe0.8Zno 2035 - - 0.013-0.032 350-600 0.02 20
PrBag sSro.5Co1.5Feq.505+5 - 0.009 0.018 600 0.02 6
Bao‘gsLao‘osFeo‘ano‘203—5 - 0.023 0.056 400 0.016 18
Bao‘gsLao‘osFeo‘ano‘203—5 - 0.012 0.024 500 0.016 18
BaC00‘4Feo‘4Zro‘1Yo‘103—5 - 0.095 0.019 500 0.0095 4

* Represented by mole fraction.

84



4-3-3 lodometry of dehydrated LSM

The oxidation states of Mn cations in LSM altogether with LaMnO3; and CaMnO3
references were determined by iodometry. For the analysis, all powder specimens were
once annealed in dry air at 430 °C for 6 h, quenched in dry air and immediately dissolve
into 0.1 mole HCI solutions. Average valence states of Mn cations in LaMnO3 and
CaMnO; were determined to +3.20 and +3.99, respectively, thereby, the nominal
composition of both at 430°C equaling to LaMnOs3.190 and CaMnO3 0. The value of
LaMnOs are in close agreement with the results (LaMnOs3 15 at 400°C) reported by
Mizusaki.?' Valence states of Mn in C-LSM73, C-LSM82, C-LSM91 and R-LSM73 are
+3.26, +3.28, +3.34 and +3.34, respectively, and thus the corresponding stoichiometries
are expresses as C-Lao.7S103Mn0O2.98, C-LaggSro2MnO3 04, C-LagoSro.1MnO3 12 and R-
Lao7Sro3MnOs 02, respectively, which are in agreement with the analytical results
reported by Mizusaki.?! Most of LSM members prepared here include apparent oxygen
excesses. La,Sri.MnO3 system thermodynamically favors to create cation vacancies,
such as V//i/ and V,j;,, rather than oxygen vacancies,*'?* and thus tend to decompose
with increasing the oxygen deficiencies to more than 0.13.2! that possess less-

pronounced hydration ability.

Meanwhile, only C-LSM73 includes oxygen deficiency and, moreover, this can
exhibit enhanced hydration ability unlike the other LSM members. This feature proves
that the hydration reaction undergoes mediated via oxygen vacancies. If the molecular
formula of dehydrated C-LSM73 is assumed to be Lag 7Sro3MnQO; .98 as determined by
iodometry (Figure 4-10), its hydration capability (4n, defined by the mole fractions of
water absorbed, n(H20), i.e. An = n(H20)/n(LSM73)) can be calculated from the AW
values listed in Table 4-2. For C-LSM73, An = 7.1 and 6.4 mol% in Ar and air
atmospheres, respectively. The corresponding proton concentrations are 14.2 and 12.8

mol% in air and Ar (10 ppm O2), respectively (Table 4-2).
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4-3-4 Mn K-edge EXAFS

Extended X-ray absorption fine structure (EXAFS) analysis was conducted on the
Mn K-edge for LSM, together with reference samples of LaMnO3 and CaMnOs. Figure
2-10a presents normalized absorption in the X-ray absorption near edge spectroscopy
(XANES) region measured at 415 °C in dry air. All LSM samples exhibit a pre-edge
peak at around 6540 eV attributed to the electric dipole-forbidden transition of Is
electron to an unoccupied 3d orbital, which is partially allowed because of electric
quadrupole coupling and/or 3d-4p orbital mixing arising from the non-centrosymmetric
environment of the slightly distorted MnOg octahedral framework.?® The relatively
weak pre-edge features of LSM series are characteristic of octahedrally coordinated Mn

oxides.?®

After the pre-edge, all samples yield a vertically rising main edge with a maximum
peak at around 6553 eV, corresponding to electron transition from Is to 4p orbitals.>>
For K-edge XANES of octahedrally-coordinated manganese oxides, the absorption
edge position is more sensitive to valence state rather than MnOs octahedral
coordination symmetry, and the absorption edge shifts to higher energy in proportion to
the average Mn valence states, since the core electron binding energy linearly increases
with the positive charges on the cations.?®?*’ Hence, a relative shift in the position of
these features, called the chemical shift, allows one to determine the average Mn
valence states of the oxides.’**? Here, the absorption edge is defined as the energy
corresponding to half of maximum of the main absorption peak. The adsorption edges
of LSM series locate between ones of two references, i.e. LaMnOs; and CaMnOs
(6550.07 and 65552.82 eV, respectively; Figure 4-10a), confirming that Mn valence
state of LSM is between +3.20 and +3.99. Thus, the average Mn valence state of LSM
series is determined by interpolating to the calibration line connecting LaMnO3 (+3.20)

and CaMnOs (+3.99; Figure 4-11), which results in valence state equaling to +3.27,

+3.20, and +3.20 for C-LSM91, C-LSM82, and C-LSM73, respectively (Figure 4-10c
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and Table 4-3), which is accordant with the reports elsewhere.>*** The small gap (0.06)
in the Mn valence state determined by Mn K-edge and iodometry confirms that the
chemical shifts of Mn K-edge can properly probe the valence state of Mn atoms for all

LSM (Figure 4-10c).

Oxygen stoichiometry (3+0) of dehydrated Lai..Sr,MnOs-s is calculated from the
average Mn valence state determined by Mn K-edge, assuming that the stoichiometry
of metal cations is the same as in the raw materials, and the valences of Sr, La and O
are fixed at +2 +3 and -2, respectively (Figure 4-10d and Table 4-3). Although the main
edge of R-LSMT73 is located at a higher energy than in C-LSM73, the former is

estimated to have a small amount of oxygen deficiency (6= -0.02).
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Figure 4-11 Mn valence states determined by XANES (black circles-dash line) and
iodometry (red circles represent cubic LSM series and red cross is Rhombohedral
LSM73). Inset is the enlarged part from 6550-6550.5 eV.

The radial distribution function (RDF) obtained from the Fourier-transformed
EXAFS 1is presented in Figure 4-10b. For C-LSM, the first coordination shells
corresponding to an intense peak at around 1.6—2.0 A can be attributed to the shortest
Mn—O bond, and the second and third coordination shells distributed between 2.0—4.0
A can be assigned to the coherence in Mn—La or Mn—Sr and in Mn—Mn (Figure 4-10b).
The curve fitting analysis to the first Mn—O coordination shell of C-LSM could
converge very well by using atomic coordinates of cubic perovskite LaMnO3 as an
initial set,>*% yielding a Mn-O distance () of approximately 1.9 A together with the
oxygen-coordination numbers (CN) around Mn of 5.85+0.78, 5.27+0.82, and 5.20+0.60
for C-LSM91, C-LSM82, and C-LSM73, respectively (Figure 4-10e). The best fitting
parameters including the CN, interatomic distance (7), and Debye—Waller parameters
(DW) for the first Mn—O shell are summarized in Table 4-3. EXAFS normally tends to
underestimate CN around transition metal atoms due to the effects of the DWW, which is
sensitive to the local symmetry of coordination sphere.*® Nevertheless, all LSM yield
significantly low DW of about 0.009, indicating that the contributions of the orbital

symmetry are almost equivalent each other in LSM series. The CN of cubic-type Laj-
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Sr:MnOs:+s decreases with x, which is in agreement with the trend of oxygen excesses

(+0) determined from the iodometry (Figure 4-10d).

Table 4-3 Parameters obtained by simulation of EXAFS spectra for LSM.

Samples Conditions Mn valence state CN rIA DW

dry 3.27 5.854).78 191 0.009240.002
C-LSM91

wet 3.27 5.8740.85 191 0.009440.002

Dry 3.20 5.2740.82 1.92 0.008840.002
C-LSM82

Wet 3.20 5.2540.82 1.93 0.000740.003

dry 3.20 5.2040.60 1.92 0.008540.002
C-LSM73

wet 3.25 5.3840.67 1.90 0.008440.001

dry 3.25 5.6140.51 1.93 0.009540.001
R-LSM73

wet 3.25 5.6240.89 1.93 0.009340.002
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4-3-5 In-situ EXAFS

In order to elucidate the local structural rearrangements accompanying the
hydration/dehydration reactions, in-situ Mn K-edge XANES was measured for C-
LSMO1, C-LSM82, C-LSM73, and R-LSM73 with switching of dry and wet air at
415 °C (Figures 4-12a-d). The absorption edge position of C-LSM73 shifts from
6550.09 to 6550.28 eV with switching from dry to wet (Figure 4-12c), indicating the
average Mn valence state increases from 3.20 to 3.25 by hydration (Figure 4-121, Table
4-3). The position recovers to 6550.09 eV after switching back to dry condition, and
thus the chemical shifts occur reversibly in response to wet and dry gases (Figure 2-13).
Fourier transform EXAFS clarifies that the peak of the first Mn—O coordination sphere
becomes stronger by hydration, which results in the increase of CN from 5.20 to 5.38
for C-LSM73 (Figures 4-12g and j, Table 4-3). These results unambiguously
demonstrate that the hydration and dehydration reactions of C-LSM73 involve
oxidation and reduction of the Mn cations, respectively, together with decrease and

increase of oxygen vacancies, respectively.

On the other hand, C-LSM91, C-LSM82 and R-LSM73 do not cause chemical shifts
of adsorption edge (Figures 6a-c) and amplification of Mn-O coordination peaks
(Figures 4-12e-h) in response to dry to wet switching, confirming that the changes of
valence state and CN are negligibly small during dry/wet switching (Figure 4-12i and j,

Table 4-3).

91



a e
@15 cismor| @ F Q cLsmor | @330
) 12 - b=
= 1.0f T i Wet
<
E < 8T M Wo o L
3 gt °
£ 05 %4 @
D 8
z L ry £
1.5F cismez| @ Q clswez| 2
a 0.75f / 12+ = 2 o C-dry
= ~ | = o C-wet
g1.0- "< ale Wet A Rdry
g 5> s S T A R-wet
£ os} S 4
2 - Dry 320 - (0]
(C)O-O i i . ()0 R D il e & P TR IR IR |
15 cismra | @ Q cismrz| O
a o7 —// 12 £ 6.0
?“1 0 : "A Wi
3 6550.00 | A > e
® Dry 3
E0s e Balo
z Dry A
00~ | 1 I ) O e e o 3
@45 . (h T 5 g ©ss|-
& & o C-dry
) 2 = o C-wet o)
210 L P Wet A R-dry
E - 85 VY o\ A R-wet
gos %af o
2 - il
0.0 0 O ] i e 50 1 4 141y
6540 6550 6560 6570 O 1 2 3 4 5 6 010 020 030 040
Photon energy (eV) r(A) Sr content

Figure 4-12 In-situ Mn K-edge XAFS of (a) C-LSM91, (b) C-LSM82, (c) C-LSM73,
and (d) R-LSM73 in a cycle of dry and wet air supply at 415 °C. Insets of (a)-(d) show
the enlarged absorption edge region. Fourier-transformed EXAFS radial distribution
functions of (e) C-LSM91, (f) C-LSMS82, (g) C-LSM73, and (h) R-LSM73. In (e)-(h),
black and red lines show the observed and the curve-fitting profiles to the 1st
coordination shell (Mn-O), respectively. (i) Average Mn valence state determined from
the chemical shift of absorption edges depicted in (a), (b), (c) and (d). (j) Oxygen-
coordination numbers (CN) of Mn cations determined by EXAFS fitting analysis
depicted in (e), (f), (g) and (h). In (1) and (j), the circles and triangular symbols represent
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Figure 4-13 In-situ Mn K-edge XANES spectra of C-LSM73, measured during repeated
5 cycles of atmospheric switching between wet/dry every 30 mins at 415 °C in air
conditions. Inset presents an enlarge of adsorption edge region, the absorption edge
position repeatedly shifts from 6550.09 to 6550.28 eV.
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4-4 Discussion

4-4-1 Reaction mechanism

Combined results of TG, iodometry and EXAFS proves that C-LSM73 involves
thermochemical dehydration/hydration reactions via association between oxygen
vacancies and water molecules due to the presence of significant amount of oxygen
vacancies. R-LSM73 is expected to have small amount of the vacancies, thereby
becoming weakly hydrated under wet atmosphere. C-LSM91 and C-LSM82 have

apparent oxygen excesses and thus, do not undergo the hydration reactions.

In proton-conducting ceramic electrolytes such as BaZrix.yCexYyOs, the proton
carriers are incorporated via the association between oxygen vacancies and water

molecules, as represented in Equation (4-1).1637:38
05 +V5"+H20() © 20H,, (4-1)

Equation (4-1) uses the Krdger-Vink notation, with OH being the proton defect, 0O
the lattice oxygen, and V;;* the oxygen vacancy. In metal oxides, association between

oxygen vacancies and oxygen gas is equilibrated.
V5 +120,—> 0% +2nh° (4-2)

Here, h* is an electron hole. If the hole carriers are incorporated in the valence band
comprising mainly of O 2p states, Equation (4-2) is rewritten with an oxygen hole

(Ob)'%’ 39

V5 +1202+ 0f —2 0, (4-3)
The proton and hole carriers are in equilibrium by the following reactions.

H.0 +2 0, —2 OH, +1/2 0, (4-4)
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Coupling Equation (4-3) and (4-4) gives Equation (4-1).

In the case of LSM, the association between V,;* and O gas involves valence

change of Mn cations,*” so that reaction (4-2) is modified as follows
Vg +1/2 02+ 00 +2 Mn(IID}, — 2 00*+2 Ma(IV)yn (4-5)

Combining Equation (4-3) and (4-5) yields the hydration reaction mediated by Mn

oxidation.
Mn(II )y + Vo + 0y + H20 & Mn(IV)y,, + 20H, (4-6)

Equation (4-6) suggests that oxygen holes are indispensable for proton uptake in
LSM. In fact, manganese perovskite comprising Mn(IV) such as La;..Sr:MnOs, Lai.
+Ca:MnO3, and BiixCaxMnO; have been reported to generate hole carriers in O 2p
states through strong Mn 3d-O 2p hybridization.*!*> Such oxygen holes have a crucial
role in the colossal magneto resistivity, magnetron-electron coupling, metallic
ferromagnetism, and so on. To verify the formation of oxygen holes, O K-edge XAFS
spectra were measured for hydrated and dehydrated LSM series (Figure 4-14). Peak o
located at about 529 eV corresponds to the electron transition from O 1s to O 2p state
hybridized with Mn 3d (Mn3d-O2p), and peaks B and vy are attributed to the transition
to the hybridized states consisting of La/Sr 3d and O 2p as well as Mn 4s and O 2p,
respectively. In C-LSM73, peak a of the dehydrated sample is more intense than that of
the hydrated one, indicating that the number of unoccupied O 2p states hybridized with
Mn 3d decreases by bulk hydration. This provides direct evidence for the decline of
oxygen holes in C-LSM73 through hydration. On the other hand, the spectra of C-
LSM91 and R-LSM73 remains unchanged with hydration treatments, which is rather

consistent with the less-pronounced hydration behavior of them (Table 4-2).

Based on Equation (4-6), there must be one-to-one relationship between the changes

of Mn valence state and oxygen stoichiometry. The changes of oxygen stoichiometry in
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C-LSMN73 should be corresponding to hydration capability An (0.07; Table 4-2),
which is almost same as Mn valence change (0.05; Table 4-2) by hydration. In addition,
half of the changes of CN also give the changes of oxygen stoichiometry, and the value
(0.09; Table 4-2) is consistent with the valence change. These unequivocally
demonstrate that the hydration/dehydration reactions of C-LSM73 are driven by
coupled redox reactions of manganese cation and oxide anion according to equation (4-

6).

A schematic reaction model for the hydration/dehydration reactions is proposed as
shown in Figure 4-15. Here, oxygen hole carriers are assumed to localize on oxygen
atoms. Under this assumption, the creation of oxygen hole carriers in LSM can be
interpreted as intermixing of the ligand-to-metal charge transfer (LMCT) states such as
d*L! with the ionic states (d°L°).*'*® Thus, the LSM matrix can be described by
coexisting Mn>*-O" and Mn*"-O* configurations, which correspond to the LMCT states
and 1onic states, respectively. Here, d" is the Mn 3d orbital occupied by # electrons, and
L" are oxygen 2p orbitals with n holes. From the EXAFS results (Figure 4-12), the
incorporation of oxide ions into oxygen vacancies for hydration causes oxidation of the
adjacent Mn cations from Mn>" to Mn*', with a simultaneous increase in the local
coordination number around the Mn cations. The oxygen holes must be replaced by
water protons to cancel the excess positive charge due to Mn oxidation, and thus the

Mn**-O" configuration is converted to Mn**-O0?".
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Figure 4-14 O K-edge XAS spectra of hydrated and dehydrated phases for C-LSM91,
C-LSM73, and R-LSM73. The hydrated and dehydrated phases were pretreated
respectively in wet and dry air at 430 °C, respectively, for 6 h. Black and red distinguish

the dehydrated and hydrated phases, respectively. a, B, and y peaks are represented in
the main text.

97



! o) o) : ! o - o) !
1 . | \ 1
1 | 1 \ 1
I 1 ! v 1
o Mn3* Vi Mn3+ o! |0 Mn3* OH Mné* o,
1 | 1 . 1
I 1 | \ |
] 1 ] \\\ ]
! o “ 0, i : o “ AoH !
i . I I
1 | ! 1
I | 1
e Mn3* o Mn3 o, 10 Mn3 o Mn® 0y
I | |
i : I I
I : oo | .
I . +H,0 1 1
[

) ) , o) )
_______________________ ..“ | Y, SN, - S
i g ARk el it i ramin po i i o
LMCT Mn*-O -H,0 lonic Mné#+-02

A=) S
L R

1
! 1
! 1 oo
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
: lonic Mn**-0% :
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
=

e, —_—

A+

Mn3* 3d 0, 2p Mn#* 3d 02 2p
lonic Mn3*-0%
+— oo i TR
€
NEREENILL AL AL I AR
Mn** 3d 0% 2p Mn3* 3d 0% 2p
e i e S B SERACE S R e RS R S SR e

Figure 4-15 Mechanism for the hydration/dehydration reactions of C-LSM73, driven
by the interconversion between the LMCT states (d*L' configuration) and ionic states
(@’L° configuration).

98



4-4-2 Comparison of proton concentrations to other triple conductors

Finally, the amounts of water sorption of C-LSM73 are compared with other triple
conductors, and the results are summarized in Table 4-2. In more recent years,
Zohourian et al. investigated the proton uptake behavior of 18 compositions among the
perovskite-type BaixSrxkFeOz-s derivatives. They proposed that the basicity of the oxide
ion is crucial for proton uptake by the metal oxides.*” A- or B-site substitutions by
cations with larger electronegativity result in a decrease in electron density, i.e. the
basicity of oxide ions, and therefore proton attachment is less favorable.*’
Bao.9sLao.osFeo.8Zno 2035 which was designed with this concept has the highest reported
proton concentration (~0.1) among the perovskite-related oxides (Table 1).#” Notably,
the concentration of C-LSM73 (~0.14; Table 1) are corresponding to the value of
Bao.gsLao.osFeosZno203-5, despite the higher calibration temperature of C-LSM73 than
Bao.gsLao.osFeosZno 2035 (415 vs. 200 °C). Moreover, the proton concentration in C-
LSM73 is comparable to those of well-known proton conductors such as BaCeo.9Y0.103
(~0.1) and BaZro9Y0.103 (~0.08) at 600 °C in wet N» atmosphere (pu20 = 0.023 atm).!®
19214849 Tn conclusion, C-LSM can uptake a larger amount of proton defects than other

reported triple conductors in the IT region.
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4-5 Conclusions

In summary, we demonstrated that cubic-perovskite type Lao7Sro3MnO;.9s
undergoes reversable hydration/dehydration reactions at intermediate temperatures.
This oxide can retain water with a mole fraction of more than 0.07 at 415 °C in air,
which is much higher than the hydration amounts of other perovskite-based triple
conductors. Cubic-type Lao 7Sro3MnO2 .95 undergoes decline of antibonding O 2p states
hybridized with Mn 3d orbitals together with oxidation of Mn** to Mn*" through the
hydration and thus retains bulk protons in the concentrations of 0.14 in wet air at around
415 °C. These discoveries offer a general guideline to design triple conductors operating
in air conditions, namely, that transition metal oxides possessing large amounts of
oxygen vacancies and oxygen hole carriers could be promising mixed conducting
materials. This guideline will help the development of new electrode materials for next-

generation H'-conducting oxide fuel cells and electrolyzers.
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Chapter 5 Mixed Proton-electron—oxide lon Triple Conducting
Manganite as Efficient Cobalt-free Cathode for Protonic Ceramic

Fuel Cells

5-1 Introduction

Manganese base perovskites, i.e. Lai.xSrsMnO3 have been recognized to poorly-
active cathode materials for PCFCs in comparison to cobalt base oxides.!”” However, it
is still highly demanded to develop Co-free alternatives for PCFCs because of the
relatively high reactivity, resource scarcity, and cost of Co oxides.® As already
demonstrated in Chapter 4, cubic-perovskite type Laop7Sro3sMnQOz9s (C-LSM73)
undergoes reversible thermochemical hydration/dehydration reactions at intermediate
temperatures, which is driven by the charge disproportionation between O and Mn, and
retain 0.07 mole fraction H>O at 415 °C in wet air, which can be comparable with the
well-known electrolyte Ba(Zr,Ce,Y)Os.? Similarly, its derivatives Lao 7Sro3MniNi,O3.
5 (LSMN; x = 0.1 and 0.3) must have such hydration/dehydration behavior. Therefore,
C-LSM73 and its derivatives LSMN are potential Co-free, H"/e/O* triple conducting
cathodic materials for advanced PCFCs owing to its sufficient proton conductivity at

intermediate temperatures.

Herein, we demonstrate the hydration/dehydration reactions of LSMN, and the
applications of C-LSM73 and its derivatives Lao.7Sr03Mn;NiO3.5 (LSMN; x =0.1 and
0.3) as the cathode of PCFCs. C-LSM73 and its derivatives LSMN can help
significantly lower the cathodic polarization resistance of Zr-rich side
BaZro4Ceo4Y0203; (BZCY442)-based PCFCs. The aliovalent substitution of Mn*" with
Ni*" sufficiently improves the hydration capacity of Lao7Sro3sMnOss owing to
increased oxygen vacancies for water association. Thus, the Lao7Sro3MnixNirOs-s

cathode, including the widely-used Lao.¢Sro4Coo2FeosOs; (LSCF6428), exhibits low

104



cathodic polarization resistance at intermediate temperatures. This confirms their

applicability as a cobalt-free PCFC cathodic material.
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5-2 Experimental section

5-2-1 Synthesis of LSMN

Lag 7Sro3MnNi, O35 (LSMN; x = 0.1, 0.3) fine powders were synthesized via a

citrate precursor route described in Chapter 3-2-1.

5-2-2 Fabrication of PCFCs

The fuel electrode-supported PCFCs were fabricated by solid-state reactive sintering
with a sintering aid of Zn(NOz3)2. The cells in this Chapter is the lack of Lag sSro.sCoO3
(LSCS55) film deposited in BZCY442, the other procedures are same with cells prepared

in Chapter 3 as detailly described in Chapter 3-2-2.

5-2-3 Characterizations

(a) Structural characterizations

XRD and SEM were carried out for the phase impurity and microstructure of LSMN
oxides and fuel cells, the measurement conditions were detailed described in Chapter
3-2-3. In-situ transmittance IR spectra was conducted by FT-IR-4600 Fourier
Transform Infrared Spectrometer from JASCO. The details were shown in Chapter 4-

2-2.

(b) Rietveld structure refinement

The XRD patterns were refined by the Rietveld method using the Material Studio

software over the 20 range of 20—80°.

(¢) Thermodynamic characterizations for hydration

The TG measurements for possibility of hydration and hydration ability cyclic were

performed by the same techniques and conditions mentioned in Chapter 3-2-3 and
106



Chapter 4-2-2.

(d) Single crystal X-ray absorption spectroscopy

The in-situ extended X-ray absorption fine structure (EXAFS) for the Mn K-edge
and Ni K-edge was obtained on the BLOIBI station of Spring-8 facility, Japan
Synchrotron Radiation Research Institute (JASRI). The measuring details were

described in Chapter 4-2-2.

(e) Fuel cell test

The current—voltage (I-V), current—power (/-P) and impedance spectra of fuel cell
were carried out in a Solartron 1260A frequency response analyzer implemented with

a Solartron 1287 potentiostat, the measured details were described in Chapter 3-2-3.
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5-3 Results and discussion

5-3-1 Preparation of LSMN

Figure 5-1 shows the XRD patterns of Lao.7Sro3Mn;NicO3.5 (LSMN; x = 0.1 and
0.3), which are denoted hereinafter by LSMN7391 and LSMN7373, respectively. First,
single cubic-perovskite phases of LSMN7391 and LSMN7373 were obtained by
annealing (800 °C for 15 h in pure O,) based on our previous report;’ these are called
C-LSMN7391 and C-LSMN7373, respectively. Both C-LSMN7391 and C-LSMN7373
completely transform to a rhombohedral phase (R) after annealing at 1000 °C under
pure Oz for 15 h, as confirmed by a Rietveld analysis conducted previously.” The

rhombohedral LSMN oxides are abbreviated as R-LSMN7391 and R-LSMN7373.

(@

l R-LSMN7373
L A

R-LSMN7391

A A

‘ C-LSMN7373
h C-LSMN7391

I ] ] I ] l | IR A
20 30 40 50 60 70O 80310 325
20 (CuKa) / degree

(b)

Intensity

e

Figure 5-1 (a) XRD patterns of cubic- and rhombohedral-type Lao 7Sro3Mni.xNi,O3.5 (x
=0.1, and 0.3). (b) Expansion of (110) peaks for cubic phase, and (110) and (104) peaks

for rhombohedral phase.
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5-3-2 Hydration/dehydration reactions of LSMN

Figures 5-2a—d show the thermogravimetric (TG) curves of the C-LSMN samples,
measured at temperatures ranging from room temperature (RT, 30 °C) to 1000 °C under
dry and wet Ar (including 10 ppm of O additive) and air. (In the discussion hereinafter,
the Ar gas includes 10 ppm of O».). Both C-LSMN7391 and C-LSMN7373 exhibit three
steps of thermal weight losses both in Ar and in air. The weight losses at 7'< 200 °C and
at approximately 700 °C can be attributed to the desorption of surface H,O and the
lattice oxygen loss with the reduction from Mn*" to Mn**,!% respectively. C-LSMN
exhibits a clear mass loss at approximately 400 °C, probably because of the dehydration
following the release of bulk H>O.? The onset temperature corresponding to the clear
mass loss is 350 °C in dry atmosphere and it increases to 402, 411, and 430 °C when
increasing the water partial pressure (pu20) to 0.003, 0.009, and 0.023, respectively, for
C-LSMN7373 (Figure 5-3a). The onset temperatures are not sensitive to the oxygen
partial pressure (po2): the clear mass loss starts at 350 °C in dry air and at 430 °C in wet
air (pu2o = 0.023 po), which are the same as those in dry and wet Ar (pu20 = 0.023 po),
respectively (Figures 5-2¢ and d). These characteristics prove that the mass losses at
approximately 400 °C are related to thermochemical dehydration reactions. In contrast,
the corresponding rhombohedral phases, namely R-LSMN7391 and R-LSMN7373, do
not show apparent weight losses in the temperature range of 200—700 °C in dry and wet
atmospheres (Figures 5-2e—h), indicating that the rhombohedral phase does not undergo

enhanced hydration when pr20 = 0.023 po.

To wverify the capability of reversible proton uptake and release through
thermochemical hydration/dehydration reactions, the mass changes are monitored at
415 °C by repeatedly switching between dry and wet (pn20 = 0.023 po) atmospheres
every 30 mins, as shown in Figures 5-3c—f. C-LSMN exhibits reversible mass changes
when dry/wet switching in both Ar and air atmospheres (Figures 5-3c—f), with a mass

gain on exposure to wet gases (pn20 = 0.023 po) and an equal mass loss when exposed
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to dry gases. Here, the weight variable (AW) is defined as the mean weight difference
between the samples equilibrated in dry and wet conditions for five switching cycles.
C-LSMN7391 exhibits AW of approximately 0.40 and 0.44 wt% in wet Ar and air,
respectively (Table 1; Figures 5-3c and e), and C-LSMN7373 exhibits AW of 0.64 wt%
in Ar and 0.78 wt% in air (Table 1; Figures 5-3d and f); the latter values are higher than
those of C-LSM73 (0.5 wt%).*> The hydration/dehydration cycles are completely
repeatable, because the mass loss during dehydration and mass gain during hydration
agree within 10%. As for R-LSMN, the TG curves at 415 °C are almost flat as the Ar/air
is changed between dry and wet conditions (Figure 5-4), which is in accordance with
the unapparent weight losses in the temperature range of 200—700 °C in both dry and

wet atmospheres (Figures 5-2e-h).

The AW value of C-LSMN7373 is very sensitive to pu20; the values decrease from
0.78 wt% to 0.33 wt% to 0.07 wt% when pu2o is decreased from 0.023 to 0.009 to 0.003
in wet air (Figure 5-3b). This shows that C-LSMN can undergo thermochemical

hydration reactions even at elevated temperatures.
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Figure 5-2 TG curves measured at temperatures ranging from RT to 1000 °C in
dry and wet Ar (10 ppm O additive) (a, b, e, ) and air (c, d, g, h) for C-
LSMN7391, C-LSMN7373, and R-LSMN7391, R-LSMN7373. In (a)—(d), the
black and red arrows indicate the onset temperatures for dehydration in dry and
wet atmospheres, respectively.
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Figure 5-3 (a) TG curves of C-LSMN7373 under wet air atmosphere with
different pu2o0. Here, ‘100 wt%'’ of the TG curves was set at the weight of onset

temperatures of releasing bulk water for the comparison. In (a), the arrows

indicate the onset temperature to start dehydration. (b) Weight gain/loss in

response to atmospheric switching between wet/dry air every 30 mins at 415 °C
for C-LSMN7373 with different pu2o. Weight gain/loss of C-LSMN7391 and C-
LSMN7373 in response to atmospheric switching between wet/dry Ar (c, d) and

air (e, f) every 30 mins at 415 °C. The pale-yellow areas represent the duration

for which the samples were under wet atmosphere.
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Figure 5-4 Weight gain/loss in response to atmospheres by repeatedly switching wet
and dry Ar (a, b) / air (c, d) every 30 mins for R-LSMN7391 and R-LSMN7373 at
415 °C, pu20=0.023 po.
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Table 5-1 Hydration properties of C-LSMN and other triple conductors.

Proton concentration PH20
Systems AW (Wt%) An? Temperature (°C) Ref.
(mol%) (atm)
0.44 (air) 0.055 (air) 0.110 (air)
C-Lao.7S10.3Mno9Nio.102.93 415 0.023 This work
0.40 (Ar)  0.051 (Ar) 0.102 (Ar)
0.78 (air) 0.098 (air) 0.196 (air)
C-Lao.7S103Mno.7Ni0.302.94 415 0.023 This work
0.64 (Ar) 0.080 (Ar) 0.160 (Ar)
C-Lao.7Sr03Mno7Ni030294 0.33 (air) 0.042 (air) 0.084 (air) 415 0.009 This work
C-Lao.7Sr03Mno7Ni030294 0.07 (air) 0.008 (air) 0.016 (air) 415 0.003 This work
0.56 air)  0.071 (air) 0.142 (air)
C-Lao.7Sr03MnO3 95 415 0.023 9
0.51 (Ar)  0.064 (Ar) 0.128 (Ar)
PrBao sSro.sCoi.5Fe0s0s+5 - 0.018 0.036 200 0.02 11
Bao.gsLaoosFeo.sZno.203-s - 0.050 0.10 200 0.016 12
BaCoo4Feo4Zro203-5 - - 0.015-0.05 200-400 0.015 13
Bao 5Sro.sFe08Zno.203-5 - - 0.015 350 0.02 14
Bao 5Sro0.5Fe08Zno.203-5 - - 0.02 400 0.02 14
Bao sSro.5Fe08Zno.203-5 - - 0.013-0.032 350-600 0.02 14
PrBao.sSro.5Co1.5Fe0505+5 - 0.009 0.018 600 0.02 11
Bao.gsLaoosFeo.sZno203-5 - 0.023 0.046 400 0.016 12
Bao.gsLaoosFeo.sZno203-5 - 0.012 0.024 500 0.016 12
BaCoo4Fe04Zr0.1Y0.103-5 - 0.095 0.019 500 0.0095 15

5-3-3 In-situ Mn K-edge EXAFS

The hydration/dehydration reactions of C-LSM73 are driven by the coupling of the
association between oxygen vacancy and water and the carriers exchange between

oxygen hole and water protons, as represented in Equation (5-1).°
Mn(IID)y, + V5 + 0p + H,0 & Mn(IV)y, + 20H, (5-1)

In Equation (1), the Kroger—Vink notation is used, with OHg being the proton defect,
Op the oxygen hole, Mn(Ill)y;,, Mn(Ill) cations on Mn site, Mn(IV)y, Mn(IV)

cations on Mn site, and V;;* the oxygen vacancy.

In proton-conducting ceramic electrolytes, such as BaZri..,Ce:Y,0s, the proton

carriers are incorporated via the association between oxygen vacancies and water
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molecules, as represented in Equation (5-2). 1617:18

03+V;5°+H20(g) « 20Hg (5-2)

Here, OF is the lattice oxygen. In metal oxides, the association between oxygen

vacancies and oxygen gas is in equilibrium.
V5 +1/20,— 0% +2h° (5-3)

Here, h® is an electron hole. If the hole carriers are incorporated into the valence band
comprising mainly of O 2p states, Equation (5-3) can be rewritten with an oxygen hole

(00) 19,20
V5 +120,+ 05 —2 0 (5-4)

In the case of LSM, the association between V" and O gas involves valence change

in Mn cations.?! Therefore, reaction (5-2) can be modified as follows:

Vg® + 1/2 Oz + 2Mn(lID, — 0% + 2Mn(IV)y, (5-5)
The proton and hole carriers are in equilibrium as follows.
H.O+2 0, > 2 OHy +1/20: (5-6)

Coupling Equations (5-4) and (5-6) gives Equation (5-2). Moreover, combining

Equations (5-4) and (5-5) yields the charge disproportionation as
Mn(IlID}, + Oy < Mn(IV)y,, + 03 (5-7)

Therefore, Equation (5-1) can be interpreted by coupled reactions of the water—
vacancy association (Equation (5-2)) and the charge disproportionation (Equation (5-
7)). In fact, we demonstrated the valence change of O and Mn atoms for the hydration

of C- LSM73 by means of synchrotron X-ray adsorption spectroscopy.’

To elucidate the average Mn valence state change and local structure rearrangements

by hydration/dehydration reactions with the charge disproportionation, an extended X-
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ray absorption fine structure (EXAFS) analysis was conducted for LSMN oxides with
the reference samples of LaMnO3 and CaMnOs. Figure 5-5 shows the normalized
absorption in the X-ray adsorption near edge structure (XANES) region of the pristine
C-LSMN and R-LSMN samples, along with the reference samples of LaMnO3 and
CaMnOs at 415 °C. These oxides exhibit a weak pre-edge peak at approximately 6540
eV (Figure 5-5), attributed to the electric dipole forbidden transition of /s electron to
an unoccupied 3d orbital, and subsequently, yield a vertically rising main edge with a
maximum peak at approximately 6553 eV corresponding to the electron transition from
Is to 4p orbitals.”?? In the K-edge XANES of manganese oxides, the adsorption edge
shifts to higher energy in proportion to the average Mn valence states, since the core
electron binding energy linearly increases with the positive charges on the cations.?”-*
Hence, a relative shift in comparison to reference materials, called the chemical shift,
allows determining the average Mn valence states of these oxides if the crystal
structures are analogous each other.>>?* Previously, we evaluated the Mn valence state
in perovskite-type LaiSr:MnOs_; series by combining the iodometry for a quenched
sample and the chemical shifts of the Mn K-edge XANES,*® confirming that Mn K-
edge monotonically increases in proportion to the oxidation states of Mn cations; thus,
the valence states could be properly determined with the calibration lines prepared by
LaMnOs and CaMnOs references. Based on this, the Mn valence state of LaSrxMn;.-
yN1,03.5 was determined from the chemical shift of Mn K-edge by fixing the Mn valence
states of LaMnO3 and CaMnOs references at 415 °C in dry air to +3.20 and +3.99,

respectively.?%4!

Figures 5-6a—d show the normalized absorption in the XANES region of C-LSMN
and R-LSMN, measured during dry/wet atmosphere switching in air at 415 °C. The
absorption edge positions of C-LSMN7391 and C-LSMN7373 shift from 6549.98 and
6550.28 eV to 6550.22 and 6550.78 eV, respectively, when switching from dry to wet

air (Figures 5-6a and b), resulting in an increase in the average Mn valence state from
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3.17 and 3.26 to 3.24 and 3.40 for C-LSMN7391 and C-LSMN7373, respectively
(Figure 5-61). However, R-LSMN7391 and R-LSMN7373 do not exhibit chemical shifts
throughout the dry/wet switching (Figures 5-6¢ and d), and thus, their average Mn

valence states remain at 3.31 and 3.39, respectively, (Figure 5-6i and Table 5-2).

The Ni K-edge XANESs for C- and R-LSMN at 415 °C in dry air overlap with each
other, and their adsorption edge positions are higher than that of NiO but identical to
that of LaNiOs reference, indicating that Ni nominally takes +3 valence state in all
LSMN regardless of the structure (cubic or rhombohedral) (Figure 5-7). In addition, the
in situ N1 K-edge XANES spectra show that Ni does not change to a higher valence
state via hydration (Figure 5-8), confirming Ni cations of all LSMN remain in 3+
valence state throughout the hydration/dehydration reaction at approximately 400 °C.
We conclude that C-LSMN undergoes hydration/dehydration coupled with Mn redox

by Equation (1) as is the case with the corresponding reaction of C-LSM73.%
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Figure 5-5 Mn K-edge XANES spectra of Lao.7Sro3Mni.xNi,O3.s and reference samples
LaMnO; and CaMnOs taking +3.20 and +3.99 valence states, determined by iodometry,

respectively, at 415 °C under dry and wet air. The inset shows expansion of adsorption
edge region.
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Figure 5-6 In situ Mn K-edge XANES spectra of (a) C-LSMN7391, (b) C-LSMN7373,
(c) R-LSMN7391, and (d) R-LSMN7373 in a cycle of dry and wet air supplied at 415
°C. Insets of (a)—(c) show the enlarged absorption edge region. Radial distribution
functions obtained by Fourier transforming the EXAFS at 415 °C under dry air for (e)
C-LSMN7391, (f) C-LSMN7373, (g) R-LSMN7391, and (h) R-LSMN7373. In (e)—(h),
the black and red lines indicate the observed and curve-fitting profiles to the Ist
coordination shell (Mn-O), respectively. (i) Average Mn valence state determined from
the chemical shift of absorption edges depicted in (a—d). (j) Oxygen deficiency (0)
calculated from the valence states of cations. (k) Oxygen-coordination number (CN) of
Mn cations determined by EXAFS fitting analysis depicted in (e-h). In (i)—(k), the
circular and triangular symbols indicate cubic and rhombohedral phases, and the black
and red colors help distinguish between dry and wet atmospheres, respectively.
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Table 5-2 Analytical results by EXAFS fitting and iodometry.

Mn valence
o Mn valence o
Samples Conditions & CN r/A DW state )
state¢ ) (iodometry)d
(iodometry)d

c dry 317  0.075.04%0.551.91 0.0080.001  3.25 0.03
LSMN7391 wet 3.24  0.045.2440.47 1.90 0.00840.001  3.33 -0.005
. dry 3.26  0.064.9840.62 1.90 0.00740.002  3.32 0.03
LSMN7373 wet 340  0.015.2140.561.91 0.00740.001  3.44 -0.01
R dry 331 0.015.43#0.741.91 0.00740.002  3.35 -0.01
LSMN7391 wet 331  0.015.43%0.611.92 0.0080.002  3.37 -0.02
R dry 3.39  0.015.0040.50 1.90 0.00620.001  3.45 -0.02
LSMN7373 wet 3.39  0.015.0240.721.89 0.00620.002  3.48 -0.035

¢ Mn Valence state and oxygen deficiency determined by XANES analysis.

4 Mn Valence state and oxygen deficiency calculated determined by iodometry. The
negative sign represents the oxygen excess (for example, -0.005 means the oxygen
stoichiometry is 3.005).
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Figure 5-7 Ni K-edge XANES spectra of Lao.7Sro3Mn1xNi,O3.5 and reference samples
NiO and LaNiOs taking +2 and +3 valence states, respectively, at 415 °C under dry air.
The inset shows expansion of adsorption edge region.
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Figure 5-8 In-situ Ni K-edge XANES spectra of (a) C-LSMN7391, (b) C-LSMN7373,
(c) R-LSMN7391 and (d) R-LSMN7373 in a cycle of dry and wet air supply at 415 °C.
Insets of (a)-(c) show the enlarged absorption edge regions.
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Figures 5-6e—h show the radial distribution function (RDF) obtained from the Fourier
transform EXAFS. For the LSMN oxides, the first coordination shells corresponding to
an intense peak in the range of approximately 1.6-2.0 A can be attributed to the shortest
shell of Mn—O bond, and the second and the third shells distributed in the range of 2.0—
4.0 A can be assigned to the coherence in Mn—La or Mn—Sr and in Mn—Mn.>* The
curve fitting analysis to the first Mn—O coordination shell of C-LSMN converged well
when using the atomic coordinates of cubic or rhombohedral perovskite LaMnO3 as an
initial set, yielding a Mn-O distance () of approximately 1.9 A. It has been widely
recognized that EXAFS normally underestimates CN around metal atoms because of
the annihilation by other heavy atoms and large contribution of Debye-Waller factor.?
Meanwhile, the CN around Mn exhibits the apparent trend of increasing by hydration:
the values of C-LSMN7391 and C-LSMN7373 change from 5.044+0.55 and 4.98+0.62
to 5.24+0.47 and 5.21£0.56, respectively (Figure 5-6k; Table 2). Regardless of the
relatively large errors, these results imply that oxygen vacancies of the C phase decrease
via hydration. This feature is also supported by Rietveld refinement on powder XRD
patterns, because the site occupancy of O atoms significantly increases by hydration in
C phase with the lattice shrinkage due to the increase in Coulombic attraction between

oxide and metal ions (Figure 5-9; Table 5-3 and 5-4).'°

Un-hydrated R phase (R-LSMN7391 and R-LSMN7373) maintains CN at a constant
value (5.43+0.74 (0.61) and 5.00%0.50 (0.72), respectively) irrespective of the humidity
(Figures 5-6k and Table 5-2). These results prove that H>O is incorporated by the

association between water molecules and oxygen vacancies according to equation (5-
1).

The oxidation states of Mn cations in LSMN oxides were also examined by
iodometry. For the analysis, all powder specimens were once annealed in dry and wet
air at 415 °C for 6 h, quenched in desiccator, and immediately dissolved into 0.1 M HCl

solutions. The chemical analysis results in Mn valence states equaling to 3.25 and 3.33
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for C-LSMN7391 in dry and wet air, respectively, and 3.35 and 3.37 for the
corresponding R phase in dry and wet air, respectively (Figure 5-10 and Table 5-2).
Similarly, it gives 3.32 and 3.44 for C-LSMN7373 in dry and wet air, respectively, and
3.45 and 3.48 for the R phase in dry and wet air, respectively. These values are in close
agreement with ones determined by Mn K-edge XANES, which validates the results of

EXAFS measurements.

Oxygen vacancies are crucial to hydration/dehydration reactions according to
Equation (5-1). EXAFS and iodometry analysis verify that cubic phase possesses
sufficient amount of oxygen vacancies in dry atmosphere. Oxygen deficiency (9) in
Lao7Sro3Mni.,NixOs.5 1s roughly calculated with the Mn valence state determined by
XANES and iodometry, assuming that the net charges on La, Sr, Ni, and O are fixed at
+3, +2, +3, and —2, respectively (Figures 5-6j and 5-10). [odometry confirmed that J in
dry air (0.03) is almost equivalent with one in dry Ar (0.02) for C-LSMN7391, meaning
that 0 is not sensitive to po2. Several groups have also reported that ¢ of Lao.7Sry3sMnOs.
s (LSM73) remains unchanged with po,, keeping nearly 0 in the poz region from 10° to
0.1 Pa at temperatures below 600 °C.*"*” This would be due to the relatively large value
of oxygen vacancy formation enthalpy (AH ~ 115 kJ mol™), 2’ which results in very
small value of exp(-AH/RT) in the relatively low temperature range with a gas constant
R. The ¢ values of dehydrated C-LSM7391 and C-LSMN7373 are determined to 0.07
and 0.06, respectively, by XANES and to 0.03 and 0.03, respectively, by iodometry

(Table 5-2).

On the other hand, XANES yield relatively small 6 values (~0.01) for both
dehydrated R-LSMN7391 and R-LSMN7373, and, moreover, iodometry indicates the
oxygen excess in both R phase. Thus, they would not undergo hydration because of the
low concentration of oxygen vacancies, unlike C-LSMN with abundant oxygen

vacancies.
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Figure 5-9 Rietveld refinement profiles for hydrated and dehydrated C-LSMN7391 and
C-LSMN7373 assuming models of cubic (Pm-3m, #221). Here, the C-LSMN was
annealing under dry and wet air at 415 °C to obtain dehydrated and hydrated samples.

Table 5-3. Lattice constants and R factors refined by Rietveld analysis for hydrated and

dehydrated C-LSMN.
Samples Space group a=b=c (A) o=p=y Rwp Rp
C-LSMN7391
Pm-3m 3.878 90° 8.79% 6.95%
(dehydrated)
C-LSMN7391
Pm-3m 3.867 90° 8.34% 6.63%
(hydrated)
C-LSMN7373
Pm-3m 3.872 90° 10.74% 8.67%
(dehydrated)
C-LSMN7373
Pm-3m 3.866 90° 8.62% 6.72%
(hydrated)
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Table 5-4. Atomic coordinates and site occupancies refined by Rietveld analysis for
hydrated and dehydrated C-LSMN.

Uiso /
Samples Elements X y z Occupancy AZS °
La 0 0 0 0.711 0.084
Sr 0 0 0 0.302 0.052
C-LSMN7391
Mn 0.5 0.5 0.5 0.904 0.08
(dehydrated) )
Ni 0.5 0.5 0.5 0.099 0.129
O 0 0.5 0.5 0.956 0.040
La 0 0 0 0.714 0.030
Sr 0 0 0 0.294 0.003
C-LSMN7391
Mn 0.5 0.5 0.5 0.916 0.026
(hydrated) )
Ni 0.5 0.5 0.5 0.099 0.003
O 0 0.5 0.5 1.013 0.001
La 0 0 0 0.701 0.008
Sr 0 0 0 0.302 0.005
C-LSMN7373
Mn 0.5 0.5 0.5 0.695 0.013
(dehydrated) )
Ni 0.5 0.5 0.5 0.295 0.020
O 0 0.5 0.5 0.965 0.013
La 0 0 0 0.705 0.014
Sr 0 0 0 0.302 0.076
C-LSMN7373
Mn 0.5 0.5 0.5 0.716 0.027
(hydrated) )
Ni 0.5 0.5 0.5 0.296 0.076

O 0 0.5 0.5 1.042 0.025

125



380 1= C-dry-iodometry

3.45 |- C-wet-iodometry
R-dry-iodometry
3.40 R-wet-iodometry

3.35 - @
O
O

>

>poo

3.30
325
320 | |
3.04 -

Mn valence state

3.02 -

ob >

3.00

C

O nonstoichiometry

e

o © ©

E o o
|

0.1 0.2 0.3
Ni content

Figure 5-10. Mn valence state and oxygen nonstoichiometry determined by iodometry
for C- and R-LSMN oxides annealed in dry and wet air at 415 °C for 6 h.
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5-3-4 Hydration ability of LSMN

The hydration capability (4n), which is defined as the mole fraction of water
absorbed ((n(H20)) to n(Lao.7Sr03Mn;.«Ni,O3.5) (4n =n(H20) / n(LSMN)), can
be roughly estimated from the AW values. Here, the molecular formulae of
dehydrated C-LSMN7391 and C-LSMN7373 are assumed to be
Lao.7S103Mno9Nio.10293 and Lao.7Sro3Mno.7Nio302.94, respectively, using o as
calculated above. The An values of C-LSMN7391 and C-LSMN7373 are 0.055
and 0.098, respectively, in air (Table 5-1), which are consistent with the values
expected from Mn valence changes (0.07 and 0.14 for C-LSMN7391 and C-
LSMN7373, respectively; Figure 5-61; Table 2) through hydration/dehydration
reactions. The resultant proton concentrations of C-LSMN7391 and C-
LSMN7373 are 0.102 and 0.160, respectively, in Ar and 0.11 and 0.196,
respectively, in air. Surprisingly, these values are comparable to the proton
concentrations of well-known proton conductors BaCeooY0.103 (~0.1) and

BaZro9Y0.103 (~0.08) under wet N> atmosphere (pu20 = 0.023 atm) at 600 °C.'?

Both C-LSMN7391 and C-LSMN7373 tend to have larger An in air rather than

that in Ar. Equilibrium constant of equation (5-1) ki, is given by:

_ [Mn**] - [OHg]?
[Mn3*] - [V5'] - [06] - PH20

ke (5-8)

Equilibrium constant of equation (5-4), ks, is given by:

12
ko= —10L 5-9
4T WS- 108] - oz (5-9)

Combined (5-8) and (5-9), the proton concentration [OHg] can be represented

as follows.

[OH,]? = (5-10)

Mn4+t

ki -k - [Mn3]- (V53 - /[0)6] 4oz - PH20
[ ]
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In a separate experiment, the C phase was confirmed to have the same [Mn>*]/[Mn*]
ratio in both Ar and air atmosphere at 415 °C by means of XANES. [V;°] of LSMN is
almost constant in the po» range from 10 to 10° Pa at temperatures below 600 °C, as
mentioned above. Hence, equation (5-10) suggests [OHg] thus increases with po> at a
fixed poo attributed to the increase of [Og] in equation (5-6). This feature is consistent
with the observed po> dependence of An. These provide a verification that C-LSMN

undergoes bulk hydration by equation (5-1) coupled of equation (5-2) and (5-7).

Figure 5-11 shows the transmittance IR spectroscopy of O—H stretching modes of C-
and R-LSMN7373 in the wavenumber range of 3100—-3500 cm !, measured at elevated
temperatures in wet air. The absorption band of O—H stretching is evident even at 600
°C in C-LSMN7373, however, it disappears at temperatures above 400 °C in the R
phase. Hence the C phase is confirmed to be hydrated, retaining protonic defects, near

the operation temperatures of PCFCs.
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Figure 5-11 Transmittance IR spectra of hydroxyl stretching modes for C- and R-
LSMN7373 at elevated temperatures (300-600 °C) in wet air. The full and dashed lines
indicate C and R phase, respectively.
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5-3-5 Performances of LSMN cathodes on PCFCs

The bulk hydration ability of C-LSMN ensures proton conduction at intermediate
temperatures, though the conductivity remains unclear. Hence, these oxides are
attractive for PCFC cathodes in the intermediate temperature region of 500—600 °C. We
examined the performance of PCFCs with C-LSMN porous cathodes by fabricating
anode-supported thin film cells based on a BaZro4Ceo.4Y 0203 (BZCY442) electrolyte.
The anode/electrolyte half cells were fabricated by single-step co-sintering process (as
reported elsewhere); the porous cathode layer was deposited on electrolyte thin films
by screen-printing and subsequent annealing at 700 °C.?® The XRD patterns of the
pulverized half cells show no formation of impurity phases on the anode and electrolyte
(Figure 5-12). The grain size of highly dense BZCY 442 electrolytes is approximately 7
pm (Figure 5-13a), and their thickness is approximately in the range of 18—19 um for
the measured cells (Figure 5-13c). The anode maintains good porosity to provide
enough sites for hydrogen reduction (Figure 5-13b). For comparison, we examined the
cells with C-LSM73 and LaosSr0.4Co02Fe0 303 (LSCF6428) cathodes on BZCY442
based anode-supported cells with largely the same electrolyte thickness. The SEM
images of these cathodes (Figure 5-14) were taken after they were annealed for 2 h at
700 °C; all of them have similar microstructure. The primary particle sizes are less than

100 nm for all specimens.

Figures 5-15a—e show the current—voltage—power (/-V—P) curves for the PCFCs with
various cathodes in the temperature range of 500-700 °C. The open circuit voltages
(OCVs) of C— and R—LSMN at 500-700 °C are listed in Table 5-5 together with the
theoretical OCVs. All LSMN cells exhibit smaller OCV values than the theoretical ones
at temperatures above 600°C, attributed to the increased hole conductivity of BZCY442
electrolytes.'” OCVs of C phase are slightly higher than those of R phase and LSCF6428.
Particularly, C-LSMN7373 cell gives the similar OCV (1.12 V) as the theoretical value

(1.16 V) at 500°C, while LSCF6428 cell show the OCV below 1.0 V, which implies
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that proton conductivity of the cathode reduces the migration of holes into electrolyte.
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Figure 5-12 XRD patterns of anode and electrolyte for pulverized anode supported half
cells based on BZCY442 electrolyte.
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Figure 5-13 SEM images for the (a) surface of electrolyte, (b) cross section of anode,
and (c) cross section of anode-supported cells with C-LSMN7373 cathode.
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Figure 5-14. SEM images of (a) C-LSMN7373, (b) R-LSMN7373, (c) C-LSM73, and
(d) LSCF6428 cathodes after annealed at 700 °C for 2 hours.
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Figure 5-15 I-V and I-P curves of PCFCs with cathodes C-LSMN7391 (a), C-
LSMN7373 (b), R-LSMN7391 (c), R-LSMN7373 (d), C-LSM73 (e), and LSCF6428
(f), in the temperature range of 500-700 °C.

133



Table 5-5. Theoretical and observed open circuit voltages (OCVs) of PCFCs with
LSMN and LSCF cathodes at 700, 600 and 500 °C.

C- c- R- R-
ocvs Theoretical LSMN7391  LSMN7373  LSMN7391  LSMN7373 LSCFoaz8
700 °C 1.140 0.99 1.02 0.97 0.98 0.99
600 °C 1.152 1.03 1.08 1.00 1.05 1.04
500 °C 1.164 1.08 1.12 1.06 1.08 0.98

The power densities of the PCFCs with a C-LSMN cathode (Figures 5-15a and b)
are much higher than those with a R-LSMN cathode in both LSMN7391 and
LSMN7373 at all temperatures (Figures 6¢ and d). The peak power densities (PPDs) of
the C-LSMN7391 and C-LSMN7373 cells at 700 °C are 708 and 992 mW cm 2,
respectively. At 600 °C, the PPDs for C-LSMN7391 and C-LSMN7373 are 296 and
386 mW cm 2, respectively, which are two and three times greater than the values of
the corresponding R-LSMN cells (84 and 100 mW cm 2 at 600 °C), respectively (Figure
5-16a; Table 5-6). Moreover, the PPD of the C-LSMN7373 cell is slightly higher than
that of the cells with a widely-used cobaltite cathode LSCF6428 (373 mW c¢m2) at 600 °C

(Figures 5-15f and 5-16a).

Recently, Choi et al. reported outstanding power outputs of a BaZro4Ce0.4Y0.1Ybo.103
(BZCYYb4411)-based PCFC with H"/O?*/e triple-conducting PrBag sSro sCo1.2Fe 303
(PBSCF) cathode, in which the PPD exceeded 0.8 W cm 2 at 600 °C.® Nevertheless, in
most PCFCs comprising Zr-rich side BaZr,Ce.x.,Y,O3 solid solutions (x > 1-x-y), the
PPD is in the range of 0.1-0.3 W c¢cm 2 at 600 °C with cobalt-oxide cathodes. 4% 2832
Moreover, the performances of the fuel cells with Mn-based perovskite cathodes are
normally much lower than those of the cells with cobalt-base cathodes at intermediate
temperatures below 700 °C, because the relatively low oxide ion conductivity of the
former limits the reaction rate at TPBs.2>* The C-LSMN cells exhibit similar or even

superior fuel cell performances to the LSCF6428 ones, although the performance of the
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R-LSMN cells is inferior to the LSCF one (Figure 5-16a; Table 5-6). This shows that
the C-LSMN cathodes sufficiently decrease the cathodic polarization resistance owing

to the formation of extended reaction area by proton conductivity.

Figures 5-17a-e show the electrochemical impedance spectra of each cell at 700, 650,
600, 550, and 500 °C under OCV conditions. In general, the Nyquist plots of impedance
responses of PCFCs have the x-intercept in a high-frequency region, which corresponds
to electrolyte resistances (Ronm). After the intercept, they exhibit broad semi-arcs due to
the interfacial polarization resistance at the cathode side,* and, the diameters of the arcs
provide polarization resistance (R,) at the cathode side. The diameters of the semi arcs
of the fuel cells with C-LSMN cathodes are several times smaller than those of the cells
with R-LSMN ones, revealing that R, of the former is much lower than that of the latter
despite their similar chemical compositions. Figure 5-16b shows R, for various
cathode-type cells, determined from the diameters of the impedance semi-arcs under
OCV condition. The gap in R, of the C- and R-phase cathodes tends to increase with
decreasing temperatures. The R, values of the C-LSMN7373 cell are 0.43 and 3.44 Q
cm? at 600 and 500 °C, respectively, which are much lower than the corresponding
values of the R-LSMN7373 cell (1.14 and 14.01 Q-cm?) by a factor of 2.6 and 4.1 at
600 and 500 °C, respectively. Similarly, the R, values of the C-LSMN7391 cell are 0.68
and 3.60 Q cm? at 600 and 500 °C, respectively, which are lower than the corresponding
values of the R-LSMN7391 cell. These features prove that the proton conductivity of

C-LSMN cathodes efficiently lower the polarization resistances.

The C-LSM73 cathode exhibits higher R, than the Ni-substituted ones, and thus, the
PPD of the C-LSM73 cell (291 and 95 mW cm 2 at 600 and 500 °C, respectively) is
much lower than that with the C-LSMN7373 (Table 5-6; Figures 5-15b, e, and 5-16a).
The valence state of Ni cation is lower than the average value of Mn cations (> +3) in
all samples as confirmed by EXAFS, so that the concentration of the oxygen vacancies

must increase, thus increasing the concentrations of proton carriers with Ni substitution
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according to Equation (1). In fact, An of C-LSM73 (0.07) is lower than that of C-
LSMN7373 (0.098; Table 5-1). C- LSMN7373 outperforms the C-LSM73 cell probably

because of the higher proton conductivity.

Figure 5-16¢ shows the Arrhenius plots of R, ' for BZCY442 cells. The activation
energies (Ea) related to R, are 96.7 and 108 kJ mol ' for C-LSMN7391 and C-
LSMN7373, respectively; these values are lower than those of the R-LSMN7391 (114.8
kJ mol™!) and R-LSMN7373 (123.1 k] mol ') cells (Table S4) and even lower than the
widely used cathode materials, such as LSCF6428 (134.5 kJ mol "), ProNiO4 (102.9 kJ
mol™),> and BaZr 4Ceo4Y0203-Bag 5Sro.5(Coo.sFeo2)Tioo0s-5 (BZCY-BSCFT; 100.2 kJ
mol™!).5 R, of C-LSMN7373 cell is slightly larger than those of LSCF6428 one at
temperatures above 600°C owing to relatively high Fa of the latter (Figures 5-16b).
Nevertheless, the former yields the similar PPDs as the latter, which is probably due to

the relatively small hole leakage, as mentioned above (Figures 5-16a and c).

Finally, the durability of C phase was examined by conducting galvanostatic
operation of fuel cells under 800 mA cm™ at 700 °C. The cell yielded a stable output
without degradation for 35 hours (Figure 5-18). XRD for the cathode after the durability
test confirms that the oxide retains the cubic structure (Figure 5-19). As mentioned
above, the superior cathode performances of C-LSMN to R-LSMN highlights that
proton conduction in C-LSMN series helps sufficiently lower the cathodic polarization
resistance by extending the effective reaction areas from proton-electron-gas TPB zones
to the overall electrode surface (Figures 5-20a, b and c). In conclusion, cubic- type
LSMN perovskites are beneficial to H'/O*/e triple-conducting cathodes, making them
a promising Co-free cathode material for advanced PCFCs operating at intermediate

temperatures.
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Figure 5-16 Plots of (a) peak power densities and (b) cathodic polarization resistance
(Rp) as a function of the temperature. (¢) Arrhenius plots of the reciprocal of R, for
BZCY442-base PCFCs with various cathodes. In (c), the full lines are the ones
measured in this work, whereas the dashed lines are the replots of data obtained
previously for BSCF, Pr2NiO4, and BSCFT-BZCY, respectively.

137



Table 5-6 Performances of PCFCs comprising BZCY442 electrolyte with various
cathodes at 600 °C, and ones using La;..SrMnO3 cathodes at 600 °C.

Cathode Electrolyte Ea (kJ/mol) PPD (mW cm?) R;(Qcm?) Ref
C-LSMN7391 BZCY442 96.7 296 0.68 This work
C-LSMN7373 BZCY442 108.1 386 0.43 This work
R-LSMN7391 BZCY442 114.8 84 2.14 This work
R-LSMN7373 BZCY442 123.1 100 1.14 This work
C-LSM73 BZCY442 88.1 291 0.69 This work
LSCF6428 BZCY442 134.5 273 0.29 This work
BSCF BZCY442 79.5 276 0.74 7
Pr2NiOg BZCY442 102.9 102 0.77 5
BZCY-BSCFT BZCY442 100.2 194 0.91 6
BSCF BZCY442 - 230 - 7
BSCF BZCY442 - 161 0.18 4
LSM BZCYYb4411 - 350 - 33
LSM BZCY622 - 17 - 1
LSM6530 BZYbCu - 51 0.55 2
LSM&2 BCY85 - 80 7.3 3

Abbreviations: Lao.sSr0.4Coo.2Fe0s03 (LSCF6428), BaosSro.sCoo.2Fe0sO3 (BSCF), Bao.sSro.s(Coo.sFeo2)o9Tio.1055
(BZCY-BSCFT), (Laos5Sr03)MnOs-s (LSM6530) , LaosSro2MnOs (LSMS82), BaZro4Ceo4Y0203 (BZCY442),
BaZro4Ceo.4Y0.1Yb0.103 (BZCYYb4411), Ba(ZrosaYbo.15Cu0.01)O35 (BZYbCu), BaCeo.s5Y0.1503 (BCY8S).
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Figure 5-17 Electrochemical impedance spectroscopy of the anode-supported cells
with various cathodes, measured at (a) 700, (b) 650, (c) 600, (d) 550 and (e) 500 °C
under OCV condition.
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Figure 5-19 XRD pattern of C-LSMN7373 after the durability test shown in Figure 5-
18.
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Figure 5-20 (a) Mechanism of thermochemical hydration/dehydration reaction for C-
LSMN, schematic of cathode reaction of (b) O*/e” mixed conductors and (c) H"/O%*/e"
triple conducting conductors on PCFCs.
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5-4 Conclusions

In summary, we demonstrated that cubic-type Lao7Sro3Mni.xNi,Os.5 (C-LSMN) are
beneficial to H'/e/O* triple conducting cathodes intended for PCFCs operating at
intermediate temperatures. C-LSMN undergoes thermochemical hydration at
approximately 400 °C in air by gaining proton carriers of 0.2 mole fraction, which is
quite similar to the concentration of the widely-used proton conducting ceramic
BaCe09Y0.103. However, rhombohedral-type Lao7Sro3Mno7Nip303 (R-LSMN) does
not undergo hydration because of the lack of oxygen vacancies. Accordingly,
BaZro4Ce0.4Y 0203 thin film fuel cells with C-LSMN cathodes exhibited a lower
polarization resistance than the analogous cells with the R-LSMN cathodes by one order
of magnitude in the temperature range of 500—600 °C, because the effective cathode
reaction areas could be extended from triple phase boundaries to the overall cathode
surface through enhanced proton conduction. In fact, the cell with cubic-type
Lao7Sro3Mng 7Nip303 exhibited a similar cathodic polarization resistance as the cell
with the widely-used LSCF6428 cathode and yielded peak power densities of 122 and
386 mW cm 2 at 500 and 600 °C, respectively. In conclusion, cubic-type Lag7Sro3Mn;.
xNixO3.5 is a promising Co-free cathode material for PCFCs operating at intermediate

temperatures.
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Chapter 6 Summary

The work discussed in this thesis centered around design, fabrication,
characterization of the mixed H'/O?/e triple conducting perovskites, and application
of these oxides to protonic solid oxide cells for energy conversion. First, the mixed
H*/O*/e triple conducting LagsSro2C01.NiyO3.s (LSCN) and La;.,Sr,Mn;Ni,O3.
(LSMN) were developed with the massive proton carries incorporation by hydration,
which can be comparable with the well-known electrolytes, such as BaCeo9Y0.103 and
BaZro9Y0.103. Then, the hydration mechanisms of LSCN and LSMN were clearly
elaborated, which give the guidelines to develop more efficient triple phase conductors.
Finally, the efficiency of these mixed H'/O*/e" triple conducting perovskites (eg.
PCFCs and PCECs) were certified by application as the air electrodes of protonic

ceramic cells. The outstanding results of this thesis were briefly summarized as follows:

Firstly, Lao.gSr0.2Co1-xN1,O3.5 (LSCN, x=0-0.3) oxides were demonstrated to exhibit
bulk proton conduction at intermediate temperature region by pronounced
hydration/dehydration reactions with retaining sufficient mole fraction of water under
wet air atmosphere in at temperatures below 800°C. They gain bulk proton carriers at
the range of 0.06-0.15 mole fraction by thermochemical hydration/dehydration
reactions at around 400°C, which was carried out by the association reaction of oxygen
vacancy and water via analyzing the Co, Ni L-edge and O K-edge spectra. The
sufficiently high electrical performances close to the champion data were obtained by
applying mixed H'/e’/O* triple phase conducting LSCN oxides to the air electrodes of
protonic ceramic cells based on Zr-rich BaZro4Ce04Y020; electrolyte. The current
densities, peak power densities and polarization resistance reached 0.68 Acm? at 1.3 V
in electrolysis mode, 0.65 W cm™ in fuel cell mode, and 0.09 Q ¢cm? under open circuit
voltage at 600°C, respectively, which are superior to the well-known

Lao6Sr04Co02Fe0 803 measured at the same conditions. The impressive electrical
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performances indicate that mixed H'/e’/O* triple phase conducting LSCN oxides are
promising air electrodes for protonic ceramic cells operating in intermediate

temperature region.

Secondly, cubic Lag 7Sro3MnOs3-s (C-LSM73) was found to gain large amounts of
proton carriers (0.15 mole fraction) even at 415°C at pu2o of 0.023 atm, which was
much higher than the values reported for other perovskite-based triple conductors. The
massive proton uptake was conducted via hydration/dehydration reactions, driven by
the charge disproportionation between oxygen and manganese atoms. C-LSM73
undergoes the decline of antibonding O 2p states hybridized with Mn 3d orbitals
together with oxidation of Mn*" to Mn** by hydration. These results offer a general

concept to design mixed H*/e/O* triple phase conductors operating in air conditions.

Thirdly, C-LSM73 and its derivates Lao.7Sro3Mn;..Ni,O3-s were evaluated as an air
electrode of PCCs operating in the region of 500 —600°C. C-Lao.7Sr03Mno.7Nio.303-5

(C-LSMN7373) were found to retain about 0.1 mole fraction H,O under wet air at 415°C
by the same thermochemical hydration reaction as C-LSM73. The -cathode
performances are examined by fabricating thin-film fuel cells with a
Ba(Zro4Ce04Y02)Os3 electrolyte. The peak power density of the PCFCs with C-
LSMN7373 cathode is comparable to the widely used Lao.sSro4Coo2FeosOs cathode,
although the manganite perovskites normally show poor performances in comparison
to the cobaltite ones due to the poor oxide ion conductivity. In conclusion, cubic-type
LSMN:s is a promising Co-free cathode material for PCFCs operating at intermediate
temperatures.

When the dehydration reaction (6-1) spontaneously occurs at a temperature, the
reaction free energy, A Go(T), must be negative as follows.

20H, — 0% + V5* +HxO( (6-1)

AGo(T)= AHo—TASy < 0 (6-2)
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Here, AHo and ASp are the dehydration enthalpy and entropy at a standard pressure
po = 100 kPa, respectively. Since the equilibrium of reaction 6-1 is dependent on H20
partial pressure (pw20), the AG(T, pH20) at pr2o can be represented with AGo(T) as

follows:
AG(T, pr2o) = AG(T) + RT In(pH20/po) (6-3)
Under equilibrium, i.e., AG(T, pr20) = 0, equation 6-3 is rewritten by
combining with equation 6-2:
(pH20/po) = exp(ASo/R) exp(—AHo/RT) (6-4)
which provides the equilibrium water partial pressure at a given temperature.

Under a fixed pr20, equation 6-4 suggests that the dehydration of metal oxides
progresses more by heating in the region above the threshold temperature (Tqe), Which

given by the following.
—AHo/RTde = In(pr20/po) — (ASo/R) (6-5)

Tae is the onset temperature of the dehydration, which is observed in TG curves (Fig.
3-3, 4-5, and 5-2). This indicates that higher ph2o is needed to establish defect
equilibrium (6-1) at higher temperatures. In case of dehydration of metal oxides, ASo is
given by the mixing entropy related to the defect equilibrium (6-1) between oxygen
vacancies and water gases, and thus can be approximated to ~120 J K™ mol™?) at 673
K.t Accordingly, the dehydration enthalpy AHo can be calculated by using equation 6-

4 with the experimentally-observed Tg¢e and pr2o.

LSCN and C-LSMN possesses Tde 0f 430 and 450 °C, respectively, at pr2o = 0.023
atm, as is observed in Figure 3-3, 4-5, and 5-2, respectively. Hence the hydration
enthalpy (AHnyq), which is negative sign of AHo, are determined to -107 and -104 kJ
mol! for LSCN and C-LSMN, respectively. Based on the AHnyqg values, the Tge of
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LSCN and C-LSMN must become more than 500°C with increasing pxzo to 0.1 atm,
which indicates that both oxides can exhibit efficient proton conductivity even at the
PCC’s operation temperatures. Such puzo is not surprisingly high in EC mode. It is
concluded that LSCN and C-LSMN can exhibit efficient H'/e/O* triple conductivity
even at temperatures above 500°C due to the relatively large hydration enthalpy and
thereby, are efficient air electrodes to extend reaction zones on proton conducting
ceramic electrolyte cells. I firmly believe that this effort must be perused for designing
higher/lower temperature mixed H'/e/O* triple phase conductors, and always hope that

this thesis contributes to the further development of Solid State Ionics.
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