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Continuous increase in demands on fossil fuels of today, which is expected in the future as

well, will shortly bring about the exhaustion of the fuel resources. Thus, we have a necessity to

reconsider the way to use of and have alternatives of fossil fuels. One possible scheme to overcome

the above situation is to use hydrogen as an energy carrier in combination with polymer electrolyte

fuel cells (PEFCs) as an energy converter. However, in the case that such an energy system spreads,

demands on hydrogen is expected to explosively increase, and thus, infrastructures including

hydrogen production, transport and storage need to be constructed. Figure 1 shows a schematic

illustration of the key technological elements of hydrogen production with red square. In the

illustration, hydrogen production from fossil fuels through the chemical processes is considered.

Although hydrogen production from renewable resources is preferable in the long run, installing the

system of hydrogen production from fossil fuels is a realistic strategy for the first step.

As described in Fig. 1, in hydrogen recovery from fossil fuels, hydrogen separation is one

of the key technologies. Whereas various kinds of the candidate materials for the hydrogen

separation membranes are proposed so far, the individual materials have advantages and

disadvantages. For instance, palladium-based membranes are of particular interest due to its high and

selective hydrogen permeation properties. Therefore, a compact system based on the

abovementioned merits is expected. Meanwhile, cost reduction and improvements of durability are

issues need to be addressed. Proton conducting ceramics having high chemical and mechanical

stability better than palladium membranes can be a candidate for use in hydrogen separation. Since a
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typical working temperature of this kind of materials is higher than palladium, thus, efficient use of
waste heat is expected. However, the weakness is quite low hydrogen permeability. Thus, the
ceramics having high hydrogen permeability need to be developed. The variety of the materials for
the hydrogen separation membranes allows offering multiple options for hydrogen production
system. Thus, making efforts on developments and modifications of the candidate materials tor
hydrogen separation membranes is important although there remain challenges on their
performances.

From the viewpoint of materials science, hydrogen separation process is the mass
transport phenomena through high temperature materials. Hydrogen permeation flux across the
materials is based on the bulk properties, while interfacial reaction often governs the transport
kinetics. Mixture of kinetics both in bulk and at the interfacial leads the mass transport phenomena
to be complicated, and sometimes brings difficulties to design the hydrogen separation systems.

Therefore, knowledge on mass transport phenomena will be helpful to design the systems and will
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Fig. 1 A schematic illustration of the key technological elements for hydrogen production system.
Correlation between the purpose of the present thesis and hydrogen separation technology is

provided.



be fed back to developments and modifications of the hydrogen permeation membranes.
Developments of the hydrogen permeation membranes by this circulation will lead to practical uses
of the hydrogen production technologies. As suggested above, in order to have the hydrogen
permeation membranes with desired performances, not only seeking the materials but also having
guidelines for developments and modifications of the materials are quite important. Based on this
point of view, the present thesis aimed to provide suggestions for the developments of hydrogen
separation membranes. The framework of the thesis can be divided into two parts: (i) To propose the
concept of analytical technique of the mass transport phenomena (Chapter 2 and 6). Based on the
proposed analytical technique, it was shown that the knowledge on the interfacial reaction can be
reflected to design the hydrogen separation equipments. (ii) To propose concepts for developments
and modifications of the hydrogen separation membranes. With model materials, the validities of the
concepts have been examined (Chapter 3 to 5).

Among the materials considered for hydrogen separation membranes, palladium and its
alloy membranes have gained particular attentions. That is because. not only significantly high
hydrogen permeability but also high selectivity is attractive as a hydrogen separation membrane.
When we look at the hydrogen permeation process, bulk diffusion is known to govern the hydrogen
permeation kinetics across the membranes in a pure hydrogen system. However, the hydrogen
permeation flux is reported to decrease by the interference effect of co-existing gases such as
methane, carbon monoxide, carbon dioxide and/or methane on the surface reaction of hydrogen.
Means, contribution of the surface reaction needs to be taken into consideration in order to describe
the hydrogen permeation flux across the palladium-based membranes in practical systems. In chapter
2. in order to examine how a co-existing gas affects the hydrogen permeability of the palladium
alloy membrane, hydrogen permeation measurements were carefully carried out. Based on the
continuity of the surface reaction rate and bulk diffusion flux, the effect of co-existing gas on surface
reaction has been quantitatively evaluated. The simulation using the empirical rate expression
obtained in this thesis could fairly describe the hydrogen permeation flux in an actual module of the
hydrogen production system. In addition, surface state of co-existing gas species were examined via
an in-situ polarization modulated infrared reflection absorption spectroscopy. In mixture gas of
hydrogen, water vapor and carbon monoxide, infrared absorption peak due to C-O stretching due to

the surface adsorbed CO on the palladium-silver surface appeared. The peak intensity increased with
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decreasing temperature. This tendency of the in-situ polarization modulated infrared reflection
absorption absorption spectroscopy was in consistent with that of the hydrogen permeation
measurements in which the interference effect of the co-existing gas species was remarkable as
temperature decreased. It suggests that the decreased permeation flux of hydrogen across the
palladium-alloy membrane was attributed to the surface adsorbed co-existing gas species.
A membrane of hydrogen permeable ceramics, (Ce,Sr)PO4, was fabricated in chapter 3.
In cerium-phosphate, CePQO,, the substitution of lower valent cation, Sr™', into Ce’'-site is expected
to have two meanings: (i) Formation of protonic defect. Oxygen vacancy in the crystal lattice is
introduced by the substitution and accepts ambient water vapor in the ceramics, resulting in
introduction of protonic defect. (ii) Inducing mixed valence state of Ce'}_fCe“* resulting in
introduction of electronic defect. Thus, mixed proton and electron hole conduction is expected in
Sr-substituted CePO,. The mixed conductivity of proton and electron hole, leads to the hydrogen
permeability across the ceramic membranes. Electrical conductivity and hydrogen permeability of a
mixed proton and electron (hole) conductor, (Ce,Sr)PQy, are evaluated in reducing conditions. From
the electrical conductivity measurements under various partial pressures of oxygen and water vapor,
contributions of proton and electron (hole) are separately evaluated based on a simplified defect
equilibrium model. As was expected from the nature of defect chemistry, hydrogen has successfully
permeated across the above ceramic membranes. This is. to the best of author’s knowledge, the first
report of hydrogen permeable ceramics in which any alkaline earth metals are not included as main
components. Thus, compared to the hydrogen permeable perovskite type oxide, high chemical
stability against ambient gas such as carbon dioxide and water vapor is expected in the class of the
above materials. It was also found from the hydrogen permeation measurements that loading the
surface catalysts such as platinum and palladium on the ceramic membranes improved the hydrogen
permeation flux obviously. This means, contribution of the surface reaction kinetics to the total is
significant. The hydrogen permeation flux of the cerium phosphate was found to be comparable to or
slightly lower than those of the oxide materials reported in the preceding papers.
The ambipolar conductivity, consisting of proton and electron (hole) conductivities, is one
of the key factors to determine the hydrogen permeation flux in the case of the solid solutions.
However, it is quit difficult for the materials to satisfy both high proton conductivity and high

electron (hole) conductivity due to thermodynamic reasons. Thus, a novel concept of the hydrogen
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permeation membrane developed in chapter 4 is to use the composite materials in order to separately
guarantee the pathways for protons and electrons. In the composite materials, it is expected to be free
from the limitations on the partial conductivities mentioned above, possibly resulting in highly
hydrogen permeable membranes. As a model of this concept, a composite material which consists of
SrZrO; and SrFeOs, (1-9)(SrZrO;) — »(SrFeQ;), were prepared for hydrogen separation membrane.
In this system, it is expected that Sr(Zr,Fe)O; and Sr(Fe,Zr)O; phases individually provide pathways
for protons and electrons, respectively. Electrical conductivity and hydrogen permeability of the
above composite materials were evaluated in humidified reducing conditions. As expected, hydrogen
was successfully permeated across the membranes of the composite materials for y = 0.05 — 0.2 in
which porous platinum was used as a surface catalyst. Based on the correlation between the
hydrogen permeation flux and the electrical conductivity, it was found that the hydrogen permeation
flux is well described by assuming the ambipolar diffusion-like kinetics for y=0.1 and 0.2 at 1173 K
although the ceramic membranes does not consist of a single phase. However, as temperature and/or
the content of SrFeO;-based phase decreased, the hydrogen permeation fluxes were smaller than
those estimated assuming the ambipolar diffusion mechanism. It suggested that the contribution of
the surface reaction became large as temperature and/or the amount of SrFeOs;-based phase
decreased.

Pure protonic conductors are also candidates for materials of hydrogen separation
membranes. When current is supplied via the external circuit, hydrogen permeates across the
ceramic membranes, adhering to the Faraday’s law. In order to apply the pure protonic conductors as
hydrogen separation membranes, the materials essentially need to have high bulk conductivity. In the
preceding works, it was revealed that the conductivity of LaP,0Og-based ceramics was higher than
that of LaPO,-based one. From the crystal structural point of view, difference in density of PO,"™ in
their crystal lattice may provide a possible explanation. That is because increased density of PO,
may create more pathways for protonic defects. It may lead higher electrical conductivity. In chapter
5, based on the interpretations, ultra-phosphate, La, . Sr,PsOy4 s (nominally x = 0, 0.01, 0.03, 0.05).
has been prepared with expectation to show higher protonic conductivity than other phosphate-based
proton conductors. It was found from the electrical conductivity measurements in both oxidizing and
reducing atmospheres that the electrical conductivity slightly increased with increasing partial

pressure of water vapor while it was almost independent on oxygen partial pressure. Since the



clectrical conductivity showed isotopic effect of H,/D,, proton is concluded to be the major carrier in
the ceramics. In addition, it was found that the electrical conductivity of porous specimen was
smaller than that of the dense one while the activation energies were found to be almost the same. It
suggests that the bulk is the conduction path for carrier species. Contrary to expectation, the
electrical conductivity of the ultra-phosphate was smaller than that of LaggeSryP30q., The total
conductivity was almost independent on the content of dopant, Sr. It suggested that the ceramics was
saturated enough with small amount of dopant such as 1 mol%.

SrZrOs-based perovskite, is known to show mixed protonic and oxide ionic conduction in
humidified hydrogen at high temperatures. When the material is used for electrochemical hydrogen
pump, the overpotential at the interface is known to be significant. Thus, clarifying the interfacial
kinetics is an emerging task to have directions to use this class of materials for a practical system.
Chapter 6 aimed to evaluate the gas/solid interfacial reaction mechanism by ac and dc measurements.
The electrochemical cell consisting of platinum and SrZrgoY,0; 5 as electrode and electrolyte,
respectively, was tested in humidified hydrogen. From the steady state dc polarization measurements
and ac impedance measurements under dc biases, the electrolyte resistance was found to vary by
application of dc biases: the conductivity of the oxide increased by the anodic bias, while it
decreased by the cathodic bias compared to that under open circuit voltage. In order to explain the
variation of the electrolyte resistance, potential profiles and carrier distribution has been calculated
by assuming that the gas/solid interface blocks oxygen or hydrogen. From the calculation results, it
was found that the variation of the electrolyte resistance could be well described when oxygen is
assumed to be partially blocked at the interface.

At the last of this thesis, based on the pieces of knowledge on the mass transport
phenomena through the hydrogen separation membranes, the validities of the proposed concepts on
analysis of the mass transport phenomena and on material developments and modifications were

emphasized in Chapter 7.



ESAEROEE

(LEIREL DN E L HIERIERE(L H A DHEH AR S B 5701, FAFRET RAX—& R L LIokET L —
VAT AOWEHERN TS, B 2 A b TkEE KRS 538K TR A LRt o
XHEEBE, ZHGERE CSHE L TRMEOKELZ ST D FELHELTH 2 L1, AFERAT—Va D
A PARFE T INF—F ¢ U T LTS IROBRA T L LD, KR RLF =T AT LAORHFH
TN TR L 72 B, ARSI Z DT dDF—T 7 J 0 P—ThDHKEOE G E & Y BT, VAT
I BT DR REORESL b, EtEREbOT= O OMERGHEH ORI Z B LI bDTH Y, RTENLRD.

1EIHGR CTHY, AEOER L BNTIE T A.

H2#ETL, BEANEDLITOD/$T U0 ABSFKESRIREZ VT, ABEBIERE S I T RMEROEE
BRI L, MEREN AL ETIREDY AT ATEESNA AFERGELZ ER(LTHFELREEL TV D, Zh
1T, NEREE FORENOAROFEREY, AEGBEEORERMIT LML, ZHUlk Y RERLZHES
NABTFRLF— LR L OBIEREBT, FO13F A—42 L LTHET AOFEY ERILT D LD THD, AET
XE 6T, RERUCIEDRA: L HTFH AU & OB A R SRRIREE RIS EEIC K D FEREL TnD, 2
NEOREL, BOEEE S AT AR 21T 5 L TIHFICEERRR ThH 5.

FEITETIL, AETAESHHETUBREESI BN S, 7o b EEEE T < v 7 A2 VTR ERE
OFFHHWTRRTWE, T a b EEME AR S L CRIAT 27201008, 7'e hoasis R
TAEFOEBEN TSI LAWE LD, RETIHEFRESEROR Y VBRI E & D b, fE
Ha MY PAERAWAZ LT, FORSFEHEICL VEFEENZERXEL I LAREL TWD, FHFEIS
(Ce,SOPO ITHWT, U UEEERFEE L TR Ciitd TREERREAfER L T, HELRRTHD.

WA, 7o BFHRAHSBME LT I v A%, LVEVHBETERIT5FEE LT, M FRIRES L
TIHET HEFEEKE 7o F EEEREFIATA 2 L #REL TV, BAfIL LT, Fa b E8EHTHD
SrZr0: b EFEEHATH S SrFeQs DIRATETY _HiF, ZEME SHBRA LN LIz, £OKBEHBEMERED
REZIT>TWD, ZTORE, ZORGHIZHOEEFELIEL USRSEERE LTRLDHED Z L 200
IZLTW5, ZhidEtEiE e KRB DR HI BT 2 EEAR R ThH D,

H5ECIL, INTERRICE T 28T Z & ThEEGES 2, AR 7OEME L LTHEHEh ST 8 b
EEMATROBRET> T D, ERRBEAACK LU EERMEROTNL, T4 T U VBEFRER
B EOLAYEE (LarStPs0ud) (COWTEERENE HyDe FNCAGHRAREL, 7o b 8EEaB G
LTWA, EVEEREFFOT R b AFEMEOREHES T 52 2 BERERTH D,

6B, KBR AR B/ 7 & FREOBEREOEIC SV TRATUWS, SrZrOs RO 7' | BN
PHEICIL, SEE T CEARE D, L7 SRR T A Z E BTV DS, THSRE ORI A AL DT
Oy 2BBIEERTAZ LRI al—a AL VLN LTS, FE#nkss, Ly o EERT 52 &
2T HOT, R OISHZEH BT HEERRR TH D,

WTEIRRTH Y, AR LEREL TV D,

VIEES B, AG0E, AFETFRAFX—T AT AOFIERIMT T, AROBBEEIH IR S ol D



MM, FNFNOBRTRERN IS U THRT - f%3t T2 FEER TR LELOTH Y, BERTEB LU A7 L7
A IEFEOREI 5T L Z AP Iy,
LT, Aaddt RERY) OFGETE LTER RS,



