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Chapter 1

General Introduction

1.1 Background

Japan is an island country that is geographically isolated from other continents and has
scarce energy resources. Japan relies on the energy resources produced in other countries;
About 10 years ago, the self-sufficiency rate was 20.3% in 2010, but due to various factors,
the self-sufficiency rate of Japan's primary energy supply is only 11.8% in the 2018
forecast [1]. Japan relies heavily on fossil fuels such as coal, oil and natural gases as its
primary energy resources. The energy dependency of the fossil fuels was 81.2% in 2010,
which increased to 85.5% in 2018 because of the Great East Japan Earthquake in 2011
[2]. Fossil fuels such as coal, oil, natural gas and uranium which is a fuel for nuclear
power generation, are limited and will be depleted in the remaining 50 to 130 years [3, 4].
And the use of large amounts of fossil fuels inevitably causes serious environmental
problems such as global warming and atmospheric pollution. For future generations, we
need to prepare an alternative energy source for fossil fuels. As a low-emission power
source for a sustainable society, there is a strong demand for the establishment of power
generation methods such as solar power generation, wind power generation, hydroelectric
power generation, and geothermal power generation. The problem with these energy
sources is that unpredictable weather and geodynamic impacts make it difficult to meet
rapid fluctuations in electricity demand. Electricity is generally stored in batteries to

provide balanced power, but batteries are not suitable for large/long-term power storage.
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To solve these problems, hydrogen is attracting attention as a promising candidate for
storage and transportation carriers, which is generated from the electricity generated by
the use of renewable energy. Hydrogen is used and produced in a variety of ways. For
example, it can be produced by reforming fossil fuels, by-products of industrial processes,
biomass production by microorganisms and water electrolysis [5]. The produced
hydrogen is converted to electricity by using fuel cells.

Fuel cells are devices that converts chemical energy into electricity through the reaction
of oxygen (in the air) with fuel (usually hydrogen) and was first put to practical use by
Sir William Robert Grove in 1839. The fuel cells can be typically classified into four
types by electrolytes and operating temperatures: polymer electrolyte fuel cells (PEFCs),
solid oxide fuel cells (SOFCs), molten carbonate fuel cells (MCFCs) and phosphoric acid
fuel cells (PAFCs). Fuel cells have major advantages such zero emission, high efficiency,
compactness and quietness. Among the fuel cells, PEFCs and SOFCs are actively studied
and developed for vehicle and residential use. In 2009, a residential co-generation fuel
cell system named “ENE-FARM” was released by electronic manufactures and gas
companies. Fuel cell vehicles (FCVs) has stated to sell under the name of
“CLARITYFUEL CELL” by Honda Motor Co., Ltd in 2016 and renewed “MIRAI” by

Toyota Motor Co., Ltd. in 2020.

1.2 Polymer electrolyte fuel cells (PEFCs)

Among the fuel cells, PEFCs have attracted most attention and are intensively studied
because of their advantages, such as high power density, low operating temperature, quick
start-up and shut-down, and easy maintenance [4, 5]. PEFCs can be further categorized

into two types by electrolyte membranes: proton exchange membrane fuel cells
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(PEMFCs) and anion exchange membrane fuel cells (AEMFCs) [6-9]. For PEFCs,
polymer electrolyte membrane is one of the key materials. Currently, proton exchange
membranes (PEMs), perfluorosulfonated acid membranes such as Nafion (Du Pont) as an
example, are mostly used in PEFCs due to their high proton conductivity and
chemical/mechanical stability [10, 11]. For PEFCs using PEMs with a strong acidic nature,
the electrodes are exposed to acid environments. Such acidic condition requires platinum
for the electrocatalysts. This is a serious drawback for wide-spread practical applications.
For the last decade, replacing the PEMs with anion exchange membranes (AEMs) have
attracted considerable attentions as an approach to reduce the cost of electrocatalysts by

replacing platinum [7, 12].

1.3 Anion exchange membrane fuel cells (AEMFCs)

In recent years, AEMFCs have been actively studied [6-9, 13]. Figure 1-1 shows a
schematic drawing of an AEMFCs, which generally consists of two conductive separators
with gas flow channels and membrane electrode assemblies (MEAs). MEAs are
constructed with AEMs, the two catalyst layers (CLs) and two gas diffusion layers
(GDLs) both at the cathode and the anode. The CL is composed of highly distributed Pt-
based nanoparticles (2-5 nm in diameter supported on carbon black (ca. <10 nm in
diameter) of anion conductive electrolyte ionomer binders (Figure 1-2 [14]). Non-Pt-
based catalysts are extensively studied, too, but the performance is still lower. GDL is a
porous material typically consisting of a microporous fibrous material (carbon fiber
paper) and a microporous layer (MPL) containing poly tetrafluoroethylene (PTFE). A
GDL allows an effective diffusion of gases (hydrogen and oxygen), a prpper water

management and an electronic connection between the separator and electrode. In
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AEMFCs, hydrogen and oxygen are supplied into the CLs through gas flow channels and
the GDLs at the anode and cathode, respectively. During the AEMFC operation, the
oxygen reduction reaction (ORR) and the hydrogen oxidation reaction (HOR) take place
at the cathode (Eq. 1-1) and anode (Eq. 1-2), respectively, and only H20 is generated at

the anode (Eq. 1-3).

Cathode: Oz + 2H20 + 4e” — 40H" E% =-0.83V (Eq. 1-1)
Anode: 40H" + 2H, — 4e + 4H20 E% =040V (Eq. 1-2)
Overall reaction: 2H> + O2 — 2H20 E'=123V (Eq. 1-3)

Hydroxide ions are generated from oxygen, water and electron on the triple phase
boundary, where contact ionomers, reactions and catalyst (Figure 1-2), and transferred to
the anode through the membrane. Subsequently, hydrogen and hydroxide ion react and
produce water on the triple phase boundary at the anode.

AEMFCs have been investigated as a low-cost fuel cell alternative to PEMFCs due to
the potential use of non-platinum group metal (PGM) catalysts and the enhanced oxygen

reduction kinetics on non-PGM catalysts under alkaline conditions. [13, 15-21]
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1.4 Technical challenges of AEMFCs

The technical challenge for AEMFCs is that there is still much room for improvement
in both performance and durability compared to PEMFCs. To obtain high performance
and durability for AEMFCs, the chemical / mechanical stability and anion conductivity
of the AEMs continue to be improved. [22-30] In recent years, various strategies have
been devised to overcome these problems, such as microphase separation, cross-linking,
and organic-inorganic composites. [9, 14, 30] This means that AEMs can be
manufactured with higher anion conductivity while maintaining the same ion exchange
capacity (IEC). [25, 31] In addition, Mandal et al. reported a high performance AEMFC
with an anionic conductivity of 212 mS cm’!, cell performance of 3.5 W cm?, and cell
durability of more than 545 hours at 80 °C due to the introduction of cross-linking and
long alkyl spacers. [32]

Other important factors are the development of effective non-PGM catalysts. For
anodes, mainly Ni-based non-PGM catalysts have been reported. [16, 18, 33] For
cathodes, mainly non-PGM catalysts based on Fe, Co and other transition metals have
been reported. [6, 34-40] Among these, Hossen et al. reported the remarkable result that
an Fe-N-C catalyst had the same performance as that of platinum-supported carbon (Pt/C),
by combining the N-C materials used in the synthesis of catalysts and optimizing the
1onomer content of the cathode catalyst layers (CLs). [37]

In addition to the above components, water management of the anode and cathode is
also an important factor in AEMFCs. For the anion transport n the anion conductive
ionomer membranes, three types of hydroxide ion transfer mechanisms (surface site
hopping, Grotthuss mechanism and Vehicle mechanism) have been manly suggested and

discussed (Figure 1-3). [41] The surface site hopping with hydroxide ions proceeds on
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quaternized ammonium groups in the ionomer membranes. The Grotthuss mechanism is
based on a hopping process though the hydrogen bond network of water molecules, and
considered to be the dominant transport mechanisms for hydroxide ion transport though
anion conductive ionomers. The Vehicle mechanism is based on molecular diffusion
process of hydrated hydroxide ion. In both cases, water is an important factor in AEMFCs.
Moreover, water is produced at the anode by the HOR and consumed at the cathode by
the ORR of AEMFCs. Also, water moves from the cathode to the anode, due to the
electroosmotic drag associated with the movement of OH", and moves from the anode to
the cathode due to back-diffusing water. [42-54] In other words, the AEMFC must
provide sufficient water to maintain hydration of the AEMs and electrodes, without
flooding the anode or drying the cathode. Kaspar et al. reported improvement of flooding
and drying for CLs by controlling the use of MPLs associated with the GDLs and the
humidification of the feed gases. [45]. In another recent study, Mustain et al. reviewed
the water management of AEMFCs in detail [46]. Peng et al. reported suppression of
flooding by lowering the humidification temperature to the extent that ionomer
decomposition did not occur and increasing the hydrophobicity of the GDL and CL [55].
Dekel et al. also reported, by means of simulation, that the water required for the cathodic
reaction increases with increasing current density and that the lack of water shortens the
AEMEFC life [47, 48]. Recently, Omasta et al. reported that back-diffusing water is the
main source for maintaining the hydrated state of AEMs during cell operation, in addition
to being an important water source for the cathodic reaction [49, 50].

One of the problems that can be predicted for water management in AEMFCs is, for
example, the [-V hysteresis phenomenon. In PEMFCs, it was concluded that this

hysteresis phenomenon was due to the increased gas diffusion overvoltage caused by
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cathodic flooding and can be improved by optimizing the water management of PEMFCs.
[51] On the other hand, AEMFCs require water for the cathodic reaction and produce
water in the anodic reaction, which may lead to hysteresis phenomena at both the anode
and cathode. This is estimated to be due to lack of water at the cathode and blockage of
water at the anode. I-V hysteresis causes the power output of the fuel cell to fluctuate,
which may cause an imbalance in the power supply. In a large-scale system such as a
stack, water management such as water supply and removal is very difficult. Suppression
of the hysteresis phenomenon is essential to equalize the power supply and demand, and

it is necessary to evaluate the water management of the AEMFC from a bird's eye view.

Grotthuss mechanism Vehicle mechanism
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Figure 1-3. Schematic of hydroxide transport mechanisms in AEMs and ionomers.
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While studies are conducted on water management of various AEMFCs, the overall
number of studies on water management of AEMFCs are very low. (Figure 1-4. [52]). In
addition, a limitation of these studies on water management has been that the cells were
evaluated under unrealistic conditions involving the use of high gas flow rates (e.g., 1 L
min’! for 4~5 cm? cell) in order to achieve maximum power density [49-50, 52-56]. This
is quite low in terms of hydrogen and oxygen flow rate utilization, 3% for hydrogen
(stoichiometric ratio = 33.3) and 1.5% (stoichiometric ratio = 66.6) for oxygen at 1 A cm”
2 [38, 49, 50], which are difficult to be implemented in practical fuel cell systems. Chen
et al. have proposed a new normalized efficiency metric of W cm™ divided by the flow
rate, W s cm? L', [58] As a result, AEMFCs with low flow rates can be compared with
AEMFCs with high power generation performance at high flow rates, and our
understanding of the water management of AEMFCs for practical applications has been
enhanced. The maximum power of the current cell is about 210 W s cm™ L' using Pt-

Ru/C and Pt/C catalysts. [29]
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1.5 Objective of this research

The stable operation of AEMFCs is an integral part of the overall stability and
performance of hydrogen energy systems. That is, they require dynamic transient
responses that are fast and stable so that they can quickly respond to increases in power
demand. As mentioned in the previous section, when water is the cause of the I-V
performance mismatch, or hysteresis phenomenon, it is estimated to occur in both the
anode and cathode electrocatalyst layers. At the anode, power generation performance is
degraded due to inhibition of the fuel, H2, by water formation, called flooding, i.e.,
increased diffusion overvoltage. At the cathode, the lack of water leads not only to a
decrease in power generation performance but also to a decrease in durability.

As described above, improving the water management of AEMFCs is an important
research to improve the performance and durability of power generation. The purpose of
this paper is to evaluate the performance of AEMFCs under low flow conditions and with
non-precious metal cathode catalysts, and to obtain a deeper understanding of water
management in AEMFCs. This thesis consists of two chapters: water management
affecting cells with low flow rate and cathodic non-PGMs catalysts leading to higher
performance of AEMFCs, and investigation and suggestion of ways to improve the water
management.

In Chapter 2, the importance of water management for high performance AEMFCs are
discussed through various power generation tests and analysis of the catalyst layer (Tafel
slope component analysis and nitrogen adsorption, etc.). The importance of this Current-
Voltage (I-V) hysteresis phenomenon is first raised in this thesis.

In Chapter 3, two approaches are investigated to suppress the I-V hysteresis

phenomenon that occurred in Chapter 2, that is, to improve the water management

.11.
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capability: Specifically, (1) Improve water diffusion by using a thinner AEM and
hydrophilization of the membrane to increase the flux of back-diffusing water from the
anode. (i1) Fabrication of a highly ORR-active catalyst layer with macro/mesopore layers
accessible to both oxygen gas and water to improve the supply of water to the active site
of the cathodic non-PGMs catalysts. These approaches are analyzed by current-sensing
atomic force microscopy (CS-AFM) and contact angle measurement for hydrophilized
membranes, and nitrogen adsorption and cell-based power generation evaluation for
cathodic non-precious metal catalyst layers, and their effects are discussed.

Finally, in Chapter 4, the result are summarized and future prospects are overviewd.

-12-
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Chapter 2
Performance hysteresis phenomena of anion exchange

membrane fuel cells using an Fe-N-C cathode catalyst

2.1 Introduction

To deeply understand the water management of AEMFCs with low flow rates and non-
precious metal catalysts at the cathode, it is necessary to test AEMs with various
structures such as hydrocarbon-based membranes, cross-linking, and microphase
separation. In this thesis, an anion conductive electrolyte (quaternized poly(arylene
perfluoroalkylene), QPAF-4), which was developed by the University of Yamanashi and
Takahata Precision Co., Ltd. [1], was used as the electrolyte membrane and binder. The
QPAF-4 AEM with the molecular structure shown in Figure 2-1 is suitable for this study
because of its excellent microphase molecular structure, high gas permeability, high
alkaline stability and high membrane mechanical strength. QPAF-4 is also soluble in
methanol, which is highly volatile and minimizes the effect of the catalyst layer
preparation. In this Chapter 2, using practical gas flow conditions (0.1 L min!' hydrogen,
0.1 L min"! oxygen), and in order to focus on the issue of water management in the low
flow rate and cathodic non-PGMs catalyst as described in Chapter 1, a MEA was
fabricated using a commercial non-PGM catalyst (Fe-N-C) as the cathode and this QPAF-
4 as both the membrane and CL binder. With these, the effects of AEMFCs on water
management under near-practical conditions were investigated. Also, while the amount

of supplied water vapor depends exponentially on the temperature, too high temperature
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increases the aggressiveness of the anion OH  on the membrane molecules, and
furthermore, the durability of AEMFCs decreases rapidly when the water vapor supply is
stagnant. In this thesis, the power generation performance was evaluated at 60 °C and
100% relative humidity (RH) so that the temperature was neither too high nor too low

and could be compared with other AEMFC researches.

Figure 2-1. Chemical structure of quaternized poly(arylene perfluoroalkylene), QPAF-4.
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2.2 Experimental
Preparation of MEAs

QPAF-4 was synthesized based on the synthetic procedure of Ono et al. [1].

The catalyst inks for the anodes were prepared with Pt catalyst supported on carbon
black  (Pt/CB: TECI0ES0E, Tanaka Kikinzoku Kogyo, K. K.), methanol and pure
water by use of a planetary ball mill for 30 min. Subsequently, 5 wt.% QPAF-4-MeOH
(ion exchange capacity (IEC) = 2.0 meq g™!) binder solution was added to the slurry, and
the mixture was further stirred with a planetary ball mill for 30 min. The weight ratio of
QPAF-4 binder to support carbon was adjusted to 0.8. In the same way, the catalyst inks
for the cathodes were prepared with the Fe-N-C catalyst (XPMF2000E, Pajarito Powder),
5 wt.% QPAF-4-MeOH binder solution (IEC = 2.0 meq g™!), methanol and pure water by
use of a planetary ball mill. The weight ratio of QPAF-4 binder to support catalyst was
adjusted to 0.43. These catalyst inks were directly sprayed onto the microporous layers
(MPL) of the gas diffusion layer (GDL) as the anode (Carbon cloth GDL, GDL with MPL
formed after water repellent treatment of PANEX30 PWO03 from Zoltek) and cathode
(29BC, SGL Carbon Group Co., Ltd.) by the pulse-swirl-spray (PSS, Nordson Co. Ltd.)
technique in order to prepare the gas diffusion electrodes (GDEs). The electrode areas
were 4.41 cm?, the Pt loading of the catalyst layers (CLs) was 0.50 + 0.02 mg cm™, and
the Fe-N-C loading of the CLs was 0.50 + 0.05 mg cm™. The prepared GDEs were
immersed in 1 M KOH 80 <C for 2 days before measurement in order to ion-exchange to
the OH~ form. Similarly, the QPAF-4 electrolyte membranes (IEC = 2.0 meq g!, average
thickness = 30 um) were also immersed in 1M KOH at 80 °C for 2 days before
measurement. Excess aqueous KOH and water were removed from the GDEs and

membranes with a laboratory cloth prior to assembly. Each set of GDEs and QPAF-4
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membrane was pressed together in-cell to form the membrane electrode assembly (MEA)
without hot pressing. The MEAs were sandwiched between two single serpentine flow
graphite plates and 200 um silicone/poly(ethyl benzene-1, 4-dicarboxylat/silicone gaskets

(SB50A1P, Maxell Kureha Co., Ltd.) and were fastened to10 kgf cm™ with four springs.

Performance test of single cells

The cell voltages (V) as a function of current density (I) were measured with hydrogen
and oxygen at 60 °C at various pressures. The back-pressure (BP) was controlled at O to
100 kPa (gauge: kPag). Hydrogen and oxygen gases were supplied to the anode and the
cathode at a flow rate of 100 mL min'!. The flow rates of all gases were controlled by
mass flow controllers. These gases were humidified at 80 to 100% relative humidity (RH)
by bubbling through a hot water reservoir. The I-V curves were galvanostatically
measured under steady-state operation by use of an electronic load (PLZ664WA and
KFM2150, Kikusui Electronics Corp.) controlled by a measurement system (fuel cell
characteristic evaluation device, Netsuden Kogyo Corp.). The measurement times in the
direction of increasing current were 1 minute up to 0.02 A cm™, 3 minutes up to 0.1 A
cm, 5 minutes up to 0.2 A cm2, 7 minutes up to 0.3 A cm, and 10 minutes up to 1.0 A
cm. The measurement times in the direction of decreasing current were just half those
used for increasing current. Also, since resistances are difficult to measure with
Alternating Current (AC) impedance at current densities below 0.1 A cm™ (KFM2150,
Kikusui Electronics Corp.), they were measured with a 1 kHz external resistance meter
(MODEL 3566, Tsuruga Electric Corp.) For current densities of 0.1 A cm™ or more, the
membrane resistance was measured by AC impedance. In the hydrogen pump test,

hydrogen was flowed through both electrodes at 60 °C 100% RH and 100 mL min™!, and
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the anode overpotential was measured by use of an Automatic Polarization System (HZ-
5000, Hokuto Denko Co.) at the same current density positions and stabilization times as

those used in the I-V measurements.

Characterization of catalyst layers

For a more detailed comparison of the CLs using Fe-N-C and Pt/CB, they were
investigated by use of various analytical methods, as follows. The cross-sections of the
CLs on GDEs were observed by FIB-SIM (FB2200 and SU3500, HITACHI High-Tech
Corp.). The wettability of the CL surfaces was investigated by contact angle measurement
(DM-501, Kyowa Interface Science Co., Ltd.). Reagents (wetting tension test mixture,
Kanto Chemical Co., Inc.) having different surface tensions of 30, 40, 50, and 73 mN m"
!'were pipetted on the CL surfaces, and the contact angles were measured. The above
reagent was pipetted on each CL formed on 29BC GDL, and the contact angle between
the reagent and the CLs was measured with analysis software (FAMAS, Kyowa Interface
Science Co., Ltd.).

To investigate the pore structure of the CLs, N2 adsorption was carried out. The N2
physisorption experiments were measured at 77 K by use of an automated gas sorption
analyzer (Autosorb iQ, Anton-Paar GmbH). All of the samples (0.1 g or more) were
degassed at 60 °C for 24 h in an onboard degassing port, prior to the adsorption
experiments. The N2 adsorption measurements were conducted in the P/Po range 0.025-
0.997, where P represents the gas pressure and Po the saturation pressure. The specific
surface areas and pore volume distributions were calculated by the Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. In the case of the

catalyst powders, the powders were directly filled in the spherical cells. The N2 adsorption
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values of the GDLs were larger than those of the CLs. In order to obtain precise
measurements of the values of the CLs and avoid the influence of the values of GDLs,
catalyst-coated membranes (CCMs) were prepared by coating the catalysts on the QPAF-
4 electrolyte membrane by the PSS method. The CCMs (5 cm x 5 cm) were divided into
three parts and placed in the measurement cell. The specific surface area and pore size
distribution were calculated from the obtained adsorption isotherm curves.

Water vapor adsorption was also carried out to investigate the pore structure of CLs. The
experiments of water vapor physisorption were measured at 60 °C with water vapor
sorption analyzers (Vstar, Anton-Paar GmbH). All of the samples (0.1 g or more) were
degassed at 60 °C for 24 h in an onboard degassing port prior to the adsorption
experiments. The values of water vapor adsorption were measured in the P/Po range 0.05-
0.95. The catalyst powders were directly filled in the spherical cells. In the case of the
CLs, these were formed on a PP film by the PSS method and were removed and filled

into the cell.
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2.3 Results and Discussions
Polarization performance of MEAs using the Fe-N-C cathode catalyst

In Figure 2-2, the polarization curves and ohmic resistance changes of the cell using Fe-
N-C CL and Pt/CB CL (as reference) as the cathode CL are shown. Figure 2-2(a) shows
time courses of voltage and current density with increasing and decreasing current for
each cathode CL. The polarization curves and Tafel plots shown in Figure 2-2(b) and 2-
2(d) were drawn using the quasi-steady-state voltage data, i.e., the final values observed
during each period of current density in Figure 2-2(a). The cell using the Fe-N-C CL
exhibited large hysteresis in the I-V curve, i.e., a large difference in potential between the
increasing and decreasing current curves. In the case of the Pt/CB CL, the hysteresis was
very small. The ohmic resistance of the cell using the Fe-N-C CL increased with
increasing current density; however, in the low current density region, the change with
decreasing current density decreased, and hysteresis was observed in this region. The
Tafel slopes of the cell using Fe-N-C CL were very different for increasing and decreasing
current density. The change of the slope with increasing current density was larger than
that with decreasing current density.

The Tafel slopes were analyzed with a component analysis technique developed in our
laboratory (Figures 2-2(d), (e)) [2]. This technique involves fitting the I-V curves with a
primary Tafel slope, typically corresponding to a transfer coefficient a of 1.0, which
would be 66 mV dec™! at 60 °C, typically together with doubled (132 mV) and quadrupled
(264) slopes. Perry et al. have shown that either gas mass transport or ionic transport
limitations can lead to Tafel slope doubling, and the combination of the two can lead to
quadrupling [3]. That analysis is based on the hydrogen anode being essentially

nonpolarized under acidic conditions. For the AEMFC, it is well known that the hydrogen

-26-



Chapter 2

anode is significantly polarized [4, 5, 6]. As shown in the Supporting Information, an
MEA operated under hydrogen pump conditions exhibited a rather small polarization at
low current densities, which would not perturb the low current density region of the Ha-
Oz cell. However, at high current density, the Tafel slope was 476 mV, corresponding to
quadrupling, approximately half of which (238 mV) can be assigned to the hydrogen
anode. Thus, an approximate [-V curve for the hydrogen anode can be generated and used
to correct the observed cell voltages. The corrected I-V curves for the Pt/CB (Figure 2-
2(d)) and Fe-N-C (Figure 2-2(e)) CLs are shown for increasing and decreasing current
density. The apparent (uncorrected) slope of 532 mV for the Pt/CB H2-Oz cell was
decreased to approximately 294 mV (532 — 238 = 294), i.e., more consistent with a
quadrupled slope (264 mV). The additional 30 mV polarization is small but might
possibly be due to the additional coupling of water mass transport with gas and ionic
transport. The precisely quadrupled slopes, although not observed, are also shown in
Figures 2-2(d), (e) for reference. For both Pt/CB and Fe-N-C catalysts, the low current
density region, with an initial Tafel slope of 56.0 mV, can be assigned to pure kinetic
control. Even though there is curvature, the curve-fitting allows us to clearly determine
the slopes precisely. For Pt/CB, with both increasing and decreasing current density, the
behavior transitioned directly to the quadrupled slope, with additional polarization,
bypassing the doubled slope. For Fe-N-C during increasing current density, the -V curve
increased to a significantly higher value, 448 mV, corresponding precisely to slope
octupling, most likely due to a strong effect of limited water transport. At high current
density, the behavior became unstable, with the potential increasing chaotically,
presumably due to the influx of generated water from the anode, giving rise to a deviation

from the slope of 448 mV (Figure 2-2(e)); this behavior was time-dependent, as seen from
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Figure 2-2(a). During the decreasing-current portion, the I-V curve for the Fe-N-C CL
became less steeply sloped (269 mV), i.e., consistent with slope quadrupling, which is
most likely due to the relaxation of one of the three types of transport limitation

(principally water transport).
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Figure 2-2. (a) Time courses of cell voltage and current density, (b) polarization curves,
(c) ohmic resistances, and Tafel plots versus a "virtual" reference electrode (1/2
polarization of a hydrogen pump cell) for (d) a Pt/CB CL and (e) and an Fe-N-C CL at 60

°C, 100% RH; anode H> (100 mL min’!, 0 kPa,); cathode O2 (100 mL min™!, 0 kPay).
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Polarization performance of MEA using Fe-N-C cathode catalyst under various gas
conditions

In order to investigate the factors controlling the I-V hysteresis, the effect of the BPs
of the supply gases on performances were evaluated (Figures 2-3(a-d)). In the case of the
cell using Fe-N-C CL, the degree of I-V hysteresis decreased as the BPs on both
electrodes increased from 0 to 50, and 100 kPag (Figure 2-3(a)). Under 100 kPag BP on
both electrodes, the cell performances for the Fe-N-C CL and Pt/CB CL were comparable,
and there was negligible I-V hysteresis (Figure 2-3(b)). Figures 2-3(c) and 2-3(d) show I-
V curves with BP applied to only one side, i.e., anode and cathode, respectively. Despite
the presence or absence of BP at the anode, I-V hysteresis was observed but was not
observed when only the cathode was pressurized to 100 kPag. These results indicate that
the I-V hysteresis occurs only in the cell using Fe-N-C CL as the cathode, and the degree
of the hysteresis is reduced by applying BP to the cathode.

With increasing BP, the amount of water vapor in the gas decreases, the oxygen partial
pressure increases, and the amount of liquid water also increases in the CL. The effects
of oxygen partial pressure and water vapor pressure are shown in Figures 2-3(e) and 2-
3(f), respectively. The performance of the cell under air was lower than that under Oz, but
the I-V hysteresis was hardly observed (Figure 2-3(e)). The I-V hysteresis increased with
lowering the relative humidity of the gas supplied to the cathode, namely, lowering the

water vapor pressure (Figure 2-3(f)).
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Figure 2-3. I-V curves at 60 °C, 100% RH using Fe-N-C CL: (a) anode H2 (0-100 kPag),
cathode O2 (0-100 kPag), (b) comparison of I-V curves using Pt/CB CL, anode H2 (100
kPag) and cathode O2 (100 kPag), (c) anode H2 (0 and 100 kPag), cathode Oz (0 kPag), (d)

anode H> (0 kPag), cathode O2 (0 and 100 kPag). Gas flow rates were 100 mL min’, (e)
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I-V curves using Fe-N-C CL at 60 °C, 100% RH ; anode H2 (100 mL min™!, 0 kPag);
cathode air (100 mL min™!, 100 kPa,), (f) I-V curves using Fe-N-C CL at 60 °C, different
relative humidities; anode H> (100 mL min™!, 0 kPa,); cathode O2 (100 mL min™!, 100

kPag).
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Figure 2-4 shows Tafel plots and ohmic resistances with 0 kPag at both electrodes, 100
kPagz and 100% RH at the cathode, 100 kPagz and 80%RH at the cathode. In the part
deviating from the Tafel slope in Figure 2-4(a), the voltages for both increasing and
decreasing current decreased in the order of 100 kPag + 100% RH at the cathode > 100
kPag + 80% RH at the cathode > 0 kPag, and the I-V hysteresis decreased in that order.
On the other hand, for the ohmic resistance (Figure 2-4(b)), the values decreased in the
order of 100 kPa; + 80% RH at the cathode > 100 kPagz + 100% RH at the cathode > 0
kPag. The results of Figure 2-4 show that the I-V hysteresis occurred in the mass transport
region at high current density, but little ohmic resistance hysteresis was observed in this
region. In the cathode, a decreasing amount of liquid water due to a decrease of BP and
relative humidity increased the ohmic resistance because of decreasing water content in
the cathode ionomer and membrane. In the high current density region of AEMFCs, the
increased reaction increases the amount of water produced at the anode, but also increases
the water consumption at the cathode. These results suggest that the I-V hysteresis is
caused by a deficiency of liquid water at cathode reaction sites with increasing current

density.
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!, 80-100% RH, 0-100 kPag).

In the reaction in the cathode of the AEMFC, water is also essential to the reaction.

These results indicate that the key factor controlling the hysteresis is water concentration

in the cathode, not oxygen concentration. The lack of water supply in the cathode led to

the hysteresis and also the increased resistance of the electrolyte membrane. The results

of the BP changes also suggest that the increased amount of liquid water associated with

increasing BP suppressed the hysteresis. During increasing current density, the void

volume of the CL is large but decreased at high current density due to the voids becoming

occupied with liquid water, which is supplied by both the cathode gas and back-diffusing

-35-



Chapter 2

water generated in the anode. These hysteresis phenomena were highly significant in the
Fe-N-C CL but were hardly observed in the Pt/CB CL.

Therefore, these results suggest that the difference of these hysteresis phenomena
might arise from a difference in the absorption capacity of liquid water for both CLs, thus
affecting the supply of water at reaction sites in the cathode. In order to suppress the
hysteresis in the cell using Fe-N-C at the cathode, it is necessary to find ways to better
manage the water supply so as to optimize the trade-off between the number of effective
reaction sites and the void volume, which accompany the appropriate types of mass

transport at the various current densities.

Microstructure analysis for CL using Fe-N-C and Pt/CB

In the contact angle changes for various reagents with different surface tensions, using
both CLs (Figure 2-5), the values for the Fe-N-C CL were approximately 10° lower than
those for the Pt/CB CL at each measurement point. This result indicates that the Fe-N-C
CL was more hydrophilic than the Pt/CB CL. In a comparision between the Fe-N-C
catalyst and the Fe-N-C CL coated with QPAF-4 (Figure 2-6(a)), the volume for pores
below 20 nm decreased 84% as a result of QPAF-4 addition. In a comparison between
thePt/CB catalyst and the Pt/CB CL coated with QPAF-4 (Figure 2-6(b)), the volume for
pores below 100 nm decreased 85% as a result of QPAF-4 addition. These results show
that the Fe-N-C CL pores in the range of 20-100 nm were relatively empty compared to
those in the Pt/CB CL, despite the addition of QPAF-4. In comparing the water vapor
adsorption isotherms of Fe-N-C and Fe-N-C CL (Figure 2-7(a)) and Pt/CB and Pt/CB CL
(Figure 2-7(b)), the total volume of water vapor adsorption for Fe-N-C was approximately

a factor of two larger than that for the Pt/CB, irrespective of the presence or absence of
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QPAF-4. These results regarding the microstructure and hydrophilicity indicate that the
Fe-N-C CL had many hydrophilic voids in the range of 20-100 nm and that the capacity
for water absorption was much higher than that for Pt/CB. Both MEAs used the same
fabrication technique, binder, and membrane; however, the catalysts differed. Thus, the
differences in the porosity characteristics in the CL are due to the differences in the carbon

structures of Fe-N-C and Pt/CB.
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Figure 2-5. Contact angle changes for various reagents with different surface tensions

with the Fe-N-C CL and Pt/CB CL.
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water vapor adsorption isotherms of Pt/CB catalyst and Pt/CB CL.

Consequently, it can be suggested as a major difference between Fe-N-C and Pt/CB from
the morphology analysis that the void volume of the Fe-N-C catalyst absorbed the water
generated during increasing current density, and this led to the lack the reactant water at

the cathode reaction sites, thus contributing to the I-V hysteresis.
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Mechanisms of hysteresis phenomena in the cell using Fe-N-C cathode

The comparison of the cross-sectional structure images in Figure 2-8(a) and 2-8(b)
shows that the Fe-N-C CL was about 15 pm in thickness and had larger pores than the
Pt/CB CL, and the Fe-N-C CL contained micrometer-order and submicrometer-order
pores. On the other hand, the thickness of the Pt/CB CL was approximately 5 um and
contained fine pores of 1 um or less.

Figure 2-8(c), d schematically depicts the behavior of the water distribution in the Fe-
N-C CL during increasing current density, together with the corresponding Tafel plots. I
divided the regions acording to the values of current density in the Tafel plots. Region a'
corresponds to reaction kinetics control (56 mV), and the cell voltage undergoes abrupt
changes in the degree of decrease with increasing current density in regions a to c. In
region a (low current density, Figure 2-8(c)), the potential drops as the supply of water
starts to become a limiting factor. The reactant water supplied from Fe-N-C CL pores,
originating from water supplied by back-diffusion from the anode, is relatively balanced
with the reaction. At that time, the ohmic resistace of cell is maintained at low values, as
shown in Figure 2-4(b) (100% RH, 0 kPag). In region b (mid-range current density, Figure
2-8(d)), the cell voltage enters the high-slope regime due to the coupling of all three types
of mass transport, i.e., gas, ions, and water, with the latter being the most important. |
consider that the reactant water supply from Fe-N-C CL pores becomes a limiting factor
for the reaction, due to the insufficiency of water generated at the anode. At that time, the
ohmic resistace of the cell also increases due to decreasing membrane water content, as
shown in Figure 2-4(b) (100% RH, 0 kPag). In region c (high current density, Figure 2-
8(e)), the slope deviates from 448 mV and decreases markedly at current densities over

0.2 A cm. The reactant water supplied from Fe-N-C CL pores becomes sufficient, so
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that water mass transport becomes less of a limiting factor for the cathode reaction, due
to the large amount of water generated at the anode. At that time, the increase of the ohmic
resistance is reversed due to the rehydration of the membrane from the water generated
in anode, as shown in Figure 2-4(b) (100% RH, 0 kPag). In the case of the decreasing
current density, going back from region c to a, there was no sudden slope increase of the
cell voltage. I consider that the water transport, although still a factor, was less limiting,
due to a sufficient supply at reaction sites, because the balance between the water supply
from back-diffusion and the reaction demand was maintained as a result of the large water
volume in the Fe-N-C CL. These results also show that the cell potentials in region a' for
both increasing and decreasing current density did not change. These indicate that there
were negligible changes in the number of reaction sites, and basically, the behavior in
regions a, b and ¢ can be explained by combinations of various types mass transport, with
water playing a major role. In the case of the Pt/CB cathode CL, the ohmic resistance in
the current density range over 0.2 A cm™ hardly changed with increasing current density,
as shown in Figure 2-2(c). In the case of the Fe-N-C cathode CL, however, the values of
the ohmic resistances were larger than those of the Pt/CB cathode CL and increased with
increasing current density. These results also suggest that the water content of the
membrane with the Fe-N-C cathode CL was lower than that of the Pt/CB cathode CL and
continued to decrease, and thus, the water permeability in the membrane was also
insufficient. More specifically, in the case of Fe-N-C, the total water consumption of the
cathode used for the water absorption and reaction of the CL is larger than that of the
water back-diffusing from the anode. The large void volume of Fe-N-C is concluded to
lead to a decreased number of contact points at the interface between the membrane and

the CL, and also a decreased number of supply pathways for back-diffusing water from
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the anode. These conditions lead to an increased cathode-ionomer interfacial resistance
in the high current density region. These results indicate the importance of providing the
cathode reactant water with the back-diffusing water from the anode [6] [7], while
maintaining liquid water at a level that does not cause flooding. I also found that lowering
the humidity of the anode increased the hysteresis, not only in Fe-N-C but also in Pt/CB
(Figure 2-9). Interestingly, it was found that lowering the humidity of the anode increased
the hysteresis, not only in Fe-N-C but also in Pt/CB (Figure 2-9). This proves that the
supply of water to the reaction sites of the cathode via the back-diffusion of water from
the anode is essential. In order to reduce the hysteresis, it is necessary to enhance the
membrane water permeability, thus increasing the amount of back-diffusing water and

forming a homogeneous interface between the membrane and the CL.
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Figure 2-8. Images of cross-sectional structure with (a) Pt/CB and (b) Fe-N-C CL by FIB-
SIM. Schematic depiction of water management in the electrolyte membrane and CL at

(c) low, (d) middle, and (e) high current density, with the corresponding Tafel plots.
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2.4 Conclusions

I focus on the water management challenges on the improvements of cell performance
for anion exchange membrane fuel cells (AEMFCs) using a non-PGM catalyst (Fe-N-C)
for the cathode and an in-house-developed anion exchange ionomer (quaternized
poly(arylene perfluoroalkylene), QPAF-4) for both the membrane and the catalyst layers
(CLs) binder under practical gas flow rates conditions. The cell using the Fe-N-C cathode
exhibited similar current-voltage (I-V) performance compared with those using Pt
catalyst supported on carbon black. The power of this cell is 144~198 W s cm™ L, which
is comparable to the 210 W s cm™ L! of the highest current Pt-Ru/C and Pt/C catalyst-
based cells [8], but the cell using the Fe-N-C catalyst showed I-V hysteresis between
increasing and decreasing current. The hysteresis decreased with increasing back pressure.
Based on the results of various I-V measurements, I conclude that the hysteresis is related
to water supplied to the cathode using the Fe-N-C catalyst. Tafel slope component
analysis revealed that a severe polarization occurred, amounting to slope octupling, with
increasing current density, most likely due to the addition of water transport to the usual
combination of gas and ionic transport. This severe polarization was alleviated after the
cathode layer became sufficiently hydrated. I found from these results that water
management is essential, due to the role of water as a reactant in the cathode reaction, for

high-performance AEMFCs.
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Chapter 3
Two approaches to suppress the performance hysteresis
phenomenon in anion exchange membrane fuel cells with Fe-

N-C cathode catalysts

3.1 Introduction

Continuing from Chapter 2, Chapter 3 focuses on effective water management in the
AEMFC. In Chapter 2, 1 discovered the current density-voltage (I-V) hysteresis
phenomenon that accompanies an increase or decrease in the current density (CD) of a
cell that uses a Fe-N-C catalyst as a cathode catalyst. This suggested that the hysteresis
phenomenon resulted from the difference in the absorption capacity of liquid water in the
cathode CL and affected the water supply at the reaction sites of the cathode. By more
detailed Tafel slope component analysis, this I-V behavior can be characterized as a direct
transition from kinetic control to combined gas-ion-water transport control combination,
with a unique 8% slope behavior, i.e., the intrinsic kinetic slope is multiplied by 8. These
results also supported the importance of back-diffusing water.

In the case of Fe-N-C being used in the cathode catalyst layer, one of the methods for
improving water management performance, i.e., improving the flux of back-diffusing
water utilized from the anode, is the use of a thin electrolyte membrane. It has been
reported that thinning the membrane shortens the distance of anion conduction and

increases the flux of back-diffusing water, improving AEMFC performance. [1-4] Dekel
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et al. and Yassin et al. reported that by reducing the membrane thickness from 28 um to
10 pm and increasing the water diffusion coefficient of the membrane, not only the power
generation performance was improved, but also the cell life was extended, based on model
calculations. [5, 6] Also, Jiang et al. reported that the cell performance was improved by
hydrophilizing the surface of the membrane via the creation of hydrophilic functional
groups using a plasma. [7]

While thinner electrolyte membranes are necessary to reduce the overall transport
resistance of water and OH, it tends to accelerate gas crossover as a problem and reduce
the efficiency of making the system without some membrane strength, which leads to
reduced durability. [19] This means that AEMFCs need thinner and more stable
electrolyte membranes that can endure severe chemical and environmental conditions
while meeting the durability goals of commercialization. In the case of hydrophilization
of the electrolyte membranes by external treatments such as high concentration ozone for
a long time, polymers with double carbon-carbon bonds in the main chain may readily
react with ozone. [26, 27] In this regard, the above mentioned QPAF-4 has sufficient gas
barrier properties and mechanical strength even in thin membrane formation. Moreover
short-term low concentration hydrophilic modification occurs only at the top surface, and
the hydrophilic effect at the interface may contribute to the bulk water mobility of the
membrane.

In addition, for using Fe-N-C catalysts, the active reaction sites of the cathode must
have a balanced hydrophilicity / hydrophobicity in order to be accessed by both oxygen
gas and water for the ORR. To achieve high ORR performance for Fe-N-C catalysts, it is
important to have a hierarchical pore structure with macro / mesopores for reactant access

to the Fe-N-C active sites present in the micropores [8, 9]. Song et al. reported that Fe-N-
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C catalyst particles synthesized using carbon with a high specific surface area carbon,
specifically, refluxing Black Pearls (BP-2000, Asian-Pacific Specialty Chemicals Kuala
Lumpur) with nitric acid increased the number of mesopores, and show ORR activity
equivalent to that of a Pt/C [10].

In this Chapter 3, two methods to improve water management capacity were
approached to control the I-V hysteresis phenomenon. First, I sought to increase the flux
of back-diffusion water from the anode by both thinning and hydrophilizing a QPAF-4
AEM, and subjecting this membrane to hydrophilic treatment. Second, to develop a high
ORR activity catalyst layer with a macro / mesopores layer accessible to both oxygen gas
and water, I sought to improve the water supply to the reaction active sites by suppressing
the absorption of water at the cathode by using a specially developed Fe-N-C catalyst
provided by the Changchun Institute of Applied Chemistry (CIAC), Chinese Academy of

Sciences.
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3.2 Experimental
Preparation of MEAs

QAPF-4, which was used as an electrolyte membrane and binder, was synthesized
based on the synthesis procedure of Ono et al. [11]. The catalyst inks for the anodes were
prepared with Pt catalyst supported on carbon black (Pt/CB: TECI10ESOE, Tanaka
Kikinzoku Kogyo, K. K.), methanol and pure water by stirring for 30 minutes and use of
a planetary ball mill containing 20 zirconia beads with a diameter of 5 mm. Subsequently,
5 wt.% QPAF-4-MeOH (IEC = 2.0 meq g~!) binder solution was added to the slurry, and
the mixture was further stirred with a planetary ball mill for 30 min. The weight ratio of
QPAF-4 binder to support carbon was 0.8. In the same way, the catalyst inks for the
cathodes were prepared with the Fe-N-Cc catalyst (synthesized and supplied by the CIAC
from Black Pearls (BP-2000, Asian-Pacific Specialty Chemicals Kuala Lumpur)) and Fe-
N-Cp catalyst (PMF-011904, supplied by Pajarito Powder), 5 wt.% QPAF-4-MeOH
binder solution (IEC = 2.0 meq g™'), methanol and pure water by use of a planetary ball
mill. The weight ratio of QPAF-4 binder to support catalyst was set to 0.43. These catalyst
inks were directly sprayed onto the microporous layers (MPLs) of the gas diffusion layers
(GDLs) as the anode (W1S1010, Cetech Co., Ltd.) and cathode (29BC, SGL Carbon
Group Co., Ltd.) by the pulse-swirl-spray (PSS, Nordson Co., Ltd.) technique to prepare
the gas diffusion electrodes (GDEs). The electrode areas were 4.41 cm?, the Pt loading of
the CL was 0.20 = 0.02 mgp: cm?, and these Fe-N-C loading of CLs were 0.50 + 0.05
mgca. cm. The prepared GDEs were immersed in 1 M KOH 80 °C for 2 days before
measurement to ion-exchange to the OH~ form. Similarly, the QPAF-4 electrolyte
membranes (IEC = 2.0 meq g”!, ca. 10 and ca. 30 um) were also immersed in 1 M KOH

aqueous solution at 80 °C for 2 days before measurement. To remove excess KOH
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aqueous solution, the GDEs and the electrolyte membranes were sandwiched between
Kim Towels (Nippon Paper Cresia Co., Ltd.). Next, the GDEs and the electrolyte
membranes were immersed in ultrapure water for approximately on hour, being
constrained so as not to float, and then sandwiched between Kim Towels again to remove
the ultrapure water. After the KOH was thoroughly removed, each set of GDEs and
QPAF-4 membrane was pressed together in-cell to form the membrane electrode
assembly (MEA) without hot pressing. The MEAs were sandwiched between two single
serpentine flow graphite plates and 200 pm silicone/poly(ethyl benzene-1, 4-
dicarboxylat/silicone gaskets (SB5S0OA1P, Maxell Kureha Co., Ltd.) and were fastened at
10 kgf cm™ with four springs. For the reversible hydrogen electrode (RHE), a 5 mm
diameter disk was cut from the Pt/CB 29BC GDE prepared above and applied to the
membrane on the cathode side. The hydrogen source for the RHE was the anode outlet,
supplied through a heated (90 °C) gas line. The CL surface of the RHE was in contact
with the electrolyte membrane in the cell, and the GDL surface was in contact with gold
wire, which was connected to the anode and cathode by terminals through a multi-input
data logger (NR-500, KEYENCE Corp.) and a high voltage measurement unit (NR-HV04,
KEYENCE Corp.), respectively, and the polarizations of the anode and cathode were

measured.

Performance test of single cells

The cell voltages (V) as a function of current density (I) were measured with hydrogen
and oxygen at 60 °C at various pressures. Hydrogen and oxygen gases were supplied to
the anode and the cathode at a flow rate of 100 mL min™'. The flow rates of all gases were

controlled by mass flow controllers. These gases were humidified at 100% relative
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humidity (RH) by bubbling through a hot water reservoir. The I-V curves were
galvanostatically measured under steady-state operation by use of an electronic load
(PLZ664WA and KFM2150, Kikusui Electronics Corp.) controlled by a measurement
system (fuel cell characteristic evaluation device, Netsuden Kogyo Corp.). The
measurement times in the direction of increasing current were 1 minute up to 0.02 A cm?,
3 minutes up to 0.1 A cm™, 5 minutes up to 0.2 A cm, 7 minutes up to 0.3 A cm™, and
10 minutes up to 1.0 A cm™. The measurement times in the direction of decreasing current
were just half those used for increasing current. Also, since resistances are difficult to
measure with alternating current (AC) impedance at current densities below 0.1 A cm™
(KFM2150, Kikusui Electronics Corp.), they were measured with a 1 kHz external
resistance meter (MODEL 3566, Tsuruga Electric Corp.) For current densities of 0.1 A

cm? or more, the membrane resistance was measured by AC impedance.

Characterization of membranes, catalyst and catalyst layers
An ozone/UV surface treatment device (EKBIO-1100, EBARA JITSUGYO Co., Ltd.)
was used to hydrophilize the QPAF-4 electrolyte membrane. Ozone was generated by UV
lamps (wavelengths of 245 nm and 185 nm) installed at the top of the chamber. The
chamber temperature and water temperature were set at 40 °C, and the QPAF-4 membrane
was placed 90 mm below the chamber ceiling. In an air atmosphere for 10 minutes, the
back and front sides were turned over and hydrophilized twice in total. The ozone
concentration in the chamber became steady after 2 minutes from the starting
hydrophilization and showed a level of about 50 ppm.
For the surface-conduction analysis by current-sensing atomic force microscopy

(CS-AFM) on the QPAF-4 membranes of ca. 10 um thickness, the GDE was first prepared
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by spraying a catalyst ink containing the Pt/CB and QPAF-4 binders (IEC = 2.0 meq g™")
as a binder on the 29BC GDL using the PSS technique in the same manner as described
above. The weight ratio of QPAF-4 binder to support catalyst was adjusted to 0.8. The Pt
loading of the electrodes was 0.2 + 0.02 mgp cm . The GDE was subsequently immersed
in 1 M KOH aqueous solution at 80 °C for 2 days and then immersed in a saturated
aqueous solution of NaHCO3 aqueous solution at 40 °C for 2 days, and then dried to ion-
exchange it to the HCO3™ ion form. The membrane and the GDE in the HCO3™ ion form
were pressed at 10 kgf cm™ and 140 °C for 3 min. The ozone/UV surface treatment was
carried out on the QPAF-4 membrane surface attached to the GDE.

The CS-AFM setup was prepared according to prior literature [12-18] making use of
a commercial AFM system (SPM-5500, Agilent) equipped with a home-made
environmental chamber under a purified (COz-free) air atmosphere at 40 °C and 70% RH.
A Pt/Ir-coated silicon tip (NanoWorld) was used for the CS-AFM measurements. The
morphological and current images were obtained in the contact mode, with a contact force
of 5 nN on the membrane surfaces and a tip bias voltage of -2.0 V [18]. Before
measurements, humidified air was supplied to the environmental chamber (dead volume
=500 mL) at 100 mL min~' for 2 h. During the AFM measurements, the flow rate was
reduced to 10 mL min~".-To ensure that there was no tip damage of the surface and that it
was free of airborne impurities such as dust, I obtained the first and second scanned
images at the same position for each CS-AFM measurement. The tip bias voltage was
kept at -2.0 V during the image acquisition.

An osmotic pressure evaluation of the electrolyte membrane was performed using an
osmotic pressure experimental device (PP-5, Uchida Yoko Co., Ltd.). A 1 M sucrose

solution in which 34.2 g of sucrose was dissolved in 100 mL of water was moistened
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between a non-electrolyte solution and ultrapure water, and a QPAF-4 membrane, which
was in the HCOs form, was used as a permeable membrane. A capillary tube with both
ends open was attached to the sealed sucrose side after each liquid level set same. The
capillaries are equipped with a memory to read the water level, and as the water diffuses
into the sucrose solution, the water level in the capillaries rises by the amount of water.
The value of the memory was read out at each measurement time every 8, 16 and 24 hours.
Osmotic pressures were calculated from the difference of height between sucrose solution
and mercury (the height of the mercury column at 1 atm is 760 mmHg = 1.013 x 10° Pa).
Moreover, since the density of mercury is 13.6 g mL™!, osmotic pressures were calculated

from the following Eq. 3-1.

Osmotic pressure / Pa = 1.013x10°/ Pa x

Number of capillary from start position / mm % Density of sucrose solution / g mL!
760 / mm 13.6 /g mL™!

(Eq. 3-1)

The electrochemical measurements were carried out with an Automatic Polarization
System (HZ-5000, Hokuto Denko Co.) using the rotating disk electrode (RDE) method.
A Pt mesh was used as the counter electrode and the RHE was used as the reference
electrode. The working electrode was prepared as follows: the catalyst ink was prepared
by mixing 1 mg of each catalyst with 0.025 mL of ultrapure water and 4.975 mL of ethanol
via ultrasonication. A 1 uL droplet of this ink was deposited onto a glassy carbon electrode
(GC area = 0.283 and 0.196 cm?, Naito Rika Co. Ltd.) using a 1-uL syringe. The amounts
of the Pt/CB ((4 ugpc cm™, TEC10E50E), Fe-N-Cp (11 pg cm™) and Fe-N-Cc (11 ug cm’
2) catalysts was controlled by the number of drops. Subsequently, Nafion diluent obtained

by diluting a 5 wt.% Nafion solution with 75 vol.% of ethanol was pipetted on the
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electrode surface, yielding an average thickness of 0.03 um. The electrolyte solution, 0.1
M KOH, was prepared from reagent grade chemicals and ultrapure water. Polarization
curves for the ORR were recorded in O:-saturated electrolyte at 5 mV s~ (positive
potential scan) and several rotation rates from 1000 to 2500 rpm.

The wettability of QPAF-4 membranes with/without hydrophilization and CL surfaces
were investigated by contact angle measurement (DM-501, Kyowa Interface Science Co.,
Ltd.). Reagents (wetting tension test mixture, Kanto Chemical Co., Inc.) having different
surface tensions of 30, 40, 50, and 73 mN m! were pipetted on membranes and CL
surfaces, and the contact angles were measured. The contact angle was evaluated by
analysis software (FAMAS, Kyowa Interface Science Co., Ltd.) that can be used for the
sessile drop method and a half-angle method. To reduce the measurement error, the
measured value was calculated by averaging the values of 6 times measured the front and
the back sides.

To investigate the pore structure of the CLs, N2 adsorption was carried out. The N2
physisorption experiments were measured at 77 K by use of an automated gas sorption
analyzer (Autosorb iQ, Anton-Paar GmbH). All the samples (0.1 g or more) were
degassed at 60 °C for 24 h in an onboard degassing port, prior to the adsorption
experiments. The N2 adsorption measurements were conducted in the P/Po range 0.025-
0.997, where P represents the gas pressure and Po the saturation pressure. The specific
surface areas and pore volume distributions were calculated by the Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. To obtain precise
measurements of the values of the CLs and avoid the influence of the values of GDLs,
catalyst-coated membranes (CCMs) were prepared by coating the catalysts on the QPAF-

4 electrolyte membrane by the PSS method. The CCMs (6 cm x 6 cm) were divided into
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three parts and placed in the measurement cell. The specific surface area and pore size
distribution were calculated from the obtained adsorption isotherm curves.

Water vapor adsorption was also carried out to investigate the pore structure of CLs.
The experiments of water vapor physisorption were measured at 60 °C with water vapor
sorption analyzers (Vstar, Anton-Paar GmbH). All the samples (0.1 g or more) were
degassed at 60 °C for 24 h in an onboard degassing port prior to the adsorption
experiments. The values of water vapor adsorption were measured in the P/Po range 0.05-
0.95. In the case of the CLs, these were formed on a PP film by the PSS method and were

removed and filled into the cell.
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3.3 Results and Discussion
Membrane improvement approach to suppress I-V hysteresis

In Chapter 2, it has been clarified that the supply of water to the catalytic active sites
has a great influence on the hysteresis of the power generation performance of the cathode
in the AEMFC. Therefore, in order to increase the supply of generated water to the
reaction active site of the cathode, I sought to reduce the membrane thickness and increase

the flux of back-diffusing of water.

Polarization performance of MEAs with reference electrode using various
membranes

In Figures 3-1(a-e), the changes in the cell polarization curve, ohmic resistance, and
anode cathode polarization curve using Pt/CB CL as the cathode CL are shown. As the
thickness of the electrolyte membrane decreased from 33 um to 11 um by comparisons
between circles and triangles in Figures 3-1(a) and 1(b), contrary to my expectations,
there was a large difference in the potential between increasing and decreasing current,
which was the phenomenon I have termed I-V hysteresis. These I-V hysteresis tended to
be larger for thinner membranes, as shown in Figure 3-2. Based on the comparison in
Figure 3-1(c), the ohmic resistance decreased from 0.088 Q cm? to 0.066 Q cm? at 1.0 A
cm? as the membrane became thinner.

I hypothesized that one of the causes of I-V hysteresis was water transport at the
interface between the membrane and the cathode, and therefore, to improve the transport,
I hydrophilized the surface of the 11 ym membrane. In Figures 3-1(a) and 1(b), the
hysteresis observed for the hydrophilized 11 pm membrane decreased, and the ohmic

resistance of the hydrophilized membrane in Figure 3-1(c) was 0.080 Q cm? at 1.0 A cm”
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2, which was higher than that for the unmodified 11 um membrane and less than that for
the 33 pm membrane.

In order to investigate the cause of the I-V hysteresis in detail, the polarization
contributions of the anode and cathode were measured independently. As shown in
Figures 3-1(d-e), this I-V hysteresis occurred predominantly on the anode side and
disappeared after hydrophilizing the membrane. The increase of I-V hysteresis for the 11
pm membrane with increasing CD is considered to be due to flooding by generated water
in the anode.

Figures 3-1(f-1) show the results of investigating whether the effect of the
hydrophilization is effective even in the case of cells using the Fe-N-Cp cathode catalyst.
The cell using the Fe-N-Cp catalyst and the 11 pum QPAF-4 membrane showed hysteresis
at both anode and cathode. However, as seen in Figures 3-1(f) and 1(g), the I-V hysteresis
decreased even in the cell using the Fe-N-C CL when the hydrophilized 11 pym QAPF-4
membrane was used. Regarding the ohmic resistance in Figure 3-1(h), the resistance of
the hydrophilized 11 pm membrane was 10% (increasing CD) and 20% (decreasing CD)
smaller than that of the 33 um membrane at 0.5 A cm™ and increased significantly with
increasing CD, in contrast with the case of the Pt/CB cathode in Figure 3-1(c). These
phenomena can be explained by the fact that, in the case of the Fe-N-Cp cathode, water
absorption was larger than that for Pt/CB and this led to the increasing ohmic resistance.
In Figure 3-1(i), I-V hysteresis did not occur in the anodic polarization, and, in Figure 3-
1(j), another instance of I-V hysteresis, in this case, for the Fe-N-Cp cathode polarization
with the 33 pym membrane, was suppressed by use of the hydrophilized 11 um membrane.
Therefore, it was found that the improvement of the water transport at the interface

between the membrane and the cathode by use of the hydrophilization treatment on a thin
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electrolyte membrane is effective against the hysteresis phenomenon of both the anode

and the cathode.
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Figure 3-1. (a) IR-included polarization curves and (b) IR-free polarization curves, (c)

Ohmic resistances, (d) IR-free anodic polarization curves, (e) IR-free cathode polarization

curves using Pt/CB catalyst layer, and QPAF-4 membranes with a thickness of 33, 11,
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hydrophilized 11 um at 60 °C, 100% RH; anode H2 (100 mL min~!, 0 kPag); cathode O2
(100 mL min~!, 0 kPa,). (f) IR-included polarization curves and (g) IR-free polarization
curves, (h) Ohmic resistances, (i) IR-free anodic polarization curves, (j) IR-free cathode
polarization curves using Fe-N-Cp catalyst layer, and QPAF-4 membranes with a
thickness of 33 pum, hydrophilized 11 pm at 60 °C, 100% RH; anode H2 (100 mL min!,

0 kPay); cathode O2 (100 mL min~', 0 kPay).
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curves using Pt/CB catalyst layer, and QPAF-4 membranes with a thickness of 33, 18, 11
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Analysis of various membrane surface structures

In Figure 3-3 and Figure 3-4, the change in contact angle for various reagents with
different surface tensions used for each MeOSO3™ form membrane showed that the
hydrophilicity of the membrane surface depended on the thickness, and those for the
hydrophilized 11 pum QPAF-4 membrane were an average of 21° lower than those for the
non-hydrophilized QPAF4 membrane. As for the reason for the change in contact angle
depending on the thickness of the AEM, when the membranes were dried in the same
casting method on a substrate, the hydrophobic substructure would be more stable and
thus more prevalent at the the membrane/vapor interface, and the top surface were more
hydrophobic. In a review of proton-based PFSA membranes, Kusoglu and Weber
reported that at low hydration levels, the membrane/vapor interface layer was highly
hydrophobic and resistive, and the fluorocarbon chains were oriented parallel to the
membrane/vapor interface, which in some cases limits the mass transport of water and
ions. [19] When imagined with a minimal molecular structure, i.e., two molecular chains,
the ionic groups of the QPAF-4 AEM, which are hydrophilic, face inward, and the main
chain structure, which is hydrophobic, faces outward. I estimate that the smaller the
thickness of the bulk membrane, the more the hydrophobization would be enhanced. This
result is also in agreement with the results of the OH -form membrane, which is the same
counter ion as that for the fuel cell evaluation. As shown in Figure 3-4, the contact angle
also increased with decreasing membrane thickness, but the contact angle decreased for
all membrane thicknesses after the membranes were subjected to hydrophilization.
Hydrophilization of the membrane surface reduces impediments to water movement at
the membrane-cathode interface. These results support the result of promoting the

movement of water by the hydrophilization of the membrane surface and suppressing the
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Figure 3-3 Contact angle changes for some reagents with different surface tensions using

various QPAF-4 membranes with OH™ form and MeOSQOs~ form, as well as 33, 11, and

hydrophilized 11 um.
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Figure 3-4. Contact angle changes for some reagents with different surface tensions using

various QPAF-4 membranes with OH™ form and MeOSO;™ form, as well as 33, 18, 11 um.

Figure 3-5 shows the results of CS-AFM analysis to investigate the effect of the
hydrophilization on the 10 um OPAF-4 membrane on the current distribution at the
interface between the membrane and the cathode. There were no clear differences of more
or less than 10 nm in the topography shown at the upper part of Figure 3-6(a), but in the
current image in the lower part, it was found that the hydrophilization treatment clearly
improved the uniformity of the current distribution. As shown in Figure 3-7, similar
microscopic results were confirmed in other parts of the membrane surface. These results
can also be clearly confirmed in the difference in the current profile on the lines shown

in Figure 3-6(b). The results of the effect of the hydrophilization of the membrane surface
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on the osmotic pressure in liquid water showed similar changes in Figure 3-8. Therefore,
from these analysis results, I determined that hydrophilization does not improve the
diffusivity of water inside the membrane but contributes to the improvement of the
surface anion conduction and water pathways. The results of the membrane improvement
approach show that hydrophilization of the QPAF-4 membrane surface was more
effective than thinning in increasing the amount of back-diffusing water produced at the
anode. I can conclude that a membrane with a hydrophilic surface can also function with
the effect of reducing the membrane thickness. This effect was confirmed in the power

generation performance results shown in Figure 3-1, even for the Fe-N-Cp catalyst.
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Figure 3-6. Topography (upper row) and current images (lower row) on 10 um thick
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QPAF-4 with hydrophilization (left column) and without hydrophilization (right column)
under 40 °C, 70% RH, purified air conditions, and contact force = 5 nN, tip bias =-0.2'V,
(b) line analysis in vertical and horizontal directions on current images with or without

hydrophilization.
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Figure 3-7. Topography (upper row) and current images (lower row) on 10-um thick
QPAF-4 with hydrophilic treatment (left column) and without hydrophilic treatment
(right column) under 40 °C, 70% RH, purified air conditions, and contact force = 5 nN,

tip bias = -0.2 V in a different field of view from that in Fig. 3(a).
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Improvement approach of Fe-N-C catalysts to suppress I-V hysteresis

As a second approach to suppress the I-V hysteresis, I investigated the use of a new
non-PGM catalyst that would have improved performance in comparison with that of the
Fe-N-Cp material, used in the Chapter 2, by using the Fe-N-Cc catalyst developed at the

CIAC Laboratory.

Analysis of CLs structure using Fe-N-C catalysts

Figure 3-9 shows the pore size distributions calculated by the BJH method and N2
adsorption isotherms of these Fe-N-C catalysts and Pt/CB catalysts, respectively. In
Figure 3-9, in the Fe-N-Cc CL, the hysteresis of the nitrogen adsorption/desorption
1sotherm is smaller than that for the Fe-N-Cp CL, suggesting that the pore volumes of the
ink bottle structures [20, 21] were also lower. In addition, the isotherm on the low-
pressure side near P =0 had a larger slope than those for the other CLs, and the cumulative
pore distribution and the log differential pore volume distributions calculated from the
adsorption/desorption isotherms indicated many pores of ~5 and 40 nm. The Fe-N-Cc is
synthesized from the high specific surface area carbon Black Pearls [10], and it is clear
that the characteristics of the carbon material also affect the gas adsorption of the catalyst

layer.
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Figure 3-9. N2 adsorption isotherms of Fe-N-Cc CL, Fe-N-Cp CL and Pt/CB CL, and

pore size distribution calculated by the BJH method.

Figure 3-10 shows water vapor adsorption isotherms and contact angle changes of these

Fe-N-C catalysts and Pt/CB catalysts, respectively. Comparing the water vapor adsorption

1sotherms of all of the CLs in Figure 3-10(a), on the low-pressure side near P = 0, where

the first layer of water molecules was adsorbed, the amount of water vapor adsorbed by

the Fe-N-Cc CL was as low as Pt/CB CL. On the high-pressure side near P = 1, the Fe-

N-Cc CL had a similarly large adsorption amount as the Fe-N-Cp CL, and the water

adsorbed value increased with increasing pressure applied. These results indicate that
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water was not able to enter into the pores of the Fe-N-Cc CL despite the larger pore
volume than that of the Pajarito CL at low pressure, close to a practical fuel cell condition.
Figure 3-10(b) shows that the Fe-N-Cc CL was more hydrophobic than the Fe-N-Cp CL
from the contact angle measurements of the CLs and the hydrophobicity was comparable
to that of the Pt/CB CL. The high hydrophobicity of the Fe-N-Cc material is thought to
be attributed to that of Black Pearls, a furnace black carbon similar to Kejten Black, the

carbon support material for Pt/CB.
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Figure 3-10. (a) Water vapor adsorption isotherms for the Fe-N-Cc CL, Fe-N-Cp CL and

Pt/CB CL, (b) contact angle changes for some reagents with different surface tensions

with the Fe-N-Cc CL, Fe-N-Cp CL and Pt/CB CL.
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Polarization performance using Fe-N-C catalysts

Polarization performances for the Fe-N-Cc (11 pug cm?), Fe-N-Cp (11 ug cm™) and
Pt/CB ((4 pgp: cm™?, TEC10ES0E) catalysts using the RDE technique are shown in
Figures 3-11. The amounts of catalysts for the RDE were prepared at the same ratio used
for the cathodes of the MEAs. The plateau currents for the Fe-N-C catalysts did not reach
the limiting current density for the 4-electron ORR, because the amounts of the catalysts
were very small, and thus there was a limitation due to mass transport between catalyst
agglomerates on the electrode surface [22]. Nevertheless, the ORR activity can be
compared in terms of the half-wave potentials: the Fe-N-Cc catalyst exhibited 0.81 V at
0.05 mA cm, which was 0.18 V higher than that of the Pajarito catalyst but was 0.084 V
lower than that of Pt/CB with the same catalyst ratio. Figure 3-12 shows the cell
performance using each cathode CL with a 30 um QPAF-4 membrane. Table 3-1 shows
the voltages at three different current densities, 0.2, 0.5 and 0.8 A cm™. The voltage
differences of the I-V hysteresis at 0.2 A cm and 0.5 A cm for the cell using the Fe-N-
Cc CL were 0.05 V and 0.03 V, respectively, which were smaller than the corresponding
values, 0.20 V and 0.15 V for the cell using the Fe-N-Cp CL, and the performance at
current densities below 0.5 A cm™ was comparable to that for the Pt/CB CL. In addition,
the ohmic resistance of the Fe-N-Cc cell was 0.090 Q cm? at 0.5 A cm2, which was similar

to that of the Pt/CB CL.
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Table 3-1. Voltage changes at constant current density of cells using each catalyst layer

Current density
Cathode Catalyst 0.2 Acm? 0.5 A cm? 0.8 A cm?
Increase Decrease Increase : Decrease Increase Decrease
Pt/CB 0.74V 073V 053V | 057V 041V 043V
Fe-N-Cc 0.67V 073V 047V 052V 031V 032V
Fe-N-Cp 039V 059V 027V ! 042V 023V | 029V
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The reason why I-V hysteresis was suppressed in the Fe-N-Cc CL can be rationalized
as being due to its high hydrophobicity, so that the volume of water absorbed by the
catalyst is reduced, and the water required for the reaction is secured. In addition, the
reason why the ohmic resistance of the Fe-N-Cc cell was low is considered to be that
there was little water absorbed by the catalyst, and the water content of the membrane
increased. However, in the higher current density region, for example, 0.8 A cm?, the
voltages of cell using the Fe-N-Cc CL decreased to 0.32 V compared with the case of
0.43 V using the Pt/CB CL and were nearly the same as those using the Pajarito CL
(during decreasing current density). The reason for the performance decay at high current
density is considered to be due to the fact that the catalyst layer was 3 times thicker than
that of the Pt/CB, which was nearly the same as that of the Pajarito catalyst (Figure 3-13),
and thus the diffusion overvoltages for oxygen and water required for the cathode reaction
increased. On the other hand, with a thinner CL, there are fewer Fe active sites, and more
oxygen is needed to penetrate the catalyst layer through the ionomer. [23] This may affect

the performance and the use of ionomers with high gas permeability should be considered.
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Figure 3-13. Images of cross-sectional structure with (a) Pt/CB CL, (b) Fe-N-Cp CL and

(c) Fe-N-Cc CL by FIB-SIM.

Assumed mechanism of improvement effect of both membranes and Fe-N-C
catalysts to suppress I-V hysteresis

The insights gained from the two approaches of the present Chapter 3 are summarized
as schematic images of water management to suppress I-V hysteresis by use of the
surface-hydrophilized electrolyte membrane in Figure 3-14(a) and by the use of the Fe-
N-C catalyst with low water absorption in Figure 3-14(b). Figure 3-14(a) shows that I
hydrophilized the surface of the QPAF-4 membrane, and this approach led to an
improvement in performance due to the increased amount of water available for the ORR.
By making the electrolyte membrane surface hydrophilic to improve the diffusivity of
water at the surface rather than in the interior, it was possible to suppress the I-V hysteresis,

even for the cell using the Fe-N-Cp catalyst, which has high water absorption. Therefore,
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increasing the utilization of back-diffusing water from the anode is essential in the supply
of water to reaction sites of the cathode [24, 25]. These results indicate that the water
diffusivity, not only in the interior of both the membrane and CL, but also at the interface
between membrane and cathode, is important.

Figure 3-14(b) shows diagrammatically the effect of changing the cathode catalyst
from the Fe-N-Cp to the CIAC-developed counterpart. The Fe-N-Cc material exhibited
lower water absorbability than the Pajarito material. The use of this material led to
decreased absorption of the back-diffusing water into the interior of the carbon in the CL
and an increased volume of water supplied to reaction sites on the surface of the carbon,
which are those with the shortest oxygen diffusion distance. These improvements
demonstrate that water transport is the main limitation responsible for the previously
reported I-V hysteresis (Chapter 2) and provide strategies to achieve higher performance

AEMFCs through proper water management and formation of water transport pathways.
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Figure 3-14. Schematic depiction of water management using (a) membranes with
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3.4 Conclusions

In this Chapter 3, I have clearly identified the problem as being related to water
management and developed two approaches to alleviating the problem: by use of a thin
hydrophilized membrane, the diffusivity of water at the surface was improved, and the
severe I-V hysteresis was suppressed, despite the cell using an Fe-N-C cathode catalyst
with a high water absorption rate. The voltage loss was also alleviated by the use of a
recently developed Fe-N-C catalyst with higher hydrophobicity, which decreased the
absorption of back-diffusing water into the catalyst layer and increased the amount of
water supplied to the reaction sites These improvements have demonstrated that water
transport is the main limitation for the previously reported hysteresis and provide
strategies to achieve higher performance AEMFCs through proper water management

and formation of water transport pathways.
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Chapter 4

General conclusions and Future prospects

4.1 Conclusions

The purpose of this thesis is to evaluate the performance of AEMFCs under low flow
conditions and with non-precious metal cathode catalysts, and to obtain a deeper
understanding of water management in AEMFCs.

In Chapter 2, the cell performance for the AEMFC using a non-PGM catalyst (Fe-N-
C) for the cathode and an in-house-developed anion exchange ionomer (QPAF-4) for both
the membrane and the CL binder were investigated under practical gas flow conditions,
1.e., high utilization. The cell using the Fe-N-C CL exhibited large hysteresis in the I-V
curve under ambient pressures for both electrodes. Irrespective of the presence or absence
of BP in the anode, the I-V hysteresis occurred but was not observed when only the
cathode was pressurized to 100 kPag. In the cathode, decreasing amounts of liquid water
due to a decrease of BP and relative humidity increased the ohmic resistance because of
decreasing water content in the cathode ionomer and membrane. These results suggest
that the difference of these hysteresis phenomena arises from the difference in the
absorption capacity of liquid water for both CLs, affecting the supply of water at reaction
sites in the cathode. The differences between Fe-N-C and Pt/CB was also clarified based
on morphology analysis. The void volume of the Fe-N-C absorbed the generated water
during increasing current density and led to an insufficiency of reactant water at the
cathode reaction sites, so that water mass transport became a major limiting factor,

causing the I-V hysteresis. The Tafel slope component analysis revealed that the I-V
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behavior in this region can be characterized as a direct transition from kinetic control (56
mV slope) to combined gas-ion-water transport control, with a unique slope octupling
behavior (448 mV slope). These results also support the importance of back-diffusing
water from the anode for the rate of the cathode reaction.

In Chapter 3, based on the results of Chapter 2, this thesis examined two approaches
for the improvement of the water management ability, with the aim of suppressing the I-
V hysteresis phenomenon. First, to increase the supply of generated water to the reaction
active sites of the cathode, I decreased the membrane thickness and hydrophilized the
membrane surface in order to increase the flux of back-diffusing water. These
improvements of the water transport at the interface between the membrane and the
cathode by use of the hydrophilization on a thin electrolyte membrane were effective in
eliminating the I-V hysteresis phenomenon at both the anode and the cathode. Based on
various types of membrane characterization, including CS-AFM, contact angle and
osmotic pressure, this research also clarified that hydrophilization does not improve the
diffusivity of water in the interior but contributes to the improvement of surface anion
conduction and water transport pathways. This effect was confirmed in the power
generation performance measurements, even with the Fe-N-C catalyst with high water
uptake that was associated with the initial observation of the I-V hysteresis. Second, from
the viewpoint of the catalyst layer, to suppress the I-V hysteresis, I sought to improve the
performance in comparison with that obtained for the Fe-N-Cp catalyst used in the
previous research by using the recently developed Fe-N-Cc catalyst. The nitrogen
adsorption results indicated that water was not able to enter into the pores of the Fe-N-Cc
CL despite the larger pore volume than that of the Fe-N-Cp CL at low pressures, close to

the practical fuel cell condition. From water vapor adsorption and contact angle
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evaluation, the high hydrophobicity of the Fe-N-Cc catalyst was assigned to the
hydrophobicity of Black Pearls, the furnace black carbon, which is similar in its
characteristics to Kejten Black, which is the carbon support material of Pt/CB. From
results, the reason for the I-V hysteresis suppression by the Fe-N-Cc CL was able to be
assigned to its high hydrophobicity, so that the volume of water absorbed by the catalyst
was decreased, and the water required for the reaction was secured. In addition, the reason
for the low ohmic resistance of the Fe-N-Cc-based cell was considered to be that the
volume of water absorbed by the catalyst was suppressed, and thus the water content of
the membrane increased. These improvements have demonstrated that water transport is
the main limitation responsible for the voltage drop observed as the current density is
increased, with the resulting I-V hysteresis, and thus have provided strategies for
achieving higher performance AEMFCs through proper water management and
formation of water transport pathways. And the result obtained this time is one of the
highest power efficiencies in AEMFC's water management so far (Figure 4-1). [1-21]
The importance of water balance is not new, as it has been mentioned in many previous
reports. [22-35] However, this PhD research demonstrated and proposed that the water
absorption of the catalyst and the impediments to water transport at the membrane catalyst
layer interface make this important water management challenge more pronounced, and
thus a more serious problem, at the lower flow rates and lower pressure drops that are

easier to achieve in practical systems.
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Goal for practical use

300

OB QPAF4

o 250

2 QPAF-4 &Fe-N-C

o GT64-15

» 200 PS QAPS/PTFE
’ BTMA-HDPE/BTMA- APST .

= sonialns (aQAPSTY) (TC-QAPPO)/(QA-LDH)

ETFE

- 150 © APS
< ( . Tokuyama A901 2 (QPBV) Q )
Q (ETFE-BTMA} °
-j 100 PAP-TP-55/PBP ® (HMT-PMBI) o ""fp\T%Ii:-QDpst':
B 2 BETFR-o-nolv p okuyama A2
= % ETFE-g-poly (VBTMA) (TPQPOH) -

) PY PAEKa-MmOH
w50 Acta 12 QPSU/QSBA-3 °

o - (C-HPPES-4/1

= AA-3-20/Fumion . .

g o ® PBFB [FEVBIMACD PSF THMDA

1.0 0.8 0.6 04 0.2 0.0
Hydrogen flow rate / L min"!
Figure 4-1. Positioning of this research and other researches. The legend indicates the

name of the anionic electrolyte used in each paper.

4.2 Future prospects

The advantage of AEMFC:s is that the alkaline conditions in the fuel cell system enable
the use of non-PGMs catalysts, which the cost of AEMFCs can be lower than that of
PEMEFC:s. In this thesis, changing only the cathode catalyst to non-PGMs was carried out
because the cathode reaction, which is a water-consuming reaction, is considered to be an
important factor for improving fuel cell performance and durability. In order to lower the
cost and achieve practical use of AEMFCs, non-PGM catalysts must be used on the anode
side as well. For anodes, mainly Ni-based non-PGM catalysts have been reported. [36-
38] Water is produced in the reaction at the anode, and as the current density increases,

the amount of water produced in the reaction increases, and the hydrogen gas does not
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reach the reaction active site of the anode electrode, resulting in a decrease in performance,
or in other words, flooding (Figure 4-2 [36]). There are several approaches to reduce this
flooding, such as lowering the gas humidity, using a more hydrophobic GDLs, or using a
more hydrophobic ionomer[25, 26, 39], and the water management methods for the anode
as well as the cathode must be considered. Understanding the structure and fundamental
properties of the electrode/electrolyte interface in AEMFCs will lead to advances in the

design and development of highly active non-precious metal HOR electrocatalysts.
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Figure 4-2. Schematic diagrams of the (a) AEMFC anode catalyst layer; and (b) a zoom-
in into the triple-phase boundary of HOR, showing the differences between acidic and

alkaline fuel cell environments.

The properties of the ionomers in the CL have been shown to significantly affect the
water management of the electrode. Too little ionomer content interrupts the channels of
hydroxide ion conduction at the CL and lowers the accessible electrochemical surface
area, thus increasing IR losses and invalidating catalyst utilization. If there are too many

ionomers, the ionomers are almost hydrophilic in nature, suppressing the electronic
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conductivity of the CL and reducing the pore volume available for oxygen gas diffusion.
[40] The optimal loading of ionomer was suggested to be 15% and 25%. [41] Therefore,
it is important to consider the ratio of ionomer to catalyst when designing electrodes.
More so, in AEMFCs, the ionomer layer should be uniformly formed on the catalyst
surface.It is essential to improve the transport of water, gases and OH™ to the catalytically
active sites, which is expected when using non-precious metal catalysts. Recently,
Takahashi et al. and Cho et al. reported that the electrospray method can be used to form
a dense catalyst layer structure and a uniform ionomer layer at the catalyst layer interface
in PEMFC. [42-45] The application of this method to AEMFCs will lead to the
development of high HOR and ORR active catalyst layers with macro/mesopore layers
that are accessible to both gas and water.

These are issues to be considered that cannot be avoided for the practical application

of AEMFCs.
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4.3 Feasibility

In "Vision 2050," the Hydrogen Council predicts that the hydrogen market will reach
US$2.5 trillion and create 30 million jobs worldwide by 2050. [46] Hydrogen can
contribute to 18% of energy demand, 20% of CO: reduction, and 6 billion tons of CO2
reduction per year. Hydrogen power generation will reach 1,500 TWh per year, and by
storing surplus renewable energy, 500 TWh per year of renewable energy will be stored
and used through hydrogen.

This thesis was the development of AEMFC, which is low cost for the widespread use
of fuel cells. Figure 4-3 shows the cost breakdown and research priorities for fuel cells.
More than 40% of this cost is for the Pt catalyst [47]; in the AEMFC, this catalyst cost
will be less than 5% if we simply calculate the raw material cost. In addition, platinum,
which will be almost exhausted by 2050 [48], requires recycling and reuse, while non-
precious metal catalysts, such as Ni, Fe and Co, are more abundant than platinum.
AEMFCs are more suitable for stationary power sources such as ENE-farms, where
continuous power generation time is long and shutdown time is short, than for FCVs,
where start-up and shutdown times are frequent. As ENE-farm’s volume of installations
increased, the average unit installation cost dropped 69% for PEFC, from JPY 3.03
million in 2009 to JPY 940,000 in 2018 (Figure 4-4). [49] In order to further reduce the
cost, a breakthrough is needed by switching from the current use of PEMFC to the use of

AEMEFC.
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On the other hand, we need to focus not only on research for the widespread use of fuel
cells, but also on hydrogen as a fuel. With fluctuating renewable energy capacity growing
rapidly, supplementing solar and wind power generation facilities and using excess power
that would otherwise be wasted to produce hydrogen can help maintain the flexibility of
the power system and balance the grid. Unlike storage batteries, hydrogen can be stored
on a large scale and on a long-term basis (Figure 4-5). [50] There are challenges to its
widespread use, especially the high cost. At present, hydrogen is mainly produced from
natural gas for industrial use (grey hydrogen), which emits a considerable amount of
carbon dioxide. In doing so, a large amount of carbon dioxide is emitted. If the carbon
emissions are captured and stored, or reused, then it is called “blue” hydrogen. Green
hydrogen is the cleanest form of hydrogen. Green hydrogen is the cleanest form of
hydrogen, produced by renewable energy sources with no carbon emissions. The main
factor between gray and blue hydrogen is the fluctuating price of natural gas around the
world.

Japan is an energy resource-poor country, but Green hydrogen will enable Japan to
achieve its "3E+S" [51] goal by reducing carbon emissions in power generation,
transportation, heating, and industrial processes. New Energy and Industrial Technology
Development Organization (NEDO) estimates that the hydrogen market will reach 1
trillion yen in 2030 and 8 trillion yen in 2030, and is expected to reach 8 trillion yen in
2050 in Japan. [52]

Reverse-actuating AEMFCs results in the anion membrane water electrolyzer
(AEMWEs). Unlike the current PEM type water electrolysis and alkaline water
electrolysis, AEMWE eliminates the need to use catalysts such as platinum and the more

costly iridium oxide, leading to lower costs for green hydrogen. Using the 5 MW base
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alkaline water electrolysis and the PEM water electrolysis, AEMWE cost for 10 years of
operation will be about 3 billion yen, which is 300 million yen less than the two water
electrolysis. In addition, AEMWE is a recently conceived water electrolysis method,
which is a promising market for future growth on a global scale towards a carbon neutral
society. However, like the AEMFC, the AEMWE consumes water and involves a reaction
to produce water, so water management is still an issue. Also, in AEMWE, there is a
problem that the product gas inhibits the water electrolysis reaction, which increases the
diffusion overvoltage and reduces the efficiency. It is clear that the technology and

knowledge developed in AEMFC will be useful in addressing these issues.

 (DStable power : supplied for demands directly
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Figure 4-5. Hydrogen energy system.
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