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Abstract

Studies on the Performance of Polymer
Electrolyte Membrane Fuel Cell with Porous Flow

Field

Dong Gyun Kang
Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Polymer electrolyte membrane fuel cell (PEMFC) system generates electricity by
using electrochemical reactions of oxygen and hydrogen. It has been in the spotlight
for many years as an alternative eco-friendly energy system because it produces only
pure water as a by-product. However, there are still several challenges to apply PEMFC
technology into practice. Among several challenges, it is significant to have higher
performance and efficiency of the fuel cell system. In order to improve the performance

of'the fuel cell system, electrochemical losses should be minimized. One of the methods



to reduce these electrochemical losses is re-designing the flow field in the fuel cell.
Therefore, many researches about designs of flow fields in the fuel cell have been
performed, and there are several types of flow fields such as parallel flow field,
serpentine flow field, porous flow field, and other 3D structures.

In this study, the performance of the PEMFC with porous flow field was
investigated. Metal foam flow field was used as the flow distributors in the cathode side
of the fuel cell. Frist of all, performance change under various severe operating
conditions for the PEMFC using metal foam flow field was scrutinized. Accelerated
stress tests with and without load cycle were designed to investigate both mechanical
degradation and electrochemical degradation of the fuel cell with metal foam flow field.
In addition, the performance degradation of the fuel cell with conventional serpentine
flow channel was examined to compare the differences between them. The performance
responses of two fuel cells with serpentine flow channel and metal foam flow field were
also compared under harsh operating conditions such as extremely low stoichiometric
ratio and relative humidity values. The performance degradation rate of the fuel cell
with metal foam flow field was slightly larger than that of the fuel cell with serpentine
flow channel. However, the fuel cell with metal foam flow field showed still higher
performance than that with serpentine flow channel after performance degradation.
Furthermore, the fuel cell with metal foam flow field showed higher air utilization rate

and better water management in low stoichiometric ratio and extremely low relative



humidity, respectively.

Secondly, several different metal foam flow fields with different porosity gradients
were introduced and used as flow distributors in the fuel cell. It is significant to have
locally non-uniform designs in the flow field since distributions of the current density,
temperature, gas, and water concentration are usually non-uniform along the flow path
in the PEMFC. Therefore, non-uniform porous flow fields were designed. By
evaluating and analyzing polarization curve, power curve, and electrochemical
impedance spectroscopy test results, it was verified that the tailored porosity gradient
in the metal foam flow field had positive effects on the performance of the fuel cell.
Maximum power density of the fuel cell with proper porosity gradient in the metal foam
flow field increased by 8.23% compared with the conventional metal foam flow field
without porosity gradient. Furthermore, the performance enhancement of the fuel cell
was examined in the system net power aspect, and the reasons of performance
enhancement of the fuel cell with proper porosity gradient were investigated.

Lastly, other application of using the metal foam in the fuel cell field was
introduced. Metal foam flow field was used as a novel way to improve the performance
of the air-cooled open cathode PEMFC. Metal foam flow field was used in the cathode
side of the planar unit fuel cell for the solution to conventional problems of the open
cathode fuel cell such as excessive water evaporation from the membrane and poor

transportation of air. Experiments were conducted, and the maximum power density of

iii



the fuel cell with metal foam increased by 25.1% compared with the conventional fuel
cell without metal foam. The open cathode fuel cell with metal foam has smaller ohmic
losses and concentration losses. In addition, the open cathode fuel cell with metal foam
prevents excessive water evaporation and membrane drying out phenomena, and it was
proven with numerical approach. Finally, the metal foam was applied to the air-cooled
open cathode fuel cell stack as well as the planar unit cell. The newly designed air-
cooled open cathode fuel cell stack with metal foam showed high maximum power

density as much as the open cathode planar unit cell with metal foam.

Keyword: Polymer electrolyte membrane fuel cell, Porous flow field,
Severe operating condition, Porosity gradient, Open cathode, Performance

enhancement

Identification Number: 2016-20645
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Chapter 1. Introduction

1.1 Background of the study

Polymer electrolyte membrane fuel cell (PEMFC) generates electricity by
using electrochemical reactions of oxygen and hydrogen. Since it produces only
pure water as a by-product, it has been renowned as an alternative eco-friendly
power generation system for the future. Therefore, it has been used in many
applications such as hydrogen electric vehicle, drones, residential, and
industrial power generation systems. Fig. 1.1 shows how it operates.

However, even though there are many potentials, there are still some
challenges needed to be solved to apply PEMFC technology into practice.
There are several issues such as durability, stability, system size and
performance and efficiency [1-3]. Therefore, many researchers have tried to
solve these problems.

Among several challenges, it is significant to scrutinize the performance
and efficiency of the fuel cell system. In order to meet the power needs of
current industry, higher performance and efficiency of the fuel cell systems are
required. Thus, there are many studies about minimizing electrochemical

reaction losses to improve the performance of the fuel cell. As shown in Fig.



1.2, there are three electrochemical losses in the fuel cell reaction, activation
loss, ohmic loss, and concentration loss. Activation losses are dominant at low
current density region, ohmic losses are major voltage drops at intermediate
current density region, and concentration losses mainly contributed to an over-
potential at high current density region. The main reasons of activation losses
are related to the rate of the interfacial oxygen reduction process, proton
conductivity with the catalyst layer, and oxygen permeability limitation within
the catalyst layer. Ohmic losses are highly related to the hydration of the
membrane, proton conductivity, and contact area of the electrode. Lastly,
concentration losses occur because of mass transport limitation due to the
oxygen depletion and flooding phenomena in the flow field [4]. Among several
methods to reduce these losses, re-designing the flow field in the fuel cell is one
of the effective way [5]. Therefore, many researchers have investigated the flow
field of the fuel cell to manage the gas diffusion and flooding phenomena in the
flow field. They asserted that the type of the flow field pattern highly impacts
the performance of the fuel cell [6-9]. Thus, novel 3D structured flow fields
have been developed by many researchers as flow distributors in the cathode

side of the PEMFC [10-13].
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1.2 Literature survey

1.2.1 Metal foam flow field as a flow distributor in the PEMFC

A metal foam flow field is one of those 3D flow field candidates, and many
researchers have used the porous metal foam as the flow field in the PEMFC.
Tseng et al. [14] researched the PEMFC with metal foam as flow distributor.
They used the metal foam as a flow field, and verified that PEMFC with metal
foam flow field showed higher performance than the fuel cell with serpentine
flow field. Shin et al. [15] also studied the effect of cell size in the metal foam
flow field. They argued that there are no ribs in the metal foam flow field, and
it has more enough space for gas and liquid water to flow. They also used
various metal foams with different cell sizes, and scrutinized the performance
difference between several metal foams with different cell sizes. Furthermore,
Tsai et al. [16] investigated the effects of flow field design on the performance
of the PEMFC with metal foam flow field. They showed that the convection is
weak at side corners of the metal foam flow field. Thus, they used multiple
inlets in order to effectively improve gas distribution in the metal foam flow
field. Ting et al. [17] studied effect of operational parameters on the

performance of PEMFC assembled with Au-coated nickel foam. They



concerned the parameters such as cell operating temperature, cathode
humidification temperature, and cathode gas stoichiometry.

In addition, some numerical analysis of the PEMFC using metal foam flow
field has been conducted. Kumar and Reddy [18] conducted modeling research
of PEMFC with metal foam in the flow field of the bipolar plates. They
developed three-dimensional, steady-state, numerical mass transfer single cell
model for PEMFC. Jo et al. [19] conducted numerical analysis for the effects
of metal foam properties on flow and water distribution in the PEMFC. They
used a two-phase PEMFC model, and numerically investigated the influence of
metal foam porous properties and wettability on the current density distribution
in the PEMFC. Jo et al. [20] also did numerical study on applicability of metal
foam as flow distributor in the PEMFC. They examined the fuel cell under
practical automotive operations with low humidification reaction gases. They
elucidated advantages of using metal foam as flow field through
multidimensional contours of flow velocity, species, and current density. In
addition, Saeedan et al. [21] did numerical thermal analysis of nano-fluid flow
through the cooling channels of a PEMFC filled with metal foam. Performance
enhancement in the cooling system by making the temperature distribution
uniform was examined.

There are several studies of using the porous metal foam in the high



temperature PEMFC. Tseng et al. [22] examined the performance of a high
temperature PEMFC with metal foam as the flow field. Effects of operating
temperature, stoichiometry, gas preheating temperature, and humidification on
cell performance were studied. Li and Sunden [23] studied three-dimensional
modeling of high temperature PEMFC with metal foams as flow distributor.
They numerically investigated the cell performance and transport
characteristics of high temperature PEMFC with metal foam flow field by a
three-dimensional and non-isothermal model. Furthermore, Agudelo et al. [24]
recently studied about the porous metal-based 3D-printed anode gas diffusion
layer (GDL) for high temperature PEMFC. They used the porous thin-walled
tubular elements made of 316L stainless steel as the anode GDL instead of
conventional carbon-based substrates.

Some researchers used the metal foam as coolant fluid distributor in the
PEMEFC. Afshari et al. [25] employed a three dimensional model to simulate
the fluid flow and heat transfer in cooling plates, and investigated the
capabilities of different coolant flow field designs including parallel, serpentine,
and metal foam.

Lastly, various studies about the metal foam flow field in the PEMFC are
also conducted in recent days. Wu et al. [26] recently investigated the

characterization of water management in metal foam flow field based the



PEMFC using in-operando neutron radiography. This study was performed to
provide clear evidence of how and where water is generated, accumulated, and
removed in the metal foam flow field using in-operando neutron radiography.
Weng et al. [27] researched effects of assembling method and force on the
performance of PEMFC with metal foam flow field. They investigated the
effects of the clamping force on the microstructures of GDL and metal foam,
various resistances, pressure drops, and cell performance. Afshari [28] also
recently conducted computational analysis of heat transfer in a PEMFC with
metal foam flow field. A 3-D model was considered and a set of equations with
electrochemical kinetics were developed and numerically solved. The author
compared two fuel cells with metal foam flow field and parallel channel. In
addition, Liu et al. [29] lately researched the performance improvement of
PEMFC with compressed nickel foam as flow field structure. They used several
nickel foams with different thicknesses, and it’s operating parameters were

optimized to improve the performance of PEMFC.



1.2.2 Performance degradation and durability of the PEMFC

The lifetime of the PEMFC system is important to commercialize the fuel
cell technology. Thus, the researches about performance degradation and
durability of the fuel cell are meaningful.

There are several researches about the performance degradation and
durability of the PEMFC in terms of catalyst, membrane types, operating
temperature, and hydrogen crossover. Nagahara et al. [30] studied the impact
of air contaminants on PEMFC performance and durability. The impact of air
contaminants such as sulfur compounds and nitrogen compounds was
examined in this study. Yu et al. [31] conducted in-situ analysis of performance
degradation of a PEMFC under non-saturated humidification. They had a 2700
hour life test of a fuel cell with Nafion 112 membrane under non-saturated
humidification. They studied the degradation mechanism with in-situ
measurements of hydrogen crossover rate through the membrane and
electrochemical active surface area of Pt catalyst. In addition, Wang et al. [32]
conducted durability studies on the performance degradation of Pt/C catalysts
of the PEMFC. The fuel cell had been operated for 2250 hour, and
electrochemically active specific areas of both electrode catalysts were
calculated from CV curves. The decay rate of electrochemically active specific

areas of anode catalyst was much lower than that of cathode one. Yu et al. [33]



also researched PtCo/C cathode catalyst for improve durability in the PEMFC.
They evaluated the durability of PtCo/C cathode catalyst in a dynamic fuel cell
environment, and the overall performance loss of the PtCo/C membrane was
less than that of the Pt/C membrane.

There are also many researchers who investigated the performance
degradation and durability of the PEMFC during fuel cell start and stop
processes. Jo et al. [34] studied effects of a hydrogen and air supply procedure
on the performance degradation of the PEMFC. They scrutinized effects of the
procedure involving hydrogen and air supplies during the start-up process on
the long-term stability. Kim et al. [35] also researched effects of cathode inlet
relative humidity (RH) on PEMFC durability during startup-shutdown cycling.
They showed that the performance was better for the PEMFC cycled at a lower
cathode inlet RH rather than for those cycled at a higher cathode inlet RH.
Furthermore, Qi et al. [36] studied saw-tooth behavior of PEMFC performance
during shutdown and restart cycles. They investigated multiple reasons of saw-
tooth behavior such as catalyst surface oxidation state change, catalyst surface
cleansing, and water management. Kannan et al. [37] also examined long term
testing of start stop cycles on high temperature PEMFC stack. In this study,
continuous operation and more than 1500 start stop cycles had been conducted

in order to research the degradation effects of the PEMFC stack.
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There are also many studies about performance degradation and durability
of PEMFC using accelerated stress tests such as wet-dry cycles. Kang and Kim
[38] studied membrane electrode assembly (MEA) degradation by dry/wet gas
on a PEMFC. The gas injection time was 20 minutes and 5 minutes for dry gas
and wet gas, respectively. They showed that the performance of the fuel cell
decreased by 45.7% after 1200 wet/dry cycles. Wu et al. [39] also conducted
the degradation study of Nafion/PTFE composite membrane in PEMFC under
accelerated stress tests. They performed accelerated stress tests to study the
degradation mechanism of the MEA with intensive RH cycling and load cycling.
They could observe a long accelerated life for MEA with an edge protection
and a hot-pressing process. Sharma and Andersen [40] studied catalyst
degradation mechanisms during catalyst support focused accelerated stress test
for PEMFCs. They compared X-ray diffraction patterns of pre-accelerated
stress test and post accelerated stress test samples, and it suggested that
significant change in crystallite size during potential cycling between 1.0 and
1.6 voltage. Furthermore, Schonvogel et al. [41] researched the impact of
accelerated stress tests on high temperature PEMFC degradation. They used a
novel load cycling test using high current densities, and compared with a test
utilizing lower current densities. Accelerated stress tests were used to provoke

and investigate degradation mechanisms inside commercial high temperature
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proton exchange membrane electrode assemblies based on phosphoric acid
doped polybenzimidazole. Petrone et al. [42] investigated accelerated stress test
procedures for PEMFCs under actual load constraints. They proposed a new
accelerated stress test protocol based on adaptable load cycling, and it is
designed to develop a lifetime prediction model of PEMFCs. In addition, Park
et al. [43] performed durability analysis of Nafion/hydrophilic pretreated PTFE
membranes for PEMFCs. They evaluated the durability of a novel
Nafion/poly(tetrafluoroethylene) composite membrane using an accelerated
stress test. The accelerated degradation testing was performed by the wet-dry
gas cycling method. They evaluated the chemical and mechanical stability of
the membrane by scrutinizing the polarization curve, hydrogen crossover, and
proton resistance during wet-dry cycles.

Lastly, there are various studies about performance degradation and
durability of PEMFC which are conducted in recent days. Han et al. [44]
recently conducted experimental analysis of performance degradation of the
PEMFC stack under dynamic load cycle. This study analyzed the durability of
a 3 cell short stack under dynamic load cycle conditions. The results showed
that the recovery protocol could return the performance of the fuel cell at a low
and a middle current density region, but it was hard to recover the performance

at a very high current density region. Zheng et al. [45] also researched design
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of gradient cathode catalyst layer structure for mitigating Pt degradation in
PEMFCs using mathematical method. They showed that larger Pt particle s near
the MEA greatly mitigate the degradation of cathode. Thus, this study revealed
that gradient design of particle size and Pt loading provided high durability for
the PEMFC. In addition, Liu et al. [46] studied anode purge management for
hydrogen utilization and stack durability improvement of PEMFC systems.
They proposed an anode purge strategy, and the experimental results showed
that the proposed anode purge strategy increased the hydrogen utilization rate
of the PEMFC system and highly prolonged the purge interval. Garcia-Sanchez
et al. [47] also lately investigated local impact of load cycling on degradation
in PEMFCs. In this work, durability tests were performed using different load
cycling ranges. They argued that performance losses were highly linked with

inhomogeneous current density distributions.
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1.2.3 Air-cooled open cathode PEMFC

Air-cooled open cathode PEMFC is useful to be applied to portable
devices. This is because the cathode side of that PEMFC is open, and ambient
air is used for not only the consumption of oxygen, but also cooling the fuel
cell stack. Thus, additional air supply and water cooling systems are not needed
in order to operate the fuel cell. Since it also uses moisture in the ambient air to
humidify the membrane, additional humidification system is not needed either
[48]. Therefore, it only needs hydrogen supply system. This is why it is possible
to be a small and compact fuel cell system, and it is a powerful candidate to be
applied to portable electronic devices in the future.

However, there are still some problems needed to be solved. Air-cooled
open cathode PEMFC shows relatively lower performance than the PEMFC
with air supply system, humidification system and water cooling system due to
poor transportation of air in the cathode side [49]. It also has some issue of
water management. It is challenging that balancing water in the cathode side of
the membrane because of lack of controlling ambient conditions. The
membrane tends to dry out at high temperature and low humidity ambient
conditions [50]. Thus, preventing from excessive water evaporation and
membrane dehydration is significant, otherwise, ohmic losses would highly

increase [51].
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Many researchers have studied to find solutions to those problems in many
different ways. Ying et al. [52] researched effects of cathode channel
configurations on the performance of an air-breathing PEMFC. They optimized
cathode flow field design through developing a mathematical model. Tabe et al.
[53] also studied effects of cathode separator structure on performance
characteristics of free breathing PEMFCs. They used two types of cathode
separators, an open type with parallel rectangular open slits and a channel type
with straight vertical channels with open ends. As a result, the fuel cell with
open type cathode separator showed worse performance than that with channel
type cathode separator. Furthermore, Zhao et al. [54] performed experimental
and theoretical studies on improving the operating characteristics of an open
cathode PEMFC stack by generating periodic disturbances at anode. In this
study, hydrogen could be intermittently supplied from the anode outlet to the
stack under the mutual cooperation of two solenoid valves, in addition to the
conventional anode inlet. The results showed that the new mode could generate
periodic disturbances in the anode side, which leads to the performance
enhancement of the fuel cell stack. Strahl et al. [55] conducted experimental
analysis of a degraded open cathode PEMFC stack. They examined the
degradation mechanisms of open cathode PEMFC systems and the performance

degradation of the fuel cell. They investigated and analyzed the degraded open
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cathode stack by means of in-situ and ex-situ methods. In addition, Silva et al.
[56] researched characterization of MEA degradation for an open air cathode
PEMFC. They investigated the MEA degradation during and after specified fuel
cell aging testing conditions of load cycling which are related to the durability
of the catalyst. Ou et al. [57] also studied performance increase for an open
cathode PEMFC with humidity and temperature control. They installed bubble
humidifier and fan to control the humidity and temperature. The results showed
that the optimal operating conditions of relative humidity and cell temperature
made the performance of the fuel cell improve. Rosa et al. [58] researched high
performance PEMFC stack with open cathode at ambient pressure and
temperature conditions. They considered various operating conditions such as
cell temperature, air flow rate, and hydrogen pressure and flow rate. Thus, in
this study, the authors investigated performance change of the fuel cell under
various operating conditions, and examined how these operating conditions
affected the fuel cell performance. Lopez-Sabiron et al. [59] designed and
developed the cooling system of a 2 kW nominal power open cathode PEMFC
stack. They developed theoretical model which included the electrochemical
behavior, and the heat and mass transfer processes in order to design the cooling
system of an air-forced open cathode PEMFC stack. The results could be used

in the design of a dynamic and optimum cooling system. Schmitz et al. [60]
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scrutinized the influence of cathode opening size and wetting properties of
diffusion layers on the performance of air-breathing PEMFCs. They
investigated the influence of varying cathodic opening sizes (33%, 50%, and
80% opening ratios) and the influence of different wetting properties in GDLs.
They used GDLs with hydrophobic and hydrophilic properties, and examined
the performance change of the fuel cell.

Lastly, there are several researchers who studied about air-cooled open
cathode PEMFCs in recent days. Zhao et al. [61] lately performed
comprehensive anode parameter study for an open cathode PEMFC. They
emphasized the importance of anode operating parameters for the performance
of an air cooled open cathode PEMFC. They determined desirable anode
operating parameters for the optimum fuel cell performance considering the
effects of hydrogen pressure, temperature, relative humidity, and stoichiometry
ratio. Zhao et al. [62] also designed optimal cathode flow channel for air cooled
PEMFC with open cathode. They argued that the desirable parameters of the
cathode channel are very significant factors to impact the performance of the
fuel cell. In this study, several cathode channels with different width, depth, and
bending were used to optimize the performance of the fuel cell and temperature
distribution. In addition, Baik and Yang [63] recently developed multi-hole

separators for the cathode flow channel of open cathode PEMFC. They
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introduced a novel separator with a multi-hole structure for an open cathode
PEMFC stack. The open cathode fuel cell stack with multi-hole structure
showed better performance at high current density region, and standard
deviation of the fuel cell with multi-hole separator showed more uniformity.
Vichard et al. [64] also studied long term durability of open cathode PEMFC
system under actual operating conditions. The purpose of this study is
understanding of the degradation mechanisms of the commercial 1 kW open
cathode PEMFC system. They investigated the effects of ambient temperature

on the performance and degradation of the fuel cell system.
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1.3 Objectives and scopes

The performance and efficiency of the PEMFC system are significant in
order to meet the power need of current industries. Among several methods to
have a higher performance of the fuel cell system, the type of flow fields in the
cathode side is one of key factors. In this study, a porous metal foam flow field
was used as the flow distributor in the cathode side, and the performance of the
PEMFC with the metal foam flow field was investigated.

In chapter 2, performance change under various severe operating
conditions for the PEMFC with metal foam flow field was examined. In several
previous researches, it was verified that the PEMFC with metal foam flow field
showed higher maximum power density rather than the conventional PEMFC
with serpentine flow channel under normal operating conditions. However, the
comparative study about durability and performance degradation of two fuel
cells with metal foam flow field and serpentine flow channel does not exist.
Furthermore, there were few researches about performance change under harsh
operating conditions such as extremely low RH values and low stoichiometric
ratio (SR) numbers for the fuel cell with metal foam flow field. Thus, this
research performed substantial experimental studies in order to scrutinize the
performance degradation and durability of the fuel cell with metal foam, and
the performance change under various severe operating conditions.
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In chapter 3, metal foam flow fields with porosity gradients in the PEMFC
were studied. In general, current density, temperature, oxygen concentration,
and liquid water distribution are not uniform along the flow path in the cathode
side of the PEMFC. Considering these general phenomena in the flow field of
the fuel cell, it is significant to make them more uniform, and finally make the
performance of the fuel cell improve. Therefore, several non-uniform porous
flow fields with different porosity gradients were designed. In this study, the
effects of porosity gradient in the metal foam flow field on the performance of
the fuel cell were investigated. In addition, the effects of porosity gradient
direction in the metal foam flow field were examined, and this study verified
proper porosity gradient in the metal foam could make the performance of the
fuel cell enhance rather than the conventional uniform metal foam without
porosity gradient.

In chapter 4, the metal foam flow field was applied to the air-cooled open
cathode PEMFC. Air-cooled open cathode PEMFC has great advantages in
terms of compact system size. It uses oxygen and moisture in the ambient air to
supply oxygen in the cathode side and humidify the membrane. It also uses
ambient air to cool down the fuel cell stack. Thus, it does not need any
additional air supply system, humidification system, and cooling system.

Therefore, it has high potential for a substitute of the lithium-ion battery or
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other secondary batteries in the future. However, it still has some problems
needed to be solved such as poor oxygen transportation and poor water
management on the membrane. In this research, inserting the metal foam flow
field in the cathode side was introduced as a novel solution to the conventional
problems of the air-cooled open cathode PEMFC. This study introduced other
application of using the metal foam in the fuel cell field, and performance
enhancement of the air-cooled open cathode PEMFC with inserting metal foam
in the cathode side was examined.

In chapter 5, a research conclusion of the study was written, and lessons

learned from this study were following.
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Chapter 2. Performance change under various
severe operating conditions for the PEMFC with

metal foam flow field

2.1 Introduction

Several researches about performance of the fuel cell with metal foam flow
fiend under normal operating conditions exist. However, it is hard to operate
fuel cell under normal operating condition in some situations likewise
extremely cold and dry weather, or fuel limitation. Therefore, even though
many researchers verified that the maximum power density of the fuel cell with
metal foam was higher than the fuel cell with conventional serpentine flow
channel under general operating conditions, performance change and
degradation of the fuel cell under various severe operating conditions are
needed to be investigated.

In this chapter, performance degradation and changes under severe
operating conditions for the PEMFC using metal foam flow field were
experimentally studied. Two different accelerated stress tests under severe

operating conditions were performed to examine the degradation of the fuel cell.
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The performance degradation of the fuel cell with not only metal foam flow
field, but also conventional serpentine flow channel was scrutinized for the
comparative studies. The performance degradation of the fuel cell was
investigated after accelerated stress test cycles by evaluating the polarization
curves and power curves. In addition, electrochemical impedance spectroscopy
(EIS) tests were conducted to examine the electrochemical loss changes after
accelerated stress tests. Furthermore, the MEA was observed from scanning
electron microscopy (SEM), after the fuel cell was disassembled. Two SEM
images, MEA image from the fuel cell with serpentine flow channel and MEA
image from the fuel cell with metal foam flow field, were compared, and the
differences between them were investigated.

Lastly, performance changes for the fuel cells under various severe
operating conditions such as low SR and low RH were examined. There are
various benefits to operate the fuel cells in low SR number and RH value
conditions. However, the performance of the PEMFC generally decreases as
SR number and RH value becomes lower. As SR number decreases, the
concentration losses would become higher and flooding phenomenon
negatively affects more the performance of the fuel cell [65]. Furthermore, the
ohmic losses would become higher, as RH value of supplied gases decreases

[66]. Thus, different performance responses of two fuel cells with using

23



different flow fields under harsh operating conditions were investigated. This
study scrutinized how the type of flow fields in the fuel cell affected the

performance change under harsh operating conditions.
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2.2 Preparation for experiment

2.2.1 Experimental apparatus

A single cell of PEMFC consists of several components such as MEA,
GDLs, gaskets, cathode and anode bipolar plates with flow fields, and end
plates. Fig. 2.1 shows the single fuel cell which was used in this study. Fig. 2.1
shows the fuel cell with metal foam flow field in the cathode side and serpentine
flow field in the anode side. The conventional fuel cell has serpentine flow
fields in both cathode and anode side. Therefore, the only difference between
the conventional fuel cell and the fuel cell with metal foam flow field is the type
of flow field in the cathode side. The same types of the MEA, GDL, and Teflon
type of gasket were used in all experiments for the proper comparison between
two fuel cells with serpentine flow field and with metal foam flow field. The
metal foam flow field was inserted only in the cathode side because gas
depletion and flooding phenomenon are usually dominant in the cathode side
rather than the anode side. Thus conventional serpentine flow field was used in
the anode side. Furthermore, the active area of the fuel cell was 25 cm? (5cm x
Scm). The MEA was composed of Nafion-211, and catalyst layer treated as 0.45

mg/cm? for both cathode and anode side. High crystalline carbon black was
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used for Pt/C. The GDL (Sigracet 39BC) was a non-woven carbon paper type
with micro porous layer (MPL). The carbon powder in MPL was carbon black
powder & PTFE 23wt%. Lastly, serpentine flow field is made from carbon. The
specification of the serpentine flow field is shown in Table 2.1.

In addition, entering gases of hydrogen gas and air were supplied to the
fuel cell system by controlling mass flow controllers. Both gases were 100%
fully humidified through the bubblers, and RH values of supplied gases were
regulated by controlling the temperature of humidifiers. The accuracy of RH
values was monitored by using humidity & temperature transmitter (MHT337,
Vaisala). Furthermore, the hydrogen gas with 99.999% purity was supplied to
the fuel cell. The current and voltage were measured by using an electric loader
(PLZ1004W, Kikusui) for the evaluation of the fuel cell performance. EIS test
was also conducted by using an impedance meter (KFM2150, Kikusui).
Thermocouples (T-type, Omega) were used to measure the temperature of the
fuel cell, humidifiers, and entering gases. Lastly, differential pressure between
the fuel cell inlet and outlet was measured by using differential pressure
transmitter (DPDHOO010R, Sensys). Basic schematic of the experimental setup
is shown in Fig. 2.2. Lastly, Table 2.2 shows the range and accuracy of all

equipment measuring in this study.

26



Cathode Bipolar
end plate  plate

\

Metal
foam

GDL

Serpentine

bipolar plate
MEA P P

Anode
end plate

Fig. 2.1 Single fuel cell with metal foam flow field in the cathode side

[83]

27



Impedance Meter == @

Electronic

Air Mass P Load
Flow
Controller
catose [TTTIL an
Bubbler
Humidifier
Cathode
Outlet

ode
Inlet

g
I H, Mass
— Flow

Bubbler

Humidifier

Controller

Anode
Outlet

Fig. 2.2 Schematic of experimental setup

28



Table 2.1 Specification of serpentine flow field

Types of channel Serpentine flow
Parameter channel
Channel width (mm) 1
Inlet channel depth (mm) 0.9/06
Outlet channel depth (mm) 0.9/0.6
Rib width (mm) 0.9
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Table 2.2 Measuring range and accuracy of apparatus

Type of apparatus Range Accuracy
Mass flow controllers +0.5% Rd plus £0.1%
0~1 Lpm
(H2) FS
Mass flow controllers +0.5% Rd plus £0.1%
) 0~2 Lpm
(Air) FS
Humidity & temperature
0~100% +0.3°C (at 60°C)
transmitter
Thermocouples -200~350°C +0.3°C
Differential pressure
0~20 kPa +0.5%
transmitter
0~150V
Electric loader +(0.2% +0.1% FS)
0~200 A
Impedance meter 0.0001~9.9999 O +(0.3% +0.3% FS)
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2.2.2 Experimental conditions

Table 2.3 shows the experimental conditions for this study. The operating
temperature was fixed at 60°C, and operating pressure, SR number, and RH
values were various.

Cell size of the metal foam used in this study is 800 pm, and the porosity
is about 94%. Cell size means the big polygonal opening diameter in the metal
foam. The metal foam was made from nickel and coated by gold with 2 um
thickness. Two hundred times magnified metal foam picture is shown in Fig.
2.3. The picture was taken by using a digital microscope (Dino-Lite,
AM4113T5X). The thickness of the metal foam is 1 mm and it was inserted
into the 0.9 mm depth bipolar plate of the cathode side. Therefore, as the fuel
cell was assembled, the metal foam was compressed to the 0.9 mm.

Lastly, one experimental case was repeated three times, and it was verified
that the data values showed reproducibility every time. The result data in the

figures was the average values of three repeated tests.
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Table 2.3 Experimental conditions

Parameter Value

T (°C) 60

SRan 1.5

SRca 1.25/1.5/1.75/2.0
RH.n (%) non-humidified / 50%/ 100%
RHe. (%) non-humidified / 50%/ 100%
Pan (bar) 1/1.5/2
Pca (bar) 1/1.5/2
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Fig. 2.3 Magnified picture of the metal foam
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2.3 Various severe operating conditions

2.3.1 Accelerated stress test without load cycle

In this study, an accelerated stress test without load cycle was introduced
to investigate mainly mechanical degradation of the membrane. This
accelerated stress test consists of harsh operating conditions which are wet-dry
cycles. 100% fully humidified wet air and wet hydrogen gas were supplied to
the fuel cell for 2 minutes, and then non-humidified dry air and dry hydrogen
gas were supplied to the fuel cell for another 2 minutes. Therefore, it was
designed to switch often for wet-dry cycles to have mechanical degradation
dominantly. The wet-dry cycles were switched every 2 minutes because 2
minute switch was judged to be proper and often enough to examine the
performance degradation of the fuel cell after several trials and errors.

Before starting the test, the polarization curve and power curve were
measured, and EIS tests were performed to see the initial performance of the
fuel cell. Then, these wet-dry cycles had been repeated for 432 hours (18 days)
in total. In addition, polarization curves and power curves were kept
continuously measuring after every 144 hours (6 days) of cycles. The EIS tests

were also conducted after 432 hours (18 days) of the accelerated stress test to
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see the difference from the initial EIS test result. The fuel cell could be impacted
mechanically by the wet-dry cycles, as the membrane keeps repeating to shrink
and expand because of entering wet gas and dry gas. This phenomenon induces
the mechanical degradation on the membrane such as MEA tears, cracks,
catalyst thinning and delamination [67-69]. This accelerated stress test was
performed for the conventional fuel cell with serpentine flow field and the fuel
cell with metal foam flow field in the cathode side. Then, the differences of the
performance degradation between them were examined. In this test, the mass
flow rate of the entering gases was fixed as much as the amount required for

loading 1 A/cm? with SR of 1.5 and 2.0 for hydrogen gas and air, respectively.
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2.3.2 Accelerated stress test with load cycle

An accelerated stress test with load cycle was also conducted under harsh
operating conditions in order to scrutinize not only mechanical degradation, but
also electrochemical degradation of two fuel cells with conventional serpentine
flow field and metal foam flow field. The accelerated stress test with load cycle
consists of 60 minutes of open circuit voltage (OCV), and 30 minutes of load
cycle. Dry gases had been supplied for both anode and cathode sides for 30
minutes, and wet gases had been supplied for another 30 minutes during 60
minutes of OCV cycle. In 30 minutes of load cycle, wet gases had been supplied
for both anode and cathode side, and fuel cell had been operated for 10 minutes
under 0.32 A/cm?, 0.64 A/cm?, and 0.96 A/cm?, respectively. It was designed to
have the electrochemical degradation dominantly rather than the mechanical
degradation.

Likewise, this accelerated stress test with load cycle had been kept
repeating for 432 hours (18 days) in total. The initial performance of the fuel
cell was measured by evaluating the polarization curve, power curve, and EIS
test results before starting the accelerates stress test with load cycle. The
performance of the fuel cell was also kept evaluating every 144 hours (6 days)
of cycles. Finally, EIS test was performed again after 432 hours (18 days) of

the cycles to investigate the differences from the initial EIS test result. The mass
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flow rate of the supplied gases was fixed as the same amount as the mass flow
rate in the accelerated stress test without load cycle. This test was performed
for the fuel cell with serpentine flow field and the fuel cell with metal foam
flow field to compare the differences between them.

The PEMFC is generally considered to have quite long life time in the
stable and normal operating conditions. Thus, investigating the performance
degradation under severe operating conditions is worthwhile. In general, the
durability of the fuel cell highly depends on the performance of the MEA, and
the performance of the MEA usually decreases under severe operating
conditions. Therefore, the performance of the fuel cell normally decreases when
it exposes to the harsh conditions, and the number of exposed times to harsh
conditions depends on the fuel cell users and circumstances of use of fuel cells.
Thus, it is hard to compare the exact life time between standard operating
conditions and harsh operating conditions. However, it is argued that wet-dry
gas cycles in accelerated stress tests could match the start-stop cycles in
standard life time. In real life, the membrane degradation occurs, as the
membrane shrinks and expands when the fuel cell is operated to start and stop.
Therefore, one time switch from wet gas to dry gas in accelerated stress tests in

this study denotes one time of start of fuel cell system in real life.
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2.3.3 Low SR and RH operating conditions

Lastly, the experiments were conducted under low SR number and
extremely low RH value to study the performance responses of the fuel cell
under various severe operating conditions. As mass flow rate of air increases,
power consumption of the balance of plants (BOPs) becomes higher. Thus, it is
desirable to operate the fuel cell system under low SR number for the high
efficiency of the system. However, as the SR number decreases, the
performance of the fuel cell usually decreases [70]. Therefore, this study
investigated the performance responses of the fuel cell with metal foam flow
field under low operating SR number. In this study, the SR number was changed
only in the cathode side because the reaction rate of oxygen reduction is far
slower rather than that of hydrogen oxidation [71].

The experiments were also performed under extremely low RH operating
condition. In order to humidify the entering gases, humidifiers are generally
used in the PEMFC system. This is because the performance of the fuel cell
becomes worse as the RH value of the entering gases decreases due to the
increase of ohmic losses [72, 73]. However, the humidifier used in the fuel cell
system is not small size, and it is significant to reduce the size of the PEMFC
system because of the limited space of the fuel cell application such as hydrogen

electric vehicle. Thus, operating the system under non-humidified condition
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without any humidifier in the fuel cell system is quite tempting operating
conditions. Therefore, the performance responses of the fuel cell with metal
foam flow field under almost 0% relative humidity value were examined in this

chapter.
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2.4 Results and discussion

2.4.1 Performance degradation of the fuel cell after accelerated

stress test without load cycle

2.4.1.1 Polarization curve and power curve

The performance of each fuel cell is shown in Fig. 2.4 and 2.5. Fig. 2.4
shows the performance degradation of the fuel cell with serpentine flow field,
and Fig. 2.5 shows the performance degradation of the fuel cell with metal foam
flow field. It was easily checked that the initial performance of the fuel cell with
metal foam flow field was higher than that of the fuel cell with serpentine flow
field. Furthermore, both fuel cells showed performance degradation with the
accelerated stress test. Considering that the only difference between two fuel
cells is the type of flow field in the cathode side, this study could investigate
how the metal foam flow field did impact the durability of the fuel cell
compared with the serpentine flow field. In Fig. 2.4, maximum power density
of the fuel cell with serpentine flow field decreased by 21.0% after 432 hours
(18days) of accelerated stress test without load cycle, otherwise the maximum
power density of the fuel cell with metal foam flow field decreased by 30.1%.

The fuel cell with metal foam flow field had bigger performance degradation
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rate than that with serpentine flow field. However, the maximum power density
of the fuel cell with metal foam flow field after the accelerated stress test is still
higher than that of the fuel cell with serpentine flow field. The performance
degradation test was stopped after 432 hours (18 days) of test cycles since it
was enough to examine the differences between two fuel cells. In addition, it
was judged that more accelerated stress tests were not needed on the fuel cell
to investigate the performance degradation. This is because energy efficiency
of the fuel cell with serpentine flow field already became too low to meet the
requirement of the current fuel cell energy industries after 432 hours (18 days)

of the accelerated stress test cycles.

2.4.1.2 Electrochemical impedance spectroscopy (EIS)

Secondly, EIS test results are shown in Fig. 2.6 and 2.7. EIS test is a widely
well-known method to investigate the electrochemical reaction losses in the
fuel cell. The impedance spectra were recorded while the frequency was swept
from 4,000 Hz to 1.2 Hz with 32 moving average. In addition, measuring AC
current was fixed at 10% of the DC current magnitude. It was performed at 0.32
A/cm? and 0.64 A/cm? to see the factors of the performance degradation.
Performance degradation represents that electrochemical losses become larger.

Thus, the reasons of the bigger performance degradation rate of the fuel cell
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with metal foam were investigated with EIS tests. In the Fig. 2.6 and 2.7, the
intersection between x-axis and y-axis denotes the ohmic losse which
represents high frequency resistance (HFR). In addition, the arc at high
frequency is attributed to the charge transfer resistance which denotes the
activation loss. Lastly, mass transfer resistance is represented as an arc at low
frequency, and this stands for the concentration loss in the fuel cell [74]. As
shown in the Fig. 2.6 and 2.7, the charge transfer resistance increased for both
fuel cells with serpentine flow field and metal foam flow field after 432 hours
(18 days) of accelerated stress test. On the other hand, the high frequency
resistance slightly increased only for the fuel cell with metal foam flow field,
while the high frequency resistance of the fuel cell with serpentine flow field
did not change. The reason of this phenomenon is highly related to the cracks
and tears on the MEA due to the metal foam. The MEA was more compressed
by the metal foam flow field rather than the carbon serpentine flow field when
the fuel cell was assembled. Furthermore, in general, high frequency resistance
is not very sensitive characteristic for degradation of the PEMFC. This is
because chemical degradation can cause membrane thinning that leads to not
only smaller lower resistance, but lower proton conductivity, which can offset
the effects each other. Furthermore, corrosion products from oxidation of the

metal can have larger effect on the total resistance [68]. Therefore, the high
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frequency resistance slightly increased only for the fuel cell with metal foam
flow field since oxidation occurred in the metal foam flow field after the
accelerated stress test. Thus, the fuel cell with metal foam flow field had bigger
performance degradation rate. These phenomena are covered more in SEM

image comparison section later in this paper.
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2.4.2 Performance degradation of the fuel cell after accelerated

stress test with load cycle

2.4.2.1 Polarization curve and power curve

The performance degradation of two fuel cells after the accelerated stress
test with load cycle was shown in Fig. 2.8 and 2.9. The maximum power density
of the fuel cell with serpentine flow field decreased by 11.5%, otherwise the
maximum power density of the fuel cell with metal foam flow field decreased
by 24.7%. Again, it was easily checked that the performance degradation rate
of the fuel cell with metal foam was bigger than that with serpentine flow field.
Thus, this study shows that the fuel cell with metal foam flow field had bigger
electrochemical degradation rate as well as mechanical degradation rate.
However, like accelerated stress test without load cycle case, the maximum
power density of the fuel cell with metal foam flow field after the accelerated
stress test with load cycle is still higher than that of the fuel cell with serpentine

flow field.

2.4.2.2 Electrochemical impedance spectroscopy (EIS)
The EIS test results are shown in Fig. 2.10 and 2.11. Again, it was
performed at 0.32 A/cm? and 0.64 A/cm?. The initial performance is represented

by the line with circle marks, and the performance after the accelerated stress
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Fig. 2.8 Performance degradation of the fuel cell with serpentine flow

field after accelerated stress test with load cycle;

(a) polarization curve (b) power curve
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test with load cycle is represented by the line with square marks. The charge
transfer resistance increased for both fuel cells, while the high frequency
resistance slightly increased only for the fuel cell with metal foam flow field.
These are exactly the same results as the accelerated stress test without load
cycle case. The reasons of bigger electrochemical degradation rate of the fuel
cell with metal foam flow field are highly related to the OCV and electric
loading. OCV and electric loading induce MEA degradation by generating
hydrogen peroxide, which provokes chemical decomposition of the MEA [75,
76]. As it was mentioned above, metal foam flow field makes more cracks and
tears on the membrane. Thus, more gas crossover occurs through the cracks on
the membrane during OCV and electric loading, which leads to generate more
hydrogen peroxide [77, 78]. Furthermore, oxidation occurred in the metal foam
flow field after the accelerated stress test. Hence, the electrochemical
degradation rate of the fuel cell with metal foam flow field was bigger than that
of the fuel cell with serpentine flow field. However, the maximum power
density of the fuel cell with metal foam was still higher than that of the fuel cell
with serpentine flow field after the accelerated stress test. Thus, there was no
performance overlapping node between two fuel cells. The fuel cell with metal
foam still had smaller Warburg impedance after the accelerated stress test

compared with the conventional fuel cell. This shows why the overall
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performance of the fuel cell with metal foam flow field still higher than that
with serpentine flow field even after the accelerated stress tests. Therefore,
although the performance degradation rate is a little bit bigger for the fuel cell
with metal foam flow field, it is still better use the metal foam flow field as flow
distributor in the cathode side for the high performance fuel cell system rather

than the serpentine flow field.
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Fig. 2.10 Electrochemical impedance spectroscopy of the fuel cell with

serpentine flow channel after accelerated stress test with load
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2.4.3 Scanning electron microscopy image comparison

Two SEM images of each MEA, one from the fuel cell with serpentine
flow field and the other from the fuel cell with metal foam flow field, were
observed. The fuel cell was disassembled after the accelerated stress test with
load cycle, and the SEM images of each MEA were taken. They were taken
after the GDL was taken apart from the MEA. Cathode side top views of the
each MEA are shown in Fig. 2.12 and 2.13. The image of the MEA from the
fuel cell with serpentine flow field is shown in the Fig. 2.12, and the image of
the MEA from the fuel cell with metal foam flow field is shown in the Fig. 2.13.
Each SEM image was investigated, and it was verified that there were more
cracks and tears on the MEA from the fuel cell with metal foam flow field
compared with the MEA from the fuel cell with serpentine flow field. This is
because of the structure of the porous metal foam, and the MEA was more
compressed when the fuel cell was assembled. These cracks and tears on the
MEA, shown in Fig. 2.12 and 2.13, increased charge transfer resistance and
high frequency resistance since they are not covered with Pt catalyst. These also
induced more gas crossover phenomenon. An energy dispersive spectroscopy
(EDS) test was conducted, and it could be checked that these cracks and tears
on the MEA were not covered with Pt catalyst and they mainly consisted of

fluorine. The test results of the EDS are also shown in Fig. 2.12 and 2.13. In
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these figures, (a) is the original SEM image, and (b) shows the region with pink
color where the main composition is carbon, (c) indicates the distribution of the
Pt catalyst loading, and lastly (d) displays the region with green color where the
main composition is fluorine. Carbon material came from the GDL, and
fluorine came from the Nafion-211 composition. The area ratio of the fluorine
over the entire picture area was measured for the quantitative comparison.
Fluorine distributed area ratio over the entire picture area is about 5.7% in the
Fig. 2.12 (d), while the fluorine distributed area ratio is about 7.9% in the Fig.
2.13 (d). Therefore, it was verified that there were more cracks which were not
covered with Pt catalyst on the MEA from the fuel cell with metal foam flow
field. Thus, the main reason of the bigger performance degradation of the fuel
cell with metal foam flow field is because of physical and mechanical factors
of the metal foam flow field. It may be adjusted by controlling the compression
torque of the fuel cell for the future works. Controlling the compression torque
of the fuel cell with metal foam flow field might be helpful to enhance the
durability. Lower compression torque of assembling fuel cells might induce less
cracks on the MEA. However, it also might lead to higher ohmic losses due to
less contact area. Therefore, it is better to find out the optimized controlling
torque of the fuel cell with metal foam flow field in order to have great

durability as well as high maximum power density. Thus, adjusting and
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optimizing controlling torque of assembling the fuel cell with metal foam could

be one possible solution to enhance the durability of the fuel cell.

57



(@ (b)

(c) (d)
Fig. 2.12 SEM image and EDS images of the MEA from the fuel cell

with serpentine flow field; (a) SEM image (b) distribution of
carbon (c¢) distribution of Pt catalyst (d) distribution of

fluorine
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(@) (b)

(c) (d)
Fig. 2.13 SEM image and EDS images of the MEA from the fuel cell

with metal foam flow field; (a) SEM image (b) distribution of
carbon (c¢) distribution of Pt catalyst (d) distribution of

fluorine
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2.4.4 Performance change under low SR number and RH value

Experiments were conducted to see the effects of low cathode SR number
on the performance of the fuel cells with serpentine flow field and metal foam
flow field. The operating temperature was fixed at 60°C. Both anode and
cathode RH values were fixed at 50% in these tests. The results are shown in
Fig. 2.14 and 2.15. The performance of the fuel cell with serpentine flow field
gradually decreases as the cathode SR number gradually decreases from SR
number 2 to 1.25. However, the performance of the fuel cell with metal foam
flow field did not decline much until cathode SR number reached 1.25. These
results mean that the fuel cell with metal foam flow field has higher air
utilization rate. In addition, oxygen depletion in the flow path occurred less
under relatively low SR number rather than the fuel cell with serpentine flow
field.

Furthermore, experiments were performed to check the effects of
extremely low RH value on the performance of the fuel cell with metal foam
flow field. In this test, the operating temperature was fixed at 60°C, and the SR
numbers of anode side and cathode side were fixed at 1.5, and 2, respectively.
Non-humidified dry hydrogen gas and dry air were supplied to the anode and
cathode side for almost 0% RH value condition. In addition, the performance

of the fuel cell might be too low to conduct experiment, if the fuel cell operated
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under almost 0% RH value at atmospheric pressure. Thus, the experiments were
conducted under not only atmospheric pressure, but higher operating pressure
such as 1.5 bar and 2 bar for both anode and cathode sides. The results were
interesting. The fuel cell with serpentine flow field could not operate properly
with almost 0% RH value in any operating pressure conditions. Thus, the
experiment could not be continued with serpentine flow field. The fuel cell with
metal foam flow field showed similar results under operating pressure 1 bar and
1.5 bar. However, the fuel cell with metal foam flow field operated fairly well
with almost 0% RH values for both anode and cathode side, when the operating
pressure was 2 bar. The results are shown in Fig. 2.16. This figure shows the
performance comparison of the fuel cell under two different operating
conditions. Even though the fuel cell was operated under almost 0% RH value,
as long as the operating pressure was high enough like 2 bar, the performance
of the fuel cell was slightly higher than that of the fuel cell operating under 100%
RH value at atmospheric pressure. These results mean that the fuel cell with
metal foam flow field has a great advantage in terms of water management
under extremely low RH value. This is because the porous metal foam tends to
hold up and trap water droplets in pores, which has positive effects on the water
management in low RH operating conditions [79, 80]. Thus, produced water by

electrochemical reactions of hydrogen and oxygen in the fuel cell tends to stay
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more in the flow field, when we use porous metal foam as the flow distributor
in the cathode side.

Lastly, it was scrutinized why the fuel cell with metal foam flow field
could operate only at high operating pressure such as 2 bar, not at atmospheric
pressure and 1.5 bar under extremely low RH value. The EIS tests were
conducted at different operating pressure, and it was verified that higher
operating pressure induced smaller high frequency resistance (HFR) in the fuel
cell. As shown in Fig. 2.17, HFR decreases as the operating pressure increases
in 0.32 A/cm?, 0.64 A/cm?, and 0.96 A/cm? current densities. These showed a
significant potential of developing fuel cell system without any humidifiers in

order to apply the fuel cell system into the industry which requires limited space.
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2.5 Summary

Firstly, performance degradation of the fuel cell with metal foam flow field
was studied by using the accelerated stress tests under harsh operating
conditions. The fuel cell with metal foam flow field showed bigger performance
degradation rate than that with serpentine flow field. It was concluded that the
main reason of the bigger performance degradation rate of the fuel cell with
metal foam flow field came from more cracks and tears on the MEA. Thus,
more gas crossover occurred under open circuit voltage and during electric
loading in the fuel cell with metal foam flow field. Then, more gas crossover
induced to generate more hydrogen peroxide which leads to a chemical
decomposition of the membrane. However, the fuel cell with metal foam flow
field still had smaller concentration losses after the accelerated stress test
compared with the serpentine flow field fuel cell. This showed why the overall
performance of the fuel cell with metal foam flow field was still higher than
that with serpentine flow field even after the accelerated stress tests.

Secondly, the performance responses of the fuel cell with metal foam flow
field were examined under various severe operating conditions such as
extremely low SR number and RH value. Finally, it was verified that the fuel
cell with metal foam flow field had higher air utilization rate and advantages in
terms of water management in the flow field compared with the serpentine flow
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field under low SR number and RH value operating conditions, respectively.
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Chapter 3. Metal foam flow field with porosity

gradient in the PEMFC

3.1 Introduction

In general, oxygen concentration is not uniformly distributed along the
flow path from inlet to outlet in the cathode side of the PEMFC. The velocity
of supplied air is higher around inlet region rather than outlet region in the flow
field. In addition, the membrane tends to dry out around inlet region, while
flooding phenomenon tends to occur around outlet region. Thus, current density
distribution is not uniform along the flow path [81, 82]. These phenomena are
shown in Fig. 3.1. Therefore, it is significant to have locally non-uniform design
of the flow field in the PEMFC.

By many researchers, it was already shown that the maximum power
density of the fuel cell with metal foam flow field is higher than that of the fuel
cell with serpentine flow field. However, even though there are many studies
about metal foam flow fields of the PEMFC, studies about the metal foam flow
field with locally non-uniform design in the PEMFC do not exist.

In this chapter, metal foam flow field with porosity gradients in the

cathode side of the PEMFC were investigated [83]. It is significant to have non-
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uniform porosity distribution in the metal foam flow field in order to have
higher air utilization rate and better water management in the flow field of the
PEMEFC. In this study, the porosity gradients in the metal foam flow fields were
introduced to have stronger diffusion and better utilization of air in the corners
of the metal foam flow field. This finally leads to performance improvement
and high efficiency of the fuel cell system. Several metal foams with different
porosity gradients were designed, and the performance of fuel cells with
conventional metal foam flow field without porosity gradient and metal foam
flow fields with different porosity gradients were compared. Furthermore, EIS
tests were performed to compare the electrochemical losses of several types of
fuel cells with different metal foam flow fields. By this approach, it was verified
that proper porosity gradient in the metal foam flow field had positive effects
on the performance of the fuel cell. Finally, the performance improvement was
investigated in the system net power aspect and the factors of performance

improvement of the fuel cell with proper porosity gradient were analyzed.
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Fig. 3.1 Schematic diagram of the fuel cell with metal foam
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3.2 Porous flow field

3.2.1 Metal foam

In this study, the metal foam with 800 um cell size was used. The porosity
was about 94%. The metal foam was made of nickel coated by gold. As shown
in Fig. 3.2, the thickness of the metal foam was 1 mm and it was inserted into
the 0.9 mm depth indentation in the bipolar plate, thus the 1 mm metal foam
could be compressed to 0.9 mm thickness. The size of metal foam was 5 cm x
5 cm, therefore, it was square shape since the reaction active area of the fuel
cell was 25 cm? with square shape.

Even though the fuel cell with this metal foam flow field showed high
performance and efficiency, there are still some problems when the porous flow
fields are used. Some critical things are the phenomena of relatively low
velocity around corner sides and outlet region, and flooding around outlet
region. As it was mentioned above, air flow in the cathode side is not uniformly
distributed in the flow field. There are two corner sides where weak diffusion
occurs, top side corner and bottom side corner. They are shown in Fig. 3.3. In
these regions, the air utilization rate is lower compared with the main flow

region. This phenomenon causes the non-uniform current density and
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temperature distribution, which leads to the low efficiency of the fuel cell
system.

This problem might be a bigger challenge to overcome in case of large
area metal foam flow fields. This is because non-uniform distribution of air and
water concentration in the cathode flow field is more prevalent in large area
flow fields rather than in small area flow field. PEMFC needs to be operated in
the form of large area flow field stack to be used in the vehicles. Even though
the fuel cell with metal foam flow field showed better performance and higher
efficiency than the fuel cell with carbon serpentine flow field in the size of small
unit cell, it is very hard to verify that it is still effective in the case of large area
flow field fuel cell stacks. This is because the corner side weak gas diffusion
zone becomes much bigger in case of the large area metal foam. To solve this
problem, Tsai et al. [16] made separate metal foam regions by using multiple
inlets and tried to achieve stronger convection at the corners. Although this is
an interesting approach and effective in the size of the small unit cell, it is not
easy to apply this technology to large area flow field fuel cell stacks. This is
because it is difficult to design multiple air inlets in the fuel cell stack. Thus,
this solution could not solve the intrinsic problem of the metal foam flow field
when it need to be used in large area fuel cell stacks.

Therefore, the aim of this study is to design non-uniform porous flow field,
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which can be applied to conventional large area fuel cell stack. A novel
approach was attempted, namely, introducing a porosity gradient in the metal

foam flow field.
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Fig. 3.2 Cathode bipolar plate with metal foam flow field [83]
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Fig. 3.3 Bottom side corner and top side corner in the metal foam flow

Field [83]
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3.2.2 Metal foam with porosity gradient

Several types of inclined bipolar plates were designed and manufactured
specially for the metal foam with porosity gradient. Inclined bipolar plates
mean the bipolar plates with gradual change of the depth of the pocket from
inlet to outlet. Exactly the same metal foam was used, but inclined bipolar plates
with the inclined depth in the pockets were designed. Thus, the level of
compression of the metal foam could change when the metal foam was inserted
into the inclined bipolar plates and compressed by assembling the fuel cell. This
process could change the porosity gradient in the metal foam flow field. As the
depth of the pocket in the bipolar plate becomes smaller, the porosity of the
metal foam becomes lower.

However, when the fuel cell was assembled, not only the metal foam was
compressed, but also the GDL was compressed. Therefore, the level of
compression of the GDL becomes also different, when the level of compression
of the metal foam becomes different by using different inclined bipolar plates.
The different level of compression of the GDL also might affect the
performance of the fuel cell. Thus, two different experiments were conducted
to see how different level of compression of the GDL affected the performance
of the fuel cell. In the first case, 1| mm thickness metal foam was compressed in

the pocket of the bipolar plate with the GDL together when the fuel cell was
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assembled. In the second case, 1 mm thickness metal foam was compressed in
the pocket of the bipolar plate in advance, and then the fuel cell was assembled
with the GDL. Consequentially, two cases did not show much differences on
the final performance of the fuel cell. Thus, the effects of different level of
compression of the GDL was neglected in this study.

Fig. 3.4 shows the six types of the porous flow fields with different
porosity gradients. Type 1 is the conventional metal foam which has uniform
porosity distribution. In case of type 2, the porosity of the metal foam decreases
gradually along diagonal direction from gas inlet to outlet. In case of type 3, it
is exactly the same as the type 2, except for the slope of the porosity gradient.
In case of type 3, the porosity of the metal foam decreases with steeper slope
compared with the type 2. In case of type 4, the porosity of the metal foam
increases along the diagonal direction from gas inlet to outlet. Other two types,
type 5 and 6, are different from type 3 and 4 in that they have different directions
for the porosity gradient in the metal foam flow field. Even though they have
the same slope for porosity gradient as the type 3 and 4, the porosity of the
metal foam decreases along parallel direction from left to right and vertical
direction from top to bottom in the type 5 and 6, respectively. Table 3.1 shows

the specifications of each flow field.
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Fig. 3.4 Several types of metal foam flow fields with different porosity

Gradients [83]
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Table 3.1 Specification of flow fields [83]

Typel Type2 Type3 Type4 TypeS5S Type6

Metal Metal Metal Metal Metal
foam with foam with foam with foam with foam with
porosity  porosity porosity porosity  porosity
gradient gradient gradient gradient gradient

type without
porosity
gradient

Inlet
pocket
depth in
bipolar

plate

(mm)

Outlet
pocket
depth in
] 0.9 0.7 0.5 0.9 0.5 0.5
bipolar
plate

(mm)

Direction
of the

porosity

None  Diagonal Diagonal Diagonal Horizontal Vertical

gradient
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3.3 Preparation for experiment

3.3.1 Experimental conditions

Experimental conditions for this study are shown in Table 3.2. The
operating temperature was fixed at 60°C and all experiments were operated at
atmospheric pressure. The stoichiometric number was 2 and 1.5 for the cathode
and anode side, respectively. In addition, both entering gases were 100% fully
humidified through the humidifiers.

Lastly, the type of the bipolar plates was only changed to examine the
effects of porosity gradient in the porous flow field on the performance of the

fuel cell.
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Table 3.2 Experimental conditions [83]

Parameter Value
T (°C) 60
SRan 15
SRca 2.0
RH., (%) 100
RH., (%) 100
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3.4 Results and discussion

3.4.1 The effect of the porosity gradient in the metal foam flow field

3.4.1.1 Polarization curve and power curve

The experiments were conducted to investigate the effect of the porosity
gradient in the metal foam flow field. The results are shown in Fig. 3.5. These
results show that the porosity gradient in the metal foam flow field has
considerable effects on the performance of the fuel cell. Steeper porosity
gradient in the metal foam flow field showed better performance since the fuel
cell with bipolar plate with 0.9 mm — 0.5 mm depth gradation shows higher
performance than the fuel cell with 0.9 mm — 0.7 mm depth gradation in the
bipolar plate. Furthermore, decreasing the porosity gradually along the diagonal
direction from inlet to outlet is more effective for the higher performance of the
fuel cell than increasing the porosity gradually along the diagonal direction
from inlet to outlet. This means that the performance of the fuel cell enhanced
with tailored porosity gradient in the metal foam not just because average
porosity values of the metal foam became lower. Type 3 and type 4 have exactly
the same average porosity values in the metal foam flow field, but they showed

different performance results. Type 3 showed higher maximum power density
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than type 4. Therefore, performance of type 3 fuel cell became higher and the
reason for that is not just the lower average porosity values. Thus, the proper
porosity gradient in the metal foam flow field had positive effects on the fuel
cell performance. These phenomena can be seen in the power curve as well.
Type 3 showed the highest maximum power density and the maximum power
density increased by 8.23% compared with the type 1 which is the conventional
metal foam flow field without porosity gradient. These are because of non-
uniform design of the flow field with porosity gradient in the metal foam flow
field. The gas tends to flow more easily to the direction of high porosity region
because the permeability in the porous media increases as the porosity value
increases [84, 85]. Thus, proper porosity gradient in the porous flow field makes
a force for the gas to flow more to the side corners of the flow field. Hence, the
porosity gradient along the diagonal direction from inlet to outlet was made,
and the gas tends to flow more to the corners in the metal foam, not directly
flow to the direction of the outlet. Thus, steeper porosity gradient makes
stronger diffusion and flow velocity becomes higher in the side corners of the
metal foam flow field. This improves the performance of the fuel cell. The
reasons for the performance improvement of the fuel cell with porosity gradient

in the porous flow field are covered in more detail later in this chapter.
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Fig. 3.5 Polarization curve and power curve of different types of fuel

cells referring to Table 3.1 for descriptions [83]
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3.4.1.2 Electrochemical impedance spectroscopy (EIS)

Fig. 3.6 shows the results of EIS measurements. The EIS tests were
performed at 0.32 A/cm? and 0.64 A/cm? to verify the assertion that the fuel cell
with porosity gradient in the metal foam flow field has smaller losses than the
fuel cell with metal foam flow field without porosity gradient. The impedance
spectra were recorded while the frequency was swept from 1,260 Hz — 0.4 Hz
with 32 moving average. The measuring AC current was fixed at 10% of the
DC current magnitude. As shown in Fig. 3.6, the arc size of type 3 is the
smallest one compared with the other types in both 0.32 A/cm? and 0.64 A/cm?
cases, which means that the electrochemical losses of type 3 are the smallest
among them. This is because stronger diffusion occurs in the side corners of the
metal foam flow field and well distributed flow causes uniformly distributed

current density and temperature in case of type 3.
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3.4.2 The effect of the porosity gradient direction in the metal foam

flow field

3.4.2.1 Polarization curve and power curve

Another experiments were performed to examine the effect of the porosity
gradient direction in the metal foam flow field. In case of type 3, the porosity
gradient was made along the diagonal direction from inlet to outlet. In order to
study the effect of the porosity gradient direction in the metal foam flow field
on the performance of the fuel cell, the type 5 and 6 were made. In case of type
5, there is a porosity gradient along horizontal direction from left side to right
side. In case of type 6, there is a porosity gradient along vertical direction from
top to bottom. Then, the experiments were conducted to see the performance
differences between them. The results are shown in Fig. 3.7. Type 3 still shows
the highest maximum power of the fuel cell in this experiment as well. This is
because type 3 could make a stronger diffusion in both side corners of the metal
foam, top side corner and bottom side corner. On the other hand, type 5 or type
6 can make a stronger diffusion only in one side corner of the metal foam,
bottom side corner or top side corner, respectively. To be more specific, type 5
is designed to have relatively high porosity region only in bottom side corner
while top side corner becomes relatively low porosity region. In addition, type

6 is designed to have relatively high porosity region only in top side corner
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while bottom side corner becomes relatively low porosity region. Therefore,
this experimental result means that metal foam flow field with porosity gradient
along the diagonal direction has the tailored flow pattern in the flow field,
which causes uniform current density in the fuel cell. This is because type 3 is
designed to have relatively high porosity region in both top and bottom side
corners. Besides, type 6 shows the worst performance among them since water
droplets and films are stuck in the bottom side corner due to the gravity effect.
In case of type 3 and type 5, porosity gradient forces the entering gas to flow
more into the bottom side corner and purge more water than type 6. In addition,
this result double checked that the reason for the higher performance of the fuel
cell of type 3 is not just the lower average porosity values in the metal foam,
and it is not because the metal foam was more compressed, which reduces the
contact resistance. The average porosity values in the metal foams of type 3,
type 5, and type 6 are exactly the same and all of them were compressed with
the same amount. Therefore, porosity gradient direction in the metal foam flow
field impacts the performance of the fuel cell and it is significant to have proper

porosity gradient direction in the metal foam flow field.

3.4.2.2 Electrochemical impedance spectroscopy (EIS)

The EIS tests were conducted again in the same way as above to compare
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the electrochemical reaction losses at both 0.32 A/cm? and 0.64 A/cm? cases.
As shown in Fig. 3.8, type 3 shows the smallest electrochemical losses among
them which exactly matches to the result of the polarization curve and power
curve. In addition, the arc size of the type 6, triangular mark in the figure, is
bigger than the other type of the fuel cells. Specifically, the intersection values
between kinetic loop and resistance axis at high frequency are almost the same
for the type 3, 5, and 6. This is because all of them have the same average
porosity values in the metal foam and they were compressed with the same
amount. However, the sizes of the arcs of each fuel cell are different. This result
verified that proper porosity gradient direction in the metal foam flow field
reduces the concentration losses of the fuel cell because of more active gas
diffusion in the corner sides of the metal foam flow field. Thus, the fuel cell of
type 3 has the smallest electrochemical reaction losses and shows the best

performance among them.
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3.4.3 Performance improvement in the system net power aspect

The differential pressures were measured in different current density
regions for the fuel cell of type 1 and type 3. Type 3 shows the best performance,
therefore, differential pressure tests were performed to see whether there was a
bigger differential pressure in case of the type 3 rather than the type 1. Since
higher differential pressure causes more flow work in the balance of plant, the
differential pressure of the metal foam flow field with porosity gradient should
be checked. Results are shown in Fig. 3.9. Even though there are some
differences between two differential pressure values, it hardly checks the
difference in low current density region. The gap between two values becomes
bigger in high current density region. However, the biggest difference between
two values is only 1.48 kPa even in high current density region, and this value
is not big enough to bring more flow work of BOPs and offsets the power
improvement of the fuel cell with porosity gradient in the metal foam flow field.
By using Eq. (1), the additional flow work could be calculated caused from
extra 1.48 kPa differential pressure in the fuel cell system [86]. Eq. (1) is
obviously a very useful general equation. In this case, the value for air of
specific heat (Cp) is 1004 J/kg-K and heat capacity ratio (y) is 1.4.
Furthermore, the efficiency of the compressor is 0.9. Consequently, additional

differential pressure of 1.48 kPa brings about 0.03 W flow work of BOPs, and
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the value is not big enough compared with the maximum power improvement

due to the proper porosity gradient in the metal foam flow field.
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3.4.4 Reasons of the performance improvement with proper porosity

gradient in the metal foam flow field

It was shown that the proper porosity gradient in the metal foam flow field
had positive effects on the performance of the fuel cell. In the experimental
results, type 3 shows the best performance among them. In this section, the
reasons of the performance enhancement of the type 3 are investigated. In order
to specifically scrutinize the effects of porosity gradient of the type 3, the other
experiments were conducted. In this experiment, 20 cm? (2 cm x 10 cm) area
of rectangle shape metal foams were used. These experimental conditions are
the same as the previous experiments. The schematics of the metal foams are
shown in Fig. 3.10. These metal foams were used in order to minimize the weak
diffusion effects in the side corners which were mentioned in the section of
3.2.1 metal foam. Thus, in this experiment, weak diffusion zones in the metal
foam were minimized, and only the porosity gradient effect itself could be
examined. Since the type 3 showed the best performance in the previous
experiments, the porosity gradient of type 3 was used in this section. In Fig.
3.10, type 1 is the conventional metal foam flow field without porosity gradient,
and type 2 is the metal foam flow field with porosity gradient from inlet to
outlet.

The experimental results are shown in Fig. 3.11. Type 2 shows the higher
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maximum power density than the type 1. The maximum power density of the
type 2 increased by 6.8% compared with the type 1. Therefore, it was verified
that the proper porosity gradient in the metal foam flow field made the
performance of the fuel cell improve even in different shape of the metal foam.
The reasons of the performance enhancement could be explained with
structure variation of the metal foam flow field. In case of type 2, the thickness
of the metal foam flow field changed from 0.9 mm to 0.5 mm along the flow
path. It is shown in Fig. 3.12. Then, by using Eq. (2), the porosity values could
be calculated, as the thickness of the metal foam changed [87].
£ = [t — tinie X (1 — gini)]/t 2)
In Eq. (2), t is the thickness (mm) of the metal foam, t;,;; is the initial
thickness (mm) of the metal foam, and &;,;; is the initial porosity value of the
metal foam. Fig. 3.13 shows the porosity distribution of two types of the fuel
cells. Type 1 shows the metal foam with uniform porosity distribution, and type
2 shows the metal foam with porosity distribution. Porosity values gradually
decreased along the flow path from inlet to outlet. This porosity change makes
huge difference for the performance of the fuel cell. By using Eq. (3) and (4),
interstitial velocity of the entering gas in the metal foam flow field could be

calculated [88].

i=Y, 3)
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In Eq. (3), u is the superficial velocity (m/s), Q is the fluid flow rate
(m3/s), and A is the cross sectional area (m?). In Eq. (4), u is the interstitial
velocity (m/s) and € is the porosity value. As the porosity value decreases in
the metal foam flow field, interstitial velocity of the entering gas increases. It
is shown in Fig. 3.14. In this case, it was assumed that the mass flow rate of the
entering gas was about 1 liter per minute, which is in the normal range for the
mass flow rate when the single fuel cell is operated. In general, the flow velocity
of entering gas decreases along the flow path from inlet to outlet in the flow
field of the fuel cell. Thus, as the porosity value gradually decreases along the
metal foam flow path from inlet to outlet, higher velocity profile could be
developed around outlet region compared with the conventional metal foam
flow field without porosity gradient.

In addition, pore sizes of the metal foams were experimentally measured
in different thicknesses of the metal foams. The results are shown in Fig. 3.15
and 3.16. The digital microscope (Dino-Lite, AM4113T5X) was used for
measuring the pore sizes. As shown in the Fig. 3. 15, the pictures of the metal
foams were taken as the thickness of metal foams changed from 0.9 mm to 0.5
mm. Then, the average values of the pore sizes were calculated for each metal

foam thickness case. Finally, the pore size distribution in the metal foam of type
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2 could be shown in Fig. 3.16. As the thickness of the metal foam decreases,
the pore size of the metal foam also decreases. With these measured pore size

values, permeability could be calculated by using Eq. (5) [21].

2.3
_ dps

"~ 150-(1—¢)2

&)

In Eq. (5), K is the permeability (m?), dp is the pore diameter (m), and
€ is the porosity value. The results are shown in Fig. 3.17. As the porosity value
gradually decreases along the metal foam flow path from inlet to outlet, the
permeability values also decreases. In other words, permeability value becomes
smaller, as the porosity value becomes smaller.

Then, Reynolds number could be calculated by using Eq. (6) [89].

Re = 2% > 1 6)

v

In Eq. (6), u is the velocity (m/s), d,, is the pore diameter(m), and v is the
kinematic viscosity (m?/s). The results are shown in Fig. 3.18. All Reynolds
numbers at all positions in the metal foam flow field are bigger than 12 and
smaller than 16. Thus, All Reynolds numbers are bigger than 1, and finally

Forchheimer equation could be used. It is shown in Eq. (7) [90].

P _p 2
= U+ Bpu (7)

In Eq. (7), u is the viscosity (kg/m-s), u is the velocity (m/s), K is the

permeability (m?), B is the inertial coefficient (m™1), and p is the density
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(kg/ m3). Forchheimer equation is generally used to account for pressure
gradients across the foams. Pressure gradients are highly related to the viscous
term and inertia term in the porous media. In Eq. (7), the left term on the right
hand side denotes viscous term, and the right term on the right hand side stands
for inertia term. As the permeability value becomes smaller around outlet region
of the metal foam flow field due to the porosity gradient, the pressure drops
increase around outlet region. In addition, as the velocity increases around
outlet region of the metal foam flow field due to the porosity gradient, the
pressure drops also increase around outlet region. Therefore, the metal foam
flow field with proper porosity gradient could have higher differential pressure
around outlet region compared with the conventional metal foam which is the
type 1. This phenomenon is also described in Fig. 3.19. The metal foam flow
field of the type 2 could have higher differential pressure around outlet region
compared with inlet region. Thus, it could remove the liquid water well around
outlet region. To be more specific, it could be explained with capillary pressure

by using Eq. (8) [91].

: — _8 . S r .
Capillary pressure = TWe m + Ke(TWp)? m at T oeTwye
d - pme(W+T) 5
dt (m - ) + Kp3(TW)3¢2 m (8)
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term on the right hand side is the viscous term, and the third term is the inertia
term. The last term on the right hand side is the evaporation term which acts as
an extra pressure drop term. In this study, the last term could be neglected since
flooding phenomena occurs in the metal foam flow field rather than evaporation
from the foam surface. In Eq. (8), g is the gravity (m/s?), T is the foam thickness
(m), W is the foam width (m), K is the permeability (m?), € is the porosity,
p is the density (kg/m3), p is the viscosity (kg/m's), m is the mass (kg), and
m is the mass flow rate (kg/s). As mentioned above, the metal foam flow field
of the type 2 was designed to have smaller porosity and pore size around outlet
region. Thus, smaller permeability values and larger velocity values around
outlet region could make both viscous term and inertia term increase. Finally,
as shown in Eq. (8), higher viscous term and inertia term could make the
capillary pressure become higher. In other words, the metal foam flow field of
the type 2 could have higher capillary pressure around outlet region compared
with the conventional metal foam flow field of the type 1, which leads to
remove liquid water well around outlet region. These are the reasons of the
performance enhancement of the fuel cell with proper porosity gradient in the

metal foam flow field.
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3.5 Summary

In this chapter, several different metal foam flow fields with different
porosity gradients in the PEMFC were investigated. Several performance tests,
EIS tests, and differential pressure tests were conducted, and it was found that
proper porosity gradient in the metal foam flow field improved the performance
of the fuel cell. It was shown that the metal foam flow field with porosity
gradient along the diagonal direction from inlet to outlet had positive effects on
the performance of the fuel cell. The maximum power density of the fuel cell
with type 3 increased by 8.23% compared with the fuel cell with conventional
metal foam flow field without porosity gradient. In addition, the performance
enhancement was investigated in the system net power aspect. Lastly, it was
explained why the fuel cell had higher performance with proper porosity
gradient in the metal foam flow field by interpreting the relations of thickness,
porosity, permeability, pore size, flow velocity, and capillary pressure in the

metal foam flow field.
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Chapter 4. Performance enhancement of air-
cooled open cathode PEMFC with inserting metal

foam in the cathode side

4.1 Introduction

The PEMFC is the type of fuel cells which can be operated at relatively
low temperature. Thus, it has many applications such as hydrogen electric
vehicle and residential power generation. It has a great potential to substitute
conventional secondary batteries in the future.

Especially, air-cooled open cathode PEMFC is in the limelight because
need of power and energy of electronic device increases. Air-cooled open
cathode PEMFC is useful to be applied in portable devices. As it was mentioned
above, it is possible to be a small and compact fuel cell system, and it is a
powerful candidate to be applied to portable electronic devices.

However, there are still some problems for the air-cooled open cathode
PEMFC. The performance of the air-cooled open cathode PEMFC is relatively
lower compared with the PEMFC with air supply, humidification, and water
cooling system. This is because of poor transportation of air in the cathode side,
and some issue of water management [49]. It is difficult to balance water in the
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cathode side of the MEA due to lack of controlling ambient conditions. The
MEA drying out phenomenon occurs at high temperature and low humidity
ambient conditions [50]. Thus, it is important to prevent excessive water
evaporation and MEA dehydration phenomena.

The metal foam flow field was used in the general PEMFC in previous
studies. In this chapter, for a better application of using metal foam in the fuel
cell field, a porous flow field is designed and used for the innovative solution
to conventional problems of the air-cooled open cathode PEMFC [92].

The metal foam was inserted in the cathode side of the open cathode fuel
cell in order to have strong air diffusion in the flow field. The open cathode fuel
cell with metal foam in the cathode side could have a large contact area as well
as strong air diffusion to the MEA side. It could also prevent excessive water
evaporation and membrane dehydration, which leads to overall performance
enhancement of the open cathode fuel cell. Experiments were conducted with
open cathode planar unit cell in several different cases to verify the assumptions.
Furthermore, numerical approach was performed to interpret the reasons of
performance improvement of the open cathode fuel cell with metal foam.
Finally, air-cooled open cathode fuel cell stack of 5 cells was designed and
manufactured by inserting the metal foam in the cathode side. Eventually, it

was proved that the suggested solution of inserting metal foam in the cathode
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side worked very nicely in the air-cooled open cathode fuel cell stack as well

as the air-cooled open cathode planar unit fuel cell.

115



4.2 Preparation for experiment

4.2.1 Metal foam

In this study, a metal foam with 1200 um cell size was used for the porous
flow field in the cathode side, and it’s porosity was about 94%. The metal foam
was made of nickel and coated by gold with 2 pm thickness. It is shown in Fig.
4.1 (a) with 200 times magnified picture. In addition, Fig. 4.1 (b) shows the
three-dimensional picture of the metal foam with gas diffusion directions. Air
could diffuse to any direction including through-plane direction and in-plane
direction in the porous metal foam flow field. To be more specific, through-
plane direction in the metal foam means the direction with green color arrows
in the figure, and in-plane direction means the direction with red color arrows
and blue color arrows. In other words, gas could diffuse to all three directions
in the porous metal foam. Thus, porous metal foam is different from the
conventional GDL of the fuel cell in that gas could mainly diffuse to through-
plane direction in the conventional GDL. A schematic picture of open cathode

planar unit fuel cell using metal foam in the cathode side is shown in Fig. 4.2.
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(b)

Fig. 4.1 Pictures of the metal foam; (a) magnified picture of the metal

foam (b) three-dimensional picture with gas diffusion

directions [92]

117

T
 m—

s M EEw



Metal

Anode MEA GDL Cathode
Flow Current

Field Collector
End plate Open End Plate

Fig. 4.2 A schematic picture of the open cathode planar unit fuel cell

with metal foam [92]
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4.2.2 Experimental apparatus

In this study, air supply system, humidification system, and water cooling
system were not used since ambient air was used to supply air to the open
cathode fuel cell by a fan (EF-70BM, Hanil). The moisture in the ambient air
was used to humidify the MEA and the fuel cell was also cooled with ambient
air. The hydrogen gas was supplied to the fuel cell with mass flow controllers
with non-humidified condition. The purity of hydrogen gas was 99.999%.

The experiments were conducted not only for the open cathode fuel cell
with metal foam in the cathode side, but for the open cathode fuel cell without
metal foam in order to compare the performance between them. For the proper
comparison, the same type of MEA, GDL, and gaskets were used in all
experiments. In addition, the serpentine flow channel was used as a flow
distributor in the anode side. The active area of the fuel cell was 25 cm? for
both the open cathode planar unit cell and the open cathode fuel cell stack. Table
4.1 shows the specification of the serpentine flow channel used in the anode

side
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Table 4.1 Specification of serpentine flow field for open cathode PEMFC

[92]
Types of channel Serpentine flow
Parameter channel
Channel width (mm) 1
Inlet channel depth (mm) 0.4
Outlet channel depth (mm) 0.4
Rib width (mm) 0.9
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4.2.3 Experimental conditions

The temperatures of ambient air, entering hydrogen gas, and fuel cell were
controlled. The temperatures of ambient air and entering hydrogen gas were
fixed at 21°C. It was judged that conducting the experiments at 21°C is suitable
because open cathode fuel cell system should be operated in an ambient
temperature condition. The temperature of the fuel cell was controlled and fixed
at 40°C for the planar open cathode unit cell. This is because the temperature
of the unit cell rose up to 40°C by itself due to the generated heat from
electrochemical reactions when the air-cooled open cathode fuel cell was
operated. Since additional heaters are not normally used in the air-cooled open
cathode fuel cell system, 40°C temperature of fuel cell was appropriate for this
study. In addition, the RH value of hydrogen gas was almost 0% since non-
humidified hydrogen gas was supplied. The RH value of ambient air was fixed
at about 10% because air-cooled open cathode fuel cell generally shows a low
performance in low RH condition [50]. Thus, scrutinizing the performance of
open cathode fuel cell at low RH values of ambient air is very significant. All
experimental conditions are shown in Table 4.2 including air mass flow rate of
the fan, and SR number for the anode side. Excessive air was supplied
constantly by using fan since the variable of this experiment was type of flow

fields in the cathode side, not air mass flow rate. It was judged that constant air
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mass flow rate is needed in this research for the proper comparison between
two different fuel cells with metal foam and without metal foam in the cathode
side. Thus, air mass flow rate was fixed for the right performance comparison
between the open cathode fuel cells with metal foam and the conventional open
cathode fuel cell without metal foam. Lastly, it should be noted that the

experiments were conducted at atmospheric pressure.
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Table 4.2 Experimental conditions [92]

Parameter Value
Temperature of the ambient air (K) 294
Temperature of the entering

294
hydrogen gas (K)
Temperature of the cell (K) 313
Stoichiometric ratio numberan 1.5
Air mass flow rate of fan (m3/ L9

min)
Relative humidityan (%)
Pressurean (bar)

Pressurec. (bar)

non-humidified

1

1
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4.3 Results and Discussion

4.3.1 Planar unit fuel cell

4.3.1.1 Polarization curve and power curve

Experiments were conducted to compare performance of two open
cathode fuel cells without metal foam and with metal foam in the cathode side.
Two current collectors with open area of 52% and 70% were used in the cathode
side. The results are shown in Fig. 4.3. The open cathode fuel cell with metal
foam showed much higher performance in both current collectors with open
area of 52% and 70%. Fig. 4.3 (b) shows the power curve, where the
performance of the conventional open cathode fuel cell with 70% open area
was too low when compared with that of the open cathode fuel cell with metal
foam. In case of the current collector with 52% open area, the maximum power
density of the open cathode fuel cell with metal foam increased by 25.1%
compared with conventional open cathode fuel cell. This is a huge performance
enhancement. It was verified that inserting the metal foam in the cathode side
of the open cathode fuel cell could be a novel solution to conventional problems

of open cathode fuel cells. In conventional open cathode fuel cell without metal
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foam, as open area of the cathode side becomes larger, ohmic loss increases due
to smaller contact area and excessive water evaporation from the membrane.
On the other hand, as open area becomes smaller, ohmic loss decreases,
however, electrochemical reaction area decreases. Therefore, mass transport
problem occurs, and concentration losses increase [93]. By this reason, it is a
big challenge to overcome these problems. However, as the metal foam was
inserted in the cathode side between the GDL and the current collectors with
52% open area and 70% open area, the problems could be solved. Adding metal
foam in front of the GDL could prevent excessive water evaporation and MEA
drying out phenomena. Liquid water droplets tends to be held and trapped in
pores of the porous metal foam [79, 80], and it has positive effects on the
performance of the open cathode fuel cell. This assertion will be covered with

more detailed descriptions in the numerical approach section of this paper.

4.3.1.2 Electrochemical impedance spectroscopy (EIS)

The EIS test was performed to investigate the causes of performance
enhancement of the open cathode fuel cell with metal foam. The EIS test was
conducted at current density of 0.32 A/cm? and 0.64 A/cm?. The impedance
spectra was recorded while the frequency was swept from 3160 Hz to 1.2 Hz

with 32 moving average. Measuring AC current was fixed at 10% of the DC
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current magnitude. The results are shown in Fig. 4.4. It could be verified that
the open cathode fuel cell with metal foam had much lower HFR rather than
the conventional open cathode fuel cell. This is because the open cathode fuel
cell with metal foam can have large contact area due to the structure of the
porous metal foam. It could be also verified that the additional porous metal
foam beside GDL could prevent excessive water evaporation phenomenon
through the EIS test. This is because lower ohmic losses also mean well-
hydrated membrane of the fuel cell. In addition, the open cathode fuel cell with
metal foam also showed smaller concentration losses as well as ohmic losses.
The sizes of arcs in low frequency range are smaller for the open cathode fuel
cell with metal foam in both current densities of 0.32 A/cm? and 0.64 A/cm?.
The porous metal foam was inserted between the GDL and cathode current
collector as shown in Fig. 4.2. Therefore, it could make more flow field space
for air diffusion behind ribs of the current collector. On the other hand, the
conventional open cathode fuel cell has 52% open area or 70% open area, thus
the open cathode fuel cell with porous metal foam flow field can have larger
open area than the conventional open cathode fuel cell due to more porous flow
field space for air diffusion behind ribs of the current collector. By this reason,
the open cathode fuel cell with porous metal foam could solve mass transport

problem in relatively high current density region. In conclusion, the open
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cathode fuel cell with metal foam can have not only lower ohmic losses due to
larger contact area and more water retention, but also lower concentration
losses because of more porous flow field space for air diffusion between GDL

and cathode current collector.
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Fig. 4.4 Electrochemical impedance spectroscopy of the open cathode
fuel cells without metal foam and with metal foam; (a) J = 0.32

A/em? (b) J=0.64 A/cm? [92]
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4.3.2 Numerical approach

4.3.2.1 Numerical approach for liquid water saturation profile
Numerical approach was conducted to compare the liquid water
saturation distribution through MPL, GDBL, and the porous metal foam
between two open cathode fuel cells without metal foam and with metal
foam. Fig. 4.5 shows the modeling domain for this study. Only liquid
water was considered, thus condensation of water vapor was not
considered. It was also assumed that liquid water flux existed only in x-
direction. In addition, liquid water was assumed to be fully evaporated
at the outer surface of porous media in x-axis. Furthermore, steady-state
1s assumed, and the water flux driven by electroosmotic drag is assumed
to be equal to the water flux by back diffusion in a steady state. The
numerical approach was conducted to verify the assertion that the open
cathode fuel cell with metal foam could prevent excessive water
evaporation from the membrane. Eq. (9) shows governing equation for
liquid water saturation [5].
JH,0, gen t J1,0, drag — JH,0, back diffusion = JH,0, evap + JH,0,ditf  (9)
In Eq. (9), Ju,o, gen mmeans liquid water formation at cathode catalyst
layer (CCL). J,0,drag denotes liquid water flux in the membrane from anode

side to cathode side due to electroosmotic drag. Ji,0, back diffusion refers to
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liquid water flux in the membrane from cathode side to anode side because of
back diffusion. It happens when liquid water accumulates a lot in the cathode
side compared with the anode side. Jy,0, evap 18 amount of liquid water which
evaporates, and Jy,0,gifs 18 amount of liquid water which diffuses out through
the porous media. However, liquid water flux in the membrane by the
electroosmotic drag is balanced by the back diffusion in this study [94]. In a
real situation, back diffusion truly happen when liquid water accumulates a lot
on the membrane in the cathode side, but liquid water on the membrane tends
to evaporate in the air-cooled open cathode fuel cell. In addition, as non-
humidified hydrogen gas was used in the anode side, water content in the
membrane is quite small. Therefore, it is quite reasonable to neglect the liquid
water flux by electroosmotic drag and back diffusion in the open cathode fuel
cell. Considering this analysis, Eq. (9) can be re-written by Eq. (10). Then,

JH,0,gen can be formulated by Eq. (11) [5].

]HZO, gen — ]HZO, evap + ]HZO,diff (10)

]HZO,gen = ZJ_FMHZO (11)

A=0.0043 + 17.81a,, — 39.853‘,\,2 + 36aw3 for 0<a, <1 (12
Pw

Aw = PsaT (13)

j is the current density (A/m?), F is a Faraday constant (c/mol), and MHz29
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is a molecular weight of water (kg/mol). In addition, A implies a water content.
a,y 1s a water vapor activation, and it can be calculated by partial pressure of
water vapor (P,,) over saturated pressure at system operating temperature
(Psat). With Eq. (12) and Eq. (13), it could be verified that water content is
quite low in these conditions because non-humidified gas was used in the anode
side, and the relative humidity of ambient air was set to be 10% in this study.
The amount of liquid water which evaporates could be calculated in the

porous media by using Eq. (14) [95, 96].

1 Mpy,0
Jn,0,evap = Kevap .A_p ‘s .R_’IZ‘(PSAT _pY)
= Kevap ' A_lp S % . {(po . e(kB-T)) _ Pv} (14)

Kevap 1s an evaporation rate constant (1/s), A, is a pore surface area per
unit volume (m?m?®), and s is liquid water saturation. T is a temperature (K) and
R is an idea gas constant (J/ mol-K). E, is an activation energy of evaporation
(eV) and kg is a Boltzmann constant (eV/K). In addition, p® is a pre-
exponential factor and PV is the vapor pressure at ambient temperature and
ambient RH value.

Furthermore, the diffusion term could be formulated by following

equations [97, 98].

p KKy

JH,0,diff = Vpc (15)

133



o-cos(0) o-cos(0)
= =](s) = < - (1.417s — 2.12s* + 1.263s3
Pc (K/S)os J (K/S)os ( )

for 6 >90°  (16)

_ 83'df2
T 16Ky (1-¢)?

] o= PR g KK (&) (E)
H,0,diff M [o N ds dx

__ocos(B)  g2df

y  4(1-8)Kg

p is a density of liquid water (kg/m*), K is a permeability (m?), and K

(7

- 53(1.417 — 4.24s + 3.78952)§ (18)

is a relative permeability. p is a viscosity (m%s) and p. is a capillary
pressure (Pa). € isaporosity value, d; is a diameter of fiber (m), and Ky
is a kozeny constant.

Finally, liquid water saturation (s) distribution could be calculated
in the porous media along the x-direction in the modeling domain with
the following equation [99]. Values of variables for this numerical study

are shown in Table 4.3.

[0 - cos(0) e2d¢

Y 4(1- 9Ky

+|K Lo Mugo 0. (1::?1‘) pvi| = 1 vH20
evap Ap S RT p e - ~ oF (19)

The results are shown in Fig. 4.6. The liquid water saturation distribution

ds
+53(1.417 — 4.24s + 3.789s2) &]

could be compared in the porous media between two open cathode fuel cells

134



Table 4.3 Values of variables for numerical study [92]

Parameter Value
Current density (A/m?) 3200
GDL contact angle (degree) 140 [100]
MPL porosity 0.5 [100]
GDBL porosity 0.9 [100]
Metal foam porosity 0.94

Fiber diameter of GDBL (m)

Fiber diameter of MPL (m)

Structure diameter of metal foam (m)
Kozeny constant

Kinematic viscosity (m?/s)
Temperature (K)

Activation energy of evaporation (eV)
Boltzmann constant (eV/K)
Pre-exponential factor (Pa)

Thickness of GDL (MPL/GDBL)
(Hm)

Thickness of metal foam (um)

9% 10 [101]
1x10° [98]
78%10°6
6 [98]
6.591x107
313.15
0.449 [95]
8.617x10°5 [95]

1.196x10'" [95]

350 (50/300)

1000
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without metal foam and with metal foam. Fig. 4.6 (a) shows the liquid water
saturation profile across the MPL and GDBL of the open cathode fuel cell, and
Fig. 4.6 (b) shows the liquid water saturation profile across the MPL, GDBL,
and metal foam. The open cathode fuel cell with metal foam has higher liquid
water saturation in the CCL rather than that without metal foam. Liquid water
saturation in the CCL of the fuel cell with metal foam is about 0.76, while the
liquid water saturation in the CCL of the fuel cell without metal foam is about
0.42. Based on these data, it could be verified that metal foam flow field in the
open cathode fuel cell prevents membrane dehydration and performance drop.
However, the open cathode fuel cell with metal foam would have higher
concentration losses, if these numerical analysis results were just observed.
This is because the open cathode fuel cell with metal foam has higher liquid
water saturation value in the CCL. In real experiments, however, the open
cathode fuel cell with metal foam has not only smaller ohmic losses, but also
concentration losses in the above EIS test results. The different result trend
between the numerical analysis and experiment was due to the different
dimension. Only one dimension along the x-axis was considered in the
modeling domain, while all three-dimensions were considered in the
experiments. Thus, metal foam flow field could make more space for air

diffusion behind the ribs of cathode current collector which leads to lower
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concentration losses. In addition, metal foam flow field could not only prevent
MEA dehydration, but also have larger contact area which leads to lower ohmic
losses. These are why overall performance of the open cathode fuel cell with

metal foam could enhance.
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Fig. 4.6 Liquid water saturation profile; (a) across the MPL (50 pm)
and GDBL (300 pm) (b) across the MPL (50 pm), GDBL (300

pm), and metal foam (1000 pm) [92]
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4.3.3 Application to the fuel cell stack

4.3.3.1 Polarization curve and power curve

The open cathode fuel cell stack was designed and manufactured to apply
the porous metal foam into the fuel cell stack in the cathode side. Fig. 4.7 shows
the schematic picture of the open cathode fuel cell stack with metal foam flow
field in the cathode side. It has five cells. The serpentine flow field, which was
mentioned in Table 4.1, was used in the anode side. Experiments were
conducted to prove that using the porous metal foam in the cathode side works
not only in the planar unit fuel cell, but also in the fuel cell stack. The
experimental results are shown in Fig. 4.8. The maximum power was about 66.2
W, and it is quite a high performance with 5 cells and active area of 25 cm?. The
maximum power density was about 0.529 W/cm?. It shows similar maximum
power density with the open cathode planar unit fuel cell with metal foam. Thus,
the porous metal foam could be applied to the air-cooled open cathode fuel cell

stack as well as the air-cooled open cathode planar unit fuel cell.
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4.4 Summary

In this study, a novel way was introduced to solve the conventional
problems such as excessive water evaporation from the membrane, poor
transportation of air, and cooling issue of the open cathode PEMFC.

The porous metal foam was inserted into the cathode side of the open
cathode planar unit fuel cell. In case of the 52% open area current collector, the
maximum power density of the open cathode fuel cell with metal foam
increased by 25.1% compared with the conventional open cathode fuel cell
without metal foam.

Furthermore, it could be proved that ohmic losses and concentration losses
of the open cathode fuel cell with metal foam are smaller than those of the
conventional open cathode fuel cell without metal foam by electrochemical
impedance spectroscopy test. There are largely because the open cathode fuel
cell could have large contact area and large open area for air diffusion with the
porous metal foam.

In addition, the open cathode fuel cell with the metal foam could prevent
excessive liquid water evaporation and membrane drying out phenomena. It
was verified with numerical approach of liquid water saturation profile.

Finally, the porous metal foam was applied into the open cathode fuel cell
stack. It was proved that using porous metal foam could enhance the
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performance of the air-cooled open cathode fuel cell not only in the planar unit

cell, but also in the fuel cell stack.
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Chapter 5. Concluding remarks

Performance and efficiency enhancement of the fuel cell systems are
highly significant in order to apply fuel cell technology into practice. It is
important to increase power per volume of the fuel cell stack, thus fuel cell
system could have higher power with smaller size of the fuel cell stack.
Therefore, performance analysis of the fuel cell is very important. There are
several ways in order to increase the performance of the fuel cell stack. Among
them, re-designing of the flow fields is one of the effective method to improve
the performance of the fuel cell. There are several types of flow fields in the
fuel cell such as parallel flow field, serpentine flow field, porous flow field, and
other 3D structures. Thus, many researches about flow fields of the fuel cell
had been performed for many years.

This study also examined the flow field of the fuel cell. In this research,
the porous flow field of the fuel cell was mainly covered, and performance of
the PEMFC with porous flow field was investigated.

In chapter 2, performance change under various severe operating
conditions for the PEMFC with porous flow field was studied. It is very
important to analyze the performance of the fuel cell under not only normal
operating conditions, but also harsh operating conditions. This is because the

fuel cell stack should be exposed to various circumstances by users and
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operated under various different conditions. Even though the performance of
the fuel cell with porous flow fields under normal operating conditions were
investigated by several researchers, the study on the performance change for
the fuel cell with the porous flow field under harsh operating conditions does
not exist.

Therefore, porous metal foams were used as the flow distributor in the
cathode side of the fuel cell, and performance degradation of the fuel cell under
accelerated stress tests was investigated. Two different accelerated stress tests
were designed in order to examine the mechanical degradation and
electrochemical degradation of the fuel cell with the metal foam. In addition,
the performance degradation of the conventional fuel cell with serpentine flow
field was also investigated to compare the results. As a result, the fuel cell with
metal foam had bigger performance degradation rate rather than the fuel cell
with serpentine flow field after accelerated stress tests. However, the
performance of the fuel cell with metal foam was still higher than that of the
fuel cell with serpentine flow field after the accelerated stress tests. In other
words, there was no performance overlapping node between two fuel cells with
metal foam flow field and serpentine flow field.

Then, the performance changes under harsh operating conditions such as

low SR numbers and extremely low RH values for the fuel cells were examined.
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The fuel cell with metal foam flow field showed higher air utilization rate and
better water management in low SR numbers and extremely low RH values,
respectively, rather than the fuel cell with serpentine flow field.

In chapter 3, the PEMFC with porosity gradient in the metal foam flow
field was investigated. In general, the maximum power density of the fuel cell
with the metal foam flow field is higher than that with the serpentine flow field.
In this research, a novel way was introduced in order to make the performance
of the fuel cell improve even higher rather than using the conventional metal
foam flow field with uniform porosity gradient.

It is significant to have locally non-uniform design of the flow field in the
fuel cell since gas, water, temperature, and current density distributions are not
uniform in the flow path. Thus, non-uniform porous flow field with porosity
gradient was designed. The performance of the fuel cell with porosity gradient
in the metal foam enhanced compared with conventional metal foam without
porosity gradient. The effects of several porosity gradients and porosity
gradient directions on the performance of the fuel cell were studied. Finally, the
performance analysis was conducted in the system net power aspect, and the
reasons of performance improvement with proper porosity gradient in the metal
foam flow field were investigated.

In chapter 4, the performance analysis of air-cooled open cathode PEMFC

146



with metal foam flow field was performed. Even though air-cooled open
cathode PEMFC has lots of merits and high potential to substitute other
secondary batteries in the future, it still has several problems needed to be
solved. Among them, performance improvement of the air-cooled open cathode
PEMFC is essential since performance of the conventional air-cooled open
cathode PEMFC is relatively low.

In this research, as inserting the metal foam flow field in the cathode side
of the open cathode PEMFC, the conventional problems such as poor mass
transport and MEA drying out phenomena could be solved. Finally, the
performance of the air-cooled open cathode planar unit cell with metal foam
could improve compared with the conventional open cathode PEMFC without
the metal foam. Thus, the other application of using metal foam for
performance improvement could be found in the fuel cell field.

The reasons of the performance enhancement of the open cathode PEMFC
with metal foam were interpreted by numerical analysis. Lastly, the air-cooled
open cathode PEMFC stack with metal foam flow field was newly designed
and manufactured. Then, it was proved that using metal foam flow field in the
cathode side for the fuel cell worked properly not only in the air-cooled open
cathode planar unit cell but also air-cooled open cathode fuel cell stack.

In conclusion, performance analysis was performed for the PEMFC with
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the metal foam flow field in this study. The performance degradation and
response under harsh operating conditions were researched, and the novel way
was suggested to improve the performance by introducing porosity gradient in
the metal foam flow field. Lastly, performance enhancement of the air-cooled
open cathode PEMFC with inserting metal foam flow field in the cathode side
was shown for the other application of using metal foam flow field for the

performance improvement.
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