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1. Introduction

Fossil fuels are the main primary energy source in the world today. Due to
environmental and political reasons, economically and ecologically viable energy
sources and conversion techniques are needed in the future. Fuel cells enable conversion
of fuel into electricity and heat with high efficiency and low emissions. If hydrogen is
used asthe fuel, the only reaction product is water. However, hydrogen does not exist in
free form on the Earth and must be produced using other primary energy sources.
Combined with suitable hydrogen production and distribution methods, fuel cells offer a
carbon free energy chain.

Fuel cell isan old invention, first published by Prof. Schdnbein in 1839. First prototype
fuel cells were introduced by Sir William Grove in 1842. Fuel cells were used to
produce electricity on the first space missions and fuel cell development took giant
leaps in 1950s and 1960s. Polymer electrolyte membrane fuel cell (PEMFC), for
example, was developed for the Gemini missions. Currently, the most important drivers
and application areas for fuel cell development are the automotive industry, portable
electronic devices, and distributed energy production.

The electrolyte material used in PEMFCs needs water to maintain proton conductivity,
but excess water hinders reactant transfer inside the cell. Because of these two opposite
needs, water management is one of the most important issues related to PEMFC
systems and has a significant effect on life-time and performance. Water management
can be done actively in large systems using humidifiers, heaters, and air pumps. In small
PEMFC systems, e.g. in portable electronics, these external devices are not desirable
due to their power consumption and size, and therefore passive methods are more
suitable. Passive operation and water management are based on material and structural
solutions and therefore understanding of transport phenomena and material parameters
is essential. The goal of this thesis was to increase understanding of transport
phenomena in small PEMFCs, which isimportant for their development.

Membrane electrode assembly (MEA) is the heart of PEMFC and the knowledge of
water transport properties of the MEA is important for the successful water management
of the cell. A new method was developed for the characterization of water and charge
transport properties of MEA under realistic operating conditions. The method was used
to evaluate the diffusion coefficient of water in the membrane and membrane
conductivity. The method is useful for the development of new MEAs and for the
choice of suitable MEA for each application.

Channel-rib structure of flow field plate creates inhomogeneous compression pressure
inside the PEMFC, which affects especially the properties of porous transport layers
(PTLs). Charge and mass transfer properties of PTLs were experimentally evaluated as
a function of compression. A computer model was developed to see the effects of
inhomogeneous compression on the PEMFC performance. |nhomogeneous compression
does not significantly affect the polarization behavior of the cell, but it creates uneven
current and temperature distributions inside the cell, which decrease cell performance
and lifetime. Inhomogeneous compression should be taken into account in PEMFC
design and modeling.
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Power sources of portable electronic devices must operate under different ambient
conditions and provide high energy density. Therefore, water management of a small
PEMFC was investigated under different operating conditions, at subzero temperatures
and also with high fuel utilization rates. It was found that the cell is able to operate at
very cold temperatures if current density and heat production are high enough to avoid
freezing of water inside the cell. For start-up at cold temperatures, the cell needs active
heating. With high fuel utilization rates, the cell operated without significant
performance loss or water management problems. These results support the feasibility
of free-breathing PEMFCs and are important for their further development and
commercialization.

This thesis starts with a short description of the PEMFC, cell components and water
management in Chapter 2. Chapters 3-5 summarize Publications I-VII that deal with
different PEMFC related transport phenomena. Summary and conclusions of this work,
aswell as suggestions for further research are given in Chapter 6.
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2. PEMFC Technology

2.1. General

In this chapter the structure and components of PEMFC are introduced as well as
performance and water management issues. Also corresponding links to the publications
of the thesis are indicated.

PEMFC is an electrochemical device that converts the chemical energy of reactants
directly into electricity and heat. Hydrogen is used as fuel and it is oxidized into protons
at the anode. Protons are transported to cathode through the proton conducting polymer
electrolyte membrane and electrons through an external load. Protons and electrons
react with oxygen at the cathode producing water. Schematic structure of PEMFC and
cell reactions are illustrated in Figure 1.

Load

- S \\\v/ /
> Wi/
sz Z L\3 211 Hy»2H* +2¢

%0, +2¢ +2H"» HL

Figure 1. Schematic of PEMFC. Numbers refer to following components 1: flow field
plates, 2: porous transport layers, 3: electrodes, 4:membrane

PEMFCs produce electricity with high efficiency, up to 60 % (LHV) [1], with very low
emissions at the time of use. Therefore, most of the car manufacturers are actively
developing PEMFC technology to replace the internal combustion engines as vehicle
power source. In the smaller power range, functionality and power consumption of
portable electronic devices is increasing and the current battery technologies can not
keep up with the increasing demand. PEMFC combined with a suitable fuel storage
would provide longer operating times and therefore electronics manufacturers are
developing small fuel cell systems.
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2.2. Fuel Cell Components

2.2.1. Membrane Electrode Assembly

The most important component of a PEMFC isthe MEA. An MEA consists of a proton
conducting electrolyte membrane which is located between thin film electrodes.
Electrodes used in PEMFC are approximately 10 um thick porous sructures that
contain platinum catalyst. Thin film electrodes with low platinum loading were
developed in the early 1990s [2] and are one of the most important development steps
for PEMFCs. Electrochemical reactions take place at a so called three-phase boundary,
where electron conductor, proton conductor and reactants meet. To enhance the reaction
rate, this three-phase boundary must occur on the surface of the catalyst particle. To
achieve this, electrodes are usually made of a mixture of electrically conducting carbon
black, proton conducting ionomer, carbon supported platinum catalyst, and solvent.
During the manufacturing process, solvent is evaporated, which creates the porous
structure. Typical platinum loading of thin film electrodesis from 0.1 to 0.4 mg cm’2. At
the operating temperatures of PEMFC, platinum catalyst is sensitive to fuel impurities,
especially to carbon monoxide. Non-noble and platinum-alloy catalyst materials are
investigated to reduce price, achieve better tolerance for impurities and enhance
durability of catalyst, see e.g. [3, 4].

The membrane is a solid electrolyte film that conducts protons from anode to cathode.
The membrane has to be electronic insulator, good proton conductor, mechanically and
chemically durable and impermeable to gases. The most common electrolyte material
used today is Nafion® developed by E.I. du Pont de Nemours and Company. Nafion® is
a sulfonated tetrafluorethylene copolymer and it is used in PEMFCs in its H*-form.
Other electrolyte materials are eg. Flemion® (Asashi Glass Co.) and reinforced
composite Gore-Select® (W.L. Gore & Associates) [5]. The proton conducting
mechanisms in these polymers are assumed to be the vehicle and Grotthus mechanisms,
see e.g. [6, 7]. In vehicular mechanism, hydrated proton (e.g. HsO") moves through an
agueous environment, similarly to normal molecular diffusion. In Grotthus mechanism,
also called Grotthus hopping, proton moves along a chain of hydrogen bonded water
molecules. These transport mechanisms need water for proton transport and therefore
proton conductivity of these polymers is strongly dependent on the water content, see
e.g. [8-10]. A new method for the characterization of MEA is presented in Publications
| and II.

2.2.2. Porous Transport Layers

PTLs are located between the electrodes and flow field plates. PTLs are also known as
porous backings, gas diffusion layers (GDLSs) or gas diffusion backings (GDBs). They
create a pathway for reactants from the flow channels to the electrode surface. Also
reaction product water and water from humidified reactants passes through the PTLs. In
addition, PTL conducts electrons and heat between the electrode and flow field plate
and gives mechanical support to the MEA. Most commonly used PTL materials are
porous carbon papers and cloths. Usually some substance, for example PTFE is used to
increase hydrophobicity of PTL and to achieve better water management properties. It is
assumed that liquid water is transported through hydrophilic pores, whereas gas-phase
transport occurs through hydrophobic pores of PTL, see e.g. [11, 12]. Microporous
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layers (MPL) made of carbon black and hydrophobic substance are usually added onto
the PTL surface to improve the cell performance, seee.g. [12].

Due to the channel-rib structure of the flow field plate, PTL is compressed unevenly.
PTL is compressed under the ribs, but remains almost uncompressed under the
channels. Compression increases the electrical and thermal conductivity of the PTL,
and decreases electrical and thermal contact resistances between components. Gas
permeability and porosity are also changed by compresson. The effects of
inhomogeneous compression of PTL on the transport phenomena and performance of
PEMFC were studied in Publications V, VI, and VII.

2.2.3. Flow Field Plates

Flow field plates digribute reactants to PTLs and remove excess water from the cell.
They also conduct electrons and heat and support PTLs mechanically. Flow field plates
are usualy made of graphite, steel, graphite composite or some other conducting and
chemically stable material. The most commonly used channel geometries are the
serpentine channel, parallel channels and their combinations. Interdigitated channels
and net structures are also used. Different channel structures have been studied in e.g.
[13-15].

To achieve a higher output voltage, single cells are normally connected electrically into
series, i.e. they form a fuel cell stack. This is done with so called bipolar plates, which
are two-sided flow-field plates, and they provide oxygen and hydrogen for neighboring
cells. Coolant circulation channels or cooling ribs are usually integrated into bipolar
plates to remove excess heat produced inthe cell.

2.2.4. Other Components

A fuel cell also needs gaskets and end-plates for gas tightness and mechanical rigidity.
Gaskets are made of chemically inert gas impermeable material, e.g. some rubbers and
PTFE impregnated glass fiber are suitable. End-plates and some tightening mechanism
such as bolts and nuts are used to compress components of the cell together. They also
provide mechanical support for other components to minimize their bending and to
egualize the contact pressure on the active area of the cell, see e.g. [16, 17]. A fuel cell
has to be connected electrically to an external load and it is usually done with current
collectors. Current collectors are made of a highly conductive material and they are
connected to the outermost flow field plates.

A fuel cell system needs also auxiliary components to optimize system performance and
life-time. These include air pumps and fans, mass flow controllers, gas humidifiers and
purifiers, a temperature controlling system etc. These auxiliary components increase the
system complexity and power consumption, and therefore especially in small-scale
applications passive controlling and operating methods are used. Due to passive
operation, so called free-breathing PEMFC is a potential power source for small-scale
applications.

17



2.3. Free-Breathing PEMFC

This thesis focuses on characterization of trangport phenomena of small-scale PEMFCs.
In portable electronic devices and other small-scale fuel cell applications, the energy
density of the power source must be as high as possible. One way to maximize energy
density is to minimize the energy consumption of auxiliary devices. Free-breathing cells
are one option, because they take the oxygen passively from the surrounding air and
power consuming air pumps or blowers are not needed. However, passive operation and
control methods make the water management challenging.

A free-breathing PEMFC with vertical straight cathode channels has been studied by
current distribution measurements and modeling [18-21]. It was concluded that the
cathode side mass transport is the most important performance limiting factor in that
cell type. Passive oxygen transport was not sufficient and the cell was prone to flooding.
Therefore a free-breathing cell with open cathode structure was developed [22, 23]. In
this cell type there are no cathode side air channels at al and the cathode side PTL isin
direct contact with ambient air through openings in the cathode current collector/end
plate. The structure of this cell type is shown in Figure 2. This structure improves mass
transport at cathode side. Especially excess water removal is enhanced, which decreases
flooding of the cell and makes the water management easier.

7
3 Hydrogen out

O
(&)
SN
7 o 2
Hydrogen in Current collector

Figure 2. Structure of a free-breathing PEMFC. Modified from[22].

Free-breathing PEMFCs without cathode side channels have been developed and
studied extensively by various research groups. Jeong et al. [24] studied the effects of
cathode open area and ambient humidity on the performance of free-breathing PEMFC
and they achieved a maximum power density of 146 mW cm™. Schmitz et al. [25, 26]
developed a planar free-breathing PEMFC based on printed circuit board technology.
They minimized the thickness of the cell to 3.5 mm and tested different PTLs and
cathode structures and achieved a 100 mW cm™ power density. Hahn et al. [27]
developed a 80 pm thick cell with an 80 mW cm™ stable power density. Tabe et al. [28]
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tested different cathode structures and concluded that the traditional channel type flow-
field plate is superior to open cathode structure due to smaller contact resistances. With
an open cathode structure they achieved an 80 mWcm™ power density and with a
channel-type cathode 105 mWcm. The measured maximum stable power density of
the free-breathing PEMFC used in Publications Il and IV is 260 mW cm?, and
maximum peak power density is 500 mW cm?[23, 29].

Free-breathing PEMFCs are in close contact with ambient air and in real applications
they have to operate under different ambient conditions with high efficiency. Different
ambient conditions and passive control methods make water management of these small
cells very challenging. Therefore it is important to have knowledge about transport
phenomena occurring inside the cells. Transport phenomena inside the MEA were
studied in Publications | and II. Publications V, VI, and VIl focus on the transport
phenomena inside the PTLs. In Publications Il and 1V, it was studied how water
management of a free-breathing PEMFC can be arranged when the cell is operated with
high fuel utilization rate or at low temperatures.

2.4. Cell Performance

2.4.1. Open-Circuit Voltage

A theoretical reversible voltage of a PEMFC at 25 °C and 1 bar is 1.23 V, when the
reaction product water is in liquid form and pure oxygen is used as the oxidant. Real
open-circuit voltage, OCV, is significantly lower, typically 0.9-1.1 V depending on the
operating conditions and cell materials. This significant voltage decrease is assumed to
be caused mainly by mixed potentials, see e.g. [30]. A mixed potential is formed as a
combination of different reactions occurring at the cathode, one is normal water
formation, but another one is oxidation of platinum:

Pt+H,O0« PtO+2H" +2e, E vs NHE=0.88V Q)

This parallel reaction decreases OCV by amost 0.2 V a room temperature [ 30].

Hydrogen that has permeated to the cathode oxidizes and causes mixed potentials, but
also reduces the oxygen surface concentration. The effect of this hydrogen crossover on
the OCV decrease has been calculated to be approximately 50 mV with Nafion 112 at
room temperature [30].

2.4.2. Current-Voltage Behavior

When current is drawn from the cell, voltage decreases from the OCV due to activation,
resistive and mass transfer losses. These losses are also usually called as overpotentials.
Their effect can be seen in a typical current-voltage curve of a PEMFC illustrated in
Figure 3.
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Figure 3. Polarization curve of a PEMFC. I:activation overpotential, 11:resstive
overpotential, and I11:mass transfer overpotential defines the shape of the curve.

At low current densities (region 1), voltage decreases logarithmically as a function of
current density due to activation losses. Activation losses are mainly caused by the
activation energy needed to drive the cathode reaction. Activation losses of the anode
reaction are much smaller due to faster reaction kinetics. Activation overpotential and
decreased OCV typically form the largest portion of PEMFC voltage losses. Reaction
kinetics of the anode reaction were studied in Publications | and I1.

In the middle part of polarization curve (region Il), voltage decreases rather linearly,
mainly due to resistive losses both in electron and ion conductors. Resistive losses occur
in every fuel cell component and at the interfaces between them. The main source of
resistive losses is usually the ionic resistance of the membrane. The conductivity of
membrane was studied in Publication | and Il. Bulk conductivity and contact resistance
of PTL were studied in Publications V, VI, and VII.

At high current density (region I11), cell voltage starts to decrease rapidly due to mass
transfer limitations. Sluggish reactant transport to electrode surfaces and removal of
reaction product water decrease concentrations of reactants at three-phase boundaries.
This leads into rapid decrease in cell voltage. Mass transport is one of the key issues of
this thesis and mass transport in different cell components was studied in Publications |-
VII.

Activation and mass transfer overpotentials can be represented by the current-
overpotential Equation (2), see e.g. [31]
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wherei isthe current density, io is the exchange current density, ¢, and c,, are reference
concentrations of oxidant and reductant, ¢, and c; are their concentrations at the

reaction site, a isthe charge transfer coefficient, z isthe number of electrons transferred,
F is the Faraday constant, R is the molar gas constant, T is temperature, and 7 is the
overpotential. In the case of a PEMFC cathode, eigenvalue of overpotential is large and
Equation (2) can be approximated by, see eg. [32, 33].

. . C azF
i :|0C—9exp(- ﬁh)' 3

(6]

Overpotential is defined with Equation (4)
h=E- E,, (4)

where E is the potential difference between two phases (ion-conductor and electron
conductor) in current state and Ey istheir potential difference in equilibrium state.

Mass transport losses are connected to the cell voltage by Equations (2) and (3).
Sluggish mass transport decreases co (in this case, concentration of oxygen), which
decreases cell voltage.

2.4.3. Potential Profile

There are different charge carriers in a PEMFC, i.e. electrons and protons, which have
their own potential levels. A schematic PEMFC potential profile is presented in Figure
4. The potential of anode side flow field plate/current collector is usually fixed to 0 V
and the cell voltage is the potential difference between anode and cathode flow
field/current collector plates. Stepwise potential drops between cell components are due
to contact resistances.

Overpotential of the anode, A, is the potential difference between electron and proton
conductor

h :@M_QS’ (5)

a

where @,, is the potential of proton conductor, and @is the potential of electron
conductor. Equilibrium voltage of anode reaction is zero.

Cathode overpotential is

h.=d,- @, - E,. (6)
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For pure cathode reaction, Eo would be 1.23 V. Due to the above mentioned mixed
potentials, the real OCV s typically used in PEMFC modeling as Ey to get similar
polarization behavior as in experiments.
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Figure 4. Potential profile through a PEMFC. Solid line: potential of electron conductor,
dashed line: potential of proton conductor. Arrowsindicate the potential difference
between different phases. Stepwise potential drops between cell components are due to
contact resistances.

2.5. Water Management

Proton conductivity of sulphonated ionomer materials depends on their water content.
Higher the water content, higher the conductivity. Conductivity is the highest when the
ionomer is in contact with liquid water, see e.g. [34, Publication 1]. On the other hand,
liquid water hinders mass transport in the electrodes, porous transport layers and gas
channels, which decreases cell performance. Because of these two opposite needs, water
management is an essential issue to obtain good and reliable performance. The objective
of water management is to minimize losses caused by ionomer resistance and mass
transport and to maximize the life-time of the cell.

Water management can be done actively by controlling the operating parameters, such
as flow rate and humidity of inlet gases, and temperature of the cell. Due to increased
complexity and system size, most of the active controlling methods are not suitable for
small portable applications. In such applications, passive controlling methods should be
used where possible. Passive water management methods include material and
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structural choices, and properties of porous transport layer and flow field geometry have
asignificant effect on water management and cell performance [1, 35- 40].

Water is produced at the cathode, and some part of it is transferred through the
membrane to the anode side of the cell. Water is removed from the cell with exiting
reactant flows. Water is transported in the membrane by three mechanisms. diffusion,
electro-osmotic drag, and hydraulic permeation. Diffusion is caused by the water
concentration gradient and it is usually described by the Fick diffusion [41- 44] or
multicomponent diffusion [45- 47]. Proton flux causes the electro-osmotic drag and
depending on the membrane water content, the number of water molecules dragged by
one proton varies from 1 to 6 [34, 48-50]. Hydraulic permeation is caused by the
pressure gradient over the membrane. Pressure gradient drives water from high pressure
side to low pressure side. Water transport by hydraulic permeation has been studied in
e.g. [50, 51]. The diffusive water transport in membrane was studied in Publications |
and II.

The main methods to evaluate diffusion coefficient of water in the polymer membrane
are total water flux measurements [52-55] and NMR spectroscopy [10, 56, 57]. A few
studies have been published based on water uptake or desorption dynamics [58, 59], or
radiotracer measurements [60, 61].

In the total water flux method, the amount of water going in to the cell on one or both
sides is controlled and the amount of water coming out from the cell is measured. The
total water flux going through the membrane can be calculated from the difference
between in-going and out-coming humidities. The main problem in this method are the
gpatial variations in the humidity levels inside the cell, and therefore analysis of
measurement results with modeling is an important part of this technique as shown in
Publications | and 1. Spatial variations in the humidity level could be minimized by
increasing gas flow rates and decreasing the area of the membrane. However, more
accurate humidity measurements would be needed.

In NMR spectroscopy, the intradiffusion coefficient of H* is measured with pulsed-
gradient magnetic field and it is then identified to be similar with H,O [10]. This
intradiffusion coefficient can be converted into normal Fickian diffusion coefficient by

multiplying it by %, where a is the activity and c is the concentration of diffusing
nc

species [10].

The goal of water management is to maximize the cell performance and life-time and
one important parameter affecting the performance is the conductivity of the membrane.
Due to the charge carrier, the proton conductivity of polymer membrane can not be
measured directly with a normal ohmmeter. Suitable methods are the current
interruption method, e.g. [62-64], and AC-impedance spectroscopy, e.g. [37, 38, 65-67].
In the current interruption method, cell current is stepwise changed and voltage transient
is recorded. The time constant of ohmic losses is significantly smaller than that of
activation or mass transfer losses and rapid change in the cell voltage is mainly caused
by ohmic losses. Unfortunately, this rapid voltage change is interfered by three factors,
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the ringing of the signal due to parasitic resonances, imperfect characteristics of the
electronic switch, and also relaxation of other overpotentials [68]. Transient analysis
can be done in frequency domain, using the same tools as in AC-impedance
spectroscopy described below [68]. The current interruption method is a useful
diagnostic tool to measure resistance of an operating fuel cell.

In AC-impedance spectroscopy, the system is perturbed with a small sinusoidal voltage
or current signal and the cell impedance can be calculated from the response. Typically
the amplitude of the perturbation signal in fuel cell measurements is approximately 10
mV. The impedance data is correlated to cell operation with the aid of an equivalent
electronic circuit of the system. Equivalent circuit consists of electronic components,
which are used to describe resistive losses, electrode kinetics, and mass transfer. The
impedance measurement is normally made on a large frequency range, and different
loss mechanisms can be identified due to their different time constants. In Publications |
and 1l AC-impedance spectroscopy was used to evaluate the membrane conductivity
and electrode kinetics of the hydrogen oxidation reaction
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3. Characterization of MEA

3.1. Background

An MEA isthe heart of a PEMFC and its properties affect the performance of the cell
significantly. Many properties of MEA depend on its water content. This is one of the
reasons why water management and related transport phenomena have a great effect on
PEMFC performance and life-time. Important MEA related parameters are e.g. proton
conductivity of ionomer phase, diffusion-, hydraulic permeability- and electro-osmotic
drag coefficients of water, kinetics of electrode reactions, and water uptake. Knowing
these parameters makes the choice of suitable MEA for each application easier and is
vital for modeling.

In Publications | and 1l, the diffusion coefficient of water in the membrane was
evaluated with total water flux measurements combined with modeling. Also the
conductivity of the membrane was determined as a function of its water content.
Measurements were carried out with a symmetrical Hx-H; cell. It has similar
components as a PEMFC, and especially the transport phenomena in the polymer
membrane are the same. There isno water production in H,-H- cell and water content of
the cell can be accurately controlled by the humidification of inlet gases. This enables
direct measurement of diffusive water flux and membrane conductivity under real
operating conditions, which is the most important benefit of this method. Water
transport by electro-osmotic drag could be studied by adding an external power supply
to the system to drive proton current through the membrane. Hydraulic permeation
could be investigated by controlling reactant pressures, and applying a pressure gradient
over the membrane. However, these were not included in thisthesis.

3.2. Methods

3.2.1. Experimental

Total water flux and impedance measurements were conducted with a symmetrical Ho-
H, cell by feeding humidified hydrogen into the cell and measuring the amount of water
exiting from each side. The measurement system used and developed in this study is
illustrated in Figure 5.
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Figure 5. Measurement system used in MEA characterization. Electrical and
communication wires are denoted with dashed lines and gas pipes with solid lines.
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The humidity levels of ingoing gases on both sides of the cell were controlled
independently. The humidity levels of the exhaust gases and the impedance spectrum of
the Gore™ Primea® Series 58 MEA were measured under various humidification
conditions. The humidity levels of the exiting gases depend on the water flux through
the membrane and therefore can be used to determine the diffusion coefficient of water
in the membrane. There was no current going through the cell or pressure difference
across the membrane, and therefore water was transported through the membrane only
by diffusion.

The conductivity of the membrane and the parameters of reaction kinetics were
estimated from the results of impedance measurements. Impedance spectra were
recorded with a Zahner IM6 Electrochemical Workstation and PP240 Power
Potentiostat. Potential probes were 100 um thick gold wires attached between the
electrodes and PTLs. Potential probes were located outside the active area to avoid
disturbing the cell operation.

The structure of the cell is shown in Figure 6. The cell is slightly modified from the one
presented in [38, 69]. Flow field plates were made of gold-plated AISI 316 steel net on
top of smooth graphite current collectors. Diameters of steel net and current collector
were 28 and 30 mm, correspondingly. 1 mm wide free space collected flow from the
net, which created radially symmetric flow profile. With traditional channel-type flow
field geometry, concentration and velocity profiles would be more complicated and
modeling analysis of measurement results harder. Due to cylindrical symmetry, a 2D
model can be used as explained in Chapter 3.2.2. With a channel-type flow field
geometry 3D analysis would be needed.
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Figure 6. Structure of the cell used in the experiments. Gas channels are marked with
dotted line.

Before each measurement, the cell was allowed to stabilize at measurement conditions
for at least four hours. Humidity of the inlet hydrogen was varied from dry to dew-point
temperatures of 27, 30, 33, 39, and 43 °C. Both sides of the cell were unpressurized and
cell temperature was 35 °C.

I mpedance measurements were carried out in the frequency range from 500 mHz to 200
kHz. The measurements were conducted in galvanostatic mode with 100 mA amplitude
and 0 mA DC-level. The measurement results were analyzed with the equivalent
electronic circuit shown in Figure 7. Resistor R; describes the pure resistance between
the potential probes, which is assumed to be caused by the membrane resistance. R
and Z, are used to describe the charge transfer processes of adsorbed hydrogen, and
they define the high frequency arc of the Nyquist plot. R is the charge transfer
resissance and Z, is the constant phase element, which is used instead of a normal
capacitor because of the capacitance dispersion. Capacitance dispersion is caused by
several factors, mainly by electrode roughness, and distribution of reaction rates, see eg.
[70, 71]. Rs and Cs define the low frequency arc of the Nyquist plot, caused by
adsorption and desorption of hydrogen on the electrode surface, see e.g. [66] or
aternatively by water transport [72].
2R, 2R;

R,

27, C,y/2

Figure 7. Equivalent electronic circuit for the impedance of Hx-H cell.
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Water uptake of MEA was also measured. Water uptake is an important parameter for
the analysis of measurement results, and it describes the equilibrium water content of
the sample stabilized with water vapor or liquid water. Before water uptake
measurements, MEA samples were dried with P,Os and weighted. Then they were
equilibrated with water vapor or liquid water for at least a week and water uptake was
calculated from the weight increase of the sample. In this thesis, water uptake is given
as aA-value (number of water molecules per sulfonic acid group) for easier comparison
with reference values. A-value can be calculated with Equation (7).

;= WUEW @)
IVIHZO

where WU is water uptake(mass of water/mass of dry sample), EW is the equivalent
weight of the sample, and Mo iSthe molar weight of water.

3.2.2. Modeling

The diffusion coefficient of water in the membrane can not be calculated directly from
measured tota water fluxes, because the radial distributions of water flux and
concentration are not known. Therefore, modeling is essential for the analysis of
measurement results.

Reasons for radial distributions of water flux and concentration are presented in Figure
8. Gas enters the flow field net from the center and radially flows outward and exits
from the outer boundary. Flow directions of gases are shown in lower subfigure. Water
is transported through the PTLs and membrane, which creates a water concentration
profile in the radial direction. Concentration profiles of water at membrane surfaces and
water flux through the membrane are shown in upper subfigure.

H, O concentration, side 1
H, O concentration, side 2

H, O flux through the membrane

in-going gas

h
|

side 1

<« >

exiting gas exiting gas

side 2 E

in-gdiﬂg gas

Figure 8. Uneven humidity profile and water flux inside the cell. Components are the
same asin Figure 6.
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The model developed for the analysis of total water flux measurements includes the
transport phenomena of hydrogen and water vapor inside the flow field nets, porous
transport layers, and electrodes, and also water transport inside the membrane. Liquid
water transport and phase change phenomena are not taken into account, and therefore
the model is limited to one-phase conditions. Model geometry is presented in Figure 9.
Because the flow geometry of Hz-H, cell used in the measurements is cylindrically
symmetric, only half of the cross-section of the cell was modeled.

Hydrogen - water vapor mixture is fed into the cell through the inlet boundaries. Mass
transport inside the flow field nets, porous transport layers, and electrodes are described
using the Darcy equation for convective transport, the Fick equation for diffusive
transport, and the continuity equation. When the membrane surface is in contact with
water vapor, water concentration in the membrane near the surface is defined by the
water uptake isotherm. The concentration gradient of water across the membrane drives
water diffusion through the membrane.

inlet

!

_> outlet

membrane 18 um
electrode 10 um

porous tranport layer 220 um

flow field net 440 um | | S5 MM 14 mm

—> outlet
41 mm ’

inlet

Figure 9. Model geometry. Dashed lines refer to gas inlet and outlet boundaries.

In the total water flux measurements there was no protonic current or pressure gradient
across the membrane. Therefore, the only water transport mechanism in membrane is
diffusion, which is described by the Fick diffusion equation. There are no water sources
or drains in the membrane and therefore the divergence of water flux iszero

N >(' DHZO, membraneNCHzo, membrane ) =0, (8

where Dy, o memirane 1S the Fick diffusion coefficient of the water in the membrane, and
Ch,0, membrane IS the concentration of water in the membrane. The diffusion coefficient of

water in the membrane was assumed to depend exponentially on the water concentration

=5 c:H O, bl 9
DHZO,membrane = Doél' eXp(- w)%a (9)
H, 0,58 g
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where Do is the parameter of the model, and ¢, ., is the concentration of water in the

membrane equilibrated with saturated water vapor. This dependence was developed
because it has one free parameter that can be fitted in the model and it gives
gualitatively similar behavior as measured for self-diffusion coefficient of water in
Nafion® 117 in[34].

The model was solved with the Comsol Multiphysics™ finite element method solver.
The parameter Dy was determined by varying its value until the difference between the
modeled and measured concentrations of water vapor at outlets reached its minimum.

A separate model was developed to see if the cell can be treated as an isothermal system
also when current passes through the cell, e.g during impedance spectroscopy or electro-
osmotic drag measurements. Modeled heat transfer mechanisms were conduction and
convection. Heat was produced by activation losses, reaction entropy, water phase
change, and resistive losses both in bulk materials and at interfaces.

3.3. Results

The measured water uptake of Gore™ Primea® Series 58 MEA is shown in Figure 10.
Water uptake from liquid water was measured to be 6.1. Water uptake from liquid water
for 20 um thick Gore-Select® membrane has been measured to be 19.5 [5], which is
more than three times larger than the value reported here. Water uptake values measured
for Nafion® 117 membranes reported in [10, 73] are also larger. These values are also
shown in Figure 10 for comparison. The difference between reference values and values
reported in Publication | is most probably caused by the electrodes. Electrodes are
hydrophobic which most probably decreased the water uptake of ionomer in membrane
and electrodes. Electrodes also contain platinum and carbon whose water uptake is very
small.

25 T T
o Nafion 117 @ 30°C [10] ®
20 |, Nafion 117 @ 80°C [73] 3
15| o Gore™ Series 58 @ 35°C [Publication I] |
% * Gore™ Select [5] o 0
210} ©
3, o
| £ " o
< o O« x o
ox ©
L O x o ° o
0 1 O 1 1 1
0 20 40 60 80 100

relative humidity (%)
Figure 10. Water uptake of Nafion® 117 membrane [10, 73], Gore™ Select® membrane
[5], and Gore™ Primea® Series 58 MEA [Publication 1]. Water uptake values measured
with liquid water are marked with circles.
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In the modeling analysis of total water flux measurements, the average difference
between measured and modeled outlet concentrations was 3.5%, and the maximum
difference was 11%. The value of Dy was found to be 1.5 + 0.3 - 10° m?s™. The
resulting Fick diffusion coefficient of water in the membrane is given in Figure 11.

Three different equations for the Fick diffusion coefficient of water in Nafion® are
given in the literature [53] based on the work by various groups [10, 52, 74]. These
diffusion coefficients are dso shown in Figure 11 for comparison.

x107°
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Figure 11. The Fick diffusion coefficient of water in the membrane as a function of
membrane water content.

Diffusion coefficient values reported here for Gore™ Primea® Series 58 MEA are
larger than the literature values for Nafion® membrane. The diffusion coefficient was
determined in Publications | and Il using the whole MEA under realistic operating
conditions of fuel cell. The electrode layer affected the water uptake measurements and
most probably decreased water uptake values. Smaller water uptake values lead into
smaller concentration gradient of water in the membrane. The net water flux through the
membrane in the model was set to the measured value and smaller concentration
gradient led into overestimation of diffusion coefficient. One can roughly estimate that
diffusion coefficients should be approximately three times smaller than the values
reported here, because water uptake values were three times larger than the values
reported in the literature. However, the values of diffusion coefficient and water uptake
reported here give the correct water flux through the membrane, but they must be used
together. It would be very useful to measure water transport and water uptake properties
also with plain membrane used in Gore™ Primea® Series 58 MEA. Then it might be
possible to separate the effects of the electrodes and membrane.
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As explained in Chapter 3.2.2. modeling analysis is very important for this
characterization method, when there is uneven water concentration profile inside the
cell. An example of thisis given in Figure 12, which shows the modeled concentration
profile inside the test cell. The humidity conditions refer to the measurement where the
dew-point temperature of inlet gas on side 1 was 33.4 °C and on side 2 it was dry. Water
vapor concentration differences along the membrane surface are large and lead into
significant lateral variation of water flux through the membrane. Only some kind of
average diffusion coefficient could be obtained from the measured total water flux
without modeling.

gasms1del
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Figure 12. Modeled water concentration distribution inside the test cell. Contours refer
to water concentration (mol m™).

The conductivity of the membrane was evaluated from the results of impedance
measurements by fitting the component values of equivalent circuit into the results. The
resulting conductivity of the membrane as a function of water vapor concentration is
given in Figure 13. The conductivity of the membrane in contact with liquid water was
found to be 5.3 + 0.1 Q* m™. This value is in good agreement with the 5.2 Q* m*
measured for 20 um thick Gore-Select® membrane in [5].
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Figure 13. Conductivity of the membrane as a function of water vapor concentration

The temperature distribution inside the cell was studied by modeling. Even at a 0.7
A cm current density, the maximum temperature variation inside the cell was less than
1 °C. Mog of the temperature differences occurred at interfaces between different
components. Temperature differences inside bulk material were less than 0.1 °C. The
result shows that the Hy-H, cell can be treated as an isothermal system, even at
relatively high current densities, e.g. with electro-osmotic drag measurements.
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4. Water Management of a Free-Breathing PEMFC under
Various Operating Conditions

4.1. Background

Free-breathing PEMFC is in close contact with ambient air and has to operate under
different humidity and temperature conditions. Due to passive controlling methods and
varying ambient conditions, knowledge of water management and other transport
phenomena in free-breathing PEMFC are vital for their development and design. Here
the operation of a free-breathing PEM FC was investigated in dead-end mode and at low
temperatures (-27.5 °C — 0 °C). Reduced water removal with exiting hydrogen in dead-
end operation makes the water management of the cell more complicated compared to
normal flow-through mode. Water management is a very important and challenging
issue at subzero temperatures, because of possible freezing of water inside and outside
the cell.

The effect of low temperature on the operation of PEMFC has been studied in several
articles. Cho et a. [75, 76] studied different water removal methods and antifreeze
solutions to decrease freezing of water inside the cell. Hou et al. [77] studied the freeze
degradation with different water removal methods. Cold start behavior of the PEMFC
has been studied by several groups [78-84]. They found that the cell has to be dried
prior to cooling and possibly heated before start-up. Without these measures irreversible
performance loss will occur. However, to the knowledge of the author, Publication IV is
the first published study made with a free-breathing PEMFC.

The operation of a free-breathing PEMFC was tested in dead-end mode. Dead-end
operation is commonly used in commercial PEMFC systems because it enables high
fuel utilization rate. In dead-end mode, anode side of the cell is pressurized and
hydrogen outlet is equipped with purge valve to flush the anode periodicaly. Purging
removes excess water and inert gases from the anode side. The operation of the cell was
investigated at different hydrogen pressures and purge rates by constant current and
polarization measurements. There are a few studies where the operation of PEMFC in
dead-end mode has been studied [85-88]. In addition to Publication I 11, the author could
not find any other studies made with a free-breathing PEMFC.

4.2. Methods

4.2.1. Sub-Zero Tests

The test cell was similar to one presented in Figure 2. Anode and cathode current
collectors were made of gold-coated SS316 steel. Anode flow channel was Z-shaped,
depth and width of the channel were 1 mm and 3 mm, respectively. Cathode current
collector had 2 mm wide openings and 1 mm ribs. Porous transport layers were SGL
SIGRACET® 10BC. The MEA was Gore® Primea™ Series 55.

Measurement system used in sub-zero tests is shown in Figure 14. The fuel cell test
station was GlobeTech GT-100. The fuel cell was placed inside a temperature chamber
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(modified Electrolux EC1109N). Temperature of the cell was measured with two Pt-100
sensors located on the cathode current collector. Pressure of gas going into the cell was
measured with Brooks 5866 pressure controller. The temperature chamber was also
equipped with a digital camera to get visual information on ice formation onto the
cathode structure of the cell.

fuel cell in
temperature chamber

pressure gas unit

regulator 3 T
=
e, TZ. -
LI
pI'CSSllI'iZCd load unit computer datalogger

H,

Figure 14. Measurement system used in sub-zero tests. Gas pipes are drawn with solid
line and electrical and communication wires with dashed line. T4, T, and T, are
temperature sensors. P refersto pressure meter.

The operation of the cell at sub-zero temperatures was investigated with constant
current and cold-start measurements. In constant current measurements, the cell was
first operated a room temperature and then the temperature of the chamber was
decreased to the desired temperature. Constant current measurements were made at
temperatures between 0 °C and -27.5 °C. The value of the current was varied from 200
to 600 mA cm’? depending on the temperature.

Cold-start of the cell was tested a -5 and -10 °C. Before cooling down, the cell was
dried a room temperature. Cathode side of the cell was dried with air pulse from a
compressed air line and the anode side was flushed with nitrogen. After this drying
procedure, the chamber was cooled to the desired temperature and allowed to stabilize
for more than 12 hours. After this the hydrogen flow was turned on and the cell was
started. At -5 °C the current density was increased from 0 to 200 mA cm™ and at -10 °C
to 300 mA cm? in 17 mAcm steps. The time intervals between current increases were
30sand 60 s.

To revea possible irreversible performance losses due to freezing, a polarization curve
was measured after every constant current and cold-start measurement. This curve was
compared to a reference curve measured before the measurement series. If the
polarization measurement showed changes in the cell performance, the MEA and PTLs
were replaced.

4.2.2. Dead-End Tests

The operation of a free-breathing PEMFC was tested in a dead-end mode with the
measurement system illustrated in Figure 15. The measurement system consisted of the
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same gas and load units as in sub-zero tests. Here the gas unit was used to measure the
hydrogen flow rate, not to control it. A Birkert 6013 solenoid valve was located
downstream from the cell and acted as a purge valve. Upstream from the cell was a
Brooks 5866 pressure controller, which was used to adjust the pressure of hydrogen
inside the cell. Between the gas unit and pressure controller was a needle valve, which
limited the hydrogen flow rate and pressure peaks during and after the purge. The fuel
cell was similar to the one used in sub-zero tests, except the MEA was Gore™ Primea®
Series 58.

pressure gas unit needle DIESSUIE o1 cell
controller
regulator valve
—-T-—EI— — —>
i i purge
i valve
LI ’
pressurized load unit computer datalogger
H,

Figure 15. Measurement system used in dead-end tests. Gas pipes are drawn with solid
line and electrical and communication wires with dashed line.

Two different hydrogen pressure levels, 0.1 and 0.25 barg were used in these tests. Both
dry and humidified hydrogen with dew-point temperature of 30 °C were used to
simulate hydrogen provided from high pressure or chemical hydride storage. The cell
was unheated, but the needle valve, pressure controller, and gas pipes were heated to 35
°C to avoid condensation of water vapor in the gas line. Duty cycle of the purge valve
was varied from completely closed to 1/60, 1/120, 1/300, 1/600, and 1/1200 seconds
open / seconds closed. Optimum values of parameters like hydrogen pressure and the
valve open time depend on the application and operating point and were not optimized
here.

At each humidity and pressure level, and purge valve duty cycle, polarization and
constant current measurements were performed. Polarization curves were measured
three times consecutively to minimize the effect of load history. In constant current
measurements, the cell current was kept at 1.5 A (250 mA cm™) for 8 hours and the cell
voltage was recorded during that period. In addition to these dead-end measurements,
reference measurements were also conducted in a flow-though mode with a
stoichiometry of 1.5. Dew-point temperature of hydrogen in reference measurements
was 30 °C.

4.3. Results

4.3.1. Sub-Zero Tests

Sub-zero tests showed that a free-breathing PEMFC is able to operate a very cold
temperatures if the current density and thus the heat production are high enough to
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avoid internal freezing of the cell. If the heat production was not high enough, reaction
product water froze inside the cell and caused irreversible performance losses. An
example of the effects of irreversible losses on the polarization behavior of the cell is
illustrated in Figure 16. The polarization curve marked with “-15 °C” was measured
after the 300 mA cm constant current measurement at -15 °C. The reference curve was
measured before the measurement series. The cell performance is significantly lower
due to increased resistive and mass transfer losses. This was most probably caused by
the partial detachment and structural changes of various components. After the similar
test with 400 mA cm™ constant current at -15 °C, irreversible performance losses were
not observed due to larger heat production.
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Figure 16. Polarization and resistance curves after the measurement at -15 °C with 300
mA cm and reference curves before the measurement series.

The performance of the cell decreased when the temperature was decreased. This was
most probably because of decreased reaction kinetics and increased mass transfer
limitations. Mass transfer limitations were caused by ice formation on the cathode side
but it was partly compensated with increased convection due to larger temperature
difference between the cell and ambient air. The lowest measured temperature was
-27.5 °C, where the cell was operated at 600 mA cm™ average current density. At this
temperature the cell performance decreased significantly, the cell voltage was
0.35 — 0.45 V with approximately 60 mV fluctuations. There was a lot of frost and ice
formation on the cathode surface during this measurement, increasing the mass transfer
losses. Cell voltage and resistance from this measurement are presented in Figure 17
and frost formation in Figure 18.
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Figure 17. Cell voltage and resistance at -27.5 °C with 600 mAcm.

Figure 18. Frost and ice formation on the cathode surface at -27.5 °C.

During some constant current tests, the reaction product water froze inside the exhaust
pipe and blocked the hydrogen exit and the cell started to operate in a dead-end mode.
The maximum hydrogen pressure was 2.7 barg, which showed that the cell is able to
withstand high pressure differences at least short periods of time without irreversible
performance losses.

The initially dry cell was able to start at -5 °C with 30 s and 60 s intervals between
current steps without any problems. The final current density at -5 °C was 200 mA cm.
At -10 °C the target current density was larger, 300 mA cm? to avoid freezing of
reaction product water inside the cell. At -10 °C with current increase every 30 s, the
cell current density increased to 233 mA cm after which the voltage collapsed. With
current increase every 60 s, the cell started up without problems, but some irreversible
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performance losses occurred. The problems occurred a -10 °C were most probably
caused by the freezing of the reaction product water inside the cell. The cell voltage and
temperature during the cold-start tests are shown in Figure 19.

0.8 | o

o
06| 3
o4} g

0 ! ! ! ! ! -10

0 0.5 1 1.5 2 25
time (h)

Figure 19. Cell voltage and temperature during cold-starts. Subscript notation: initial
temperature, time interval between current increases

4.3.2. Dead-End Experiments

Polarization curves measured at 0.1 and 0.25 barg hydrogen pressure showed that the
cell performance practically does not depend on the purge rate, as long as the purge
valve is periodically opened. With the purge valve completely closed, the performance
decreased dlightly and the polarization scan had to be reversed at 0.5 V due to instable
operation of the cell. This instability was most probably caused by water accumulation
in the anode side at high current densities.

The humidity of the hydrogen had no effect on the cell polarization behavior when the
anode side was purged periodically. When the purge valve was closed, the performance
of the cell was dlightly weaker with humidified hydrogen, again due to increased water
accumulation on the anode side of the cell.

At 0.25 barg hydrogen pressure, the cell performance at high current densities was
dlightly weaker than in the reference measurements or a 0.1 barg pressure. Higher
hydrogen pressure increased the water transport from the anode to cathode by hydraulic
permeation. This led to excess water at the cathode side of the cell, which decreased cell
performance. The polarization curves measured at 0.25 barg are presented in Figure 20.
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For clarity, measurement results with 1/120, 1/300, and 1/600 duty cycles are not
shown, but they fell between the extreme cases presented here.

1. T T T T T
097 -
0.8 -

8 07 ;k‘iﬁ:;s.\ 1
& 1/60,dry -~
5 06 + 1/60, humid .
> ~ 1/1200, dry
0.5 « 1/1200, humid 1
o closed, dry
04r closed, humid i
= reference
0 200 400 600 800 1000

current density (mA cm)
Figure 20. Polarization curves measured at 0.25 barg hydrogen pressure

Constant current measurement supported the observations made with polarization curve
measurements. Cell performance did not depend on the duty cycle of the purge valve or
on the humidity of hydrogen as long as the valve was periodically opened. At 0.1 barg
pressure and purge valve closed the cell voltage started to decrease after 6 hours with
dry hydrogen and after 4 hours with humid hydrogen. At 0.25 barg pressure this did not
happen. This implies that the higher hydraulic permeation at 0.25 barg, decreased the
flooding of the anode. The results of constant current measurements made at 0.1 barg
hydrogen pressure are shown in Figure 21. Again the three middle duty cycles were
omitted.
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Figure 21. Cell voltage during constant current measurements, hydrogen pressure 0.1
barg.

Hydrogen consumption due to purging was measured to evaluate the fuel utilization
rate. Measured hydrogen flow rate is presented in Figure 22. Duty cycle of the purge
valve was 1/1200, hydrogen was dry and pressure was 0.1 barg. The average fuel
utilization rate calculated over 1200 s period was 0.95. Higher fuel utilization rates
should be possible by optimizing the purge parameters, because the operation of the cell
was quite stable even with completely closed purge valve.
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Figure 22. Hydrogen flow rate during purge.
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5. Inhomogeneous Compression of Porous Transport
Layer

5.1. Background

When a PEMFC is assembled, porous transport layer is compressed between the flow
field plate and electrode. Due to the channel-rib structure of traditional flow field plates,
the compression is inhomogeneous. Most of the compression force is directed to PTL
located under the ribs, but the areas under the channels remain almost uncompressed,
see Figure 23.

| flow field plate|
| PTL intruded into channel |

MEA

[Gasket] <] —*

\

| PTL compressed under rib |

Figure 23. Inhomogeneous compression of PTL

Many bulk and interfacial properties of PTL depend on its compressed thickness and
inhomogeneous compression causes spatial variation of these parameters and affects the
transport phenomena inside the cell.

In Publication V, PTL intrusion into channel, gas permeability, electrical conductivity
and contact resistance were evaluated as a function of compressed thickness. Parameters
were evaluated as a function of compressed thickness instead of compression pressure,
because thickness dependence is more useful in modeling. Also when a PEMFC is
assembled, the compressed thickness of PTL is fixed by gaskets. Experimentally
evaluated parameter values were used in Publications VI and VII in a computer model,
which was developed to see the effects of inhomogeneous compression on PEMFC
operation and transport phenomena.

There are several articles where the inhomogeneous compression of PTL is studied.
Sun et al. [89] and Zhou et al. [90] published models where some of the effects of
inhomogeneous compression were taken into account. Freunberger et al. [91] were able
to measure the current distribution with sub millimeter resolution at the PTL-electrode
interface and also studied the deformation of PTL experimentally and with structural
mechanical calculations.
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5.2. Experimental

5.2.1. PTL Intrusion into Channel

The intrusion of PTL into channel was studied with the experimental setup illustrated in
Figure 24. PTL sample was located between two aluminum plates whose distance was
controlled with steel gages. When the aluminum plates were compressed against each
other, the PTL sample partly intruded into the groove in one aluminum plate. Intrusion
depth was measured with a dial indicator. Thickness of the steel gages and thus the
thickness of the compressed PTL was varied from 150 to 350 um. Width of the groove
was varied from 0.6 to 2 mm.

The PTL used in all measurements was SGL SIGRACET® 10BA. Its uncompressed
thickness is 380 um, it has no microporous layer, is treated with 5 wt% PTFE and has
porosity of 0.88 [92]. All measurements were repeated several times to minimize the
effect of variation in the uncompressed thickness of 10BA.

(1] (I
<-| Aluminum plate |
] < Steel gage]
(7 Dial indicator |

Figure 24. Experimental setup for PTL intrusion measurement

5.2.2. Gas Permeability

In-plane gas permeability of PTL was measured with a measurement device presented
in Figure 25. A circular PTL sample was located between two aluminum plates. The
compressed thickness of the PTL was controlled with steel gages located between the
plates. Dry air flowed through the sample radially outwards from the center and the air
pressure at the inlet was measured. The gas permeability was calculated using the Darcy
eguation and the pressure difference over the sample.

L -
aluminum —> //////// %///////// L gas line

plates \ ////////////////////////

Figure 25. Measurement system for gas permeability
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5.2.3. Electrical Conductivity and Contact Resistance

Experimental system used for through-plane conductivity measurements is shown in
Figure 26. From one to six PTL samples were sandwiched between two graphite plates
and the resistance between graphite plates was measured. The thickness of PTLs was
again controlled with steel gages.

@/{ current and voltage terminals |
/I Ag coated GDL (1-6 pieces)|

O Q‘/A/A/ _| non-conductive tape |
M < steel gage|

o O <] graphite current collector |

1.

X

(D

= =k

Figure 26. Measurement system for through-plane electrical conductivity.

The total resistance between voltage terminals with different number of PTL samples
can be expressed as

R = 2 ><Rgr,bulk +n ><RPTL,bqu + 2 ><RPTL— gr,cont + (n - 1) ><RPTL— PTL,cont ? (10)

where R is the total resistance, Ry puik IS the resistance of graphite current collector,
Reri puik 1S the bulk resistance of one PTL, Reri-grcont IS the contact resistance between
current collector and PTL, RerL-pricont IS the contact resistance between PTLs, and n is
the number of PTL samples. Bulk resistance of graphite remains constant, but the other
three parameters depend on compression and the direct differentiation of their
contributions is very challenging.

Here the contact resistance between PTLs was minimized by applying a silver coating.
Those surfaces that were in contact with other PTLs were coated, but surfaces that were
in contact with graphite were left uncoated. The thickness of the coating was 150 nm
and it was made by sputtering. It has been shown that this kind of coating reduces the
contact resistance significantly [93, 94], but due to small penetration it does not change
the bulk conductivity [95]. Silver sputtering was measured to decrease the total
resistance approximately 10% compared to uncoated samples. Therefore, the contact
resistance between PTL samples was assumed to be negligible. The accuracy of this
assumption should be studied in the future. The bulk resistance of PTL is the slope
when one plots R as a function of n. The through-plane conductivity of PTL was then
calculated from the bulk resistance.

The contact resistance between PTL and graphite was evaluated with the same
measurement system as the bulk conductivity of PTL. When the bulk conductivity of
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PTL and graphite are known and PTL-PTL contact resistance is neglected, the only
unknown variable in Equation (10) is the contact resistance between PTL and graphite.
Due to uneven current distribution in the measurement system, the potential profile
through the measurement system was modeled with COMSOL Multiphysics 3.2a, and
the contact resistance between PTL and graphite was varied until the total resistance
given by the model matched the experimental results. This was done with different
number of PTLsand with different compressed thicknesses.

The in-plane conductivity of PTL was measured with an experimental setup illustrated
in Figure 27. PTL sample is located on a non-conducting base plate. Both ends of the
PTL are compressed under graphite current collectors. Steel gages were installed
between the base plate and current collectors to fix the thickness of PTL under the
current collectors to 250 um. The distance between current collectors was varied from 1
to 32 mm. The part of PTL between the current collectors was compressed with a
plastic plate and the compressed thickness was varied with steel gages from 150 to 250
wm.
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Figure 27. Measurement system for in-plane conductivity. (a) top-view, (b) side-view
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The total resistance between the graphite plates, R, can be expressed as
R=2 XRgr,bqu +2 XRPTL- gr,cont +2 XRPTL,bqu(ZSO) + RPTL,bqu J (11)

where Ry buk IS the resistance of graphite current collector, Reri-grcont 1S the contact
resistance between PTL and graphite plates, Reri bukeso) IS the resistance of PTL under
the graphite plate, and Rer puk 1S the resistance of PTL between graphite plates. When
the distance between current collectors is varied, the change in R is caused by the
change in Rpr puik, While all other parameters are assumed to remain constant. Varying
the compressed thickness of PTL between current collectors, the in-plane conductivity
of PTL can be calculated.
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5.3. Modeling

Due to the small scale, experimental investigation of the effects of inhomogeneous
compression on local PEMFC operation and transport phenomena is very challenging.
Therefore these effects were studied by modeling using the measured parameter values
in the model. The original model used in Publication VI was isothermal and in
Publication VII it was modified to be non-isothermal. Here only the non-isothermal
model is described, because the models were mostly identical.

Two different cases were modeled, a “base case” where the properties of PTL were
assumed to be homogeneous and a “real case” where the effects of inhomogeneous
compression were taken into account. The model took into account charge, heat and
multicomponent mass transfer in cathode PTL and electrode. Mass transfer was not
modeled in the membrane or in the anode PTL or electrode. Two-phase effects were
neglected except the loss of porosity dueto liquid water.

The modeled geometry is shown in Figure 28. Due to symmetry, only a half of the
repeated channel/rib structure was modeled. For simplicity, the intrusion of PTL into
anode gas channel was neglected in the modeled geometry. However, the electrical and
thermal properties of the anode PTL were calculated by taking the inhomogeneous
compression into account.

a) | b) |
rib | channel rib | channel
| g
cathode | | I 1
PTL A : B
membrane _,L
A
PTL
111 i v I i v
anode rib | channe] electrodes  rjp | channel
YL.
X

Figure 28. Modeled geometry. @) " base case” inhomogenous compression neglected, b)
“real case’ inhomogenous compression taken into account.

Multicomponent mass transfer takes into account both convective Darcy flow and
Maxwell-Stefan diffusion. The rate of electrochemical reactions at the cathode was
calculated using Equation (3). The heat was assumed to be transferred by conduction
and convection and produced by resistive and activation losses and reaction entropy
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production. The contacts between different components were modeled as 0.5 um layers,
whose conductivities were calculated from contact resistances.

5.4. Results

5.4.1. Experimental

Measured PTL intrusion into channel is presented in Figure 29. Uncompressed
thickness given by the manufacturer, 380 um, was used. Measurements were repeated
several times to minimize the effect of thickness variation. The channel width and
thickness of steel gages, i.e. compressed thickness of PTL were varied, but the
maximum thickness of PTL under the channel remained close to its original thickness.
In later experiments, this phenomenon was studied with optical microscopy [96] and
one of the mi croscopy images is given as Figure 30.
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Figure 29. PTL intrusion into channel.
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Figure 30. Deformation of PTL under the channel-rib structure, modified from [96].
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Measured in-plane gas permeability of PTL as a function of its compressed thicknessis
given in Figure 31. The gas permeability varied non-linearly as a function of
compressed thickness. The measured permeability values are in agreement with the
values reported in the literature, e.g. [35, 97]. The results show that the difference in gas
permeability between uncompressed PTL under the channel and compressed PTL under
the ribs can be as large as one order of magnitude.
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Figure 31. In-plane gas permeability of PTL as afunction of compressed thickness

The values of in-plane and through-plane conductivities of PTL as a function of
thickness are illustrated in Figure 32. The conductivity values are averaged from several
measurements and the error estimates are calculated from standard deviation. In-plane
conductivity of PTL was significantly larger than the through-plane conductivity, most
probably due to the in-plane orientation of carbon fibers in the PTL. Literature values
for in-plane conductivity of PTL vary from 5000 to 23000 Sm™ [35, 38, 98, 99] and for
through-plane conductivity from 300 to 1400 Sm™ [35, 92, 100, 101]. Large variations
can be explained with different PTL materials and measurement techniques, but also
with the drawbacks in measurement setups and assumptions.
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Figure 32. In- and through-plane conductivity of PTL.
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The contact resistance between graphite and PTL and its error estimates are shown in
Figure 33. Error edtimates are calculated by taking the error estimates of bulk
conductivity into account in the modeling. Literature values for PTL-graphite contact
resistance vary from 1 to 50 mQ cm? with compression pressure from 0.5 to 2 MPa[35,
90, 99, 100-102]. This large variation is most probably related to different materials, but
possibly also caused by underestimation or ignoring the contribution of bulk resistance
of current collectors due to their high conductivity. The conductivity of isotropic | SEM-
3 graphite used in this work was measured to be 69700 + 300 Sm™*, which is more than
one order of magnitude larger than the conductivity of PTL. However, the current path
in current collector is typically much longer than the PTL thickness and therefore their
resistances are of the same order of magnitude and cannot be neglected.
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Figure 33. Contact resistance between PTL and graphite.

5.4.2. Modeling

The experimentally evaluated parameter values were used in a computer model to see
the effect of inhomogeneous compression of PTL on cell performance. After the
Publications VI and VII were published and initial results presented, the following
inaccuracies were found:
- Intheliquid water saturation function, it was assumed that the density of liquid
water and water vapor were the same.
- The molar fraction of water vapor a the boundary Il should be 0.095 in stead of
0.077.
- The porosity of compressed PTL should be calculated with the function

e(x)=1- (1- eo)%

These uncertainties affect dlightly the mass transfer in the cell. The model was
amended, and the results reported here are calculated using the corrected model.
However, the transport parameters of liquid water were not known, which limits the
model to one-phase conditions and thus the first error does not affect the analysis of the
results.
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The calculated polarization curves are presented in Figure 34. The performance of the
cell is slightly weaker when the inhomogeneous compression is taken into account. The
difference is due to increased ohmic losses, caused by poor contact between the
electrode and PTL under the channel. It must be noted that with the current choice of
parameters, the cell has significantly high activation overpotential.
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Figure 34. Modeled polarization curves with “base case” (BC) and “real case” (1C).

The molar fraction of water exceeded the saturation limit at approximately 0.49 V for
both cases. Due to unknown two-phase parameters, this is the lower voltage limit for the
validity of the model. The molar fraction of oxygen at the electrode-contact layer
interface for both cases at 0.5V isillustrated in Figure 35. There are no notable changes
in the distribution of oxygen. The inhomogeneous compression does not affect the mass
transfer significantly due to high porosity and permeability of tested PTL material.
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Figure 35. Molar fraction of oxygen at the electrode-contact layer interface a 0.5 V cell
voltage. Dashed line: “base case”, solid line: “real case”.
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The inhomogeneous compression of PTL has a significant effect on the local current
distribution. Current distributions in the middle of the contact layer are shown in Figure
36. Current distribution with the base case is amost constant. When inhomogeneous
compression is taken into account, there is a large peak in the middle of the modeled
geometry, at the edge of the rib. This is due to large contact resistance between the
electrode and PTL under the channel. A significant portion of the current produced
under the channel flows along the electrode in lateral direction and enters the PTL
where the contact resistance is smaller. Similar peak was observed also on the anode
side.
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Figure 36. Current distributions in the middle of the cathode side contact layer at 0.5V
cell voltages. Dashed line: “base case’, solid line: “real case’.

Freunberger et al. [91] measured the current distribution from the cathode-PTL contact
with sub-millimeter resolution. Their results show current peaking under the edge of the
rib at current densities less than 600 mA cm. With higher current densities, the oxygen
transfer limitations moved the current peak under the channel. This movement of the
current peak was not noticed in Publications VI and VII most probably due to smaller
current densities and different PTL properties.

The inhomogeneous compression of PTL has also a significant effect on the
temperature distribution in the cell. The modeled temperature distribution of the cell
when inhomogeneous compression is taken into account is presented in Figure 37. A
high thermal contact resistance between PTL and electrode under the channel causes a
lateral heat flux towards to the areas where the contact resistance is smaller. Highest
temperatures were at the cathode under the center of the channel. At 0.5 V, the
temperature differences inside the cell are approximately 13 °C. The temperature
difference over the PTL-electrode contact varies from 1 °C under to rib to 9 °C under
the channel. In the base case, the temperature difference inside the cell is significantly
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smaller, 5 °C, and the temperature difference over PTL-electrode contact
approximately 1 °C.
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Figure 37. Modeled temperature distribution at 0.5V cell voltage.
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6. Summary and Conclusions

The aim of this thesis was to increase understanding of transport phenomena in small
PEMFCs. In small PEMFC systems, passive controlling methods should be used to
minimize power consumption of auxiliary components. Passive controlling methods are
based on material and structural solutions, and knowledge of material parameters and
transport phenomena is essential.

Water management is one of the most important issues for PEMFCs. A new method
was developed and successfully demonstrated for the evaluation of water transport
properties of MEA under real operating conditions. Measurements were carried out with
a symmetrical H,-H; cell and combined with a computer model. Modeling was found
necessary because of uneven water distribution inside the cell. The diffusion coefficient
of water in the membrane of GORE™ Series 58 MEA was obtained. The developed
method can be used to characterize MEASs under real operating conditions, which is
important for the development of new MEASs and for the choice of suitable MEA for
each application.

The operation of a free-breathing PEMFC was investigated at low temperatures. The
cell was able to operate even at -27.5 °C if the current density and heat production of the
cell were high enough. The cold start of the cell was found to be problematic under -5
°C, and at cold temperatures the cell needs active heating for reasonable start-up time.
Irreversible performance losses will occur if the water freezes inside the cell and it must
be avoided using insulation, heating, drying or anti-freeze chemicals. The operation of a
free-breathing PEMFC in dead-end mode with high hydrogen utilization rate (0.95) was
also demonstrated. The hydrogen outlet has to be equipped with a purge valve, which
enables periodical flushing of the anode to remove excess water and inert gases. The
purge valve is also important for the start-up of the cell, especialy after a long non-
operating period, because air may replace hydrogen in the anode compartment.
Functionality of water management and mass transport of free-breathing PEMFC in a
dead-end mode and at low temperature were successfully demonstrated, which are
important for their use in real applications.

When a PEMFC is assembled, the porous transport layers are compressed
inhomogeneously, which affects the transport phenomena inside the cell. Experiments
showed that the PTL in the middle of the channel remains almost uncompressed, and
gas permeability and electrical parameters depend strongly on the compressed thickness
of PTL. Modeling work showed that inhomogeneous compression does not significantly
affect cell polarization behavior or mass transfer, but has a huge effect on current and
temperature distributions. Due to large contact resistance between the electrode and
porous transport layer, the current and heat produced under the channel flow along the
electrode and enter the PTL where the contact resistance is smaller. This creates a
current peak at the edge of the rib and high temperature differences into the cell. Current
density and temperature distributions should be as even as possible to maximize cell
performance and lifetime. Therefore, the areas having high contact resistance on both
sides should be minimized by flow field design. This can be done e.g. with a cross-flow
mode. Inhomogeneous compression of PTL has significant effects on PEMFC operation
and must be taken into account when designing or modeling PEMFCs.,
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In the future, water transport by hydraulic permeation and electro-osmotic drag should
be studied using a similar approach as with diffusive water transport measurements
presented here. Water transport and water uptake measurements should be carried out
with an MEA and also with a plain membrane to separate their effects. This would
provide a good technique for the characterization of their water transport properties.
More parameters related to deformation of PTL, like thermal properties, geometry of
PTL in the channel, and contact resistance between electrode, should be evaluated.
These parameters could be combined with water transport studies to obtain a good
model based on experimental results to support PEMFC development. This would be
very useful in the design of PEMFCs and their controlling systems and procedures.
Two-phase effects should be studied to get reliable parameter values for the modeling.
A free-breathing PEMFC should be combined with small hydrogen generator and the
operation of the system investigated in a dead-end mode and also at low temperatures.
Especially freeze prevention and cold start methods of the system should be developed
to enable rapid start-up essential for real applications.
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