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Preface

This interdisciplinary training programme for young scientists started as a co-operative
project between Graz University of Technology and the Yokohama National University in
the year 2008. The training programme grew quickly, both in the number of participants as
well as in the number of participating international experts in the field of fuel cell research.
This proceeding includes short abstracts along with key slides from the presentation of the
lecturers of the 10" International Summer School.

The training programme covers research topics in the fields of basic electrochemistry,
thermodynamics, kinetics and catalysis as well as the design and development of the
complete fuel cell systems. The goals of the training are to provide the necessary
theoretical background to young scientists and to make them more aware of the need to
work closely with colleagues from different fields, such as natural sciences and
engineering, in order to successfully develop and implement fuel cell technology.

The lectures cover following topics:

e Basic principle of fuel cells

e Basic electrochemistry

e Measurement and Characterisation Techniques

o PEFC Lifetime and Degradation

e PEFC Applications

e Hydrogen as Fuel

e Hydrogen Production and Heterogeneous Catalysis
e Advanced Material Studies

In 1839, Schénbein and Grove described the working principal of a fuel cell. Since then, it
was often claimed during a number of fuel cell hypes that fuel cells will soon replace
conventional power production technologies. So why don’'t we use fuel cells nowadays in
our daily life? “Economic lifetime” might be the shortest answer. However, the last decade
has shown that key industrial players have continued their long-term investment in this
technology, even during times of economic stagnation, and research institutions and
universities are covering all aspects from basic research to system development in a wide
range as never seen before in history. So, this should be the basis to bring this interesting,
high efficient and clean technology finally to the market.

Potential applications include portable equipment like laptop computers, tablets and
smartphones, mobile applications like hybrid vehicles and stationary power plants ranging
from 1 kW to the MW-class. The main advantageous features of fuel cells are the high
energy conversion efficiencies, low emissions and hopefully with further development, their
long lifespan.

Mobile applications get special priority in fuel cell research and development; however
mobile applications are usually tied to a controversial issue: hydrogen as fuel. Within this
training programme a discourse covering hydrogen production technologies, transportation



and storage of hydrogen will provide the basis for intensive discussions about advantages
and disadvantages of this future fuel. Emphasis will be given to “renewable hydrogen”, i.e.
hydrogen produced from renewable energy sources.

The organisers of the training programme would like to express their thanks to the province
of Styria for their financial support and the Life Long Learning Team of Graz University of
Technology for the organisational support of the training school. We would also like to
thank Brigitte Hammer for her professional support in the organisation of the summer
programme as well as all lecturers who contributed so much to this effort.
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BASICS OF FUEL CELLS

Viktor Hacker

Graz University of Technology, Inffeldgasse 25 C, A-8010 Graz, Austria
viktor.hacker@tugraz.at

Keywords: Fuel Cells, PEFC, thermodynamics, durability, rapid ageing

INTRODUCTION

Electricity is without doubt the most convenient and versatile carrier of energy in our world.
Traditionally, electricity is produced in large centralised power plants from fossil fuels.
However, nowadays there is an emerging interest of producing electricity in a smaller
decentralised way, due to its higher overall efficiency and due to its better compatibility
with the usage of renewable resources. These changes in the energy supply chain also
require new technologies for storing energy into fuels, for instance in hydrogen through the
electrolysis of water. Furthermore, these changes also involve the development of efficient
ways to re-convert the fuels into electrical energy.

Fuel cell technology provides all necessary properties for a decentralisation of electricity
generation. Fuel cells can be thought of as solid state generators of electricity and heat by
combining electrochemically a gaseous fuel and an oxidant gas through electrodes and
across an ion conducting electrolyte.

In contrast to batteries, a fuel cell does not require any recharging. As long as a fuel cell is
continuously supplied with reactants, it will produce electric energy. In comparison to any
conventional thermo-mechanical system, such as internal combustion engines, fuel cells
are characterised by their ability to convert the chemically stored energy of a fuel directly
into electricity and heat, resulting in much higher conversion efficiencies than any current
electricity generators can yield. In other words, fuel cells produce more electricity from the
same amount of fuel than any combustion technology. As the conversion of the fuel to
electrical energy can be performed also in a very clean way, the fuel cell may represent
one fundamental progress towards a sustainable society.

THE POLYMER
ELECTROLYTE FUEL
CELL - PEFC

Among the most common
types of fuel cells, as given in
Table 1, the PEFC is
especially of interest because
it uses a polymeric membrane
instead of a liquid electrolyte,
which enables compacter
systems resulting in a high
power density and easy
handling. In Figure 1 a
schematic drawing illustrates
the basic principles of a
polymer electrolyte membrane
fuel cell (PEFC).
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Fig. 1: Principle of a PEFC.
Table 1: Summary of fuel cell types [3].

Fuel cell types Operating temperature / °C Applications

Alkaline (AFC) 70-130 Space, military
Proton exchange

membrane (PEFC) 60-110 Mobile, portable
Direct methanol (DMFC) 60-120 Portable
High temperature PEMFC 160-200 Small-scale power and CHP
. . i Medium- to large-scale power
Phosphoric acid (PAFC) 175-210 and CHP
Molten carbonate (MCFC) 550-650 Large-scale power generation

Medium- to large-scale power
and CHP, auxiliary power
units, off-grid power and p-
CHP

Solid oxide (SOFC) 500-1000

The most interesting part of a PEM fuel cell is the so-called membrane electrode assembly
(MEA). The MEA resembles the heart or the central part of a PEM fuel cell and consists of
two electrodes, i.e. anode and cathode, and the electrolyte. The electrolyte is as
mentioned above a quasi-solid polymeric film. The required properties of this polymer
electrolyte vary with the working condition of the fuel cell and the particular application [29].
Nevertheless, these polymer electrolytes should offer high proton conductivity and high
chemical, mechanical and thermal stability in order to sustain a high lifetime of the PEFC.
Most commonly perfluorinated polymers (similar to polytetrafluoroethylene, PTFE)
containing -SOs;H groups (perfluorosulphonic acid, PFSA) are employed. The PTFE-like
backbone provides the membrane with chemical inertness, high mechanical and good
thermal stability, whereas the -SOs;H groups are superacid and protogenic in hydrated
state, and provide the necessary proton conductivity. To maintain a high proton
conductivity, these PFSA membranes must be hydrated at all times during operation.
Usually this is achieved by leading the fuel and oxidant gases through water before
introducing them into the fuel cell.

The two electrodes (anode and cathode) which are located on either side of the membrane
usually consist of three layers, a carbon gas diffusion paper/cloth (Figure 15a), a highly
porous gas diffusion layer and the active or catalyst layer. The gas diffusion layer is
generally made out of high surface area carbon (HSAC), in order to provide a fine
structured porous network in which the reactant gases can be transported to the active
layer, and PTFE, which renders the gas diffusion layer hydrophobic, thus disabling a
wetting and blocking of the pores with water. The active layer usually contains an active
catalyst supported on HSAC, which enables the oxidation of hydrogen at the anode (HOR,
hydrogen oxidation reaction) and the reduction of oxygen at the cathode (ORR, oxygen
reduction reaction).

Hydrogen (H,) is introduced into the PEM fuel cell from the anode side, where it is
converted into protons (H*) and electrons (e) through the HOR. The electrons are
transferred through the electrical conductive gas diffusion layer and are collected at an
external circuit, providing electrical energy. The protons are transported through the
polymer electrolyte membrane to the cathode. Once protons reach the cathode side, they
react with oxygen (O,) and electrons producing water (H,O) via the ORR. The reactions
which occur at the anode and the cathode are summarised below.

12



Anode reaction (HOR) H, - 2H* + 2e~ Eq. 1

Cathode reaction (ORR) %02 + 2H* +2e~ - H,0 Eq.2

. 1
Overall reaction H, + 502 - H,0 Eq. 3

Considering both reactions, HOR and ORR, the thermodynamical theoretical cell voltage of
a Hy/O; fuel cell can be described by a combination of the two Nernst equations for the
anode and cathode and would be 1.229 V at standard conditions [34,35].

1

_ 0 2303RT Pg PH,
Vtheory = EOOZ/HZO - EHz/H+ + ZF : lOg p;zg Eq 4
with the two standard electrode potentials at 1.0 atm and 25 °C
Eg /u+ = 0.000V Eq.5
EQ, /0 = 1.229V Eq. 6

Where R is the universal gas constant (8.314 J K'mol"), F the Faraday constant
(96,485 C mol™"), 7 the temperature and p the corresponding partial pressures of the
reactant gases and the product water.

However, the real cell voltage, i.e. the performance of a fuel cell is affected by several
significant voltage losses, which lower the power output dramatically (see Fehler!
Verweisquelle konnte nicht gefunden werden.). For instance, the partial pressure of
oxygen is reduced when air is supplied to the cathode.

Veew = Evev = DEonmic — Norr — Mme Eq.7

The reversible cell voltage £ describes the reduced theoretical OCV by considering the
real partial pressures of the reactant gases and the operating temperature of the fuel cell.
The ohmic losses Eurmic result from the contact resistances between flow-fields and the gas
diffusion layers as well as from proton conduction trough the electrolyte membrane. The
slow transport of oxygen (usually hydrogen transportation is negligible) causes mass-
transport losses 7m But the most significant loss is due to overpotential losses 70zz of the
slow reaction kinetics of the oxygen reduction reaction.

13



1.2 ' ' i

,r'( T
1.1 , .
theoretical voltage
1’]ORR
>
~
[0}
o
8
S T
J_ Athmic
Mt

0.5

T
0.0 0.5 1.0 15
Current density / A cm™

Figure 2: Influence of different loss mechanisms on the VI-characteristic of a PEM fuel cell. Figure adapted
from [10].

The electrical efficiency of a PEFC can be given as the ratio of electrical energy output to
energy input. However, there is no general definition of efficiency since the energy value of
hydrogen varies in dependence of the aggregation state of the product water. When the
product water is obtained in liquid form, the so-called higher heating value (4H%uy = -285.6
kJ mol-') defines the overall reaction enthalpy (heat energy), while the so-called lower
heating value (AHY.uv = -241.2 kJ mol™) is obtained when product water is in gaseous state
[34].

Since there are also irreversible losses in form of heat (745) the maximum electrical work
that the fuel cell can generate (Gibbs free energy) is reduced to AG? = -237.4 kJ mol™,
using Fehler! Verweisquelle konnte nicht gefunden werden..

AG® = AH® — TAS Eq. 8

Table 2: The theoretical cell voltage depending on the total reaction enthalpy.

kJ mol” Ew/V
AHuny -285.6 1.48 (Eyn))
AH_wy -241.2 1.25 (Eqnyg)
AG=AH-TAS -237.4 1.23 (Erev)

The theoretical electrical energy efficiency (i) of a fuel cell can be defined as

_ AG _ Erey
AHypy  Eng

Nia =0.83 Eq.9
which results in a value of 83% in the case of HHV and liquid product water.
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The electric efficiency of an operated fuel cell can be given by

E

a Eq 10

Net =

and varies for a PEMFC in a range of 35 — 70%.
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ENVIRONMENTAL IMPACT FACTOR FOR HYDROGEN ENERGY

Ken-ichiro Ota

Green Hydrogen Research Center
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ken-ota@ynu.ac.jp

Keywords: hydrogen energy, impact factor, water circulation

INTRODUCTION

A viewpoint of entropy is very important when energy and environment are discussed,
because all activities on the Earth including the human beings cause entropy production
according to the second law of thermodynamics with the conservation law of materials and
energy Entropy governs a direction of all changes, so that the entropy production should
be considered in order to sustain the activity of human society. Several studies in
consideration of entropy were performed when a desirable energy system of the civilization
was planned [1,2].

IDEAL ENERGY SYSTEM CONSISTED ON MATERIALS CIRCULATION

A human society is one of the typical self-organizing systems. Therefore, in order to
sustain the steady state of human society included its energy system, materials should be
permanently circulated, and the produced entropy should always be disposed of as a long-
wave thermal radiation to space.

Here, it is assumed that the primary energy of the ideal energy system can be supplied
with the renewable energy. Therefore, the problem is that what kind of material is selected
as a secondary energy. From the viewpoint of entropy, the ideal energy supply system
must be based on the materials circulation. When hydrogen is chosen

as a secondary energy, the
circulation of water, which is
oxidative state of hydrogen, is

Table 1: Comparison of the cycle quantity of carbon and
water.

used. On the other hand, when Carbon 1423,:/)%3:) Tt
hydrocarbon is  chosen  as Total amount 54Tt Carbon " Water

secondary energy, the circulations
of carbon as well as water are
utilized. Then, a water cycle is
compared with a carbon cycle as a
material circulation which mankind
can utilize for the energy system.

Table 1 shows the comparison of
carbon and water on the Earth [4,
5, 6]. The total abundance of water
is much greater than that of
carbon. 27,000 times are different
in the weight ratio. The water
abundance in the atmosphere is
also more plentiful than the carbon

Atmosphere
abundance

750 Gt Carbon

15.5 Tt Water

Annual Movement
form atmosphere

152 Gt Carbon

496 Tt Water

Average retention
period in
atmosphere

5 year

10 day

Ratio of energy
consumption of
mankind to
atmosphere
abundance

0.7 %

0.3 %

Environmental
impact factor

0.036

0.0001
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abundance in the weight ratio about 21 times. Circulation with much abundance in the
nature is difficult to be affected by human activity. The annual movement from the
atmosphere of water is 3160 times larger than that of carbon, so that a large difference
occurs in the mean residence time in the atmosphere. In comparison with the carbon cycle,
the water cycle is difficult to receive the effect of the mankind activity. Here, the effect of
the energy consumption of mankind on the carbon and the water cycles are concretely
compared. For that purpose a new parameter named “Environmental Impact Factor” was
introduced. The environmental impact factor (EIF) was defined as the ratio of annual
quantity of materials produced by energy consumption of mankind to a natural movement
on earth. The influence of human activities on the global environment could be evaluated
quantitatively by this environmental impact factor.

On the other hand, the combustion heat of hydrogen is 143kJ/g to calculate the effect on
the water cycle. Because the annual energy consumption of mankind is 6.0-8.2x10""kJ
(2000), the production quantity of water due to this consumption is calculated to be 38-52
G ton. This water production is about 0.3% of vapor in atmosphere and the same order as
carbon. However, it becomes very small value of 0.01% against the annual movement
from atmosphere, that is, the environmental impact factor of water was 0.0001. The
environmental impact factor of hydrogen is more than two orders of magnitude less than
that of carbon.

EVALUATION OF LOCAL EFFECT USING ENVIRONMENTAL IMPACT
FACTOR

Table 2 shows the comparison of the environmental impact factor of carbon on the earth,
Japan and Tokyo [7]. The environmental impact factor of carbon in Japan was 24 times
larger than that in earth. In particular, the environmental impact factor of carbon in Tokyo
metropolitan area was estimated to be 35351 since the natural carbon release in Tokyo is
much smaller than that in other areas as well as the density of energy consumption was
one order of magnitude larger. This means that human activity affects strongly natural
carbon flow in Tokyo area.

Table 2: Comparison of Environmental impact factor of carbon on the Earth, Japan and Tokyo
Metropolitan area.

Earth Japan Tokyo Metropolitan area
Natural carbon release 61.1 Gty 0.37 Gtly 576.5 tly
Carbon (CO,) Emsspn by Energy 5.5 Gtly 0.32 Gty 0.02 Gly
Consumption
Environmental impact factor 0.036 0.86 35351
(Carbon)

Table 3 shows the comparison of the environmental impact factor of hydrogen on the earth,
Japan and Tokyo (Fujii, 2004). The environmental impact factor of water in Japan was 60
times larger than that in the earth. The environmental impact factor of water in Tokyo was
also estimated to be 0.118. This value might not be neglected. The climate in Tokyo would
be affected even if the hydrogen-based energy system was introduced, although the effect
might be far small compared to that of carbon. Too much energy is consumed in Tokyo. In
comparison of Tables 2 and 3, the environmental impact factor of water was always
smaller than that of carbon in all areas. That means hydrogen energy is friendly to the
environment.
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Table 3: Comparison of Environmental impact factor of hydrogen on the Earth, Japan and Tokyo wards.

Earth Japan Tokyo Metropolitan area
Annual Evaporation 4.96 x 10"ty 23x10 "ty 25x 108 try
10
H,O through H. Energy System 3'8_5'5;( 10 1.4 x 10° tly 2.9x10" ty
Environmental impact factor ~0.0001 0.006 0118
(Hydrogen)
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INTRODUCTION

For their characteristics, low temperature operation, solid electrolyte, compactness and
lightness, scalability, Polymer Electrolyte Fuel Cells (PEFCs) could be considered the most
“user friendly” within fuel cells technologies. Today, the PEFCs are in the early stage of
commercialisation both for stationary and portable power and in the next few years large
scale commercialisation will start [1-7]. The Cogeneration Heat and Power (CHP) systems
for home application are a reality in Japan and will be available in Europe in the next years.
Car manufacturers like Daimler, Toyota, Nissan and Hyundai announced the started
regular commercialisation of their hydrogen fuelled FC cars in 2015-2017 [4-6]. But this
don’t means that the research on PEFC could be considered concluded, further efforts are
required for a progressive cost reduction, the efficiency increase, the endurance
implementation and the safety assurance.

Independently by the application, a further cost reduction is the main request, followed by
an increase in durability. For this purpose further basic research efforts on materials and
components, modelling, new applicative studies and tests are necessary for supplying
industries with all the information for assuring to the customer good products with certified
quality standards, and according to the market necessities [7].

Usually, new concepts, materials, components and design are firstly tested in laboratory
before their application to large scale systems and the preparation of an appropriate
testing set up will be one of the most important activities in our laboratory everyday
practice.

In this chapter we will focus mainly on preparation of Membrane Electrode Assembly
(MEA), the heart of the PEFC, for testing it. We will use hydrogen fuelled cells as
reference, taking into account that PEFC could be fuelled with alcohols and other fuels
also.

Laboratory scale MEA, and its components, preparation is different by the large scale
production and strongly depends on the research group experience and available facilities.
Consequently only the general approach and the main recommendation will be treated, the
students must be able to apply these general indications according to the facilities
availability in their laboratories.

SINGLE CELL TEST SETUP

According to the IEC-62282-1 Terminology the Membrane Electrodes Assembly is a
component of a fuel cell, usually PEFC / DMFC, consisting of an electrolyte membrane
with gas diffusion electrodes on either side.

The MEA structure is reported in Figure 1, but the MEA cannot work alone, hydrogen
and oxygen (or air) must be supplied to anode and cathode, respectively, produced
water must be removed, electric connections must be established and operative
conditions maintained. For this purpose an appropriate MEA’s test-holder is
necessary, usually a single MEA per time is characterised and the test holder is
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usually called “single cell’. Usually this single cell consist of two plates on each side of
MEA: a plate, usually graphite made, having channels for gas distribution (flow field)
hollowed on the face in contact with the gas diffusion layer of the MEA, and a metallic
compression plate working also as current collector. Tie bolt with insulating washes to
avoid short circuits are used for clamping the cell, and a couple of gaskets avoiding
gas leakage from cell. Other configuration are also possible, but the basic concept is
the same.

MEA PREPARATION

Membrane Electrode Assembly (MEA) is composed by different parts; depending on the
material or component to be tested you will need to prepare a single part or all of them.
Consequently the preparation procedure will depends on the component to be tested, and
we must take into account that after experimentation and validation our product (know-
how, new material or component, other) could be useful for community only if it can be
applied in practice at a reasonable cost. We must remember that some production
methods very useful in laboratory scale could be not applicable at industrial level, and
some industrial approach can’t be easily reproduced in laboratory scale. This situation
could introduce some limits that must be taking into account. These aspects are out of the
purpose of this chapter and will be not considered.

In figure 1 is reported a schematic of MEA section, starting from anode side (Up-down in
figure) there is the Gas Diffusion Layer (GDL) that could be composed of two sub-layers,
the catalyst layer where hydrogen is separated into protons and electrons, the electrolytic
membrane allowing the transport of protons to cathode, the cathode catalyst layer where
water formation occurs, and the cathode gas diffusion layer.

Anode Gas diffusion layer

Anode macroporous layer /
\ —_— Anode Microporous layer

Anode Catalystlayer

Cathode Catalystlayer

J Cathode Microporous layer

Cathode macro-porous layer \

Figure 1: schematic of MEA structure. Membrane is in direct contact with the catalyst layer,
membrane and catalyst layer are sandwiched by two gas diffusion layer. Each diffusion
layer is usually composed of two layers with different porosity called micro-porous and
macro-porous layer respectively.

Cathode Gas diffusion layer

The MEA manufacturing is a complex matter; we will limit our discussion to standard
laboratory procedures giving an overview to possible drawback and to industrial production
processes. For a more wide and detailed description, the reader is invited to read the
references [7-10]. The membranes, catalyst, carbons and other materials for MEA
preparation are considered as well characterised materials coming from a material
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preparation laboratory of our institute/university or from any other third party provider.
Then, starting from standard composition, we will consider the preparations of gas diffusion
layer, catalyst layer and MEA assembling.

Membrane

The solid polymer electrolyte membrane is the inner part of the cell and its properties
define large part of the cell operative limits and performances. The membrane we have to
use will come from another lab of our institution, or will be acquired on the market, or will
be delivered by a collaborating institution or company. The membrane preparation and
properties have been treated in previous chapter 3, paragraph 3.1, for MEA preparation we
have just to cut it with the correct shape and dimension and, if needed, to perform a pre-
treatment according to the supplier instruction or to literature information. Will be our care
asking the supplier all possible information about the characteristics of the membrane, like
conductibility, water uptake, swelling, operating temperature, glass transition temperature
and so on. These data could be useful both for MEA preparation and experimental results
analysis.

Gas diffusion Layer

The GDL is the intermediate between the catalyst layer and the flow field. Consequently, it
plays an important role in PEFC performance and has several functions: transport and
distribution of reactant and liquid water, conduction of electron, mechanical interface, and
heat conduction.

To be compliant to these requests the GDL must be:

e prepared using materials that are electric and thermal conductors and stable in
the electrochemical environment, like carbon based materials or some metallic
materials;

e porous to allow gas transport and produced water removing, to and from all the
electrode area respectively, not only close to gas channels;

¢ mechanically stable under compression and thermal fluctuations.

\, E|eCtr0n Channel Land
Figure 2: schematic of the GDL function, anode side scheme.

Usually GDL is composed of two sub-layers: the macro-porous or support layer (SL) and
the micro-porous layer (MPL). Historically macro porous backing was used since the first
time, while micro-porous layer was introduced in a second time [11-13]. The MPL has the
functions to allow a better gas distribution, to optimise the GDL hydrophobic properties
close to the catalyst layer, to assure a better electric contact between the GDL and the
catalyst layer, to avoid dispersion of the small catalyst particles. Today GDL prepared with
the dual layer structure with a macro-porous substrate as SL and a thin micro-porous layer
coated on SL is considered the standard for PEFC, direct methanol fuel cells (DMFC) and
other direct fuelled PEFC.
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A high quality SL should have excellent gas permeability, high electron and heat
conductivity, relatively smooth surface, good mechanical strength, appropriate wet ability,
stable chemical and thermal properties, and low cost. The most common SL materials
used in PEFC are carbon fibre based products, such as woven carbon cloth and not woven
carbon paper and carbon felt. This is due mainly to their high porosity (> 70%) and good
electrical conductivity. These carbon based materials are not really low cost, but are more
light and stable in PEFC environment in respect to metal based materials. Moreover they
allow a low interface resistance with catalyst layer.

Carbon cloth has a woven structure and is obtained by carbonisation and graphitisation of
a polymer tissue. The base polymer, the thickness of polymeric fibres and the thermal
treatments to transform it into carbon defines the carbon cloth’s electric, thermal and
mechanical properties. Due to its structure it has two main pores classes [14]: large pores
are present close to the fibres intersection, while small pores are present on the remaining
area. Moreover fibres are ordered, these characteristics conduct to preferential path for
electron, water and gas transport. Carbon cloth offer very interesting mechanical properties
and offer a very good adaptability under compression.

Carbon paper is obtained by gluing together carbon fibres; this conducts to a less ordered
structure giving to material more homogeneous properties. The surface is more flat in
comparison with that of carbon cloth. In front of this, also for carbon paper preferential path
for water transport have been observed [15-16].

Carbon felt is composed by carbon fibres like carbon paper, but in this case the fibres are
very long and flexible, this allows obtaining a felt like structure where no binder is
necessary to maintain the structure.

All these carbon based materials have hydrophobic characteristic, but usually are wet
proofed by adding a polymer like polytetrafluoroethylene (PTFE). Please, note that, also
the addition of a thin MPL is sometime considered as GDL wet proofing. Commercial
supplier usually give few indication about the wet proofing, this results in the possibility that
materials of the same type and with the same porosity distribution coming from different
suppliers, and some time from the same supplier but coming from different production
batch, will have different hydrophobic characteristics. Moreover, must be highlighted that
hydrophobic properties of the GDL can change in time due to operative conditions.

Figure 3: Scanning Electron Microscope images of a) Carbon cloth; b) Carbon paper; c)
Carbon paper section.

As can be seen in Figure 3, the surface of Carbon Cloth is largely irregular due to the
texture, while carbon paper presents irregular large pores. In both cases the contact
between SL and catalyst layer cannot be really effective.

The addition of a MPL surface layer onto the SL improves both the SL surface flatness and
water/gas management of the whole GDL. The MPL provides a reduction of the electrical
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contact resistance between SL and catalyst layer and a control of water removing from
cathode catalyst layer thanks to the micro-porous structure that increase the contact
surface and limits the liquid water transport.
Usually, the MPL consists of carbon based (carbons, graphite, carbon nanotubes, carbon
nanofibres, carbon felt, carbon foams) particles mixed with a binder acting as hydrophobic
agent also, usually PTFE. Typical pore size of MPL is the order of the carbon
agglomerates, 100-500 nm, with a layer thickness of 5-50 um, while SL have a thickness of
100-300 um and a pore size of 10-30 um. For a liquid, the pressure necessary to enter a
pore increase as pore section decrease [14, 15] as a consequence the MPL structure is
more favourable to water vapour diffusion than to liquid water transport. Recent studies
[15-17] demonstrate that the pore distribution in SL has as consequence the creation of
preferential path for liquid water transport, and that MPL define the liquid water pressure
necessary in the catalyst layer to push out the produced water. A deeper discussion of
water transport is out of scope for this chapter. For chapter purposes is sufficient to
remember that the properties of the GDL will be defined by:

e porosity, material and applied wet proofing for the support layer;

e porosity, material and hydrophobic binder for MPL.
A review about the influence of materials on GDL properties can be found in publication
[18-19] reported in reference list.

In laboratory practice the GDL can be:
1. acquired from outer sources;
2. produced in our laboratory according to necessities.

The first case is the simpler one, no work is needed for its realisation. Usually the supplier
will supply also the GDL characteristics, if it is not the case and if necessary a GDL
characterisation is needed to define, for example, porosity and pore distribution,
permeability to gasses, hydrophobic properties. Due to the double layer structure all these
characterisations are not simple to be performed.

In the second case, usually the starting point is the selection of the SL. Production of
carbon cloth, carbon paper and other supports is not simple. In common practice, the SL is
acquired with the requested wet proofing, but if necessary wet proofing could be applied
according to experimental necessities.

The MPL is obtained by deposition of an ink or paste containing the appropriate balance of
carbon and PTFE on the SL. After drying, a thermal treatment is carried out to allow the
PTFE sintering. The ink must have the correct density according to the deposition method;
the density can be adjusted changing the solvent/dispersion agent percentage. More
dense inks are requested for doctor blade or spatula deposition, while lower densities are
requested for serigraphy, brushing, air brushing, spray and ink jet deposition.

The MPL porosity is defined mainly by the carbon particles size and binder concentration,
while the deposition technique has less influence. To manage the porosity pore former
materials can be added to the ink.

The choice of the deposition techniques will influence the minimum thickness that can be
uniformly deposited and the possibility to design the MPL. For example spray techniques
allow very thin layer deposition and the possibility to create multi layer MPL where each
layer have a different composition, while ink jet some spray techniques allow to create 3D
design also.
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Catalyst layer

The catalyst layer (CL) is the location where electrochemical reaction takes place, so that it
is a key component of the MEA. The catalyst particles must be in contact with both
electronic and proton conducting materials and must be accessible to the reactants.
Moreover path for product water removal must be available in the CL [20]. This leads to an
architecture resulting by the co-penetration of three percolating network: one for electron
conduction, one for ion conduction and a pore network for gas transport and water
removal, Fig. 4. The presence of the percolating paths is necessary not only in the catalyst
layer but also in the other components of the MEA, but only in the catalyst layer the three
percolating paths must be all present. Looking at Fig. 4, that represents the cathode side of
the MEA, the reaction of water formation can occur only on catalyst grains where protons,
oxygen and electrons are simultaneously present. Protons will arrive through ion
conducting polymer paths. The ionomer inserted in catalyst layer forms ion conducting
bridges between the membrane and the catalyst grains. Electrons run along the fibres of
the support layer (SL) first and along percolating paths of carbon particles of the micro-
porous layer to reach the reaction site. Oxygen pass through percolating path of wet
proofed pores or not water full pores of the GDL and catalyst layer (CL). Finally water
produced during reaction can be absorbed by the membrane or can be removed by
percolating path of pores. In Fig. 4 the circle “npp” indicate a section of the MPL without
percolating path for the electrons. If this arise the catalyst layer close to this area will be
less effective. Actually, this can arises in any part of the MEA both for electron, oxygen,
protons and water paths. In all these cases there will be a reduction of the MEA
performances and, in some cases, destructive processes can be triggered.

The described structure is the result of a long research on electrode development that
starting from Teflon bonded catalyst layer applied on GDL arrived to the “Catalyst Coated
Membrane” (CCM) configuration [8-9, 20].

npp

Figure 4: Scheme of the interaction between GDL, CL and Membrane (cathode side).

PEFC catalysts usually consist of a powder of Platinum (Pt) based nano-particles
deposited on carbon support [21-22], but for some applications unsupported Pt particles
can be used. Catalysts have been treated in section 3.1 of this book, for the scope of this

chapter metal on carbon catalyst is used as reference. Catalyst will be used for the catalyst
33



layer preparation as it is or by applying pre-treatments according to indication of the
supplier. Although direct deposition/formation methods on membrane or GDL of the metal
used as catalyst by sputtering and physical-chemical deposition have been proposed,
these methods are not treated here because considered special case and not common
practice.

Starting from catalyst powder, CL could be realised onto the MPL of GDL or on the
membrane, the first approach give the so called “gas diffusion electrode” (GDE) and is the
basic preparation technique, the second the CCM.

Also in this case the starting point is the catalyst ink, usually consisting in a suspension of
catalyst particles in a solution containing the solid electrolyte ionomer that will act both as
ion conductor and binder. Pore formers and other additives could be added to manage the
CL architecture, to increase the durability and to ameliorate the water management, just as
example. The deposition techniques are the same techniques used for the MPL and the
ink could be applied to GDL or to the membrane. The deposition of the CL on the
membrane is more complex but allows a reduced contact resistance between membrane
and CL and could increase the MEA endurance reducing delaminating problems. The Pt
load and the composition of the catalyst layer can be different for anode and cathode side
depending on the operative condition of the PEFC and on the performance targets.

For applying the catalyst layer onto membrane there is also an alternate technique, the
“decal’. In this case the CL is realised on a support, usually PTFE, and then hot pressed
onto membrane for transferring the catalyst layer from the support to the membrane.

Each deposition method and substrate of application requires a specific ink, especially
referring to its density and used solvents. But the components of the ink are essentially the
same: catalyst (Pt on carbon), ionomer, solvent (usually water and alcohols).

The CL preparation can follow the solution method or the colloidal method. In the solution
method, the traditional one, the catalyst particles are suspended in a solution of ionomer.
As reported by M. Uchida et al. [23], which also introduced the colloidal method, the
perfluorosulfonic ionomer assume solution form when the dielectric constant of the solvent
is over 10, while undergo to precipitation for solvent dielectric constant less than 3, and
colloid is obtained for dielectric constant in a range around 5.

Consequently solution method need of solvents like water, glycerol and alcohols for
preparing the ink. In colloidal method solvents of the family of Esters and Ethers are largely
used to obtain a colloidal solution of ionomer to which the catalyst is added.

In few words, in solution method is expected that the CL structure will be defined mainly by
the catalyst particles, while in colloidal method are the ionomer clusters that define the CL
architecture. In both cases to increase the CL porosity pore former could be added to the
ink. The addition of pore former has been reported with the aims of obtaining greater
porosity. Pore formers are materials that after their removal live void space for gas and
water transport. Both water soluble and thermal decomposable pore formers have been
tested, these could be removed both by an electrode or MEA treatment before the use or
directly inside the single cell or the stack in the start up and activation phase. Also
plasticizer and stabilizer could be added to improve manufacturing and reduce ink
sedimentation respectively. All these additives must be not poisoning for the catalyst, not
dangerous for the MEA performances, and easy to be removed after MEA preparation.
Usually after the CL ink deposition a thermal treatment is carried out for removing all
solvents, both with and without the application of a mechanical compression. Must be
underlined that the application of a mechanical compression on the MEA could change the
structures previously formed and, if this compression is too hard, it can also destroy the
electrode. Other treatment like washing or chemical treatments could be used if necessary.
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Moreover, in case of pore formers use, applying the thermal and washing treatments the
pore former characteristics must be take into account to avoid the pore former misusing.
In Fig. 5 a scheme of the catalyst layer preparation is reported for resuming.

Nation solution
(ionomer solution)

Pt/C catalyst tetaivolsiuisioloioiinioiotinly

g . i PTFE suspension
sually 10-30° 4.|M;o|¢ ,,,,,,,,,,,,, ; = .
(usually 10-30% Pt iXing | (fneeded) |

on carbon) AU, Sostisvonioion SNV

Solution method Basic ink Colloidal method

Addition of. pore /\ Dripping drop by
former/plasticizer. drop in NBA solvent

Ultrasonic stirring
(30-90 min)

& addition/removing
of solvent to reach
the requested
density/viscosity.

Ink application Ultrasonic stirring
Spray, paint ... (60-90 min)

Figure 5: Resuming scheme of catalyst layer preparation procedure.

MEA assembling

When all components are ready to use, the last step is the MEA preparation. The MEA is
obtained by sandwiching the membrane between two GDE, or sandwiching the CCM
between two GDL. Before this, the application of a pre-gasket on the membrane area
outside the active area to reinforce and protect the membrane is considered a good
practice.

Hot pressing is then used to link together the components. Sometimes the assembling can
be done directly inside the cell shell if requested by the membrane characteristics or by the
specific test to be performed, but this is not a standard practice. In fact hot pressing reduce
contact resistances between the layers composing the MEA, and allow to handling the
MEA as a single piece allowing a more practice, precise and simple mounting of the
experimental set up, in laboratory, and stack assembling in industrial production.

In laboratory, hot pressing is made by a press with heated plates. Press with digital control
are easily available on the market, also manual press can be used but only if equipped
with a good pressure gauge and a high quality temperature control. It is recommended to
periodically verify the planarity and the parallelism of the plates. The MEA is very thin and
small defects can totally destroy the previous work. The use of a template mould could be
useful both for the correct coupling of the different pieces and for granting a uniform
compression.

It is to be underlined that usually the hot pressing is carried out at temperature close to the
glass transition of the ion conducting polymer composing the membrane and used as
ionomer in the catalyst layer. Using GDE hot pressing allows a better matching between
the CL and the membrane, while using CCM it allows a better arrangement of the CL and
MPL contact surface.

It is advisable to cool the MEA between two cooling plates and applying light pressure to
reduce creasing and warping.
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After cooling the MEA is ready for the insertion in the single cell fixture or in the stack, if
necessary it may be stored in plastic bags, preferably hermetic.
The MEA preparation steps are resumed in Fig. 6; MEA testing is discussed in chapter 4.

MEA production

Support layer
Carbon paper |——| Application |+———
Carbon cloth

MP layer
Carbon + PTFE

GDE based GDL CCM based
Catalyst application to GDL / Catalyst application to
Pt/C + Nafion (+ PTFE) Membrane
Pt/C + Nafion (+ PTFE)
) 4 — *
Membrane addition G addifion
Membrane
Hot Pressing

Figure 6: Resuming scheme of MEA preparation process.
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INTRODUCTION

In previous chapter the materials and components of a PEFC have been introduced and
their basic characterisation discussed, now testing is necessary to verify if the developed
materials and components are useful. In fact catalysts or other components must
demonstrate their utility and performances in real operative condition. Single cell testing is
a simple and low cost system for testing materials and components in conditions close to
real operation.

What must be done in laboratory for characterising a PEFC?
1) Defining the testing protocol according to the experimental finalities;
2) Preparing the appropriate test rig;
3) Preparing the MEA for testing;
4) Testing and reporting.

Point 3) has been already treated; this chapter will be focused on the set up of a simple
protocol for single cell testing of Membrane Electrode Assembly (MEA), the heart of the
PEFC. Hydrogen fuelled cells will be used as reference, taking into account that PEFC
could be fuelled with alcohols and other fuels also.

WHAT IS A PROTOCOL

A researcher usually doesn’t only work alone, he has to publish his research results, he
needs to remember what he has to do, and he has to analyse the results.

The simple way to face front all these necessities is writing an experiment protocol.

In the follow starting from the definition of the experimental protocol, a trace for
experimental planning and standard reference test will be introduced with the aims of
supplying the basic concepts about good practice in PEFC testing.

The experimental protocol is a recipe, or a project, of the experimental work to be carried
out for investigating a specific material, component, model, behaviour or other object under
investigation. It is composed of few fundamental parts but could be enriched on necessity:

+ Purpose: a statement of what question we are trying to answer and, when
applicable, what hypothesis we wish to test.

* Materials: List of all major items needed to carry out your experiment. This list
need not be lengthy if a part of its contents has been already published, but it
should include all the essentials. Literature references could be useful.

* Methods: experimental set up, how many experimental sets, how will be
measured the effects of the object under study, how long will the experiment last,
operative sequences, list of data to be acquired. Methods should be explicitly
stated or referenced so that a reader has all the information they need to know to
be able to repeat the experiment and verify its results without talking with the
protocol writer(s).
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+ Controls: |dentify the relevant control(s) to be performed before, during and after
the experiment. Think about the variable(s) we are manipulating. On line controls
need to be carried out under conditions not affecting the test results.

+ Data Interpretation: What will be done with the data once it is collected? Data
must be organized and summarized so that the scientist himself and other
researchers can determine if the hypothesis has been supported or negated.
Results are usually shown in tables and graphs; it is a good practice to define the
standard for data representation. Statistical analyses are often made to compare
experimental result, also for this is useful to define the analysis to be carried out
and the output structure.

* Report template (optional): A standard for report template could be useful for
reporting measurement results. This approach is really effective when we work in
community, this allow having results coming from different stations and
researchers reported in the same way and easily comparable. Moreover it could
be a check table for the person that carry out the experiment avoiding that
important data could be missed.

Looking at the structure of the protocol could be noted that it has the same structure of a
scientific publication. The purpose is what has to be reported in the introduction of the
paper, “materials and methods” compose the second part of the paper sometime named
“experimental”. The part of the paper normally named “results” cannot be present in the
protocol obviously, but the section “controls” is necessary to validate the acquired data,
and figure and graph planned din “data interpretation” will be helpful. Finally “result
discussion”, the heart of the publication will be based on the previous prepared “data
interpretation”. In summary all the scientific paper could be already wrote in the protocol if
it is well constructed.

PEFC SINGLE CELL TEST PROTOCOL

It is expected that the research after the laboratory step will be transferred to industry for
application and commercialisation. At this point the industries and the consumers need
some kind of reference for quality and safety of the new product. Consequently it is
necessary to develop “reference test protocols” aimed at assuring the quality, safety and
interchange-ability (is applicable) of products and their components.

Since year 2000, a number of projects to develop standard testing procedures for fuel cells
have been made by USFCC (United State Fuel Cell Council) [1, 2], by EU with the
FCTESTNET and FCTESqa [3] projects, by JARI (Japan Automobile Research Institute)
[4], and other national and international projects. The Technical Committee 105 of the
International Electrotechnical Commission (IEC) assembled all these experience in a
series of normative and technical specification documents regarding the fuel cells systems,
from single cell to the full power module. Single cell testing is the object of Technical
Specifications “Fuel cell technologies — part 7.1: Single cell test methods for polymer
electrolyte fuel cell (PEFC)” [5], the first revision of this document was started in 2014. In
this document the minimum instrumentation requirements and reference procedures for
testing methods are reported. In the new version, publication planned in August 2016, a
number of new testing specifications will be added.

These technical specifications are a reference for the testing methods to be used in
experimental planning, especially working in project supported by industries.

The IEC document in its first edition was wrote specifically for industries, the new edition,
will introduce a number of tests not previously considered because one of the requests
was the possibility to compare results, both published and reserved, without
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misunderstanding. An action that is impossible if the results have been not obtained using
the same procedure and parameters.

In general the researcher is free to develop its own approach, but if his target is to develop
something that in the future could be produced and commercialised for the community, he
need to refer to the standards. Then, in research the IEC recommendation could be
adapted to specific necessity but the quality and reproducibility of the test results must be
maintained and the adopted testing procedure well publicized.

TESTING HARDWARE

Usually are considered test hardware the test station (or test bench) and the single cell
fixture. But in PEFC the performance of the single component (catalyst layer, electrode,
membrane, gas diffusion layer, flow field) is strictly related to the efficiency and structure of
the other components and to the interaction between these and the tested component.
Consequently could be useful to redefine the meaning of “test hardware”.

A possibility is to define “hardware” all the systems and accessories necessary to test the
PEFC component under study, Fig. 1. This means that if we have to test a new catalyst
layer all the other part of the MEA and single cell will be the “test hardware”, i.e. the
presence of laboratory reference materials and components is of basic importance to
reach correct results and simplifying their analysis and interpretation. To differentiate the
test bench hardware from the reference materials and components could be practical to
refer to the test bench as the “main hardware” and to reference materials and components
as “secondary hardware”. A periodic check of both primary and secondary hardware is
needed to avoid false results and misunderstandings.

Component to be tested

Catalyst layer Membrane Diffusion Layer Flow Field

Secondary Hardware selection

*Diffusion layer +Diffusion layer Catalyst layer Catalyst layer
*Membrane Catalyst layer *Membrane *Membrane

*Flow field *Flow field } *Flow field *Cell active area

Figure 1 — For each PEFC component we can define the secondary hardware as the
reference components we will use to test the experiment object.

The main hardware have a standard form, the basic test station is composed by gas flow
controllers, gas conditioning system (for controlling gas inlet humidity and temperature),
electronic load, data acquisition system, single cell embodiment. More recently is common
to have also a Frequency Response Analyser for impedance spectroscopy, and a
voltammetry system for studying PEFC ageing. These test stations are commercially
available, or can be built in home by assembling different instruments. In the second case
the major difficulties are encountered in calibrating the instrument, in controlling the test
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station (mainly regarding the safety), and in data acquisition software development.
Indications about the test station configuration and requirements are easily available in
literature [6-7]. In the follow of this chapter the availability of a basic fuel cell test station is
considered.

Preparing the single cell embodiment, the first point to be defined is the cell active surface
area. Today graphite based flow filed plates with 25 cm? active area are largely used as
standard. For studying new catalysts 5 cm® area cell are also used for reducing
experimental cost and avoiding the necessity of preparing large batch of catalyst. While for
studying components for stack application is preferable a single cell having the same flow
filed and active area of the stack cell. The flow field could have different geometries,
serpentine like geometry is largely used, parallel channels, interdigited and pin geometries
are also considered for laboratory cells.

Plain polymeric fabric gaskets having a thickness close to that of gas diffusion layer are
normally used to avoid excess MEA stress of contact resistance. Copper current collectors
and aluminium end plates are placed on both sides to complete the assembly. The cell
hardware is clamped by tie-bolts through the end plates. The bolts are tightened in a
diagonal pattern using incremental torque up to reach the requested medium pressure on
MEA. The warm up is assured by heater placed in or onto the end plates. The use of
distributed heaters (such as the adhesive heater pads) is recommended to assure a good
temperature distribution on the cell active area.

The reference cell built according to these indications will be the shell for testing the MEA.
It will be coupled to a test station able to control all the operative condition and to acquire
the requested data.

Finally a protocol for testing the gastight, start-up / reconditioning the cell, obtain I-V curves
and other data, switching of the cell, and the result report template must be defined before
the test start. About this, the recommendation of IEC will be illustrated and discussed
considering the most important test to be conducted on the PEFC: |-V curve acquisition,
time testing in steady conditions, cycling test for applicative performance evaluation..
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INTRODUCTION

From the various fuel cells investigated in the Electrocatalysis Group at the University of
Poitiers (Proton Exchange Membrane Fuel Cell and Direct Alcohol Fuel Cell), the Oxygen
Reduction Reaction (ORR) constitutes the similar process encountered in the cathodic
event. It is proposed in this course to show how we determine the kinetic parameters of O,
reduction at electrode nanomaterials. We will use Butler-Volmer and Koutecky-Levich
equations to assess the main factors such as the exchange current density (j,) the
apparent number of electrons, the associated kinetic current (j) and Tafel slopes.

An electrochemical cell converts directly the Gibbs energy change AG in oxygen of a fuel
such as hydrogen into electricity. At the anode of a PEMFC the electrooxidation of
hydrogen takes place:

Hy —» 2H" + 2¢ E°, =0.00 V vs. SHE (1)
whereas the cathode undergoes the electroreduction of the oxidant O, i.e:

O, + 4H" + 46— 2H,0 E° =123V vs. SHE 2)

where E°1 and E°2 are the electrode potentials versus the Standard Hydrogen Electrode
(SHE)

This corresponds to the overall combustion reaction of H, in O,:
H, +1/20, —» 2H,0 (3)

with the thermodynamic data under standard conditions, AG = - 237 kJ mole™
If one considers that the standard electromotive force (EMF), E°, at equilibrium is:

3
qu:__Gzﬂ=E;_Elo =123V (4)
nF 2 x 96485

The development of a fuel cell requires the control of three parameters:
e The largest EMF that is possible. Assuming that the couple H*/H, has an electrode

potential at 0 V vs. SHE, the scientific challenge must be focused on the oxygen
electroreduction which may be done with a low overpotential.
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e Active catalysts capable of performing a 4-electron oxygen reduction i.e. a direct
conversion of O, to H,O. Another pathway can occur with a 2-electron reduction
route which proceeds through the production of intermediate species such as
hydrogen peroxide. The occurrence of H,O, not only decreases the electrical
performances of the fuel cell but provokes the degradation of the mechanical
properties of the membrane in the Membrane Electrode Assembly (MEA).

¢ In the durability test the cathode which runs at high potential must be stable for a
long lifetime and fuel tolerant because of the crossover of the latter molecule
through the membrane.

ORR kinetics is generally a very slow process. It can be speeded up according to the
nature of the cathode material. The rate determining steps of the ORR will be
discussed during this session of summer school according to the values that will be
found from the following j-E equation:

I 1 1 1 1

ST T hm T ads

+
I J J jo(%eq]e((mwm)n (5)
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' Bulmer-Volmer current-potential relationship
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E and Eeq : the applied and equilibrium potentials
n: the number of electrons transferred
F: Faraday’s constant

R: the gas constant

T: the absolute temperature

jor Exchange current density

o: the transfer coefficient (0 << 1) =0.5
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' Diffusion-limited current density
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' Oxygen reduction reaction: potential domains
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INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) generate electrical power at very high efficiencies
and are considered to play a major role in a future sustainable society. In particular, there
is a high interest for using PEFC technology in automotive applications and combined heat
and power (CHP) units in residential applications. The required lifetime for PEFCs ranges
from 5,000 hours for mobile applications to 80,000 hours for stationary applications.
However, commercial systems do not fully live up to the expectations yet. Limitations in
lifetime and performance of PEFCs are mainly caused by the degradation of the materials
contained in the membrane electrode assembly (MEA). In general, the degradation of the
MEA can be distinguished into either membrane or electrode degradation. Both events are
closely related to undesirable operating conditions in PEFCs. Impurities in the fuel and the
oxidant, poor water management, agglomeration and migration of Pt, chemical reactions of
cell components, carbon-support degradation, and hydrogen and air starvation strongly
affect the integral stability of the MEA.

In order to improve the operational life of PEFCs, it is necessary to gain a deeper
understanding of each PEFC degradation failure mode and their mechanisms.

DEGRADATION IN FUEL CELLS

¢ MEMBRANE DEGRADATION AND PINHOLE FORMATION
Besides being the proton g,

conducting electrolyte, the o \/\/\/\/\/\
membrane also separates ‘

anode and cathode, thus

ES
o

. 35
blocking the crossover of the 53@
corresponding reactant gases. &£°° ~~intact membrane
=25 -
Such a crossover .of the z pharBranE vtk
reactants would result in lower 520 - pinhole
. ©
potentials and therefore a £15
. . Q@
lower efficiency of the fuel cell. E£10 -
During fuel cell operation the © 5 -
membrane is exposed to 0L 5 - :
thermal, mechanical and 0,05 0,15 0,25 0,35 0,45
chemical stress. Undesirable voltage [V]

operating conditions, such as
operation at open circuit
potential or low humidity can further lead to chemical degradation of the polymeric

Fig1: Hydrogen diffusion current measurements
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membrane, resulting in a thinning that can ultimately evolve into pinholes signing the end-
of-lifetime of the cell. Furthermore, pinholes and cracks can be introduced to the
membrane by mechanical stressors either within the fuel cell, during membrane
manufacturing or during implementation in the fuel cell.

Areas of membrane thinning and pinholes result in a local increase of hydrogen crossover,
which can be detected by measuring the hydrogen-crossover current density and by
thermographic measurements.

e ELECTROCATALYST DEGRADATION

The dissolution and redistribution of the platinum electrocatalyst leads to particle growth
and agglomeration and thus a loss of active catalyst surface area. Agglomeration is
considered the most dominant mechanism of catalyst degradation and is driven by the
reduction of the high surface energy of the catalyst particles.

Platinum dissolution is triggered by intermediate to high potentials in the range of 0.85 to 1
V. At potentials exceeding 1.1 V, a highly stable PtO phase is formed.

4 Pt + H,O — Pt,OH + H* +e" (0.85 V vs. RHE)

Pt,OH + H,O — 2 Pt,0OH + H" + " (0.94-0.95 V vs. RHE)
Pt,OH + H,O — 2 PtOH + H" + ¢ (1.04-1.05 V vs. RHE)
PtOH — OHPt (~0.95 V vs. RHE)

PtOH/OHPt — PtO + H" + e (>1.1 V vs. RHE)

If dissolved, platinum ions from the cathode catalyst may also be transported through the
membrane, where they are reduced in the presence of hydrogen, forming metallic
aggregates. There, platinum can no longer contribute to the electrochemical conversion of
the gases.

e CARBON SUPPORT CORROSION

The catalyst carbon support corrosion is a critical issue in PEFC system operation. At
higher operating temperature like in the PAFC (200°C), it is necessary to use highly
corrosion resistant graphitized carbon support. For ideally operated PEFCs, the carbon
support corrosion is negligible in the normal operation mode and at normal cathode
potentials.

Damaging operating conditions including high water content, acidic environment and high
potentials exceeding 1 V, lead to carbon corrosion, resulting in a decreasing active area of
the active catalyst surface.

In the absence of fuel or during fuel starvation following reactions take place on the anode
side:

Carbon corrosion: C + 2H,0 — CO, +4H" + 4¢
Water electrolysis: 2H,0 — O, + 4H" + 4¢
The reaction at the cathode side is not influenced by fuel starvation on the anode side:

Cathode reaction: O, + 4H" + 4" — 2H,0
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In order to determine damaging influences on the PEFC it is necessary to know the local
operating conditions in the cell. Since most damages occur local (e.g. carbon corrosion),
these conditions have to be investigated spatially resolved.

MEASUREMENT TECHNIQUES

e Hydrogen-crossover measurement

In order to determine membrane thinning and the formation of pinholes or cracks in the
membrane, typically the anode is fueled with hydrogen while the cathode is fueled with
nitrogen or any other inert gas instead of air. The potential of cathode is then varied in the
potential window of 100-450 mV and the corresponding hydrogen oxidation current density
is recorded. In a fully functioning fuel cell, the current density in a hydrogen-crossover
measurement is limited by the diffusion of the hydrogen through the (intact) membrane, i.e.
higher cathode potentials do not result in a higher current density. However, after the
events of membrane thinning or pinhole formation, the hydrogen is directly transported
through the defects to the cathode resulting in an increasing current density with increasing
voltage (see Fig 1).

e Accelerated stress test

Accelerated stress tests (ASTs) are a powerful tool for determining the influence of
different failure modes on the overall PEFC lifetime. Depending on the applied AST
protocol specific defective modes can be provoked in the MEA and subjected to
characterization. For example, the applied electrode potentials, especially at the cathode,
the operating temperature and the water content in the fuel cell have strong impacts on
integral stability of the catalyst nanoparticles and the high surface area carbon support
material. Additionally to the above mentioned factors, which influence the electrode
stability, the availability of reactant gases at the catalyst layer in the MEA is of high
importance. Fuel starvation, i.e. insufficient supply of reactant gases, can occur during high
current density operation and leads to a severe degradation of the carbon support material.
During periods of fuel starvation, all hydrogen fed to the fuel cell is oxidized near the anode
inlet. To maintain the current, the carbon support is oxidized instead. This phenomenon is
called carbon corrosion. Carbon corrosion further
occurs during start-up events, where oxygen is
purged from the anode side. This transient fuel

X

starvation induces severe carbon corrosion. —
Typically, carbon corrosion is detected by . ’
measuring the CO and CO, content in the anode = ]
and cathode outlets. - =
-
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e Infrared thermography

Infrared thermography is a convenient method to investigate membrane defects. One side
of the membrane-electrode-assembly is exposed to hydrogen diluted in nitrogen, while the
other side is open and exposed to ambient air. When hydrogen crosses over through
pinholes or areas of membrane thinning, it reacts with oxygen on the platinum catalyst
surface, thus producing water and heat. The locally increased temperature can then be
detected by infrared thermography (see Fig 4).

EXPERIMENTAL INVESTIGATIONS

¢ Membrane degradation

A pinhole was introduced in the membrane at the cathode inlet using a 0.8 mm needle.
The effect was determined by electrochemical characterisation and infrared thermography.
While there was only a small effect noted under normal operation conditions (Fig. 3,1), the
hydrogen diffusion current was clearly raised locally for the perforated MEA (Fig.3,2).

400 400
350
500 500
250 250
o T 00
150 g 150
100 ¢ 100
50
o
2)
45
b) : o
7 t * i 35
30
gg EAD ;
3g S g

S

Fig. 3: Current distribution 1) at 400 mA/cm? and 2) hydrogen diffusion measurement at 430 mV for
a) a pristine MEA and b) a MEA perforated at segment 1.

It was possible to localise the perforated area by both segmented cell and infrared
thermography. Latter further has the advantage, that it is possible to make better
assumptions on the exact location and the size of the pinhole. Also, a distinction between
pinholes and areas of membrane thinning is possible. The pinhole is easily distinguishable
in Fig. 4 b.
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Fig. 4: Infrared thermography for a) a pristine MEA and b) a MEA perforated at segment 1.

e PLATINUM CATALYST DEGRADATION

In order to determine the stability of s

platinum catalysts electrochemical 0.50 - .
studies were carried out by using
the thin-film method on a rotating
disk electrode (RDE) in a standard
electrochemical 3-electrode glass
cell set-up. A commercial Pt/C
catalyst sample was subjected to
potential cycling according to a
standard AST protocol (Fig 5). For G ECSA = 260 cm? mg.”
this purpose, the electrodes were e after 555 cycles  ECSAoss = 20% |
cycled 1665 times between 0.5 and sl e ot et
1.4 Vgue in deaerated 0.1 M HCIO,  °7 ' ——— :

4 0.0 0.2 0!4 0.8 08 11.0
at a scan rate of 500 mV s™. Every Potential vs. RHE / V

555" cycle the electrochemical Fig.5: Degradation of a standard PY/C catalyst during AST
active surface area (ECSA) was  cycling [3]

determined. The loss of ECSA gives

information on the stability of the electrocatalysts. Fig 5 shows representative results from
catalyst degradation testing. Typically, the Pt/C catalysts lost approx. the half of their
electrochemical active surface area, indicating the need for further catalyst stabilization
measures.

o

o

o
L

0.00

-0.25 4

Current density / mA cm?

e CARBON CORROSION

A MEA was perforated five times near the cathode inlet and the middle section with a 0.45
mm needle and underwent five 10 s cycles of fuel starvation, during which the anode off-
gas was analysed.

During fuel starvation, the CO, content is increased due to carbon corrosion (Fig.6).
However, more carbon support is oxidised during starvation in the defective MEA than in
the pristine MEA, thus the carbon corrosion, evident from the carbon emission rate, was
clearly increased after perforation of the membrane.

The increasing reactant cross over was also evident from the gas analysis. The oxygen
content in the anode off-gas was significantly raised after perforation of the membrane.
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This could be a phenomenon due to the excessive cross over after the perforation of the
membrane, or could be due to electrolysis caused by cell reversal during fuel starvation.

a)

H, [%] 1 CO, [y

100

| e % 20 200 - SE— - - o . 20
“ b} g

100

H, [%] 1 €O, [¥

- =t .0

™ ™ -~ ™
240 285 185

Time [min} Time [min}

Fig. 6: Anode off-gas analysis of a) a pristine MEA and b) a MEA perforated five times.
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Ty,

Degradation in PEFCs

= Contamination
= |onomer p—

= Catalyst particles
GDL

» Electrode Degradation
= Loss of active catalyst surface area

= Degradation of PTFE and ionomer in the
electrode

= Carbon corrosion

* Membrane Degradation Anode PEM Cathode

= | oss of the ion conductive moieties
= Membrane thinning
= Pinhole formation

Loss of Catalyst Active Area

= Ostwald ripening (agglomeration of the Pt nano-
particles)

= Reduction of dissolved Pt in the membrane
= Accelerated by high temperatures and humidity
= Potential dependent

4 Pt +H0 — PYOH + H*+e (0.85 YV vs. RHE)
Ft,OH + H:0 — 2 PL,OH + H* + &~ (0.94-0.95V vs. RHE)
Pt.0H + H.0 — 2 PIOH + H*+ e~ (1.04-1.058Y vs. RHE)

FtOH — OHPt (~0.95 vs. RHE)

FtOHIOHPt — FtO + H*+ e (=1.1 V vs. RHE)

ﬁ T Grar | insdthis off Chemioal Enginssing and Bm mnmental Teshmology
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Ty,

Carbon Corrosion

= Carbon support of the catalyst, carbon backing layer
and carbon based bipolar plates

= This is accelerated by high temperatures, low pH-
values and high humidity

= Potential dependent

C+Hy0 — C-Ogy +2H*+ 20
C-Osg+ Hy0 — COy + 2H* + 2¢-

Pt + Hy0 — PEOHg; + H* + &
C-Osg + PEOHyy — PL+ COp +H + &

E T oraz | insithids of Chemioal Enginesfing and Emdraemanis] Teshnology ETEET
Ty
CO,/CO Emissions at the Anode Side
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e sy +
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Membrane Thinning

= Aresult of chemical degradation

= PTFE backbone is degraded at high temperatures
= Accelerated by the formation of H-O- and HNO,

e, — ) — - +

0

CF,

CF — CF,

% 5=13 I
y: £a. 1000
123,

E T Grar | insiths off C# E =nd B it Ty

Pinhole Formation

= Due to mechanical tension, especially in thin
membranes

= Accelerated by low and alternatmg humidification and
high temperatures
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Secrchemics
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case sam
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Fluoride Emission Rate

*  Fluoride emission rate
measured in the anode
and cathode exhaust

water il
»  Analysis with a fluoride =~ ]
selective electrode 5 000
* FERin the anode and 2 2%

cathode exhaust water
nearly the same

;

i

= FER slightly decreasing
with operating time

G- Amzce Sandard
—# Cathode Soncand

<] 100 I 300 400 o0 e00 ™0 =0

Time /i
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Operation under low Anode Stoichiometry

Ot dH*+4e - 2H0 Oxt4dHY+4e —2H0

~1 Volt ~1 Volt
: Adr
o —
. H+ H+
Hz
=
~ 2 Volt ~0 Volt
2 HsO — Os+4H+4 e
2H; — 4 H* +4 e
C+2H:0 = COxtd Ht +4d e
Fuel starvation Mormal cperation
E Tl Grar | insdthis of Chemioal Englnesring and Emv onmenisl Teohnology @ET
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Start/Stop Operation

2 H:0 — Ozt4d Hr+4 e
O+ 4H+4e — 2H0

C+2H0 - COx44 H +4 e
~ 2 Valt ~1 Volt
Air
4 4
H H
Hz
=
~1 Volt ~0 Volt
Ost4H+4e —2H0 2H; = 4H* +4 &
Start/Stop Mormal cperation
Tl Grar | insdthis of Chemioal Englnesring and Emv onmenisl Teohnology &?EET
Ty,
Cell Potential at Dead End Operation
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CLEAN HYDROGEN PRODUCTION BY WATER ELECTROLYSIS

Teko W. Napporn

IC2MP, UMR CNRS 7285, Université de Poitiers, 4 rue Michel Brunet, B27 - 86022
Poitiers cedex, France
e-mail: teko.napporn@univ-poitiers.fr

Keywords: water electrolysis, hydrogen production, PEM electrolyzer, electrode materials,
electrocatalysts

INTRODUCTION

Fossil fuels consumption is increasing continuously leading to a large production of carbon
dioxide. Therefore, the reserves of such energy sources are diminishing rapidly across the
world. Large part of the energy produced, depends on the fossil resources. Thereby,
human activities lead to the climatic changes due to a high production of greenhouse gas.
In order to decrease the environmental impacts resulting from the use of these fossil fuels,
renewable energy systems are proposed. Hydrogen appears as a promising fuel for the
future energy conversion system because the only product of its oxidation is water. Most of
methods for producing hydrogen are initiated in catalysis [1] using fossil sources. The
hydrogen obtained from these methods is not pure and contains traces of CO and CO2.
The main industrial plants concern the steam reforming of natural gas, the partial oxidation
of hydrocarbon and the coal gasification. To date the chemical production of H2 from the
fossil sources represents 96% of the world production [2]. The production of hydrogen by
and for renewable energy is the goal of several countries. Water electrolysis is one of the
interesting processes because it is a sustainable method which produces clean hydrogen
(99.98% purity of hydrogen).

The discovery of the electrochemical water splitting was made in 1789 by Adriaan Paets
van Troostwijk and Rudolph Deiman [3]. The evolution of the technology for producing
hydrogen at the large scale requires the development of efficient electrolyzers. In acid
medium and for low temperature electrolyzers, a significant part of the overpotential
observed is due to the performance of anode materials.

For economic interest, the requirement of energy for electrolyzer should be lower than 4
kWhe/ Nms Hz. Furthermore, the development of novel and efficient materials are helpful to
produce hydrogen for day by day application [4].
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VARIOUS HYDROGEN PRODUCTION METHODS

+# From Conventional Sources

Natural Gas Steam Reforming

‘ H, + (CO, CO,, C, H,0)
Partial oxidation of hydrocarbon -
Coal gasification Not pure H,

# From Renewable Energy Source

* Solar photovoltaic power for direct conversion
5 Wind power
: Hydropower

l

ELECTROLYSIS, Thermolysis and photoelectrolysis

Only 4 % of world production of hydrogen is made by Water electrolysis.

WATER ELECTROLYSIS: its Origin

Adriaan Paets van Troostwijk (1752-1837), a merchant in Amsterdam,
&

Johan Rudelph Deiman (1743-1808) , a physician.
Since 1789 !

- Gold wire

il = Gases were formed on the electrodes
during the discharge leading to a
decreaze of the water level in the tube.

—+ Electrical spark was observed when the

_— Electrolyte
Electzostatic 57
penerator upper electrode lose the contact with
“ water during the discharge.
/ Glass Becker
TR /
T

. Gold wire

Schematic draw of the first water electrolysis

Levie, R. "The electrolysis of water”, . Electroanal. Chem. 476 (1) (1999) 92-93. I
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SHORT THEORETICAL BACKGROUNG

Acid medium Alkaline medium
2H? + 2e- 9 H,

2H,0 + 2e-— H, + 20H

= H,0->H,+%0,|=
H,O =% 0,+2H" + 2¢ : 4

20H-— ¥: 0, + H,O + 2¢-

AG (T,P) - nFE(T, P) =0 where AG >0

E(T,P)=AG(T,P) /nF AG (T, P) = AH (T, P) - T AS (T, P) >0
n = number of electrons irvolved

= E= h d teniial

= AH*(H,O)/2F S

applied
A/m;l potential

F= faraday conztant = 96 485 C mal™
TAS*(H,0)/2F

&

/

AG = Gibbz enthalpy of the reaction
AH = enthalpy of the reaction
AS = entropy of the reaction
AG°(H:0)/2F T = temperature
P = prezzure
> Re = ohmic resiztance
Current (A) 1oep = Overpotential of the cell

Cell Potential (V)
Neen (I)+ Rel

B

(=]

Schematic draw of characteristic E(I) of water electrolysis at 298 K and 1 atm. .
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Example: ELECTROLYZER AND ITS COMPONENTS

J Acid medium
 Operation conditions. ..
2H" + 2e- - H, Cathode & Electrolyte.....
i Anode materials..

v, + 4 De-
H,0-5% 0, +2H" + 2¢~ Anode i Cathode materials...

' S ] ' i Components for stack...

.
Edobon low

AWy
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ELECTRODES MATERIALS

Acid medium [ 2H* + 2¢-— H, Cathode

| H,O - %: O, + 2H* + 2¢- Anode

3
8 (12 yg e evol uths naacsion on i1 skectsode
. Au . Ly
e >/
- 2 r b - 4 d
E - / E 0 1
- B al |
-B
E|
T 21 [ [X] (1] B0 04 08 1z 15z 24
E [V v& RHE) E {V vs. RHE)
Hydrogen Evolution Reaction on different On Pt electrode, Oxygen Evolution
electrodes in 0.5 mol L* H,50, at 3 mV s and Reaction occurs at potentials higher
bl than1.23V

+ The overpotential on Pt electrodes is negligible

compared to the standard potential value.

Development of novel materials is
required

* Pt and supported Pt are still the material used for the

cathode in PEM electrolyzer ’1‘

Some

ELECTRODES MATERIALS

requirements for the anode materials

= Resistant to the corrosion

= active for electrochemical water splitting

= stable during the Oxygen Evolution Reaction
= stable at the operation temperature

< avoid carbon supported catalysts

65



E /W vs RHE

ELECTRODES MATERIALS

1.7

'
Riig plrg 50y .// z"/
S

e g

; S
.-
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18 //,f'/,-"" Rudy ra
// 3
|".-.--/"'.

~
Ir0} L j""f n”‘b !Irﬁ Iﬁi il

5 W 16 20 25 0 W 40
| ' maem®

L]

Linear pelarization of different Ru-based anode catalysts in 0.3 M H,50,, at 3 mV =7 and 20 °C.

(half cell).

A specific amount of Ru and Ir is required for decreasing the overvoltage and increasing the stability of the

system during the time.

Agpliod Catulysis B: Environmontal. 2012, 111-212 , 376; ECS Trans. 2013 45(21): 47-55

-
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FABRICATION OF THE ELECTRODES

DSA electrodes : 2 thermal decomposition of noble metals precursors on titanium

substrate.

2 Deposition of Thermal spray of platinum grade metal oxides on a

Titamium grid

DSA are not suitable for PEM electrolyzer.

An electrocatalytic layer is made on the membrane by applying powders as ink, forming
the membrane electrode assembly (MEA).

Various methods are used for the synthesis of nanosized noble metal based oxides :

Example : (i) Pechini Adams (ii) co-precipitation, polyol method, hydrothermal, etc



ELECTROLYTE

For PEM, alkaline and high temperature electrolyzers, research on
materials for electrolyte is based on that of fuel cells

CURRENT DISTRIBUTORS

Current distributors for the electrolyzers should be :
< porous
= an excellent electronic conductor.

= mechanically stable

CONCLUSION

¥ To date, hydrogen is mainly produced by catalytic reactions of fossil fuels.

v Pure hydrogen can be produced with renewable energy sources and systems.

¥ Water electrolysis appears as promising method for producing pure hydrogen.

¥ Research on different components of the electrolyzer are essential for
developing these alternative hydrogen productions.

¥ Technical progress in low cost materials is needed to compete with traditional

large scale reforming technology.
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BASIC OF THE ELECTROCHEMICAL MEASUREMENTS

Shigenori Mitsushima
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Keywords: fuel cells, electrochemical measurements, electrocatalyst, electrode

INTRODUCTION

Electrochemical measurements are very strong tool to evaluate fuel cells and their
components such as electrocatalysts, catalyst layers, and gas diffusion electrodes. An
electrochemical system consists of two electrodes that are electronic conductor and an
electrolyte which connect two electrodes by ionic conduction. In general, the two
electrodes were named an anode that oxidizes the reduced form and a cathode that
reduces the oxidized form.

In the electrochemical measurements, a reaction polarization, such as a charge
transfer polarization at an interface between an electrode and an electrolyte, a mass
transfer polarization near an electrode surface, or an ionic resistance polarization of
electrolyte, is wanted to be determined separately. In addition, the polarizations are time
functions because of poison, degradation, and others. Electrochemical measurements are
also applied to the determination of performance related parameters such as effective
electrochemical surface area, hydrogen crossover through the electrolyte membrane, and
others.

For the correct determination, basic of electrochemical measurements is important. In
this chapter, basic equipment’s of electrochemical measurements and basic technique of
half-cell measurements is introduced.

BASIC EQUIPMENT

In half-cell measurement, the electrodes are named a working electrode that is determined
by the measurement and a counter electrode that flows opposite current to the working
electrode. Figure 1 shows the schematic drawing of 3-electrodes electrochemical cell with
their potential profile image. Using 2-electrode system that has no reference electrode can
measure current and cell voltage that is potential difference between the working and the
counter electrodes. The relationship
between current and cell voltage is
affected by interfaces between the
working electrode and the electrolyte,
another interface between the counter
electrode and the electrolyte, and the
ionic resistance between the working and
the counter electrodes. The 2-electrode
system cannot determine polarization of
the interface between the working
electrode and the electrolyte that is what

erface

Reference electrode E :
Working

)el?euct:;(ajr;t st)?stzrrlriwt’h;nilsjlf::tmi/&.} II:J c;rds d ‘[:'ounlcr electrode | Electrolyte electrode
between the working and the counter Fig. 1 Schematic drawing of 3-electrode
electrodes. In this case, a voltage electrochemical cell with their potential
between the reference electrode and the profile image.

working electrode, which is affected by
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an interface between the working electrode and the electrolyte, can be measured. Here,
the polarization of the interface between the reference electrode and the electrolyte are
constant value, because the current of this interface is controlled small enough to be free
from change of polarization. Therefore, voltage measurement technique that is free from
electrolyte resistance is needed.

Figure 2 shows the schematic drawing of
the Luggin capillary, which minimize iR drop
between the reference electrode and the
working electrode. It can put around 2d
distance from the working electrode. Here, dis
diameter of a top of the Luggin capillary and

Reference electrode

| Working electrode

. . ] Potential in
2d is the nearest distance without the effect of Luggin capillar d
the Luggin capillary on the current flow of the =~ ° .~
working electrode. In the Luggin capillary, 7
there is no current, so it is free from iR drop. Electrolyte pot;}ntial
Therefore, iR is affected by the resistance of -« 2

only 2d distance. The iR corresponded to 2d

distance is usually negligible, but some large  Fig. 2 Schematic drawing of the
current measurement is affected by the iR Luggin capillary.

Resistance of electrode itself, for example

surface oxide, also affects measurements. These resistances, which cannot be removed
by Luggin capillary, is called as uncompensated resistance, and shall be determined by
another transient response measurements.

The reference electrode must have ionic contact to the electrolyte, but the ionic
resistance is usually very large to separate electrolyte between the chambers for the
reference electrode and the working electrode. In order to accurate measurement, internal
resistance of voltmeter must be huge. Figure 3 shows the equivalent circuit of voltage
measurements. Now, you want to measure E; with a voltage meter which internal
resistance is R,. Does Rs, which is internal resistance of the sample, affect to E, which the
voltmeter indicates? Here, the R; may be corresponded to the resistance of the Luggin
capillary, glass electrode of pH meter or something. If the R; is equal to the R,, the E; =2E,.
To make accurate measurement, R, >> R;, and equipments for electrochemical
measurements has large internal resistance. How can you determine the internal
resistance of the equipments? Figure 3 has an answer of this problem. Put a primary
battery to Es which voltage was already measured by your voltmeter, and use R, that has

large resistant to decrease of the E, more
than 10% of E;. Here, the R, is given by
R I
R =15 _ [1] ae !
Es/Ex -1 T Es RXEEX
The potentiostat, which is an R, !
electrochemical equipment, satisfy all these YAVAYA

requirements and control the potential
between the reference and the working Fig. 3 Equivalent circuit of voltage
electrodes.

measurements.

BASIC TECHIQUE FOR HALF CELL MEASUREMENTS

Figure 4 shows various potential patterns for electrochemical measurements. Here, a),
b), ¢), and d) are used for cyclic voltammetry, linear sweep voltammetry,
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chronoamperometry, and electrochemical
impedance spectroscopy, respectively. These
methods shall be selected by the subject of the
measurements using nature of electrochemical
system. The detail is written many textbooks of
electrochemical measurements [1].

Figure 5 shows the cyclic voltammogram of
poly-crystalline Pt in sulfuric acid, and the
behavior of the surface during the cyclic
voltammetry in inert atmosphere. Below 0 V,
hydrogen evolution reaction occurs. During
positive sweep from 0.05 V, a monolayer of the
adsorbed H is oxidized to H*, and desorbs with
oxidation current up to 0.4 V. From 0.4 to 0.8V,
only charge current of double layer is observed.
From 0.9 to 1.5V, the Pt surface is oxidized. This
behavior is not fully understood, because there
are many oxide forms, such as PtOH, PtO, and
PtO,. Above 1.5 V, oxygen evolution reaction
occurs. During negative scan, opposite reaction

occurs, but reduction of Pt surface is concentrate around 0.8 V. This behavior is a
characteristic of Pt. The H adsorption / desorption current is used for the measurement of

the real surface area of Pt.

Usually, lower limit potential is selected at 0.05 V vs. RHE, and roughness factor
(R.F.), which is the real surface area per the geometrical surface area, is determined with

following equation with 100% of H coverage.
(Q:I )ge()m /mc Cm72
(0.21) ’

RF =
/mC cm™

real

Adsorption /
Desorption of H

Double layer

b)

/.

N

Fig. 4 Potential patternsin
measurements.

2]

Oxidation/Reduction
of surface

e‘ ('Iz H,0
%(
' ®

Double layer capacitance region E/V vs.SHE

Fig. 5 Cyclic voltammogram of Pt and the behavior of the surface.
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Here, (Qﬂ)gmm and (0.21)@1 are hydrogen desorption charge per geometrical surface

area for the sample and real surface area for platinum, respectively. In order to be free
from hydrogen evolution reaction, lower limit potential is selected at 0.08 V vs. RHE, and
the R.F. is determined with following equation with 77% of H coverage [2].

(QI"‘{ )geam / mC cm N
0.7x(0.21),,,,

The relationship between H coverage and
potential depend on material; therefore, in
order to determine the R.F. of Pt alloys, eq. [2]
and [3] are not accurate. As alternative
methods of the R. F. measurement, CO
stripping and Cu under potential deposition are
sometimes employed. These techniques are
selected with nature of samples.

In order to evaluate the catalytic activity of
oxygen reduction reaction, slow scan
voltammetry with a rotating disk electrode
(RDE) is usually performed. Catalytic activity is
a function of time, and then it is difficult to get
steady state polarization curve for ORR
because of adsorption of poison species. The
slow scan voltammetry gives the ORR current
as a function of potential with good
reproductively. Figure 6 shows the slow scan
voltammogram of 12 ug cm®-Pt of Pt/C on a
glassy carbon disk electrode at 25°C in O..
Sweep rate and rotating speed were 0.05 Vs
and 900 rpm, respectively. The dashed dot line
shows the diffusion limit current for ORR. The
current increased with the decrease of potential
in the potential region from 0.8 to 1.0 V vs.
RHE. The ORR current is the current difference
between in O, and N,. The onset potential of
negative scan for the ORR is lower than that of
positive scan. In the negative scan, the onset
potential is the reduction potential of surface
oxide that forms higher potential region. In the
positive scan, Pt surface is not oxidized at the
onset potential in the negative scan. Therefore,
the catalytic activity of the positive scan seems
to be higher than that of the negative scan.
Recently, most of researchers use the positive
scan to determine the catalytic activity of the
ORR.

In order to evaluate catalytic activity,
kinetic current, which is free from mass transfer,
must be determined. RDE method is one of
hydrodynamic voltammetry to evaluate kinetic

RF.=

/mC cm™>

(3]

250G, 900 rpm
-2.0 + 12 ug cm2 of Pt/C
with 0.05 Vs

1 1

1
0 0.3 06 09 12
E/V vs. RHE

Fig. 6 Slow scan voltammogram of
Pt/C for oxygen reduction reaction
using rotating disk electrode.
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b) Koutecky-Levich plot

Fig. 7 Polarization curves and
Koutecky-Levich plot for oxygen
reduction reaction using rotating
disk electrode.
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current. A simple equation to obtain kinetic current is as follows

Ik:(IIL)/(IL_I) [4]

Here, I, I and I, are faraday current, diffusion limit current and kinetic current, respectively.
Formal method may use Koutecky-Levich plot from RDE measurements. The theory of the
RDE measurement is based on planer disk electrode. Therefore, catalyst layer on a glassy
carbon must be thin and uniform, and catalyst loading is usually in the range from 10 to 30
pg cm?-Pt. Figure 7 shows polarization curves and Koutecky-Levich plot for ORR.
Diffusion limit current increased with rotating speed. Relationship between faraday current
and rotating speed is expressed as follows

1/1=1/1, +1/0.320nFAcD** v " &"? [5]

Here, n, F, A, ¢, D, v, and o are number of electron for the reaction, Faraday’s constant,
electrode area, concentration of the reactant, diffusion coefficient of the reactant, viscosity
of the electrolyte, and rotating speed, respectively. Therefore, the intercept of w'? axis is
inverse of the kinetic current in Koutecky-Levich plot.

Figure 8 shows a chronoamperogram of Pt/C for ethanol electrooxidation reaction.
The oxidation reaction current slightly decreases with
time. Complete ethanol oxidation reaction produces 6 0 1M ethanol = 0.M H,SO]
CO, and H,O with a 12-electron reaction; however, onPt/C 6 =60°C
there are by-products such as CH;CHO, CH3;COOH,
and others. During these reactions, the surface of

o
electrocatalyst is poisoned by intermediates, for g
example CO. In order to evaluate oxidation of EZMSV
hydrocarbons or alcohols, both catalytic activity and ™~ 0.50V
anti-poison property are needed, and shall be ;% ﬁg-ﬁg:
determlned separately. Determination qf products is 00 100 200 300 400
also important. Potential sweep method is easy to get ¢/ min
current — potential property, but it is difficult to separate Fig. 8 Chronoamperogram of Pt/C
activity and anti-poison property and to analyze reaction for ethanol oxidation reaction.

products at a potential. Therefore, chronoamperometry
is useful in these subjects.

0.60V vs. RHE

APPLICATION TECHINIQUES FOR FUEL CELL MEASUREMENTS

In order to determine a membrane electrode assembly (MEA) of polymer electrolyte fuel
cells (PEFCs), there are some specific techniques. In this section, some application
techniques will be introduced. Generally, cell voltage (U) is described following equation.

U=U,-n,-1n.—IR [6]
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Here, Uy, 7., 7., i and R are equilibrium cell ,.
voltage, anode overpotential, cathode ‘,""az
overpotential, current, and summation of 1V

ionic and electronic resistance. A three- | ‘7
electrode MEA is sometimes used to ——— -
analyze the performance; however, a
conventional two-electrode MEA is usually
used because of difficulty of accurate

potential measurement with a reference

(d

‘.QH~“ UH, crossover

—

= =i =

electrode of the three-electrode MEA places i i(c)

beside the cathode or anode. In order to 1 1

determine the 7, and 7., the R must be 0 0.5 1.0 1.5
divided to the anode and cathode sides; E/Vvs. RHE

however, it ig Fiifficult that the determination Fig. 9 Schematic image of cyclic
of actual position of the reference electrode voltammograms for (a)
between the anode and cathode. . .

Furthermore, the 7, is much smaller than polycrystalline Pt in 1M H,S0,, (b)
the 7. if pure hydrogen is used as fuel. In Pt/C, (c) Pt/C with N, flow, (d) Pt/C

this case, the 7, is negligible from the eq. [4], With H2 crossover, and (e) baseline
and the R is measured with current interact  of (d) for MEA.

method or AC impedance spectroscopy.

Then, the 7. can be evaluated independently.

In the determination of the membrane electrodes assembly (MEA) of polymer
electrolyte fuel cells, the real surface area of the cathode is determined with anode that
works as the counter and the reference electrode. Humidified N, and H, are fed to cathode
and anode, respectively. Schematic image of cyclic voltammograms for polycrystalline Pt
in 1M H,SO, and Pt/C of MEAs is shown in Fig. 9. The potential region of scanning for
polycrystalline Pt is usually between 0.05 to 1.5 V vs. RHE, and no significantly hydrogen
and oxygen evolution reactions occur in this potential region (line (a)). The upper limit of
MEAs is blow 1.2 V vs. RHE, because carbon support of Pt/C is oxidized higher potential
region. (Line (b)). In this case, the oxidation and reduction charge above 0.5 V vs. RHE for
the (b) is smaller than that for the (a), but hydrogen adsorption and desorption peaks below
0.4 V vs. RHE are almost the same for the (a) and (b). To determine cyclic voltammograms
for MEAs, the feed of N, shall be stopped, otherwise hydrogen evolution reaction proceeds
at higher potential, and the charges of hydrogen adsorption and desorption increase like
line (c). Cyclic voltammogram can also determine hydrogen crossover through the
membrane. If hydrogen reaches cathode, hydrogen oxidized and the cyclic voltammogram
is observed as line (d), and the baseline of the cyclic voltammogram, which is line (e), is
hydrogen oxidation current. The current around 0.5 V vs. RHE corresponds to the
hydrogen crossover. In the lower potential region, hydrogen cannot be oxidized because of
electrode potential. In the higher potential region, hydrogen cannot be oxidized because of
catalytic activity of oxidized Pt surface, too. The surface area determined with cyclic
voltammogram is called as electrochemical active surface area (ECSA), because this area
has ionic conduction with ionomer to the counter electrode. Sometimes ECSA of MEA per
ECSA of Pt/C in acid solution is called Pt utilization, which is an important parameter to
evaluate catalyst layer.

In order to determine the internal resistance R in eq. [4], AC impedance spectroscopy
or current interrupt method is applied. They use time response difference among
transportation of electrons (<< ms) and ions (<< ms), charge separation at electrode —
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electrolyte interface (~ ms), and formation of concentration distribution with mass
transportation processes (> s). Figure 10 shows the typical AC impedance spectroscopy
for fast reaction that has proportional region between overpotential and current. There is
double layer at the interface between electrode and electrolyte, and it behaves like
capacitor. Therefore, an equivalent circuit of the electrochemical system is expressed with
Fig. 10 — b). Here, the Cq4, Ry, and R are capacitance of the double layer, charge transfer
resistance, and ionic resistance of electrolyte, respectively. This equivalent circuit gives an
arc in Cole-Cole plot that is imaginary part of the impedance -Z,, as a function of real part
of the impedance Zg.. An intercept to the real part at higher frequency side corresponds to
the R,, and another intercept to the real part at lower frequency side correspond to the R, +
R,. The maximum value of the -Z, is equal to the 1/( R, C,). Therefore, kinetic parameters
of an electrochemical system can be evaluated with AC impedance spectroscopy. Detail of
this treatment is explained in basic textbooks of electrochemistry [1].

The impedance spectroscopy of PEFCs is different from basic one. Typical
electrochemical AC impedance spectroscopy for slow reaction with porous electrode such
as oxygen gas diffusion electrode is shown in Fig. 11. Major differences are that the
current is proportional to the exponential of overpotential, which is in Tafel region, and the

a) Polarization curve

Cy

R

S

R

ct

b) Equivalent circuit

25H P = VRaC
a >
~ \E 0.01 0,25 Current density:
r\f NT_ ' 1024 1A cm?
0.5
; 1€0Hz 0.1Hz ok
R, 1kHz R+ R 0 001 0.02 0.03 0.04
: Zee/Q T S iz /v
c) Cole-Cole plot c) Cole-Cole plot

Fig. 10 Typical electrochemical Fig. 11 Typical electrochemical

AC impedance spectroscopy for AC impedance spectroscopy for

fast reaction. slow reaction with porous
electrode such as oxygen gas
diffusion electrode.
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porous electrode has thickness. As shown in Fig. 11 — a), the inverse of the slope of
polarization curve An/Ai decreases with increase of current i; therefore, this value shall not
be called “charge transfer re resistance” which is proportional to the inverse of exchange
current density. Figure 11 — b) shows an equivalent circuit for these electrodes. Here, R, R;,
Ry, and Ecr are electronic resistance of thickness direction for porous electrode, ionic
resistance of thickness direction for porous electrode, variable resistance correspond to
the slop of the polarization curve, and apparent electromotive force as shown in Fig. 11 —
a). This type of equivalent circuit is called a transmission line model. The vertical and
horizontal axes of Fig. 11 —c) are product of -Z, and i, and Zz. and i, respectively. The arc
is got with bias direct current. Otherwise, large amplitude of alternative current is needed
because of large apparent resistance for charge transfer. In this plot, the sizes of arcs are
almost same for all current density. The intercept of the higher frequency side is almost
independent of current density in both experimental and numerical analysis; therefore, the
intercept of the higher frequency side corresponds to ionic and electronic resistance. The
aspect ratio of the arc increases with current density, because the R, decreased with
current density, so relative value of the R, and R, increase. The shape of the arc
corresponds to the current distribution, but analytical method does not be standardized, yet.

CONCLUSION

In order to evaluate performance and property of fuel cell and its materials, electrochemical
methods are strong tool. In the evaluation, correct equipments and selection of technique.
Most of techniques are same to general electrochemical methods. However, some
techniques are optimized for fuel cell evaluation based on the properties of the materials.
Therefore, fundamentals of electrochemistry with basic assumption for the analysis shall
be understood. Correct evaluation will be selected with correct understanding of the nature
of materials.

Based on above, activity of electrocatalyst is usually evaluated with anodic sweep of
slow scan linear sweep voltammetry. In order to determine kinetic current, rotating disk
electrode is usually used to correct mass transfer. Chronoamperometry evaluates catalytic
activity with poison or degradation behavior. Cyclic voltammetry analyzes electrochemical
surface area (ECSA), hydrogen crossover behavior and others. In the evaluation of
electrode membrane assembly (MEA), characteristics of the MEA must be understood.
When the cyclic voltammetry, flow rate of nitrogen must be slow enough to determine the
ECSA, and ac impedance spectroscopy gives ionic and electronic resistance with small
bias direct current.
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INTRODUCTION

The current-voltage curve, also called the polarization curve, describes the essential
performance of a fuel cell or electrolyzer. In principle, the polarization curve can be
represented by a great variety of mathematical equations. The choice of the 'right' set
of equations depends strongly on the modeling task. For system simulation it is
common to focus on the overall performance. Therefore, simple equations and look-up
tables are used prefereably which can be calculated very fast. In this talk a common
model for the polarization curve is discussed, which is presumably the most simple
model available with a clear physical meaning of the parameters. With the help of this
basic approach the general response of a fuel cell with respect to the following topics
is examined.

o efficiency and heat production
e influence of gas composition (using hydrogen versus reformate gas)
e aspects of degradation

The example polarization curve represents a high temperature PEFC (PBI/H;PO, at
160 °C) but the principle applies to all fuel cell types and also to PEM electrolyzers.
Therefore, the emphasis lies on the physical meaning of the model parameters.
During the lesson it should become clear that the polarization curve is a powerful
diagnostic tool in the development process of fuel cells, electrolyzer cells and
systems. Because the model is quite simple, it is equally important to know it's
limitations.
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The starting point for the derivation of the model equation is the calculation of the
Nernst voltage. This is equal to the open cell voltage (OCV) of a fuel cell, also named
theoretical voltage or thermodynamic voltage. The calculation of the Nernst voltage is
discussed in more detail, because the equation depends strongly on the underlying
physical assumptions of the electrode system. Starting from the commonly used
notation in textbooks [1,2,3] the fundamental meaning is explained and the obvious
deviation of experimental OCV values [4] is discussed. An extension of the Nernst
equation is presented, which resolves this discrepancy between theory and
experiment. Finally, different practical modeling approaches are explored that range
from treating the Nernst equation as a constant value to the explicite incorporation of
gas solubility and effective activity coefficients.

THE NERNST EQUATION

The Nernst voltage describes the cell voltage at thermodynamic equilibrium. It should
therefore be equal to the open cell voltage (OCV) of a fuel cell. For the system
oxygen/ hydrogen/ water the Nernst voltage is given by equation (1), where it is
assumed that the electrodes are in contact with gases (no liquid water).

RT Puoo

E ernst(T) = EO(T) __1n . (1)
N 2F pﬂz(pozj ’

It must be noted that the logarithm in equation (1) must not have units. Therefore, the
reduced partial pressure must be used, which is equal to the mole fraction X; .

x= P (@)

The term p; in equation (2) is the partial pressure and p° the total pressure. By
combining equations (1) and (2) the following equation (3) is obtained.

E,, (T)=ET)- %(m X, o —INX,,-05X,,) (3

In experiments usually a significantly lower OCV value is meassured compared to the
calculated Nernst voltage [4]. It is argued that several effects such as internal gas
crossover and the different state of the catalyst at anode (Pt) and cathode (PtOx) lead
to this deviation [4]. Additionally, the catalyst layer may be flooded with liquid water — a
condition which is most obvious for electrolyzers and also holds for PEM fuel cells. It is
very difficult to exactly calculate the influence of all of the above mentioned effects on
the OCV value. In the following a simple formulation is discussed which allows at least
to estimate the observed deviation.

Formally, in thermodynamics the activity must be used instead of partial pressure or
concentrations. The term activity also recognizes deviations which are observed in
systems under high pressure or concentrated salt solutions, i. e. liquids with high ionic
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strength, which may also be present in thin liquid films within fuel cell electrodes.
These deviations are commonly expressed by activity coefficients f; as shown by
equation (4).

i Di 4
= 12 @

Thus, we yield the following notation of the Nernst equation.

. RT
Ey,..(T)=E(T) _E(ln Ji20X 120 =10 f1,X 5, —0.51n fozxoz) (5)

Since each single f; is not known, it is advisable to collect the sum of all Inf; into one
summary parameter A’'.

.. RT ,
E (1) = E*(T) —ﬁ(ln Xpo—INX,, 05X, —A)  (6)

During the lecture it is shown that based on equation (6) the OCV value of fuel cells
can be calculated in agreement with experimental values. For interpretation of the
values the most common physical models, namely the assumption of pure gas
electrodes, gas electrodes with liquid water drop and electrodes covered by thin liquid
films are discussed. The last model is also refered to as the model of flooded
electrodes, which requires the incorporation of gas solubilities for the values of X; .
With this approach it is possible to estimate a theoretical range of possible OCV
values for PEFC as function of temperature, which also depend strongly on the water
content in the electrode layers.

THE POLARIZATION CURVE MODEL

The so called polarization curve describes the cell voltage as a function of current or
current density. In the case of PEM fuel cells and PEM electrolyzers this is a nonlinear
function, which is commonly described by equation (7) [1,2,3].

Ecell = ENernsl - RQ-] - 77act - nlmns (7)
For fuel cells loss terms lead to a decrease of cell voltage, as shown in equation (7),

while for electrolyzers the cell voltage increases. The major influences on the cell
voltage are:

®  Epernst : Nernst voltage (dependence on feed gas composition)

e R, :ohmicresistance (the major contribution is protonic conductivity of the membrane)
1, © acCtivation losses (electrode processes, also called ‘polarization’)

Nerans - MAss transport losses (mass transport limitation in MEA/ GDL, also called

diffusion overpotential)
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In the most simple approach both the anode and cathode are combined into one
effective electrode. For PEM fuel cells operated with hydrogen/ air this assumption is
justified, because the overall contributions of the anode are very small. The advantage
of this model is that it contains only a small number of parameters, whose physical
meaning can be easily understood. The underlying assumptions and simplifications
will be discussed in the lecture. The polarization curve model is used to explore the
response of a PEM fuel cell to different operating conditions. The resulting ratio of
heat and electricity generated is computed, which is the basis for the layout of cooling
systems. The efficiency as a function of current density and stoichiometry is discussed
and the impact of using reformate gas instead of pure hydrogen is shown.

Another important application is the general estimation of degradation effects. The
final formulation of the polarization curve model in equation (8) contains three
parameters, which are suitable to describe degradation.

. RT ' RT Jiim
Ec‘ell (T) = ENernxt(T) - RQ (T),] - In N J - In N Z .
aF ‘]O (T) aF -]lim —-J

The three parameters are:

e R, - mean resistance of the MEA (ohmic resistance)
e j, - exchange current density
®  jim - limiting current density

As first example the degradation of a PEM electrolyzer under constant load is
discussed. In a second example the time dependend degradation of a high
temperature PEFC with different load cycles is addressed and possible ways to
extend the model are presented [5].
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Butler-Volmer — Tafel equation
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Jjz exchange current density
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o effective symmetry factor
Raohmicresistance of membrane
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INTRODUCTION

Impedance Spectroscopy is a non-invasive method of analysing various frequency
dependent phenomena of electrochemical components, especially batteries, fuel cells and
electrochemical capacitors. It can be used for single cell testing in the laboratory and also
for online stack monitoring.

It is an enhancement to impedance analysis where the cell impedance is plotted versus
frequency. The (complex) electrical impedance Z of a test object is measured at several
frequencies within a frequency range (spectrum) of interest. Voltage and current and their
phase shift are measured while exciting the system using a sinusoidal voltage or current
source. Sophisticated measurement systems can simultaneously apply several different
frequencies and so reduce the test time.

The impedance of a fuel cell mainly consists of chmic losses, anode activation losses,
cathode activation losses and mass transfer effects. These phenomena occur at specific
frequencies which allow distinguishing between them and investigating them separately by
measuring within the appropriate frequency range (Figure 1). [1, 2]
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Figure 1: Fuel Cell Voltage / Current and Impedance Characteristic
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IMPEDANCE BASICS

The electrical impedance Z, also called alternating-current resistance, is the measure of
alternating sinusoidal voltage applied to a passive two-pole circuit to the alternating current
flowing through it and their phase shift. In mathematical terms it is represented as a
complex number in Cartesian form Z = R + jX or in polar form Z = |Z|e/*91%) (Figure 2).
The presentation as a complex number is a convenient method of handling amplitude and
phase angle in case of harmonic (sine wave) signals.

J lm(%.)____ U,
7 u(t)

4 S i(t)
/ X1z
/ \ /
."mductwe TQ\R i Re(2)
{ o N\@ RS i 0 -
‘\\ /

\ Gx |1zl
Y 4 A

Figure 2: Representation of Z in the complex plane, Phase shift u(t) vs. i(t)

Resistor: Z =R (M Impedance Z = (Re) + j (Im) (4)
Capacitor: Z = 1/jwC  (2) Magnitude |Z| = /(Re)? + (Im)? (5)
__| }_ Inductor: Z = jwL (3) Phase ¢ = arctan (Im)/(Re) (6)

In a linear system, which is assumed here, the impedance Z does not depend on

- the amplitude of voltage or current. This means that the network does not
comprise nonlinear voltage/current characteristic such as PN-junctions (Diodes,
Transistors). Moreover, it is time invariant and thus does not change its characteristics
over time nor has it any kind of memory effect. The basic formulas are given in (1) to (6).
Such an impedance Z can be made up of any combination of resistor, capacitor or inductor
in various series and parallel connections. If the structure of the network and the values of
all its components are known, the impedance Z can be calculated at any desired
frequency.

An equivalent circuit diagram of the battery or fuel cell is required for correlating the results
of impedance spectroscopy measurements with the assumed chemical and physical
processes inside the test object. Such an equivalent circuit mainly consists of mixed
series/parallel connections of resistors and capacitors. Inductive behaviour can, in most
cases, be neglected at low frequencies. [3, 4, 5]

Ideally the impedance spectrum of the test object and of the equivalent circuit matches.
The degree of matching depends on the accuracy of the equivalent circuit and the fitting of
the parts values. The interconnection of the components (R, C) and their values should
closely represent the real chemical and physical properties, yet be as simple as possible.

MEASUREMENT TECHNIQUES
A straightforward approach for impedance measurement is by connecting the device under

test to a constant AC current source and measuring voltage, current and phase angle (see
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Figure 3a). Another approach is connecting an AC voltage source to a voltage divider
consisting of the unknown impedance Z and a precision reference resistor R. (Figure 3b)

O

i(t
0 Zz luz(t)
Figure 3a, 3b: Impedance measurement principles
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luzm () u(t)
R luk(t)

In case of a fuel cell or battery it may be necessary to keep the DC cell voltage of the
electrochemical element away from the excitation source and the measuring equipment.
This can be accomplished using capacitors in a serial connection, as depicted in figure 4.
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Amplifier R ; Igh pass
° IZ(t) I |ﬂlter
A
Cell z .
Under u(t) [I Voltage
Frequency Test Cell +
Generator /\/ Voltage T
+
Rsonr [ uSHUNT(ti Current

Figure 4: Impedance measurement, taking account of cell voltage

These straightforward setups are good for laboratory measurements using just a few
different frequencies. Figure 5 shows a more advanced test arrangement. A micro-
processor controls a frequency variable oscillator, which generates a sinusoidal voltage for
the voltage controlled current source (VCCS) and in phase / quadrature phase digital
signals for two synchronous rectifiers. The current from the VCCS causes a voltage drop
across the impedance Z, which is amplified and split up by synchronous rectification into
an in phase (real term) and quadrature phase (imaginary term) part. Further signal
processing includes low-pass filtering and analogue-digital conversion. Finally, the
microprocessor calculates the magnitude |Z| and phase angle ¢.
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Figure 5: Signal generator, VCCS, quadrature synchronous rectification, A/D converters

Frequency Voltage Instrumentational Anti-Aliasing Oversampling
variable Controlled i(t) Amplifier Filter
Oszillator Current
Source +
<>i[ \_ 1 ADC {—>| DsP
0° reference phase 0°¢

X

Figure 6: Impedance spectrum measurement with digital signal processing (DSP)

AC coupling between current source, device under test and input of instrumentation
amplifier is not shown for reasons of clarity.

Digital signal processing (DSP) can handle synchronous rectification and low-pass filtering
by software algorithms. An instrumentation amplifier fits the low level of the AC voltage
signal across the impedance Z to the input range of the analogue-digital converter (ADC).
The Nyquist-Shannon sampling theorem is met by an anti-aliasing higher order low-pass
filter in combination with an oversampling ADC and further digital low-pass filtering,
including sample rate reduction. Consequently, the frequency variable oscillator consists of
a direct digital synthesizer (DDS) with an additional zero phase digital reference output.
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Electrochemical Impedance Spectroscopy

= Non-invasive Method of Measuring Fuel Cell AC Characteristics

= Physical Model = Equivalent Circuit = EIS, Nyquist Diagram

- o«
o w o : i
§ : ; Physical
Model
— Exmeaointe S—
[ o = : Equivalent
- — e Circuit Model
—L
/_,_....“a\\ /‘/
/ o Nyquist
. '\/ g . ¢ Diagram
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Electrochemical Impedance Spectroscopy

= Voltage / Current Characteristics, (complex) Impedance
= Linearization: Small Signal Sinusoidal Current Excitation

= Operating Point at the Steady State Curve

e
c& CK
= (=3 [ K]
e o L2 K<}
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\e @ B oe——e.
Git) B ot— €.
o, H, ele —» ojoe——ag.
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ANODE 23 #| cCCATHODE
Current
Voltage vs. Current (typical fuel cell) Discharge Voltage vs. Time (typical NiMH cell)
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Impedance Basics

= Electrical Impedance Basics
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Grazm

Electrical Impedances: Z - R, C, L

= Components, Equations

-I:'- Resistor: Z=R Impedance Z = (Re) +j (Im)

Capacitor: Z = 1/jwC Magnitude |Z| = ./(Re)? + (Im)?

- Inductor: Z = jwl Phase ¢ = arctan [(Im)/{Re)]

Angular Frequency: o = 2rf
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Impedance: Magnitude and Phase

= Sinusoidal Voltage, Current v, = Tsin(wt)

- magnitude of the complex impedance:
ratio of the voltage amplitude to the current amplitude
- Phase shift between Voltage v(;) and Current iy
- Phase angle Ap: phase shift by which the current lags the voltage

~ wt
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Impedance Z

= Mathematical Description of Voltage / Current Ratio
= Impedance Z = vy /iy

= Note: Resistance R = v/i , no time dependency (¢)

- Sinusoidal Voltage v(;) and Current i

- Time invariantand linear characteristics

- Phase angle Ap does not depend on the amplitude

- Zcanbe anycombinationofR, L, C: simple = complex !

- The equivalentcircuit of a fuel cell impedanceincludes elements
with special phase characteristic: Warburg Impedance Zw

- Nonlinearelements cause distortions = harmonics analysis !
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Equivalent Circuits

= Equivalent Circuits
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Impedance Spectroscopy Measurement Techniques - Equivalent Circuits

Equivalent Circuit Networks

= Simplified Model
- Resistor and Capacitor in parallel (Voigt Network)

- Electrical Layer, Capacitance with Isolation resistance

1
Re{Z} 14(r)2
10|

i

T

=R
C looks like a 2= =i
resistor at %
05| low frequency looks like a
& capacitor at
Z= R/(l +]"’C) high frequency

T = RC Tme Constant

106 104 0001 001 01 1 10 100 1000 10% 105
(019
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Equivalent Circuit Networks

= Basic Equivalent Circuit Model for Electrochemical Cells

= “Randles” Circuit: Mixed Kinetic and Diffusion Model

Electrolyte Resistance Rs
Double Layer Capacitance Cdl
Charge Transfer Resistance Rct

Warburg Impedance Zw: Constant Phase Element, Ap =-45°

Cq
Z,=a/Jw—ja/w
Rs
Rct ZW 3
W- |Z,] = V26 /\w
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Warburg Element

= Warburg Element Zw Ty = % + ;\E Z,=0/\No—jo/Jw
= Model for diffusion processes
= Significant at (very) low frequencies 12| = V2o / Ve

= Porous bounded Warburg model :

-Z imag

0 ;

bR

X B
Zgal i i
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Impedance Spectroscopy Measurement Techniques - EIS Measurement Setup

Impedance Measurement— Fuel Cell Equivalent Circuit

=  Fuel Cell and Equivalent Circuit Diagram
- Ideal Voltage Source and Series Impedance Z -> Vcell (t)

= Four-Terminal Measurement
- Minimize Errors due to wiring resistance / voltage drops

- Separate Drive and Sense connections, close to the fuel cell

| Drive (Force)
e Sense

=

= |Vealt)

e

=

1 Pree- sense
| Drive (Force)
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Impedance Measurement Principles (1)

= AC Current Source (a)
- Ohm'’s Law, Precision AC Current Source

= AC Voltage Source (b)
- Voltage Divider, Reference Resistor R for Current Measurement

- Ratio metric Measurement

Drive

. B.Eichberger  10™ International Summer School on Advanced Studies of Polymer Electrolyte Fuel Cells, Yokohama National University, Japan, Aug. 20" —Aug. 25", 2017

14

96



Impedance Spectroscopy Measurement Techniques - EIS Measurement Setup

Impedance Measurement Principles(2)

= AC

Frequency

Amplitude

-0 e

Current Source, Bias Load
No Current Flow into Fuel Cell, Bias Load
Full Bandwidth including DC

Fuel Cell Voltage is Offset Voltage
for AC Measurement, Limits Dynamic
Range !

Best for single (few) Cell Testing

ac

u=icZ+ U
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Impedance Measurement Principles(3)

= AC Current Source, Bias Load, Coupling Capacitors

Frequency

~J—

Amplitude

No Current Flow into Fuel Cell, Bias Load
Limited Lower Bandwidth (z=RC )
Suited for Testing Large Stacks (HV)

Requires Sophisticated Protection
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Impedance Measurement (1)

= Practical Measurement Set-up
- AC coupling/ DC blocking with capacitors

Power
Amplifier

DC-blocking

) .h\gh pass|

filter

! Under Voltage
Frequency Test Cell -
Generator '\ | Voltage
Roum Current
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Impedance Measurement (2)

= A more sophisticated Measurement Set-up
- Direct Digital Synthesizer, Synchronous Rectification

- Analogue - Digital Converters, pP Control

Frequency Voltage Instrumentational  Synchronous
variable Controlled i) Amplifier Rectification  Low Pass Filter
Oszillator Current

N =50 » r\
FT_F_ . Jl ADC

—l quadrature phase 90°
:

» ADC

=i
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Impedance Spectroscopy Measurement Techniques - EIS Measurement Setup

Ty,

Impedance Measurement (3)

= Measuring Voltage and Current, Fully Digital (Post) Processing

Top
Sensor
Plate

Bottom
Sensor
Plate

Analog Filter, High Resolution Analog-to-Digital Conversion

Digital FIR Low Pass Filter with Sample Rate Reduction

Strictly preserves Phase Relation between Voltage and Current

Minimum Adjustments required

T Low Pass Filler

Instrumentation

N

Amplifier

Voltage

} Low Pass Filter

Instrumentation

™~

Amplifier

Current

Oversampling

ADC

Ovarsampling

ADC

FPGA

BUS
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Graphical Presentation

EIS Graphical Presentation
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Nyquist Diagram

= Complex Impedance Z over frequencyrange (2—dimensional)
= Zimag and Zreal

= Missing frequency information

~Z

imag

High Frequency

—

o =1/R,Cy

T
Decreasing o
Low Frequency (DC)
0

0 Rf Z real
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Nyquist Diagram (2)

= Equivalent Circuit Diagram including Warburg Impedance
= Zimag and Zreal from 1 Hzto 800Hz
= Typical Nyquist Plot

High Freguency Low Frequency (DC)
-— —_—
120 1Hzs
o
Ca 100 o
E 80 ¢
Rs ° o0’
N 60 5 © 0 00000?
o
Re Zw £ ol o
W- o0, g"
0.8 kHz
50 100 150 200
ReZ, Ohm
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Impedance Spectroscopy Measurement Techniques - Graphical Presentation I N U A

Nyquist Diagram (3)

= Series/ Parallel Combination of R, C, Zw (warburg)
= Double Layer Capacitance (Anode, Cathode), Resistances

—
Low
Frequency
(DC)

High
w = 66,700 Frequency

k=g R l- R = +
o #e 115 mQ
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Nyquist Diagram (4)

= Example Circuit and calculated impedance vs. frequency
= RC parallel / series connections, differenttime constants

R, R A R1, R2, R3: 10 Ohm
C1:10nF
C2.1uF
C3:100pF
c, c, c,
% 2
.
o 0 L—— £ £ »
100 MHz 0Hz (DC)
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Bode Diagram

Magnitude / Phase vs. (log) Frequency

Magnitude

Magnitude [£2)
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£
o
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Enhanced Measurement Techniques

= Non-Linearity and Distortion Analysis, Intermodulation

. B_Eichberger  10™ International Summer School on Advanced Studies of Polymer Electrolte Fuel Cells, Yokohama National University, Japan, Aug. 207 — Aug. 25™, 2017

26

102



e ) o o . Jiss TU
pedance Spectroscopy Measurement Techniques - Non-Linearity and Distortion Analysis L b

Harmonic/ Intermodulation Distortion Analysis

= Fuel Cell Voltage vs. Current Density

Partly Non-Linear Transfer Function
Depending on Operating Point and Amplitude / Excitation Level

Cell Voltage [V]

Region of Ohmic P

0.5 {Resistance Loss

Operation Voltage T

Current Density [mA/em
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Harmonic Distortion Analysis

= Exploiting non-linear Voltage/Current Characteristics
Additional information aboutinternal state of a fuel cell (FC)

Total Harmonic Distortion Analysis (THDA)

4 Nonlinear Voltage / Current Ratio (Impedance)

I J
|
Voltage (visible Distortion)
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Harmonic Distortion Analysis

= Harmonics Analysis (single frequency excitation)
- Amplitude Ratio: Fundamental Frequency vs. Harmonics
- Fast Fourier Transformation (FFT)

i
|1
S (W =f
ERANAWANIAV AN ANEWATAVIARD) =1
S RVATRTRIAYAVAVEVAYARI AR =||
o IO T 8| It
; 1l "
LU JAAN |WEW Al
i Time [s] 0 Time [5]
Sinusoidal Current Drive Distorted Voltage across Nonlinear Impedance
| i
0 Frequency [Hz| 0 Frequency [Hz|
Single Frequency (100 Hz) Fundamental Frequency + Harmanics
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Harmonic Distortion Analysis

=  Math Example

u(t) = ag-i(t) + a; - i(t)?
w=2'n"f
i(t) =1 -sin(w-t)

u(t) =ap-i-sin(w-t)+a; - 12 sin*(w - t)
. il
sin?(x) = 5 (1 — cos(2x))

2w
w

PO B 2
u(t) = ao-f-sin(ou-t)+a1-%(1—cos(Z-w-t))
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Intermodulation Distortion Analysis

= Exploiting non-linear Voltage/Current Characteristics
- Additional information aboutinternal state of a fuel cell (FC)

- Second Order Intermodulation Frequencies f14f1, f1-f2

Voltage
L0

i L

Nonlinear Voltage / Current Ratio (Impedance changes with amplitude)

Current

M|h

—

UL

Voltage (visible Distortion)
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Intermodulation Distortion Analysis

= Intermodulation, two (or more) frequencies excitation

- Output Spectrum contains fl1 +f2, f1 -2, 2.f1, 2.f2, ...

- Fast Fourier Transformation (FFT) or Band pass Filter

H“ln

A Jll

0

Two - Tone Sinusoidal Current Drive

5

10 15 20 25

(1] 500

1000 1500 2000 2500 3000 3500

Two Freguencies (1000 Hz, 1050 Hz)

|.|II1.

0

5

10 15

20 25

Distorted Voltage across Nonlinear Impedance

)| f2

f14f2

21 || 2
n

B

2
o 500

1000 1500 2000 2500 3000 3500

Fundamental Frequency +IM f1+f2, f1-f2
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Intermodulation Analysis

= A Math Example

u(t) = ag-ilt) +ay- i(t)?
i(t) =1-sin(ewy - t) + 1- sin(w,t)

u(t) = ap - i(sinfaw t) + sinfwyt)) + aq (i sin(w; ) + - sinw,t))?

u(t) =a+a; (32 sin? (wyt)+2- 2. sin(w, t) - sin(w,t) +12.5in? (w,t))

sin(a) - sin(f) = % (cos(e— ) — cos(a + )

ult) = a+ ay (- sin®(w,t) +i%(cos(w t — wyt) — cos(awy t + wyt)) + 2 - sin? (wyt))

2, Zuy

Wy wy 1 1 W=y wytwy
ul(t) = ay- i(sin(mlt) + sin(mzt)) +a,- 201 —E< cos(2aw,t) — E cos(2wyt) + cos(w, t — wyt) — cos(w,t + wyt))
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Distortion and Intermodulation Analysis

A H

1 FAWas
BV ARV AAT Y

s

b

Typical Distortion Analysis Measurement Setup (also suitable for EIS)
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Multi — Channel EIS / Distortion Measurement

RS " Low Pass Filter Instrumentation Haa ]
Top H H Amalifier Cvereamping !
Sensor \ el ADC
Plate —
=L H 0w
2 i LowPassFiter  Instrumentation FPGA @
Bottom | [ Jmebner Oversampling
Sensor \ Current ADC
Plate T
adapter Board]
[ suve s [
[ stove 3 [}
Fuell Cell Stack 0O ey
Sensor Plate 1

=T s I swe 1 []
|
v
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WProcessor Board {Masier) T
eme
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Multi — Channel EIS / Distortion Measurement

| i
st
oy

|
|
|

16 Channel Sensor Plate (courtesy of S++) and
16 Channel Voltage / Current/ Temperature Sensor Interface Board
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=

Multi — Channel EIS / Distortion Measurement

= 2-Dimensional View of Current Density and Impedance
Current density (~ 0.100 Afcm?) Impedance (3 Hz)
[ me— ]
0 0.05 0.1 0.15 02 0.25
=)
= wo.s
< o035 =]
—_— c
; 015 :Lo.l
s ol _E
e ol
;)’J,] 2
o,
4;,'?;0&9
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Electrochemical Impedance Spectroscopy
and Harmonic Distortion Analysis

Current density (~ 0,100 Afem?)
- =,

Frequency

Current [A]

Amplitude
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HEAT AND MASS TRANSPORT INSIDE PEFC

Takuto Araki

Yokohama National University, 79-5 Tokiwadai, Hodogaya-ku, Yokohama, 240-8501
Japan, taraki@ynu.ac.jp

Keywords: Polymer electrolyte fuel cell, Heat transport, Mass transport, Oxygen
diffusivity.

INTRODUCTION

In PEFCs, the water plays a significant role in proton conductivity of polymer electrolyte
membrane (PEM), then water transports and distributions strongly affect PEFC perfor-
mance. However, water transport phenomena inside PEMFC are so complicated as sum-
marized in Fig.1. For instance, (1) the water is transported from the anode to cathode by
electro-osmotic drag, (2) generated water at the cathode is diffused back toward the anode,
(3) there are transport resistances at any boundaries between layers, (4) accumulated
water droplet moves by surface tension and coalesces with each other and sometimes
evaporates etc..

Oxygen is also key chemical species, because the activation overpotential at in cathode
catalyst layer (CCL), which is a strong function of oxygen concentration, is the biggest
cause of PEFC energy loss. Then, oxygen should be managed to be supplied uniformly to
the catalyst particles in CCL.

To manage water transport, temperature distribution should be also controlled at the same
time, because saturated vapor pressure shift much by the temperature change. Concretely,
saturated vapor pressure increase 22% only by 5 °C rise in temperature (from 80 °C to
85 °C).

Formerly, cell geometries and materials have been designed and developed mainly by
empirically, however, for further improvement of PEFC performance, optimal design based
on systematic physical lows and numerical simulations is desired. However, even basic
parameters such as mass transport and thermal characteristics through layers are not all
cleared. Then, we and many researchers are trying to realize the heat and mass transport
characteristics.

In this lecture, the basis and assessing methods of transport characteristics are men-
tioned firstly. Then, some practical instances how mass transports phenomena observed
and how they affect cell performance are presented.
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Anode channel
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I A ¥
Gy GDL
" -§ Water droplet movement
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H,O
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Fig.1: General factors of water transport inside PEFC
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Fig.2: Mass transport factors around cathode catalyst layer
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MEASUREMENTS OF HEAT AND MASS TRANSPORT CHARACTERISTICS

Diffusivity
There are some methods to

measure diffusivity through GDL
such as limiting current
(sometimes with diluted oxygen)
method, Galvanic battery method,
concentration difference method
and so on. The galvanic method
has advantages of measure-ments
speed and device simplicity. Thus,
we have tried simultaneous
meagurments of (?xyggn qlfoSIVIty Fig. 3: Simultaneous measurements of oxygen diffusivity
and liquid water visualization by and water visualization by X-ray CT
synchro-tron X-ray CT. The a0
results are shown on Fig.3.
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resistance became extremely Compression pressure [MPa]
small when GDL contained
much water. Fig. 4: Thermal resistance of GDL and its boundary
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EFFECTS OF MASS TRANSPORT CONDITIONS ON POWER
GENERATING CHARACTERISTICS

Flow configuration

Measured and calculated current densities are compared in Fig.5. Despite the difference in
current density distribution, most conditions are all the same such as low supplied gas
humidity (dew point 30°C), medium oxygen utilization ratio (50%), and cell temperature
(70°C) and so on. The only difference is the supplied gas flow direction, and the reason of
the difference is water distribution. In co-flow configuration, PEM near inlet tends to dry by
relatively dry inlet gas and current decreased. On the contrary, produced water in counter
flow configuration circulates and keeps overall PEM water content moderate. The
efficiency of counter flow configuration is better than that of co-flow, and this is a instance
why water (mass) transport management is important for PEFC.
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Fig. 5: Measured and calculated current distributions (left: co-flow, right: couter flow)
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(Macroscopic) 2D water transport model

<

Considering averaged value is not

enough.
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Let’s consider more detail

Schematic view of 2D Water transport
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Generated water

Mole flux of generated water

H,O0

_n.
2F

i

F : Faraday constant (C/mole)

amount of electrical charge of electrons of
Avogadro's number
i : current density
(A/cm?=C/s cm?)
J : Mole flux of generated water
(mole / s*cm?)

Normally in PEFC,
we can assume current efficiency ,,= 1

Exception :
In extremely low current density
condition
Generated water by crossovered H,
cannot be ignored. (= 1mA/cm?)

In Ce-SOFC,
high rate mixed conduction is
observed.

<
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(Back) diffusion

Fick's law
Diffusion coefficient D

Differentiated, conservation,
2 dimensional and unsteady form

2 2
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‘ Z
Ox Ax
D : Diffusion coefficient H=> ™ o o
Diffusivity (cm?/s) ond i m

J : Mole(or mass) flux by
diffusion (mole / s-cm?)

D
o :> O z Cathode channel

Current corrector (Separator)

This equation is valid also in gas phase of GDL.
Off course, the values of D are different
and depend on the other conditions.
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A sample of calculated water distribution
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Effect of water conditions
on reaction distributions

Reaction distribution
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Lower amount gas, counter flow

Low dew point temp. , Middle O, utilization rate ( ~47.5% ) : case 2
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INTRODUCTION

The most powering-consuming operation in most chemical production is connected with
the separation of multi-component mixtures. Today, separation technology in general, and
membrane operations in particular, offer a good opportunity for energy savings; in fact, the
thermodynamic efficiency of a separation process can have a profound impact on the
overall cost of a chemical process. In view of reduction of energy-costs in thermal process
engineering, the realization of well-integrated processes is something which chemical
engineers are working with increasing intensity in recent years. In this context,
thermodynamics provides, in addition to energy balances and strategies of optimum
energy utilization, a general set of relationships for both phase and reaction equilibria. In
these processes, the maximum performances of conventional reactors are evaluated with
regard to the efficiency of energy conversion under the laws of thermodynamics:
conservation of energy (first law) as well as the quality of energy (second law).

Most of the chemical reactions carried out on Traditional Reactors (TRs) are reversible and
the conversion is necessarily limited by thermodynamic equilibrium. The exit conversion of
such reversible reactions can be increased by using a Membrane Reactor (MR), where a
selective removal of (almost) one of the products increases conversion beyond the
maximum one that it is possible to obtain in the TR. In other words, the maximum
conversion that is possible to have in a TR, in which a generic chemical reaction is carried
out, corresponds to the equilibrium conversion, whereas in a MR A supra-equilibrium
conversion is obtained.

In this lecture, the limiting conversions of chemical reactions carried out in a MR are
discussed and compared with those in a TR.

EQUILIBRIUM OF A TR

As it is well known, any change occurring in a closed (homogeneous or heterogeneous)
pVT system of uniform T and p and also in thermal and mechanical equilibrium with its
surroundings, but not initially at internal equilibrium with respect to chemical reaction, is
irreversible, and must necessarily bring the system closer to an equilibrium state. The first
and second laws of thermodynamic permit to predict the behaviour (i.e. the composition at
equilibrium) of the system via the minimization of the total Gibbs free energy.

EQUILIBRIUM OF A MR

The thermodynamic equilibrium of a chemical reaction, a scientifically well accepted
concept, is a constrain of the TRs. So it is clear that the effective conversion for a single
passage of the reactant can never be higher than the equilibrium conversion. In order to
overcome the equilibrium conversion, some other systems have to be used, such as a
separation unit after the reactor or a recycle of the reactants. A MR is able to give a
conversion higher that the corresponding equilibrium conversion of a TR. This sentence is
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Conversion

not in contrast with the laws of thermodynamic. In fact, the conversion of a MR is
compared with the equilibrium conversion related to a TR, which indeed is a different
reaction system.

Let’s considering a generic equilibrium reaction “A + B <& C + H,” carried out in both a MR
and a TR. It is possible to demonstrate that the calculation of the maximum conversion for
the MR can be easily done by using two conditions: the chemical equilibrium in the
reaction zone and the permeation equilibrium between the reaction and permeation zones.
The set of non-linear equations can be solved either using a Newton-Raphson algorithm or
numerical commercial software. The equations can be solved, for example, using the
Solver procedure in Matlab. A conceptual comparison between the results obtained for TR
and MR (the feed gas is assumed to be continuously at equilibrium inside the MR) is given
in the following figures [1] where the Thermodynamic Equilibrium curve represent the
equilibrium conversion for a TR, whereas the Dynamic Equilibrium curve is related to only
a (dense palladium-based) MR and represents the reaction not limited by chemical
kinetics.

A +B<=>C+H, A +B<=>C+H,

Dynamic Equilibrium

0,8 0.8+
Thermodynamic Equilibrium

0,6 0,6

Conversion

0,4 0,4 1

0,24 0,2

M
0,0 : : . . 0,0

Temperature Temperature

To resume, MRs offer a potentially new approach to solving a long standing problem —
overcoming the thermodynamic limitations of chemical reversible reactions. This
phenomenon is called “equilibrium shifting”. It should be noted that the equilibrium
considered in MRs is the hypotetical equilibrium of the closed system formed by a fixed
mass of the reaction side feed only. It is not the equilibrium of the actual MR system, which
would include both the feeds to the reaction and permeate sides. However, it must be also
stressed that Thermodynamics provides only one aspect: the selective and continuous
removal of hydrogen is a necessary condition to achieve a conversion higher than
equilibrium does, but it is not sufficient [2].
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EXAMPLE 1. WATER GAS SHIFT REACTION.

* Consider a system composed by the following gaseous species: CO,
H,0, CO, and H,. The initial (i.e. before reaction) composition is: 1
mol CO, 3 mol H,0, 0 mol CO, and 0 mol H,. Calculate the
equilibrium composition at 1000 K and 1 bar. Values of AG;°(1000 K)
are:

AG(CO)  =-200.58 kJ/mol
AG°(H,0) =-192.59 kJ/mol
AG(CO,) =-395.85kJ/mol
AG;°(H,) = 0.0 kJ/mol

gplin Neacivaale dedte Hicerclic (—'
TU GRAZ (Austria), 3-7 — Sept., 2012 " ( ]

120



Sth International Summer School on Advanced Studies of Polymer Electrolyte Fuel Cells

. [TM-CNR

Solution

The general equation to be used is:

AG;°+ RT In (¢x;p/p°) + 4,a;, =0 i=1,2,...,n)
In this case, there are 4 chemical species (CO, H,0, CO, and H,, n =4) and 3 different
atomic masses (C, O, H, k = 3) in the system; the equation to be solved becomes:

AG°+ RT(In ¢+ Inx;+ Inp/p°)+ La,, =0 (i=1,2,3,4)

Being p = p°=1 bar, it follows

AG°++ RT(In ¢+ Inx))+ 4,a,;, =0 i=1,2,3,4)
TU GRAZ (Austria), 3-7 — Sept., 2012 - il Nacs @ el S - (\ﬂ::]
[ ITM - CNR 5th International Summer School on Advanced Studies of Polymer Electrolyte Fuel Cells
* Values of A, are determined from initial moles:
* Carbon: A-(1 mol CO) = 1x1 =1
* Oxygen: Ay (1 mol CO + 3 mol H,0) = 1x1 +3x1 =4
» Hydrogen: Ay (3 mol H,0) =3x2=6
* Values g, are determined from the chemical formulas of the
species.
TU GRAZ (Austria), 3-7 — Sept., 2012 - “ Mot B Bt @]
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Element k&
Carbon Oxygen Hydrogen
A, = number of atomic masses of k in the system
Species i Ac=1 Ao=4 An=6
Cco acorc=1 acoo=1 acom=0
H,0 a20,c=0 ay200= 1 Apoom = 2
CO, acoxc=1 acozo0=2 acorn=0
H, ayxc=0 8y20=0 =2
TU GRAZ (Austria), 3-7 — Sept., 2012 - @ el S . @

. [TM-CNR
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Being the system at 1000 K, the hypothesis of perfect gas is
justified and so the term ¢, is zero. Then:

(i=1,2,3,4)

AG;°+ RT (Inx)+ A4,a,;=0

Moreover, considering RT = 8.31 kJ/mol

AG;°+ 831 (Inx) + l,a;, =0

(i=1,2,3,4)

TU GRAZ (Austria), 3-7 — Sept., 2012
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Then, the corresponding 4 equations related to the 4 species are:

CO: -200.58 + 8.31 (In x) + 1, + Iy =0
H,0:  -19259+831 (Inxy)  + Iy + 21, =0
CO,:  -39585+831(Inxcpy)  +l¢ + 21, =0
Hy,y 0.0 +831(nxy) + 21, =0
“ . A £ b gz=D £
TU GRAZ (Austria), 3-7 — Sept., 2012 » b (_@
N ITM - CNR 5th International Summer School on Advanced Studies of Polymer Electrolyte Fuel Cells
Using the equation
SUM,_;, n;a; = A,
dividing both members by n, it follows:
SUM,.ZI,"( n;a;)/n=A)/n
and, being also x; = n/n and n = n, , we have:
SUM;_; , x;a; = (A ) n;
TU GRAZ (Austria), 3-7 — Sept., 2012 e '., — a5 . @]
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Then, the mass balance equations corresponding to the 3
elements are:

Carbon: Xco + Xcoz =1/n;
Oxygen : Xco + Xco2 =4/n,
Hydrogen: Xmo 4+ X =6/n,

Moreover, it is also always valid:

Xcot Xcort Xmpo + X =1

Comiiglin Nasiomale dole Rivescds
TU GRAZ (Austria), 3-7 — Sept., 2012 ’ (—.!J" ]
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Membrane

Finally, we have:
4 + 3 + I = 8 non-linear equations, and

8 unknowns: Xqo, Xcon Xm0 X Mo Ao Ao A

Simultaneous computer solution will give the equilibrium
composition requested by the exercise. To be observed that
the 3 Lagrange multipliers (A Ay, Ay ) do not have any
physical meaning but were useful for the calculation
procedure

Coniiglio Nacionade deléte Ficerche
TU GRAZ (Austria), 3-7 — Sept., 2012 » (f—ljj]
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OUTLOOK

Today, hydrogen represents a convenient energy carrier for many applications. In the last
decades, several studies address the production of hydrogen coming from reforming
reactions performed in membrane reactors and this field of research represents the scope
of this chapter, reviewing the recent findings about hydrogen generation from reforming
processes of renewable sources combined with membrane reactor technology.
Furthermore, a discussion about the general classification of the membranes is given and
discussed.

INTRODUCTION

The climate change and air pollution related to the emissions due to the exploitation of
fossil fuels is pushing towards the utilization of alternative technologies and the exploitation
of renewable sources. Among other solutions, proton exchange membrane fuel cells
(PEMFCs) represent a viable energy solution, since they have zero greenhouse gas
emission. Nevertheless, PEMFCs supplying imposes the purification of hydrogen, which
currently takes place in second stage processes, namely water gas shift (WGS) reaction
performed in two reactors operating in series at high and low temperatures, partial
oxidation (PROX) and pressure swing adsorption (PSA). In particular, Figure 1 represents
most of the processes used for hydrogen generation coming from both renewable sources
and derived of fossil fuels.

ITM - CNR
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Figure 1. Hydrogen production from several processes and different feedstocks
125


mailto:a.basile@itm.cnr.it
mailto:a.iulianelli@itm.cnr.it

The hydrogen purification affects negatively such reforming process in terms of costs and
efficiency. Thus, much attention has been devoted to the development of alternative
technologies to generate high grade hydrogen, particularly the membrane reactor (MR)
technology, which plays an important role as an alternative solution to the conventional
reactors (CRs), Figure 2.
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Figure 2. Hydrogen generation from membrane reactors for PEMFCs supplying

The main advantage of MR utilization consists of combining in a single stage the reforming
reaction for generating hydrogen and its purification without needing any further processing
[1.2].

However, the concept of MRs has been introduced since the 1950s, associated with the
utilization of new inorganic materials and the development of high-temperature membrane
processes.

= [TM-CNR

Membrane Gpore (NM) Diffusion OlH/other gas Permeability | Reactant
mechanism loss
macroporous >50 Poiseuille 1 very high high
mesoporous 2-50 Knudsen H./N.=3.74 high average
microporous <2 Activated process high average low
dense Pd - Fick infinite very low -

Some characteristics of porous and dense membranes.
According to the IUPAC definition, porous membranes with average pore diameter larger than 50 nm are classified as

macroporous, and those with average pore diameters in the intermediate range between 2 and 50 nm as mesoporous;
microporous membranes have average pore diameters smaller than 2 nm.

Macroporous membranes show no selectivity towards the gas permeating through the pores.

Mesoporous membranes suffer from poor membrane selectivity, since the permeation is mainly based on a Knudsen
diffusion mechanism, and separation is only affected by molecular size only.

Figure 3. Inorganic membranes subdivision
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Generally, the MRs are subdivided as follows:

Dense and porous inorganic membrane reactors.

Electrochemical membrane reactors (fuel cells, electrolytic cells, etc.)
Zeolite membrane reactors.

Photo-catalytic membrane reactors.

Polymeric membrane reactors.

Bio-medical membrane reactors or membrane bio-reactors.

sle2LeTe

The combination of membranes using chemical and biochemical reactions makes it
possible to intensify the whole process.

Generally, membranes are categorized by their material or structure and are defined as a
layer of material, acting as a selective barrier between two phases, remaining impermeable
to specific particles, molecules, or substances under a specific driving force.

Inorganic membranes are further subdivided as in Figure 3.

Of great relevance, the performance of a generic membrane is evaluated by:

1) the permeating flux through the membrane;
2) its perm-selectivity.

The permeating flux through a membrane can be expressed as flux or permeation rate (J)
and it is defined as the volume flowing through the membrane per unit area and time.
Since the transport through the membrane takes place as a result of a driving force acting
on the components in the feed, the permeation rate through the membrane is proportional
to this driving force as in eq. (1):

J:—Ad—Y (1)
dx

Where, A represents the phenomenological coefficient and dY/dx the driving force,
expressed as the gradient of Y as a variable indicating temperature, concentration,
pressure along with a coordinate x perpendicular to the transport barrier.

The separation factor (a), normally adopted for gas mixtures, can be defined for a mixture
consisting of two components as in Eq. (2) reported below:

/
Q= Yal Vs
X,/ xg

(@)

where y, and yg are the concentrations of the mixture components A and B in the
permeate and x, and xg their concentrations in the feed. If the permeation rate of
component A through the membrane is larger than that of component B, the separation
factor is represented by the ratio aag; if component B permeates preferentially, then the
separation factor is represented by aga. If aap = 0ga = 1, N0 separation occurs.

HYDROGEN TRANSPORT IN PALLADIUM-BASED MEMBRANES

Various inorganic materials can be used for preparing membranes such as ceramic,
carbon, silica, zeolite, oxides (alumina, titania, zirconia) as well as palladium, silver etc.
and their alloys. Concerning the metallic membranes, they have high cost and can suffer
from embrittlement phenomenon, particularly in the case of palladium membranes.
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Furthermore, they possess low permeability when showing high hydrogen perm-selectivity
at moderate temperatures.

However, it is worth of noting that much literature exists on palladium-based membranes,
especially in the field of high grade hydrogen generation due to their high hydrogen
solubility and perm-selectivity [3].

Palladium absorbs about 600 times its volume of hydrogen at ambient temperature,
although some palladium alloys show higher hydrogen permeability than pure palladium.
Furthermore, palladium alloys show higher resistance to the hydrogen embrittlement than
pristine palladium. Indeed, if pure palladium membranes are exposed to a hydrogen flux,
the amount of hydrogen absorbed into the membrane lattice can be responsible of a phase
transition from a to B palladium hydride. This is the so-called “hydrogen embrittlement
phenomenon” and it is due to the dissolved hydrogen that makes several elongations of
the metallic film (involving in the a-B hydride transformations), causing fractures after
repeated thermal cycles. Regarding the palladium-silver alloy, the membrane lattice is
expanded by the silver atoms, making the alloy less influenced by the hydrogen
permeation and, thus, less brittle than the pure palladium [3]. In dense self-supported Pd-
based membranes, the molecular transport takes place via solution-diffusion mechanism,
which involves the following activated steps, Figure 4:

dissociation of molecular hydrogen at the gas/metal interface,

adsorption of the atomic hydrogen on the membrane surface,

dissolution of atomic hydrogen into the palladium matrix,

diffusion of atomic hydrogen towards the opposite side,

re-combination from atomic to molecular hydrogen at the gas/metal interface,
molecular hydrogen desorption.
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Generally, the permeation (at constant temperature) through a dense palladium
membrane is described by the following expressions

Cy, =Kgp® 'y, Sieverts law

P, H2,Sievert DKy

J12= Pz (P" 12,0t — P 12 perm't (n=05~1)
T3 sievert= Dz Ks 0" 12, re— PP 11, permt (n=20.5)
JHZ =P, H2,linear (pHZ,ret_pHZ,perm)/ t (n = 1)

Figure 4. Equation relating the hydrogen transport in Pd-based membranes
Each one of the aforementioned steps can be responsible for hydrogen permeation

through the dense palladium membrane, all of which also depend on variables such as
temperature, pressure, gas mixture composition and thickness of the membrane.
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The hydrogen transport through a generic membrane can be expressed as the hydrogen
permeating flux, as follows:

J =Pe (p" —p" /6 (3)

2 2 H2,retentate H2,permeate

where Jy, represents the hydrogen flux permeating through the membrane, Pey, the
hydrogen permeability, & the membrane thickness, ppp.retentate 8NA Prz-permeate the hydrogen
partial pressures in the retentate (reaction side) and permeate (side in which hydrogen
permeating through the membrane is collected) zones, respectively, n (variable in the
range 0.5 - 1) the dependence factor of the hydrogen flux on the hydrogen partial pressure.
For membranes having a thickness higher than 5 | Im, equation (4) becomes the Sieverts-
Fick law (5):

=Pe - (p* -p* )z (4)

Hz,Sieverts-Fick Hy Hpretentate Hy,permeate

At high pressures, the hydrogen-hydrogen interactions in the palladium bulk are not negligible, so
that n becomes equal to 1:

J =Pe - - /6 (5)

p p
Hy Hy Hj,retentate Hp,permeate

Furthermore, if the hydrogen permeability is expressed as an Arrhenius-like equation, the Sieverts-
Fick law becomes Richardson’s equation (7):

I = PeOH2 [exp (-E,/RT)] - (p*° -p** /6 (6)

Hz Hz,retentate Hz,permeate

Such contaminants as hydrogen sulfide, SO,, Hg vapor, thiophene, arsenic, unsaturated
hydrocarbons, or chlorine carbon can irreversibly poison dense Pd-based membranes.
Furthermore, the presence of CO affects a lot the hydrogen permeating flux through the
membrane, particularly below 150 °C or at high CO feed concentrations. This is due to the
effect of adsorbed CO, displacing the adsorbed hydrogen, covering the hydrogen
adsorption sites. Also steam can be responsible of a negative influence on the hydrogen
permeation  through  dense  Pd-membranes. Indeed, the water vapor
dissociation/recombinative desorption makes possible the contamination of the palladium
surface with adsorbed oxygen.

During the last years, special attention has been paid to composite Pd-based membranes
with the intent of reducing the amount of palladium and, consequently, lowering the cost. In
detail, composite membranes can be constituted by a thin dense layer of palladium or its
alloy deposited onto a porous support among porous Vycor glass (silica gel), SiO,, Al,Os,
and B,Oj3 or porous stainless steel (PSS) and pencil [4]. In particular, a thermal expansion
coefficient of the aforementioned supports close to palladium makes the composite
membrane durable and resistant to cracks due to the thermal cycles, simplifying the gas
sealing. Sometimes, at relatively high temperatures PSS supports alloy the palladium,
lowering the hydrogen permeability. Then, as a consequence, a PSS-supported Pd-based
membrane can offer an optimal compromise among moderate cost, high H, permeability
and perm-selectivity and good mechanical resistance. Nevertheless, thin selective Pd-
layers can be fulfilled directly onto the specific support and, depending on the membrane
preparation process, a threshold about the minimum thickness obtainable by the
deposition method can be encountered. This limits the performance of a composite
membrane and it is more emphasized at higher support pore sizes. However, the reduction
of the palladium layer involves two opposing effects. On one hand, thin Pd-layers can
induce an atomic H diffusion time reduction with a consequent enhancement of the
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membrane permeance, meanwhile decreasing the cost due to a lower Pd content. On the
other hand, the hydrogen diffusion resistance can be increased owing to the need of
reducing the pores size of the support. Another important issue associated to the
deposition of palladium on a support (porous or dense) is the entire membrane stability.
For example, owing to different thermal expansion coefficients within the Pd-layer and the
selective layer volume variation due to the hydrogen diffusion in the palladium lattice, the
membrane support could show an instability at the interface Pd-layer/support in terms of
adherence loss, flaking-off and cracking.

Furthermore, the interaction between the selective Pd-layer with the support and the
gaseous environment can introduce other forms of instability due to the Pd-layer micro-
structure. Therefore, thin Pd-layers, small grains and high density of grain borders are
related to grain size growth, impurity dissolution, grain borders diffusion and alloy
segregation. All of the aforementioned issues on instability can result in a reduction of the
membrane performance, particularly evident at higher temperatures.

The general difference between dense self-supported and composite Pd-based
membranes is related to the hydrogen perm-selectivity with respect to all other gases.
Indeed, for dense Pd-membranes it is full, while for the composite Pd-membranes it can
vary depending on many parameters such as: Pd-layer, preparation technique, support,
and support preparation. The composite Pd-based membranes are commonly not fully
hydrogen perm-selective and the hydrogen permeating flux can be determined by using
Eq. (4), as given earlier in this chapter.

In this case, the n value, variable from 0.5 (used for indicating Sieverts-Fick law and
applied for dense Pd-membranes) to 1 (used when, at high pressures, the hydrogen-
hydrogen interactions in the palladium bulk are not negligible) is calculated for a supported
Pd-based membrane. A linear regression equation can be used with experimental points
obtained by considering the experimental hydrogen permeating flux against
transmembrane pressure at different “n”, with the associated response factor /. The most
coherent “n” factor is, then, the one associated with the linear regression and the maximum
R? factor.

However, housing whatever Pd-based membrane in a MR, its effect on a such reforming
reaction can make it possible to overcome the thermodynamic restrictions of equilibrium
limited reactions due to the removal of hydrogen from the reaction side for the selective
permeation through the membrane (“shift effect”). In fact, owing to Le Chatelier’s principle,
the reaction can be shifted towards the reaction products, with a consequent enhancement
of the conversion and with the further benefit of collecting high grade hydrogen on the
permeate side of the MR. Therefore, dense self-supported Pd-based MRs seem to be
more adequate to generate PEMFC grade hydrogen due to the full hydrogen perm-
selectivity of the membrane (Figure 5), while — depending on the finite value of hydrogen
perm-selectivity of the composite membrane — the purified hydrogen can be supplied to
other kinds of fuel cells or to high temperature PEMFCs, whose CO content can be up to
20000 ppm.
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Figure 5. Dense Pd-based MR at bench scale — ITM-CNR laboratories.

HIGH-GRADE HYDROGEN GENERATION FOR FUEL CELLS FROM REFORMING OF
RENEWABLES IN MRS

In the last years, MRs technology has been applied to reforming reactions of renewable
sources to generate high-grade hydrogen. Among a number of renewable sources, ethanol
and methanol seem to be the most promising because directly producible from biomass. In
the following the most recent advances about hydrogen production from ethanol and
methanol steam reforming reaction through MRs utilization are presented and discussed.

ETHANOL STEAM REFORMING IN MRS

Ethanol steam reforming (ESR) reaction for hydrogen production has been mostly studied
in conventional fixed bed reactors even though more recently a number of researchers has
spent their efforts to perform this reaction in MRs. Table 1 shows some representative
studies about ESR reaction performed in different MRs, providing the most important and
up-dated results in terms of high-grade hydrogen generation, as recently published by
Basile et al. [5].

Table 1 is split in two parts i) dense self-supported and ii) composite supported Pd-based
membranes in MRs. As requested by the scientific community, the need of decreasing the
Pd-content in Pd-based membranes has strongly emerged for reducing the membrane
cost. As shown in the aforementioned table, the purity of hydrogen produced during the
reaction is ~ 100% in the case of dense Pd-membranes utilization and between 90 and
100% in case of composite Pd-membranes.

Our group at CNR-ITM has been involved in several studies about ESR reaction, paying
special attention to both dense and composite Pd-based MRs, obtaining a variety of
results, depending on the operating conditions adopted as well as the catalysts used.
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As summarized in the table, Borgognoni et al. (see ref. [5]) used a 150 | Im thick dense Pd-
Ag hydrogen full perm-selective membrane in a MR at 450 °C and 5.0 bar to obtain a 70%
hydrogen yield and more than 90% hydrogen recovery with a hydrogen purity of 100%.
Mironova et al. (see ref. [5]) used a Pd-Ru dense membrane 50 Om thick in an MR,
reaching around 50% hydrogen yield with the hydrogen recovered being 100% pure at 450
°C and 1.0 bar.

In the last few years, much attention has been paid to developing composite Pd-based
MRs. As an example, Papadias et al. (see ref. [5]) carried out the ESR reaction in a MR
allocating a composite Pd-Ag based membrane having a Pd-Ag layer of around 30 [Im,
reaching 75% hydrogen yield at 700 °C and around 7.0 bar.

Lin et al. developed a MR housing a supported Ni-Pd-Ag membrane with an active layer <
8 T'm, allowing a hydrogen recovery of about 70% with a purity > 90%, while reaching 80%
ethanol conversion at 450 °C and 3.0 bar.

More recently, Hedayati et al. (see ref. [5]) prepared a composite Pd-membrane with a
dense layer of around 30 m deposited via electroless plating technique onto a porous
stainless steel support, globally obtaining at 650 °C and 4.0 bar, complete ethanol
conversion and a hydrogen yield around 35%.

Murmura et al. (see ref. [5]) developed a MR housing a really thin Pd-layer supported on
alumina, produced by ECN. In this case, 100% ethanol conversion, 80% hydrogen yield
and 100% hydrogen purity were obtained with this technological solution.

Table 1. Literature studies about ethanol steam reforming reaction in MRs (adapted from
Basile et al. [5]).

Pd/Pd- H, purity
alloy [%]

Membrane in layer
the MR [um] T[°C] p[bar] Conversion [%] H,recovery [%] Reference

50 =100 lulianelli & Basile
dense Pd-Ag 400 15 95 30 [43]

50 =100 lulianelli et al.
dense Pd-Ag 400 3.0 ~ 100 90 [44]

50 =100 lulianelli et al.
dense Pd-Ag 400 1.0 50 <10 [45]
dense Pd-Ag 50 400 1.3 ~ 100 15 =100 Basile et al. [46]
dense Pd-Ag 50 500 3.5 99 ~27 =100 Basile et al. [47]

150 =100 Borgognoni et al.
dense Pd-Ag 450 5.0 - 93 [48]

50 =100 Mironova et al.
dense Pd-Ru 450 1.0 - - [72]

30 - Papadias et al.
composite Pd-Ag 700 ~7.0 - - [49]
composite Ni-Pd- <8 >
Ag 450 3.0 81 - 90 Lin et al. [50]
composite Pd on 8 =97 lulianelli et al.
Al,03 400 3.0 98 67 [51]
composite Pd on 25 =95
PSS 400 8.0 100 55 Basile et al. [52]
composite Pd on 25 =95
PSS 400 12.0 87 12 Seelam et al. [53]
composite Pd-Ag 30 - Hedayati et al.
on PSS 650 4.0 100 - [73]
composite Pd on 4-5 =100 Murmura et al.
Al,O3 480 10 100 - [74]

1
calculated.

METHANOL STEAM REFORMING IN MRS
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Methanol can be also produced renewably and useful for producing hydrogen in a steam
reforming process. Methanol steam reforming (MSR) reaction is commonly performed in
conventional reformers in the range between 240 and 260 °C.

Table 2. Literature studies about methanol steam reforming reaction in MRs (adapted from
Basile et al. [5]).

Pd/Pd-alloy [ Hyrecovery  H, purity

0 H ()
Membrane layer [um] C] p[bar] Conversion [%] %] %] Reference
Dense Pd-Ag 50 300 3 ; 80 ~100 '“"a”[‘;'g]et al.
Dense Pd-Ru-In 200 200 7 =90 =24 =100 Itoh et al. [63]
Dense Pd-Cu 25 300 10 >90 ~38 ~100 W'e'aEgZ]et al.
Composite Pd- . .
Ag/A|'203 7 330 3.0 85 40 =100 Liguori et al. [55]
Composite Pd- Israni & Harold
3.9 25 10 100 ~
Ag/o-ALOs 9 100 [65]
Composite Pd- 20/25 240 10 <40 18 : Rei et al. [66]
Ag/PSS :

When carried out in MRs, CO can be formed as a byproduct of hydrogen production,
representing the main drawback of this reaction because acting as a poison on the Pd-
surface. Table 2 summarizes some recent representative results coming from Basile et al.
[5] about MSR reaction in MRs, summarizing a number of results from the open literature
about both dense and composite Pd-based MRs. As in the case of the ESR reaction, our
group at CNR-ITM spent much attention about MSR in Pd-based MRs, paying much
attention to different kinds of MRs, analyzing the influence of such parameters as reaction
temperature, pressure, residence time, feed molar ratio, sweep gas flow rate and oxygen
addition. In all of the investigated cases, it was found that Pd-based MRs showed clear
superiority in terms of methanol conversion, selectivity and productivity over the CRs,
operating at the same experimental conditions. As our best result regarding a dense self-
supported Pd-Ag MR, 80% hydrogen recovery with a purity of about 100% was reached at
300 °C and 3.0 bar. On the contrary, by using a composite Pd-based MR 85% methanol
conversion and 40% hydrogen recovery were reached with around 100% of purity and a
CO content lower than 10 ppm, as required by low temperature PEMFCs.

However, regarding dense membranes, other researchers developed MRs (housing dense
and unsupported Pd-membranes at different thickness) to carry out MSR reaction by
optimizing the experimental conditions, achieving complete methanol conversion, high
hydrogen recovery with around 100% of hydrogen purity. As a general comment about the
data summarized in Table 2, it is possible to observe that, by reducing the palladium
thickness in the composite Pd-based membranes, the high H,/other gas perm-selectivity is
maintained sometimes at the same level of the dense ones showing high performance
during MSR reaction in terms of methanol conversion and hydrogen recovery.

For example, Israni and Harold obtained 100% of methanol conversion with a
correspondent hydrogen recovery of 95% at a purity of around 100%, at 250 °C and 10
bar.

On the contrary, in the work of Rei et al., low performance was achieved (less than 40% of
methanol conversion and 20% of hydrogen recovery at 200 °C and 10 bar), confirming that
the solution of thin Pd-layers deposited onto porous supports is not really effective.

CONCLUSION
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PEMFC-grade hydrogen can be produced alternatively from reforming processes of
renewables such as ethanol and methanol by utilizing MRs technology. With respect to the
conventional processes, this option alternative choice can make possible the integration of
MRs with the PEMFCs. Indeed, an important issue, not commonly addressed in the
specialized literature, takes into account that natural gas, or other derived of fossil fuels, is
essentially used for stationary applications, generating high-impact products for the
ambient. On the other hand, it would be expected that renewable sources such as
methanol and ethanol could drive the production of hydrogen by taking care the ambient
and harmful emissions. Nevertheless, the development of MR technology demonstrates
that efforts are still needed to solve some deficiencies related to its utilization on a larger
industrial scale.

ACRONYMS

PPS Porous stainless steel

PEMFC Proton exchange membrane fuel cell

MSR Methanol steam reforming

MR Membrane reactor

ESR Ethanol steam reforming

CR Conventional reactor

SYMBOLS

a Separation factor

o Membrane thickness

YaYs concentrations of the mixture components A and B in the permeate

Y Variable indicating temperature, concentration, pressure, etc.,

X, XB concentrations of the mixture components A and B in the feed
Coordinate

T Absolute temperature

r Reaction rate

R Universal gas constant

PHz.retentate Hydrogen partial pressures in the retentate side
Propermeate  Hydrogen partial pressures in the permeate side
Pey, Hydrogen permeability

Pre-exponential factor
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Dependence factor of the hydrogen flux to the hydrogen partial pressure
Equilibrium constant of reactions
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INTRODUCTION

Fuel cells convert chemical energy into electrical energy through spontaneous
electrochemical reactions. In order to understand the performance and limitations of fuel
cells, a minimum knowledge of the basics of electrode processes is required. It is the
purpose of this lecture to provide the necessary information. The most important terms and
concepts will be introduced. The peculiarities of electrochemical in comparison to chemical
reactions are discussed, i.e. the reaction site and the elemental steps of electrochemical
reactions. It is explained, how these peculiarities affect the kinetics of electrode reactions.
The following topics will be covered:

EXAMPLES OF ELECTRODE PROCESSES

Electrochemistry in and outside of equilibrium

Electron transfer

e Exchange current density
Rate constant
Overpotential
Butler-Volmer model
Tafel equation
Microscopic models

Mass transport
e Diffusion
e Migration
e Convection

Interplay of electron transfer and mass transport
e Slow electron transfer
¢ Reversible systems

The electrochemical double layer
e Models
e Capacitance

Adsorption
e Adsorption equilibria in the absence of electron transfer
e Adsorption in the absence and presence of electron transfer
o Dissociative adsorption
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Electrocatalysis

The hydrogen evolution reaction
The oxygen reduction reaction
Electrocatalytic electrodes

Phase formation

Nucleation
Growth

Coupled chemical reactions

Reaction mechanisms
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Fundamentals of Electrode Processes
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. Introduction

. Electron transfer
. Mass transport

. Adsorption

. Electrocatalysis
. Phase formation
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Introduction

Simple electrode reactions: O + e =R

mass_transport
Obulk > O

electrode
O electron_tansfere”) R
electrode 7 HNelectrode
R mass_transport R
electrode 7 N bulk

The rate of chemical change (current density, /) is determined by slowest step.

Complications:

+  Adsorption

»  Coupled chemical reactions (in electrolyte or on electrode surface)

+ Phase formation

*  Multiple electron transfer

Note: For example, the complete anodic oxidation of benzene involves at least
30 electron transfer, 36 bond cleavage and 12 bond formation steps.
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Introduction
1. Reactant/product may be 4. Electrode may be
+ organic/inorganic/bio * metal
» charged/neutral « carbon
+ soluble/gas/solid + oxide
+ conducting ceramic
2. Electrode reaction may be + conducting polymer
+ direct + semi conductor
* indirect (mediated)
3. Medium may be
+ water
+ liquid, NHg, SO,, HF etc.
« protic/aprotic organic solvent
* molten salt (high/low temperature)
+ ion conducting solid
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Charge transport processes in a cell having a
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Introduction

Features of all electrochemical reactions:

Electrode as reducing or oxidising agent for molecules
in solution (or gas phase, or solid).

1. Mass transport from 3-D solution space to 2-D electrode surface

2. Current through solution and through outer circuit between the
electrodes

» Difference to homogeneous (chemical) electron transfer (et)
reactions

> Charge balance =0
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Electron Transfer

/%\0
|

R

Electrode Electrolyte
(electronic (ionic

conduction) conduction)

O + ne =R
‘Electrodes’ ‘Electrolytes’
metals aqueous solutions
semiconductors non-aqueous solutions
insulators polyelectrolytes
ionic liquids

oxide covered metals (molten salts)
conducting polymers ionic conductors
modified electrodes (beta alumina)

bipolar electrodes
metal powders/colloids

etc. etc.
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Electron Transfer

The equilibrium situation The non-equilibrium situation
E= E / E > EC: /
n=0 n>0
[ (cathodic) [ (cathodic)
I (anodic) I (anodic)
A
- -~ net current density /
kcy =key
m:m(:]o) exchange c.d. I=1+1%0
I=1+1=0 netcd. Overpotential = E — E°

Kinetic definition of equilibrium

. Bernhard Gollas Fundamentals of Electrode Processes

Ty

Mass Transport

Three forms important in electrochemistry:

1. Diffusion (movement of species due to a concentration gradient)
2. Migration (movement of ions due to a potential gradient)
3. Forced/natural convection (movement of solution due to pressure gradient)

Note
1. Chemical change at electrode surface always leads to diffusion:
» reactant to the electrode
» product away from the electrode
2. Inacell there is always a potential gradient between anode and cathode.
Reactant and/or product is always a charged species
= migration always occurs
= minimised for reactant/product by addition of inert electrolyte
3. Flowing solution, moving electrode, gas sparging, etc. leads to convection.
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Interplay of ET and MT
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The Electrochemical Double Layer
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Figure 13.4 Cartoon of the supposed
structure of the interfacial region of a
double layer when the electronic
conductor is charged negatively (left) or
positively (right). Only a small portion of
the diffuse zone is shown.
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INTRODUCTION

Within the last decades, a wide range of possible applications for fuel cells were identified
and thus, various types of fuel cells have been developed. These different types of fuel
cells are most commonly distinguished either by their electrolyte, the used fuel or the
working temperature. Naturally, much effort has been devoted to the development of fuel
cell technologies, systems, components and materials. This abstract provides a short
introduction into the fields of direct alcohol fuel cells (DAFCs), direct borohydride fuel cells
(DBFCs), high-temperature polymer electrolyte fuel cells (HT-PEFCs) and alkaline fuel
cells (AFCs).

DIRECT ALCOHOL FUEL CELLS

Fuel cells, which are capable of utilizing 1 10

the chemical energy of liquid fuels 2 ] o8

directly, receive great attention for = ,]

portable and mobile applications due to 2. ;] 710 2

convenient, safe, and easy fuel storage. £ ] 555 pey B

Naturally, alcohols are of high interest T ;] 480

as such energy source due to 5 ]

widespread ~ availability ~and  their 2

relatively high mass energy density, % 2]

which is comparable to gasoline. Most 5 ] os

widely investigated liquid as fuel for £ o‘m ; _ : - - : : :

DAFCs are: S S5 S 8 5 s 8 2
* methanol (CH;0OH), ng ézs“’“ 5 £ F Q@&' Qéf &g? &

S ”

« ethanol (C;HgO), &
* 1-propanol (CsHgO), Fig.1. Energy density of various liquid fuels.
+  2-propanol (C3HgO),

« ethylene glycol (C,HsO,) and

« glycerol (C3HgOs).

Low molecular weight alcohols, e.g. methanol, ethanol and ethylene glycol are especially
interesting for fuel cell application and have been investigated extensively. The full direct
oxidation of these alcohols yields besides electricity and heat only water and CO, as by-
products. Currently, most DAFCs use acidic polymer electrolytes, facilitating the removal of
CO,, generated at the anode. However, due to kinetic constraints of the alcohol oxidation
acidic DAFCs show rather low performance. By switching to an alkaline reaction media the
kinetics of the alcohol oxidation can be enhanced significantly [1].
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e Direct methanol fuel cells

Among the listed alcohols from above, so far only methanol has been commercialized as
fuel for fuel cell application. Due to the absence of C-C bonds in its molecular structure, the
oxidation of methanol is not hindered, resulting in comparably high DAFC performance. All
other direct liquid fuel cell systems suffer from slow reaction kinetics at the anode, mainly
due to complex C-C bond cleavage; necessary for complete oxidation.

Platinum has the highest catalytic activity toward direct methanol oxidation in acidic and
alkaline environment. Most available direct methanol fuel cell systems utilize acidic
electrolytes, which were developed for PEFCs. Nevertheless, in alkaline media the activity
of platinum toward methanol oxidation is increased due to two factors: the lack of
specifically-adsorbing spectator ions in alkaline solutions and the high coverage of the
platinum surface by hydroxide ions at low potentials, which is required for methanol
oxidation [1].

Anode reaction: CH;0H + 6 OH" - 5H,O + 6 e + CO,
Cathode reaction: 320, +3H0+6e —60OH
Overall reaction: CH;0H + 3/2 O, — CO, + 2 H,O

e Direct ethanol fuel cells

The usage of methanol as fuel is subject to controversies, as methanol and its reaction
intermediates (i.e. formaldehyde and formic acid) are highly toxic and the production of
methanol from bio-based resources is rather complex. In this regard, the direct ethanol fuel
cell can be seen as the advancement of the direct methanol fuel cell. In contrast to
methanol, ethanol is already commercialized as fuel in several countries for conventional
combustion engines, e.g. in Brazil or in the USA. Ethanol possesses high acceptance as
fuel as it is non-toxic and typically produced from biomass, such as sugar cane, corn, and
straw.

In its design, the direct ethanol fuel cell resembles the direct methanol fuel cell. Typically,
conventional acidic polymers are used as electrolyte and platinum as electrocatalyst. In
alkaline media, however palladium is the most active catalyst toward ethanol oxidation.
Furthermore, the reaction kinetics are enhanced in alkaline environment, thus strong
research interest has risen regarding the development of alkaline anion exchange
membranes that possess high tolerance toward ethanol [1].

Anode reaction: CH;CH,OH + 12 OH - 9 H,0 + 12 e + 2 CO,
Cathode reaction: 30, +6H0+12¢e — 12 0OH
Overall reaction: CH3;CH,OH + 3 O, — 2 CO, + 3 H,O

DIRECT BOROHYDRIDE FUEL CELLS

Apart from alcohols as liquid source of energy for fuel cells, solutions containing the
borohydride anion BH, (e.g. aqueous solutions of sodium borohydride NaBH,) are of great
interest. Sodium borohydride is a white crystalline solid with an energy density of
9.3 Wh g, exhibits high solubility in water (55 g in 100 g of water) and a long-term half-life
stability of 426 days in alkaline solutions at a pH value of 14.

The direct borohydride fuel cell converts the chemical energy of the BH, anion into
electrical energy. The complete oxidation of NaBH, is achievable with various
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electrocatalysts, such as Pt, Au, Pd and Ru, at a theoretical potential of -1.24 V vs. SHE,
resulting in the release of 8 electrons per molecule of BH, [2].

Anode reaction: BH, + 8OH — BO, + 6 H,O + 8 ¢
Cathode reaction: 0, +2H0+4e —40H
Overall reaction: BH, + 2 O, — BO, + 2 H,0

One of the biggest challenges to overcome in the development of DBFCs is the major side
reaction of the borohydride oxidation reaction, namely the borohydride hydrolysis reaction,
as given below.

BH4- +2 Hgo d BOg- +4 H2

The borohydride hydrolysis reaction results in a reduced coulombic efficiency and can lead
to mechanical stress inside the electrode due to hydrogen evolution. Besides the pH of the

borohydride  solution,  the H , T
employed catalyst has a major H-BH *OT > Hfi;H
influence on reaction pathway. H o

In general, electrocatalysts "5 " *'° e ] A 5

can be divided into hydrolyzing — = T a—— —

and non-hydrolyzing materials, il
depending on their tendency H H
toward hydrogen adsorption. %+ o %o W2 ¥ B TR &
For example platinum and o ! it H o
palladium belong to the group — <:'<:. — - —

of hydrolyzing catalysts [3]. Fig.2. Proposed mechanism of catalytic borohydride hydrolysis.

e DBFC approaches

DBFCs can generally be divided into membrane based and non-membrane based
systems. R4

Membrane based approaches allow the @”

usage of anion as well as cation exchange =
membranes. However, the usage of cation
exchange membranes is associated with
drawbacks, such as the excessive need of
hydroxide at the anode (at least eight
equivalents to borohydride), the drop of pH in
the fuel during operation and the formation of
sodium hydroxide at the cathode. In contrast,
anion exchange membranes do not show
any of these disadvantages.

NRFC.

Membrane-free DBFC systems offer several advantages, but require catalysts with very
high selectivity. In so-called mixed reagent DBFCs, the electrodes and a separator are
rolled similar to a conventional primary or secondary battery. Fuel, oxygen and electrolyte
are supplied to the cell as a single solution.
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A compromise of these approaches is the
mixed electrolyte fuel cell, where oxygen is
supplied separately. Since borohydride is
stored in high alkaline aqueous media, the
solution can act as electrolyte and fuel at the
same time. Anode and cathode are
sandwiched with a simple polyethylene
separator, which is soaked with fuel. The fuel
is pumped through the porous structure of the
anode, also ensuring proper mass transport.
The main advantage of this approach is that
high selectivity is only required the cathode
as no oxygen is present at the anode [4].

HIGH-TEMPERATURE PEFC

Fig.4. Non-membrane based mixed electrolyte

Typically polymer electrolyte fuel cells (PEFCs) operate in a temperature range below 90
°C. However, to overcome some of the limitations, which are related to the low
temperature (LT-) operation of PEFCs, the development of high-temperature PEFCs has
been pursued. The major disadvantages of LT-operation are the slow electrode kinetics, a
rather low tolerance toward contamination of the fuel stream and a complicated water
management and challenging heat management. Operating fuel cells at elevated
temperatures (above 90 °C) can address these issues [5].

e Improved reaction kinetics

The temperature dependence of the exchange
current densities, i.e. the reaction rates, for the
hydrogen oxidation reaction and the oxygen
reduction reaction in polymer electrolyte fuel cells

follows the Arrhenius relationship

k=A e»Ea/(RT)

Thus both exchange current densities will

—— reaction without catalyst
reaction with catalyst

E (B—~A)

E, (A—~B) B

Energy

AH

Reaction path A—B
Fia.5. Activation enerav of a reaction.

increase subsequently as the operating

temperature increases [5].

e Improved tolerance toward fuel
contamination

Usually the supplied gases, hydrogen and air,
contain undesired impurities or contaminants.
Contamination from the air stream varies with
the environmental situation, e.g. city and
country side. Whereas, contaminations in the
hydrogen stream derives from the hydrogen
production process itself.

Currently, hydrogen is generated by steam
reforming of organic fuels, such as methane
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Fig.6. Adsorption of H, and CO on platinum as a

function of the temperature. Adopted from [5].
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(natural gas). Typically, the resulting hydrogen-rich gas contains 40-70% H,, 10-25% CO,,
1-5% CO and small quantities of inert gases, water vapor and sulfur compounds. Among
the listed impurities, CO is the most critical with respect to catalyst activity. Even trace
amounts of CO as low as 10ppm can lead to a significant loss in cell performance at LT-
operation due to deactivation of active Pt catalyst sites for hydrogen oxidation. CO
adsorption at platinum surfaces is favored at low temperatures, thus increasing the
operation temperature of the fuel cell reduces the strength of CO adsorption, resulting in a
higher tolerance towards contamination [5].

e  Simplified water and heat management

Water management affects the overall power density and efficiency of LT-PEFC systems
and therefore its technical design is of tremendous importance in order to maintain high
proton conductivity. Typically, complex systems humidify the anode and cathode feed
gases to ensure high water content inside the PEFC electrolytes. Nevertheless, too much
water can lead to flooding, thus occupying the porous structure of the electrodes or
blocking the gas transport channels of the flow fields [5,6].

In HT-PEFCs usually phosphoric acid doped polybenzimidazole (PBIl) are employed as
electrolyte instead of perfluorosulfonic acid polymers, like Nafion. Phosphoric acid doped
PBI operates without any humidification and at temperatures in-between 150-200 °C. At
such temperatures the design of a PEFC can [ T
be significantly simplified. Humidification of the
electrolyte is not needed and flooding issues
are less pronounced due to generation of
gaseous product water. Furthermore, due to N

the absence of liquid water, less mass- H ‘—< |
transport limitation occurs in the catalyst and VR /,N

gas diffusion layers of the electrodes, meaning N i
the flow field design can be simplified (e.g. into — P‘ :
parallel channels). All in all, the high H HPO,
temperature operation of a PEFC enables a Fig.7. Structure of phosphoric acid-doped
completely simplified water management. [5,6] polybenzimidazole.

Additionally, the heat management in an HT-PEFC can also be simplified in comparison to
a LT-PEFC. Due to the exothermic reaction of hydrogen and oxygen a fuel cell produces
large amounts of heat during operation. This heat needs to be removed in order to keep
the cell temperature at a reasonable value and maintain good performance and high
efficiency. At low temperatures this is achieved by using water-, air- or oil-based cooling
systems. At elevated temperatures excess heat can be removed much faster, due to the
higher difference between environmental temperature and operating temperature.
Therefore, an HT-PEFC cooling system can be reduced 3-4 times in size compared to LT-
operation, increasing the overall mass-specific and volume-specific power density of the
fuel cell system. Furthermore, the excess heat can be utilized, thus increasing the overall
efficiency of the PEMFC system. [5-7].

ALKALINE FUEL CELLS

Alkaline fuel cells (AFCs) have a long history, starting in the 1950s with NASA’s space
program Gemini. In the 1960s this technology was also chosen to power the spacecraft for
the Apollo missions to moon. Despite many spectacular milestones, including nine flights
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to the moon and three Skylab missions, the AFC technology was overtaken in the mid-
1980 and 1990s due to the rise of solid
acidic electrolytes, which resulted in more
compact, lighter and more robust fuel cell
systems, namely the PEFC [8].

The ongoing commercialization of fuel cells
is taking place in the international well
established field of acidic PEFCs, however
new developments in the field of AFCs, like
the demonstration of stable anion exchange
membranes (AEMs), might soon bring Pt-
free alkaline cells into an advantageous
position. The alkaline environment enables SRt
the use of a broad range of less noble and  Fig.8. AFC powered Austin A40 hybrid city car
certainly more cost-saving materials than  of Prof. K. Kordesch [9]

platinum, which is state-of-the-art in acidic

cells.

The electrochemical half-cell reactions of H,/O, alkaline fuel cells are as follows:

Anode reaction: 2H, + 4 OH > 4 H,O + 4 ¢
Cathode reaction: O, +4¢e +2H,0 > 4 OH
Overall reaction: 2 H, + O, 2> 2 H,O

Typically, in AFCs an aqueous potassium hydroxide solution is used as electrolyte.
Hydroxide anions (OH) are formed at the cathode from oxygen and water, consuming 4
electrons per molecule of oxygen. The hydroxide ions migrate from the cathode to anode
of the fuel cell and are there converted to water, consuming hydrogen and releasing 2
electrons per molecule of hydrogen. The electrons flow through the external current and
are consumed in the cathode half-cell reaction [8].

e Advantages of AFCs

Due to the alkaline environment, advantages over acidic fuel cells arise. Firstly, the oxygen
reduction reaction kinetics is enhanced as result of a simpler reaction mechanism.
Secondly, many metals are thermodynamically stable in at the high pH of the electrolyte,
thus other than platinum group metals, such as nickel, silver and manganese oxide, may
be used as catalyst. Additionally, humidification of the reactant gases is not necessary for
AFCs, thus reducing balance of plant utilities [8].

e Disadvantages

One of the major challenges associated with AFCs is significant sensitivity of alkaline
electrolytes toward carbonation. Since air contains approx. 400ppm of carbon dioxide,
carbonates can be formed when alkaline fuel cells are fed with ambient air, leading to
serious cell degradation effects. The chemical reactions are given below:

CO, + 2 OH > CO4* + H,O
CO, + OH > HCO*
002 + 2 KOH > KgCOs + H20
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The formed carbonates can block the porous structure of the electrodes, resulting in mass
transport losses and loss of electrolyte in the catalyst layer. Furthermore, the precipitates
can eventually mechanically separate the active layers from the electrodes [8]. In order to
circumvent the precipitation of carbonates in the electrolyte and the electrodes, AFCs need
to be supplied either with pure oxygen on the cathode or with pre-treated air from carbon
dioxide removal or scrubbing.

Another disadvantage is that AFCs typically utilize liquid electrolytes, resulting in rather low
mass-specific and volume-specific power densities of the fuel cell system [8].

e Recent progress in AFC technology

In recent years alkaline fuel cells regained ever more interest on an international level and
significant progress could be achieved in the drawback areas mentioned above, such as
solid alkaline electrolyte membranes. Based on comparable efforts in HT-PEFCs
development, polybenzimidazole doped with potassium hydroxide were among the
investigated membrane material for AFC application. However, carbonation cannot be
resolved with this kind of heterogeneous polymer membranes. Today, research is driven
by developing homogeneous polymer electrolytes with covalently bound positively charged
groups. These polymers are theoretically immune to carbonate precipitation as mobile
cations within the electrolyte are eliminated.

The advantages of having a membrane instead of liquid electrolytes are high reliability
against reactant gas leaks, and the fact that membranes can be applied much thinner than
liquid electrolytes, thus allow the design of very compact fuel cell stacks, which operate
independent of the cell orientation and independent of acceleration forces that might be
present if the stack is, for example, operated in vehicles [8]. Furthermore, traditional bipolar
stack designs from PEFCs can be adopted, reducing development costs.
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AlcEline Fuel Calls and Direct Alcohol Fuel Cells

Direct Borohydride Fuel Cell

= Anode reaction
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AlcEline Fuel Calls and Direct Alcohol Fuel Cells
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Faster kinetics
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Operation conditions

AlcEline Fuel Calls and Direct Alcohol Foe

Acidic Fuel Cell Alkaline Fuel Cell
» Temperature: up to 80°C = Temperature: up to 80°C
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Global warming is serious problem against sustainable society. In order to solve this issue,
CO; emission from fossil fuel utilization should be dramatically reduced. Energy system
should be understood as essential primary energy of solar with carbon and hydrogen redox
cycle. Here, fossil fuels are extremely slow carbon and hydrogen cycle, and biomass is the
relatively fast cycle. In order to increase CO, emission free energy, we have to increase
artificial reducing cycle such as artificial photosynthesis. From this view point, utilization of
renewable hydrogen is a kind of artificial photosynthesis without carbon cycle, and
hydrogen storage and transportation should be one of the key technology for the energy
cycle.

Recently, water electrolysis is focused as a key technology of the power to gas, which is
fuel synthesis using excess renewable electricity. Renewable hydrogen is CO, emission
free fuel, but low volumetric energy density is significant issue for energy system. In this
lecture, property of hydrogen and hydrogen energy carrier technology will be discussed.

Hydrogen is the lightest gas molecular, and number of atom is the largest in the
universe. In ambient condition, hydrogen is invisible and odorless stable gas, but it has
large combustion heat. These properties shall be suitable to energy carrier.

Hydrogen is the very small molecular; so it behaves like ideal gas in ambient
condition. But real gas is not as same as ideal gas. Compressibility factor is defined as
Z = PVInRT as a function of pressure: P. Here, the V, n, R, and T are volume, molar
number, gas constant, and temperature of hydrogen. The compressibility factor is
around 1 at ambient pressure, but it becomes 1.46 at 70 MPa, which is standard for
fuel cell hydrogen cylinder. This means high pressure hydrogen storage is inefficient,
especially large energy systems. Therefore, hydrogen energy carrier technology is
needed.

Important criteria of the carrier should be 1) static properties of energy density and
adequate density for application, 2) dynamic properties of small energy consumption
during charge and discharge process, and 3) acceptance properties of safety for both
human and environment.

Liquefied hydrogen, liquefied ammonia, and organic chemical hydride of
toluene/methylcyclohexane should be considered as hydrogen energy carrier for large
scale systems. Liquefied ammonia has the highest performance in the static
properties, but energy consumption of synthesis and impact for human health and
environment should be hard for practical use. Liquefied hydrogen is high performance
for large scale application except long time storage.
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\'} 19 The 100 MW EURO-Quebec hydro-hydrogen pilot project
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Fomula H, H, NH, CHJ/CH,
B.P.(°C) 253 253 334 101
Density(glem’) 0.0392(70MPa) 0.0706 0682 0.769
H, AG denstty
(Whtkg) 32900 32,900 5810 2010
(WhiL) 1,290(7/0MPa) 2,330 3,960 1,550

Secondary batteries; Energy storage systems |
Redox flow Na-S Lead acid Lithiumion Ni-MH Zn-Br

A"t"’(ﬁ)'}“("j‘)te”a' VO /VZ  S/Na  PbO,/Pb leé);/ N'%E'H I Br,izn
energy density
Theoretical 100 786 167  392-585 225 428
Actual 0 35 120 50
(Whika)
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&!J 21 Actual Volumetric and gravimetric density of H,
[Yior e

200 |

E Liquefied NH,

3{; 100

= B Organic chemical hydrides

2 50 ﬁ

3 | 70 MPa H

L i

g Liquefied Hy~ '

= Metal hydrides 2 HQUeled B~ Pressunzed and

= | 35 MPa H, liquefied H, need
10 e heavy container

1 D 10 20 *Heat isolation for liquefied

Gravimetric content / wt. % )
H, has scale merit

ANL-10/24, Argonne National Laboratory (2010) th
Y. Okada, M. Shimura, Proceedings of Joint GCC-Japan environment symposia (2013-2) AT

Hydrogen energy system with renewable energy and

u energx carrier

Electrlc power grid
O Easy to use, convert, and delivery
@ Hard to long distance transportation and long time storage
Energy carrier (Chemical energy network)
O Potential for long distance transportation and long time storage
@ Relative low energy conversion efficiency

Energy
Energy carrier )%?iﬁfeﬁe‘l's"harge |Energy carrier utilization |
synthesis Transshipment loss  Dehydrogenation

N A

S
0%/ Power generation CH supply

o
i  Power suppM

9 ;
%, Distance Léé
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\!} 30 Comparison of energy carriers

» Consensus building is needed to install “energy carrier system”
* Risk management and energy efficiency must be the most

important criteria for the decision making.

P Liquefied hydrogen  Liquefied ammonia lenrae/

hydrogen Methylcyclohexane
Fomula H, H, NH, CHJCH,,
Volumetric energy
density < © © -
Gravimetric energy
density O O © B
Energy consumption
for synthesis © O & ©
Energy consumption
for use © © O A
Suitable scale Small Very large Very large Small-very large
Flammability X X X X
Health @) O X X A
Env!ronmental o A S A
Impact

&!/ 31 Conclusion

vr.ﬂ-‘li;lydrogen produced by water splitiing is half process of
photosynthesis of plants, and will contributes CO, emission
free energy system

* Hydrogen storage and transportation is a key issue to
construct the energy system

* Physical and chemical understanding of hydrogen is
important to design devices and systems

* Intracontinental transportation will be gas based pipeline
system

* Intercontinental transportation will be liquid based energy
carrier system

* Risk management and overall energy efficiency must be key,
criteria to decide the energy system design I/Q

L
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