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Elements constituting a fuel cell laboratory are
succinctly discussed using the experience devel-
oped at the Hawaii Sustainable Energy Research
Facility. The information is expected to be use-
ful to organizations with a desire to create or
improve a fuel cell laboratory in view of the re-
cent and anticipated fuel cell commercialization
activities. Topics discussed cover a wide range
with an emphasis on differentiating aspects from
other types of laboratories including safety, fuel
cell and test equipment, and methods used to
characterize fuel cells. The use of hydrogen, oxy-
gen and specifically introduced chemical species,
and the presence of high voltages and electrical
short risks constitute the most prominent hazards.
Reactant purity, cleaning, test station control in-
cluding data acquisition, and calibration are the
most important considerations to ensure fuel cell
characterization data quality. Cleanliness is also an
important consideration for the fuel cell assembly
and integration into the test station. The fuel cell
assembly also needs to be verified for faults. Fuel
cells need to be conditioned for optimum perfor-
mance before a purposefully designed test plan
is implemented. Many fuel cell diagnostic meth-
ods are available but novel techniques are still
needed in many areas including through plane
temperature distribution, stack diagnostics and
mass transfer properties. The emphasis is given
to commonly and sparingly used electrochemical
techniques. In situ techniques include polariza-
tion, impedance spectroscopy, voltammetry and
current distribution over the active area. Ex situ
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techniques include the rotating ring-disc elec-
trode and the membrane conductivity cell. Other
nonelectrochemical techniques are also useful to
understand fuel cell behavior and include the
analysis of reactant streams and condensed water,
and spectroscopic measurements in combination
with electrochemical cells (spectroelectrochemical
cells).
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Developments in fuel cell technology have recently oratory in several ways. An expanding demand for a
culminated with the commercial release of cars. This specialized fuel cell knowledgeable work force will re-
evolution as well as progress in similar technologies is  define the scope and spreading of fuel cell laboratories
expected to continue and will affect the fuel cell lab- and bring to the forefront specific safety risks.
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19.1.1 Background

The development of fuel cell technology has signif-
icantly progressed during the last few years [19.1].
Fuel cell forklifts are currently being demonstrated
and are claimed to already be cost effective in com-
parison to batteries. Fuel cell cars are also being
demonstrated with the anticipation that they will be
commercialized on a limited basis during 2015. Fuel
cell demonstrations are not limited to motive appli-
cations and also include generators for homes. This
situation implies that fuel cell laboratories have con-
currently been established at companies, national lab-
oratories and universities to sustain research and de-
velopment activities. In view of the progress achieved
and anticipated in fuel cell technology deployment, it
is a worthwhile endeavor to reflect on future fuel cell
laboratory needs. The education and empowerment of
a technically knowledgeable installation, maintenance,
diagnosis and repair workforce represents such an ex-
ample that is supported by a predicted increase in the
fuel cell related workforce [19.2]. The resurgence of
interest in the development of flow batteries [19.3]
for grid energy storage to enhance the penetration of
intermittent power sources (solar, wind) represents an-
other incentive to reevaluate future fuel cell laboratory
needs. Flow batteries are similar to fuel cells with lig-
uid rather than gaseous reactant streams circulating
through the device. The technology has evolved to-
wards a similar fuel cell membrane-electrode assembly
(MEA) and bipolar plate design to concurrently en-
able operation at higher current densities and decrease
cost (United States patent application 2012/0258345).
A fast recharge is also possible by replacing the de-
pleted electrolytes in the storage tanks rather than
by reconstituting the original redox species by re-
versing the current flow as with a secondary battery
recharge.

A comprehensive discussion of a fuel cell lab-
oratory has not been found although examples for
other types of laboratories are available. A report re-
cently appeared for an analytical laboratory focusing
on measurement techniques [19.4]. However, many
fuel cell laboratory elements have already been sep-
arately discussed including education material [19.5,
6], standardization of measurement methods [19.7-9],
and the relationship between laboratory and application
measurements [19.10]. Several measurement method
reviews have also appeared [19.11]. Mathematical mod-
eling is also considered as a valid laboratory method in
cases where measurements are not possible, are diffi-
cult due to space or other constraints, or are expected
to create significant artifacts. For instance, a model
is needed to generate the current distribution across

flow field channels from potential sensing probes (sub-
millimeter dimension [19.12]) and assess the effects
associated with the presence of a foreign cation in
amembrane [19.13, 14]. In turn, fuel cell measurements
are necessary for model validation and to gain confi-
dence in their predictive capabilities. Other important
elements include safety (hydrogen, high current electri-
cal shorts, etc.), personnel and fuel cell stack or system
fabrication capabilities.

Staffing and Education

The need for education and personnel training can-
not be overemphasized especially to increase fuel cell
laboratory efficiency and standing. The current Hawaii
Sustainable Energy Research Facility (HiSERF) work-
force is composed of scientists and engineers with
diverse characteristics (age, race, sex, ethnicity, na-
tionality, culture, etc.). Such a group composition has
been discussed as one of the elements fostering cre-
ativity [19.15]. Interestingly, the group includes a tech-
nician who has not received fuel cell training from
an academic institution. This statement is symptomatic
of a larger issue that has already been identified.
There is a significant gap in education about hydro-
gen and fuel cell technologies below the university level
(Fig. 19.1) especially in view of the anticipated increase
in the fuel cell related workforce [19.2]. A few topics
(Fig. 19.1) are especially relevant to the present dis-
cussion including fuel cells, hydrogen production and
storage, chemistry, physics and engineering. The inclu-
sion of new technology in public education is impor-
tant to manage expectations and facilitate technology
diffusion (sustainable growth) and commercialization
(equipment maintenance). For a fuel cell laboratory,
specifically trained technicians would free current fuel
cell operators, scientists and engineers, from their du-
ties, allowing them to devote more of their time to their
core activities:

® Experimental plan development

® Data analysis

® Reporting functions (presentations, publications,
patents) and

® Proposal preparation.

The need for technicians varies with the type of
organization. At universities, student education and
limited resources constrain the number of technicians
whereas at commerce-driven organizations, better re-
sources and the necessity for an optimum efficiency
favor a larger technician contingent.

The sustainability trend represents a wider scope
opportunity to integrate fuel cell technology into the
education curriculum [19.18]. Already, many exam-
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ples of fuel cell related material have been proposed
to help instructors and teachers [19.19] including the
photo-production of hydrogen by algae fed to a proton
exchange membrane fuel cell (PEMFC [19.20]), bacte-
ria fuel cells [19.21], a borohydride (hydrogen source)
fuel cell [19.5] and a thin layer fuel cell [19.6]. Present
educational efforts also mean that future scientists and
engineers will be sensitized at a much younger age to
fuel cell and related technologies. The impact of this
statement on future scientists and engineers’ effective-
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ness remains to be evaluated. Therefore, there is a need
to define a clear role for fuel cell laboratories in the edu-
cational effort. Also, a complete compendium of all fuel
cell laboratory-relevant elements would be valuable to
foster the integration of new organizations interested in
developing fuel cell technology, evaluating or planning
strategic expansions of existing facilities, and identify-
ing gaps.

Key information for many fuel cell laboratory el-
ements is summarized and referenced. Focus will be
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given to the PEMFC (Fig. 19.2) to limit the scope. The
other main fuel cell technology of commercial interest,
the solid oxide fuel cell (SOFC, Fig. 19.2), is expected
to still largely benefit from the content by inciting dis-
cussions despite distinctive differences associated with
higher temperatures (an additional safety risk) and the
use of ceramic rather than polymer and other materi-
als. Areas that require improvement are also identified.
The information is largely representative of HiSERF
with a scope including PEMFC material research, and
cell, stack and system characterization. For instance,
key electrochemical methods are illustrated with data
obtained at HiSERF. The information represents an
overview that cannot be comprehensive at the detailed
level due in part to the large scope considered but it is
hoped that this initial effort will be sufficient to achieve
the stated objectives and generate further discussion.

19.2 Safety and Test Stations

Safety aspects associated with fuel cell technology can-
not be overemphasized in view of the negative impact a
hydrogen related incident, such as the Hindenburg air-
ship in 1937, could have on public perception. From
that standpoint, the fuel cell laboratory infrastructure as
well as test station design is of particular importance
to minimize safety risks. The test station design is also
important to ensure fuel cell characterization is possi-
ble under a practical range of conditions and data are
acquired and stored at a sufficient rate.

19.2.1 Safety

It is first emphasized that general laboratory safety
procedures are assumed to be implemented. The most
important additional safety risks associated with a fuel
cell laboratory are related to chemicals, reactants, con-
taminants and tracers, and electricity with high volt-
ages and currents. Hydrogen, oxygen, contaminant and
tracer species, electrical shorts and high voltages are
discussed with the recognition that other concerns may
exist especially if other fuel cell technologies gain
prominence. For instance, other oxidants and fuels have
been proposed including hydrazine [19.22], dimethyl
ether [19.23], peroxide [19.24] and borohydride [19.25]
that require different handling and safety procedures.
Safety is first addressed at the facility planning stage,
which is subsequently followed up by a change man-
agement procedure to ensure modifications are made
in response to evolutionary trends (new employees,
change in research focus, etc.).

19.1.2 Fuel Cell Laboratory Overview

A fuel cell laboratory is in many respects similar to
other laboratories. A fuel cell laboratory is still popu-
lated by scientists, engineers and technicians that are
concerned with safety aspects including waste disposal,
safety devices such as fume hoods and showers, chemi-
cals, analytical equipment, and so on. There are also key
differences as high purity fuels and oxidants need to be
provided (hydrogen, air or O;) creating specific safety
challenges. In addition, fuel cells need to be assembled,
tested and disassembled. These key differences are dis-
cussed in more detail in subsequent sections:

® Safety and test stations
® Fuel cell/stack, components and assembly
® Testing and diagnostic techniques.

Facility Planning, Codes and Regulations
Research and related experimental activities are un-
certain in nature and necessitate particular attention to
safety and environmental concerns. Safe practices are
essential for the protection of personnel, equipment, re-
search integrity and environment. Planning and design
of a fuel cell testing laboratory begins with a scope of
work, which defines the type and scale of research and
testing activities to be conducted, the amount of haz-
ardous materials that might be encountered and the po-
tential risks to personnel and equipment. The scope of
work is followed by a sound safety plan that reflects
thoughtful consideration of the identification and analy-
sis of safety vulnerabilities (primary and secondary fail-
ure modes ranging from benign to catastrophic), hazards
prevention, risks mitigation, and effective organization
and communication. The safety plan also recognizes the
human error factors, equipment life and limitations and
the planned or unforeseen changes that occur over the
life of the laboratory.

Many sources of information are readily available
to support the development and implementation of
a safety plan, ranging from promoting organizations
and funding agencies (United States Department of En-
ergy, Fuel Cell and Hydrogen Energy Association, etc.)
to regulatory organizations codes and standards (Na-
tional Fire Protection Association, American Society
of Mechanical Engineers, American National Standards
Institute, International Electrotechnical Commission,
Compressed Gas Association, etc.) and safety organiza-
tions (Occupational Safety and Health Administration,
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etc.). In addition to the wealth of available information,
private companies, public agencies, academic institu-
tions and experienced consultants and personnel repre-
sent other sources with relevant experience of use for
the planning, construction and operation process. Only
specific safety risks associated with a fuel cell testing
laboratory are discussed in the following sections.

Hydrogen
Hydrogen is considered a likely fuel because it can be
produced from water by electrolysis and its consump-
tion in a fuel cell results in the formation of water thus
reconstituting the initial stock. Hydrogen is also pro-
duced by methane steam reforming. Hydrogen diffuses
through solid materials due to its small molecular size.
Leaks are also possible near fuel cell and other pip-
ing connections. The accumulation of hydrogen in open
spaces near ceilings (low vapor density of 0.1 in com-
parison to air [19.26]) needs to be prevented because
little energy is needed to ignite it (low minimum ig-
nition energy of 0.017mJ [19.26]). This is especially
important for leaks because hydrogen warms with a de-
crease in pressure above the inversion temperature of
~ 200K (Joule-Thomson coefficient) and may spon-
taneously ignite. Mitigation of the risks is achieved
through material selection, detection by sensors linked
to an alarm and control system to initiate shutdown pro-
cedures and design by adequate ventilation and dilution
below the 4% volumetric flammable limit [19.26]. Re-
actant streams are usually humidified and heating tapes
controlled by a thermocouple are used to keep the water
in vapor form. Convenient and flexible polymer tubing
should not be used as the heating capacity of the heat-
ing tapes is sufficient to melt the polymer and create
a leak in the event temperature control is lost. The use
of an odorant to facilitate leak detection is not recom-
mended as fuel cell operation is likely to be adversely
affected.

Other hydrogen sources such as liquid hydro-
gen or onsite generators (water electrolyzer with
additional closed space) add supplementary hazards.
Liquid hydrogen is sufficiently cold (boiling point of
—252°C [19.26]) to create solid oxygen and nitrogen,
thermal stresses in system materials and embrittlement
of metallic components with hydrogen accumulation
in the material microvoids. These risks are minimized
by controlled cool down procedures and material
selection. A limited liquid hydrogen spill will rapidly
disperse but a continuous spill creates an expanding
low cloud of dense hydrogen vapors (cold hydrogen is
denser than air) that may explode over water. Detailed
safety information is readily available (for example,
National Fire Protection Association (NFPA) 2 and 55
codes [19.27, 28]).

Oxygen

Air is the preferred oxidant for most applications be-
cause it does not need to be stored onboard a system
with the exception of air independent devices such as
space and underwater vehicles. Oxygen is generally
used for diagnostic purposes. A first order estimate
of the mass transport overpotentials, gas phase and
ionomer phase contributions, is obtained with the se-
quential use of different oxidant compositions (O, 21%
0,/79% He and air [19.29,30]). This aspect will be
more extensively discussed in Sect. 19.4.2. However,
additional safety precautions are necessary because
combustible material deposits (oils for instance) can ig-
nite as a result of a sudden O, compression (gas line
pressurization). Gas line and fuel cell materials need
to be properly selected and cleaned for O, service.
Pressurization procedures need to be changed by first
pressurizing with an inert gas and subsequently switch-
ing to O,. For long-term O, service (life tests), it is
advisable to add redundancies for fire detection. Ther-
mocouples located at the reactant stream and coolant
outlets as well as H, and O, sensors in the reactant
stream outlets are useful to detect a membrane failure
allowing reactants to mix and combust in the presence
of the catalyst. These devices need to be linked to the
control software to trigger a test station shutdown. An
extensive discussion of design aspects for O, use is
available [19.31] and courses on O, systems design and
safety are offered.

Contaminant and Tracer Species
A few reasons justify the injection of species that are
not reactants into a fuel cell. Ambient air contains
hundreds of contaminants that may adversely affect
fuel cell performance [19.32-35]. These contaminants
originate from a variety of sources but many are gen-
erated by the chemical industry and are organic. The
fuel stream also contains contaminants that are equally
deleterious to fuel cell performance [19.36]. Their na-
ture and concentration depends on the fuel synthesis
process (methane reforming, water electrolysis) and
purification cost. Although H, fuel contaminants may
not necessarily include organic species, contaminants
leached or evolved from system materials contain or-
ganic and other species [19.37]. Finally, tracer species
are injected to measure residence time distributions
and evaluate fuel cell flow behavior and liquid water
content [19.38,39]. These tracers are commonly col-
ored or radioactive species [19.40]. Contaminants and
tracers are usually in low concentrations. Higher con-
taminant concentrations are used for fuel cell tests to
accelerate degradation and minimize the confounding
effect of other degradation mechanisms. The toxic-
ity of the reactant gas streams is therefore a con-
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cern [19.32-34] and is partially mitigated by using
surrogate molecules with the same functionalities but
with slightly different structures or less toxic alterna-
tives. It is assumed that the substitute molecules with
lower toxicity similarly behave in a fuel cell as the
original molecule or are as easily detectable (tracers).
The material safety data sheet (MSDS) or equivalent
needs to be consulted before tests are initiated, which
contains safety information including treatment and
disposal (Environment Protection Agency and Occupa-
tional Safety and Health Administration regulations).
Contaminant and tracer species may be restricted or
require special shipment procedures. Other considera-
tions include the need to purge the gas before discon-
necting a gas cylinder for replacement and cleaning the
gas lines after use to limit carry over to subsequent
tests.

Electrical Shorts and High Voltages

In a PEMFC, bipolar plates are only separated by
a very short distance that corresponds to the mem-
brane thickness (& 25—50pum). The risk associated
with electrical shorts cannot therefore be ignored. Also,
to achieve higher working voltages cells are usually
arranged in series in a fuel cell stack. Stacks operat-
ing over 100 V can create a significant electrocution
risk that can be lethal [19.41]. The requirement for
stack compactness and high power densities reduces
the number of options available to decrease short cir-
cuit risks. Electrical insulation is effective in prevent-
ing contact between adjacent bipolar plates with tools
such as screwdrivers and operators wearing metallic
rings (Occupational Safety and Health Administration
lockout/tagout practices and procedures). Electrical in-
sulation is also effective to reduce electrical shocks.
Equally thin battery electrodes also prone to electri-
cal short circuits offer another source of inspiration
to improve PEMFC designs [19.42]. The safety risk
is not only limited to the external surface of the
fuel cell. Polymeric membranes are prone to failure
and the creation of pinholes bringing both reactant
streams into contact [19.43]. The combustion favored
by the presence of a catalyst locally raise the temper-
ature [19.44], which may in severe cases be sufficient
to melt the polymer and enlarge the pinhole. This sit-
uation may be exacerbated by the short circuit risk
between both electrodes especially if they are based
on a flexible carbon material (felt, cloth). For this
specific case, the risk is mitigated by the presence
of thermocouples and O, or H, sensors mentioned
in Sect. 19.2.1. However, the effects of a short cir-
cuit develop very rapidly [19.45]. Therefore, mitigation
measures may not be sufficient to prevent irreversible
damage.

19.2.2 Test Stations

Fuel cells require support equipment (balance of plant)
to function including an air compressor or blower, reac-
tant humidifiers, a heat exchanger, a voltage converter,
an electrical motor and controls (Fig. 19.3). A fuel cell
test station fulfills the same functions as the balance of
plant but is more sophisticated and able to provide inde-
pendently controlled and well-characterized operating
conditions for research and development purposes. Test
stations are available from a variety of commercial sup-
pliers for both single cells and stacks. Test stations may
equally be assembled from commercial parts, however
data collection and logging can overwhelm a standard
personal computer. The test station is interfaced with
reactant supplies in the laboratory emphasizing purity
aspects and associated piping cleaning requirements.
Test station systems control reactant and diagnostic
gas selection, flows, humidification and pressure, cell
or stack temperature, voltage-current output and data
acquisition. Test stations need to be maintained and
regularly calibrated. Test stations are supplemented
by other diagnostic equipment to complete additional
specific measurements (Sect. 19.4.2) such as current-
voltage distributions, liquid water content and outlet gas
or liquid water composition.

Reactants Supply and Purity
The performance and durability of PEMFCs is af-
fected by the quality of the reactant gases [19.36,
46]. For the hydrogen fuel, numerous methods ex-
ist for its production and purification that result in
different contaminants and quality levels. The Soci-
ety of Automotive Engineers (SAE) recently published
a hydrogen fuel quality standard for fuel cell vehi-
cles (SAE J2719, Table 19.1). The hydrogen fuel index
is specified as 99.97%, although the primary contrib-
utors are inert gases, which are only a concern at
these levels if recirculation systems are of interest be-
cause contaminants accumulate and reach even higher
concentrations [19.47]. The other contaminant concen-
trations such as for ammonia and sulfur species are
< 5ppm (volumetric basis). Many of these low con-
centration contaminants still have a significant effect
on fuel cell performance [19.36] but are below stan-
dard gas analysis detection limits. Therefore, the use of
a high efficiency purifier such as a palladium membrane
or getter-based devices in combination with a suffi-
ciently high purity source (> 99.995%) from a proton
exchange membrane electrolyzer for example, is highly
recommended to eliminate systematic errors.

Air quality varies around the world and most lab-
oratory air is produced on site with a compressor
system. The International Organization for Standard-
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Fig. 19.3 A PEMFC system layout
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Table 19.1 SAE J2719 hydrogen fuel quality standard

Contaminant Maximum allowable quan-
tity (ppm by volume unless
otherwise specified)

Ammonia 0.1

Carbon dioxide 2

Carbon monoxide 0.2

Formaldehyde 0.01

Formic acid 0.2

Helium 300

Nitrogen and argon 100

Oxygen 5

Particulates 1 g/l at normal temperature
and pressure

Total gases 300

Total halogenated compounds 0.05

Total hydrocarbons 2

Total sulfur compounds 0.004

Water 5

ization (ISO) ISO 8573 series of standards relates to
the compressed air quality. ISO 8573-1 describes pu-
rity classes that are only distinguished by the maximum
oil and water vapor content, and particulate levels. ISO
8573-5 specifies test methods for determining the oil
vapor content (> C¢ hydrocarbons) as well as any or-
ganic solvents. ISO 8573-6 specifies test methods for
gaseous contaminants consisting of carbon monoxide,
carbon dioxide, sulfur dioxide, nitric oxide, nitrogen
dioxide and hydrocarbons in the C; to Cs range. How-
ever, contaminant level classifications are not included.
The most comprehensive classification for ultrahigh pu-
rity air quality is contained in the Compressed Gas
Association’s (CGA) standard CGA G-7.1, Grade J for

depicting the fuel cell (FC) stack and
balance of plant components (BP:
bypass, LT: low temperature)

Combustor

Hydrogen
Humidifier

Table 19.2 CGA grade J air composition

Species Concentration (ppm by volume
unless otherwise specified)

0, (%) 19.5-23.5

Water 1

Carbon monoxide 1

Carbon dioxide 0.5

Total hydrocarbon 0.5

content as methane
Halogenated solvents 0.1

Nitrogen dioxide 0.1
Nitrous oxide 0.1
Sulfur dioxide 0.1

specialty air/analytical purposes (Table 19.2). Similar
to the SAE standard for hydrogen quality, the maxi-
mum limits are very low for the contaminants listed (<
1 ppm on a volumetric basis). Trace amounts of contam-
inants adversely affect fuel cell performance [19.35,
46]. Therefore, the air supply system design needs to
surpass the air quality specified in the CGA standard.
Table 19.3 describes an air supply and purification sys-
tem that provides ultrahigh quality air similar to CGA
Grade J. Other diagnostic reactant stream gases [19.29,
30] such as nitrogen, helium and oxygen, also need to
be of sufficient quality to avoid detrimental effects on
fuel cell performance. Thus, high efficiency purification
units should also be considered even if research grade
gases are purchased.

System Cleaning
The laboratory gas distribution network and PEMFC
test stations are composed of piping distribution sys-
tems exposed to dry supply gas streams, heated and

6L | amed
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Table 19.3 Example of system components for fuel cell laboratory air production

Component (sequentially from upstream) Description
Oil-free scroll compressor
Refrigerated dryer

Dual stage coalescing filters

Initial intake filtration for particles > 10 pm; oil-free compression
Bulk water vapor removal; gas cooling
Oil and particulate removal for particles > 1 pum (stage 1)

and > 0.01 pm (stage 2)

Activated carbon filter
Pressure swing adsorption system

Odor and non-methane hydrocarbon removal
Desiccant for H,O removal and/or molecular sieve 13X for H,O and CO; removal

(achieves < 1 ppm CO, and < —70 °C dew point)

Particulate filter

Mixing tank

Activated carbon filter
Semiconductor grade filter

humidified gas streams and deionized water. The selec-
tion of piping distribution systems and the test station
parts and components materials are first considered to
ensure compatibility with gaseous and liquid fluids, and
exposure conditions. This step is necessary to prevent
contamination issues due to adverse reactions between
fluids and materials. For example, metallic corrosion re-
leases ions into the coolant water as well as rust and
particulates. Components and assemblies with exposed
surfaces need to be cleaned prior to assembly using
mechanical and chemical cleaning methods. Several or-
ganizations as well as manufacturers provide overview
documents for high purity or ultrahigh purity parts de-
sign, installation, and cleaning. These guides extend
the information contained in CGA (CGA G-4.1, CGA
G-5.4, CGA PS-31) and American Society for Testing
and Materials International (ASTMI) standards (ASTM
A380-06, ASTM G 93-03). For general use fuel cell test
stations, material specifications for components do not
have to fulfill ultrahigh purity levels such as those re-
quired in the semiconductor industry. If contaminants
are deliberately introduced into the fuel cell, the system
needs to be cleaned before other tests are completed.
For that specific case, it is acceptable to at least purge
with inert gases under higher temperatures to favor con-
taminant desorption. In that regard, difficult-to-access
dead spaces need to be minimized.

Test Station Control Systems
A fuel cell test system consists of components and
subassemblies designed to provide management of the
gaseous and liquid fluids being supplied to the fuel cell,
to control the electrical output of the fuel cell, and to
record and process data from various sensors. The de-
gree of complexity, automation, and dynamic response
required depends on the specific application. Station de-
signs range from very basic stations for routine mea-
surements with a limited number of control options
(United States Fuel Cell Council document 04-011B)
to more complex station designs such as hardware-in-

Remove particles from pressure swing adsorption system > 0.01 pm

Stabilize O, concentration swings due to pressure swing adsorption system
Eliminate volatile organic carbons from the coated mixing tank

Provides final chemical filtration of acids, bases and organics down to the ppb level

the-loop type stations where fuel cell system compo-
nents can be simulated and interfaced with an operating
stack [19.48, 49], modular test stations allowing for easy
exchange of various types of subassemblies [19.50], and
even subfreezing stations [19.51]. Figure 19.4 presents
a block diagram of the main components and subassem-
blies that comprise a fuel cell test station.

Gas Selection and Flow Control. The test station gas
delivery system provides gas selection, mixing and flow
control for various fuel and oxidant mixtures. A ba-
sic test station may have only one flow controller for
fuel and oxidant delivery. The gas supplied to the flow
controller is changed either by switching sources or
manually turning valve selectors. Typical test stations
have several flow controllers for both the fuel and oxi-
dant mixtures. The number and complexity of the flow
controller manifolds depend on the level of flexibility
required. Multiple flow controllers are used to create,
for example, simulated reformate fuel gas mixtures for
testing or oxidant mixtures with different diluent gases
for mass transfer studies [19.29, 30]. The turndown ra-
tio is improved by using multiple flow controllers for
individual gases to cover a larger range of flow rates.
Several types of flow controllers exist. Thermal mass
flow controllers are typically used (Brooks Instrument
white paper T/021).

Humidification Control. For the majority of PEM-
FCs especially at the laboratory scale, external humid-
ifiers are used to supply humidified gases and maintain
high membrane conductivity [19.52]. A humidification
system consists of the humidifier unit as well as heated
delivery lines to prevent condensation in the tubing in-
terconnect between the cell and the humidifier. Several
types of humidifiers have been utilized in test stations
including bubbler dew point saturators, steam injec-
tion, flash vaporization, membranes, packed bed/spray
chamber contact humidifiers, and so on. The humidifier
selection depends on the gas composition, heating and
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cooling rates required, accuracy and stability and the
flow range required. For example, for fuel cell tests with
water-soluble contaminants, bubbler humidifiers are not
acceptable whereas flash vaporization techniques are
more suitable. Most test stations also include a dry by-
pass valve and circuit to provide dry purge gas for safety
reasons (shutdown, freezing) or for more complex ex-
periments such as those requiring fast relative humidity
cycling.

Back Pressure Control. Thermodynamic, kinetic and
mass transfer contributions to the PEMFC performance
are affected by the reactant stream pressure [19.53].
The net effect is an increase in performance with pres-
sure [19.54]. As a result, PEMFC operation requires
a stable reactant stream pressure. This is accomplished
by installing either a back pressure control valve
or back pressure regulator on the fuel cell reactant
stream outlets. Basic test systems are equipped with
a pressure gage and a manual, spring loaded back
pressure regulator installed downstream of the fuel
cell. In this simple configuration, humidification and
product liquid water, and reactant gases pass through
the regulator causing instabilities. This system is im-
proved by adding an outlet gas condenser to maintain
a single phase gas stream passing through the regulator.
Control flexibility is further improved by installing
pressure transducers at the reactant inlets and outlets
that provide feedback to the pressure control valve or
regulator. Even greater flexibility is achieved by adding
multiple pressure feedback points in the control soft-
ware because testing protocol requirements vary (inlet
versus outlet pressure control). The most stable systems

Fig. 19.4
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utilize a dome loaded, back pressure regulator with
a current-to-pressure converter controlling the dome
pressure and operated by the controller feedback signal.
Back pressure control valves are less stable. A back
pressure regulator-based control system includes a set
point/feedback control loop that interacts with the
mechanical feedback loop located within the valve
preventing pressure spikes during flow step changes.

Temperature Control. A PEMFC produces a rela-
tively large amount of low-grade heat (50—70°C)
[19.55]. However, a single cell rapidly cools be-
cause the heat generated at the approximately two-
dimensional thin catalyst layers (a few microns in
thickness) is dissipated by contact with good heat con-
ductors (carbon or metallic bipolar plates, metallic end
plates). Therefore, the methodology used for cell tem-
perature control depends on the cell or stack under test.
Small-scale single cells, < 50 cm? in active area, utilize
cartridge heaters installed in the end plates with cooling
provided by natural convection. For larger cell sizes,
forced cooling is required and is accomplished by at-
taching fans to the cell, either in a constant flow mode
or controlled by the heater feedback controller cooling
output. Surface heaters with custom shapes and pro-
viding a more uniform heating represent a convenient
alternative to cartridge heaters. For specialized single
cells and most small stacks, a coolant-based system
is used, which also provides a subambient tempera-
ture option with the addition of a chiller and adequate
cooling fluid [19.56]. A basic coolant system consists
of a reservoir, heater, pump and rotameter for con-
stant flow and temperature control. For stack testing,
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increased complexity and flexibility are required in-
cluding coolant flow and pressure, and temperature
control. For example, stack testing may require a con-
stant inlet temperature and pressure while maintaining
a specific temperature gradient across the stack by vary-
ing the flow rate.

Voltage-Current Control. The normal fuel cell op-
erating regime window extends from the open circuit
potential to the limiting current (= 0V or short cir-
cuit). A few situations exist that require fuel cell con-
trol within (existence of multiplesteady states [19.57,
58]) or outside (fuel starvation leading to cell reversal
with a cell potential smaller than 0V [19.59]) this op-
erating regime window. Therefore, the fuel cell power
output controlled by a load bank needs to be carefully
assessed and selected from several possible modes: con-
stant potential, current, power or resistance. Resistive
load banks are commonly used but inductive load banks
are available for more specialized test station needs. For
single cells, a power supply may be used in series to
boost the voltage level controlled by the load bank. The
high current and low voltage output of the fuel cell is
typically too low for most load banks. An integrated unit
combining this power supply and load bank series ar-
rangement is commercially available and marketed as
a zero volt load bank. Bidirectional operational ampli-
fiers or booster systems for potentiostats are also used
in fuel cell test stands. Load banks are also equipped for
the determination of the fuel cell ohmic resistance using
current interrupt or frequency response analyzer-based
techniques.

Data Acquisition and Hardware and Software Con-
trol. The data acquisition input and output hardware
represents the test station core (Fig. 19.4). Most test
stations include some form of signal conditioning and
isolation, and acquisition hardware [19.60]. Informa-
tion throughput is a function of the number and type of
input-output channels, sample rate, and controller pro-
cessor. Most test stations are also designed for static or
quasistatic tests with time constants > 10s and dwell
times of several minutes. Dynamic tests require faster
control and acquisition speeds with time constants in
the range of milliseconds to seconds [19.48]. Recently,
test stations have been designed with embedded con-
trollers improving reliability and safety by reducing
the intermediate role of a separate and remote com-
puter working on a high-level operating system. Rather,
safety features are integrated into the embedded con-
trollers. Many test stations still rely on a computer
for both software control and data visualization. The
software provides control and execution of various ex-
perimental protocols as well as data storage and visual-

ization. The more elaborate software packages provide
flexible scripting features for automation, experiment
control, test sequencing, and data processing and visu-
alization.

Calibration
It is emphasized that each fuel cell test station control
and measurement device needs to be calibrated. Mass
flow controllers, pressure gages, thermocouples, rela-
tive humidity sensors and humidifiers, electronic load
and data acquisition cards represent the most important
elements to be calibrated. The overall test station per-
formance also needs to be assessed with fuel cell tests
to determine the synergy between the control and mea-
surement devices.

A standard practice for calibration management in-
volves the selection and identification of the systems
and/or instruments requiring calibration, traceability
requirements and a calibration frequency. A proper
calibration program ensures system and equipment op-
erational integrity and accuracy, and establishes mea-
surements traceability to the United States National
Institute of Standards and Technology (NIST) or other
approved national measurement standards. Several doc-
uments provide guidance in this area (for example,
United States Department of Defense standard MIL-
STD-1839D). Calibration measurement tolerances and
accuracies need to be established for specific equip-
ment. Published standards provide guidance for the
measurement uncertainty determination (NIST techni-
cal note 1297, American National Standards Institute
[ANSI] NCSL Z540.2). At the organizational level,
a quality control system for document management and
supervision of calibration activities also needs to be
established. Accreditation to an international quality
standard such as ISO 17025 is not necessary, especially
for academic institutions and national laboratories. The
ISO 17025 standard is well beyond the level required
to ensure the competence of a fuel cell testing labora-
tory and need to be viewed as a guideline. As a general
rule of thumb, equipment calibrations need to be com-
pleted with a master meter that is more accurate than the
device under test by a factor of ~ 4 (United States De-
partment of Defense standard MIL-STD-1839D). The
master meter needs to be calibrated by an ISO 17025
accredited metrology laboratory, providing traceability
to a national standard. The decision to acquire master
meters depends on cost (cost and number of calibrations
to be completed by an external certification laboratory,
master meters cost and calibration cost) and conve-
nience.

The combined system operation also needs to be
validated using standardized procedures. The United
States Department of Energy and members of the Fuel
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Cell and Hydrogen Energy Association initiated pro-
grams to establish a standardized test procedure for
single-cell PEMFCs. A round robin test series was con-
ducted with several organizational participants with the
objective to verify the validity of the proposed stan-
dardized test protocols (United States Fuel Cell Council

documents 04-011B and 05-014B.2). The European
Commission supported similar efforts to address the
aspects of prenormative research, benchmarking, and
validation through round robin testing under the Fuel
Cell Systems Testing, Safety, and Quality Assurance
program.

19.3 Fuel Cell Stack Components and Assembly

Fuel cell stack design depends on the applica-
tion [19.61]. For instance, automotive design is largely
dictated by power density whereas stationary design
requires durability. For portable applications, design
criteria as well as manufacturing methods are much
more varied. This is due in part to the restricted space
and resulting trend towards a planar stack design that
simplifies the compression mechanism and enables the
use of manufacturing methods for thin, multiple lay-
ers. For each application, it is desirable to avoid the
introduction of undesirable species during stack man-
ufacturing and assembly. The assembly of all stack
components in the proper sequence is also important to
ensure integrity and avoid leaks to the ambient air or
from one compartment to another. Therefore, the stack
assembly and its interface to the test station or balance
of plant need to be verified.

19.3.1 Hardware Design and Manufacturing

A commonly used single fuel cell assembly is discussed
as an illustrative and widely representative example.
Most fuel cell data are obtained with a single fuel
cell. Single cells range from small scale (material eval-
uation) to full scale size for component evaluation
(manifold, flow field, seal, MEA, etc.). For a stack, the
assembly procedure is relatively similar with several
steps being repeated to achieve the desired number of
cells.

An assembled single-cell PEMFC is depicted in
Fig. 19.5a and the visible hardware components are
identified. A more detailed list of all components and
their functions is given in Table 19.4 and discussed
in [19.61]. Cited references contain materials used for
component production and in several cases methods
for performance optimization and durability consider-
ations. A detailed design and manufacturing process
review including material selection was also prepared
for several PEMFC hardware components [19.62].

An expanded view of the single-cell hardware is
given in Fig. 19.5b. Major components are shown with
the exception of the gas diffusion media and the MEA,
which are located between gas flow field plates. The

MEA consists of the anode and cathode catalyst and
catalyst support material deposited onto the proton con-
ductive membrane (the catalyst coated membrane or
CCM) and the gas diffusion media. If the catalyst layer
is deposited onto the gas diffusion medium, the result-
ing component is referred to as a gas diffusion electrode
(GDE). Stacks consist of several single cells with gas
flow field bipolar plates that are electrically connected
in series to enable higher output voltages. A PEMFC
stack design is illustrated in Fig. 19.6 [19.62].

19.3.2 Cell and Stack Components Cleaning

The use of laboratory gloves made of the appropri-
ate material is imperative whenever handling fuel cell
components during assembly and cleaning. Gloves pro-
vide protection from chemical cleaning agents and
avoid contamination of fuel cell components from skin
oils. Newly machined fuel cell components need to be
cleaned to remove dirt, oil and other residues from the
fabrication process. For example, silicon from the gas-
ket migrated to the catalyst layer and membrane and
was deemed partly responsible for the observed degra-
dation [19.67]. Additionally, subsequent to fuel cell
testing, the test station components may need to be
cleaned to remove any residual contaminant that was
purposefully added. A number of cleaning strategies
and agents are available including from component sup-
pliers.

Fuel cell hardware components are typically re-
moved from the test station and disassembled before
cleaning is accomplished using an ultrasonic bath.
Cleaning agents are listed in Table 19.5. In general, the
use of organic solvents as cleaning agents is limited due
to their detrimental effect on cell performance [19.35].
Care should be exercised to avoid damage caused
by the ultrasonic bath to sensitive hardware compo-
nents. For example, the treatment of graphite materi-
als or materials coated with thin anticorrosive layers
should be avoided. For these specific cases, alternative
cleaning methodologies are necessary such as rins-
ing with extended durations and compatible cleaning
agents.

19.3 Fuel Cell Stack Components and Assembly 621
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Fig. 19.5a,b PEMFC assembled in a single cell configuration (a). PEMFC expanded view (b). Tie bolts are not displayed for
simplicity
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Table 19.4 Fuel cell hardware components and functions

Hardware component
End plate

Bipolar gas flow field plate
Seal

Gas diffusion media

Cooling plate
Membrane—electrode assembly

End plate

Function

Provides compressive force which seals the cell from leaks and
minimizes the electrical resistance of the hardware components
Electrically conductive material with channels that enable the gas
to flow through the cell

Material used to prevent overboard gas leakage

Porous media, which is often carbon based, that is placed adjacent
to the membrane/electrode assembly to facilitate the transport of
gases and water in liquid and vapor phase

Used for temperature regulation of the fuel cell

Consists of anode and cathode electrode catalyst layers deposited
onto a proton conductive membrane

Gas flow field plate

Seal

Membrane-electrode assembly

Single cell

L_ Stack of cells

Cooling flow field plate

References
St-Pierre [19.61]

Mehta and Cooper [19.62],
Tawfik et al. [19.63]
St-Pierre [19.61]

Mehta and Cooper [19.62],
Nam and Kaviany [19.64],
Lin and Van Nguyen [19.65]
St-Pierre [19.61, 66]
St-Pierre [19.61],

Mehta and Cooper [19.62]

Fig. 19.6 PEMFC stack hardware components. Flow field channels are formed on a bipolar plate noted here as a gas flow field

plate (after [19.62])

Table 19.5 Cleaning agents for fuel cell hardware components

Cleaning agent Examples
Deionized water —

Organic solvents Isopropanol, methanol, ethanol, ace-

tone
Detergents

Acidic cleaners  Citranox

Alconox, Liquinox

Usage precautions

Can be corrosive to metals

Possible detrimental effects of solvent
residue on PEMFC performance
Materials may be

incompatible

Materials may be

incompatible

Ultrasonic bath compatibility
Yes
No
Yes

Yes

19.3.3 Single Cell Assembly

The assembly of a single fuel cell with component
designs that are commonly used in many fuel cell
testing laboratories is discussed as an illustrative ex-
ample of the design-dependent assembly of a single

fuel cell or stack. Commercial fuel cell designs have
additional design features that minimize or avoid as-
sembly errors. A successful assembly is achieved with
proper component alignment and adequate mechani-
cal compression to mitigate electrical efficiency losses
due to contact resistances between components, gas and
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Fig. 19.7a—e Anode end plate, electrical insulation layer, current collector and gas flow field plate (a), gasket seal attached to
the anode gas flow field plate (b), MEA and second gasket seal attached to the anode compartment parts (c), cathode gas flow
field plate attached to the cell assembly (d), hexagonal head screws sequential tightening scheme to optimize compression across

hardware components (e)

coolant leakages and to optimize reactant transport and
water management within the GDE by avoiding reac-
tant flows bypass and structural collapse of the porous
components. This is achieved by selecting the appropri-
ate gasket thickness to match a specific gas diffusion
layer (GDL).

Figure 19.7a shows the anode end plate, electrical
current collector and anode gas flow field plate dur-
ing assembly. The gas flow field plate has holes for
the attachment of alignment pins which serve to align
the anode and cathode flow field plates in addition to
the gasket seals and MEA. The end plates are made
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of aluminum, the current collector plates of gold-plated
copper to minimize the contact resistance and the flow
field plates of electrically conductive POCO graphite.
The current collector plate is electrically isolated from
the end plate by an insulating layer of polymer which
is typically polytetrafluoroethylene. The hardware com-
ponents are assembled by stacking them together so that
the inlet and outlet holes on the gas flow field plates
align with their counterpart holes on the end plate.

Once the hardware components of the anode side
are properly aligned, the first of two gasket seals is ap-
plied to the cell. The gasket alignment is maintained
by two alignment pins as shown in Fig. 19.7b. After
the first gasket is in place, the MEA, which in this
case consists of the CCM and a porous carbon layer on
both the anode and cathode, is placed onto the assem-
bly while the alignment is still maintained by the pins
(Fig. 19.7¢). The cathode flow field plate is added to the
assembly as demonstrated by Fig. 19.7d. The alignment
pins shown in Fig. 19.7a,b serve to maintain the correct
placement of the flow field plate. Finally, all fuel cell
elements are secured together with screws (Fig. 19.7e).
Belleville washers are also added to ensure that com-
pression is maintained at a relatively constant level even
if the membrane absorbs water or dehydrates, affecting
its thickness [19.68]. Other compression mechanisms
are equally adequate [19.61]. The cell assembly pro-
ceeds using a calibrated torque wrench with one quarter
turns to the hexagonal head screws in a cross tight-
ening pattern until the necessary torque is obtained
(Fig. 19.7e).

19.3.4 Cell Assembly Verification

Gas leak rates are determined by using a fixed volume
vessel containing nitrogen (or a different inert gas such
as helium), pressurized to approximately 5 bar and al-
ternatively connected to the fuel cell anode and cathode
inlet reactant gas lines. The 5 bar pressure is suitable
for an ambient pressure fuel cell operation, otherwise,
for higher pressures, it needs to be adapted. The fuel
cell pressure is maintained at approximately 2 bar by
a pressure regulator. The 11 vessel change in pressure
is measured over time to calculate the gas leakage rate.
The acceptable leakage rate is determined by the cell or
stack manufacturer specifications because it is design
dependent. A leak is located by submerging a pressur-
ized cell or stack into a deionized water bath. The cell or
stack may be subsequently disassembled to determine
the cause of the leak and develop preventive measures.
If the fuel cell or stack has a coolant circuit, it also needs

to be verified for leakage using the same pressurized gas
approach. Other leak detection methods exist. For in-
stance, a compartment is pressurized and subsequently
isolated with a valve. The subsequent decrease in pres-
sure is monitored and the rate of change indicates the
leak size.

Adequate component compression is required to
minimize electrical resistance and optimize the GDE
performance [19.61,69]. The optimal compression is
dictated by the stack design, component materials and
reactant stream pressures. The compression is evalu-
ated by modifying the cell assembly procedure with
a pressure-sensitive paper inserted between a flow field
plate and the MEA. Subsequently, the cell is dismantled
and the pressure-sensitive paper is retrieved for analy-
sis. The resulting color change intensity and distribution
is used to estimate the compression magnitude and uni-
formity across the cell active area.

Electrical short circuits are not desirable because
they affect the cell performance evaluation. The pres-
ence of an electrical short circuit between the current
collector plates and the end plates is easily assessed
by measuring the resistance with a multimeter. The
presence of a short circuit through the MEA 1is design
dependent and is important to also assess. For flush cut
MEA designs where the catalyst and GDLs extend to
the membrane edge [19.61], there is a possibility that
the thin membrane thickness is bridged by longer GDL
carbon fibers. For this specific case, dry inert gases
are circulated through the assembled cell and a power
supply is used to apply a voltage lower than ~ 1V to
avoid any electrochemical reactions (water electrolyzer
and fuel cell modes) and focus on the electronic con-
ductivity. A multimeter is also used to measure the
resulting current allowing the calculation of the elec-
trical resistance. If short circuits are detected, the cell
is disassembled to find the cause and devise preventive
measures.

19.3.5 Installation into the Test Station

After the cell or stack assembly has been verified, the
unit is interfaced with the test station. This step requires
the completion of several connections to the reactant
gas supplies, coolant supply, load bank and sensors.
It is assumed that the test station operation has also
been verified especially for fluids leakage using simi-
lar methods as described in Sects. 19.2.2 and 19.3.4.
Subsequently, the unit is conditioned and tested using
methods that are respectively described in Sects. 19.4.1
and 19.4.2.

19.3 Fuel Cell Stack Components and Assembly 625
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19.4 Testing and Diagnostic Techniques

The research focus is dependent on many factors that in-
clude organization type (academic institutions, national
laboratories, companies), resource availability (human,
equipment, funds), mission and needs as defined by cus-
tomers [19.70]. In turn, the research focus defines the
selection of testing and diagnostic techniques. These
considerations lead to multiple options and underline
the variability in research capabilities at fuel cell active
institutions.

The HiSERF scope is schematically depicted in
Fig. 19.8 and includes fuel cell activities ranging from
material, single cell and stack characterization to sys-
tem level evaluations. Such a wide scope was deemed
advantageous and necessary to adapt to customer de-
mands but also to ensure that all different levels effects
of interest can be studied and interrelated. For exam-
ple, a catalyst tested with a rotating ring-disc electrode
dipped into a liquid aqueous electrolyte is not represen-
tative of the single fuel cell environment with a solid
electrolyte. Single cells in a fuel cell stack do not nec-
essarily behave in a similar manner as local operating
conditions vary (reactant distribution is not uniform,
end cells are cooler in proximity to the heat conduc-
tive end plates, etc.). A fuel cell stack is also subjected
to different operating conditions in a test station and an
application because respective components have differ-
ent transient response times and operating ranges.

For each activities scope shown in Fig. 19.8, many
test options are available and include ex situ tests to gen-
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erally obtain material related information, and in situ
tests with either modified or nonoperating conditions to
characterize the fuel cell performance and predict be-
havior in an application or extract specific parameters
to clarify fundamental understanding. A clear purpose
needs to be established considering the number of test
choices available. From that standpoint, it is useful to
consider the different processes taking place in a fuel
cell (Fig. 19.9). Mass and heat transfer, charge transfer,
reaction kinetics, degradation and other processes take
place over a wide range of time scales that do not nec-
essarily overlap thus offering opportunities to focus on
specific aspects by tailoring tests. For example, degrada-
tion due to contaminants is easily separated from liquid
water processes using in situ life tests. However, precau-
tions are still necessary to minimize other degradation
mechanisms such as catalyst dissolution and agglomer-
ation. This is achieved with accelerated tests and higher
contaminant concentrations, and by maintaining the cell
and cathode potential below the Pt oxidation potential.
Other test selection considerations include cell voltage
loss types, envisaged applications and the existence of
standardized protocols with the recognition that many
other options exist. For instance, an ex situ membrane
conductivity cell is appropriate to understand the ef-
fect of gaseous or liquid contaminants on cell voltage
ohmic losses. Steady-state performance tests are prefer-
able over hardware in the loop transient tests for station-
ary applications as the load is expected to slowly vary.

> Fig. 19.8 HiSERF PEMFC activities

Activities scope scope
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19.4 Testing and Diagnostic Techniques

Fig. 19.9 PEMFC processes relax-

Membrane

Electric double layer humidification
charging : !
Charge transfer Liquid water
reactions transport

" Gas diffusion processes

Changes in catalyst
properties or poisoning

Temperature
; effects
Microseconds Milliseconds Seconds  Minutes ~ Hours

Gl i daid Ledica iHdd J | VI 1 I

i

Degradation and

ation time scales

aging effects

Days . VMonth>s [
pif Ed

10°¢ 10° 10* 102 102 10" 10° 10" 10*> 10° 10*
Time (s)

Rather than selecting tests and diagnostic tech-
niques to meet a particular goal, there is also value
in assessing gaps. For instance, a large number of
techniques have been developed to characterize fuel
cell performance. Ten techniques were reviewed for
the sole purpose of quantifying the presence of liquid
water [19.11]. A detailed review of all techniques ir-
respective of their purpose is outside the scope of the
present chapter. Rather, suggestions for high level anal-
yses are presented to facilitate the identification of gaps
in measurement techniques. As a first example, the fuel
cell is analyzed at a high level in terms of the fuel cell
inputs and outputs: reactants provided and products,
power and heat generated (Fig. 19.2). Each technique
was classified in these categories using its main ob-
jective. Results from this analysis using common and
representative techniques without being exhaustive are
listed in Table 19.6. Several well-established methods
are available to characterize the fuel cell performance,
the quantity and nature of the products (main and result-
ing from side reactions or degradation mechanisms),
and reactants (main and present due to imperfections
in purification processes). However, few correlations
have been established between the different methods
especially to take advantage of the potential synergy
associated with complementary temporal or geometric
resolution. Furthermore, few techniques with sufficient
resolution are available to characterize heat transfer
(a few ex situ techniques were also presented [19.71-
73]). This statement applies to both fuel cell and other
operation modes. Thermocouples are approximately of
the same dimensions as the thin MEA components (tens
to hundreds of microns) creating an accuracy issue. An
infrared camera only provides the cell outside temper-
ature. Improved techniques are needed because water
management including temperature-driven water trans-
port [19.74] is very sensitive to temperature gradients

10°

10¢ 10" 10*

corresponding to a temperature change of less than a de-
gree Celsius [19.75]. In addition, it was proposed that
heat is generated at the cathode whereas heat is con-
sumed at the anode [19.55]. This hypothesis has not
yet been experimentally verified. Difficulties associ-
ated with the steep temperature gradient measurement
is likely responsible for the relatively more numerous
modeling activities [19.76]. Supplementary references
to Table 19.6 are provided and discussed in Sect. 19.4.2.

Other high level analyses are possible by focusing
on other aspects. As a second example, an analysis per-
formed by targeting geometric resolution has revealed
that few techniques exist to characterize fuel cells in
the cross-channel or through-plane direction [19.98].
Furthermore, many of these geometrically sensitive
methods, including those resolving the channel length
direction, appear to be seldom used. Another gap exists
in relation to methods specifically developed to explore
the behavior of stacks, or in other words cell to cell
variability, especially in the presence of faults [19.76,
99-101]. Other approaches are possible to identify test
and diagnostic technique gaps by focusing on other rel-
evant aspects such as component manufacturing quality
control.

In the next section, general test considerations are
highlighted. In the subsequent two sections, a few
widely applied in situ and ex situ tests are described
whereas other more specialized tests are discussed at
the high level as detailed descriptions are deemed out-
side the scope of this chapter.

19.4.1 Conditioning

After the PEMFC is assembled, a conditioning or
break-in period is needed to activate and increase cat-
alyst utilization by accessing the catalyst layer inac-
tive regions. This activation normally requires ionomer

627
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Table 19.6 Diagnostic techniques using a PEMFC in different operating modes

Operating mode Method
Fuel cell Polarization curve
Segmented cell

Impedance spectroscopy

Current interrupt
Residence time distribution

Neutron imaging
X-ray diffraction
Transparent cell

Water collection and analysis
Gas chromatography, mass spectroscopy

Thermocouples
Infrared camera

Other Electronic short circuit
Cyclic voltammetry

Linear sweep

voltammetry

Segmented cell with different gas diluents
Membrane permeability

Electroosmotic drag

Water collection and analysis with inlet
contaminants

and membrane humidification. Several reasons explain
this situation because reactants reach the catalyst sites
but protons cannot, some ionomer sites are less eas-
ily hydrated (the ionomer structure is not isotropic)
and electrons cannot reach the catalyst sites (partial
electronic phase continuity) [19.102, 103]. After condi-
tioning, the fuel cell achieves peak performance with
a constant current at a specific voltage that is desirable
for research purposes. Rapid and reproducible condi-
tioning methods have been developed by different fuel
cell organizations or research institutes (Table 19.7).
For instance, the use of a hydrogen pump mode (United
States Fuel Cell Council Document 04-003) and CO
stripping [19.104] have also been proposed. The con-
ditioning procedure is interrupted after the cell perfor-
mance for both rated and quarter power reaches a value
that is within 2% of the manufacturer’s specification or
expected value (United States Fuel Cell Council docu-
ment 04-003).

19.4.2 In Situ Tests

Several categories of in situ tests are distinguished by
their objectives. The fuel cell performance is of imme-

Method focus

Electrical power output
Electrical power output
Electrical power output

Electrical power output
Products

Products
Products
Products

Products
Reactants, products

Heat
Heat
Electrical power output
Electrical power output

Reference

Reshetenko et al. [19.30]
Reshetenko et al. [19.30]
Barsoukov and MacDonald [19.77],
Orazem and Tribollet [19.78]
Biichi et al. [19.79]

Diep et al. [19.38],

St-Pierre et al. [19.39]
Mukundan and Borup [19.80]
Isopo et al. [19.81]

Tiiber et al. [19.82],

Yang et al. [19.83]

Young et al. [19.84]

Bender et al. [19.85],
Schuler et al. [19.86]

Vie and Kjelstrup [19.87]
Matian et al. [19.88]

Kocha et al. [19.89]

Vielstich [19.90],

Lindstrom et al. [19.91]

Reactants Kocha et al. [19.89],

Inaba et al. [19.92]
Reactants Reshetenko and St-Pierre [19.93]
Reactants Kocha et al. [19.89],

Broka and Ekdunge [19.94]
Products Choi et al. [19.95],

Peng et al. [19.96]

Reactants, products Wetton and St-Pierre [19.97]

diate commercial value as operating conditions change
during fuel cell use. As a result, steady-state tests of dif-
ferent duration (short or long term) as well as transient
tests including duty cycling are relevant. Hardware in
the loop tests aiming at the interactions between fuel
cell system balance of plant components and the fuel
cell stack are also of interest (Fig. 19.3). Diagnostics
are also needed to unravel mechanisms and facilitate the
development of improved and more durable fuel cells.
Test results are equally needed to validate mathematical
models used to predict fuel cell performance and extract
model parameters. All three categories are further dis-
cussed in the next section. In subsequent sections, the
emphasis is given to the use of electrochemical char-
acterization techniques whereas others are only briefly
discussed.

Test Types
The performance of PEMFCs is characterized either un-
der constant or varying power conditions. For constant
power, the current density of a cell or stack is typi-
cally fixed and the resulting voltage is measured. For
single cells, a constant potential is easily applied but
is problematic for a stack as control is more difficult.
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Table 19.7 Standardized conditioning procedures summary

Organization Operating conditions First stage Second stage Third stage
FCHEA 80 °C cell temperature Decrease cell voltage Cycle cell voltage for Maintain 0.2 A/cm?
(USA) Hy/air until 600 mV is reached 6 h between 0.5/0.7 V during 18 h

1.7/1.7 barg pressure and maintain for 1 h with a 20 min dwell time

100/100% relative humidity

1.2/1.5 stoichiometry
DOE (USA) 80 °C cell temperature Circulate saturated Maintain cell voltage at  Sweep out to the

Hj/air, Nj, or Oy
atmospheric pressure for 3h
100/75% relative humidity
3/3.6 stoichiometry
FCTESTNET 80 °C cell temperature
(European H,/0,
Union) 3/3 barg pressure
100/100% relative humidity
1.2/1.5 stoichiometry

> 500mV

JARI (Japan)
80 °C cell temperature
Hj; or Nj/air or Nj
atmospheric pressure
100/100% relative humidity
1.4/5.5 stoichiometry

H,/N» on anode/cathode  0.55V with Hy/air

Increase current until
1 A/cm? is reached
and keep cell voltage

Maintain 0.2 A/ cm? during 18 h  Circulate dry No/N»
for 1 min and 22 s at
200/200 ml/min before
the cell is heated

limiting or maximum
current density with
Hy/air, H>/O»

Maintain 1 A/cm?” -
during 18 h

Increase current density — —
to 1 A/cm? and

maintain until cell volt-

age is stable

United States Fuel Cell Council document, 05-014B.2, (after [19.8,9, 105-107])

Operating parameters such as the reactant gas flow sto-
ichiometries, reactant pressures, cell temperature, and
inlet stream relative humidity are held constant. For dy-
namic measurements, the load across the cell or stack
is varied and the corresponding change in voltage is
measured. During dynamic measurements, the cell op-
erating parameters change as a result of the changing
power output unless the fuel cell test station or system
is designed for a rapid response and constant operating
conditions.

There are several documents that discuss methods
to measure performance. For example, an experimental
setup that enables excellent stability of system operat-
ing parameters for steady-state performance measure-
ments was described [19.85]. A method for extrapolat-
ing performance loss during steady-state operating con-
ditions from a limited amount of performance data was
provided [19.108]. Steady-state tests also extend to long
durations to establish durability. Such tests typically
run from 1000 to 10000 or more hours [19.109-113].
Such tests are useful but do not necessarily reproduce
the observed behavior in the field as operating condi-
tions are not constant. As a result, tests are increasingly
completed under dynamic conditions simulating drive
or duty cycles in applications [19.114-117]. Further-
more, long-duration tests consume significant resources
(low turnover). This additional pressure has led to the
development of a number of accelerated tests targeted
at specific degradation mechanisms. A consistent set

of accelerated protocols is available from the United
States Department of Energy for known degradation
mechanisms involving key MEA materials: electrocat-
alyst, catalyst support, and membrane (Table 19.8). An
overview of the durability test protocols that were de-
veloped through 2011 is available [19.118]. Additional
work discussing accelerated testing methods recently
appeared [19.119, 120].

A fuel cell requires support components to operate
(Fig. 19.3). On the other hand, a fuel cell test station
does not mimic the fuel cell system balance of plant
behavior. Therefore, it is important to test the fuel cell
under system compatible operating conditions. This is
achieved with the use of hardware in the loop tech-
nique. This concept is illustrated in Fig. 19.10. A fuel
cell and optionally a few balance of plant components
are integrated into a fast dynamic response test station
that is controlled using a model of the remaining bal-
ance of plant components [19.48, 49, 121]. In effect, the
behavior of the balance of plant is simulated in real
time with a combination of a balance of plant com-
ponents model and the fast response test station. The
hardware in the loop technique is useful to evaluate the
fuel cell dynamic response under practical, steady-state
or long-term operating conditions, control algorithms
and controllers, and new system layouts or components.
The test station dynamic response needs to be smaller
than 100 ms to ensure that the fastest system component
is simulated in real time.
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Embed Fast Application
components into a response controlled specific
for testing test byan  simulation
(stack, blower, station (remaining
humidifier, etc) components

Fig. 19.10 Hardware in the
loop operational concept

modeled response,

duty cycle, etc)

Diagnostics are added to the main purpose fuel cell
performance test to supplement fuel cell characteriza-
tion data or facilitate interpretation. The selection of the
most appropriate diagnostics is crucial to balance time
and resources, and information needs. Furthermore, the
diagnostics selection may affect the outcome of the
main test by introducing artifacts. For example, long
term fuel cell tests are relevant to establish the dura-
bility of Pt alloy catalysts. However, the measurement
of the cell current density or voltage does not yield the
evolution of the key metric, the catalyst surface area.
A more direct method is needed. Cyclic voltammetry
has been used to intermittently evaluate the surface area
of Pt catalysts with information obtained in the hydro-
gen adsorption, hydrogen desorption or CO adsorption
regions (voltammetry Sect. 19.4.2). For Pt alloy cata-
lysts, cyclic voltammetry does not lead to the desired
active area value because the alloying element either
dissolve at a specific potential thus accelerating cata-
lyst degradation or the method is unreliable because the
probe molecule adsorption is different on the alloy than
on Pt [19.122].

Finally, there are a number of tests typically per-
formed to evaluate MEA properties in situ for modeling
validation or diagnostic purposes. For example, a po-
larization curve is able to provide cathode catalyst
kinetic parameters as long as the low current density re-
gion is investigated (Tafel behavior) and the membrane
crossover H, flux is measured for current density cor-
rection [19.123]. However, the membrane crossover H,
flux requires a specific test [19.106]. Other parameters
of interest include transport properties (mass and heat)
in the gas and solid phases (ionomer/membrane, elec-
trodes, bipolar plates), and main and side reaction rate
constants.

Polarization
The H,—air performance curve, also known as the polar-
ization curve or the current density-voltage (/— V) curve,
represents the baseline PEMFC performance diagnos-
tic. A polarization curve (Fig. 19.11) generally shows

Complete
to system
VIR @ (unmanned

aerial
vehicle, etc)
Cell voltage (V)

1.0
Activation overpotential

0.8 Ohmic overpotential
Mass transfer
overpotential
0.6
0.4
0.2
0.0 0.5 1.0 1.5

Current density (A/cm?)

Fig. 19.11 PEMFC polarization curve with three distinct
regions

three distinct regions at different current densities, that
each indicate the predominance of one process, activa-
tion, charge transfer or mass transfer [19.124—126]. Ac-
tivation losses are associated with slow oxygen reduc-
tion kinetics, which are described by the Butler—Volmer
equation (19.1). The current density j (A/cm?) is a func-
tion of the exchange current density jo (A/cm?), the
electron transfer coefficient v, the number of exchanged
electrons n, the Faraday constant F (96500 C/mol),
the activation polarization 7,¢ (V), the gas constant R
(8.31J/mol K) and the temperature T (K):

= | ex anFnye
J=Jo p TRT

(1 _a)nFnact

For large reduction currents leading to an activation
polarization that exceeds the limit given by (19.2), the
reverse reaction is negligible and (19.1) reduces to the

(19.1)
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a) O, concentration

3
Channel GDL Ionomer Catalyst
0,
~NMT, con
He+21% 02 ~Mwvr, perm
Air
~Mw, dif
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b) Cell voltage (V)
1.4
1.23V
1.2

1.0

0.8

0.6

0.4
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0.0
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Hy/Oy+jRurr .
—®—H,/0, .
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—»—H,/Air
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Current density (A/cm?)

Fig. 19.12a,b O, concentration profiles in a PEMFC for differ-
ent cathode gas supply: O,, He + O,, air (a). Polarization curves
obtained with H,-O,, Hy/He + O,, H,-air (b). Anode-cathode con-
ditions: 2/2 stoichiometry, 100/50% relative humidity, 48.3/48.3
kPag, 60 °C

Tafel equation (19.3)

RT 257 .
[Maet] > — = =——mV  (at25°C), (19.2)
nkF n
_ R Inj RT Inj (19.3)
Nact = anF njo anF nj. .

Ohmic losses nonm (V) occur due to limitations associ-
ated with protonic and/or electronic charge transport,
which linearly increase with the cell current density
(Ohm’s law, (19.4)). The high frequency resistance de-
noted by Ryrr (or serial resistance, Qcm?), is divided
into a protonic membrane resistance (R, 2cm?) and
an electronic resistance for electrodes and other elec-
tric circuit elements (R., cm?). The high frequency
resistance of a fuel cell Rygr is determined during fuel

cell operation using electrochemical impedance spec-
troscopy (EIS):

Nohm = Rurrj = (Rm + Re)j - (19.4)
The local consumption of O in air, a gas diluted with
79% N, creates a local depletion at the catalyst sur-
face and mass transfer losses. Mass transfer losses
are described by (19.5) [19.127], which indicates that
polarization losses significantly increase when the cat-
alyst surface reactant concentration approaches zero

at high current densities j near the limiting value j
(A/cm?):

i = — L (11
nk J

Mass transfer losses are further decomposed into per-
meability and diffusion components [19.30, 128]. Fig-
ure 19.12a illustrates O, concentration profiles for
different gas compositions. The O, concentration is
approximately constant from the gas channel to the cat-
alyst surface because only a relatively small amount of
water vapor is present in the gas stream. The O, po-
larization curve constant slope at high current densities
(ohmic behavior, absence of significant mass trans-
fer losses, Fig. 19.12b) is an alternative to the Rppr
measurement with EIS. For a 79% He + 21% O,
mixture, the O, concentration is lower with a small de-
crease in O, concentration in the gas phase, which is
limited by the high value of the oxygen diffusion co-
efficient in He. The decrease in O, concentration is
more significant in the ionomer phase. For the air case,
the O, concentration gradient is more significant in
the gas phase because the O, diffusion coefficient is
smaller with a heavier N, diluent than with He (dif-
fusion coefficients of an equimolar mixture of O,—He
and O,—N, are 0.723 and 0.202 cmz/ s at 293K and
101.325kPa [19.129]). In the ionomer phase, the O,
concentration profiles for air and the He + O, mixture
lead to a similar concentration difference (Fick’s first
law with the same diffusion coefficient and diffusion
length). The difference between O, and the He + O,
mixture polarization data defines the permeability over-
potential vr,perm (the largest concentration difference
is located in the permeable ionomer). The difference
between the He + O, mixture and air polarization
data defines the diffusion overpotential nyr qir (cor-
responds to the approximate concentration difference
in the porous GDE with predominant diffusive trans-
port). The sum of Nyt perm and N, air corresponds to
nmr (19.5).

Figure 19.12b shows polarization curves measured
for the three cathode gas compositions and an additional

(19.5)
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ohmic loss corrected polarization curve obtained with
H,-0,. The activation overpotential 7, is obtained by
subtracting the ohmic loss corrected H,—O, polariza-
tion curve Vo, + jRyrr from the theoretical open circuit
voltage E of 1.23 V (101.3 kPa) (19.6). The ohmic over-
potential non, was obtained by multiplying Rypg with
the current density j (19.7). Subtraction of the Hy/He +
O, data Vige4 0, from the H,—O, data Vo, yielded the
permeability overpotential nur perm (19.8) whereas the
diffusion overpotential 1y qif Was obtained by deduct-
ing the Hy-air values V,;; from the Hy/He + O, values
Vie+o0, (19.9).

Nact()) = E = [Vo, (j) + jRurr ()] . (19.6)
nohm () = JRurr (/) » (19.7)
nMT,perm(j) = Vo, o) — VHe+0, G . (19.8)
nvr.dit () = Vie+0, () — Vair () - (19.9)

It is noted that vt perm includes a constant contri-
bution owing to the O, concentration change 7w, con
(the oxygen reduction reaction is first order in oxygen
concentration [19.130], (19.10)) allowing separation of
the concentration change contribution in the ionomer
(Fig. 19.12a):

RT
7IMT,con = 7 n C& =45mV (at 60 OC) s

Cair

(19.10)

where co, and c,;, respectively represent the O, concen-
tration in the O, and air streams (mol/cm?). Additional
analysis refinements were discussed including a current
density correction for the hydrogen crossover through
the membrane [19.131] and empirical curve fitting rela-
tions with alternatives to the mass transfer polarization
expression (19.5) [19.132-135].

Impedance Spectroscopy
EIS is a noninvasive diagnostic technique that separates
in the frequency domain the individual effects of differ-
ent processes such as proton transport in the electrolyte,
interfacial charge transfer reactions and mass trans-
port in catalyst and backing diffusion layers [19.77, 78,
136]. A small sinusoidal alternating potential or cur-
rent (Vi.,I'.) is superimposed on the constant fuel cell
potential or current (Vpc, Ipc) and both potential and
current responses (Va¢,In¢) are recorded (Fig. 19.13).

in out
1 AC 1 AC

This operation is repeated for many signal frequencies.
The impedance, a complex variable, is calculated by the
potential and current signals ratio:

AV .
Z(w) = — Zeld>((x))
(w) = AT _l |

= ZRe(w) — iZin(w) , (19.11)
where Z is the impedance (£2), AV is the amplitude of
the potential perturbation signal (V), Al is the ampli-
tude of the current response signal (A), ¢ is the phase
angle, w is the angular frequency (Hz), Zg, is the real
part of the impedance (§2) and Zy, is the imaginary
part of the impedance (£2). There are three necessary
requirements to obtain reliable impedance measure-
ments [19.77]. A linear behavior that implies that the
perturbation signal amplitude is small in comparison to
RT/F (the polarization curve is not linear, Figs. 19.11
and 19.12b), a response that is only due to the applied
perturbation (the fuel cell, for instance, is operating at
the steady state), and a stable response with the fuel cell
returning to its original state after the perturbation is re-
moved.

A frequency response analyzer (FRA) is used to
impose the small amplitude alternating current (AC)
signal to the fuel cell via the load bank. The AC volt-
age and current responses are processed by the FRA
to determine the complex impedance for all frequen-
cies [19.137]. Physicochemical processes occurring
within the fuel cell (Fig. 19.9) have different charac-
teristic time constants and therefore are exhibited in
the spectra at different characteristic frequencies. Other
options are available to modulate the fuel cell output
such as with a high power potentiostat (control unit and
booster).

Impedance data are displayed as the negative value
of the imaginary impedance as a function of the real
impedance (Nyquist plot).The Bode plot is an alter-
native representation of the impedance data with both
the impedance magnitude and phase angle plotted as
a function of the perturbation signal frequency. A rep-
resentative Nyquist plot for a PEMFC is shown in
Fig. 19.14. Three distinguishable, depressed semicir-
cles are observed within the 0.1 Hz to 10 kHz frequency
range [19.138, 139]. The smaller arc at high frequen-
cies (> 1kHz) is attributed to the transport of protons
and electrons and the anode charge transfer reactions.
The larger arc in the mid-frequency range (5Hz to

t
Z:
X

Vbe (Inc) Av Fuel cell . \)/ 7

Fig. 19.13 EIS measurement principle
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1kHz) is attributed to the cathode charge transfer reac-
tions. The remaining arc at low frequencies (0.1—5 Hz)
is attributed to the reactant transport in the cathode
GDE.

Equivalent electrical circuits (EEC) are extensively
used to analyze impedance responses and extract phys-
ically meaningful fuel cell properties. Common elec-
trical circuit components include resistors, capacitors,
inductors, constant phase elements and Warburg ele-
ments [19.77]. An EEC for a single PEMFC is shown
in Fig. 19.14; L stands for the serial inductance of the
cell and system components. The electron and proton
transport resistances are combined into the ohmic resis-
tance Rp. Charge transfer resistances of the hydrogen
oxidation reaction (HOR) and the oxygen reduction re-
action (ORR) are represented by R, and R.. A finite
length Warburg diffusion element W, is included for the
O, transport in the GDE. The H, diffusion resistance
is negligible, eliminating the need for a Warburg ele-
ment. Constant phase elements CPE, and CPE, repre-
sent anode and cathode double-layer capacitances with
a rough catalyst layer and a nonuniform catalyst dis-
tribution [19.140]. The EEC offers an adequate repre-
sentation of experimental impedance data (Fig. 19.14).
Curve fitting was completed with a commercially avail-
able software (ZView, Scribner Associates) with esti-
mated parameter errors < 5% [19.139].

Voltammetry
Cyclic voltammetry (CV) is a potentiodynamic tech-
nique for studying thermodynamic and kinetic aspects
of electrochemical reactions. The potential of the work-
ing electrode (WE) is scanned linearly between two po-
tential limits from an initial value. The current-voltage
curve of the WE versus the reference electrode (RE) is

referred to as the cyclic voltammogram, as shown in
Fig. 19.15. The peak potential and peak currents are
important characteristics [19.90, 141]. For a reversible
system, the peak current j, (A) for a reversible couple
(at 25 °C) is given by the Randles—Sevcik equation

Jjp =2.69x 10°n'2AD® 1% | (19.12)
where A is the electrode area (cm?), D the diffusion co-
efficient (cm?/s), ¢ the concentration (mol/cm?) and v
the potential scan rate (V/s). The corresponding peak
potential separation between anode Ej and cathode E;
peak potentials (V) is

. .. 0059
E - E =

p n

(19.13)

Current

Potential vs. RE

\/

o e

1

1

1

1

! -
:

o]
e -

Fig. 19.15 Cyclic voltammogram for a hypothetical reac-
tion and associated peak parameters
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which is used as a criterion for a reversible or Nernstian
behavior and to determine the number n of electrons
transferred. In turn, the diffusion coefficient is deter-
mined using n, (19.12) and operating conditions A, ¢
and v. The peak potentials are used to identify spe-
cific reactions. Equations (19.12) and (19.13) illustrate
qualitative as well as quantitative aspects of cyclic
voltammetry. Similar equations were derived for other
kinetics including irreversible reactions [19.142].

A potentiostat controls the potential difference be-
tween working and reference electrodes at a desired
value. An electrometer, a high-input impedance volt-
meter that minimizes the reference electrode polariza-
tion, measures the voltage difference between reference
and working electrodes. The potential scan rate is nor-
mally constant. The resulting current passing through
the working and the counter electrodes is recorded.
The potential limits and the potential scan rate are
the adjustable parameters. The potential applied to the
working electrode is swept back and forth between the
two set voltage limits (triangular wave form).

A cyclic voltammogram for a single PEMFC is
shown in Fig. 19.16. The electrode that serves as the
PEMFC cathode (GDE with Pt/C as catalyst and Nafion
as electrolyte) is fed with humidified N, and connected
as the WE. The other PEMFC electrode fed with hu-
midified H, serves as both counter electrode (CE) and
RE. The applied WE potential is scanned between the
open circuit voltage (OCV, =~ 0V versus the RE) and
1.2V versus the RE. During the positive scan, the Hj
that permeates from the CE side and adsorbed H; on Pt

Current density (mA/cm?)

(Pt-H,qs) are oxidized within the ~ 0 to ~ 0.4V versus
RE potential range according to

Pt— H, — Pt+HT +e7. (19.14)

The presence of two peaks in the ~ 0 to ~ 0.4V
versus RE potential range is ascribed to different Pt
crystallographic planes ((111) and (100) [19.143]). In
the ~ 0.4 to =~ 0.6V versus RE potential range, the
positive current is attributed to the oxidation of the
H, permeating through the membrane and the charging
of the double-layer capacitance. Above ~~ 0.6 V versus
RE, Pt oxidation takes place with the formation of Pt-
OH and Pt-O species [19.144, 145]

Pt+ H,O - PtOH+Ht +e™, (19.15)
Pt-OH — Pt-O+HT ¢ . (19.16)

During the reverse scan, the Pt oxides are first re-
duced (= 0.77V peak potential). Subsequently, H, is
adsorbed on Pt (& 0.13V peak potential versus RE).
Below =~ 0.1 V versus RE, H, evolution takes place.

The current measured in the electroinactive region
around 0.4 V versus the RE is due to the charging and
discharging of the double-layer capacitance associated
with the Pt/ionomer interface (a constant phase element
in this case, Fig. 19.14). The capacitance C (F) is de-
termined from the charging current jg (A/cm?) and the
potential scan rate v,

dv

Ajg=C— =Cv, 19.17
Ljdl ar ( )

Fig. 19.16 Cyclic voltammogram of
a PEMFC MEA. Counter/working
electrode compartment conditions:
H,/N,, 0.5/0.51/min at normal

—— CV with HyN,
-10
Pt-OH/O
Pt-H,, : 0,
oxidation Jal formation
" o —— v —————————wr
| ECSA Pt-oxide
| reduction
|
|
1 Pt-H,q,
| formation
10 |
0.0 0.4 0.8 1.2

Potential vs. H, electrode (V)

conditions, 100/100% relative
humidity, 101/101 kPa, 35 °C,
20 mV/s potential scan rate
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where V is the electrode potential (V versus the RE)
and ¢ the time (s). The electroinactive region around
0.4V versus the RE is also not centered at a 0 current
density because the H, permeating through the mem-
brane is oxidized and contributes to a small oxidation
current displacing the entire cyclic voltammogram to
higher current density values. The permeating H, also
displaces the entire cyclic voltammogram to higher po-
tentials (diffusion cell polarization of ~~ 0.1 V).

The cyclic voltammogram is used to determine the
electrochemical active surface area (ECSA or ECA) by
integrating the H, adsorption current between = 0.1
and & 0.4 V versus the RE (hashed area in Fig. 19.16).
The ECSA is calculated with a charge density of
210 wC/cm?, a charge sufficient to reduce a monolayer
of H,4s on a smooth Pt surface, and the Pt loading

S

ECSA = —,
0.021mv

(19.18)

where the ECSA is in m?/g, S is the H, adsorption peak
area (mW/cm?) and m the Pt loading (mg/cm?). The
ECSA is essential to compare the activity of different
Pt catalyst structures. Alternatively, the H, oxidation
peaks or CO adsorption were used to estimate the
ECSA. The Pt oxides reduction peak was employed to
estimate the extent of oxidation [19.146].

Linear sweep voltammetry (LSV) is similar to CV
but only one scan is completed between potential limits.
Furthermore the scan is completed at a much smaller
scan rate equal to or less than 1mV/s. These pre-

Current density (mA/cm?)
-1.5,

cautions are necessary for H, crossover and electrical
short circuit measurements [19.89, 147] to minimize
the effects of preadsorbed H, and the double-layer ca-
pacitance charging. A LSV curve for a H, crossover
measurement is shown in Fig. 19.17. The WE poten-
tial is scanned at 0.1 mV/s from the ~ 0.1 to ~ 0.4V
versus the RE. The upper potential limit is sufficient
to obtain a well-defined H, oxidation limiting current
density. The hydrogen crossover rate Jy, (mol/s cm?)
is calculated using Faraday’s law

J1
Ju, = o (19.19)

The LSV method for the determination of the
H, crossover is an alternative to the CV method
(Fig. 19.16).

In the presence of an electrical MEA short circuit,
the H, oxidation limiting current density is not constant
but rather increases at higher electrode potentials. The
electrical short circuit resistance is estimated from the
polarization curve slope [19.89, 147].

Other Tests
There are other diagnostic techniques that are used to
characterize fuel cells but they are relatively seldom uti-
lized. Although one of these diagnostic techniques is
electrochemical, the segmented cell for current-voltage
distribution across the cell active area, all the others
are not. These diagnostic techniques are briefly and se-
quentially introduced using the high level framework of

—— Linear sweep with Hy/N,

-1.0

-0.5

0.0

Fig. 19.17 LSV curve of a PEMFC
MEA. Counter/working electrode
compartment conditions: Hy/N»,
0.5/0.51/min at normal condi-

0.1 0.2 0.3

Potential vs. H, electrode (V)

tions, 100/100% relative humidity,
101/101 kPa, 35 °C, 0.1 mV /s poten-
tial scan rate

0.4
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Table 19.6 (method focus). The section concludes with
the hardware-in-the-loop technique.

The consumption of reactants and the generation
of products and heat in the fuel cell contribute to
the variation of the species concentration and tem-
perature along the flow field length and in turn to
the uneven current-cell voltage distribution. The dif-
ferent gradients are impacted by cell design and are
thus important to optimize performance and mitigate
premature local degradation. Noninvasive measurement
techniques rely on the external magnetic field [19.148]
whereas invasive techniques require the electrical seg-
regation of one or several active area components in-
cluding the current collector, the bipolar plate, and the
gas diffusion layer and electrode. The invasive tech-
niques are further grouped based on manufacturing
techniques including printed circuit boards [19.149]
and the addition of multiple sensing or controlling el-
ements. The latter techniques rely on the integration of
high precision shunt resistors [19.150, 151], electronic
loads [19.150, 152—-154] or Hall sensors [19.30, 155—
157]. The current-voltage distribution measurements
also enable the local use of other electrochemical tech-
niques such as impedance spectroscopy [19.30, 154,
158, 159]. Figure 19.18a illustrates local polarization
curves that demonstrate the significantly uneven and
interlinked performance and operating condition dis-
tributions. The kinetic and ohmic regimes are hardly
impacted due to the high stoichiometries and well-
humidified reactant streams (Fig. 19.11). However, the

a) b)
Cell voltage (V) .
>
1.0y <
Q
—m—Seg 1,—e—Seg 2 D
Seg 3,—v—Seg 4 =
Seg 5,—4—Seg 6 >
0.8 Seg 7, —®—Seg 8
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—a— Total cell
0.6 g
-
=
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g
0.4 =
g
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0.2 -
0.0 0.4 0.8 1.2 1.6 2.0

Current density (A/cm?)

Fig. 19.18a,b Spatially distributed polarization curves for a PEMFC (a). Cell voltage and normalized current density (using the
initial performance) distributions at 0.8 A/cm? before, during and after a temporary injection of 2 ppm CO in the H; stream (b).

mass transfer regime at high current densities is largely
modified owing to the progressive effect of product wa-
ter accumulation. The cell performance decreases along
the flow field length. Figure 19.18b shows the evolution
of the local cell performance resulting from a temporary
CO injection into the H, stream. The cell voltage distri-
bution is uniform due to the high bipolar plate electrical
conductivity and relatively small active area of 100 cm?.
The cell voltage distribution remains uniform during the
CO injection but drops until a steady state is reached
(CO adsorption on Pt decreases the catalyst active area)
and recovers to its original state after the CO injection
is interrupted. By contrast, the current distribution is not
uniform with inlet segments relatively more affected by
the CO presence with lower than 1 normalized current
density values. As the total current is fixed, downstream
segments have larger than 1 normalized current density
values. The H;, stream is depleted of CO along the flow
field length as it progressively adsorbs on the Pt catalyst
or reacts with O, diffusing through the membrane from
the cathode compartment and creating a much weaker
adsorbing CO, product.

Several methods are available to quantify the prod-
ucts generated within the fuel cell. Water mapping
within the fuel cell has been the subject of exten-
sive studies [19.11]. The most useful and less invasive
methods include neutron imaging [19.80], x-ray diffrac-
tion [19.81] and residence time distribution [19.38,
39]. Liquid water exiting the fuel cell is also analyzed
to obtain information about the membrane degrada-

0.6
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| M gl
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Anode-cathode conditions: Hy/air, 2/2 stoichiometry, 100/50% relative humidity, 48.3/48.3 kPag, 60 °C
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tion rate (fluoride emission rate [19.112, 160, 161]) and
assess the contaminant scavenging efficiency [19.97].
Equally, the fuel cell outlet reactant streams are sam-
pled and analyzed to reveal the catalyst support cor-
rosion [19.162, 163], and to establish the presence of
side reactions [19.164] and the accumulation of dilu-
ents such as N [19.165]. The electro-osmotic drag or
number of water molecules transported with the proton
in the ionomer is also quantifiable using in situ meth-
ods [19.95,96, 166].

Some reactant properties are also quantifiable
within the fuel cell. The limiting current density
(Fig. 19.11) is useful to derive overall mass transfer
coefficients and separate them into more fundamen-
tal contributions [19.93,167-170]. Permeability coef-
ficients for reactant diffusion in ionomers are also ob-
tainable [19.89,94]. Heat-related diagnostic methods,
although available, have seldom been used. Thermo-
couples [19.87] as well as an infrared camera [19.88]
were employed.

Fuel cell systems also need to be tested to evaluate
interactions between the fuel cell and balance of plant
components under conditions that mimic the expected
transient operating conditions for the selected applica-
tion (duty cycle). The hardware-in-the-loop technique
was developed with that intent (Fig. 19.10) [19.48, 49,
121]). Figure 19.19a displays results for a fuel cell-
battery hybrid power system. The total power demand
(duty cycle) intermittently exceeds the nominal system
power of 300 W with the excess power provided by
the battery allowing the fuel cell output to remain rel-
atively constant at ~ 250 W. Such a control algorithm
is expected to extend fuel cell life because, for exam-
ple, cathode potential changes that lead to Pt catalyst
active area loss by Pt dissolution and Pt nanoparticle ag-

—Total power demand —Battery power
—Fuel cell power ~ ---e. Battery state of charge
800 100
S
600 b
=
2
400 o
5]
2
200 i
3
0 AR AT 20 ¥
S L . M
Magnified section
-200 0
0 2 4 6 8 10

Time (min)

glomeration are minimized. This specific fuel cell stack
control algorithm can only be implemented with a fuel
cell-battery hybrid system. During periods when the to-
tal power demand is smaller than the nominal power (<
300 W), the excess fuel cell power is used to recharge
the battery. Component sizing is also important to avoid
a complete battery discharge and to maintain a reason-
able battery state of charge as illustrated in Fig. 19.19a.
Figure 19.19b reveals with an expanded timescale the
significance of a faster test station control response time
(< 100 ms) to measure and observe small and rapid fuel
cell and battery dynamic changes with load demand.

19.4.3 Ex Situ Tests

A large number of ex situ tests are also available
to characterize fuel cell materials. The information is
used to relate freshly synthesized or aged materials
parameters to fuel cell performance and degradation
mechanisms. More specifically, the correlation between
ex situ and in situ tests results is an issue of gen-
eral relevance because in situ tests require more time
and resources. There is a gap in rapid ex situ diagnos-
tic methods that correlate with in situ tests. Tests are
first analyzed on the basis of the main fuel cell per-
formance losses (polarizations) to focus and order the
discussion. Subsequently, electrochemical cells com-
bined with spectroscopic measurements are introduced
(spectroelectrochemical cells). This section leads to
other material science characterization methods includ-
ing spectroscopic measurements.

The rotating ring-disc electrode (RRDE) is the
most popular method to obtain kinetic parameters for
the main and side electrochemical reactions [19.171].
The ring-disc electrode has a geometry that consists

b)
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Fig. 19.19a,b Fuel cell-battery hybrid system hardware-in-the-loop duty cycle results displaying the evolution of both power
levels and battery state of charge (a). A magnified time scale reveals the test station response time of < 100ms during a total
power demand change that is necessary to measure and observe small and rapid fuel cell and battery dynamic changes (b)
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of a cylinder inserted in a tube that are both fixed
within an inert material and electrically isolated. All
parts share the same rotation axis and only one end
of the disc cylinder and ring tube assembly is electro-
chemically active. The ring-disc electrode rotation in
an electrolyte solution is a hydrodynamic problem that
has been analytically solved. For instance, the limiting
current density at the disc is described by the Levich
equation

Ji = 0.62nFAD? 30! /2v ™o | (19.20)
where v is the kinematic viscosity (cm?/s). Equa-
tion (19.20) leads to the electroactive species diffusion
coefficient if other solution properties are known. Sep-
aration of the overall current j into kinetic ji (A/cm?)
and mass transport j; contributions is also possible with
the Koutecky—Levich equation

1 1 1

=+ (19.21)

J Jx N
A 1/j versus w /2 plot yields 1/jy at @~"/2 = 0. At the
ring, reaction intermediates that are swept away from
the disc surface by the hydrodynamic shearing forces
are detected at a potential that is selected to create a cur-
rent response. The ring potential is not necessarily equal
to the disc potential. Only a fraction of the intermediates
generated at the disc reach the ring and react. There-
fore, in separate experiments, the collection efficiency
N needs to be measured to recover the total amount of

a) Current (mA/cm?) (geometric)

1
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—— Sample-02
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Potential vs RHE (V)

Fig. 19.20a,b Polarization curves for a catalyst ink deposited on a rotating disc electrode (a), corresponding peroxide intermediate
detection at the ring electrode (b). Operating conditions: 0.5 M H,SOy saturated with O, 30 °C, 20 mV /s potential scan rate, 1.2 V

versus the SHE ring potential

intermediates
N = e (19.22)
Jdisc

A theoretical expression is available to calculate the
collection efficiency [19.171]. The RRDE method is
especially relevant for the oxygen reduction reaction,
which leads to a small amount of peroxide that is
affected by the presence of contaminants such as
SO, [19.172]. An inverted electrode catalyst ink depo-
sition technique was proposed and is preferred in view
of an improved reproducibility and a more uniform film
thickness [19.173, 174]. Figure 19.20 illustrates the re-
producibility achieved for both disc polarization curves
and peroxide detection. The amount of peroxide gener-
ated during oxygen reduction increases at low electrode
potentials and only accounts for a few % of the disc cur-
rent. However, the peroxide generated has been linked
to ionomer and membrane degradation [19.175].

The ionically conductive membrane is the most
electrically resistive component material of a PEMFC
in comparison to Pt, C and Cu (electronic conduc-
tors). A conductivity cell is generally used to mea-
sure the membrane resistance and assess ohmic losses.
The conductivity cell maintains the membrane sam-
ple in contact with a controlled atmosphere or envi-
ronment and electrodes for current and voltage sens-
ing to eliminate contact resistances (4-point electrodes
method [19.176]). Direct or alternating current mea-
surements are used to measure the membrane con-
ductivity. However, alternating current measurements

b) Fraction of H,0, (%)
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such as impedance spectroscopy are preferred to min-
imize artifacts (absence of a current circulating in
the membrane and electrode polarization). Through-
plane measurements are also preferred because they
correspond to the current and MEA stacking direc-
tions [19.61, 177]. Membrane processing affects both
ionomer material isotropy and conductivity [19.178,
179]. Therefore, in-plane measurements are not pre-
ferred unless they are used for thin ionomer films with
isotropic properties.

For mass transfer losses, products as well as reac-
tants and gas and ionomer phases need to be considered.
For O, and H, transport in the gas phase, Gurley
measurements were used [19.180] but are not directly
comparable to in situ values because the gas flow is
circulated (forced convection) rather than being mostly
driven by diffusion as in a PEMFC. For O, and H; dif-
fusive transport in the ionomer phase, a diffusion cell is
commonly used [19.94]. For product water vapor, dif-
fusive transport in the gas phase is equally problematic
as for O, and H,. Transport of liquid water in the GDE
also needs to be considered. However, this is a complex
problem that has not yet been satisfactorily resolved.
For H,O transport in the ionomer phase, dynamic vapor
sorption is used for diffusion control [19.181] whereas
in situ measurements are preferred for electro-osmotic
drag control [19.95]. Ultimately, there is a need to relate
mass transfer properties to mass transfer polarizations
(Sect. 19.4.2). This relationship is not as obvious to
develop as for kinetic or ohmic polarizations because
other parameters are needed to convert transport prop-
erties into mass transfer coefficients, which in turn are
used to calculate concentration profiles and mass trans-
fer polarizations. For example, diffusion coefficients are
missing for gas-phase reactants (including tortuosity ef-
fects) whereas the thickness of the ionomer covering
the catalyst is missing precluding the calculation of the
concentration profiles.

Electrochemical cells used to study PEMFC reac-
tion kinetics have been modified to include spectro-
scopic measurements (Raman, x-ray, infrared [19.182—

19.5 Conclusion

Fuel cell laboratory constitutive elements were re-
viewed to better identify gaps including safety aspects,
test stations, fuel cell components and their assembly,
and in situ as well as ex situ diagnostic techniques.
Several opportunities were identified to improve these
areas but many other opportunities are possibly left to
be discovered until further analysis is completed. For
instance, interest in higher and lower operating temper-

185]). These seldom employed methods are useful to
track in situ reaction kinetics and materials evolution
that are otherwise not accessible or only obtained for
pristine and aged materials.

Other ex situ tests are useful to visualize, analyze
the composition, and obtain subsidiary properties for
the pristine and aged fuel cell materials to support the
development of enhanced and more durable materials.
Visualization of surface morphology, characteristic size
and other features is achieved using scanning electron
microscopy (SEM), environmental scanning electron
microscopy (ESEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM) and scan-
ning tunneling microscopy (STM) [19.186-188]. Some
of these methods have recently been adapted to ob-
tain localized, transient information [19.189, 190]. The
bulk phase composition is obtained by x-ray diffrac-
tion (XRD), x-ray absorption spectroscopy including
x-ray absorption near edge structure (XANES) and ex-
tended x-ray absorption fine structure (EXAFS), x-ray
radial electron density distribution (REDD) and Fourier
transform infrared spectroscopy (FTIR) [19.176, 191].
The surface composition is obtained by Auger elec-
tron spectroscopy and x-ray photoelectron spectroscopy
(XPS). Electronic microscopes are sometimes equipped
with an energy dispersive x-ray analysis spectrom-
eter (EDX or EDAX/EDS), an electron microprobe
with wavelength dispersive x-ray spectrometer (WDS)
or an energy dispersive spectrometer. Small angle x-
ray scattering (SAXS) provides information relative to
the ionomer structure as a function of water content
(crystallinity, ion clustering, etc.). Subsidiary properties
such as pore size distribution, porosity, surface tension
and surface groups complement transport properties in
porous media. Mercury intrusion porosimetry (MIP),
through- and in-plane electrical resistivity and sessile
drop are representative of the methods available to char-
acterize GDLs and GDEs [19.192]. A similar statement
applies to the ionomer with methods such as differen-
tial scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) [19.176].

atures for respectively PEMFCs and SOFCs [19.193,
194] may lead to changes in safety, operating condi-
tions and fuel cell materials impacting both test station
requirements and operating procedures. This situation
equally applies to the recent interest in large-scale
flow batteries with circulating liquid electrolytes [19.3].
PEMFCs and SOFCs are the favored technologies
for commercialization. Other fuel cell types includ-
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ing molten carbonate, phosphoric acid, direct alcohol
and alkaline, which were not discussed, may similarly
impact the fuel cell laboratory. Fuel cell fabrication
aspects were not discussed but are important espe-
cially because state-of-the-art commercial designs are
not necessarily accessible for testing by academic insti-
tutions or national laboratories. For example, the equip-
ment necessary to process bipolar plates and MEAs is
relatively extensive and expensive. Therefore, invest-
ments need to be carefully assessed especially because
the technologies to obtain the best fuel cell performance
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are still evolving. From that standpoint, it is still un-
clear if molded, machined carbon-based or stamped
metallic bipolar plates will lead to the best overall per-
formance [19.62, 63].
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