FUEL CELL RESEARCH IN SWITZERLAND

851

Chimia 58 (2004) 851-856
© Schweizerische Chemische Gesellschaft
ISSN 00094293

CHIMIA 2004, 58, No. 12

Test and Measurement Methods
for Fuel Cell Technology
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Gunther G. Scherer?

Abstract: Test and measurement methods, particularly electrochemical methods, applicable to fuel cell technology are
reviewed. The difficulties of application of diagnostic tools and interpretation of results are highlighted. Specific re-
quirements of the different fuel cell types, both high and low temperature variants, are dealt with. Finally, recently de-
veloped in situ imaging methods and their diagnostic significance are presented.
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Introduction

Without measurement and test procedures no
technology is possible, let alone advanced or
innovative engineering and applications. Di-
agnostics are key elements in research, de-
velopment, demonstration, and production
for the validation of basic theoretical con-
cepts, the selection and qualification of mate-
rials, the evaluation of device and system
structures, then production and installation as
well as economy, efficiency and reliability in
service. The test and diagnostic procedures
must identify the key parameters for func-
tionality of the device, as well as address
degradation and failure mechanisms. Since
fuel cells comprise advanced materials —
electrodes, electrolytes, interface catalysts
and fuel processing systems — in an electro-
chemical environment, the appropriate test-
ing procedures involve the physicochemical
parameters of solid state materials, but also
and particularly the electrical and electro-
chemical behaviour of those materials and
their interfaces. However, since materials sci-
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ence test and measurement procedures are
widely applied in electrical and mechanical
engineering practice, as well as in relevant re-
search and development, this review will
concentrate on the electrochemical proce-
dures.

Principles of Fuel Cell Testing

Since any electrochemical cell requires at
least three components, the two electrodes
and the electrolyte, test and measurement on
the device as a whole is inadequate to distin-
guish the processes occurring at each of the
two electrode—electrolyte interfaces. In con-
sequence, the information necessary on
which to base either diagnostics of limiting
processes and degradation, or a strategy for
materials and interface development and op-
timisation, is concealed. It should also be
recognised that an electrochemical cell is a
closely coupled system, and any modifica-
tion of a single component can influence the
functionality of other components or of the
cell as a whole. Measurement of the current
across a cell as a function of the potential dif-
ference is therefore indicative of the per-
formance of the system, but the partition of
loss mechanisms, e.g. electrocatalytic effects
or mass transport limitations, is not accessi-
ble. Hence, an approach is needed that is ca-
pable of isolating and measuring the effects at
a single electrode—electrolyte interface. One
such approach is the introduction of a third
electrode. This electrode ideally provides a
stable and well-defined potential, due to a fast
and reversible reaction at its interface — such
as oxygen reduction at atmospheric pressure
(in the case of a solid oxide fuel cell) or hy-

drogen oxidation (in the case of polymer
electrolyte fuel cells). The potential is sensed
by an electronic system whose input imped-
ance is so high (> 10 GQ) that negligible cur-
rent can be drawn. Consequently, the elec-
trode remains unpolarised and no overpoten-
tial effect is induced. This reference electrode
channel is then used to measure or control the
potential of the working electrode under test.
The three most common three-electrode
arrangements are sketched in Fig. 1. It must
be recognised that a systematic error may be
introduced for the setups a) and c), since the
reference electrode senses the potential of the
electrolyte at its point of contact, not neces-
sarily on an equipotential plane between the
working and counter electrodes. Precise
measurements therefore require a correction
(cf- Fig. 8), which can be most difficult in the
case of state-of-the-art thin electrolyte de-
vices [1]. The arrangement shown in Fig. 1b
circumvents this problem, but since the sens-
ing point is placed inside the electrolyte, the
potential of the reference is not strictly de-
fined. Note that the test electrode has been re-
ferred to as the working electrode rather than
anode or cathode, as the setup can function in
all four quadrants of the current/voltage
plane, and therefore accommodate both an-
odic and cathodic processes at whatever po-
tential is demanded for the given electro-
chemical reaction taking place. Furthermore,
it has to be stated that such an experimental
setup is ideally applied to simple (homoge-
neous over the active area) systems.

A variety of standard analytical electro-
chemical methods can be applied to fuel
cells, either in the three or two electrode con-
figuration. The three electrode configuration
is preferred in order to investigate processes
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Fig. 1. Three-electrode arrangements applicable
to fuel cells; (a) shows a reference placed at the
perimeter of the cell; (b) shows the potential
probing by placing a wire between the elec-
trodes; (c) shows the incorporation of standard
reference electrodes by a electrolyte bridge (on-
ly for PEFC)

at the electrodes, due to the implied separa-
tion of anodic and cathodic contributions. If
the loss processes at one electrode are negli-
gible, the two electrode setup might be cho-
sen, due to the simplicity of the experimental
setup. By sufficiently slow variation of the
potential, a steady-state current/voltage char-
acteristic of the electrode can be acquired. Al-
though this characteristic is most important
from the performance point of view, the ex-
traction of information about contributing
processes is limited. Perturbation techniques
can be used to separate those processes by
their characteristic time constants [2][3]. The
three types of perturbations usually applied
are shown in Fig. 2. An abrupt potential ‘step’
can reveal the time-dependent response of the
device through the resulting rate adaptation
of the current. A current step or abrupt inter-
ruption equivalently induces a potential re-
laxation. Repeated potential ramps, alternate-
ly positive- and negative-going, detect any re-
dox (reversible electrochemical reaction)
process on the electrode by a hysteresis ef-
fect, a technique known as cyclic voltamme-
try. Finally, a small amplitude sinusoidal
modulation of the electrode potential reveals
the behaviour of the electrode at the applied
frequency. The measured current, in ampli-
tude and phase, is the response of the device
at that frequency, inversely related to its re-
sponse time. It is complementary to the ‘step’
methods in that time- and frequency-domain
effects are Fourier-related. Now a frequency
sweep can provide the ‘electrochemical im-
pedance spectrum’ of the electrode.

The electrochemical diagnostic tools are
therefore available to monitor the complete

life cycle of a fuel cell device as presented
schematically in Fig. 3 (adapted from [4]).
Distinction and evaluation of mechanisms
characterised by events in the second or mil-
lisecond range (e.g. charge transfer and mass
transport phenomena) are enabled by imped-
ance spectroscopy and ‘step’ techniques.
Structural and compositional rearrangements
on putting a new cell into service, often in-
volving a performance increment as inter-
faces are activated [5], occur over the first few
hours or tens of hours; thereafter there is
degradation, to be minimised for an adequate
economic in-service performance, over thou-
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sands of operating hours. These longer term
effects are monitored essentially by DC elec-
trochemical methods, although transient
techniques such as electrochemical imped-
ance spectroscopy (EIS) can also be applied
intermittently to determine evolution of dissi-
pative mechanisms contributing to that long-
term degradation.

The active area of fuel cells with techni-
cally relevant power output is considerably
larger in comparison to cells for materials re-
search or fundamental electrochemical inves-
tigations. Inhomogeneities of important pa-
rameters (reactant distribution, temperature
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Fig. 2. Perturbation types applicable to fuel cells in order to separate super-imposed processes by
their time constants, and analytical methods based on the different types of perturbation
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Fig. 3. Relation of measurement techniques to time-domain events in the service life of fuel cells and
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gradients, efc.) are unavoidable. Consequent-
ly, current is generated inhomogeneously
over the cell area. Since inhomogeneities im-
pede the efficiency and performance (scale-
up effects), the mapping of local electro-
chemical performance is an essential diag-
nostic task on the way to develop and evolve
technical-sized systems. Principally this is
done by dividing the total area into different
regions, and collecting, extracting and meas-
uring current generated in any fractional area
separately. Segmented cells have to be used
for this, and the challenge is to design meas-
urement systems which do not alter the oper-
ation in comparison to the unsegmented sib-
ling. The segmentation of all MEA and cell
components would allow the highest accura-
cy by intrinsically avoiding lateral currents.
But, by segmenting current collector and
flow field alone a sufficient accuracy can be
achieved. Provided the measurement circuit
is suitable, even the segmentation of flow
fields can be omitted with tolerable errors [6].
The application of many of the above-men-
tioned electrochemical methods becomes
possible, once such a system is realised.
However, the measurement of DC-current
distribution [6] and spatially resolved imped-
ance spectroscopy [7] are the most prominent
techniques.

Electrochemical methods require the in-
terpretation of the experimental findings ei-
ther analytically or by convergence with
modelling results in order to relate them to
physicochemical characteristics of the sys-
tem under investigation. For complicated
systems like fuel cells, this often requires sev-
eral parameters to be considered, and sup-
porting information is needed to validate the
conclusions. In consequence, the simultane-
ous monitoring of characteristics beside the
electrochemical behaviour is highly desir-
able. This includes simple analysis, such as
the chemical composition of the effluents, as
well as sophisticated experiments, wherein
determination of temperature fields, and spa-
tial distribution of species and their state of
aggregation are only the most prominent ex-
amples.

All electrochemical characterisation pro-
cedures are essentially non-destructive in situ
methods. Following the electrochemical pro-
cedures, conventional materials science post
mortem methods (e.g. scanning electron mi-
croscopy of surfaces and sections, with ele-
mental resolution) should be applied and the
observations correlated with the electro-
chemistry results in order to develop strate-
gies, including recommended operating pro-
cedures, to enhance service life and device ef-
ficiency.

Testing Solid Oxide Fuel Cells

The procedures for electrochemical test-
ing are generic to all types of fuel cells. How-

ever, due to the significantly different tem-
perature operating regimes, and consequent
effects on electrode mechanisms and kinet-
ics, diagnostic methods do differ. Fig. 4a
shows a conventional system for mounting a
test cell, by sealing to a refractory tube with
glass, then admitting fuel to the internal face.
The standard fuel for testing is hydrogen with
approx. 3% water added; this ensures a suit-
able equilibrium of water with hydrogen and
oxygen, determinant of the oxygen effective
partial pressure and therefore of the Nernst-
ian potential difference expected across the
cell. At a sufficient temperature for thermally
activated ionic mobility in the electrolyte,
over 600 °C, the device should show an
open-circuit potential difference close to the
Nernst value; any significant deviation is in-
dicative of a leak or internal short circuit, ei-
ther in the device itself or in the sealant. For
this reason, cells are systematically tested for
density and lack of open porosity before
mounting; a simple and effective method is to
inspect for capillary transport of acetone or
similar low-viscosity liquid sprayed on the
anode and diffusing to the cathode side. The
cell can then be mounted in the test oven and
raised to an adequate temperature. Since
glass seals are delicate to establish and fre-
quently fracture on cooling, a rapid and ef-
fective mounting for intensively used test sta-
tions is shown in Fig. 4b [8] where the cell is
clamped between two flanges. Ceramic fibre
pads distribute fuel and air over the respective
electrodes and prevent cross-diffusion be-
tween anode and cathode zones.

Of particular importance in thermally ac-
tivated devices such as solid oxide fuel cells
(SOFC) is the accurate measurement of tem-
perature and temperature gradients on the ac-
tive interfaces, since resistive and other dissi-
pative processes associated with the electro-
chemical operation of the cell represent a heat
source whereby the relevant temperature is
significantly higher than that of the test oven.
Unless a thermocouple is placed in intimate
contact with a fuel cell electrode, a distinctly
different temperature may be assumed for the
device, with a misinterpretation of its real
performance.
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While the open-circuit voltage is essen-
tially linked to the structural quality of the
electrolyte, the current is determined by
charge and mass exchange at the interfaces,
essentially therefore by kinetic considera-
tions of electrochemistry, electrocatalysis,
adsorption and diffusion of gases. Regarding
the current—voltage characteristic, the sharp
drop frequently observed for small currents is
attributed to activation polarisation, given
that the initial production of steam in the an-
ode compartment rapidly displaces the
Nernst potential, logarithmically dependent
on oxygen partial pressure. After a linear sec-
tion of the characteristic, which provides the
preferred operating point for a practical de-
vice, there is a low-voltage current-limited
zone due to diffusion losses and depletion of
gas supply.

Research and development activities re-
quire operation on other fuels, reformed hy-
drocarbons for example, and even ammonia,
as well as investigation of their relative kinet-
ics and anticatalytic poisoning effects due to
fuel impurities such as sulphur. This type of
activity obviously requires complex supply
manifolds, together with gas analysis capa-
bility for reaction products.

Testing Polymer Electrolyte
Fuel Cells

Of particular relevance in the testing and
operation of polymer electrolyte fuel cell
(PEFC) devices is the control of water bal-
ance in the cell, as the mobile hydrogen ion is
strongly hydrated and therefore the cell cur-
rent is associated with water transfer from an-
ode to cathode. Insufficient replenishment of
anode compartment water leads to an in-
creased polarisation loss, evident in current
(or voltage) step as well as impedance spec-
troscopy results. Excess water impacts simi-
larly on cell performance as a mass transport
limitation, particularly by flooding the cath-
ode-side components, such as electrode,
GDL, and flow field.

For fundamental investigation of PEFC
components and their interaction, the ‘mem-
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Fig. 4. Mounting systems for solid oxide fuel cell test; (a) sealed with glass on a refractory tube, an-
ode to the interior; (b) rapid test device with mounting flanges and ceramic fibre mats
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brane-electrode-assembly’ (MEA) is inserted
into a simplified homogeneous working cell
— analogous to that used in the SOFC case.
Large gas chambers, which replace the usual
flow fields of a PEFC, ensure a homogeneous
reactant distribution over the active area, and
therefore homogeneous current generation.
In impedance spectroscopy diagnostics with
a two-electrode arrangement, contributions
from both anode and cathode processes are
not distinguished. The anode contributions of
the hydrogen oxidation reaction (HOR) to the
total cell impedance are usually less signifi-
cant, and the measured impedance is attrib-
uted to the oxygen reduction reaction (ORR)
and the electrolyte. However, at high current
densities, the anode contributions must be
considered [9][10], requiring the introduc-
tion of a three-electrode configuration. With
this setup the impedance can be obtained sep-
arately for each electrode—electrolyte inter-
face, enabling the study of single electrode
characteristics [11]. The features of the anod-
ic and cathodic impedance response are dis-
tinguished by measuring against a pseudo-
reference electrode — placed between the two
electrodes, rather than at the perimeter of the
cell (cf. Fig. 1b) — and displayed in Fig. 5a.
Convergence with results, based on a state-
space modelling approach — which is also
common in SOFC [12] — incorporating a ki-
netic model (cf. Fig. 4b), enables the relation
of the observed impedance spectra with ele-
mentary processes, such as H, diffusion, ad-
sorption, and charge transfer [13].

PEFCs for research should exhibit active
areas of several tens of square centimetres to
reduce the influence of edge effects on the
cell measurements. In practical applications,
fuel cells may even have significantly larger
active areas, of the order of several hundreds
of square centimetres. As a consequence, in-
homogeneities in the current density and the
electrode overpotential, due to locally differ-
ing reactant and water concentrations and
temperature gradients, are incurred. There-
fore, locally resolved DC-current measure-
ments in PEFC [6] are a valuable diagnostic
tool for mapping inhomogeneous operation,
and with the more advanced locally resolved
EIS in PEFCs the limiting processes affecting
the lateral current distribution can be identi-
fied. Both in sifu methods making use of a
segmented PEFC are presently applied at
PSI. The segmented cell (area 29.2 cm?)
shown in Fig. 6b is similar to an ordinary
H,/O,-PEFC with three-fold serpentine flow
field. On the cathode side the flow field and
current collector are divided into nine electri-
cally isolated segments of equal size. Since
the cell is segmented along the gas channel, it
is possible to measure the variation of current
density and impedance response with chang-
ing reactant and water concentration ‘along
the channel’. Results of locally resolved cur-
rent density and EIS measurements using this
segmented H,/O,-PEFC are shown in Fig. 6.
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Fig. 5. (a) Impedance spectra of anode/cathode measured with respect to a pseudo reference elec-
trode and between anode and cathode at a current density of 200 mA/cm2, and (b) comparison of
experimental with simulated frequency response of hydrogen oxidation reaction at anodic electrode
surface at 500 mA/cm?; cell temperature is 75 °C; hydrogen rel. humidity is 100 %; oxygen rel. hu-

midity is 0 %; stoichiometric ratio is 1.5 [13]
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Fig. 6. Segmented H,/O,-PEFC, DC current distribution (co-flow) and corresponding locally resolved
EIS spectra; cell temperature is 70 °C; anodic and cathodic inlet humidity is 50 %; stoichiometric ra-
tio is 1.5; cell voltage is 538 mV; mean current density is 500 mA/cm?; Nafion 115 membrane; car-
bon paper based electrodes 0.6 mg Pt/cm?; frequency range from 0.016 Hz to 10 kHz

The gases are fed to segment 9 at the top
and pass in co-flow mode over the active area
with the gas outlet at segment 1 at the bottom
(Fig. 6b). The benefit of an increasing relative
humidity due to the formation of product wa-
ter along the gas channels is clearly demon-
strated. As the humidity increases along the
channel from segment 9 to segment 1, the
current density increases as well, although
segment 1 shows a decreasing value (Fig. 6a).

The impedance plot of segment 1-4
shows two arcs (Fig. 6¢). According to our
model the higher frequency arc (left) can be
attributed to ORR Kkinetics, whereas the
lower frequency arc (right) is due to diffu-
sion at the anode [7]. Starting at the gas out-

let (segment 1), the ohmic resistance in-
creases with decreasing humidity, whereas
the charge transfer resistance decreases ini-
tially (Fig. 6¢). Thus the performance loss
of segment 1, which is lowest in ohmic re-
sistance, can be attributed to flooding at the
cathode side and blocking of active sites by
liquid water.

With further decreasing humidity and
current density along the channel the charge
transfer resistance of the ORR strongly in-
creases from segment 5-9 (Fig. 6d). This is
accompanied by the formation of an addi-
tional higher frequency arc, which might be
attributed to HOR kinetics. Furthermore, an
inductive behaviour is seen in the lower fre-
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Fig. 8. Schematic of the potential field at the electrode edges for perfectly and misaligned electrodes
(@), and voltage relaxation after a fast auxiliary current pulse, indicating the asymmetry of the field
opening (b); electrolyte is Nafion 117, current pulse height is 5 A [18]

quency end of the spectrum that becomes
more and more dominant, whereas the lower
frequency capacitive arc disappears.

Since the impedance spectrum changes
its shape along the channel, there is a change
of the locally limiting processes along the
channel. There might be two different kinet-
ic regimes in the cell, one at higher humidity
and higher current density (segment 1-4)
where the oxygen reduction reaction at the
cathode and the diffusion at the anode are
limiting, and one at lower humidity and cur-
rent density (segment 6-9) where the diffu-
sion is less important and the reduction of
oxygen and the oxidation of hydrogen be-

come limiting due to drying of the membrane
and the catalyst layer.

Direct, spatially resolved evidence of lig-
uid water accumulation can be gained by
neutron imaging within an operating PEFC
[14][15]. Neutron imaging shares common
radiographic principles with X-ray radiogra-
phy. A collimated neutron beam passed
through a fuel cell is attenuated depending on
the local presence of absorbing material (e.g.
liquid water). After conversion into light by a
scintillator screen, a pixel array can be
recorded with a CCD-camera. By compari-
son with a reference image of a fluid-free
cell, liquid water accumulation in the operat-
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ing device can be imaged. Neutrons are best
suited for two-phase flow investigations due
to the high cross-section of neutron interac-
tion with the hydrogen nuclei, while interac-
tion with materials such as graphite or alu-
minium is moderate. The method is available
at the neutron radiography station NEUTRA,
located at Paul Scherrer Institut’s spallation
neutron source SINQ. The situation on the
cathode side is more critical, with both prod-
uct water, and water transported with the pro-
tons through the membrane requiring re-
moval. Images taken from two cells with dif-
ferent flow distributors are shown in Fig. 7
[16]. While the interdigitated comb-like
structure of flow field (a) forces the gases
through the porous gas diffusion layer
(GDL), the ten-channel serpentine structure
of the second flow field (b) provides a con-
tinuous connection from inlet to outlet. The
cells were operated under the same operating
conditions and identical components were
used. It is obvious that the interdigitated
structure is not able to remove liquid effec-
tively, resulting in accumulations due to grav-
ity at the bottom of the fingers (black spots in
the images). These water slugs could not be
observed in the serpentine structure, indicat-
ing that this geometry removes water more
effectively. Nonetheless, liquid accumulation
inside the porous structure of the cathodic gas
diffusion layer is unavoidable (middle grey
shades), resulting in a mass transport limita-
tion as well. This emphasises that improved
liquid transport within the porous structures
and optimized flow field geometries are
equally important to further reduce PEFC
propensity to flooding.

Testing Direct Methanol Fuel Cells

Direct methanol fuel cells (DMFC),
where diluted methanol is fed as liquid fuel to
the anode compartment, use MEA structures
similar to PEFC technology, though obvious-
ly the reactions taking place at the anode dif-
fer. The oxidation of methanol is a complex
reaction. Hence, anodic losses in electro-
chemical performance are higher than if hy-
drogen is provided as fuel. To distinguish the
different loss processes, a suitable reference
electrode is required. This is provided by a
hydrogen evolving platinum or ‘dynamic’
hydrogen electrode (DHE) at the cell perime-
ter (c¢f. Fig. 1a). However, placing the refer-
ence at the perimeter of the cell implies the
necessity of correcting artefacts due to the
geometrical arrangement, which is in resem-
blance to SOFC research. As sketched in Fig.
8a, a small misalignment of the electrodes
will cause an asymmetrical opening of the
potential field, and the reference probes the
potential somewhere inside the electrolyte. In
addition, mass transport limitations at the
edges of the electrode, differences in the ki-
netics of the occurring reactions, and inho-
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percentages are based on the thermodynamically reversible voltage at standard conditions and cor-

respond to a cell voltage of 400 mV

mogeneities of the electrolyte properties
might likewise cause an asymmetrical open-
ing of the field. The position of potential
probing can be derived from the voltage re-
laxation after superimposing a fast auxiliary
current pulse [17] between anode and cath-
ode. The diagram displayed in Fig. 8b shows
the voltage relaxation measured between an-
ode and cathode and between anode and
DHE, respectively [18]. The discrepancy in
step-heights is a measure for the probing
point and allows a precise compensation of
ohmic contributions. Fig. 9 shows a polarisa-
tion curve, whereby losses in a 30 cm? cell
with serpentine flow fields due to anode and
cathode kinetics and ohmic resistance are re-
solved. The inset pie chart shows the contri-
butions to the cell losses at a typical operat-
ing point of 400 mV. This detailed informa-
tion is valuable for an adequate interpretation
of the polarisation curves and directs research
and development by identifying the MEA
components and other structures that con-
tribute most to the overall electrochemical
performance loss.

As can be seen from Fig. 9, in the high
current density range the anodic polarisation
increases disproportionately. This is due to a
limited transport of methanol to the electro-
chemically active interface. In order to en-
hance the mass transport inside the anodic
compartment, the accumulation of gaseous
carbon dioxide produced in the anodic half-
cell reaction has to be understood. Neutron
imaging has also been applied to operating
DMEC, in order to investigate the accumula-
tion of gaseous CO, within the anodic flow
field [14][19]. As might be expected, an in-

crease in the fuel flow rate can reduce the
channel volume filled with CO,. However,
the comparison with a simultaneous spatially
resolved current measurement showed no
strict correlation between gas pattern and cur-
rent generation [20]. This indicates that
gaseous CO, clusters within the porous dif-
fusion media might have higher impact on lo-
cal performance than those inside the flow
field channels.

Conclusions

Diagnostic methods are essential for
progress in fuel cell research and develop-
ment, as well as to quality control and safety.
The separation of losses by perturbation tech-
niques is of highest value while investigating
homogeneous working systems. With the de-
velopment of segmented cell hardware, fun-
damental experimental analysis can be ap-
plied to cells working under technical con-
straints, and inhomogeneous operation can
be evaluated in detail. The requirements of
the researcher and the engineer have driven
the development of more sophisticated and
precise diagnostic methods. This has been il-
lustrated, particularly, with reference to elec-
trochemical testing methods, and indicates
the relevance of supplementary analysis,
such as visualisation techniques, to validate
the conclusions reached in electrochemical
testing.
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