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1. Introduction

Fuel cells hold great promise as a clean energy-conversion
technology. The range of potential applications includes small
portable electronic devices, power sources for vehicular trans-
port and residential combined heat and power (CHP) supplies.
The market for these applications is very large, and widespread
adoption should lead to a reduced dependence on fossil fuels
and encourage the development of a “hydrogen economy”.

Fundamental to the development of the basic stack technol-
ogy is a range of appropriate diagnostics, which allow for the
detailed observation and measurement of the phenomena oc-
curring in operating fuel cells. These diagnostics can be classi-
fied into two broad groupings: those that treat the cell (or
stack, depending on the test configuration) as a homogeneous
unit, and those that take into account the heterogeneous dis-
tribution of the numerous factors which affect the perfor-

mance. These factors include, but are not limited to, reactant
temperature, pressure, humidity, velocity and concentration;
localised current and potential ; catalyst loading and poisoning;
contact resistance and membrane conductivity. While it is gen-
erally accepted that variations in these and other factors have
a large impact on fuel cell behaviour, the diagnostics are not
always available to quantify them. Indeed, crude bulk measure-
ments of fuel cell performance can be misleading when the
performance of a fuel cell is spatially heterogeneous.

This article begins with a review of the range of in situ diag-
nostics techniques reported in the literature and continues
with a synopsis of the suite of methods developed by the au-
thors to examine the internal workings of both the low-tem-
perature polymer electrolyte fuel cell (PEFC), which operates
around 80 8C, and the high-temperature solid oxide fuel cell
(SOFC) operating in excess of 500 8C. A brief description of
work we are doing to map the microstructure of SOFC electro-
des is also included.

2. Methods of Analysing Fuel Cells

2.1. Electrical Techniques

Contact Resistance

Ohmic losses within fuel cells constitute a significant perfor-
mance limitation. Electrical contact resistance between the gas
diffusion layer (GDL) and the ridges of the flow-field plate
(called “lands”) is a major source of this Ohmic loss. The clamp-
ing pressure applied to the fuel cell is known to have an effect
on the contact resistance and the diffusion properties of the
GDL—this pressure decreases contact resistance but also com-
presses the GDL, leading to a lower porosity. Construction of a
fuel cell/stack must consider the method by which it will be
held together and the force used to do this. The way in which
a fuel cell is put into compression has been shown to have an
effect on its performance.[1, 2]

The optimum method of clamping a cell/stack has not been
adequately reported in the literature. Methods such as hydraul-
ic jacks, pneumatic presses and sprung screws have been
used, but the most common method of clamping uses tie-
rods/bolts which compress the end-plates of the cell/stack to-

Fuel cell performance is determined by the complex interplay
of mass transport, energy transfer and electrochemical process-
es. The convolution of these processes leads to spatial hetero-
geneity in the way that fuel cells perform, particularly due to
reactant consumption, water management and the design of
fluid-flow plates. It is therefore unlikely that any bulk measure-
ment made on a fuel cell will accurately represent performance
at all parts of the cell. The ability to make spatially resolved
measurements in a fuel cell provides one of the most useful
ways in which to monitor and optimise performance. This Mini-
review explores a range of in situ techniques being used to
study fuel cells and describes the use of novel experimental
techniques that the authors have used to develop an ‘experi-

mental functional map’ of fuel cell performance. These tech-
niques include the mapping of current density, electrochemical
impedance, electrolyte conductivity, contact resistance and CO
poisoning distribution within working PEFCs, as well as map-
ping the flow of reactant in gas channels using laser Doppler
anemometry (LDA). For the high-temperature solid oxide fuel
cell (SOFC), temperature mapping, reference electrode place-
ment and the use of Raman spectroscopy are described along
with methods to map the microstructural features of electro-
des. The combination of these techniques, applied across a
range of fuel cell operating conditions, allows a unique picture
of the internal workings of fuel cells to be obtained and have
been used to validate both numerical and analytical models.
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gether. The number and positioning of the rods has no partic-
ular statute. The method suffers from irreproducibility due to
poor control of the clamping pressure and the order in which
the tie-rods are tightened. Although the torque on each bolt
can be accurately controlled, it is not a direct measure of the
clamping pressure, because each component of the fuel cell
will compress to a different degree, and account for a certain
amount of the compaction force. Pressure-sensitive “paper”
(such as PRESSUREX produced by Sensor Products, USA) can
be incorporated into the stack and gives a good measure of
the pressure distribution; however, the cell or stack must be
disassembled to develop the sheet. Other ways in which varia-
tion in the contact resistance can occur within the cell include
component thickness variation, reactant gas pressure variation,
positioning and type of gasket used, flow-field geometry and
even membrane swelling (Nafion has been measured to swell
up to 22 % of its original size upon hydration[3]). Such irrepro-
ducibility of the clamping conditions is a major factor that
hampers making accurate comparative studies of membrane
electrode assembly (MEA) performance.

Studies have been presented that have looked at the Ohmic
losses in PEFCs. A method in which voltage measuring probes
are inserted at different points in the MEA composite has been
used to deconvolute the electronic component of the Ohmic
losses in the GDL and flow-field plate from the ionic compo-
nent of the Ohmic losses in the membrane.[4] This method has
been used to study the effect of flow-field plate materials and
compression force on the contact resistance. It was found that
an increase in the clamping pressure leads to a decrease in the
contact resistance. The electrode material and its pre-treat-
ment also has a decisive effect on contact resistance and has
been found to vary with time, the current flowing and whether
the electrode is the anode or cathode.[5–8]

The effect of the compression force on the performance of a
PEFC has been studied in terms of the effect of pressure on
the GDL. Lee et al. demonstrated that an optimum compres-
sion force exists depending on the type of GDL used (Toray,
CARBEL, ELAT and combinations thereof).[1] An increased
clamping pressure was found to decrease Ohmic loss, but also
decrease the porosity of the GDL, resulting in mass-transport
limitations at higher current densities. It was also found that
excessive clamping pressure can cause irreversible damage to
the GDL. These findings have been emphasised by work that
showed how over-compression leads to a dramatic reduction
in the performance of a direct methanol fuel cell (DMFC).[9]

This was found to be due to morphological impairment of the
GDL, resulting in encumbered reactant transport and deleteri-
ous effects on its water management properties. Localised cur-
rent mapping has also shown clamping pressure to have a
strong effect on the spatial distribution of current.[2]

These studies show that compression of the GDL modifies
its physical properties. Work has been presented that aims to
identify the optimum material, porosity and hydrophobicity for
a GDL.[10–12] However, all of these parameters will be affected
when subject to compression. The effect of clamping pressure
on the contact electrode/bipolar plate material has been stud-
ied. Hentall et al. found that when Grafoil is used as the cur-

rent collector, an optimum compression force exists that will
produce the maximum power output.[13]

Current Mapping

Improvements in fuel cell components and system design can
only be gauged by following comprehensive and formalised
testing procedures. One of the most telling ways in which fuel
cell performance can be gauged is by in situ current mapping.
A range of approaches has been applied to achieve current
mapping. The ideal requirements of a current-density mapping
technique are: high spatial resolution; real-time measurement
to capture transient response (<1 s sampling intervals) ; dy-
namic control of cell potential and total cell current to com-
pose localised polarisation plots; no detrimental effects to the
MEA (i.e. no segmentation or modification of the GDL, catalyst
or membrane) ; applicability to a wide range of flow-field de-
signs, such that it interacts with the MEA in a similar way to
that in the normal configuration; correction of lead, connect
and contact resistance, such that all voltage losses are com-
pensated for; equal applicability to the anode and cathode.

The challenge of making localised current-density measure-
ments comes mainly from the fact that the measurement must
be made at various positions on a GDL material that has a very
low lateral electronic resistivity and a relatively higher through-
plane resistivity (Toray paper TGP-H has an in-plane and
through-plane resistivity of �5 mW cm and �70 mW cm, re-
spectively). This means that whatever the method used to
draw the current away from each location, it should not pres-
ent any resistive or electrical potential variation, since this
would result in lateral flow of current down a potential gradi-
ent or via the route of minimal resistance. Such a situation will
lead to a non-representative current distribution. Of course,
such conditions can be expected in a fuel cell run in the con-
ventional mode; variations in the GDL or flow-plate bulk resist-
ance or contact resistance will cause a lateral current to flow.
However, when performing current density mapping experi-
ments, such factors will usually be assumed to be constant
and evenly distributed so that current density variations associ-
ated with the operating conditions can be focused on.

Natarajan and Nguyen have studied the effect of electrode
configuration on current-distribution measurements.[14] Differ-
ence in contact resistance between different current collector
segments was found to be responsible for inferior performance
in constant voltage mode compared to constant current
mode, thus emphasising the need for contact resistance com-
pensation. Eckl et al. have modelled the uncertainty introduced
in making current-distribution measurements due to lateral
currents for different current-mapping approaches.[15]

Work by Rieke and Vanderborgh provides an early example
of attempts to map current-density distribution.[16] This
method used a photolithographic technique to fabricate an
array of counter and reference electrodes directly onto the
membrane electrolyte. Such an array of microelectrodes, used
with a single working electrode and operating in a half-cell
configuration, allows localised measurement of both current
and potential. However, the technique suffered with reference
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electrode irreproducibility and operation was not in a normal
fuel cell configuration.

The effect of the Ohmic resistance of the GDL on the current
and potential distribution was first demonstrated in work by
Vermeijlen et al.[17] This study highlighted the need for ade-
quate and uniformly distributed current collection from the
electrode surface and showed that higher bulk current density
leads to a more heterogeneous current distribution across an
electrode, a feature observed in several current-distribution
studies.

Stumper et al. investigated the current distribution at low
resolution within a working fuel cell by segmenting the MEA
into three sub-cells.[18] The study was made on a full 2D flow-
field plate and separate measurements were obtained at the
“inlet”, “middle” and “outlet” of the cell. Each electrical connec-
tion to the cell is isolated from the others due to the segmen-
tation of the MEA and discrete current sampling points were
made by punching out 10 mm diameter sections of the anode
and cathode. Each sub-cell is controlled with its own load cir-
cuit and potential sense lines were used to correct for voltage
drop in the supply lines. It was found that the downstream
parts of the flow-field suffered from decreased current density
at high overpotentials due to decrease in reactant concentra-
tion. In a more advanced configuration, the current density
was sampled at 121 points across the cell (MEA non-segment-
ed). This was performed using a passive resistor network,
across which the potential drop is measured to provide a
value of the current at that point. This method allows high
spatial resolution and real-time current measurement. Howev-
er, it does not correct for variation in contact resistance and
will be prone to lateral current flow (especially at high current
densities) unless the tolerance of the resistor network can be
guaranteed to a very high level, or the resistance of the shunt
is significantly less than the lateral resistance of the GDL.

A system developed by Cleghorn et al. used a method of
current distribution based on segmented electrodes fabricated
using printed circuit board (PCB) technology.[19] Two electronic
load circuits are used in conjunction with a switch box to cycle
through 18 discreet contacts, with one load associated with
the contact under test and the other associated with the re-
maining 17 contacts. This technique has the substantial ad-
vantage of being able to perform localised resistance measure-
ments, particularly useful for studying water management in
the cell. However, the method is not capable of making real-
time measurements and collection of localised polarisation
curves is more convoluted, no correction for contact resistance
is made.

An alternative method has been proposed by Wieser et al.[20]

based on an array of magnetic loop (Hall Effect) sensors. This
technique has the key advantage that the method of current
measurement is non-intrusive, that is, there is no need for sep-
arate loads or shunt resistors that increase the chance of lateral
current flow. Positions on the flow-field plate at which current
measurements are to be taken are chosen and the current
drawn off at that point is measured with the Hall sensor. This
technique allows real-time measurements to be made and
MEAs can be tested without modification. However, the

method does not account for differences in the contact resist-
ance between contact and MEA at each measurement point;
the spatial resolution is also limited by the size of the sensor
(�38 mm�38 mm). Results using the same technique have
been published by Yoon et al.[21] Analysis of a full 2D cell pro-
vided evidence for current limitation due to catalyst flooding
towards the end of the cell/flow channel length (under condi-
tions of extreme reactant humidification) and drying towards
the start of the channel at lower reactant humidification.

A significant contribution has been made to the field of lo-
calised measurements and in situ diagnostics by workers at
the Helsinki University of Technology.[22–25] This group’s ap-
proach is similar to that of Stumper et al.[18] in that an array of
shunt resistors (48 � 0.1 W) is used to ascertain the current dis-
tribution, in this case of a free-breathing cathode PEFC (5 cm �
5 cm flow-field). In this technique, some additional control is
obtained by the ability to adjust the contact pressure of each
of the contact electrodes in turn. However, this does not cor-
rect for the contact resistance per se. Detailed 2D plots of the
current distribution under different load conditions and tem-
peratures and under conditions of forced and free convection
provide unique insight into the distinctive operation of a free-
breathing system.[22] The same system was also used to investi-
gate the distribution of mass-diffusion overpotentials using a
flow pulse method. It was shown that localised cell resistance
can also be derived from current interrupt measurements.[23]

Other leaders in this area include Mench et al. at Penn State
who have, for example, examined the current distribution
within a DMFC consisting of ten contact electrodes.[26, 27] Each
of the contacts was controlled using a commercially available
battery/fuel cell test system, effectively a multi-channel poten-
tiostat. This system affords real-time data collection and can be
applied to off-the-shelf MEAs. The fuel cell used in this study is
specially designed to facilitate in situ diagnostics, being fabri-
cated from transparent material and having localised sample
ports for reactant/product species sampling.

Recent examples of new innovation in current-distribution
measurements include: Sun et al. who used a specially de-
signed measuring gasket inserted between the GDL and flow-
field plate;[28] combination of current mapping with comple-
mentary techniques such as localised temperature measure-
ment and water distribution;[29] measuring current distribution
with sub-millimetre resolution;[30] indirect evaluation of current
densities by measuring the locally induced magnetic field[31]

and comparison between current density distribution obtained
using magnetotomography and the segmented cell ap-
proach.[32]

Generally, current-distribution measurements have been very
useful for studying the effect of cell temperature, reactant flow
rate, humidification, reactant pressure and fuel cell transi-
ents.[33–39]

Electrochemical Impedance

One of the most insightful ways in which fuel cells can be ana-
lysed is by making electrochemical impedance spectroscopy
(EIS) measurements. This technique has been applied to all va-
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rieties of fuel cells,[40] as well as studies aimed specifically at
PEFCs.[41–47] This alternating-current technique complements
direct-current measurements by providing a new dimension of
information. Impedance measurements furnish values of mem-
brane resistance, kinetic and mass-transport information. Since
these parameters are expected to change depending on the
electrical load, it is important that these measurements can be
made over the power range of the fuel cell. One limitation to
the application of EIS to larger fuel cells is that the bandwidth
of most commercial electronic loads operating at high currents
is not large enough to encompass the high-frequency (kHz)
features.

A fundamental limitation of conventional EIS when applied
to fuel cells is that the measurement is performed on the
entire cell, that is, the fuel cell is treated as a two-terminal
device. Truly representative measurements can only be ob-
tained if the fuel cell is operated under a mode in which local
conditions are invariant within the fuel cell, that is, that there
is an even distribution of reactant and current density. In reali-
ty, such a mode of operation will rarely be encountered. One
way in which this leads to inaccurate interpretation of EIS re-
sults is in the choice of the equivalent circuit with which the
data is analysed. Various equivalent circuits have been pro-
posed to represent PEFC operation, ranging from simple four-
component circuits to more complicated transmission-line rep-
resentations.[48] The problem when choosing an equivalent cir-
cuit is that it must suit the bulk EIS result ; when in actual fact
different parts of the fuel cell may be fit to the equivalent cir-
cuit with very different parameters, or may require a different
equivalent circuit altogether. Thus, knowledge of the way in
which impedance characteristics vary should in itself lead to
improved equivalent circuit selection.

Brett et al. have demonstrated fuel cell localised electro-
chemical impedance spectroscopy (FC-LEIS)[49] and have used
the technique to map electrolyte membrane resistance under
a wide range of operating conditions. Hakenjos and Hebling
have demonstrated localised impedance measurements[50] and
Schneider et al. have simultaneously combined localised impe-
dance and neutron radiography measurements;[51] these two
techniques being particularly powerful when used in unison
since the location of water and its impact on electrolyte hydra-
tion can both be characterised. Incorporation of miniature
temperature/humidity sensors in flow-plates to study water
management under load has been particularly useful in this
regard.[52]

2.2. Non-Electrical Techniques

Neutron Imaging

Water plays a critical role in determining the performance of
PEFCs.[53] In order for the electrolyte membrane to have suita-
ble proton conductivity, it must be adequately hydrated. Even
though water is a product of the fuel cell reaction, it is still
usually necessary to humidify the reactant feed to avoid drying
of the membrane. However, too much water can lead to
‘flooding’ of the cell, which impedes reactant access to the cat-

alyst. It is therefore necessary to understand how water is gen-
erated and how it is distributed around the system to ensure
an effective water balance. Neutron radiographical measure-
ments are particularly effective for investigation of water distri-
bution in PEFCs due to the high sensitivity of the technique to
hydrogen-containing molecules. Rosdale et al. pioneered the
use of small angle neutron scattering (SANS) to study the inter-
nal structure of the electrolyte membrane, depending on its
water content.[54] Bellows et al. also showed how neutron at-
tenuation can be used to profile water gradients through the
thickness of membranes in operational cells.[55] However, a rela-
tively thick membrane of 500 mm was required to build the
profile with a spatial resolution of 40 mm.

Kramer et al. have used neutron imaging to study the distri-
bution of water in flow channels and the GDL, and have
shown how different flow-channel geometries result in differ-
ent water-accumulation patterns.[56] They have correlated neu-
tron imaging with localised electrochemical impedance meas-
urements[57] and shown how different materials affect water-
droplet formation.[58] Similarly, workers at Penn State have used
the technique to study the formation of water in channels (this
being particularly noticeable at 908 bends in the channel)[59, 60]

and the effect of the diffusion-layer material on water storage,
distribution and removal.[61]

Satija et al. have demonstrated both real-time radiography
of a working fuel cell showing water production, transport and
removal from a working PEFC with 2 s resolution and 3D to-
mography of a dry cell that can be used to screen for structur-
al defects.[62]

Neutron radiography techniques are proving to be an ex-
tremely powerful tool for the non-destructive characterisation
of working fuel cells, particularly with respect to water man-
agement. Further enhancements to the technique are possible
through improvements in the spatial and temporal resolution
as well as data processing. The major limitation to the uptake
of the technique is the requirement for a neutron source.

Spectroscopic Techniques

Unique insight into the operation of working PEFCs has been
gained by the application of various spectroscopic techniques.
Fibre-optic fluorescence spectroscopy has been used to detect
changes in the water content of Nafion under different operat-
ing conditions.[63] Diode laser based absorption spectroscopy
has been used to measure water partial pressure in the flow
channels of a modified bipolar plate with an accuracy of
10 %.[64, 65] Spin trap electron paramagnetic resonance has been
used to study membrane degradation[66] and FTIR methanol
oxidation on Pt under operational fuel cell conditions.[67] The
feasibility of using confocal Raman spectroscopy has been
demonstrated for making semi-quantitative measurement of
the distribution of water through the thickness of a Nafion 117
membrane at varying current densities[68] and Feindel et al.
have shown that 1H NMR microscopy can also be used to map
water distribution in a working cell.[69] Interesting results have
been reported from workers at the Tokyo Institute of Technolo-
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gy, who used magnetic resonance imaging (MRI) to map water
distribution within an MEA with a resolution of 25 mm.[70–72]

Optical Techniques

Fluid flow within a flow-field plate can be investigated using
flow-visualisation techniques. For example, a coloured dye can
be injected into the flow-fluid and monitoring the distribution
of the dye can be monitored with a CCD camera through a
transparent window. This form of flow visualisation is limited
to a liquid feed; however, the flow rate of the liquid can be ad-
justed to have the same Reynolds number as that of a gas and
therefore simulate the flow of a gaseous reactant. Areas of tur-
bulence and laminar flow can be readily determined and the
procedure for performing the test is relatively simple. A similar
approach has been used to investigate the effect of the GDL
on the flow distribution in different flow geometries.[73] Visual
inspection has been used by T�ber et al. to investigate the ef-
fects of two-phase flow and flooding within a fuel cell under
conditions of varying air stoichiometry and temperature.[74]

These results show that the relatively simple facility of visual
inspection of water build-up within the channel and GDL can
go a long way in reconciling the association between current
generation and water management.

Flow within a working DMFC has been studied using a simi-
lar form of visual visualisation.[75] Since the cell was operational,
bubbles of CO2 were observed to form as a by-product of the
methanol oxidation; the bubbles seed the fluid and give an
impression of flow (without the need of a dye) as well as an in-
dication of the extent of reaction at the point of formation.

Other optical studies of fuel cells include the monitoring of
flooding in flow channels,[76] liquid water and ice formation
during start-up from sub-zero temperatures[77] and bubble dy-
namics in DMFCs.[78, 79]

Visual inspection of flow is largely confined to liquids, some
information can be obtained regarding water production,
transport and condensation in channels but seeding the flow
for flow visualisation is difficult without affecting the perfor-
mance of the cell. One method of flow characterisation that
the authors have employed and has been reported by others,
is the technique of laser Doppler anemometry (LDA).[80, 81] This
technique has been applied extensively to the study of flow in
systems such as the internal combustion engine and works by
focusing a laser beam into a flow channel and measuring the
scattered light from particles used to seed the flow. Informa-
tion on the speed and direction of the flow can be obtained
and almost the entire cross-section of a channel or corner can
be profiled. Such a technique could potentially prove extreme-
ly useful in flow-field plate design.

Temperature Mapping

Incorporation of temperature sensors (i.e. thermocouples and
thermistors) is necessary for proper control, test and operation
of fuel cells. This ranges from the crude placement of a single
sensor to highly instrumented arrangements that allow 2D

mapping of a single cell in conjunction with current map-
ping[82] or plate-by-plate profiling of stacks.[83]

To get an accurate measure of the temperature of a cell and
detect temperature changes as they happen at the electrode,
it is necessary to place the sensor as close to the electrodes (or
electrolyte) as possible. Incorporation of conventional thermo-
couples close to the interface of the current collector and elec-
trode may lead to membrane penetration; to avoid this, thin-
film temperature sensors have been developed that allow in
situ measurement within the membrane electrolyte.[84]

An alternative to discreet temperature sensors is the use of
infrared (IR) measurements. This technique has the advantage
of not requiring sensor placement or connecting leads and
high spatial resolution and frame collection rates can be ach-
ieved. The technique is ideal for measuring the outer-surface
temperature of a fuel cell or stack. However, in order to investi-
gate the temperature within a fuel cell, the construction needs
to be modified to allow optical access to the surface of interest
(i.e. electrode surfaces).

Infrared thermal imaging has been performed on PEFCs
using IR transparent windows made from zinc selenide (>75 %
transmission over 8–12 mm)[85] and barium fluoride (>85 %
transmission over 8–12 mm, although a correction was still per-
formed).[86] These studies showed that significant temperature
variation results across the surface of a PEFC due to variation
in current density, humidification and reactant composition.
The work of Wang et al.[86] demonstrates how the electrode-
surface temperature increases with the current density. For a
current density of 1.38 A cm�2, a maximum spatial distribution
of about 6 8C was observed over the 2.9 � 3.9 cm electrode sur-
face, with over 10 8C temperature rise recorded in some parts
of the electrode. The results show that it is important to have
a measure of the temperature at the electrode of the fuel cell
since the bulk fuel cell temperature and electrode temperature
can vary significantly (over 8 8C in this study). In addition, it
was found that a significant time was necessary for the elec-
trode to reach a stable temperature after a current step
change. Over 1800 s was required in this instance in order for
the heat generated to radiate through the test cell to the envi-
ronment.

3. Experimental Approach

To gain a more in-depth understanding of fuel cell operation, a
suite of techniques has been developed by the authors that
examine performance in relation to each component of the
fuel cell. Figure 1 summarises the range of measurements that
have been performed for the PEFC. The processes examined
include electrolyte-resistance mapping, distribution of carbon
monoxide on the surface of the electrocatalyst, current-density
mapping, discrete measurements of the contact resistance be-
tween the gas diffusion layer and the lands of flow-field plates
and imaging of reactant flow velocity in the channels of the
flow-field plates.

To examine the gas flow in the channels of PEFCs, an opti-
cally transparent fuel cell was constructed such that LDA could
be applied. For the rest of the PEFC techniques, a fuel cell was
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used that incorporated an array of discrete current collection
points, which allowed localised electrical measurements to be
performed across the lateral extent of the fuel cell. Figure 2 il-

lustrates the experimental approach adopted. Electrical meas-
urements (current density, contact resistance, localised voltam-
metry and electrochemical impedance) are made using an
array of contacts fabricated using printed circuit board (PCB)
technology, similar to that of Cleghorn et al. ,[19] although the
electronic configuration we used was more sophisticated. Each
contact is associated with its own load circuit which allows
electrical measurements to be made at each of the discrete lo-
cations on the board.

A single linear channel flow-field was investigated for the lo-
calised electrical measurements in this study. The reasons for
this are:

· Once understanding of the processes occurring in a single
channel is established, it is possible to extend that knowl-
edge and apply it to an entire flow-field; it is impossible to
start from the flow-field and determine anything about the
effect of individual channels.

· From a computational viewpoint, simulation of a single
channel is much simpler than a full flow-field, therefore fa-
cilitating model validation.

· Starting from a single channel provides the basis from
which the effect of introducing extra features (i.e. corners,
parallel channels, internal channel modifications such as
wall texturing or baffles) can be judged.

· The relationship between the channel and the GDL can be
better understood from the study of a single channel. The
lateral transport of reactant away from the channel within
the GDL is much less complicated to measure for a single
linear channel. This is illustrated particularly well in studies
of CO distribution mapping, as described later.

Full details of the experimental approach are given in the
references to each section below, including both PEFC and
SOFC techniques.

4. Polymer Electrolyte Fuel Cell Diagnostics

4.1. Contact-Resistance Distribution

The way in which a fuel cell or stack is put into compression
has a significant effect on the performance of the system. Poor
contact between the current collection plate and the electrode
results in a high contact resistance, and this may vary across
the extent of the cell. Figure 3 shows the contact-resistance
distribution across the single-channel fuel cell under three dif-
ferent clamping regimes.[87] It can be seen how different
clamping pressures applied to the tie-rods shown in Figure 2 a
affect the contact resistance (i.e. a nominally even compression
force produced by a torque of 8 Nm to each bolt, at 6 Nm to
each bolt and a gradient of torque running 8–5–3 Nm from
left to right). It should be noted that it is difficult to predict
what effect a certain tie-rod torque will have on the contact re-
sistance distribution. It was qualitatively noted that the order
and the increment in which the bolts are tightened has a
major effect on the contact-resistance distribution. For exam-
ple, increasing the clamping force at one end of a cell will

Figure 2. Experimental apparatus used to perform in situ measurements.
a) Exploded view of a single-channel fuel cell ; b) printed circuit board with
individual current contacts.

Figure 1. Illustration of the range of in situ diagnostics techniques applied
by the authors to PEFCs.
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affect the contact resistance at the other end to a certain
extent, as well as at the end of the tightening. The bolts
should be tightened in a balanced order, with bolts diametri-
cally opposed tightened consecutively, as is the case for most
flanged bodies.

4.2. Current Distribution

Figure 4 shows the current-density profile as a function of po-
sition along the fuel cell channel at three different operating
potentials, including the potential-versus-current (polarisation)
plots for a selection of contacts at different points along the
channel.[33] It can be seen that increasing the electrical load
leads to a more heterogeneous distribution of current density,
with heavy electrical loading (0.3 V) showing a rapid drop in
current density along the channel due to the consumption of
reactant ‘upstream’. This results in the latter half of the channel
being starved of oxygen.

The inset to Figure 4 is a graph of polarisation versus current
density as a function of position along the channel. Inspection
of these polarisation plots illustrates the ‘reactant starvation’
effect further. The form of the polarisation plots may seem
counter intuitive upon first inspection, in that for points further
along the channel, the I–V curves ‘fold-back’ onto themselves
at lower potentials. This may be understood by appreciating
that at lower potentials the contacts closer to the input of the
channel will utilise more of the available reactant. This will de-
prive the subsequent (downstream) contacts of reactant to an
increasing extent along the channel. The overall cell-polarisa-
tion characteristic displays a conventional mass-transport-limit-
ed upper current limit, at the start of the channel there is no
sign of reactant starvation; however, towards the end of the
channel we see a rapid loss of current density due to con-
sumption of reactants further upstream. The upstream con-
sumption of reactant starves the downstream portion of the
channel, such that increasing the load on the cell leads to
greater current generation at the start of the channel and a re-
duction in current at the end; this leads to a ‘current inversion’
phenomenon.

These current-mapping measurements have validated the
results of a comprehensive numerical model of fuel cell opera-
tion[88] and have shown that provided the electrolyte mem-
brane does not suffer from dehydration, a simple analytical ex-
pression can be used to describe single-channel fuel cell per-
formance over a wide range of operating conditions.[89]

Effect of Flow-Channel Width on Current Distribution

Flow-field design and the materials of construction have a sig-
nificant effect on fuel cell performance due to factors such as
reactant distribution, water management, back-pressure and
Ohmic resistance.[90] Advanced methods of numerical simula-
tion have gone some way to predict the consequences of
adopting a particular flow pattern or feature size[91–93] and
some experimental work has been performed to examine the
effect of channel and land geometry on performance.[94, 95] The
single-channel geometry used here allows the channel width
to be examined in isolation from a full flow plate.

Figure 5 shows the bulk cell-polarisation response for a
range of channel widths. The shape of the polarisation re-
sponse is of the conventional form, with each profile exhibiting
a linear slope in the Ohmic-resistance-dominated region (the
gradient of which is approximately constant for each channel
width), and the mass-transport limiting current increasing with
the air flow rate.[87]

Figure 6 compares the total current and the oxygen utilisa-
tion at three potentials for each channel width. At low flow
rates there is minimal difference between the total current for
any of the channel widths, this is due to the complete utilisa-
tion of the oxygen. Overall the current generated and the
amount of oxygen utilised for each channel width tends to in-
crease in the order 0.5<3<1<2 mm. In general, the channel
widths of 1 and 2 mm exhibited a similar response and per-
formed better than widths of 0.5 and 3 mm. The difference be-
tween each channel is most discernible under conditions of
high flow rate and low cell potential (high electric loading); al-
though even at 0.7 V, under higher air flow rates, the perfor-
mance of the 1 and 2 mm channels is about 50 % greater than
that for the 0.5 and 3 mm channels. The significant reduction
in performance of the 3 mm channel is surprising. It is clear

Figure 4. Current-density distribution along a single-channel fuel cell with
air supplied to the single channel at different polarisations.[33]

Figure 3. Contact-resistance distribution along the length of a PEFC for
three different clamping modes.[87]
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that making the channel too wide imposes a large lateral
Ohmic drop and also impairs the performance of the fuel cell.

Two of the main factors in determining the impact on cell
efficiency of a given channel width are the effect it has on the
internal resistance of the cell and the extent to which the reac-
tant is exposed to the catalyst; however, water management
will also have an influence. It has been reported that decreas-
ing the land width to less than a certain value leads to a per-
formance decrease due to increased Ohmic losses, despite in-
creasing the open channel density.[95] In the single-channel
setup used in this investigation, the size of the land remains
effectively constant relative to the width of the channel. As
such, there will be no significant increase in the Ohmic losses
of the fuel cell caused by decreasing the land area. In addition,
the contact resistance between the current collecting electrode
and the GDL is compensated for by the electronic load. There-
fore, any increase in the Ohmic loss of the fuel cell caused by

changing the channel width will
be due to the resistance of the
GDL and not the contact resist-
ance. So increasing the channel
width (with effectively no
change in the land contact area),
increases the Ohmic losses of
the system. As a consequence,
increasing the channel width,
despite directly exposing more
of the reactant to the catalyst,
will start to have a detrimental
effect on performance due to in-
creased Ohmic losses.

To demonstrate this point fur-
ther, the channel area specific re-
sistance (ASR) for each channel
width is compared in Figure 7. It
can be seen that the ASR in-
creases with channel width, as
would be expected, due to the
increased current path distance.
However, when the channel
width is accounted for by divid-
ing the ASR by the channel
width, the channel length specif-
ic resistance (a measure of the
performance of each channel re-
gardless of its width), shows that
a channel width in the region of
1–2 mm results in the lowest re-
sistance. This is also in accord
with the relative performance of
each channel based on the limit-
ing current (i.e. 2>1>3>
0.5 mm) and modelling studies
described at the start of this sec-
tion.Figure 6. Limiting current and fractional utilisation for different channel widths with varying air flow rate and op-

erating voltages.[87]

Figure 7. Channel area specific resistance and channel specific resistance
with channel width.[87]

Figure 5. Polarisation plots for different channel widths with varying air flow rate.[87]
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4.4. Localised Impedance Spectroscopy

Figure 8 a shows the current distribution along the length of
the cathode flow channel at a high (0.6 V) and low (0.8 V) elec-
trical loading.[49] The behaviour at high loading has been de-
scribed above and is attributed to a reactant-starvation effect.
Figures 8 b, c show the complex plane plots at different posi-
tions along the channel. It is immediately clear that the EIS re-
sponse contains much more information than the dc measure-
ments. At 0.8 V (Figure 8 b), a clear trend is observed as the arc

radius increases with distance along the channel. The dc re-
sponse shows no significant sign of a decrease in current den-
sity along the channel so the reaction is not being limited by
reactant consumption. However, as the reactant is being con-
sumed along the channel, so there will be a depletion of
oxygen in the channel and diffuser. The EIS plot at 0.6 V (Fig-
ure 8 c) shows that for positions towards the end of the chan-
nel, a distinct direction change is observed, away from the
closing of the semicircle. This means that a situation exists in
which an increase in reactant consumption, with a correspond-
ing current increase, at one point in the fuel cell (brought
about by a decrease in cell voltage) can cause a decrease in
current at another point of the fuel cell. The impedance fea-
ture seen here is a manifestation of operation under conditions
of reactant starvation leading to a negative differential resist-
ance in the polarisation plot, as seen in the inset in Figure 4.[49]

Figure 9 compares the localised impedance response at the
start and end of the channel with that of the bulk impedance
response for operation at 0.6 and 0.8 V.[49] At 0.8 V, although
the form of the bulk response has the same shape as that at
the beginning and end of the channel, the size of the arc
varies considerably. At 0.6 V, the form of the bulk response is
significantly different to that at the beginning and end of the
channel. These results show how conventional impedance
measurements on the bulk fuel cell would not be representa-
tive of how the system is actually performing, especially under
low stoichiometry conditions, and could actually be misleading
if spatially homogeneous operation is assumed to be occur-
ring.

4.5. Electrolyte-Resistance Distribution

By following the procedure described in the last section for
the localised impedance measurements, but by concentrating
on the point at which the impedance response crosses the real
axis at high frequency, it is possible to measure the internal
Ohmic resistance of the system; this is predominantly due to
the resistance of the electrolyte and thus the level of hydra-
tion.

A complete description of current and electrolyte-resistance
distributions has been given over a range of electronic load,
temperature and humidification conditions as well as an analy-
sis of the complex interaction of current and membrane
humidification.[96] The results show that for the majority of op-
erating modes, the analytical approach developed by Kulikov-
sky and Kornyshev to describe current-density distribution,
provides accurate results.[89] However, under certain conditions
where the membrane becomes significantly dehydrated, lead-
ing to high electrolyte resistance, the model cannot account
for this behaviour. For example, Figure 10 shows the variation
in current density and membrane resistance for a cell with
high air flow rate operating over a range of temperatures. The
effect of membrane dehydration at the start of the channel
can be seen to increase with temperature as the air stream,
which is under humidified extracts water from the membrane
at the start of the channel. As a consequence, the current is
seen to increase along the length of the channel. The analytical

Figure 8. a) Current-density distribution and oxygen utilisation at 0.8 and
0.6 V; b) complex plane EIS plots as a function of distance along the channel
at cell potentials 0.8 V and c) at 0.6 V.[49] Reproduced by permission of The
Electrochemical Society.
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model does not account for this phenomenon and therefore
cannot capture the effect.

4.6. Carbon Monoxide Distribution

PEFCs are highly sensitive to carbon monoxide in the hydro-
gen feed stream, since it poisons the Pt in the anode. Whilst
extensive studies have been made of the mechanism of CO
poisoning, little attention has been paid to the spatial distribu-
tion of this poisoning process across the extent of the anode.
Assuming that the fuel cell is physically homogeneous, that is,
the catalyst is evenly dispersed, the GDL is of even thickness,
porosity and composition and the fuel cell is isothermal, three
factors will determine where CO poisoning is located. These
are the convective transport component along the channel,
diffusion within the GDL (driven by a concentration gradient)
and the local level of CO coverage of the catalyst.

To study the distribution of CO in a fuel cell, an approach
was adopted in which pulses of CO are injected into the
single-channel cell, local current associated with the adsorption
is measured and then the CO is electrochemically stripped
from the surface in order to obtain the local concentration of
CO on the surface.[97] With a knowledge of the roughness
factor of the platinum catalyst layer, it is possible to use the lo-
calised CO stripping charge to develop a map of where it is ad-
sorbed. Figure 11 shows the CO distribution with varying carri-
er-gas flow rates. Such a map may be very useful in under-
standing the pattern of poisoning within an operating fuel cell
or in understanding the balance between reactant convection
and diffusion in an operating fuel cell. Results from this set of
experiments have been used to support the development of a
numerical model of CO distribution which has allowed the
effect of reformer ‘burping’ and start-up conditions to be simu-
lated.[98]

Channel-Flow Mapping

To validate the technique of LDA as applied to fuel cells, the
behaviour of reactant flows within the air-side flow channel at
a 1808 U-turn (or switchback) of a working PEFC has been
studied.[87] LDA is a non-invasive optical technique used to
measure the velocity of tracer particles moving in a fluid
flow.[99] A beam from a laser source is passed through a beam

Figure 10. a) Current distribution and b) membrane-resistance distribution
of a single-channel fuel cell operating at high air flow rate showing the
effect of membrane dehydration at the start of the channel, the effect of
which increases with temperature.[96]

Figure 9. Comparison of the localised EIS response at the start and end of
the channel with the bulk response at 0.6 and 0.8 V.[49]
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splitter and the two resultant coherent laser beams, one of
which is frequency-shifted using a Bragg cell, are focused onto
a measurement point where the beams intersect, as shown in
Figure 12. Figure 13 shows the optical fuel cell built of Perspex
and composed of a single “switchback” flow-field, the laser
beams can be seen focused into the flow channel of the cell.

In this measurement region, an interference pattern is pro-
duced, creating a series of bright and dark fringes, which
moves due to the frequency shift between the beams. As a
particle suspended in the flow of interest moves through this
sequence of fringes, light is scattered in all directions, the in-
tensity of which is determined by the size of the particle, its re-
fractive index and the position of the observer. The scattered
light is observed using a receiver lens which focuses light onto
a photomultiplier, converting the incident light intensity into
an electrical signal (the Doppler burst). The frequency of the
Doppler burst is dependent upon the distance between inter-
ference fringes and the velocity of the tracer particle, and is
determined by fast Fourier transform processing using a signal
analyser. Since the fringe spacing can be determined using
properties of the laser beams, such as wavelength of light and
beam geometry, it is possible to infer the velocity of the tracer
particle normal to the fringe planes. Also, since the fringe pat-
tern is moving it is possible to measure zero velocities of sta-
tionary particles.

Figure 14 shows profiles of velocity components parallel to
the MEA surface. The velocity vectors are shown scaled relative
to the mean flow velocity in the channels. The velocity profile
indicated at point A is representative of a typical flow over a
porous surface,[100] with a no-slip condition at the Perspex sur-
face and a slip velocity at the porous interface. This behaviour
is clearly not consistent with the general flow around the
corner, as significant variation in the measured velocity profiles
can be seen.

Figure 11. Measured CO distribution along the single channel of the fuel cell
with varying carrier-gas flow rate and a constant CO injection amount of
0.2 cm3.[97]

Figure 12. Formation of the measurement volume and the orientation of
the optics in an LDA experiment.

Figure 13. Optical PEFC with two laser beams focused to a point within the
flow channel.

Figure 14. Velocity profiles a the “switchback” of a flow channel for a PEFC
operated at a current density of 0.1 A cm�2.[87]
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Around the region indicated at point B, the measured veloci-
ties are small in magnitude and varying in direction, indicating
the presence of a stagnant region with some recirculation. This
has also been observed by Martin et al. in a system of identical
geometrical shape but different scale.[101] The presence of the
stagnant region reduces the cross-sectional flow area, acceler-
ating the flow. A recirculation area can also be seen in the
region of C ; however, it is much smaller than at B.

A description of the full range of features observed is
beyond the scope of this Minireview; however, it can be sum-
marised by stating that the expected secondary flow features
are present, but additional complexity is also manifest due to a
combination of the operating MEA and the flow disturbance
caused by the abrupt change of wall direction. The implication
of the findings is that the assumption of uniform composition
immediately above the MEA cannot be assumed and the flux
of species to/from the MEA must vary in regions where severe
flow deflection exists. This can be expected to produce prob-
lems for fuel cells being driven at high current loadings.

5. Solid Oxide Fuel Cell Diagnostics

5.1. Temperature Mapping

The high-temperature operation of SOFCs (500–1000 8C) makes
the application of many of the techniques described for the
PEFC much more difficult. However, it is the high temperature
of operation and the sensitivity of ceramic structure to thermal
gradients that makes the study of temperature distribution in
SOFCs of particular interest.

Using pellet SOFCs and thermal imaging camera technology,
temperature maps of the cathode during electrical loading
have been achieved.[102] Figure 15 shows the change in tem-
perature associated with changing the load on the cell. Using
this system, a temperature and spatial resolution of <0.1 8C
and <1 mm could be achieved with a frame capture rate of
100 Hz, allowing rapid transients to be captured. In combina-
tion with modelling studies, these measurements have allowed
phenomena such as the self-heating effect on polarisation re-
sponse to be accounted for.[102]

5.2. Thermal-Stress Analysis

Given that ceramic materials are brittle and have inherent
flaws randomly distributed throughout their volume, there are
two main factors which determine if ceramic structural compo-
nents will fail in service: the level of stress which the compo-
nent experiences and the distribution and size of the pre-exist-
ing flaws. Considering the first factor, because of the high tem-
perature of operation the mechanism by which some of the
largest stresses are generated in an SOFC is that of thermal ex-
pansion. Uniform thermal expansion in itself does not generate
stress, instead it is the result of variations in temperature
across components, or some form of mechanical constraint
(such as perimeter seals or friction between the interconnects
and cell structure) that prevents the material from expanding
freely. Therefore, the magnitude of thermally induced stresses
in an operating fuel cell will depend on any temperature gradi-
ents present, the properties of the materials and the degree of
constraint that the components experience. Figure 16 shows

an example of the kind of temperature distribution, measured
using the thermal camera technique, induced across the sur-
face of an electrolyte supported SOFC (40 mm � 40 mm) held
at operating temperature (829 8C) while a stream of ‘cold’ ni-
trogen is directed at the middle of it to induce a thermal (and
stress) gradient.[103]

At high nitrogen flow rates, local cooling at the centre of
the cell by as much as 100 8C (thermal gradients of up to 9 8C
mm�1) could be applied repeatedly and rapidly, without de-
lamination or cracking of the sample. Using the temperature
map as an input to a thermal-stress model, the stress distribu-
tion in the cell can be calculated as shown in Figure 16.[103]

5.3. Reference Electrodes for SOFCs

The ability to deconvolute the performance of the anode, cath-
ode and electrolyte resistances is one of the most fundamental
requirements for fuel cell diagnostics. To do this, it is necessary
to accurately determine the polarisation behaviour of each
electrode independently. This can be achieved by using a refer-

Figure 15. Temperature change during a polarisation curve measurement at
592 8C: a) temperature difference between open circuit and 0.2 V; b) profile
of this temperature difference across the cell.[102]

Figure 16. Left: Infrared image of an electrolyte-supported SOFC while
6 dm3 min�1 of nitrogen is blown at the centre of the anode; furnace tem-
perature: 829 8C. The square indicates the electrode area and the circle
shows the glass tube onto which the sample is mounted. Right: Minimum
principal stress field across the anode outer surface.[103] Reproduced by per-
mission of The Electrochemical Society.
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ence or third electrode. Three-electrode techniques are com-
monly used in aqueous electrochemistry, where a current is
passed through the working and counter electrode and
changes in potential are recorded relative to a reference elec-
trode, the potential of which remains constant as current is
passed. Various reference-electrode approaches have been ap-
plied for the PEFC, as reviewed by Hinds.[104] However, the ap-
plication of three-electrode techniques in SOFC electrochemis-
try is problematic due to the relatively high electrolyte resist-
ance compared to aqueous systems, and the fact that the ref-
erence electrode cannot be easily incorporated into the elec-
trolyte and must instead be placed on an external electrolyte
surface. Under these conditions, incorrect use of a reference
electrode can readily lead to inaccurate and misleading results.
In addition, a true reference electrode requires a stable envi-
ronment that typically involves a redox couple at equilibrium;
the geometry of the electrolyte pellet, position and registry of
the anode, cathode and reference electrode are all very impor-
tant.

The authors have developed an experimental procedure and
correction method to take into account the current depend-
ence of the series resistance between the region of electrolyte
experienced by the reference electrode under load and the
working electrode. The procedure can be applied to geome-
tries with non-uniform current densities where the relative po-
tential of the region of electrolyte in contact with the refer-
ence electrode is changing when current is drawn. It is shown
that it is possible to extract information on the electrochemical
processes occurring by changing reaction conditions and in-
vestigating the effect upon the exchange current density.[105]

5.4. In situ Raman Spectroscopy

Raman spectroscopy is a material-specific analytical technique
which offers sample-identification capabilities down to micron
spatial resolutions. It is extremely flexible as any excitation
wavelength may be used, unlike fluorescence; it is also non-in-
vasive. The application of Raman to the study of SOFCs is limit-
ed and has only been used relatively recently for the study of
SOFCs under practical operating conditions, and even then
only for high-temperature SOFCs based on yttria-stabilised zir-
conia (YSZ) electrolyte.[106, 107] In our labs, the authors have
shown that Raman spectroscopy can be used as a probe of
electrolyte surface temperature and electrolyte stoichiometry,
with work currently looking at Ni/NiO redox processes, sulphur
formation on the anode of SOFCs and coke formation, as de-
scribed by Pomfret et al.[108]

5.5. Electrolyte Temperature

Raman spectroscopy is particularly sensitive to the tempera-
ture of the sample volume probed. Both peak position and
width are affected by changes in temperature, due to the an-
harmonic nature of vibrational modes. As a result, the precise
peak position or width may be used to estimate the tempera-
ture of the surface. Figure 17 shows the Raman spectra of YSZ
and gadolinium-doped ceria (CGO) electrolytes taken using a

633 nm laser. The Raman cross-section of YSZ is clearly much
smaller than that of CGO. The spectral feature of YSZ is also
quite broad making the extraction of temperature information
more difficult.[109]

The spectrum of the CGO sample in contrast is dominated
by a well-defined, intense Raman peak centred at approxi-
mately 460 cm�1. By using the position on this mode, it was
possible to use it as a diagnostic of temperature with a spatial
and temperature resolution of 1 mm and 2.5 8C, respectively, al-
though superior Raman instrumentation could improve on the
temperature resolution by an order of magnitude. These re-
sults pave the way for the development of an in situ technique
capable of mapping temperature distribution at very high spa-
tial resolution in operational SOFCs. Such a facility will be par-
ticularly useful for studying very structured and defined elec-
trodes for work on electrode kinetic measurements.

Electrolyte Stoichiometry

Raman spectroscopy has also been investigated as a probe of
the oxidation state of CGO electrolyte. The non-stoichiometry
of ceria has been studied extensively and has been found to
be a function of the dopant, temperature, and gas composi-
tion.[110] Ceria can be reduced in the presence of H2 to give a
number of non-stoichiometric forms of CeO2�x, where 1.7�
2�x�2.[111] The inset of the top panel of Figure 18 shows the
predicted oxidation state of ceria at 873 K as a function of pH2

and pH2O. Although the presence of gadolinium dopant is
likely to affect the exact phase properties, the thermodynamic
analysis shows that we might expect there to be three possible
phases within the realm of the operating conditions imposed

Figure 17. Raman spectra of a) YSZ and b) CGO taken using the 633 nm
laser at full power and a 10 s integration taken at 300 and 873 K. Note the
large difference in intensity between the two spectra and the difference in
the spectral range.[109]
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on the system, those being: A) CeO2, B) CeO1.85 and C) CeO1.72.
These results suggest that it may be possible to map the oxi-
dation state of CGO within an operational fuel cell when under
load.

5.6. Mapping Electrode Microstructure

Thus far, this Minireview has concentrated on functional map-
ping of the various physical processes occurring in fuel cells. In
this final section, attention is turned to mapping the physical
distribution of electrode materials ; effectively creating 3D mi-
crostructural maps of fuel cell electrodes.

SOFC electrodes are commonly composite materials, which
provide intimate contact of the electronic, ionic and pore
phases at triple phase boundaries (TPB).[112] The length and dis-
tribution of these TPBs is widely thought to influence the elec-
trochemical performance of the cell, and as such these can be
thought of as electrochemically active zones. Furthermore,
electrode microstructure is known to affect the Ohmic, diffu-
sion and mechanical properties of the cell.

However, the link between electrode microstructure and
performance is traditionally poorly understood. Whilst at-
tempts have been made to optimize electrode microstructures
empirically, the large number of processing and environmental

conditions affecting microstructure makes this practically diffi-
cult. Furthermore, the inherent limitations of studying complex
microstructures in 2D limit the experimenter’s ability to quanti-
fy microstructural changes by conventional microscopy.

Recent advances in tomography procedures have provided
access to 3D microstructural data at unprecedented level of
resolution. Wilson et al.[113] were the first to report 3D recon-
struction of an SOFC electrode: using a focused ion beam (FIB)
technique, the electrode structure can be sequentially milled
and imaged to obtain a sequence of 2D images that can be ef-
fectively recombined in 3D space. Subsequently, FIB tomogra-
phy has been more widely adopted for geometrical and mod-
elling studies of a variety of SOFC anode[114–118] and cathode
materials.[119–122]

The resolution of conventional X-ray computed tomography
(CT) has traditionally limited its application to the study of
electrode microstructures. The development and implementa-
tion of X-ray optics has led to a near order-of-magnitude im-
provement in spatial resolution obtainable, allowing applica-
tion in the study of the characteristically sub-micron features
of SOFC electrodes.

In 2008, Izzo et al. demonstrated the use of X-ray nano-CT
for the study of pore distribution in composite electrodes, sub-
sequently applying a lattice-Boltzmann type simulation to the
experimentally derived microstructures.[123] A review of ad-
vanced microstructural characterisation techniques provides
further insight into the developments and application of to-
mography procedures.[124]

The authors have developed methodologies for 3D imaging
of SOFC electrodes using both FIB and nano-CT techniques,
recognising the benefits of these complementary techniques
for correlative studies of electrode microstructures. Alongside
experimental characterization tools, a suite of numerical tech-
niques have been developed for simulation and interpretation
of experimentally derived microstructures and numerically gen-
erated microstructural analogues.

Golbert et al. developed a platform for generating micro-
structural analogues of SOFC electrodes; using Monte Carlo
modelling techniques, spheres of three materials (correspond-
ing to the electronic, ionic and pore phases) are distributed in
3D with a probability weighted to the expected volume frac-
tion of the final electrode structure.[125] A numerical expansion
of the solid phases is subsequently performed to simulate the
sintering step. A number of geometrical parameters can be de-
rived from the resulting microstructure which has also been
used as the basis for an electrochemical simulation. These geo-
metrical analysis tools have also been successfully applied to
electrode microstructures derived from FIB and X-ray tomogra-
phy experiments.[126–130]

Shearing et al. have utilised FIB-derived tomography data as
the framework for an electrode simulation using the active TPB
lengths to serve as electrochemically active sites for current
generation according to the Butler–Volmer equation.[126] The
simulation originally developed for use with Monte Carlo-type
numerically generated structures has been successfully inte-
grated with the Ni-YSZ tomogram. The experimentally derived
microstructure (see Figure 19 a) enables accurate prediction of

Figure 18. Peak area (top) and position (bottom) of the 460 cm�1 mode of
CGO as a function of time after beginning to flush the stage with 100 % H2

gas at 873 K. Top (inset): predicted oxidation state of ceria at 873 K as a
function pH2 and pH2O.[109]
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current density and the transport of gas and charged species
within the structural constraints of the real system. By adopt-
ing an iterative approach to match experimental and simulated
results, the exchange current per unit triple-phase boundary is
also extracted.

The complementary use of X-ray and FIB tomography has
enabled direct comparison of the two techniques, which has
shown good agreement for solid-pore phase volume analysis
of an SOFC electrode.[127] Using the techniques in parallel, ma-
terial volumes spanning more than two orders of magnitude
were characterized, demonstrating the advantages of both ap-
proaches to balance the dual requirements of resolution and
analysis volume for different materials.

In lab-based systems, characteristic changes in X-ray absorp-
tion have been identified, whilst these have not been suffi-
ciently uniform to facilitate segmentation of the solid phases
in composite electrodes, they signal the potential to isolate
material phases using synchrotron radiation. Figure 19 b shows
an example of the spatial distribution of X-ray attenuation for
a Ni-YSZ electrode.

Using synchrotron radiation it is possible to tune the X-ray
energy of the source with great accuracy, allowing the selec-
tion of a narrow band-width of X-ray energies, which can be
optimized for the specific material(s) under investigation. The
photon energy can then be manipulated about the X-ray ab-
sorption edge of one material to provide elemental and chemi-
cal state identification.

XANES (X-ray absorption near-edge spectroscopy) takes ad-
vantage of the discontinuity in X-ray absorption across a range
of photon energies. At photon energies just above the binding
energy of an electron in an inner orbit, photoelectric absorp-
tion is more likely to occur than at photon energies just below
the binding energy. This photon energy corresponds to the ab-
sorption “edge” which describes this discontinuity in the at-
tenuation behaviour of a given material. Characteristic changes
induced at energies above and below an ‘edge’ allow phase
identification.

With increasing maturity, the applications of high-resolution
tomography provide an opportunity to explore a range of ma-
terial systems under different operating and processing condi-

tions. Because of their non-destructive nature, X-ray techniques
are particularly attractive for characterisation of dynamic micro-
structural change because of their non-destructive nature.

Tomography applications are not restricted to study of SOFC
electrodes and work is underway to apply these techniques to
PEFC microstructures and other electrochemical devices.

6. Summary and Outlook

This Minireview has discussed the range of diagnostic tech-
niques reported in the literature for the study of the internal
workings of fuel cells and focused on work performed by the
authors to build a map of how fuel cells work at both the
device and microstructural level. In situ diagnostic techniques
continue to reveal more about the working of fuel cells and in
so doing allow for improved cell hardware design, materials se-
lection and choice of operating conditions to realise advanced
electrochemical performance and longevity. These techniques
also allow us to scrutinise the validity of conventional bulk
electrical measurements and develop detailed models of fuel
cell operation.

There is increasing demand for reliable diagnostic tech-
niques from developers of fuel cell hardware and models. The
use of these techniques applied to cells is quite mature and
the range of approaches has proved very useful. Many of the
techniques developed for scientific understanding may also be
applicable as practical on-board sensors for monitoring and
control. However, more examples of mapping techniques ap-
plied at the stack level and micro-scale are still required. Map-
ping the processes occurring within electrodes is particularly
important for understanding the mechanisms of degradation
and failure; the authors predict that there will be significant
developments in this field.
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Figure 19. a) A reconstruction of a Ni-YSZ electrode microstructure obtained
using serial-sectioning FIB tomography. Light grey corresponds to the YSZ
phase, dark grey to Ni and pore space is void. The total sample volume is
6.68 � 5.04 � 1.50 mm.[126] b) A reconstruction of Ni-YSZ electrode microstruc-
ture using X-ray nano-CT, the 3D volume rendering showing changes in X-
ray absorption corresponding to composition differences in the composite
microstructure (total volume of reconstruction: 37 945 mm3).[127]
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