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ABSTRACT

In a proton exchange membrane fuel cell (FC), the gas diffusion layer (GDL) is identified as the component that is most affected

by mechanical compression. In this article, a particular focus is provided on the methods to measure the three main electrical

parameters—contact resistance, through-plane resistance, and in-plane resistance—of the GDL under compression. A nonlinear

decrease of these resistances under compression is typically observed. In particular, an important decrease is observed from O to

2 MPa, then a lower one above 2 MPa. The smallest contact and in-plane resistances are measured for the graphitized straight

carbon papers analyzing GDL resistances under compression gives a first approach to explaining ohmic losses in FCs as a large

part of these losses is related to the GDL. This review would be helpful for researchers in better understanding ohmic losses and

establishing a database of main GDL electrical resistances and their variations according to several operating parameters. These

data could be used in design models to optimize GDL properties.

1 | Introduction

In proton exchange membrane fuel cell (PEMFC), the mechanical
compression applied on the cell assembly plays an essential role
in ensuring effective gas tightness and optimized electrical con-
ductivities. However, excessive compressive stress can degrade
the performance of the fuel cell (FC) by reducing the porosity
and the transport capacity of its components, particularly the gas
diffusion layer (GDL) [1]. This porous composite medium, with a
thickness of 100-500 pm, acts as an interface between the bipolar
plate (BPP) and the catalyst layer (CL) adjoining the membrane
[2]. The GDL serves several important functions: distribution of
the reactants evenly across the surface of the CL, removal of water

and heat from the cell, conduction of electrons, and structural
support by maintaining the mechanical integrity of the cell. GDLs
are typically made of carbon-based materials, such as carbon
paper or carbon cloth [3-5], with high electrical conductivity,
porosity, gas permeability, and corrosion resistance. Carbon paper
can be made either of straight fibers randomly distributed in the
plane (2D structure) or of curved carbon fibers (3D structure).
GDLs are treated with a hydrophobic agent, typically PTFE
[5, 6]. A microporous layer (MPL) [7], a smooth, porous structure
made of black carbon mixed with PTFE, is commonly added to the
GDL substrate on the CL side. This sublayer improves the contact
with the catalyst coated membrane, the water management,
and it also protects the membrane electrode assembly from
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fiber penetration [8]. Extensive work has been done on GDL
materials and structural designs, on their degradation mech-
anisms, using experimental methods and modeling [9-12], in
particular to improve water management [13-19]. Detailed infor-
mation on the structure and fabrication process of GDLs can be
found in refs. [8, 20-22].

Due to its high porosity and its low stiffness, the GDL is the
component of the PEMFC that is most affected by mechanical
stress [23, 24]. In the last few years, intensive research studies
have therefore focused on GDLs because of the strong relation
of their compressibility with PEMFC performance [25, 26]. The
effects of mechanical pressure on the electrical properties of
GDL structures need to be determined experimentally [27],
according to the FC-operating conditions (cyclic compression,
temperature, and humidity), with a view to possibly determining
and calibrating design models. In compression, GDL exhibits
a nonlinear mechanical behavior with a strain hysteresis [28].
Hence, studying the impact of cell compression on the electrical
parameters of GDLs depends on the GDL’s structure [29] and
requires the use of cyclic loads to take into account part of the
actual operating conditions of a PEMFC [30].

Mechanical constraints influence ohmic losses in the GDL itself
(depicted by bulk resistances) but also at the interfaces with
adjacent cell elements (contact resistances) [31, 32]. The contact
resistance (R,) is reduced by better contact, which can be ensured
by an adequate level of compression and a smoother surface.
R, is responsible for an important amount of ohmic losses and
can represent more than 50% of the total electronic losses in
a cell [33, 34]. In particular, the compression can affect R, at
the GDL/BPP interface to a greater or lesser extent depending
on the component materials, structure, and design. In some
cases, the R, between GDL and BPP represents 8%-10% of total
ohmic losses and is the major cause of electronic losses [34].
A few articles examine the ex situ and in situ characterization
techniques to determine the effective transport and mechanical
GDL properties [32, 35, 36]. However, the specific ex situ methods
to measure the electrical (bulk and contact) resistances related to
the effects of mechanical compression in PEMFC on the physical
properties of GDL have rarely been described in systematic
reviews. Therefore, this article aims to present a background on
the experimental methods used to measure the different electrical
resistances of GDLs. Some examples of resistance measurements
will be presented for several commercial GDL references. Future
prospects and recommendations on research opportunities will
also be provided.

2 | Experimental Methods

The assessment of ohmic resistance in a GDL involves the
measurement of its R, with neighboring components, its bulk
resistivity, its through-plane resistivity (which is in series with
the R.), and its in-plane resistivity, which is the main conductor
beneath the channels of the BPP. Figure 1 illustrates the rep-
resentation of these three types of resistance in the GDL/BPP
assembly. Measuring these parameters presents challenges, pri-
marily stemming from the variations in GDL dimensions due
to compression. Deconvoluting the R, from the through-plane
resistance presents a significant difficulty in this context. In GDLs

GDL In-plane
resistance

Contact
resistance

Through-plane
resistance \

Bipolar plate

FIGURE 1 | Representation of R, through-plane resistance (R;), and
in-plane resistance (R;) in the GDL/BPP assembly. BPP, bipolar plate; R,
contact resistance.

integrated into a conventional FC, the total resistance along the
through-plane direction is a sum of the bulk and interfacial
resistances. Traditional measurement techniques (e.g., global
high frequency measurement with an impedance meter) cannot
distinguish between these two types of resistances.

However, to optimize FC operation, particularly by minimizing
ohmic losses, it is essential to separate the contributions of
bulk and R, in the GDL. Knowledge of the ratio between these
two resistances will guide research efforts. For example, if bulk
resistance is more significant, the focus should be on optimizing
the GDL structure. Conversely, if R, is dominant, improving
surface roughness becomes crucial [37, 38].

2.1 | Measurement Methods for Contact
Resistance

Three main methods are used to determine R.. Figure 2 exhibits
these different measurement methods of R, [34, 39, 40].

A subtraction method [20, 41, 42] can be used by measuring the
electrical resistance of two assemblies in such a way that the
difference between the assemblies’ resistances gives the desired
R.. However, most studies that used this method neglect either
the bulk resistance or its variation with compression. To manage
this issue, Laedre et al. [32] proposed a subtraction method based
on four measuring combinations with an original setup: two
different paths of the biasing electrical current and two different
combinations of the voltage pick-up contacts positions. The
principle of this measurement approach is depicted in Figure 2a.
Another problem is the difficulty of using this method with
GDLs having nonidentical sides, such as one side MPL-coated
GDLs. Better results can be obtained if the bulk resistivity is
measured using special pins or micro-probes that exclude R,
with electrodes [37, 41, 43].

In a second method, R, is determined by a numerical or experi-
mental estimation that can be achieved using the results of the
subtraction method. For instance, Mason et al. [44] estimated
this R. by inserting a GDL between two compressed BPPs
and measuring the resistance under compression. The entire
resistance is attributed to the R.. An estimation process can also
be used to determine the variation of the through-plane resistance
of the GDL with compression from its porosity, such as in the
work of Ismail et al. [45]. A numerical model can also be set to
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FIGURE 2 | Resistance contact measurement methods: (a) example of subtraction method, (b) example of transmission line method.

Source: Schemes redrawn from Zhou et al. [47] and Ye et al. [34].

obtain a global R, using experimental results, for instance, with a
flat graphite plate [46-48].

A third method consists in using the transmission line method
(TLM) [34, 49]. The TLM is based on the measure of the total
electrical resistance between two identical metallic indentors and
the GDL. The value of this resistance is the sum of two identical
contact resistances and one in-plane resistance depending on the
distance between the two indentors. Measuring the resistance
as a function of the distance allows a direct experimental deter-
mination of the R, between the GDL and the metallic indentor.
The y-intercept of the regression line is the R, that will not vary
with the distance between both indentors [40, 50]. To obtain
representative results for the FC, the indentors are designed to
have a representative dimension of the flow field contacts (ribs),
and they can also be coated to better mimic the contact charac-
teristics of a BPP. This type of device allows for the application of
various mechanical loadings, closely simulating the operational
conditions of an FC [49].

2.2 | Measurement Methods for Through-Plane
Resistance

The determination of through-plane resistivity is subject to
R. with electrodes. It is difficult to distinguish through-plane
resistivity from the measured R.. The contacts can be minimized
using a four-probe measurement method to avoid the resistance
of wires and electrodes. Gold-coated electrodes can be used to
decrease R, with electrodes. Aydin et al. [43, 51] presented the
advantages and drawbacks of the three methods of through-plane
resistivity measurements that are depicted in Figure 3 [43] using
the four-probe measurement method: gold electrode, gold flat
contact pin, and golden micro-wire probe.

The first procedure involves an R, (even small) between the elec-
trodes and GDL, which impacts the accuracy of the measurement
[27]. However, this method is very rapid to implement [52].

(a)

Contact F
point R
\ Stainless steel (E)
RG/GDL

RGDL <:> |::| Req,et
T_ Gold coating (G)

Stainless steel (E) RG/GDL

* Re

(b)
el A

Stainless steel (E)

@ ED Reot <:> Reqpa

Gold pins /

. N

‘F

Stainless steel (E)

RGDL <:> Req,wt

FIGURE 3 | Schematic diagram of the three methods used in this
study: (a) gold-coated electrodes; (b) pins; (c) micro-wire probes. Source:
Schemes redrawn from Qiu et al. [39].
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FIGURE 4 | (a)Four-probe in-plane resistivity measurement device.
(b) In-plane resistivity measurement device. Source: (a) Scheme adapted
from Aydin et al. [51].

In the second method, the contact area is small (a 60 um diameter
contact pin); consequently, R, is neglected. But the high isolation
area distorts the equipotential lines. This phenomenon leads to
the measurement of small inaccurate resistivities, which are not
representative of the resistivity of the other zones far from the
electrodes. This phenomenon is particularly important for high
in-plane resistivity and thin materials such as GDLs. However,
this method is accurate for thick materials such as BPP graphite
materials.

The last method, using golden microwire probes, is considered
the most accurate, but rather difficult to implement. The micro-
electrodes are quite fragile materials that must be handled with
great care. Contact problems may appear for small pressures,
and other materials may stick on the surface of the wires.
Microwires/probes are also used in refs. [37, 41].

2.3 | Measurement Methods for In-Plane
Resistance

In-plane resistivity is generally measured using a four-probe
method. A current is applied between two points in the surface
of a GDL, and the voltage is measured between two other points
of the surface along that line. Ismail et al. [53] presented such
a measurement apparatus, shown in Figure 4a [53]. Miyazawa
et al. [41] measured in-plane resistivity in two principal plane
directions using a four-probe method by varying the distance
between the probes. Aydin et al. [43, 51] determined in-plane

1 Ra=Vas/ 1y,

1 Rg=Vy3 / l14
4

FIGURE 5 | Van Der Pauw method.

resistivity using a four-point measurement method with small
gold pins to avoid additional R.. To account for the GDL
structure’s inhomogeneity, several points of measurement were
used in diagonal, non-perpendicular to the equipotential lines, as
shown in Figure 4b [43].

Another method that can be used to measure in-plane resistivity
is called the Van Der Pauw method. As depicted in Figure 5, a
four-point measurement method is developed to measure the in-
plane resistivity of an isotropic sample. The measurement points
with a small contact area are generally equidistant and placed at
the edges of the sample. The current is provided by two points
(1, 2), and the voltage is measured between the two others (3,
4). Then the current is applied between 1 and 4, and measured
between 2 and 3, as in Figure 5 [54]. The sample undergoes the
final application of a geometric correction factor [55].

Todd et al. [56, 57] measured through-plane and in-plane resistiv-
ities along the fiber and cross-fiber direction using a square four-
point-probe arrangement. The in-plane resistivity is measured
at several angles to consider the material’s anisotropy (machine
and cross-machine direction). Finally, in-plane resistivity can be
deduced from the TLM described in Figure 2b as in the work of
Ye et al. [34]. The authors extracted the bulk resistivity from the
slope of this curve using GDL thickness, representing the in-plane
resistivity.

3 | Typical Results and Development Prospects

Various commercial GDLs with different structures, carbonized
straight fiber (SGL 24AA, SGL 24BA, SGL24BC, SGL 38 BC),
graphitized straight fiber (Toray H120, Toray H90), and felt fiber
(SGL 10BA, Freudenberg H14C9, Freudenberg H2315I5), were
analyzed. Typical measures of R, versus compression show a
nonlinear decrease, as in Figure 6 [40]. These results were
obtained by using the TLM on six commercial GDLs. Regardless
of compression level, the electric R, is in the [3-74 mQ cm?]
range. The smallest contact resistances were measured for the
graphitized straight carbon papers from Toray. The felt fiber
structures exhibit R, values between those of SGL with straight
fiber structure. A nonlinear decrease of through-plane resistance
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FIGURE 6 | Typical electrical contact resistance as a function of
the applied stress for several commercial GDLs. Source: Redrawn from
Bouziane et al. [40].

=
N
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Z o
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FIGURE 7 | Typical through-plane resistance versus applied com-
pression pressure for the first cycle of compression and several commer-
cial GDLs [50].

with compression is also observed in Figure 7 [52]. For these
results, the gold electrode method was applied on seven com-
mercial GDLs. An important decrease is typically observed from
0 to 2 MPa, then a lower one above 2 MPa. Concerning the
through-plane resistance values ([1-11 mQ cm?]), the variation
as a function of structure seems unclear. As expected, there
is also a nonlinear decrease in in-plane electrical resistivity
with an increased pressure, as presented in Figure 8 [52]. Due
to the manufacturing process and their structure, the GDLs
have orthotropic properties within the plane, along both the
machine and transverse directions, and perpendicular to the
plane [58]. This is the reason why six commercial GDL references

30
g I -+-SGL10BA -m-SGL 24 AA D1 SGL 24 AA D2
% 25 1 SGL24 BAD1 ©-SGL 24 BA D2 +-TGP H120 D1
- -+-TGP H120 D2
g 2.
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o [ — )
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£ |
- 0 T T T 1
0 1 2 3 4
Applied compressive stress / MPa
30
£ -»-SGL 10 BA -e-SGL 38 BC D1
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G 25 -I\\
€ \ Freudenberg H14C9 D1 -+-Freudenberg H14C9 D2
-
] 0. -+-Freudenberg H14C9 MPL
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S
2 -
§ 15 4 \.\\\\\\\\\\;
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§ 10 1 '&\?:\\\\\\\ \\T
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s
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0 4

1 2 3
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FIGURE 8 | Typical in-plane resistance as a function of applied
compression pressure for the first cycle of compression and several
commercial GDLs [50]. MPL, microporous layer.

were tested with a four-point measurement method according
to two perpendicular directions D1 and D2, and also on MPL
side if present. The electric in-plane resistance is in the 3-
26 mQ cm range. The graphitized straight fiber structures have
the smallest in-plane resistance. The felt fiber structures exhibit
lower resistances than the straight fiber structures. Despite many
ex situ studies relating clamping pressure to GDL resistivity,
very few works deal with real cell operating conditions, such as
variable compression loads or temperature/humidity constraints,
and their contribution to ohmic losses. There is obviously a
lack of knowledge and analysis concerning the effect of different
cycles of compression on the GDL resistances. Most resistivi-
ties are measured under static compression and a few times
on pre-conditioned GDLs. PEMFCs operate at temperatures
ranging from room temperature to 90°C, and under different
humidity/saturated water conditions. However, most ex situ
measurements of GDL mechanical and electrical properties are
done under room temperature and dry conditions. The experi-
mental work to be carried out involves duplicating FC operating
conditions (cyclic compression, temperature, and humidity) in a
laboratory, which can be quite complex. Knowledge of the effects
of temperature and humidity, in conjunction with mechanical
loading, on the electrical resistances can obviously contribute to
a better understanding of the shape of the PEMFC polarization
curve [52]. Future work can therefore be motivated by the need for
data concerning GDL electrical properties under actual PEMFC
operating conditions.
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These GDL characterizations and identifications of ohmic losses
usually raise another issue, that of the lack of relationship
between the different resistivities measured (R., bulk resistance).
The ability to estimate the corresponding measurement uncer-
tainties [40] and to deconvolve their values is one of the most
interesting challenges for identifying the sources of losses and
potentially their in-operando trends. The need for appropriate
protocols such as subtraction techniques or digital twins is
obvious.

All these gaps in information relating to GDL resistivity limit
the accuracy and scope of theoretical and numerical models of
PEMFC performance that require experimental data for valida-
tion. Further data could help stack designers make early choices
on GDL structure, composition, and thickness. These features
need to be considered and related to the technical requirements
for various FC end-products (e.g., the use of GDLs that are
less sensitive to cycles of compression in mobility applications).
Additional input data would be useful for the development of
more complex FC performance models. Databases could also
contribute to design new GDLs based on innovative architectures
and materials [59].

4 | Conclusion and Outlook

The performance of PEMFCs is strongly linked to the influence
of mechanical stress, with the GDL being the cell component
most sensitive to compression. This constraint leads to electronic
losses of various origins that need to be identified and quantified.
Reducing these ohmic resistances can in fact contribute to higher
FC efficiency. A 1%-3% increase in efficiency would result in
lower fuel consumption and even more compact, cheaper FC
systems. This article therefore focuses on the ex situ typical
characterization methods used to measure the three key electrical
parameters of the GDL under compressive stress, R, with BPP,
through-plane resistance, and in-plane resistance. A series of
experimental results, obtained for several types and structures
of GDL, have also been presented to illustrate the application
of these methods and to show the typical trends of the three
electrical resistances as a function of mechanical stress.

A number of technical and scientific challenges remain to
determine the electrical resistances of GDLs under compression,
and they provide new insights for future research. For instance,
beyond the ex situ characterization of GDLs, there is a need for in
situ and/or in operando analysis to assess the behavior of GDLs
in cells or stacks under compressive stress. Again, this requires
the development of specific testbenches to be able to obtain data.
The challenging objective is then to link the operating conditions
and their influences on the component properties to the overall
PEMFC performance [60, 61].
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