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Abstract:

An appropriate clamping pressure is required to ensure the gas-tight operation of a PEMFC
assembly and to improve the contacts (i.e. mechanical, thermal, electrical) between its
components. However, an excessive mechanical load may also worsen the cell performance,
in particular through the reduction in the porosity and mass transport ability of the Gas
Diffusion Layers. In this study, the effects of mechanical compression on the global
performance of a 225 cm2 PEMFC assembly are investigated by implementing cell voltage
monitoring and polarisation curve measurements. The investigations are carried out with
gradual increase / decrease and randomised load compression protocols applied using a
specially designed mechanical compression unit. 12 levels of mechanical compression are
considered, ranging from 0.35 to 2 MPa with steps of 0.15 MPa. The results of the
characterisation techniques show that the PEMFC performance is improved at all tested

operating conditions for mechanical compression up to 1.55 MPa. This finding is attributed to
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the dominant reduction of the ohmic drop against the increase of the gas diffusion losses. It is
also shown that compressing the PEMFC beyond 1.55 MPa would not lead to any further
improvement of the global cell voltage output. This may even worsen the cell electrical

characteristics by affecting its mass transport issues.

Keywords: PEMFC; Mechanical assembly; Clamping pressure; In-situ characterisation; Gas

Diffusion Layer.

Highlights:

o The effects of clamping on the global performance of a 225 cm? PEMFC are studied.

o A cell compression unit is used to duplicate various mechanical loads (0.35 - 2 MPa).
o Investigations are done using cell voltage monitoring and polarisation curves.

o In all cases, the PEMFC performance is improved for mechanical load up to 1.55 MPa.

. The tests are correlated with ex-situ characterisations of GDL contact resistances.



1. Introduction and literature survey

Fuel Cell (FC) fed by hydrogen has been shown as a promising solution to decarbonise many
sectors [1]. In the last few years, significant efforts have been made to commercialise PEMFC
(Proton Exchange Membrane Fuel Cell) on a larger scale. With this relatively recent trend to
deploy this technology in a wide range of applications, production needs to be shifted from
small-scale manufacturing to more established industrial processes [2]. This trend led the
research community to investigate different aspects related with the mechanics of FC stacks,
from a few years ago [3-5] until more recently [6-10]. In fact, a PEMFC assembly is a multi-
contact structure in which multi-physical phenomena are coupled. Interactions of these
phenomena affect the performance of the FC. In this context, mechanical stress inside the
PEMFC stack represents one of the main factors that affect the performance and durability of
the FC [11-16].

In a PEMFC, two major types of compression mechanisms take place, the first is due to
external forces (e.g. the applied compression during the assembly process), and the second is
caused by internal forces that are generated inside the FC during its operation (e.g. membrane
hydration / dehydration, temperature variation, freeze / thaw cycles). In both cases,
components within the FC are subjected to compressive forces that may either improve or
worsen the FC performance. FC stacks require mechanical compression during the assembly
process to ensure both good electrical and thermal conductivities, between the stack
components, and gas-tight operations. The clamping pressure influences not only the protonic
and electronic conductivity but also the thickness and porosity of the Gas Diffusion Layers
(GDLs). Recently, intensive research studies have focused on the GDLs due to the strong
relation between their compressibility and the performance of the PEMFCs. The analysis of

GDL compression is of paramount importance, as this cell component is responsible for



maintaining the functionality of the MEA by undergoing mechanical compression. The
porous and fibrous structure of a GDL and its very small thickness compared to its other
dimensions induce anisotropic, inhomogeneous and non-linear physical properties. In terms of
its mechanical behaviour properties, this results in a non-linear stress-strain curve [15,5,6] that
can possibly be linked to the global “assembly pressure vs. compression ratio” characteristic
determined for the entire FC as the other cell components also play a role in the overall
mechanical behaviour of the cell. The compression applied to the GDL has an effect on its
dimensions and porosity, but also on its electrical properties. In fact, higher clamping pressure
can lead to a decrease in GDL bulk resistance and in contact resistances with the other cell
components. However, excessive compression forces and uneven distributions of compression
in PEMFCs, particularly on the GDLs, can also have several detrimental impacts on the
performance and durability of the cells: the decrease in the porosity of the GDL reduces the
supply of reactant gases to the CLs (Catalyst Layers) and hinders excess water from being
removed, the GDL structure can be compromised inducing a decrease of its mechanical
strength.

Assembling a FC stack requires first an accurate control to ensure proper alignment of its
individual components, then an appropriate assembly pressure is applied in order to achieve
adequate contact between the FC components and to ensure gas-tight operation. In order to
prevent hazardous situations, sealing gaskets are generally inserted between the Membrane
Electrodes Assembly (MEA) and the Flow Field Plates (FFPs) (or BiPolar Plates - BPPs) to
ensure that no gas leakage (between the FC and its external environment) occurs during the
FC operations. Various investigations have been reported in the literature to assess
compression characteristics during the assembly process and through various clamping
mechanisms, either by simulations using numerical models [17-20] or experimental

investigations using piezoresistive arrays [21,22] or pressure-sensitive thin films [19,20,23-



25]. However, each FC component has its unique characteristics, especially the GDLs. Thus,
the assembly pressure depends on these characteristics, which makes it challenging to propose
a recommended assembly pressure value for PEMFCs. Recent review articles have been
devoted to PEMFC assembly and stack clamping methods, highlighting numerous technical
and process design issues, as well as new scientific challenges [26-28].

In a previous review article [29], we have proposed a comprehensive overview of the studies
that have focused on the relationship between mechanical compression, the effects of the
generated stresses and the observed performance of a PEMFC operating in real life conditions
(i.e. in-situ). The effects of GDL properties with respect to the applied mechanical
compression and the operating conditions were investigated. Studies dealing with the research
of optimal clamping pressure were reviewed and promising solutions for enhanced in-situ
characterisation techniques were suggested. It is also important to mention that a part of the
article was dedicated to electrochemical techniques that have been widely employed for in-
situ investigations on the effects of mechanical stresses on PEMFC performance.

In order to assess the effects of assembly pressure on FC performance, several
characterisation techniques have been used in the literature. Two main types of
characterisations are currently employed: (1) - ex-situ, where the individual components are
characterised externally to the FC, (2) - and in-situ, where the components are characterised
within a FC operating in real-life conditions. Thus far, two familiar methods, in addition to
continuous cell voltage monitoring, have been typically reported in the literature to study the
effects of assembly pressure, namely polarisation curves and Electrochemical Impedance
Spectroscopy (EIS) methods. Through employing these characterisation techniques (i.e. ex-
situ and in-situ), a number of researchers working on the characterisation of PEMFCs are
placing their focus on some particular issues: (1) - GDL electro-physical properties [30-32];

(2) - mass transport limitations [33-35]; (3) - durability [36-38]; (4) - water transport



visualisation techniques [39-41]; and (5) - pressure distribution [22-25]. Due to the
complexity of the occurring phenomena, PEMFCs must be diagnosed using suitable
techniques that allow both the evaluation of all the presented issues and the separation of their
respective impacts on the overall FC performance.

Until now, numerous characterisation techniques have been reported in the literature to assess
the FC performance. A number of reviews focusing on the characterisation techniques for
PEMFCs have already been reported. Wu et al. [42] presented a review of the diagnostic tools
employed in PEMFC using electrochemical techniques. Arvay et al. [43] reported a review of
the characterisation techniques for GDLs used in PEMFCs. Their study focused on the
essential properties of GDL, i.e. thermal and electrical conductivity, porosity, pore size, gas
permeability, and wettability. The authors regrouped a set of tools used for the evaluation of
GDLs by the use of in-situ and ex-situ characterisation techniques and concluded that the
employment of both in-situ and ex-situ techniques is of significant importance towards
developing high-performance GDLs.

Whilst a number of studies in the literature have focused on the ex-situ characterisation
techniques to investigate the effect of mechanical compression on the FC performance [44-
471, others employed both ex-situ and in-situ techniques with less focus on the latter [48-49].
Some review studies have also been reported in the literature so far [16,15,50]. In all these
studies, it was well recognised that mechanical stress is one of the main factors that affect
PEMFC performance. In a recent review on the effect of mechanical compression and
dimensional change analysis on PEMFC components [7], a special attention has been
attributed to the GDLs, and a range of dedicated characterisation methods have been
presented (e.g. measurements of strain-stress curves for GDLs). In their manuscript,
Millichamp et al. [15] provided a good state-of-the-art review regarding these issues, with an

important focus on ex-situ characterisation techniques. A number of clamping methods



described in the academic and patent literatures has also been presented. However, no direct
conclusion was drawn since there were no comparative studies on the different clamping
procedures [15]. In another study, Dafalla and Jiang [16] reported a comprehensive review of
the mechanical stresses and their related effects on structural properties of PEMFC
components and performances. The authors reviewed different sources of stress within the
cell and their respective impacts on its performance deterioration as well as the induced
structural damage of the FC components. The report concluded that a comprehensive
understanding of the combined realistic effects of mechanical stresses might be of major
influence on the enhancement of FC performance.

In the characterisation works based on electrochemical techniques, some authors emphasised
that higher clamping pressure gives best PEMFC performance whereas others reported that
minimal clamping pressure, which ensures gas tight operation, needs to be considered for
PEMFCs. However, most of the studies suggested optimal clamping pressure that gives a
trade-off between the reduction in the ohmic resistance and the mass transport resistance after
GDL deformation to be most desirable towards achieving high PEMFC performance.
Nonetheless, the lack of cohesion in the reported studies (clamping methods, PEMFC
components and design, operating conditions) makes it hardly possible to draw general
conclusions regarding optimal clamping pressure. Typically, the average clamping force for
PEMFCs can range from around 1 to 5 MPa, but more often around 1 to 2 MPa. As already
mentioned, studies dealing with the research of optimal clamping pressure were already
reviewed in [29], but the following are a few examples of in-situ experimental works
available in the literature.

Ous and Arcoumanis [51] have used a FC compression unit to apply compressive loads on a
single cell. Increasing the compression from 0 to 2 MPa improved the FC performance, with

more considerable improvement in the ohmic region compared to the mass transport one.



However, as the compression exceeded 5 MPa, the FC performance declined drastically. This
result was attributed to two main factors: the deflection of the plates in the compression unit
leading to an increase in the internal resistance of the FC, and the decrease in the GDL
porosity as the compression loads become more important.

Chang et al. [52] investigated a single cell with three GDL types. The assembly pressure was
applied using a test fixture allowing the compression to be applied through a push rod driven
by a pneumatic cylinder. For the three GDLs used, it was found that the peak power density
reached its maximum at a compression of 3 MPa. The authors reported that higher
compression loads (over 3 MPa) resulted in a decrease in FC performance. This finding was
explained by some ex-situ measured changes in the GDL's electro-physical properties (gas
permeability, water contact angle, and in-plane electrical resistivity) as the compression
exceeded 3 MPa. Similar results were reported in [48,53,54] where a trade-off between the
contact resistance and the mass transport resistance proved to give the best FC performance.
In [55], Irmscher et al. used a mechanical compression unit to determine the optimum
clamping pressure for three commonly used GDLs. Compression levels were ranging from
0.1 to 2.7 MPa. The work shows that the optimum window for the mechanical pressure very
much depends on the GDL type used and its properties (porosity, structure, and permeability).
Ahmad et al. have developed a spring equivalent PEMFC model which can predict the
compression force required to obtain optimal performances [56,57]. In [57], in order to
validate their model, Ahmad et al. have experimentally determined the optimal performance
of a 4-cell stack. The change in stack voltage, resistance and maximum power was observed
for different GDL compression levels. Peak power was measured at 1.55 MPa. The increase
in resistance after this point was attributed to the mass transport losses at higher compression.
Losses in the mass transport region were considered more important than gains made in the

ohmic region as a result of increased compression.



Optimal clamping forces within the range of 1 to 2 MPa have also been suggested in various
scientific studies and research papers dealing with modelling and simulation of certain
PEMFC configurations [58-66]. While these papers discuss clamping forces and their effects
on PEMFC performance, the specific values they suggest may also vary depending on
modelling assumptions, on the data used for simulated materials, components and cell
designs, as well as for virtual operating conditions.

Considering the complexity of the phenomena occurring within the PEMFC, combining in-
situ and ex-situ characterisation techniques is of paramount importance in order to evaluate
the effects of mechanical compression and deconvolute their specific impacts on the overall
performance of the PEMFC. The objective of our work is, therefore, to investigate the effects
of mechanical compression on the PEMFC performance through: i) the use of in-situ
characterisation techniques and ii) the study of the correlations with the ex-situ results
conducted within the framework of the research project (i.e. MIREPOIXx project) that regroups
both in-situ and ex-situ studies [29,44,67-70]. In this sense, this article aims to provide a
thorough understanding of how mechanical compression quantitively affects PEMFC global
performance. Investigations are conducted by combining cell voltage monitoring and
polarisation curve measurements analysis (as well as EIS records; not presented in this article
but available in [67]). These investigations are realised using different experimental
procedures that represent, as closely as possible, the operating conditions of the FC during its
lifelong operation. The analysis provided in this article gives insight into the enhancement of
PEMFC performance through optimising the assembly pressure and provides guidelines for
researchers and industrials to further understand the effects of mechanical compression in
order to optimise the PEMFC performance.

The Graphical abstract illustrates the typical sandwich structure of a single-cell PEMFC with

its components, namely the membrane (PEM), the Catalyst Layers (CLs), the Gas Diffusion



Layers (GDLs) with their Micro Porous Layers (MPLs), and the Flow Field Plates (FPPs) or
BiPolar Plates (BPPs) at anode and cathode. The figure shows, in a stylised way, the impact
of mechanical compression on the cell in terms of size change and electrical performance
variation. Also, it indicates both the various characterisation means that are used in our
research project to assess the PEMFC performance at global and local levels, and the focus in
this article on cell voltage monitoring and polarisation curve recording. Investigations of the
global cell response using EIS as well as analyses of the local phenomena in the cell under
mechanical compression are suitable for future publications and information can already be

found in [43].

This article proceeds as follows. We first outline in Section 2 the experimental setup
developed and used in our work, namely the FC testbench, the specific mechanical
compression unit and its instrumentation as well as a description of the constituent
components of the PEMFC. We then present the experimental procedures employed in our
experiments (Section 3). Following that, in the next two Sections (4 to 5), we analyse the
results obtained and provide quantitative results regarding impacts of the mechanical
compression on the phenomena occurring within the PEMFC. More precisely, Section 4 is
dedicated to the study of the PEMF performance through cell voltage monitoring, Section 5 to
the analysis based on polarisation curve measurements. Correlations with the results of the ex-

situ GDL characterisation techniques are given throughout these last two Sections.

2. The experimental means
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A specially designed test equipment was developed in order to experimentally investigate the
effects of mechanical compression on the PEMFC performance. This apparatus allows
combined electrical and mechanical characterisations of a single cell PEMFC subjected to
various operation conditions and mechanical compression. This equipment includes:

- A PEMEFC test bench: dedicated to the control and monitoring of the reactant gases, cell
temperature, and the electric load. The FC bench can be connected to an
Electrochemical Impedance Spectroscopy (EIS) station.

- A Mechanical Compression Unit (MCU): for the application of controlled mechanical
compression to a PEMFC single cell assembly with an active area of 225 cm? (a large
surface area, corresponding to those used in mobile or stationary applications).

Figure 1. depicts the main parts of the developed apparatus. In the following subsections,

more details are given on each part of the equipment developed during this work as well as on

the PEMFC investigated.
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Fig. 1. Pictures of the experimental means developed and used in this study.

2.1. PEMFC test bench

The PEMFC test bench is a 1.5 kW test bench (G7805 from Greenlight Innovation® [71],
Canada) allowing to reach a maximum current density of 2.2 A.cm™ for the investigated FC.
The test bench is connected to the hydrogen platform facilities (fluid arrivals and electrical
connections) and to the MCU. This FC test bench allows all the measurements necessary for
the monitoring and the control of the PEMFC (e.g. cell voltage, flow rates, pressures,
temperatures). The test bench is controlled using a dedicated control and automation software
developed by Greenlight Innovation® (i.e. HyYWARE II™). The G7805 test bench is
composed of three main parts. The first one includes the complete gas conditioning system,
namely gas flows, temperatures and pressure controls, and gas humidification subsystem. The
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second part includes the electronic management system and a DSLV1520 electronic load
(Hocherl & Hackl [72], Germany) (as well as an EIS station [67]). Finally, the third part is
made of the peripherals necessary for the temperature control of the PEMFC, namely the
cooling / heating circuit and its equipment. A simplified block diagram of a FC test bench,
quite similar to the one used in this study, has been published in [73]. A description of the

fuel, oxidant, and temperature control circuits can be found in [67].

2.3. Mechanical Compression Unit (MCU)

A custom-built Mechanical Compression Unit (MCU), quickCONNECT fixture FC225
(batlticFuelCells [74], Germany), was specially designed for our test requirements. The MCU
comes with four pneumatic cylinders that are capable of exerting a continuously adjustable
mechanical compression (up to 2.15 MPa) on a single-cell PEMFC (active area of 225 cm?).
The rapid fixing module (i.e. quickCONNECT fixture - qCf) allows precise assembly of the
cell components (FFPs, GDLs, MEA) in a relatively straightforward and fast manner. Figure

2. depicts the MCU and its operating principle.

(2) Cathode GDL

Force applied by

pneumatic cylinders
Cathode flow field plate Anode GDL
Anode flow field plate
, £ i PEMFC assembly il
°~"o
> £

S++ measurement sensror
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t‘ A}

&

Moving part of the M

I

Fig. 2. Mechanical compression unit. Left: (1) opening of the qCf, (2) assembly of the

Contact surface
with pneumatic cylinders

PEMFC components, (3) placement of the qCf, (4) application of the mechanical assembly

compression by the four pneumatic cylinders (images courtesy of balticFuelCells GmbH,

13



Germany). Right: Compression process of the MCU: (a) uncompressed qCf, (b) compressed

qCf (images courtesy of balticFuelCells GmbH, Germany).

In order to get a thorough understanding of the effects of mechanical compression on PEMFC
performance, the MCU was instrumented and equipped with: i) a proportional pressure
regulator that allows the regulation of the mechanical compression with a dynamic resolution
of 0.02 MPa; ii) a displacement sensor with a dynamic resolution of 1 pum (spring returned
D6/01000A from RDP Group, UK [75,67]); and iii) a sensor for measuring the distributions
of the current and the temperature (S++®, Germany [76,67]), with 441 and 49 current and
temperature measuring points, respectively. This cell fixture was developed to allow accurate
and repeatable characterisation of the FC components under different operating conditions
and assembly pressure. More details about the mechanical compression regulation system are
given below. Additional information about the other instrumentations (mechanical

displacement measurement sensor, S++® device) can be found in [67].

The proportional pressure regulator (FESTO [77], Germany) is used to accurately control and
measure the pressure inside the four pneumatic cylinders. The main characteristics of this
device are as follows. The pressure regulation ranges from 0.1 to 10 bars. Nitrogen is used as
an operating medium. The linearity error and the repetition accuracy are equal to 2 % and 0.5
% respectively (full scale).

The force per unit area (in N.mm™ or MPa) of the FC is calculated from the pressure inside
the MCU pneumatic cylinders along with the backpressure inside the PEMFC components
(i.e. reactive gas pressure in the channels of the FFPs) regulated at the anode and cathode
compartments. These two pressures, one linked to the area of the pneumatic cylinders and the

other to the surface of the FFPs channels, result in forces with opposite directions:
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- The pressure of the gas (nitrogen) contained in the four pneumatic cylinders that apply a
mechanical force on the FC assembly.

- The pressure of the reactants (H2 and air) contained in the FC (in the GDLs and FFPs). This
pressure tends to separate the cell's components from one another.

The pressure exerted by the pneumatic cylinders must therefore counteract the pressure of the
reactants present inside the cell. The two antagonistic pressures are linked to two opposing
surfaces: the support surface of the cylinders on the one hand, and the surface of the channels
in the FFPs on the other.

According to the manufacturer of the MCU (i.e. balticFuelCells), the mechanical force per
unit area of the PEMFC can be calculated using Equation 1. In this Equation, the area of the
pneumatic cylinders is equivalent to the surface of a cylinder with a radius "R = 125 mm",
while the area of the flow field channels (under-channel regions) is equivalent to the surface
of a cylinder with a radius "r = 70 mm". Therefore, the mechanical force per unit area of the

PEMFC (Pysp,) Can be calculated using Equation 1, which reflects a sum of forces:

2 - 1
R Peyi 1r2pbp 10" (1)

Puvpa =7 A

Where:
e Pyp, is the mechanical pressure (MPa or N.mm) per unit area of the PEMFC.

* p,, Is the pressure (bar) in the pneumatic cylinders, measured from the outlet of the
cy

proportional pressure regulator.

® Dy is the backpressure (bar) of the PEMFC, measured from the backpressure

regulators of the FC test bench (a backpressure of 0.5 barg was adopted to control the

pressure of the FC reactants in our experimental investigations).
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e Aisthe active area of the FC (22 500 mm?).

2.4. The PEMFC components

The PEMFC investigated in this study was assembled using the quickCONNECT fixture.
Information on the single cell components (MEA, GDLs, FFPs) are given below and in [67].

- Membrane Electrode Assembly (MEA): a three-layer MEA with a 225 cm? active area
was used in this study. This MEA contains CLs with 0.2 and 0.4 mg Pt.cm™ at the anode and
cathode sides, respectively. The membrane is a Nafion™ XL, which is based on a reinforced
and chemically stabilised perfluoro sulfonic acid (PFSA) polytetrafluoroethylene (PTFE)
copolymer. This reinforcement enhances the membrane physical properties [78,79]. The
choice of the MEA is based on the enhanced performance of the Nafion™ XL membrane and
also the Pt loading that is comparable to what is actually found real-life operating PEMFC
used, for instance, in transportation applications [80].

- Gas Diffusion layer (GDL): the GDL used is a Sigracet® 38 BC (SGL Carbon [81],
Germany), which is a non-woven carbon paper, MPL-coated, and PTFE-treated GDL. The
Sigracet® 38 BC is considered as a low porosity GDL compared to other types (e.g. Sigracet®
39 BC [82]) and it is, therefore, more suited for operating conditions below 50%RH [82].

- Flow Field Plates (FFPs): graphite FFPs (grade FU 4369 HT) were used in our
experimentation (from Schunk [83], Germany), both at anode and cathode sides. These FFPs
consist of a parallel serpentine (12 parallel channels) design with channel and land width of 1

and 0.96 mm, respectively.

3. Experimental protocols and methods

16



In order to provide a thorough understanding of how mechanical compression quantitatively
affects PEMFC performance, investigations are conducted by combining cell voltage
monitoring and polarisation measurements analysis with the cell under mechanical
constraints. These investigations are realised using different experimental procedures that
represent, as closely as possible, the operating conditions of the FC during its lifetime
operation.

Information on the experimental procedures and FC test conditions applied in our

investigations are given below.

3.1. Leak tests and break-in procedures

Before going into the details of the experimental campaign conducted in this study, it seems
important to mention that leak test and break-in procedures were applied prior the
experimental campaign.

Leak tests were conducted in order to verify that the PEMFC and the test bench were gas-
tight. They were performed following the harmonised test protocols for PEMFC testing in
single-cell configuration for automotive applications proposed by the European FCs and
Hydrogen Joint Undertaking (FCH-JU) [84]. Leak tests have enabled to define a minimum
compression threshold (equal to 0.35 MPa) to be applied to ensure the tightness of the
PEMFC.

Break-in procedures are typically applied to a newly assembled FC and have a lifelong effect
on the PEMFC materials and performance, they are also likely to have a permanent bias of the
test results when inappropriate break-in procedure is conducted during the early life of the FC
[85]. In our study, two types of break-in procedures were applied, namely electrochemical and

mechanical procedures, which are described hereafter.
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- Electrochemical break-in procedure: this break-in procedure was conducted following a
protocol adapted from the harmonised PEMFC testing for automotive applications,
recommended by the European FCH-JU [84]. The recommended stability criterion that marks
the end of the break-in procedure depends on the PEMFC voltage fluctuation and it is
considered satisfied when it is lower than +5 mV at the end of the break-in protocol. This
criterion was accomplished in our break-in protocol (which lasted about 6 hours) since during
the last 30 minutes the PEMFC voltage was fluctuating at less than £5 mV.

- Mechanical break-in procedure: in order to exclude the effects of the first mechanical
compression cycles on the PEMFC performance [47,69], a mechanical break-in protocol was
conducted following an in-house developed procedure that consists of applying hundreds of
compression cycles, ranging from 0.35 MPa to 2 MPa, prior to the experimental

investigations described hereafter.

3.2. PEMFC operating and conditioning conditions

- Operating conditions: the PEMFC was maintained at constant temperature (60°C). It was
operated under air / H, at fixed cathode and anode flowrates, which resulted in better stability
of the cell voltage compared to fixed stoichiometry. This gas control mode was required to be
able to observe the impacts of mechanical load changes (which led to small voltage variations
as it will be addressed later on in this article). For the rest of this study, the PEMFC was
operated at constant flowrates that were found optimal for a current density of 0.9 A cm™ (air
and H, flow rates equal to 19.1 and 2.4 NL.min™). The reactants were supplied in flow-through
mode at anode and cathode backpressures of 50 kPa. Hydrogen and air were used as reactants
in co-flow mode, and this choice was motivated by a better current density distribution of the
co-flow mode compared to counter-flow mode considering our operating conditions. The

hydrogen was provided by a gas producer and distributor (Messer, France [86]) with a 5.0
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quality (i.e. composition of H, > 99,999%). It has to be mentioned that several experimental
investigations were conducted prior to the experimental design presented in this section:
different levels of cell temperature, of gas flows, pressures and humidity rates were
considered. The goal was to ascertain the optimal operating conditions for our PEMFC
components. Then, the determined optimal operating conditions deduced from the
aforementioned experimental investigations were held constant throughout the investigation
presented in this article, and only the operating conditions allowing to investigate the effects
of mechanical compression on the PEMFC performance were varied in this study (Section
3.3).

- PEMFC conditioning: the purpose of the PEMFC conditioning protocol is to ensure that
the operating conditions we consider optimal for our study (i.e. cell temperature of 60°C, air
and H, flow rates equal to 19.1 and 2.4 NL.min™t respectively, anode and cathode
backpressures of 50 kPa) are maintained constant and that the cell voltage is sufficiently
stable before conducting our experimental investigations [67]. The conditioning protocol was
considered as achieved when the voltage stability criterion, which is in our study defined
based on the voltage fluctuation over the last 30 minutes, is lower than £ 5 mV. This
conditioning protocol was systematically applied before each experimental investigation
reported in this article. At the end of each experimentation, a shut-down protocol is
conducted, which consists of inerting the PEMFC with nitrogen while reducing the cell

temperature to ambient temperature under mechanical compression of 0.35 MPa.

3.3. Ranges of parameters studied
Real-life operating PEMFCs, especially in the transportation and portable applications, must
provide stable performance over a wide range of operating conditions (e.g. pressure,

temperature, shocks and vibrations). Given the fact that the operating conditions of the studied
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PEMFC were kept constant, we have been particularly interested in this paper in the variation
of three operating conditions, namely mechanical compression, current density, and reactants
relative humidity (which is rarely done or reported in academic literature). Hence, twelve
levels of mechanical compression, ranging from 0.35 MPa to 2 MPa with 0.15 MPa
increments, were applied to the PEMFC. These mechanical compression levels were studied
at current densities of 0.6 A.cm™ and 0.9 A.cm™, which are representative of regions where
the ohmic and mass transport losses have relatively important values and will be referred to as
medium and high current density, respectively. Finally, the tests were conducted under
cathode and anode reactants humidification of 50%RH and 100%RH. In fact, the GDL
provider (i.e. SGL Carbon) indicated that the Sigracet® 38 BC used in our study operates best
at relative humidity less than or equal to 50%RH. As a part of the investigations intended to
determine the optimal operating condition of the PEMFC components, we concluded that the
optimal humidification of the reactants is 50%RH. Therefore, this value is used for the
majority of the experimentations reported in this paper. However, a 100%RH was also used to
further investigate the effect of water flooding on the PEMFC performance when subjected to
mechanical compression. During all the experimentations, the relative humidity was changed
simultaneously at the anode and cathode sides. Henceforth, whenever the relative

humidification is mentioned, it concurrently refers to the cathode and anode sides.

3.4. Mechanical compression protocols

In this study, we have investigated two mechanical compression profiles as depicted in Fig. 3.
The first, shown in Fig. 3 (a), represents a complete mechanical compression cycle, from 0.35
MPa to 2 MPa, and from 2 MPa back to 0.35 MPa, with steps of 0.15 MPa per 300 seconds.
The duration of the mechanical compression levels was chosen to allow materials to be settled

and performance to be stabilised before going from one mechanical compression to another.
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The objective of using this profile (Fig. 3 (a)) is to finely investigate the effect of the increase
and also the decrease of the mechanical stress inside the FC. From a real-life perspective, this
mechanical compression protocol is representative of the mechanical stresses that can
gradually be created and vanished inside the PEMFC (e.g. the mechanical stresses generated
during the PEMFC assembly process, freeze/thaw cycles, and hygrothermal stresses generated
as a result of the swelling/shrinking of the membrane). The second profile, depicted in Fig. 3
(b), is intended to reproduce randomised mechanical compression levels in order to minimise
the effects of material memory, and therefore to reduce the impacts of gradual water
accumulation with increasing mechanical compression [67]. In fact, as mechanical
compression gradually increases, pores of GDLs get clogged and fibres of GDLs intrude into
the FFPs channels leading to the worsening of the water management capability of the
PEMEFC. This latter effect leads to a progressive creation of water clusters within the PEMFC

components.
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Fig. 3. Mechanical compression profiles. (a) gradual increase/decrease of mechanical

compression; (b) randomised mechanical compression levels.

3.5. Combining electrochemical characterisations and mechanical compression protocols
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Testing FCs through electrochemical characterisation techniques may take many forms. In our
study, cell voltage monitoring and polarisation curve analysis were combined to investigate
the FC performance using the mechanical compression profiles described in Fig. 3. The test
procedures were defined by the combination of electrochemical characterisation methods and
mechanical compression protocols as follows:

- Cell voltage monitoring (Section 4) with two mechanical compression profiles: gradual
increase / decrease, and randomised.

- Polarisation curve measurements (Section 5) with randomised mechanical compression
profile.

Before conducting each of these characterisation techniques, a first conditioning cycle was
systematically applied as detailed in Section 3.2.

The analyses of the next Sections 4 and 5 are intended to provide guidelines for researchers
and industrials to further understand the effects of mechanical compression in order to
optimise the PEMFC performance. The results obtained will be analysed and quantitative
results concerning the impacts of mechanical compression on the phenomena occurring in the
PEMFC will be provided. Correlations with ex-situ results will be given throughout the

Sections 4 and 5.

4. Cell voltage monitoring

The FC voltage was measured for every level of mechanical compression as depicted in Fig. 3
(a) and (b). The use of two different mechanical compression profiles is intended to represent,
as closely as possible, the mechanical stresses underwent by FCs during their lifetime

operations. The voltage monitoring was conducted for two current density values, namely 0.6
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A.cm? and 0.9 A.cm? and under two levels of anode and cathode relative humidity of
50%RH and 100%RH. The results obtained at the highest current density level (i.e. 0.9 A.cm

2) will be presented in more detail in this article.

4.1. Gradual increase/decrease of mechanical compression (results at 0.9 A.cm™)

The voltage measurements as a function of mechanical compression are shown in Fig. 4. for a
current density of 0.9 A. cm® The voltage was measured at cathode and anode relative
humidity of 50%RH and 100%RH. Some 150 voltage measurements per mechanical
compression cycle were plotted and a second-order polynomial curve fitting was used to
analyse the trend of the voltage evolution as a function of mechanical compression. The

coefficients of determination (i.e. R-squared value) of the fitted curves were higher than 0.9.
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Fig. 4. Voltage monitoring as a function of mechanical compression at 0.9 A.cm™. (a)
50%RH and (b) 100%RH. Region (d) shown in Fig. 4. (b) shows the voltage difference after
one mechanical compression cycle and (+) symbols depict examples of voltage drops due to

water accumulation/reactants starvation.
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The measured cell voltage at 50%RH is higher than the one at 100%RH at 0.9 A.cm (similar
results are obtained for current density 0.6 A.cm™ [67]), with a voltage difference value of 14
mV. This voltage difference can be attributed to the liquid water accumulation caused by
operating the PEMFC at a high relative humidity of 100%RH. This effect led to the formation
of water clusters that clog the GDLs pores and the FFPs channels leading to an increase in the
mass transport losses of the PEMFC.

With regards to the voltage evolution with mechanical compression, it can be seen that it
increases first with increasing mechanical compression up to 1.55 MPa then it reaches a
plateau or even starts to decrease. At 0.9 A.cm™, the increase in the cell voltage from 0.35
MPa to 1.55 MPa is measured to be +48.8 mV and +44.7 mV at 50%RH and 100%RH,
respectively (at 0.6 A.cm™: +18.8 mV and +18 mV, respectively [67]). A decreasing voltage
tendency starting from 1.7 MPa up to 2 MPa can be seen in Fig. 4. In order to confirm the
decrease of cell voltage after 1.7 MPa, further investigation needs to be carried out at
compression levels above 2 MPa. However, this was not feasible in our study as increasing
the mechanical compression beyond this level was not attainable using our apparatus.
Nevertheless, this would not be practically recommended in real-life operating PEMFCs [29].
As indicated in the introduction to the article and in [29], the optimum compression to be
applied to the PEMFC is usually between 1 and 2 MPa, which is in good agreement with our
results. In the literature, the exact optimal pressure can vary based on the type of materials
used, on the specific cell and stack design, and the manufacturer's recommendations. Factors
that influence the optimal clamping force include: - Component materials, structures, surface
properties, and thicknesses; - Clamping solutions, designs of the cells and stacks; - Operating
conditions: cell temperature, gas pressure, flow and humidity rates within the FC.

The results obtained by Ahmad et al. [56,57] and mentioned in their work (a plateau of

voltage was demonstrated between 1.55 and 1.65 MPa of GDL compression, with a maximum
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power at 1.55 MPa) look very similar to ours, perhaps due to the characteristics of the
components used (similar GDL thickness of 325 um) and the operating conditions, which
could be quite similar.

Related results concerning the optimum level of compression have also been obtained in
modelling/simulation by various research teams. For example, using a numerical study,
Xiaohui Yan et al. [62] found that the power of a stack can be maximised for pressures
ranging from 1.5 to 3.5 MPa owing to the balanced mass transport and contact resistance. A
compression of 1.5 MPa even enables the lowest voltage difference (5.4 mV) among the
individual cells in the stack studied, which is beneficial for the cell-to-cell consistency. A
finite element model was developed by Carral and Mélé to study the mechanical state of
PEMFC stacks with a variable number of cells [64,65]. The average contact pressure between
the FFP and the (MEA+GDLs) set is found almost constant and independent of cell number,
ranging from 1.4 to 1.6 MPa, close to values found by Bates et al. [66] in a comparable study.
This is also close to the compression recommended by the US Department of Energy for GDL
/ FFP interfacial contact resistance measurements (1.4 MPa) [80].

Thus, increasing the PEMFC assembly pressure beyond 2 MPa could lead to a notable
increase in the mass transport resistance and also to irreversible damage of the PEMFC
components (including GDL materials and structure) [87-89] and will not be, therefore,
addressed in this study. Regarding cell voltage variations, it can be observed from Fig. 4. that
the cell voltage is less stable at 100%RH compared to 50%RH. This observation is related to
the water accumulation leading to voltage drops as depicted by (+) signs in Fig. 4. (b). These
voltage drops are more frequent during the backward mechanical compression sweep
compared to the forward one. It can also be seen from Fig. 4. (b) that the PEMFC presented
lower voltage during the backward sweep of mechanical compression. The region depicted by

(d) in Fig. 4. (b) shows voltage difference after one cycle of mechanical compression. This
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voltage difference is also present in Fig. 4. (a) and it is caused by the gradual accumulation of
water after increasing the mechanical compression up to 2 MPa. This effect is more
discernible (around 10 mV difference) at 0.9 A.cm? and 100%RH where more water is
produced and introduced though fully humidified reactants to the PEMFC.

During this experimental procedure, it was shown that the cell voltage was higher in the
forward mechanical compression sweep compared to the backward one. This effect is more
pronounced at the end of the mechanical compression cycle (see region (d) in Fig. 4. (b)).
Since all the operating conditions that contribute to the formation of liquid water were held
constant all along the experimentation, this water cluster formation is therefore attributed
solely to the effect of increasing mechanical compression, which leads to the GDLs pores
blockage and fibres intrusion into the flow fields channels, leading to a formation of water
clusters that increase the gas diffusion losses and therefore reduce the cell voltage after one
cycle of mechanical compression. Although the technique of increasing (and less commonly
increasing/decreasing) mechanical load was largely employed in the literature [29,15,16], this
technique may not be fully representative of the stresses endured by PEMFC during their
lifetime operation. Therefore, in order to reduce the effects of water accumulation due to the
gradual increase of mechanical compression, the following subsection employs the same
voltage monitoring technique while using a randomised mechanical compression profile as

show in Fig. 3. (b).

4.2. Randomised mechanical compression profile

In this second experimental procedure, randomised mechanical compression levels were
applied to the FC as depicted in Fig. 3. (b). As mentioned earlier in this article, employing this
mechanical compression profile eliminates the effect of gradual water accumulation. Figure 5.

shows the results from voltage measurement at 0.6 A.cm™ and 0.9 A.cm™ using randomised

26



mechanical compression protocol. These voltage measurements were conducted for both

50%RH and 100%RH.
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Fig. 5. Voltage evolution using randomised mechanical compression protocol. (+) signs
indicate examples of voltage drops due to liquid water accumulation/reactants starvation. The

voltage curves are presented in the same order as the ones in the figure’s label (top to bottom).

It can be observed from Fig. 5. that the mechanical compression affects the PEMFC voltage at
all tested current density and relative humidity ranges. Also, the voltage loss due to the

increase in the relative humidity is more important at high current density, where the average
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voltage difference between tests at 50%RH and 100%RH is measured to be 3.55 mV and
11.22 mV at 0.6 A.cm™ and 0.9 A.cm™ respectively. Figure 5. also shows that the FC voltage
at 100%RH is substantially unstable compared to 50%RH, which is mainly due to water
clusters formation leading to reactants starvation and therefore voltage drops (as depicted by
the (+) signs in Fig. 5). These voltage drops are more recurrent at the 0.9 A.cm™and 100%RH
where more water is brought to the FC through the humidifiers and also where more water is
generated at the cathode side as a product of the cell reaction on the CL. Also, and in line with
the results reported using the first experimental procedure, it can be observed from Fig. 5. that
mechanical compression affects, with a more pronounced manner, the cell voltage when the
PEMFC is operating at 0.9 A.cm™ compared to 0.6 A.cm™. This effect is explained by the
important effects of reducing the ohmic losses at high current density compared to medium
current density due to better membrane hydration state [67] this effect will be addressed in
more detail later in this article. Data from Fig. 5. are reported in Fig. 6. with average and
standard deviation values per each level of mechanical compression. Figure 6. shows that the
mechanical compression improves the PEMFC voltage at all tested operating conditions, with

a major voltage improvement at a mechanical compression up to 1.55 MPa.
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Fig. 6. Voltage evolution using randomised mechanical compression protocol at 50%RH and

100%RH. (a) at 0.6 A.cm™ and (b) at 0.9 A.cm™.

The average voltage improvement from 0.35 MPa to 1.55 MPa at both 50%RH and 100%RH
is measured to be +27.5 mV and +68.8 mV at 0.6 A.cm™ and 0.9 A.cm™, respectively. This
difference in voltage increase as a function of mechanical compression is attributed to the
higher effect of reducing the ohmic resistance at higher current densities (0.9 A.cm?)
compared to medium current densities (0.6 A.cm™). This effect can be explained by the fact
that since our PEMFC was operated at fixed flowrates corresponding to a current density of

0.9 A.cm™, the membrane endures liquid water evacuation due to the relatively high flowrates

29



at 0.6 A.cm’, and therefore increasing the protonic resistance of the membrane. These results
are in good agreement with the finding of Felix Buchi et al. [90]. These authors measured the
ohmic resistance at 60°C of a FC design with forced reactants flowrates to be 11.4% higher
than in a design without forced flowrates. This effect seems to be more dominant in our study,
as the voltage increase as a function of mechanical compression is 13% higher at 0.9 A.cm™
compared to 0.6 A.cm™. This effect may be explained by the fact that when the FC is
compressed, GDL pores get clogged, which increases the water concentration gradient at the
cathode side, leading to a more pronounced back diffusion mechanism of water. Therefore,
more water is kept inside the membrane, which in turn improves the voltage of the PEMFC
through reducing the protonic resistance of the membrane. These results are also in good
agreement with the finding of Cha et al. [91]. These authors carried out a study on the effects
of assembly pressure on PEMFC performance. They reported that the ohmic resistance
decreased with increasing the assembly pressure. This result was attributed not only to the
decrease in the electronic contact and bulk resistances of the PEMFC components but also to
the increase in the membrane hydration. This latter was associated with the reduction in the
GDL porosity with increasing the assembly pressure leading to a substantial back-diffusion
water transport mechanism from the cathode to the anode side, which induces better
membrane hydration state and leads to the reduction in the membrane protonic resistance.
This effect will be addressed in more detail later in this article.

During these first two experimental procedures, i.e. FC voltage monitoring using i) gradual
increase/decrease and ii) randomised mechanical compression protocols, the PEMFC was
operated at a fixed electronic load value. These experimental procedures are representative of
the effects of mechanical compression on PEMFC operating at a fixed electronic load point.
The goal of the following section is to investigate the effects of mechanical compression on a

FC operating in a dynamic electronic load condition.

30



5. Polarisation curve measurements

5.1. Results

The polarisation curve analysis is one of the most common techniques used for global
PEMFC performance assessment. This technique involves an increasing and/or decreasing
sweep of electrical load in order to obtain a characteristic of the PEMFC voltage as a function
of current density (i.e. galvanostatic mode) for specified operating conditions. In our study,
the current was controlled using a ramp load profile under specified operating conditions as
reported in Section 3.2. The electronic load was varied following a smooth ramp sweep with
2.2 mA.cm™ per second (7 minutes on average per each polarisation curve measurement). The
mechanical compression was applied following the randomised mechanical compression
profile as presented in Fig. 3. (b). The polarisation curve measurements were conducted at
both 50%RH and 100%RH anode and cathode relative humidity. Figure 7. shows the
polarisation curves of 12 levels of randomised mechanical compression at anode and cathode

relative humidity of 50%RH and 100%RH.
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Fig. 7. Polarisation curves for 12 randomised levels of mechanical compression at 50%RH
(left) and 100%RH (right). Inserts (a) and (b) are zoomed-in regions representative of the

ohmic and mass transport losses, respectively.

Results from Fig. 7. show the impact of mechanical compression on PEMFC performance.
The zoomed-in inserts (a) and (b) correspond to regions where the ohmic and mass transport
losses have relatively important values, respectively. It can be observed that the PEMFC
voltage increases with increasing mechanical compression at all current density ranges, with a
substantial increase from 0.35 to 0.95 MPa. For better readability, the results from Fig. 7.

corresponding to 0.6 and 0.9 A.cm™ are reported in Fig. 8.
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Fig. 8. Voltage evolution as a function of mechanical compression: (a) at 0.6 A.cm™ and (b)

at 0.9 A.cm™, at 50%RH (left) and 100%RH (right). The data are obtained from Fig. 7.

Figure 8. (left, (a) and (b)), related to the results obtained at 50%RH, shows that as the

mechanical compression increased from 0.35 MPa to 1.55 MPa, the cell voltage was
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improved by 4.3% (+25.1 mV) and 13.7% (+51.3 mV) at current densities of 0.6 A.cm™ and
0.9 A.cm™, respectively. Therefore, the voltage improvement with mechanical compression at
high current density is more pronounced (9.4 % higher) compared to medium current density,
which is in good agreement with the results reported using the first two experimental
procedures. These results are attributed to the better membrane humidification at high current
density compared to medium one. Detailed explanations are given at the end of this
subsection.

The same experimental procedure used for tests at 50%RH was conducted at 100%RH. The
results (Fig. 7. (right) and Fig. 8. (right, (a) and (b))) show comparable voltage evolution
trends, with a lower overall performance at 100%RH (+23.3 mV at 0.6 A.cm™ and +39.7 mV

at 0.9 A.cm™) compared to 50%RH.

5.2. Comparison of steady-state experimental procedures results

In this Section, we compare the different test results obtained using the steady-state
electrochemical characterisation techniques (i.e. cell voltage monitoring and polarisation
curve measurements) and the associated mechanical compression profiles (i.e. as depicted in

Section 3.5).

5.2.1. Effect of mechanical compression on cell voltage stability

With regards to voltage stability, results from the first experimental procedure (i.e. cell
voltage monitoring) show that mechanical compression reduces the voltage standard deviation
at both 50%RH and 100%RH. Figure 9. shows the cell voltage standard deviation evolution
as a function of mechanical compression at 0.6 A.cm™. The voltage standard deviation was
calculated from 300 measurement points combining forward and backward mechanical

compression sweeps.

33



Although the effect shown in Fig. 9. is complex to describe, two plausible causes may be
evoked here. The first is related to the ohmic resistance of the GDL. In fact, since the GDL
used in our study was subjected to hundreds of mechanical compression cycles, the GDL
fibres might be crushed [89], and some small GDL fibres fragments may get to slightly move
with reactants and water flows at mechanical compression below 0.8 MPa. The movements of
these GDL fibres fragments modifies the ohmic resistance through changing the electrical
contact positions of the GDL fibres and, therefore, contributing to the cell voltage instability.
As the mechanical compression reaches 0.8 MPa (Fig. 9.), the GDL material and fibres are
settled and the cell voltage reaches its maximum stabilisation level.

The second possible cause of the results presented in Fig. 9. may be attributed to the PEMFC
water management when it is subjected to mechanical stresses, and some related explanations
can be found in the literature. Indeed, some studies reported correlations between the water
management related issues and the mechanical stresses applied to the PEMFC. One of the
main subjects of debate is the preferential pathways for liquid water transport within the GDL
when subjected to mechanical compression. In fact, some authors reported that water is
preferentially transported in the compressed regions beneath the ribs [92-94] whereas others
reported the areas beneath the channels as preferential pathways for water transport [95,96].
Since mechanical compression was shown to improve the FC voltage stability, it seems that in
our case the liquid water is preferentially located in the regions beneath the ribs, where water
accumulation is less critical compared to the regions beneath the channels at where water
clusters may cause reactants starvation and therefore voltage instability. With this regard,
Bazylak et al. [92] investigated the effect of mechanical compression on liquid water transport
within the GDL. These authors reported that liquid water is located in the regions beneath the
ribs. This finding was attributed to PTFE coating and carbon fibres damage, which led to

hydrophobic content degradation in the compressed regions of the GDL. This effect favours
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water accumulation in the compressed GDL regions (FFPs ribs) compared to the
uncompressed ones (FFPs channels). The same effect was reported in an in-situ study by
Forner-Cuenca et al. [97]. This water accumulation might be beneficial for FC voltage
stability since water is located beneath the ribs where its accumulation is less critical than
regions beneath the channels where reactants are supplied to the reaction sites.

In line with Bazylak et al. [92], Ince et al. [93] investigated the in-plane water transport in
both the compressed and the uncompressed regions of the GDLs. These authors emphasised
that mechanical compression improves the in-plane water transport in the compressed regions
of the GDL. Hartnig et al. [94] employed synchrotron X-ray radiography to visualise water
locations in an operating PEMFC and reported that water agglomerates mainly beneath the
ribs of the FFPs. The experimental findings of [92-94] are in good agreement with the results
presented in Fig. 9. Since mechanical compression promotes water agglomeration in the
regions beneath the FFPs’ ribs and improves the in-plane transport of liquid water in the
compressed GDL regions. Therefore, these phenomena reduce the voltage fluctuation due to
water clusters formation beneath the channels and, as a result, improve the voltage stability.
The results reported in Fig. 9. Are only related to a current density of 0.6 A.cm™. The voltage
stability evolution at 0.9 A.cm™ has not suggested any discernible trend as a function of
mechanical compression. This is attributed mainly to the higher presence of liquid water at the
cathode side at 0.9 A.cm™ due to its generation as a result of the cathode reactions, which
gives fairly unstable cell voltage independently from the mechanical compression (Fig. 8.). It
has to be noted that only possible causes of the effect are presented in Fig. 9. Are given in this
section. However, future studies need to be carried out in order to conduct in-situ
investigations on the water clusters location as a function of mechanical compression as this
subject was not comprehensively discussed in the literature [29]. Moreover, other phenomena

may contribute to the stabilisation of the cell voltage with increasing mechanical compression
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(e.g. improvement in the electrical and thermal conductivities of the PEMFC components,

reduction in the leak rate of reactants) and could be the subject of future research activities.
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Fig. 9. Cell voltage standard deviation as a function of mechanical compression at 0.6 A.cm™.

5.2.2. Effect of mechanical compression on cell voltage evolution

Figure 10. shows the average voltage evolution measured using the three experimental
procedures reported in this section. The mechanical compression is divided into two ranges:
from 0.35 MPa to 1.55 MPa (blue bars) and from 1.55 to 2 MPa (orange bars), hereafter
referred to as the first and second compression range, respectively. The goal of gathering the
results from all three experimental procedures is to investigate the effect of mechanical
compression on the PEMFC performance independently from the experimental procedure

used.
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It can be observed from Fig. 10. that mechanical compression improves the PEMFC voltage
during the first compression range (i.e. from 0.35 MPa to 1.55 MPa) at all tested operating
conditions. This effect of voltage improvement is preeminent at high current density (0.9
A.cm®) compared to medium current density (0.6 A.cm™) at all operating conditions range.
The voltage evolution shows a decreasing tendency starting from 1.55 MPa to 2 MPa. The

explanations of these effects will be addressed in more detail in the following subsections.
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B 1,55 > 2 MPa
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Fig. 10. Cell voltage evolution over the compression range 0.35 — 2 MPa using the cell

voltage monitoring and polarisation curve measurements.

- At medium current density: the FC voltage evolution at 0.6 A.cm™ over the first and
second compression ranges is shown in Fig. 10. It can be observed that the cell voltage
increases during the first compression range. This voltage increase is attributed to the

dominance of the reduction in the ohmic resistance against the increase in the mass transport

37



losses. Similar results are observed at both 50%RH and 100%RH at the first compression
range and are attributed to the fact that the PEMFC was operated at fixed flowrates adapted
for 0.9 A.cm™. These flowrates are high enough to allow the evacuation of the produced water
at 0.6 A.cm™. Therefore, no substantial mass transport losses were taking place at this
compression range. However, as the compression exceeded 1.55 MPa, the cell voltage was
further decreased at 100%RH compared to 50%RH. This effect is mainly due to the excess
water brought to the PEMFC through the fully humidified gases at 100%RH. This effect,
added to the fact that the PEMFC was further compressed up to 2 MPa, led to a decrease in
the GDL porosity that, in turn, induced higher mass transport losses at 100%RH.

As mentioned before, the voltage increase during the first mechanical compression range is
caused mainly by the decrease in the ohmic resistance of the PEMFC components. This ohmic
resistance comprises the protonic resistance of the membrane and the electronic resistance of
the PEMFC components [98]. This latter includes the bulk resistance of the FC components
and the contact resistance at the interfaces between the MEA, MPL, GDL, and the FFPs [47].
The ohmic resistance is generally attributed to the protonic resistance of the membrane.
However, when it comes to mechanical stresses related issues, the electronic resistance, and
more importantly the electronic contact resistance, contributes substantially to the total ohmic
resistance of the PEMFC. This effect was previously reported in the literature, Nitta et al.
[99], for instance, reported that uneven assembly pressure may increase the contact resistance,
and it may even attain the same order of magnitude as the membrane resistance. This finding
is more important to emphasise as the pressure inhomogeneity is a common issue in real-life
operating PEMFCs assembled using point-load design using typical fastener of bolts and nuts
[18,24,51,100].

With this regard, the improvement of the cell voltage during the first compression range at 0.6

A.cm™, as shown in Fig. 10., is attributed up to a certain extent to the reduction in the
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electronic resistance of the PEMFC components. One of the main contributions to this
electronic resistance comes from the interfacial contact resistance. Indeed, in a study carried
out within the framework of our research project (i.e. MIREPOix project), K. Bouziane et al.
conducted an ex-situ investigation on the effects of cyclic mechanical compression (Fig. 11.)
on the electrical contact resistance between the GDLs and the adjacent PEMFC components
using a number of commercially available GDLs [68,69]. In this study, and for in-situ/ex-situ
comparison purposes, we have decided to present solely the results of the Sigracet® 24 BC
GDL, which has the most similar characteristics (compared to other GDLs used in the ex-situ
study) with the Sigracet® 38 BC used in our in-situ investigations, and which is provided by
the same company (SGL carbon [101]). The main characteristics of the Sigracet® 24 BC GDL
(straight carbon fibre paper with MPL coating) are as follows [102]: PTFE load of 5%,
porosity of 40%, area weight of 100 g m? thickness of 235 um, and through-plane gas

2

permeability of 5.09 x 10" m” It can be observed from Fig. 11. that the mechanical
compression reduces the electrical contact resistance, with a 68% reduction attained at 1.5
MPa over a 71% reduction at 2 MPa. These results show that the major reduction of the
contact resistance occurs at 1.5 MPa, which is in good agreement with our in-situ results
shown in Fig. 10. The diminution in the contact resistance shown in Fig. 11. (b) is attributed
to the improvement in the electrical contact between the GDL and the adjacent components
and to the reduction in the GDLs porosity, which increases carbon fibre electrical connections
leading to a reduced electrical resistivity between the GDLs fibres [69]. This effect, which
was also reported in an ex-situ study carried out by Qiu et al. [103], seems to be dominant
over the increase in the gas diffusion losses in our in-situ study. Therefore, these combined

reductions in the bulk and contact resistances noticeably led to the increase in the FC voltage

during the first compression range as shown in Fig. 10.

39



250

T T T T
(a) |— Mechanical compression (MPa)| i

—_— -

N

o

o
T

=
(o2
o

Measurement time (s)
=
o
o

u
o

I | I I |
0,0 0,5 1,0 1,5 2,0
Mechanical compression (MPa)

o

25

T T T T
(b) |— Sigracet® 24 BC (ex-situ)l |

Electrical contact resistance (mQ.cm?)

5 L | L | L | L |
0,0 0,5 1,0 15 2,0
Mechanical compression (MPa)

Fig. 11. Effect of mechanical compression on the contact resistance (a) Mechanical
compression profile used in the ex-situ study (b) The electrical contact resistance of the GDL

as a function of mechanical compression.

- At high current density: it can be observed from Fig. 10. that the FC voltage was improved
with increasing mechanical compression at the first compression range. This effect is
attributed to the dominance of the decrease in the ohmic resistance against the increase in the
mass transport losses for a compression up to 1.55 MPa. This voltage improvement was
measured to be 14.4% higher at 50%RH compared to 100%RH. This voltage improvement
difference is explained by the high mass transport losses that occur when the reactant gases
are fully humidified at 100%RH. During the second compression range (i.e. from 1.55 MPa to
2 MPa), the voltage decreased at the same order of magnitude, which is mainly due to the
increase in the gas diffusion losses as a result of the decrease in the GDLs’ porosity with

increasing mechanical compression beyond 1.55 MPa.
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Figure 10. also emphasises an outstanding comparison concerning the voltage improvement at
the first compression range, which is ~twice as much higher at 0.9 A.cm™ compared to 0.6
A.cm™. Considering the operating conditions of the PEMFC used in this study, the higher
voltage increase at high current density is mainly attributed to the reduction of the protonic
resistance of the membrane with increasing mechanical compression. In fact, at 0.9 A.cm?,
more water is formed at the cathode side (compared to 0.6 A.cm™) as a product of the
electrochemical reactions on the CL. Moreover, the GDLs porosity decreases with higher
mechanical compression and, therefore, liquid water is kept at the cathode CL side. This water
agglomeration creates a concentration gradient that induces the transport of a part of the
accumulated water from the cathode to the anode side (i.e. back diffusion process [104,105])
through the membrane, which improves and homogenises the hydration state of the membrane
and, in turn, reduces its protonic conductivity as illustrated in Fig. 12. These results are in
good agreements with the finding of Cha et al. [91], these authors reported that the ohmic
resistance of the PEMFC decreased with increasing the current density, which was attributed
to the better membrane hydration at high current densities due to the increase in water

production rate at the cathode side.
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Fig. 12. Effect of mechanical compression on the back-diffusion process of water (blue

arrows). (a) uncompressed GDL and (b) compressed GDL.

7. Conclusion

This article provides a thorough study of the effects of mechanical compression on the global
performance of a PEMFC. The investigations were carried out using polarisation curve
analysis and FC voltage monitoring, and correlated with ex-situ characterisations (contact
resistances between FFP and GDL). In this study, 12 levels of mechanical compression were
investigated, ranging from 0.35 MPa to 2 MPa with steps of 0.15 MPa. These investigations
were carried out in two different ways: using gradual increase / decrease of mechanical loads
as well as randomised mechanical compression protocols. Results of steady-state
characterisation techniques showed that mechanical compression (i.e. up to 1.55 MPa)
improves the PEMFC performance at all tested operating conditions. This finding was
attributed to the dominant reduction of the ohmic resistance against the increase of mass
transport losses. It was also shown that a mechanical compression level higher than 1.55 MPa
does not result in any further improvement of the FC voltage, it may even worsen the PEMFC
performance due to the increase in the reactant transport losses. Therefore, the presented
results suggest that compressing the PEMFC beyond a specified level (i.e. 1.55 MPa) would
not lead to any further improvement of the PEMFC performance. This level of compression is
in line with ex-situ characterisations of GDL contact resistances carried out in our laboratory
[68,69], and also appears to be consistent with various experimental and simulation findings

from other research teams [29,56,57,62,64-66,80].
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In order to better understand these results, further studies are being carried out as part of this
research project. They include analyses of EIS as well as mechanical pressure and

temperature distributions in the cell. The results of these studies are to be published.
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