energies

Review

The Role of Fluorinated Polymers in the Water Management of
Proton Exchange Membrane Fuel Cells: A Review

Marco Mariani 1

, Andrea Basso Peressut >*(), Saverio Latorrata 2*(, Riccardo Balzarotti 230,

Maurizio Sansotera 2 and Giovanni Dotelli 2

check for

updates
Citation: Mariani, M.; Basso
Peressut, A.; Latorrata, S.; Balzarotti,
R.; Sansotera, M.; Dotelli, G. The Role
of Fluorinated Polymers in the Water
Management of Proton Exchange
Membrane Fuel Cells: A Review.
Energies 2021, 14, 8387 https:/ /
doi.org/10.3390/en14248387

Academic Editor: Attilio Converti

Received: 9 November 2021
Accepted: 10 December 2021
Published: 13 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /

4.0/).

Department of Mechanical Engineering, Politecnico di Milano, Via La Masa 1, 20156 Milano, Italy;
marco.mariani@polimi.it

Department of Chemistry, Materials and Chemical Engineering “G. Natta”, Politecnico di Milano,

Piazza Leonardo da Vinci 32, 20133 Milano, Italy; riccardo.balzarotti@polimi.it (R.B.);
maurizio.sansotera@polimi.it (M.S.); giovanni.dotelli@polimi.it (G.D.)

3 FElettrotecnica ROLD S.R.L., Via della Merlata 1, 20014 Milano, Italy

INSTM-Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali (UdR-PoliMi), Via G.
Giusti 9, 50121 Firenze, Italy

*  Correspondence: andreastefano.basso@polimi.it (A.B.F.); saveriolatorrata@polimi.it (S.L.)

Abstract: As the hydrogen market is projected to grow in the next decades, the development of
more efficient and better-performing polymer electrolyte membrane fuel cells (PEMFCs) is certainly
needed. Water management is one of the main issues faced by these devices and is strictly related
to the employment of fluorinated materials in the gas diffusion medium (GDM). Fluorine-based
polymers are added as hydrophobic agents for gas diffusion layers (GDL) or in the ink composition
of microporous layers (MPL), with the goal of reducing the risk of membrane dehydration and cell
flooding. In this review, the state of the art of fluorinated polymers for fuel cells is presented. The most
common ones are polytetrafluoroethylene (PTFE) and fluorinated ethylene propylene (FEP), however,
other compounds such as PFA, PVDEF, PFPE, and CF, have been studied and reported. The effects of
these materials on device performances are analyzed and described. Particular attention is dedicated
to the influence of polymer content on the variation of the fuel cell component properties, namely
conductivity, durability, hydrophobicity, and porosity, and on the PEMFC behavior at different
current densities and under multiple operating conditions.

Keywords: fluorinated polymer; gas diffusion layer; microporous layer; PEM fuel cell; PTFE; FEP;
PFA; PVDF; PFPE; CF,4

1. Introduction

Fluorinated polymers are a category of materials that finds application in multiple
industry sectors, such as energy, aerospace, construction, automotive, and petrochemical,
thanks to their versatility. Indeed, these polymers display remarkable chemical inertness
and resistance to acidic and basic attacks, due to the stability of the C-F bond (bond
energy = 485 kJ-mol 1), high flame resistance, and limited oxidation [1]. In addition, they
normally feature extended thermal and mechanical stability that prevents the quick arising
of degradation mechanisms related to heat cycles [2]. These properties, combined with their
low surface tension, make them suitable for the hydrophobization treatment of polymer
electrolyte membrane fuel cells (PEMFCs) components [3].

PEMFC devices convert directly chemical energy into electricity by performing half
redox reactions at their electrodes [4,5]. The electrodes are normally constituted by catalyst
layers applied as coatings on the opposite sides of a polymeric ionomer membrane acting
as the electrolyte [6]. The reactive gases are fed through two bipolar plates, which enclose
the cell and act as current collectors.

One of the main components of a PEM fuel cell (see Figure 1) is called a gas diffusion
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layer (GDL), which can be coated with a carbon-based ink, thus producing a microporous
layer (MPL) [7-11]. Together, they are referred to as the gas diffusion medium (GDM).
It is inserted in-between the catalyst layer and the bipolar plate and is crucial for proper
operation of the whole device. Indeed, although it does not directly take place in the
electrochemical reactions, a GDM has to accomplish several fundamental targets: it has to
allow a uniform diffusion of reactant gases from the bipolar plate channels to the catalyst
layer and thus to the entire active area; it has to manage and to quickly remove generated
water from the electrode towards the flow field channels. It also removes heat, which is
generated in the electrochemical reaction, and electrically connects the electrode to the
bipolar plate, hence to the external circuit. Finally, it must provide mechanical support to
the membrane electrode assembly, avoiding its sagging into the flow field channels.
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Current
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Medium Assembly

GDL MPL Proton
Exchange

Excess H, OUT Membrane Excess Air/O, and Water OUT
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Figure 1. Structure of a polymer electrolyte membrane fuel cell (PEMEC).

A GDM must show specific properties to fulfil the requirements demanded by its
functions: it must be sufficiently porous to allow the flow of reactants and water, which
move in opposite directions. It must be electrically and thermally conductive, both in-plane
and through-plane; a low contact resistance is usually more important than the bulk one
in determining a low overall ohmic resistance. It must be sufficiently rigid to support
the membrane and the electrode. Finally, a certain hydrophobicity is usually needed to
effectively remove generated water.

The aforementioned properties are typically obtained by using carbon fiber-based
materials; woven carbon cloths and carbon papers are the best materials for GDLs that meet
such requirements, although other different materials have been successfully tested and
reported in the literature [9,12]. Instead, MPLs are obtained from inks applied on top of the
GDLs with different techniques such as doctor-blade coating, spin coating, spraying, and
brushing. These inks are obtained by mixing a liquid medium (typically water) with various
carbon-based materials (e.g., carbon black, carbon nanotubes, or graphene nanoparticles);
typically, a dispersing agent (e.g., isopropyl alcohol) is added to improve the contact
between the carbon materials and water, thus obtaining homogeneous and well-dispersed
slurries. In some cases, a hydrophilizing agent (e.g., carboxy-methyl-cellulose) is further
added to produce hybrid /mixed coatings and to act as a pore-forming agent [13-16].

Water flooding in porous components, such as gas diffusion media (GDMs), is a critical
aspect that can affect the performance of the whole fuel cell [17-21]. Indeed, under severe
operating conditions, i.e., high humidity levels or high current densities, a huge amount
of water, if not properly discharged out of the cell, can block the pores of carbonaceous
materials or channels, thus hindering the reactant gases in reaching the active area of the
membrane electrode assembly (MEA) and causing a sudden cell voltage drop. However, it
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is fundamental to maintain a sufficient level of ionomer hydration at low-medium current
density, since it affects its conductivity, thus, the performance of the whole cell. Due to
the presence of these competitive mechanisms (see Figure 2), proper water management is
needed, and this task is usually accomplished by making GDLs hydrophobic by using a
fluorinated polymer.
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Figure 2. Schematic representation of a functioning PEM fuel cell with the gas and liquid flows.

Many reviews on different aspects of PEMFCs are reported in the literature, such as
those describing gas diffusion media [7,9,22,23], polymeric electrolytes, or other mecha-
nisms [5,24-27]. Various attempts at modeling the aforementioned phenomena have been
proposed to facilitate the analysis of the experimental results, predict outcomes in terms of
power generation and water flooding, and design innovative components with specific
flow patterns [28-31].

However, a comprehensive review on the employment of fluorinated materials is
missing. Hereafter, we will describe the different types of polymers studied and used by
the industry and face their effect on the most important features of gas diffusion layers:
mass transport, electrical resistivity, thermal conductivity, and durability.

2. Materials

The use of fluorinated polymers within PEMFCs started during the 1990s and rapidly
captured the interest of the scientific community, as shown by the quick growth in the
number of published contributions in the early 2000s (Figure 3).
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Figure 3. Track of records related specifically to the use of fluorinated polymers in gas diffusion
media for PEMFCs.
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At first, GDLs themselves were not commonly employed in fuel cell stacks, therefore,
fluorinated polymers were applied directly onto the MEA [32]. They were exploited as
pore-formers to improve the infiltration of the inlet gases within the catalyst layer and
as hydrophobizing agents to increase the water removal rate at high current densities.
Later, gas diffusion layers (GDLs), microporous layers (MPLs), and gas diffusion electrodes
(GDEs) were introduced in most stacks, thus adding a carbon paper or carbon cloth support
to improve reactants’ flow and distribution on the electrodes surface. It quickly became
a common practice to also employ polytetrafluoroethylene (PTFE) in these components.
Various studies soon demonstrated that the introduction of these hydrophobic polymers
proved to be beneficial due to a reduction in the risk of cell flooding and to the tuning of
the layer porosity; however, detrimental effects were observed too:

the electrochemically active area was reduced (in the case of GDE) [33];

the ohmic resistance of the carbon support was increased [33,34];

the gas diffusion decreased at high PTFE loadings [34];

the hydration rate of the ionomer—thanks to inlet gas humidity at low current
densities—was limited [35].

Both Paganin et al. [35] and Giorgi et al. [36] demonstrated that the optimal amount of
PTFE should be carefully weighted depending on the structure of the fuel cell stack and on
the working current density. The former observed that the optimal ratio of PTFE/carbon
loading to deposit on the carbon cloth was 15 wt.%; the latter found the best ratio to be
10 wt.%, with 20 wt.% being the loading at which the cell suffered the most from diffusion
resistance at low current density. They showed that the polymer content should be minimal
to positively affect the water removal efficiency from the cathodic site without reducing
excessively the diffusion rate and the conductivity of the GDLs.

Later, different solutions and fluorinated polymers were investigated to maximize
their beneficial effects. In particular, the materials employed so far, apart from PTFE,
have been fluorinated ethylene propylene (FEP) [37,38], perfluoropolyether (PFPE) [39],
polyvinylidene difluoride (PVDF) [40], perfluoroalcoxy alkanes (PFA) [41,42], and tetraflu-
oromethane (CF4) plasma [43] (see Figure 4). Hereafter, we will analyze all of them, looking
at the advantages provided and the issues still standing before their use.
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Figure 4. Fluorinated polymers most widely used for the hydrophobization of gas diffusion media
in PEMFCs: (a) PTFE; (b) FEP; (c) PVDF; (d) PFA; (e) a generic PEPE; (f) Fluorolink® P56 by Solvay, a
commercial, high-molecular-weight, fluorinated polyurethane based on perfluoropolyether blocks;
(8) CFa.

2.1. PTFE

PTFE and its derivatives are the most commercially available fluoropolymers ac-
counting for more than 60% of the market share [44]. Their usually exploited properties
are chemical inertness, thermal stability (decomposition by chain scission above 590 °C),
hydrophobicity, and low friction coefficient.

PTFE is usually dispersed in a stable aqueous suspension (5-45 wt.% concentration)
which can be applied to the GDL with different techniques, namely: dipping or floating of the
carbon support in the suspension [34,45], brushing, spraying [36], vacuum-drying [33,35,46].
Different techniques have been introduced in specific cases, and the effect of homogeneous
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or nonhomogeneous polymer distributions in the GDL has been studied [47,48]. However,
dipping has become the standard procedure due to its simplicity and possible scalability at
the industrial level.

This step is then followed by thermal treatment aimed at inducing polymer sintering and
evaporation of the solvent. The sintering temperature is usually about 350-360 °C [34-36,45,49].
Indeed, PTFE has a first-order transition in-between 300 and 335 °C (depending on the initial
degree of crystallinity), therefore, slightly higher temperatures are adopted to allow the forma-
tion of a melt-like phase and the coalescence of the polymer granules on the carbon fibers [50].
In particular, Bevers et al. [34] conducted a study on the effect of the sintering temperature of
PTFE on the performance of the GDL, considering a range from 360 to 420 °C. They demon-
strated that the increase in temperature did not affect the component hydrophobicity, however
it allowed a larger flowing of the polymer from the carbon support pores to its fibers, thus
coating their surface almost completely. This change reduced the resistance to gas flowing
through the component; however, it increased the through-plane electrical resistance of the
carbon paper. Finally, even though PTFE features alone do not favor them, lower sintering
temperatures are usually employed because they minimize the risk of thermal degradation
and weakening of the carbon fibers that are later subjected to strong compression during fuel
cell mounting and functioning [23].

2.1.1. Mass Transport

The effect of PTFE addition on mass transport mechanisms inside the PEMEC is
the result of multiple contributions. First, the filling of the carbon backing pores by the
polymer must be considered. As already noted, larger amounts of PTFE drastically reduce
the porosity of the GDL, thus hindering the flow of both gas reactants and water. Secondly,
the hydrophobic property of the surfaces coated by the polymer changes the behavior of
water inside this component: the repulsive effect on water prevents clogging of the carbon
support, which reduces the risk of cell flooding at the cathodic side at high current density.
Lastly, the introduction of PTFE could change the pore size distribution inside the GDL.
This is critical for those coated by an MPL, whose aim is that of introducing a specific
porosity gradient that exploits capillary pressure to improve water removal.

Bevers et al. [34] observed that large PTFE loads inside the GDL have a detrimental
effect on the flow of gas because the polymer may create continuous films in-between
the carbon fibers. In addition, this problem seems to be worsened by compression of the
GDL inside the cell. Indeed, this induces compaction of polymer fragments, thus forming
bigger agglomerates that can clog the carbon support pores. Park et al. [45] confirmed
these conclusions with measurements of the mean pore diameter and the air permeability
of differently treated carbon papers: an increase from 5 wt.% to 45 wt.% of PTFE induced
a 31% reduction of the mean pore diameter and a 25% increase of the air breakthrough
pressure, i.e., the minimum pressure required to remove water from the component pores.
These variations were reflected in the measured I-V curves. Indeed, although a small
amount of PTFE helped stabilize the performances at high relative humidity of the inlet air
with respect to untreated samples, the excessive increase of polymer content accelerated
the cell flooding under all humidity conditions. Dai et al. [51] confirmed the reduction
of liquid and vapor transport through the GDL at larger PTFE content. However, they
also noted that this behavior could be beneficial to the cell performance under low RH
conditions because it prevents the quick drying of the ionomer, whose conductivity is
hydration-dependent. The detrimental effect of pore blocking by PTFE on gas diffusion
have also been confirmed by measurements of the effective diffusion coefficients, which
also noted a sharp increase in GDL tortuosity when polymer loading is raised from 20 wt.%
to 40 wt.% [52-55]. Biesdorf et al. [56,57] analyzed the effect of PTFE content on mass
transport losses by combining I-V curves, constant current operations (1 A cm 2 pulsed
gas analysis (PGA), and neutron radiography (NR). The first two techniques revealed that
minimization of mass transport losses was achieved with a 5 wt.% loading on the cathodic
side, independently from the anodic side treatment, with negligible effect on the ohmic
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losses. PGA allowed to determine where mass losses were concentrated, and the analysis
revealed that most of them are related to the GDL region (“bulk” losses) and not to the
CL (“non-bulk” losses). Finally, NR revealed that the PTFE loading did not change the
overall amount of water in the GDL at high current density, rather its distribution in the
layer and its morphology. Indeed, it was observed that the uncoated GDL featured a larger
accumulation of water below the flow channels rather than the plate ribs, thus increasing
the mass transport resistance. Similar resistances were measured for highly coated carbon
papers (20 wt.%) but for a different reason: completely coated fibers favor the formation of
water droplets which fill the pores and increase air path tortuosity, while partially coated
fibers (5 wt.%) induce the formation of water films on the fibers themselves, leaving the
pores mostly unclogged.

The hydrophobic character of the GDL external and internal surfaces is of great impor-
tance because it affects the water adhesion and expulsion rate, therefore, the mass transport
resistance of this component. Usually, this property is determined by the measurement of
the static contact angle via the sessile drop technique. It has been observed that, on average,
the measured contact angle is 135° (see Figure 5): values go from a minimum of 105° to
a maximum of 152° with PTFE loadings in the range of 5-60 wt.% [45-47,49,52,58-63].
[t must be noted that the correlation between polymer loading and the contact angle is not
linear, since the hydrophobicity of the GDL surface depends also on other factors, such
as manufacturing technique, surface roughness, and type of carbon support. Mortazavi
et al. [49] studied in detail the behavior of water in contact with differently treated GDLs.
They observed that surface hydrophobicity increases noticeably even with a small amount
of PTFE (10 wt.%), going from 129.7° to 153.7°, but it does not raise further with larger
loadings. However, they noted that larger polymer contents affect the droplet detachment
diameter. This should be due to the infiltration of excess PTFE inside the GDL, which
reduces the internal porosity and increases the inner carbon fibers” hydrophobicity, thus
having a net effect of raising the internal capillary pressure [64]. Consequently, lower
amounts of water infiltrate once inside the GDL, forming smaller droplets on the opposite
side which detach more easily. Once again, the trade-off between the speed of droplet
detachment and the amount of water throughput must be considered to determine the
optimal polymer loading.

160 [45] Park et al., 2004
[49] 49 [49]
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110 GDL - Carbon Cloth
[46] [46] MPL [62] Burheim et al., 2013
0 5 10 15 20 25 30 35 40 45 50 55 60 65 |[63] Yangetal., 2018

PTFE Loading / wt.%
Figure 5. Static contact angle values measured for GDLs with different PTFE loadings [45,46,49,58-63].

2.1.2. Electrical Conductivity

In-plane and through-plane electrical conductivities of the GDMs are of great impor-
tance because they affect the overall ohmic resistance of the fuel cell, thus impacting the
efficiency of the device. While transverse conductivity directly affects the actual ohmic
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resistance of the stack, planar conductivity is not immediately related to this property.
However, the importance of a low in-plane resistance is twofold:

e itallows an efficient charge transfer from the GDM to the whole surface of the catalyst
layer, thus increasing the number of active sites for reaction.

e it accelerates the collection of electrons at the BP-GDM interface because it promotes
the movement of charges from the region below the flow channels to the plates’ ribs.

In addition, the surface morphology of the GDM must be carefully designed to mini-
mize the contact resistance in the stack at the interfaces between the different layers. This
contribution is often much greater than the bulk resistance of the components themselves
and is only partially limited by the compression during cell assembling. Usually, trough-
plane and contact resistances are measured together, as the contribution of the former is
negligible compared to that of the latter.

Ismail et al. [65,66] considered both of these factors in their studies. First, they observed
that a 30 wt.% increase of PTFE loading in bare GDLs did not correspond to a significant
variation of in-plane conductivity, likely due to the fact that the polymer coating did not
induce ruptures or fractures in the carbon fibers. Similarly, the raise of PTFE content in
MPLs was not detrimental, leading to the conclusion that, for this component, the nature
and amount of the carbon particles is more influential than the polymer loading. On
the contrary, the presence of the insulating constituent is relevant when considering the
through-plane and contact resistances. While the electrons can find an uninterrupted path
along an individual fiber in the in-plane direction, this is rather rare in the perpendicular
direction, and a discontinuity is always present at the interface between components.
Therefore, the presence of an insulating coating along the electron path affects the resistance.
They measured a resistance decrease from ~40 to ~20 mQ) cm? with PTFE loadings at
30 wt.% and absence of polymer (0 wt.%), respectively. In addition, they described the
resistance decay due to clamping pressure with the empirical power law:

R =AP(—B) (1)

where R is the contact resistance, P is the clamping pressure, and A and B are two coef-
ficients that vary from (A = 182.03 Q) cm? bar; B = 1.194)( ¢, to (A = 228.51 Q) cm? bar;
B = 0.987)30 wt.%-

El-Kharouf et al. [67] and Sadeghifar et al. [68] tested a long series of commercial
GDMs and came to similar conclusions: the in-plane resistivity seems independent of the
PTFE loading, which is detrimental to through-plane conductivity and contact resistance.
However, it must be noticed that other factors, such as clamping pressure, MPL presence,
humidity level, carbon support type, and thickness, seem to be more influential on the GDM
electrical performance than polymer loading. Recently, improvements in the electrical
conductivity have been demonstrated by adding TiN nanoparticles to the PTFE suspension
prior to hydrophobization, allowing the achievement of similar results to that of untreated
carbon papers [69].

2.1.3. Thermal Conductivity

Homogeneous heating inside the fuel cell is of great importance because it minimizes
the risk of thermal stresses, which could reduce the durability of the components, and
allows a better control on thermal profiles that determine the kinetics of reactions, species
diffusivity, water evaporation, and electrical resistivity [70]. Similarly to what has been
written for electrical conductivity, the addition of a weak thermally conductive polymer
(kpreg = 0.35 W m~! K1 [71]) should be detrimental to the performance of the carbon
support of GDMs; however, other factors, such as clamping pressure, compressive cycles,
operating temperature, MPL presence, and inlet gases” relative humidity must be also
considered when designing a cell stack [72-75].

Khandelwal et al. [76] were among the first to study this aspect of PEM fuel cells.
They observed that an increase of PTFE content reduced GDL thermal conductivity (at
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2 MPa compression and 56-58 °C), from 0.48 4+ 0.09 W m~! K~! for untreated carbon
paper to 0.31 + 0.06 Wm~! K~ and 0.22 + 0.04 W m~! K~! for 5 wt.% and 20 wt.%
PTFE loading, respectively. The contact resistance, instead, did not suffer from polymer
addition (1.3/1.5/1.2 x 10~* K W~ for 0/5/20 wt.% PTFE). Zamel et al. [77,78] measured
both through-plane and in-plane thermal conductivities. They confirmed that the addition
of polymer increases the thermal resistance in both directions. However, they observed
that the difference between untreated and treated carbon papers is minimal under high
compression (16% reduction in thickness) and for temperatures above 35 °C, likely due
to an increase of the carbon fibers’ contact points that preserves the conductivity regard-
less of the polymer coating. Accordingly, Sadeghi et al. [79] observed that the in-plane
conductivity at 65-70 °C did not vary from 5 to 30 wt.% PTFE content and remained
close to 17.5 W m~! K=, Alhazmi et al. [80,81] achieved similar results and noted that the
independency of in-plane resistivity on PTFE content could actually be due to the fact
that the polymer partially fills the porosity of the carbon support, thus removing air that
is a greater insulator and compensating for its own poor conductivity. All the studies
mentioned above agree that in-plane thermal conductivity (Table 1) is much greater than
the through-plane one (Table 2), likely due to the anisotropic fiber distribution: in the first
case, heat moves along the fibers without interruption; in the second case, it is transferred
from one fiber to the next one, even though both are coated by PTFE that acts as a thermal
barrier and reduces transfer efficiency.

Table 1. In-plane thermal conductivity values measured for GDLs with varying PTFE content.

PTFE Loading Temperature loi-Flane Thermal

Material o - Conductivi Ref.
wit. /0 C Wm 1 K Ey
5 65-70 17.39
10 65-70 17.33
Carbon Paper 20 65-70 1758 [79]
30 65-70 17.81
0 70 1254+ 09
5 70 10.6 + 0.7
Carbon Paper 20 70 ~11.0 [78]
50 70 ~11.7
0 110 13.3
6 110 12.0
Carbon Paper 11 110 9.73 [82]
19 110 10.5
30 110 15.1
0 65 11.8
5 65 11.6
Carbon Paper 10 65 12.9 [80]
20 65 14.1
30 65 14.8

Table 2. Through-plane thermal conductivity values measured for GDLs with varying PTFE content.

PTFE Loading  Compression Temperature Through-Plane Thermal

Material o A Conductivity Ref.
wt.% MPa C Wm-1 K-
0 2 56 0.48 + 0.09

Carbon Paper 5 2 58 0.31 £ 0.06 [76]

20 2 58 022 £0.04
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Table 2. Cont.
. PTFE Loading Compression Temperature Through-l’lan? Therma]
Material o A Conductivity Ref.
wt.% MPa C
Wm 1K1

Carbon Paper 5 ns ! 20 1.008 [83]
12 1.38 70 0.55

Carbon Paper 19 1.38 70 0.56 [84]
29 1.38 70 0.62

Carbon Paper 5 0.5 ns 1.6 [72]

Carbon Paper 30 2 ns 1.4 [85]
. 0 1.6 50 1.6

Carbon Paper 60 16 50 13 [77]
0 1.4 60 0.58

Carbon Paper 5 1.4 60 0.55 [73]
20 1.4 60 0.50
0 2 35 0.55
5 2 35 0.34

Carbon Paper 10 2 35 0.29 [81]
20 2 35 0.32
30 2 35 0.33

1 ns = not specified.

2.1.4. Durability

Lifetime duration of PEM fuel cells has been one of the major issues preventing
their wide employment in automotive and industrial sectors. Dealing with the gradual
degradation of the diverse components is a pending challenge, and GDMs face many
troubles, such as mechanical degradation due to air/liquid flows and clamping pressure,
chemical and electrochemical corrosion, and thermal stresses [23,86]. Polymer and carbon
fibers have been optimized to enhance their resistance under severe operating conditions.

Ha et al. [61,87] were among the first to evaluate the effect of the acidic cathodic
environment on the GDM. Through accelerated stress tests in a sulfuric acid solution at
80 °C, they demonstrated that hydrophobicity losses, thus performance, were due not
to PTFE dissolution, but to degradation of either carbon resin or fibers and oxidation.
SEM analyses confirmed the preservation of polymer coating during testing, while TGA
underlined that mass losses due to temperature were not recorded below 150 °C. Moreover,
they demonstrated that higher polymer loadings are beneficial to the component as PTFE
protects graphitized and carbonized resins from exposure to the acidic environment. Similar
observations have been made on the results of ex situ stress tests for electrochemical
degradation that occurs at high electric potential, such as during start-stop operations [88].
Once again, carbon materials seem to be more prone to degradation than fluorinated
polymers. Material losses of fluorine-containing polymers are limited, and XPS analysis
reveals only the conversion of CF; groups to [CFx-CHy] to a low extent [89,90]. Recently,
Zhou et al. [69,91] assessed the impact of PTFE mixed with TiN nanoparticles on the
corrosion resistance of carbon papers. They measured a decrease of both corrosion potential
and current density as the polymer content was raised, with optimal results for a 15 wt.%
PTFE/8 wt.% TiN suspension. They confirmed that the hydrophobic coating acts as a
barrier between the carbon substrate and the electrolyte, hindering the electron loss of
carbon corrosion even at high voltage operations.

The structural integrity of the GDMs is strictly related to all kinds of mechanical
stresses: compression during cell assembling, erosion and cavitation generated by fluids,
strain cycles due to freezing conditions, membrane swelling, and thermal expansion. A
careful evaluation of the possible solution to these degradation mechanisms starts with the
assessment of the mechanical properties of the gas diffusion layers themselves. However,
their fibrous structure makes any evaluation difficult to be made and generalized to differ-
ent products that differ in texture, thickness, fiber radius, coatings, and thermal treatments.
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Poornesh et al. [92] measured the mechanical features of PTFE-coated single carbon
fibers via nanoindentation, thus obtaining a maximum modulus of 3.5 GPa, declining to 1
GPa close to the fiber core, and an average fracture toughness of 250 MPa. Instead, when
considering the whole GDL, the simplest method for evaluating its mechanical stability is
assessing its features after multiple compression cycles [93]. It was immediately observed
that this kind of solicitation induced damages to the component as breakage of the carbon
fibers, crack formation, and PTFE loss, thus decreasing the hydrophobicity, lowering the
breakthrough pressure, and increasing the water uptake [60]. It was noted that the addition
of PTFE has a beneficial effect on the carbon support [88,94]. Increasing its content raises
the stiffness of the carbon layer, as the polymer partially fills the pores and acts as a binder
between the single fibers, stabilizing it even after multiple compression cycles. Ismail
et al. [95] measured an increase of the compressive Young’s modulus of 26.9-36.8% when
the PTFE content is raised from 5 to 30 wt.% in the GDL. Kumar et al. [88] observed that it
is also important to consider the polymer distribution along the GDL thickness, as a larger
surface loading helps preserving the component hydrophobicity under sever conditions.

In conclusion, PTFE is certainly beneficial to the GDL in terms of durability and
performance stability. It acts as a barrier on the carbon fibers, reducing electrochemical
corrosion and chemical degradation thanks to its inertness in an aggressive environment.
In addition, it provides robustness to the carbon textile by creating an additional network
between fibers, thus preventing the formation and propagation of cracks and damages.

2.2. FEP

Fluorinated ethylene propylene (FEP) is a viable alternative to PTFE, given the larger
number of F-atoms per monomeric unit (see Figure 4) and the similar mechanical and
electrical properties. One of the first use of this polymer in the field of gas diffusion
components dates to Hocevar et al. [37], who employed PTFE in the catalyst layer and
FEP in the diffusion layer. They evaluated by the ANOVA approach and numerical
optimization procedure the optimal amounts of FEP content to be 16 wt.% at the cathodic
side and 30 wt.% at the anodic side, in dependence of the specific PTFE content at the
catalyst layer and of electrolyte thickness. As observed for PTFE, in the case of FEP as
well, an optimum must be achieved to not reduce porosity, thus diffusivity, excessively
while increasing the hydrophobicity of the component: at the cathode side, the amount
of water is larger, and the reagent diffusivity is more limited in comparison to those at
the anode side; thus, polymer addition should be lower than that at the anode, where the
opposite is true. In 2004, Lim et al. [96] already observed that varying the polymer content
in carbon paper from 10 to 40 wt.% produces only a small decrease of wettability (with
absent variation at 80 °C), although it significantly raised the mass transfer resistance at
high current density. Once again, this is due to pores clogging by the polymer that hinders
the transfer of both oxygen and water. These results were also similarly demonstrated in
other studies, and contents between 5 and 10 wt.% proved to be beneficial under most of
the fuel cell working conditions [97-99].

The first comparative study between FEP and PTFE was presented by Park et al. [100],
who analyzed the effects of the two polymers as coating agents on GDLs and as constituents
of the inks used for MPLs. They proved the FEP-treated components to be superior to the
PTFE counterpart because of a series of factors:

e the lower sintering temperature (270 °C vs. 350-360 °C) that reduces the risk of
thermal degradation of the carbon support;

e the less abrupt viscosity change of the slurry during sintering at lower temperature
that allows the formation of smoother surfaces, which reduces the contact resistances;

e the superior compressive strength, which allows a higher joining pressure during cell
assembly, thus lower contact resistances.

These features, combined with at least equal measured hydrophobicity [101], similar
average pore size, and water-uptake, guarantee improved performances both at medium
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and high current density. In addition, FEP behaves as PTFE on electrical and thermal
conductivity, therefore, the employment of the former polymer is not detrimental [102].

Finally, the improved surface adhesion and smoothness proved to be beneficial also
to the components’ durability. The increase of FEP content in the gas diffusion medium
reduces both chemical and mechanical degradation (see Table 3), as proved by Lator-
rata et al. [103,104], and stabilizes the electrical performances over time. This is of great
importance in terms of fuel cell reliability and maintenance operations.

Table 3. Efficiency values calculated from polarization curves of fuel cells assembled with GDMs
with increasing FEP content (3 to 12 wt.%) tested as fresh components (0 h), after constant current
durability experiments (1000 h c.c.), and 1000 h of chemical (AST.) and mechanical (ASTm) accelerated
stress tests. Operating conditions: 60 °C and RH 80-100% (A-C). Data from [104].

Global Cell Efficiency %

GDM

0h 1000 h c.c. 1000 h AST, 1000 h ASTy,
FEP-3 41.30 38.00 37.23 27.27
FEP-6 42.51 39.50 38.08 29.33
FEP-9 4251 42.00 41.66 35:59
FEP-12 43.72 43.70 42,94 41.66

2.3. Other Fluorinated Materials

PTFE and FEP have been widely employed in the fabrication of GDMs; however, other
fluorinated materials have been proposed over time as valid alternatives.

In 2006, Pai et al. proposed a CF4 plasma treatment on GDLs, which produced compo-
nents that perform better than conventionally PTFE-treated materials, due to improved
adhesion of the coating to the fibers and to a lower clogging of the carbon cloth porosity [43].
A more recent study by Chevalier et al. [105] confirmed that direct fluorination of diffusion
supports by plasma treatment improved mass transfer in comparison to that of commer-
cial PTFE-treated GDLs. Despite these positive results, the complexity of the apparatus
required by this coating technique hindered its use, in favor of simpler and cost-effective
procedures, such as dipping and spraying,.

Polyvinylidene fluoride is another material that has been evaluated as a hydrophobic
agent for GDMs. Ong et al. [40,106] for MPLs and Li et al. [107] for GDLs were the first to
analyze the effect of this polymer on the respective components” behavior. Both studies
evidenced that the main difference with conventional PTFE-treated layers consists in the
abundance of cavities and porosities in PVDF-based samples, which enhances water and
reactant diffusion under high current density. Therefore, both authors detected higher
peak power densities for single fuel cell testing. In addition, PVDF has proved to be
an excellent material for gas diffusion electrodes (GDEs) for high-temperature fuel cells
(HT-PEMEFC) [108-111]. Indeed, it tends to form fewer aggregates on the CL surface
than PTFE while maintaining similar porosity, thus improving ohmic contact with the
electrolyte. In addition, PVDF has lower charge transfer resistance, which improves the
catalysts performance, and longer component stability (as verified by durability tests at
0.6 V and 160 °C) [109].

Finally, a few other materials have been tested, specifically perfluoroalcoxy (PFA)
and perfluoropolyether (PFPE). Latorrata et al. [42,112,113] have employed both of these
polymers in GDLs and MPLs and compared their behaviors to PTFE and FEP, which are
more consolidated alternatives. PFA, like FEP, seems to induce a higher hydrophobic
character, while PFPE is correlated to a larger cumulative pore volume of the obtained
GDM [41,114-116]. Single fuel cell analyses have revealed that the first two materials
perform better in more humid conditions, while the latter in drier atmospheres and higher
operating temperatures. Even though both materials perform better than conventional
PTFE-treated components, their adoption for fuel cell production has been limited because
of the issue of limited adhesion of PFPE-based MPLs, which has not been solved yet. In
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addition, FEP still represents a better alternative, due to its superior performances under
all operating conditions (see Table 4) and increased durability.

Table 4. Maximum power density values achieved (at 60 °C and RH 80-100% and 80-60%) by fuel
cells assembled with GDMs treated with PFPE, FEP, PFA, and PTFE. Data from [117].

GDM Maximum Power Density mW cm 2
RH 80-100% RH 80-60%

PFPE 447 476

FEP 519 481

PFA 456 421

PTFE 422 417

3. Conclusions

In this review, a comprehensive description of all the fluorinated materials employed
in the gas diffusion medium of PEMFCs has been presented. The focus has been addressed
to the several kinds of polymers utilized so far and to their effect on the performance of the
device under different operating conditions, mostly in terms of water management, trans-
port of charges and heat, porosity, hydrophobicity, and durability. The correct fluorinated
polymer would allow to produce better-performing and more efficient components for fuel
cells. However, its choice is not straightforward, as the factors to account for are many
and sometimes conflicting: high electrical and thermal conductivities, good adherence and
smoothness, extreme durability in chemically and mechanically corrosive environments,
and sufficient pore volume while keeping a trade-off between micro- and macro-porosity.
A careful optimization of the polymer content is required and must be designed accordingly
to the fuel cell operating conditions (temperature and relative humidity).

Currently, the most employed material by the industry is PTFE, whose properties
have been largely analyzed. However, many studies have underlined how FEP might
represent a better solution, as it grants higher hydrophobicity, prolonged lifetime, and
equal conductivities. In addition, it is known that specific applications, such as a CF,
plasma treatment, may be beneficial to the performance of the GDMs. However, it should
be considered that simpler techniques, such as dipping or spraying, should be preferred
because they reduce production costs, which are still excessive for PEMFCs in comparison
to those of traditional energy production systems.
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