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Preface to ”Proton Exchange Membrane Fuel Cells
(PEMFCs)”

A proton exchange membrane fuel cell (PEMFC) spontaneously produces power from a fuel and

oxygen with heat and water byproducts. Hydrogen is preferred as the fuel because it is renewable

if generated by water electrolysis using electricity derived from renewable energy. PEMFCs are

more efficient than an internal combustion engine because reactants are directly converted into

energy through a one-step electrochemical reaction. Fuel cells coupled with hydrogen production can

improve resiliency by fulfilling the energy storage needs of electric grids constrained by intermittent

renewable energy generation (e.g., solar, wind). More specifically, discharge (fuel cell) and recharge

(water electrolysis) durations exceeding a few days for power plant ratings below the megawatt

level are not presently accessible to other energy storage technologies. Furthermore, fuel cells

combined with water electrolyzers powered by renewable energy mitigate global warming concerns

with reduced carbon dioxide emissions. PEMFCs are commercially available for a few applications

including vehicles, buildings, and power backup systems. Improvements in cost, performance, and

durability are needed to assist commercialization efforts because the technology is not yet mature.

Papers published in the Molecules Special Issue on PEMFCs are collected in this book. The Special

Issue was initially intended to attract contributions focusing on all PEMFC scientific and technological

aspects that decrease cost and increase performance and durability, including novel characterization

methods, mathematical models, and accelerated stress tests to gain additional insight, as well as

degradation mechanisms, innovative materials, and original designs for components, cells, stacks,

and systems.

The collected papers comprise recent advancements in PEMFC technology aimed at reducing

cost, improving performance, and extending durability. Almost all key materials, as well as their

integration into a cell, are discussed: the bus plates that collect the electrical current, the gas

diffusion medium that distributes the reactants over catalysts promoting faster reactions, and the

membrane separating oxygen and hydrogen gases and closing the electrical circuit by transporting

protons. Fuel cell operation below the freezing point of water and with impure reactant streams,

which impacts durability, is also discussed. Papers focusing on materials and their integration

appear at the beginning and follow the sequence: membrane, catalyst layer, gas diffusion layer,

membrane electrode assembly, and bus plate. Subsequent papers center on operational aspects.

All papers include at least one author with significant fuel cell experience. Authors originate from

all organization types, universities, national laboratories, and companies, and are distributed over

Asia, Europe, and North America. The varied origins of the contributors indicate a continued and

widespread interest in fuel cell technology to address energy and climate issues.

Jean St-Pierre, Shangfeng Du

Editors
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Abstract: Nafion membranes are still the dominating material used in the polymer electrolyte
membrane (PEM) technologies. They are widely used in several applications thanks to their excellent
properties: high proton conductivity and high chemical stability in both oxidation and reduction
environment. However, they have several technical challenges: reactants permeability, which results
in reduced performance, dependence on water content to perform preventing the operation at
higher temperatures or low humidity levels, and chemical degradation. This paper reviews novel
composite membranes that have been developed for PEM applications, including direct methanol
fuel cells (DMFCs), hydrogen PEM fuel cells (PEMFCs), and water electrolysers (PEMWEs), aiming at
overcoming the drawbacks of the commercial Nafion membranes. It provides a broad overview of
the Nafion-based membranes, with organic and inorganic fillers, and non-fluorinated membranes
available in the literature for which various main properties (proton conductivity, crossover, maximum
power density, and thermal stability) are reported. The studies on composite membranes demonstrate
that they are suitable for PEM applications and can potentially compete with Nafion membranes in
terms of performance and lifetime.

Keywords: composite membranes; electrolyte; PEM; fuel cells; electrolysers

1. Background

During the last 100 years the world average temperature has increased by almost 0.8 ◦C [1],
becoming the most critical environmental issue of our time. Even though there are many different
factors responsible, the greatest concern is greenhouse gas emissions due to human activities linked to
energy production and use. In this sense, governments worldwide are acting to take measures to revise
their energy mix by reducing fossil fuels usage and promoting alternative sources. The European
Union, with the objectives set in the 20-20-20 pack, put forward strict targets to be reached before
2020, namely 20% reduction of greenhouse gases, 20% primary energy production from renewables,
and 20% of biofuels burned in transportation. Moreover, recently a medium-long term strategy was
agreed, stating that the European energy efficiency should be improved by 27% and the renewables
energy input should increase by up to the 27% of the total share before 2030. Within this overall
framework, it is becoming increasingly important that research and development of new technologies
are intensified to allow the penetration of more efficient energy conversion systems. In this context,
polymer electrolyte membrane technologies can play an important role.
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1.1. Polymer Electrolyte Membrane Technologies

Fuel cells and elecrolysers are energy conversion systems that electrochemically convert energy
from chemical (stored in a fuel) to electric and vice versa without any intermediated combustion
process. This offers superior efficiency and performance compared to the incumbent combustion-based
energy generation technologies [2–5]. Fuel cells are eco-friendly devices with potential zero emission
at the point of use. Moreover, if the so-called energy vectors, used in fuel cells, were generated by
thermochemical processes from biomass or from electrochemical processes utilising renewable electric
energy sources, the resulting carbon dioxide cycle would be null. So, they are considered to be the
energy conversion devices of the future. In addition, they are a silent technology, without noise or
vibration, and their design flexibility allows for simple construction and a diverse range of applications
including portable, stationary, and transportation.

In general, electrochemical devices, including fuel cells and electrolysers, consist of two
electrodes—anode and cathode—separated by an electrolyte with the purpose to allow the passage of
ions generated during the redox half reactions. At the anode side, the oxidation reaction takes place
while the reduction reaction occurs at the cathode side. The electrolyte conducts the produced/required
ions to complete the reactions at the electrodes and serves as a separator between the anode and
cathode reactants in the fuel cell and electrolyser technologies.

This study will focus on Proton Exchange Membrane (PEM) technologies, namely, Hydrogen
Polymer Electrolyte Membrane Fuel Cells (H2 PEMFCs), Direct Methanol Fuel Cells (DMFCs) and
Polymer Electrolyte Membrane Water Electrolysers (PEMWEs). PEM technologies fall under the low
temperature fuel cells category with operating temperatures up to 90 ◦C. Protons (hydrogen ions) are
the transported ion through the PEM structure. Below, the thermodynamic, state of art and technical
challenges of the three technologies are briefly described.

1.1.1. H2 PEMFC

PEMFCs utilize hydrogen as a fuel and exploit the electrochemical reaction of hydrogen and
oxygen to produce electrical energy. Protons pass through the membrane reaching the cathode while
electrons are forced to flow through an external circuit. Protons, electrons, and oxygen react at the
cathode producing water. Reactions involved in the chemical process are described below:

At the anode : H2 → 2H+ + 2e− (1)

At the cathode :
1
2

O2 + 2H+ + 2e− → H2O (2)

Overall reaction : H2 +
1
2

O2 → H2O (3)

PEMFC advantages include high efficiency, fast response to load, high power density and low
operating temperature [6,7]. However, PEMFCs are expensive due to the use of expensive catalyst
materials, have durability issues and are challenging for mass production [8–10]. PEMFCs applications
focus on transportation, distributed/stationary and portable power generation: Toyota, Honda, and
Hyundai have already introduced their fuel cell electric vehicles (FCEV) to the market.

The durability of the polymer membrane is a crucial factor affecting the lifetime of the stack.
Industry requirements for automotive fuel cell stacks durability is 5000 h with a performance drop
of no more than 10% [11]. Nafion is the only membrane reported to achieve this requirement. Also,
at elevated temperatures (> 90 ◦C) the durability is further reduced due to the dehydration of the
membrane and the subsequent drop in proton conductivity. However, operation at higher temperatures
is desirable as it allows for quicker reaction kinetics and simpler water and heat management [12].
This means a smaller fuel cell system can be employed in vehicles to provide the same power output.

2
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1.1.2. DMFC

Methanol can be used in PEM fuel cells as a replacement fuel to Hydrogen. The first physical
advantage is the liquid natural state of this compound that facilitates its transport, avoiding delicate
compressed gas infrastructure development or heavy metal hydrides. It has higher volumetric energy
density than compressed hydrogen at 350bar, has low volatility and is almost environmentally neutral
in its degradation [13] [14]. In addition, Methanol can be produced from syngas (carbon monoxide
and hydrogen compound), allowing to primarily exploit renewable feedstocks as biomass or solid
wastes. In recent years, this idea has attracted a lot of attention to find a possible carbon-neutral energy
cycle [15]. DMFCs could find application as alternative power sources for vehicle propulsion [16] but
are mainly considered for portable applications [17].

Reactions occur at the two electrodes of a DMFC upon the catalyst active area as shown
Equations (4)–(6). Again, the flow of electrons through the external circuit accompanied by the flow
of protons through the polymer electrolyte allows the reactions to occur and electrical power to be
produced [18].

At the anode : CH3OH + H2O→ 6H+ + 6e− + CO2 (4)

At the cathode :
3
2

O2 + 6H+ + 6e− → 3H2O (5)

Overall reaction : CH3OH +
3
2

O2 → 2H2O + CO2 (6)

However, DMFCs suffer from low performance due to methanol crossover. Methanol crossover
happens when methanol molecules diffuse through the membrane and are directly oxidized by oxygen
on the cathode, causing a mixed potential so, consequently, a decrease in cell performance [19].
Although methanol has a high energy density (about 1.8 kWh kg−1 or 1.7 kWh L−1), it must be diluted
in order to reduce methanol crossover. A consequence of dilution is that the cell stack dimensions
must be proportionally increased, making it challenging to utilize on small and portable devices.

Moreover, it was found that methanol crossover slows down the rate of reaction at the
cathode. It has been reported that the rate of reactions not only can be accelerated by adding
more platinum–ruthenium catalyst that has a negative effect on the cost, but also by selecting proper
membranes and oxygen tolerant cathodes [20].

Also the carbon dioxide generated during the methanol oxidation can further increase the
concentration losses: CO2 bubbles can obstruct GDL pores, reducing the available volume aimed to
transport methanol towards the anode catalyst [21] causing a decrease in generated power by more
than 40% [22], especially at small flow rate and high current density.

1.1.3. Electrolysers

Electrolysis is an electrochemical process where water molecules split into hydrogen and oxygen
gases using the supplied direct electric current. In PEMWEs, the reverse of the PEMFCs reactions
described above Equations. (1)–(3) take place, see Equations (7)–(9).

At the anode : H2O→ 2H+ +
1
2

O2 +2e− (7)

At the cathode : 2H+ + 2e− → H2 (8)

Overall reaction : H2O→ H2 +
1
2

O2 (9)

PEMWE is one of the favorable methods for conversion of renewable energy to high purity
hydrogen. The technology has great advantages such as compact design, high current density (above
2 A cm−2), fast response, small footprint, low operating temperatures (20–80 ◦C) and the ability to
produce ultrapure hydrogen [23]. However, high energy consumption and low hydrogen evolution
rate are two important issues that hinder the large diffusion of this technology. Therefore, in order to

3
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increase the efficiency and reduce the energy consumption and costs, many researchers have dedicated
their work to the development of alternative low cost materials, and efficiency increase and energy
reduction [24]. Although the main challenging issue of the PEMWE technology is the enhancement of
oxygen evolution rate, the improvement of membranes with reduced cost, appropriate conductivity,
low gas cross-over and enhanced mechanical properties at high operating pressure is mandatory [25].

1.1.4. A Short Review on PFSAs (Nafion Polymers)

Nafion is a fluoropolymer made by sulfonated polytetrafluorethylene introduced by DuPont in
the mid-1960s. It is commercially available with a thickness between 25 and 250 µm. As for Teflon, its
structure (Figure 1) consists of CF2 (difluorocarbene) radicals, alternated to CFOCF2 and with end
chains of sulfonic acid SO2OH.
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Main Nafion characteristics are the following:

• High proton conductivity: when the pendant sulfonyl fluoride groups (SO2F) are chemically
converted to sulfonic acid (SO3H), the ionic functionality is introduced [27];

• Water permeability;
• High chemical resistance: only alkaline metals as sodium can damage the Nafion at STP (standard

temperature and pressure); and
• High electronic resistance: forcing electrons to flow through the external circuit to generate

electrical power.

The most important parameter to control, in order to keep the ion conductivity high is the relative
humidity. Nafion membrane requires water to facilitate the transport of protons through either the
Grotthus (hopping) mechanism or the vehicle (diffusion) mechanism [28]. This requirement has led
to limiting PEMFC operating temperature to 80 ◦C as operation above that will lead to dehydration
of the membrane and a subsequent loss in proton conductivity and fuel cell performance. However,
PEMFC operating above 80 ◦C can benefit from increased reaction kinetics, reduced CO poisoning
and simplified water and thermal management [29]. One method utilised to allow that transition into
intermediate temperatures is the use of filler materials within the polymer [30]. Alternatively, there
are polybenzimidazole membranes that are doped with phosphoric acids that operate at even higher
temperatures [31].

Regarding the use in DMFC, Nafion has high ionic conductivity and chemical stability but high
methanol permeability due to:

1. active transport of protons and water;
2. diffusion through the water-filled pores within the Nafion-structure;
3. diffusion through the Nafion itself.

Methanol crossover is an issue that leads to the much worse DMFC performance when compared
with H2 PEMFCs. Various approaches to minimize or eliminate methanol crossover have been carried
out: increasing membrane thickness [32], increasing the cathode reactant pressure [33], decreasing
both cell temperature [34] and methanol concentration [35]. Another innovative way is to modify
the membrane using materials that allow obtaining the same chemical and thermal characteristics of
Nafion but with lower crossover and cost.
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Also, in PEMWE, the commercial Nafion membrane is commonly used as a solid electrolyte due to
its chemical and thermal stability, good proton conductivity, and mechanical strength [36]. A drawback
of membranes made of Nafion is that they are known to lose water, and thus ionic conductivity,
at temperatures above 100 ◦C [37], which prohibits them from being used for higher temperature
water electrolysis. However, high operating temperature offers several advantages from enhanced
electrode kinetics and reduced overpotentials [38]. Moreover, higher operation pressure would also be
favourable for PEM electrolysis since it would reduce the gas pressurization constraints for storage
purposes [39]. Hence, it would be important to develop membranes that can sustain high performance
at higher operating temperature and pressure [40].

To overcome the drawbacks of Nafion membranes, novel membranes have been developed
and can be classified into three main categories, namely; (i) polymeric, (ii) ceramic, and (iii)
composite membranes.

Among these three categories, composite membranes have generated great attention recently.
A composite (or hybrid) material can be defined as a material that includes two or more blended
compounds on the molecular scale [41]. The use of filler material mixed into the Nafion (or an
alternative ionomer) can aid in providing additional properties such as mechanical reinforcement,
chemical resistance and proton conductivity. For example, hydrophilic fillers would result in increased
membrane water uptake, ideal for low relative humidity (RH) operation. These filler materials can also
be functionalised to provide secondary functionalities (e.g., sulphonating a hydrophilic filler) or boost
the functionality it already has. Another example is the use of cerium oxide as a radical scavenger to
slow down membrane degradation [42]. This review paper aims to provide a summary and analysis of
the published work focusing on the development of composite membranes to improve the performance
of the DMFC, modify operating conditions and enhance durability for PEMFC and PEMWE.

2. Composite Membranes for DMFC

In this part, the range of composite membranes that have been developed to improve the
performance of the DMFC at low temperature with reduced methanol crossover and low cost
is reviewed.

Two categories of composite membrane materials are considered in the literature; modified Nafion;
and non-perfluorinated polymers.

2.1. Composite Nafion-Based Membrane

Composite Nafion membranes can be loaded with organic and inorganic fillers that have been used
predominantly to increase proton conductivity and to act as a barrier to methanol crossover [43,44].
The following sub-sections discuss the latest developments in the organic, inorganic and carbon
nano-material filler-based membrane.

2.1.1. Organic Fillers

Organic materials are commonly used as fillers in the polymeric composite membrane for fuel
cells. They supply reinforcement and allow higher stability of the polymer matrix while making
it more cost-effective. One of the most commonly applied organic filler is polytetrafluoroethylene
(PTFE). PTFE is highly hydrophobic and although it is not suitable alone for membrane application
for fuel cells [45], it can be used as a reinforcement of Nafion membrane due to its chemical stability,
corrosion resistance and mechanical strength [46]. Few papers focused on testing DMFC performance
using Nafion/PTFE membranes. Lin et al. [47] conducted a study on the application of this composite
membrane, the authors investigated the effect of this polymer on conductivity, methanol crossover,
and cell performance, and compared them with that of commercial Nafion membrane. Experimental
data indicated that introducing PTFE into the Nafion polymer reduced both methanol diffusion and
methanol electro-osmosis crossover in the membrane. The comparison between Nafion 117 and
Nafion/PTFE was performed in a DMFC at 70 ◦C: Nafion/PTFE membrane was able to operate in
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a wider current density range achieving a maximum power output of 87.5 mW cm−2, 1.3 times
higher than Nafion 117. This positive effect of the Nafion/PTFE membrane was also obtained by
Nouel et al. [48] and Yu et al. [49] who tested a fuel cell MEA made of Nafion/PTFE comparing results
with Nafion 117, 115 and 112. The performance was higher than Nafion 117 and 115 but similar to 112.

In an attempt to further enhance the performance of Nafion/PTFE membrane, Chen et al. [50]
included zirconium phosphate (ZrP) into the membrane structure and so the Nafion matrix was
modified with both PTFE and ZrP/PTFE for comparison. The composite membranes were prepared
via two processes:

1. By impregnating PTFE directly in a Nafion/ZROCL2 solution and then annealing it at
high temperature;

2. By impregnating the PTFE membrane in a Nafion solution, annealing at high temperature to
prepare Nafion/PTFE membrane, then impregnating again in a ZrOCL2 solution.

Experimental results indicated that the introduction of ZrP led to reduced methanol crossover
and proton conductivity. The impact of proton conductivity is stronger than methanol crossover on
DMFC performance, thus, as confirmed by tests conducted on the cell, the performance of ZrP/PTFE
was lower than Nafion/PTFE.

Most research is focused on the preparation and modification of various proton conductive
membranes that are inexpensive and provide better performance and properties than Nafion membranes.
To this end, innovative organic materials, which have good thermal and chemical stability and can
be easily modified to be used as ionic conductive membranes such as polybenzimidazole (PBI) and
polyvinyl alcohols (PVA), were studied [51,52].

Shao et al. [53] and Mollà et al. [54] fabricated Nafion/PVA membranes using casting [55] and
impregnation method [56,57] respectively. PVA has higher affinity for water than to methanol (i.e.,
55 wt. % and 10 wt. %, respectively), so it can be potentially used for DMFC applications. Both
works demonstrated that comparable DMFC performance can be obtained using these membranes.
Specifically, Mollà et al. focused on the characterization of Nafion/PVA membranes with varying
operating temperature (45, 70 ◦C), thickness of the membrane (19–47µm) and concentration of methanol
(1–2M). The performance of pristine Nafion membrane and Nafion/PVA were roughly equivalent at very
low thickness while Nafion/PVA exceeded the pristine Nafion performance only at higher thickness
and higher temperature. At any fixed condition; thickness, temperature and methanol concentration,
the OCV of Nafion/PVA was higher than pristine Nafion indicating reduced methanol crossover.

Hobson et al. [58] presented Nafion-PBI dipped and screen-printed films to investigate the
effect on membrane performance. They concluded that the modification of Nafion with PBI by both
spin coating and dipping reduced the methanol permeability; however, the benefit of low methanol
crossover was counterbalanced by the negative effect of the too high impedance. Since neither of
the techniques produced a suitable membrane for DMFC, screen printing was investigated and here
methanol permeability was reduced without an increase in impedance. The membranes were then
tested in a single cell at 60 ◦C. Using methanol solution of 3.2 M, the cell performance was greatly
improved with the current density increased by 42% combined with an increase in maximum power
output by 46% as compared with the pristine Nafion membrane. Ainla et al. [59] work on Nafion-PBI
membrane was in agreement with the above results. In fact, they demonstrated that the Nafion-PBI
membrane has lower methanol permeability and higher conductivity than a commercial membrane.
It is important to note that the utilization of these composite membranes led to lower methanol
permeability and enhanced the performance only at high methanol concentration.

Conductive Polymers such as polyaniline (PANI) and polypyrrole (PPy) have recently been
incorporated into Nafion membranes to reduce its methanol permeability [60,61]. Composite
Nafion polypyrrole membranes were prepared by two methods: electrodeposition of polypyrrole on
Nafion-coated electrodes [62] or by in situ polymerization with a chemical oxidant [63]. Zhu et al. [64]
made a membrane by in situ polymerization using Fe(III) and H2O2 as oxidising agents. The electrostatic
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interaction between the sulphonate groups of Nafion and polypyrrole, decreased the pore volume
of Nafion membrane which led to low methanol permeability. However, the electrostatic interaction
between the polypyrrole chains and sulphonate groups of Nafion also decreased the proton conductivity
and therefore increased membrane and cell resistances. So, the benefit of the reduced methanol crossover
was neutralized particularly when DMFC worked at high current densities.

Polyaniline is a good conductive polymer that can improve both methanol oxidation and the
stability of the catalyst; it can also be included in the Nafion structure through both electrochemical
and chemical modification to improve its properties. Wang et al. [65] and Escudero-Cid et al. [66]
assembled a composite membrane of Nafion/polyanilina and carried out DMFC performance tests
including polarization curve and durability tests showing that both the ionic conductivity and
methanol permeability of the Nafion membrane containing PANI decreased when compared with
Nafion membrane. In particular, Wang et al. indicated that the performance of the fuel cell increased
using the modified membrane especially at high methanol concentration (maximum power output at
6 M) while the power output using Nafion pristine membrane was reduced with increasing methanol
concentration. Moreover, it was noted that the PANI composite membrane performed better than that
with polypyrrole [67]. It is important to highlight here that the reviewed papers; investigating the use
of conductive polymers, do not consider the change in the electronic conductivity of the membrane
(short circuit current) in the composite membrane. This should be considered in any future work on
these materials.

In recent years, two types of sulphonate fillers, sulphonate poly arylene ether ketone (SPAEK),
and sulphonate poly ether ether ketone (SPEEK) have been developed and used to modify the Nafion
membrane in DMFCs. Both SPAEK and SPEEK have good attributes: high proton conductivity and
methanol resistance for SPAEK [68,69]; good mechanical properties, proton conductivity and good
processing capacity of SPEEK polymers [70,71]. Regarding the behaviour in a methanol fuel cell [72,73],
an increase by at least 30% in OCV and by 10% in highest power density were observed. The positive
results suggest that these membranes could be taken into account for use in future DMFC application
once durability is deeply investigated.

2.1.2. Inorganic Fillers

The implementation of inorganic particles into Nafion helps enhance the thermal stability and
proton conductivity of composite membranes making them more attractive and appropriate than bare
Nafion membranes [74]. This section focuses on silica, metal oxides, montmorillonite and zeolite
fluorinated composite membranes; materials that have received considerable attention due to their
chemical and thermal properties.

Silica materials have attracted a considerable attention because they possess high surface area and
high chemical stability [75]. Generally, they are prepared using different precursors such as alkoxy
silanes (like tetraethyl orthosilicate (TEOS)), sodium metasilicate and fumed silica [76]. The addition
of silica compounds into polymer membrane is believed to lower methanol crossover [77,78]. In this
context, Ren et al. [79] prepared a composite membrane modifying Nafion polymer with tetraethyl
orthosilicate (TEOS) and sulfonic TEOS using the casting method. They investigated the influence
of silica into Nafion matrix and the changes in proton conductivity, methanol permeability and
performance. The results showed that the proton conductivity of these composite membranes was
lower than that of commercial Nafion membranes due to the hydrophobic side chain of the TEOS
that reduced the water content of the membrane. However, the methanol permeability was also
reduced. DMFC single cell tests were carried out at both 1 M and 5 M and at 75 ◦C. The polarisation
curves depicted how the silica composite membrane could achieve better performance than the Nafion
when using high methanol concentration because although the proton conductivity of the composite
membrane decreased, the methanol permeability also reduced. Works are necessary to increase proton
conductivity of those composite membranes.
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Some studies have been carried out to investigate experimentally the effect of Nafion membranes
with metal oxides, such as; SiO2, TiO2, WO3, as fillers on the performance of DMFCs [80]. As a result
of these experiments, the Nafion-modified composite membranes provided higher power density
in comparison to the commercial Nafion 115 membrane. Regarding the application in a DMFC,
Nafion/TiO2 improved water uptake and reduced methanol absorbance [81] while Nafion/SiO2 showed
lower methanol permeability than commercial membrane [82]. Moreover, Nafion membrane modified
with both SiO2 and TiO2 were prepared by solvent casting method and studied by Ercelik et al. [83]
that investigated the effect of these particles on proton conductivity, water uptake and performance
varying temperature. The authors claimed that:

• proton conductivity of Nafion-TiO2/SiO2 increased with temperature. The maximum value
obtained was 0.255 S cm−1 which is 25% higher than Nafion 117 at 75 ◦C;

• water uptake values are similar with those of bare Nafion; and
• power densities of MEAs with composite membranes are higher than the MEAs using Nafion

115: at 80 ◦C and 1M of methanol concentration. The maximum power densities obtained by
Nafion/TiO2, Nafion/SiO2 and by the MEA with bare Nafion are 641.16 W/m2, 628.68 W/m2 and
612.96 W/m2, respectively.

The abovementioned studies demonstrated that the incorporation of inorganic particles like SiO2

and TiO2 provided better performance if compared with the Nafion membrane. Although, the use of
metal oxides as filler has enabled many advantages, they too have some problems associated with
them. The metal particles are often very difficult to disperse homogenously in the polymer membrane,
it would mean that the performance of the composite will not be uniform throughout the bulk of
the membrane. Moreover, metal oxides accelerate the degradation of membranes, and so durability
studies are required to understand the actual benefits and drawbacks of these fillers.

Montmorillite (MMT) is a filler that has attracted much attention recently as Nafion/MMT
membranes have been reported to have improved mechanical and thermal properties compared to
pristine Nafion membranes [84]. But, the incorporation of this filler into the Nafion matrix does not
improve the proton conductivity. Wu et al. [85] prepared the composite membrane via casting solution
and reported a slight decrease (about 9%) in proton conductivity compared with pristine Nafion but the
methanol crossover decreased more than 90% by loading MMT of only 1% wt [86]. As described above,
the utilization of this filler does not contribute to improve the proton conductivity, thus, to minimize
the loss in performance Rhee et al. [87] and Lin et al. [88] modified the montmorillonite with an organic
sulfonic acid group (MMT-SO3H) with varying the content of the filler. Their studies showed that
the proton conductivity of the composite membranes generally declined from that of pristine Nafion
membrane with the increase in the inorganic filler content, but the methanol permeability was reduced
by up to 90%. The combination of these effects led to an improvement in the performance of a DMFC.
In fact, the polarization curve of the MEA with Nafion 115 and composite membrane, realized at 40 ◦C
and 2M of methanol concentration, showed that the performance of the DMFC improves initially with
increasing the inorganic content, with a maximum power density at 5 wt. % loading. Curves revealed
that all composite membranes achieved better performance than Nafion membrane at high current
density region. However, the thermal stability of the membrane is not yet adequate and performance
at higher temperature and methanol concentration deserves to be investigated.

To hinder permeation of methanol, another approach is to develop composite membranes using
zeolites. Zeolites are micro porous crystalline materials containing silicon, aluminium and oxygen in
their framework. They are based on an infinitely extending three-dimensional network of AlO4 and
SiO4 tetrahedra linked by sharing oxygen atoms [89,90]. The chemical structural formula of a zeolite
may be expressed by the following [91]:

Mx/n[(AlO2)x(SiO2)y]m H2O (10)
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where M is a cation of valence n, m is the number of water molecules and the sum of x and y is the
total number of tetrahedra in the unit cell.

Several authors [92,93] have claimed that zeolite membranes can be adopted for DMFC application.
The approach of these studies was to take advantage of the molecular sieving property of zeolite
to prevent methanol from passing through the membrane. However, a pure zeolite exhibits poor
mechanical properties such as brittleness and fragility and hence is unsuitable for use as a membrane.
Moreover, the performance of the zeolite composite membranes depends on the zeolite properties
in terms of pore size and surface tension (hydrophobility or hydropholicity). It was reported that
hydrophobic zeolites ensure low affinity to water so high permeability to methanol however hydrophilic
zeolites lead to an opposite trend and therefore reduce methanol crossover [94]. When zeolites are
combined with a polymer support (e.g., Nafion), the advantages of both polymer and zeolite are
combined. Among the various type of zeolites, mordenite (MOR) and analcime (ANA) have attracted a
lot of interest because they are hydrophilic substances which promote the adsorption of water, excluding
alcohol, and provide a good proton pathway through the membrane. Prapainainara et al. [95] fabricated
composite membranes with those two fillers studying and comparing their properties and performance.
The authors claimed that the presence of the filler benefited the proton migration through the membrane
whilst the homogeneous distribution of the filler contributed to block the flow of methanol through the
membrane, leading to lower methanol permeability. The composite membrane with MOR filler gave
better membrane properties, namely; higher proton conductivity and lower methanol permeability,
than those using ANA filler. The best DMFC performance was achieved by MOR composite membrane
with a maximum power density of 10.75 mW/cm2, 1.5 times higher than ANA membrane and two
times higher than a commercial Nafion 117 membrane.

To enhance the performance of MOR/Nafion, Prapainainara et al. [96] incorporated graphene
oxide (GO) to the matrix. The authors used GO to modify the surface of MOR by increasing the surface
hydrophilic functional groups resulting in better incorporation of MOR to Nafion and comparable
chemical properties with those of pristine Nafion and MOR/Nafion. The use of GO led to better
proton conductivity, 1.5 times higher than that of Nafion/MOR and Nafion 117 at 70 ◦C and it had the
lowest methanol permeability too. The authors also tested the membrane in a single cell, obtaining
a power density of 27.5 mW/cm2; almost 5 times than that of Nafion 117 at the same operating
condition (1 M methanol, 70 ◦C). However, the operation lifetime was still not good enough for
commercial applications.

2.1.3. Carbon Nanomaterial Fillers

Graphene oxide (GO) was used as a filler in Nafion membranes because it allows easy proton
transport and good water uptake due to its high surface area. The different oxygen groups
such as epoxide, hydroxide, carbonyls and carboxyls converts GO into electrically insulating and
hydrophilic material [97] while retaining other properties like mechanical strength, surface area, and
gas impermeability.

Graphene oxide has an excellent compatibility with Nafion so it can be adopted as a modifier to
improve the selectivity (to allow the passage of specific species) and performance of such membranes.
Choi, et al. [98] developed a composite GO/ Nafion membrane. The authors claimed that the
compatibility between both components was guaranteed due to their strong interfacial attraction. GO
enhanced thermal backbone and side chains stabilities due to the interaction between GO sheets and
Nafion: the non-polar backbone of Nafion interacted with the hydrophobic structure of GO while
the polar ionic clusters of Nafion with the hydrophilic groups of GO. Their study revealed that the
permeability for methanol with just 0.5 wt.% of GO was reduced to 60.2% of Nafion 112 at 25 ◦C.
However, the proton conductivity tests revealed an opposite trend showing a decrease with increasing
the GO filler content and a loss of 55.3% in proton conductivity is reported with 2 wt. % GO loading.
This was not completely unexpected as GO alone is not known to be an excellent proton conductor.
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The authors obtained the maximum power density of 62 mW cm−2 at 30 ◦C and 141 mW cm−2 at 70 ◦C
after optimising the GO loading in the membrane (1% wt.) as depicted in Figure 2.

1 
 

 
Figure 2. Polarization curves of DMFC obtained for Nafion 112 and GO composite membranes at (a) 1M
methanol at 30 ◦C and 70 ◦C and (b) 5M methanol at 30 ◦C; reproduced with permission from [98].

Moreover, at high methanol concentration, where methanol crossover becomes critical, benefits
provided from the incorporation of graphene oxide were more evident: the composite membrane
showed much higher power density, 3 times higher than Nafion (71 mW cm−2 vs 26 mW cm−2).

Chien, et al. [99] prepared a composite membrane with sulphonated graphene oxide (SGO)/Nafion
for DMFC to avoid the aggregation of GO in the polymer matrix. It was reported that proton
conductivity increases with increasing amounts of SGO, as the SGO was distributed throughout the
matrix and created more interconnected transfer channels. However, with further SGO amounts,
aggregation began to predominate, thus reducing the conductivity of the composite membrane.
Methanol permeability was shown to decrease in the presence of SGO as they block the methanol
migration through the membrane. In DMFC test, the SGO/Nafion composite membrane exhibited
higher current and power densities than commercial Nafion 115, for example;

• in 1 M methanol solution, the current density and power density for the composite membrane at
0.4 V were 102.7 mA cm−2 and 42.9 mW cm−2, whereas the commercial Nafion 115 revealed only
78.6 mA cm−2 and 32.6 mW cm−2.

• in 5 M methanol solution, the composite membrane showed values of 83.2 mA cm−2 (at 0.4 V) and
34.6 mW cm−2, which were better than the commercial membrane (54.1 mA cm−2 at 0.4 V and
22.1 mW cm−2).

Additionally, the SGO/Nafion composite membrane had a lower catalyst activation loss than
Nafion 115, which indicated that the composite membrane had lower methanol crossover and faster
reaction kinetics.

Yan et al. [100] proposed an innovative way to modify Nafion membrane by sandwiching a
graphene oxide layer between two Nafion membranes. With the addition of a monolayer graphene
film, methanol permeability decreased by 68.6% while observing only a marginal decrease in proton
conductivity of 7% at 80 ◦C in comparison to pristine Nafion membrane. The authors tested the
membrane in a DMFC varying methanol solution from 5 M to 15 M. Tests depicted that the graphene
film allowed for a substantial performance improvement particularly when the passive DMFC
was fed with high concentration methanol solutions enabling the passive DMFC to be operated at
high concentrations.

2.2. Non-Perfluorinated Polymers Composite Membranes

Non-fluorinated membranes seem to have a promising future for DMFCs as a replacement for
the expensive fluorinated membranes that have high methanol and ruthenium crossover. Aromatic
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polymers are considered to be one of the most promising routes to obtain high performance polymer
electrolytes because of their availability, variety of chemical composition and stability in the cell
environments. Specifically, poly ether ether ketone, polyvinyl alcohol, and poly arylene ether and their
derivatives are currently under investigation.

Poly(ether ether ketone)s (PEEKs) [101] are semicrystalline polymers that present high thermal and
chemical stability. The sulfonation of PEEK produces copolymers with sulfonic acids into the aromatic
backbone; membranes made of these sulfonated polymers show useful properties for DMFCs, such as;
low methanol cross-over, good ion conductivity, thermal stability and high mechanical strength [102].
The proton conductivity of SPEEK depends on the sulfonation degree [103], it generally increases with
the sulfonation degree but high sulfonation results in high methanol permeability so that its application
is limited [104]. The development of SPEEK composite membranes is currently being investigated by
using SPEEK for the polymer matrix and modifying it in order to reduce methanol permeability at
high sulfonation degree. Many researches have focused on SPEEK-based membrane with phenoxy
resin [105], polyphenylsulfone (PPSU) [106], solid heteropolyacids [107], polyaniline [108], SiO2 and
zirconium phosphate (ZrP) [109], zeolite [110], polypyrrole [111]. As discussed above, the utilization of
montmorillonite and polybenzimidazole into Nafion matrix improved the DMFC performance; in the
same way, they can be used to modify the matrix of SPEEK polymer. In fact, Gosalawit et al. [112] used
a SPEEK/MMT membrane in their work and compared its performance in a DMFC single cell with
pristine SPEEK membrane and Nafion bare membrane. The study confirmed that the performance
was higher: current density generated from the MEAs of Nafion 117, SPEEK, SPEEK/MMT 1wt.%,
SPEEK/MMT 3wt.% and SPEEK/MMT 5 wt.% membranes at the constant voltage of 0.2 V were
51, 76, 103, 96 and 94 mAcm−2, respectively with the maximum power density of 10, 15, 21, 19
and 18 mWcm−2. However, the thermal stability was significantly reduced. Pasupathi et al. [113]
synthetized a non-perfluorinated membrane by casting SPEEK and PBI solution into a glass plate.
A SPEEK/PBI membrane enhanced DMFC performance: the maximum power density obtained
(45 mW cm2) was two times higher than Nafion 117 at 60 ◦C. Moreover, SPEEK/PBI membranes were
found to be extremely stable under DMFC operating conditions up to 60 ◦C. However, their stability
dropped considerably at higher temperatures. Experiments are underway to address the stability issue
of these membranes at higher temperatures.

Generally, sulfonated aromatic polymer membranes require a high sulfonation level to achieve
sufficient proton conductivity resulting from the low acidity of the sulfonic groups in the aromatic
rings [114]. However, such a high sulfonation level usually makes them excessively swell and even
soluble in methanol/water solution which may lead to a loss in mechanical properties and become
unavailable in applications [115]. Therefore, they should be modified including organic or inorganic
fillers. Jiang et al. [116] investigated the performance of a SPEEK/GO membrane in which GO is
sulfonated (SGO) to improve the proton conductivity of the membrane. In fact, the SPEEK/GO
membranes exhibit lower ion exchange capacity (IEC) and water uptake than Nafion membrane, and
the overall proton conductivity of the membranes remains low. This is due to the lack of proton
conductive groups on the pristine GO. Therefore, these membranes are still not quite suitable for
use as PEMs in DMFCs. However, by using higher contents of sulfonated GO, these SPEEK/SGO
membranes showed even higher IEC and proton conductivity compared to Nafion 112, which makes
them particularly attractive as PEMs for the DMFC applications. It is worth noting however that
the swelling ratio of membranes increased with the increase of the content of the SGO. DMFCs with
SPEEK/SGO showed better performance than those with the plain SPEEK or the pristine SPEEK/GO.
With the optimized contents of SGO in SPEEK (3% and 5% wt.), the DMFCs exhibited 38 and 17%,
respectively, higher performance than those with Nafion 112 and Nafion 115. Despite of having
higher IECs and proton conductivity, the membranes with higher content of the SGO exhibited higher
methanol permeability leading to a decrease of the fuel utility and the lifetime of the cathode catalysts,
thus low performance. In this regard, for practical applications of the SPEEK/SGO membranes, the
contents of SGO in the SPEEK matrices should be well controlled.
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Sulfonated Poly (arylene ether sulfone) membranes (SPAES can be useful for methanol fuel cell
through the modification of the polymer matrix by introducing inorganic/organic particles such as
laponite. Laponite is made of silica tetrahedral and alumina octahedral sheets which have advantageous
hygroscopic properties [117]. This inorganic compound was used by Kim et al. [118] to prepare and
evaluate the behaviour of the SPAES membrane. Properties of the hybrid membranes for DMFC such
as methanol permeability, and proton conductivity were investigated. Authors claimed that methanol
permeability was lower than that of a SPAES pure membrane and Nafion using membranes with a
small content of Laponite. This is because the presence of Laponite improved the barrier property of
the membrane to methanol molecules. This was likely due to the tortuosity of layered silicate and
the lower aspect ratio of the particles resulting from their exfoliation increasing methanol diffusion
paths through the composite membrane. However, the proton conductivity was very low and further
research should be conducted to optimise Laponite loading.

Another approach to reduce the undesired swelling property and methanol crossover of sulfonated
membrane is to crosslink membranes. This method has been widely investigated by many researchers
for crosslinking SPEEK membranes [119,120]. These membranes showed decreased swelling ratio
and methanol crossover but decreasing proton conductivity. Following this method, Feng et al. [121]
used sufonated poly (arylene ether)s as PEM materials due to their good thermal stability, high glass
transistion and excellent mechanical strength. They synthesized sulfonated poly (arylene ether sulfone)
copolymers with propenyl groups then crosslinked using benzoyl peroxide varying the crosslinking.
Proton conductivity and methanol permeability were evaluated and compared with Nafion 117, and
showed that:

• the proton conductivity of the SPAES membranes increased from 0.1 to 0.16 S/cm with the increase
of temperature from 30 to 70 ◦C which was quite similar to that of Nafion 117: 0.11 to 0.17 S/cm
from 30 to 70 ◦C [122];

• the methanol permeability evaluated was lower than that of Nafion117 (2.07 × 10−6 cm2/s): the
less pronounced hydrophobic/hydrophilic separation of sulfonated polyaryls compared to Nafion
corresponded to narrower, less connected hydrophilic channels and larger separations of the less
acidic sulfonic acid functional groups, which affected the permeability of methanol [123].

Poly vinyl alcohol (PVA) is usually synthesized from poly vinyl acetate and commonly used
for adhesive, food wrapping, and desalination and pervaporation membranes [124]. Regarding the
possible use of a membrane made of PVA in DMFC, it is known that PVA does not have any negative
charged ions, like carboxylic and sulfonic acid groups, so the conductivity is very low as compared with
Nafion membrane. Therefore, PVA membranes can be used in a fuel cell if negative ions are incorporated
within their structure to increase their conductivity [125]. Moreover, several studies have shown
how PVA polymer membrane leads to a reduced methanol crossover [126]. Regarding the reduction
of methanol crossover, it was demonstrated that the addition of filler into PVA matrix contributes
to mitigate this issue: fillers such as SiO2 [127], polyrataxane [128] were reported. Yang et al. [129]
used montmorillonite (MMT) as a filler and tested ion conductivity, methanol permeability, current
density-potential and power density curves of the PVA/MMT composite polymer showing the following
properties:

• high ionic conductivity: 0.0368 S cm−1, performed by PVA/10wt. % MMT at 30 ◦C;
• methanol permeability: 3–4 × 10−6 cm2 s−1, which was lower than that of Nafion 117 membrane

of 5.8 × 10−6 cm2 s−1;
• maximum peak power density: 6.77 mW cm−2 at ambient pressure and temperature with the

PtRu anode based on Ti-mesh in a 2M H2SO4 + 2M CH3OH solution.

2.3. Other Composite Non-Fluorinated Membranes

The modified polyvinylidene fluoride (PVDF) membranes using inorganic additives were prepared
with a view of combining the properties of inorganic ion exchanger (high thermal stability, and
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excellent water holding capacity at higher temperatures) and organic support (chemically stability
and high mechanical strength). Impregnation of porous polymeric film of PVDF is the method used
by Pandey et al. [130,131] to synthesize PVDF/silica and PVDF/Zirconium phosphate (ZrP). Single
cell DMFC tests were carried out to study the DMFC performance for the synthesized membrane.
The membranes showed better thermal stability, water uptake ratio and lower methanol crossover
than Nafion 117, however, performance were low because of poor proton conductivity.

PolyFuel Inc. produced polycarbon membrane for passive DMFC [132] showing a power density
of 80 mW cm−2 for thickness of 45µm, lifetime for a nearly constant runtime is 5000 h and back diffusion
of water was improved by 30%, which helped mediate the dissolution of the methanol concentration
in a passive DMFC.

There are also other composite membranes developed for PEMFC applications which may also
have a good prospect for DMFC. These include trifluorostyrene-based membranes developed by
Ballard Power System Inc [133], a butadiene/stryene rubber-based membrane developed by Hoku
Scientific Inc [134] and polystyrene sufonate (PSS) membranes [135]. Table 1 summarizes the properties
and the pros and cons of composite electrolyte membranes described in this review compared to those
of the commercial membrane. In addition, Table 2 summarizes their DMFC best performance.

Table 1. Summary of DMFC composite membrane properties.

Membrane Preparation Method Pros Cons

Nafion/PTFE Impregnation Low methanol permeability Decreased conductivity

Nafion/PVA Casting
Low methanol permeability

Easily manipulation with
small thickness

Lower proton
conductivity

Nafion/PBI Screen printing Reduced methanol
permeability High impedance

Nafion/Polypyrrole Electrodeposition-In situ
polymerization Low methanol permeability

Decreased proton
conductivity

Increased resistances

Nafion/Polyaniline In situ-polymerization
Decreased methanol

permeability
Increased selectivity

Decreased conductivity

Nafion/SPAEK Casting Low methanol permeability
Higher proton conductivity Easily breakable

Nafion/SPEEK Casting
Decreased methanol

permeability Reasonable
thermal properties

Reduced proton
conductivity

Nafion/Metal oxides
(SiO2-TiO2) Casting Increased proton conductivity Accelerated degradation

Difficult homogeneity

Nafion/Montmorillonite Casting Methanol crossover decreased Slight proton
conductivity decrease

Nafion/Zeolites
(Analcime-Mordenite) Spray

Methanol crossover decreased
Slight increased proton

conductivity
Low tensile strength

Nafion/Graphene oxide Casting
Methanol crossover decreased
High thermal and mechanical

stability

Decreased proton
conductivity

SPEEK Casting Low methanol crossover Poor mechanical stability

SPAES/Laponite Casting Low methanol crossover
Enhanced tensile strength Low proton conductivity

PVA/Montmorillonite Casting
Low methanol crossover

Cheap
High proton conductivity

Filler content should be
well controlled Specific
operating condition and
specific stack material

should be used

PVDF/silica-Zirconium Impregnation High tensile strength
Low methanol crossover Poor proton conductivity
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Table 2. Summary of DMFC best performance using composite membranes.

Membrane Type of
DMFC

Voltage
(V)

Current
Density
(A.cm−2)

Power
Density

(mW cm−2)

Temperature
(◦C)

Methanol
Concentration

(M)

Nafion/silica [79] Active 0.3 0.2 60.0 75 5
Nafion/TiO2 [83] Active 0.3 0.214 64.2 80 1
Nafion/SiO2 [83] Active 0.3 0.204 62.9 80 1

Nafion/sulfonated
montmorillonite [87] Active 0.2 0.336 67.2 40 2

Nafion/GO [98] Active 0.31 0.46 141.0 70 1
Nafion/SGO [99] Active 0.40 0.1 43.0 - 1

Sandwich Nafion/GO [100] Passive 0.17 0.15 25.0 - 5
Nafion/mordenite [95] Active 0.18 0.06 10.8 70 4
Nafion/analcime [95] Active 0.18 0.04 7.2 70 4

Nafion/mordenite/GO [96] Active 0.23 0.12 27.5 70 1
Nafion/polypirrole [64] Active 0.30 0.15 45.0 60
Nafion/polyaniline [65] Active 0.23 0.3 70.0 60 6

Nafion/PVA [53] Active 0.26 0.5 130.0 70 1
Nafion/PBI [58] Active 0.36 0.06 21.7 60 2

Nafion/PTFE [47] Active 0.25 0.35 87.5 70 2
Nafion/PTFE/zirconium

phosphate [50] Active 0.20 0.3 60.0 80 2

Nafion/SPAEK [72] Active 0.38 0.3 114.0 80 2
Nafion/SPEEK [73] Active 0.18 0.15 27.0 80 2

SPEEK [112] Active 0.20 0.076 15.2 60 1
SPEEK/MMT [112] Active 0.20 0.1 20.0 60 1
SPEEK/GO [116] Active 0.35 0.21 72.2 65 1
SPEEK/PBI [113] Active 0.28 0.16 45.0 60 1

PVA/montmorillonite [129] Active 0.29 0.023 6.8 25 2
PVDF/zirconium phosphate [131] Active 0.54 0.060 32.3 60 1

According to the data collected into the two tables above, membranes with fillers guarantee the
highest performance. This is due to the fact that the reduced alcohol permeability counterbalances
the reduced proton conductivity in the composite membranes. Materials, such as; PTFE, PVA and
metal oxided are not proton-conducting materials so result in a reduction in the electrolyte proton
conductivity, however they increase the tortuosity of the membrane thereby leading a reduced amount
of crossover. Two approaches to increase the proton conductivity were adopted to further enhance the
performance, namely; by optimising the filler content or by functionalising the filler (most commonly
by incorporating sulphonic groups) to increase the overall electrolyte proton conductivity.

Polarization curves, proton conductivity, water uptake and methanol crossover are tests commonly
carried out for all the membranes described in this section. However, durability tests are still lacking
in the literature. Therefore, only commercial Nafion provides guarantees in terms of lifetime and
degradation, therefore it cannot be completely substituted up to this time. Research activities on the
lifetime time and the degradation of Nafion based composite membranes should be carried out.

3. Composite Membranes for H2 PEMFCs

3.1. Inorganic Fillers

Inorganic fillers have a long history of use as fillers in membranes for fuel cells. The general
explanation of their suitability is due to their high thermal stability, mechanical strength, and
water-absorbing nature. Therefore, the main aim of introducing fillers into the polymer membrane
is to enhance its properties and enable its operation at elevated temperatures and/or low relative
humidities. Figure 3 illustrates the change in proton conductivity and hydrogen crossover with the
change in operating conditions to higher temperatures and lower relative humidities (Figure 3b) and
the incorporation of fillers (Figure 3c).
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At 80 ◦C and with high relative humidity, the membrane and its channels are fully saturated
with water. The protons travel through the membrane via either Grotthus mechanism or via diffusion.
There is also molecular hydrogen that passes through the membrane, known as hydrogen crossover,
that then interacts with the cathode resulting in a reduced OCV.

At higher temperatures, the water within the membrane begins to evaporate. This results in a
shrinkage in the channels within the membrane and less water for protons to either hop across or
diffuse through the membrane, resulting in a subsequent drop in proton conductivity. Furthermore,
the effect of hydrogen crossover is enhanced due to the increased operating temperature.

The addition of a filler material increases the path of the hydrogen to pass from the anode to the
cathode. This increased tortuosity results in a decrease in hydrogen crossover. Also, the filler material
itself can be functionalised, so for example, hydrophilic fillers can draw lots of water, hence improving
proton conductivity and reducing the detrimental effects of increased temperatures.

Di Noto et al. studied the proton-conducting properties of mixed organic-inorganic membranes
with Nafion mixed with various metal oxides, such as titanium, zirconium, hafnium, tantalum and
tungsten oxides [136]. Thermal experimentation revealed that the composite membranes are stable
below 170 ◦C, suggesting their possible application in PEMFCs that operate at elevated temperatures.
Four different water domains were detected in the composite membrane, regarding the different
interactions such as bulk water and water solvating ions interacting with the sulphonic side group.
The quantity of each domain depends on the filler material. The authors proposed that the conduction
mechanism within the studied membranes involves proton hopping through different fluctuating
water domains [137].

Adjemian et al. [138] also investigated composite membranes with different metal oxide fillers such
as titanium, silica, alumina, and zirconium for PEMFCs with varying the operating temperature from
80 to 130 ◦C. It was found that the membranes with titanium oxide or silica revealed better performance
at higher temperature and lower humidity conditions compared to recast Nafion. Furthermore, a study
into carbon monoxide tolerance revealed that; by using the composite membranes and increasing the
operating temperature to 130 ◦C, the CO tolerance of the catalyst layer was improved to 500 ppm of
carbon monoxide without failing comparted to 50 ppm at conventional operating conditions. In this
study, none of the composite membrane filler materials were surface modified so potentially further
performance enhancement can be achieved by functionalising the fillers.
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A composite membrane with Nafion and a filler consisting of silica nanoparticles with surface
modified fluoroalkyl functionalities was presented in [139]. It was noted that although the silica
nanoparticles are hydrophobic, the water uptake of the membrane was not negatively affected.
In addition, the composite membrane showed thermal stability up to temperatures of 240 ◦C. Proton
conductivity tests revealed that the composite membrane with 5 wt. % silica nanoparticles with a ratio
of [Nafion/ (Si80F) 0.7] had the highest conductivity at 0.083 S cm−1 at 135 ◦C. Following from this,
a single cell test was performed with the composite membrane at 85 ◦C. The composite membrane
displayed a better power density compared to the recast Nafion, when the oxidant is air and oxygen
(Under air: 0.38 vs 0.27, under oxygen: 0.48 vs 0.35 W cm−2 composite and recast Nafion respectively).
It would be interesting to see the behaviour of the membrane at elevated temperatures.

Following on from their work, Griffin et al. [140] fabricated and characterised a composite
membrane with sulphonated zirconia dispersed in a Nafion matrix. The idea behind this is that
functionalising the zirconia with sulphonic groups would boost the proton conductivity of the
membrane. Proton conductivity tests at 120 ◦C and under anhydrous conditions revealed that the
membrane had a conductivity of 3 × 10−3 S cm−1. This makes the membrane ideal for fuel cell
applications at intermediate temperatures and under dry condition.

Saccà et al. [141] studied the influence of zirconium oxide as a filler material at different loadings
of 5, 10 and 20% for Nafion composites. Recast Nafion membranes had a water uptake of 20%. The
addition of zirconium oxide led to an increase in water uptake to 24, 24, and 30% for loadings of 5, 10
and 20% respectively. Fuel cell testing of the membranes in a single cell at operating temperatures of
80, and 110 ◦C show that at 80 ◦C, addition of 5% of filler makes very little difference in performance
compared to recast Nafion. However, the membrane with 20% filler had a much lower potential,
potentially due to excessive water uptake at 80 ◦C. Composite MEAs with 10% filler produced higher
polarisation compared to Nafion at both temperatures with a maximum power density of 400 mW cm−2

was achieved at 130 ◦C, 85%, and 0.5–0.6 V.
D’Epifanio et al. [142] took this one step further and sulphonated the zirconium oxide. Water

uptake experiments at 25 ◦C with varying relative humidity revealed that both composite membranes
outperformed recast Nafion at all relative humidities (30 to 100%). Polarisation curves at 70 ◦C and
at three different RH (65, 83 and 100%), show that the composite membrane produced better current
densities at all voltage ranges, with current densities of 1015 mA cm−2 vs 680 mA cm−2 at 0.6 V,
respectively. The difference between the two polarisation curves was emphasized during the ohmic and
mass transport region, showing that the filler reduced ohmic resistance and improved water diffusion.
A final test at 30% RH showed even greater differences with current densities of 930 mA cm−2 vs only
200 mA cm−2.

Alberti et al. [143] attempted to improve the proton conductivity and stability of membranes at
elevated temperatures and studied the effect of doping Nafion with zirconium phosphate. However,
they found that the conductivity decreases with increasing filler loadings. In addition, the authors
explained that the difference in proton conductivity between Nafion and their composite membrane is
mostly at lower relative humidities and higher filler loadings. On the other hand, Sahu et al. embedded
silica nanoparticles into Nafion via a sol-gel method [144]. Single cell tests at 100 ◦C and at 100%
RH showed the composite membrane (doped 10 wt. % silica) produced a peak power density of
350 mW cm−2. Moreover, composite membranes with 15 wt. % experience large mass transport losses
due to flooding.

Costamagna et al. [145] then prepared zirconium phosphate Nafion composite membranes via
the impregnation of Nafion 115 and recast Nafion for high temperature PEMFC use. The composite
membrane from Nafion 115 produced a current density of 1000 mA cm−2 at 0.45 V and at an
operating temperature of 130 ◦C, which is much better compared to 250 mA cm−2 pristine Nafion.
In addition, the cell fabricated from recast Nafion reached current densities of 1500 mA cm−2 at the
same operating conditions.
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Furthermore, Sahu et al. [146] presented a Nafion composite membrane with mesoporous
zirconium phosphate as the filler, prepared via a co-assembly method. The single cell testing was
performed at 70 ◦C and at varying relative humidities, 100, 50, 31 and 18%. The difference between the
composite membrane and pristine Nafion membrane increases with decreasing RH (via the maximum
power density peaks). In terms of filler loading, the best performing was 5 wt. %, followed by 10 and
2.5. At 18% RH, the composite membrane produced a maximum power density of 353 mW cm−2, in
comparison to pristine Nafion’s 224 mW cm−2 (both at 500 mA cm−2).

Pineda-Delgado et al. [147] decided to study the behaviour and performance of Hafnium oxide
Nafion composite membranes. The fabricated composite membranes displayed greater water uptake
of 61% at 100 ◦C compared to 29% for recast Nafion. This improvement in water uptake led to better
proton conductivity at 100 ◦C with 112 vs 82 mS cm−1, for the composite and recast Nafion respectively.
Following from this, the authors decided to test their membranes in a single cell set up at operating
temperatures of 30, 50, 80 and 100 ◦C. The recast Nafion achieved a greater maximum power density at
30 and 50 ◦C, but at 80 and 100 ◦C the composite membrane performed better. At 100 ◦C, the composite
produced a maximum power density of 0.336 W cm−2 compared to 0.188 W cm−2 for the recast Nafion,
at a voltage of 0.46 V.

The performance of sulphonated silica Nafion composites where assessed where the filler was
synthesised with a simple sol-gel calcination process [148]. Optimisation studies revealed that a 1%
filler was the optimum loading, outperforming 0.5, 1.5% and recast Nafion. In-situ fuel cell testing
under reduced humidity also confirmed the initial ex-situ results. The authors attributed the enhanced
performance to efficient proton transport due to the well-defined phases in the membrane structure
which was seen with TEM.

One method to improve the dispersion of filler material within the polymer matrix is to swell
the polymer membrane in a solution of the filler [149,150]. Xu et al. employed this technique
by swelling the Nafion membrane with silica to achieve a composite membrane, in comparison
to the traditional solution casting technique. They highlighted that this method maintains the
ordered nanophase-separation structure of Nafion. This was shown in water uptake tests, where the
swelled composite showed a higher water uptake but lower swelling, in comparison to the recast
membrane. Fuel cell testing at 110 ◦C and 20% RH showed that the swelled composite produced
a maximum power density of 113 mA cm−2, in comparison to 80 mW cm−2 for recast Nafion with
no filler. The performance was explained due to the lower internal resistance of the composite
membrane.Saccà et al. [151] introduced titanium oxide of different loadings (5, 10 and 15 wt. %) into
Nafion for the purpose of operating fuel cells at a reduced humidity. SEM images revealed that the
dispersion of filler throughout the cross-section of the membrane show that the lower filler loadings
are better dispersed. The higher loading membranes showed the presence of filler agglomerates. Water
uptake testing at different temperatures showed that there is a small drop initially when the filler
material is introduced. In addition, the higher loading membranes are less influenced by the increasing
temperatures. A similar trend was also observed for swelling, with the composite membranes having
lower swelling percentages. However, excessive introduction of filler material can result in the
membrane becoming stiffer and more fragile. Fuel cell testing revealed that the 10 wt. % composite
membrane was the best performing, with it being closest in polarisation behaviour to recast Nafion.

Saccà et al. [152] continued their work by studying the characteristics of Nafion-Titanium oxide
membrane for PEMFCs operating at medium temperatures. Introduction of 3 wt. % of titania
powder increased the water uptake from 20% for recast Nafion to 29%. The composite membrane
outclassed commercial Nafion at all fuel cell operating temperatures (80, 90, 110 and 130 ◦C). At 110 ◦C
(and 0.56 V), maximum power densities were 0.514 W cm−2 and 0.354 W cm−2 for the composite
and commercial membrane respectively. As well as the better polarisation performance, the cell
resistance of the composite membrane decreased with temperature up until 110 ◦C, where it starts to
increase (0.106 Ω cm−2). This is in comparison to the commercial membrane whose resistance begins
to increase after 100 ◦C (0.088 Ω cm−2). Interestingly, experiments with steam reforming fuel (with
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10 ppm CO, 20% CO2, 75% H2 and 1% CH4) at 110 ◦C showed similar OCV values compared to pure
hydrogen. Morever, the maximum current density decreased from 1300 mA cm−2 for pure hydrogen
to 800 mA cm−2 for the synthetic fuel.

Amjadi et al. [153] also studied the influence of titanium oxide as a filler in Nafion composites,
with two types of composites prepared via different methods, a solution casted and an in-situ sol-gel
synthesis. EDX mapping across the composite membrane revealed that the sol-gel composite had a
better dispersion of particles, which ultimately led to improved properties. One example is water
uptake, where both composites had improved uptake capabilities compares to recast Nafion. However,
due to the agglomeration and reduced uniformity in the casted composite, a decrease in surface area
of the filler reduced the achieved water uptake. The introduction of filler led to a drop in proton
conductivity, which was explained by the disruption of proton pathways in the membrane. Fuel cell
testing at 110 ◦C showed that the composite membrane was able to reach a maximum current density
of nearly 600 mA cm−2, compared to just over 200 mA cm−2 for Nafion 117.

Furthermore, Matos et al. [154] studied the influence of particle shape (spherical nanoparticles,
high surface area mesoporous particles, and nanotubes) of titania for the application of PEMFCs
operating at temperatures up to 130 ◦C. Water uptake tests revealed that any addition of spherical
or high surface area (HSA) titania led to a decrease in water uptake compared the recast Nafion,
with greater decrease at higher filler loading. However, the water uptake for the titania nanotube
composite membrane increased, reaching a maximum of nearly 60% at 15% loading, compared to 42%
for recast Nafion. The authors state that this is because of the “nanotubular” structure in which water
molecules being able to exist inside the nanotube. Single cell tests (Figure 4) were performed at 80 and
130 ◦C. Nafion outperformed the composite membranes at 80 ◦C, however, the membrane degraded
significantly once the temperature increased. All three composite membranes displayed a smaller
amount of decrease in polarisation at 130 ◦C in comparison to recast Nafion. However, increasing filler
loading in all three prospective filler materials (nanoparticle, mesoporous particles and nanotubes) led
to a decrease in polarisation, particularly in the ohmic region, which the authors explain due to the
decreasing proton conductivity with greater filler loading.

Zhengbang et al. [155] synthesised titanium oxide nanowires as a filler material in Nafion for
PEMFCs operating at a higher temperature in addition to reinforcing the mechanical properties of
the membrane. Addition of the nanowires led to a subsequent drop in water uptake and swelling,
with increasing loading leading to increased reductions. The reduced swelling would help maintain
mechanical integrity at higher operating temperatures. Fuel cell testing at 90 ◦C showed that the
composite membrane experienced a smaller drop in polarisation when the humidity was reduced,
in comparison to Nafion where the change in polarisation was much greater. Humidity stress
tests revealed that the composite membrane had less stress (which becomes smaller with increased
loading) than the recast Nafion, which experienced a high level of humidity related stress indicating
lower lifetime.

Ketpang et al. [156] further developed their idea of tubular inorganic fillers by studying the
effect of titanium oxide nanotubes as a filler. The composite membranes had a higher water uptake
compared to recast Nafion, with recast Nafion achieving 21.8%, Nafion-TiNT-10 33.7%, Nafion-TiNT-20
31.3% and the Nafion composite with 50% titanium oxide nanotubes achieving a water uptake of
29.6%. In addition, FT-IR analysis after drying the membranes at 110 ◦C revealed that the composite
membranes still had water (from electrostatic interaction) through peaks that corresponded to -OH
stretching (3455 cm−1) and –HOH- (1625 cm−1) bending vibration. Proton conductivity measurements
at 80 ◦C and 100% RH confirmed that the filler improved the proton conductivity compared to recast
Nafion (97 mS cm−1). The highest proton conductivity measurement was achieved by the composite
with 10% filler (155 mS cm−1), with the 20% (142 mS cm−1) and 50% (121 mS cm−1) having slightly
decreased conductivity. The composite membranes also outperformed the pristine Nafion at variable
RH. Fuel cell experiments at 80 ◦C and 100% RH (Figure 5) show that the composite membranes
perform much better than the recast membrane, with current densities at 0.6 V of 1777, 1609, 1498 and
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1357 mA cm−2 for the composite membranes with filler of 10, 20, and 50% titanium oxide nanotube
(TNT) content and recast Nafion, respectively.
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The OCV also ranged from 0.97 to 1.03 V, indicating low crossover. Similar to the zirconium oxide
nanotube, the titanium oxide nanotube composite displayed greater current densities at lower voltages.
A 100 h stability test at 0.5 V, 80 ◦C and 18% RH showed that the composite membrane’s maximum
power density decreased from 470 to 442 mW cm−2, whereas Nafion 212 only managed to produce a
maximum power density of 55 mW cm−2 which degraded to 22 mW cm−2 after 100 h, an impressive
difference in performance.

Jun et al. [157] then fabricated a Nafion composite with functionalised titanium oxide nanotubes
and 3-mercaptopropyl-tri-methoxysilane (MPTMS) was used to functionalise the inorganic filler, to
further improve proton conductivity. Nanotubes are a promising filler due to their high surface area and
internal space, in addition to providing mechanical strength. In addition, the water uptake was greater,
with 27.2 to 23.7%, for functionalised nanotubes to functionalised nanoparticles, respectively. Proton
conductivity measurements at 120 ◦C and varying relative humidities show that the functionalised
titania nanotubes exhibited greater conductivities than recast Nafion, at all humidities, with the
deviation being greater at lower RH.

A Nafion composite comprising of porous zirconium oxide nanotubes were fabricated by Ketpang
et al. for the purpose of high temperature PEMFCs [158]. The tubular structure of the filler was used
to improve water transport, which should result in improved water uptake and proton conductivity.
The performance of these composite membranes was tested at 80 ◦C at varying relative humidities
of 100, 50 and 18%. It was found that the addition of the filler resulted in improved power densities
at 0.6 V, implying that the filler lowers the ohmic resistance. In addition, the composite membrane
revealed greater current densities at low voltages (0.3 V), this was explained due to the more efficient
back diffusion from the cathode to the anode, mitigating flooding. A further 200 h durability test of the
membrane (with 1.5 wt. % of filler) at the same operating conditions (80 ◦C and 18% RH) displayed a
small decrease in OCV, from 0.99 to 0.92 V after 200 h. The authors have shown that use of a porous
nanotube morphology can improve water transport and have potential advantages in low relative
humidity application.

Research into composite membranes extended beyond of the use of Nafion to other
proton-conducting polymers. Marani et al. decided to combine sulphonated poly(ether ether
ketone) (SPEEK) with titania nanosheets (an alternate material structure) for the application in PEMFCs
operating at temperatures of 140 ◦C [159]. The authors studied the effect of treating the composite
membranes with either water or with acid prior to use in addition to the effect of inorganic filler
loading. It was found that acid treated membranes (with the lower filler loading of 1.67%) had the
greatest proton conductivity in comparison to pristine SPEEK, with values of 4.14 × 10−2 Scm−1 at
140 ◦C and at 100% relative humidity to 1.76 × 10−2 Scm−1, respectively. This is because the acid
washing displaced the tetrabutylammonium (TBA+), which was used to create the stable suspension
of Titania nanosheets. However, acid treated membranes with higher loading displayed a porous
structure and extreme swelling indicating chemical instability and high degradation rate.

Devrim et al. [160] fabricated a composite membrane with titanium oxide and sulphonated
polysulfone as the polymer matrix. The degree of sulphonation of the polymer was varied and higher
levels of sulphonation led to a higher water uptake, with a sulphonation degree of 15% providing
a water uptake of 7%, compared to 33% for a sulphonation degree of 40%. Adding titanium oxide
to the sulphonated polymer (40% sulphonation degree) resulted in a drop in water uptake, to 29%.
The authors explain that this is because the introduction of the filler reduces the membranes’ free
volume and ability to swell sufficiently. Proton conductivity values increased with increasing levels of
sulphonation and temperature, with the composite of 40% sulphonated polysulfone/titanium oxide
producing a conductivity of 0.098 S cm−1. Single cell tests at varying operating temperatures from
60 to 85 ◦C reveal that the pristine sulphonated polysulfone undergoes excessive swelling above
70 ◦C, leading to lower power output. The composite membrane outperforms the pristine reference
membrane as the filler provides mechanical reinforcement to the membrane, preventing excessive
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swelling and deformation. The sulphonated polysulfone membrane produced a maximum power
density of 0.16 W cm−2 at 85 ◦C, compared to 0.24 W cm−2 for the composite membrane.

Sambandan et al. synthesised silica and functionalised sulphonated silica composite membranes
with SPEEK as polymer of choice [161]. Water uptake results show that the composite membrane had
lower water uptakes compared to SPEEK. Fuel cell testing at 80 ◦C and 75%, in addition to 50% RH show
that the composite membranes, particularly those with functionalised filler have polarisation curves
similar to that of recast Nafion. Proton conductivity results for the functionalised composite membrane
were 0.05 S cm−1 and 0.02 S−1 cm with the same operational parameters to the fuel cell, respectively.
Therese at al. [162] prepared a SPEEK/PAI (poly amide imide) membrane with sulphonated silica
filler. The PAI was added to the SPEEK to improve the mechanical strength and chemical resistance
at higher operating temperatures. The composite membrane produced a proton conductivity of
8.12 × 10−2 S cm−1 at 90 ◦C. The idea of combining more than one polymer for composite membranes
in an interesting one as instead of trying to choose one optimum polymer to work with, several can
be blended.

Sahin et al. [163] produced a SPEEK cerium phosphate composite membrane to improve fuel
cell performance and to increase oxidative stability. Fenton testing revealed that the composite
membrane lost 10% in weight over 80 h, whereas the SPEEK membrane was completely destroyed.
Proton conductivity also increased with filler content until 10% loading, where it begins to decrease.

Carbone et al. [164] fabricated a SPEEK composite membrane with amino-functionalised silica
filler for elevated temperature operation in PEMFCs. Two types of SPEEK were synthesised, with
35 and 52% degree of sulphonation. The addition of the functionalised filler did not change the
water uptake or swelling (at 100 ◦C) of the 35% sulphonated SPEEK. However, the 52% SPEEK water
uptake and swelling dropped significantly with the addition of filler (from 400% to 120% water uptake
and from 4 to 1.5 degree of swelling ratio). The authors explained that this is due to the strong
sulphonic-aminic groups. Fuel cell testing at 120 ◦C showed that the composite membrane with 52%
degree of sulphonation and with 20 wt. % of filler produced a peak power density of 246 mW cm−2

(around 400 mA cm−2) compared to 179 mW cm−2 (around 320 mA cm-2) for 52% SPEEK without filler.
The same authors decided to continue this line of work and studied the effects of a zeolite filler

(H-BETA) inside a SPEEK matrix for medium temperature fuel cells [165]. The introduction of zeolite
reduced IEC of the SPEEK membrane (around 50% degree of sulphonation) from 1.55 to 1.47 (5%
filler), 1.4 (10% filler) and 1.31 meq g−1 (15% filler). At 80 ◦C, the pristine SPEEK outperforms the three
composite membranes but at 120 ◦C all three composite membranes outperform the SPEEK reference
membrane. The composite membrane also had a higher OCV than the reference SPEEK. The authors
explain this as the zeolite providing necessary mechanical reinforcement as well as retaining water in
the membrane that would otherwise be removed at elevated temperatures.

Moreover, Ozdemir et al. investigated the addition of different inorganic fillers (silicon dioxide,
titanium dioxide and zirconium phosphate) to PBI for high temperature PEMFCs [166]. The properties
that the authors were looking for included improved acid uptake and greater acid retention (lower
levels of leaching). All three prospective fillers led to decreased acid leaching, from pristine PBI lost
85.2% of its doped acid compared to SiO2/PBI at 81.5%, TiO2/PBI at 77.4% and ZrP/PBI at 75.9%. Also,
SiO2/PBI and ZrP/PBI displayed improved proton conductivity values compared to pristine PBI. Both
membranes produced their highest conductivity at 180 ◦C, with 0.113 and 0.200 S cm−1, respectively.
However, TiO2/PBI displayed proton conductivities lower than pristine PBI. This was explained due to
the non-uniform dispersion of filler (agglomeration) within the Nafion, which was observed on the
SEM images. All four membranes conductivities increased with increasing temperature (140, 165 and
180 ◦C).

Lee et al. fabricated a PBI composite with sulfophenylated titanium oxide nanoparticles for fuel
cells operating at elevated temperatures [167]. As expected, the introduction of the filler material
improved acid retention and proton conductivity. The composite membrane produced a peak power
output of 621 mW cm−2, whereas pristine PBI produced 471 mW cm−2, at 150 ◦C. One thing to note
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was that the membranes were very thin for composites, with film thicknesses of around 15 µm before
acid doping and 22 µm after and therefore hydrogen crossover tests would be interesting to perform to
understand the difference in crossover between pristine and composite membranes.

Ooi et al. investigated improving the acid retention and oxidative stability of PBI membranes
operating at increased temperatures [168]. This was achieved by preparing a composite membrane
which composed of partially fluorinated PBI and a filler of cesium hydrogen sulfate-silicotungstic acid
(CsHSO4–H4SiW12O40, CHS-WSiA). The synthesised composite exhibited greater acid retention rates,
which was attributed to the fluorinated PBI and the filler material. This retention was examined in a
fuel cell 24 h stability test, where a voltage of 0.614 V at a constant current of 0.2 A cm−2 was produced
with no drop. A longer test would be interesting to validate the durability of the membrane.

Devrim et al. [169] prepared a silica polybenzimidazole (PBI) composite membrane for high
temperature PEMFCs. The silica nanoparticles improved the acid retention and the proton conductivity.
Proton conductivity results measured at 140, 165 and 180 ◦C revealed that the composite membrane
had greater conductivity than pristine PBI, 0.0675 to 0.0600, 0.0866 to 0.0765, 0.1027 to 0.0944 Scm−1 for
PBI/SiO2 respectively at the three temperatures. The addition of silica also reduced the degree of acid
leaching from 41.5 (for pristine PBI) to 36.3% due to increased covalent bonding between the inorganic
filler and acid. Single cell testing was also performed at the three temperatures previously stated,
under hydrogen and air at 1 atmosphere. At 140 ◦C the pristine PBI outperformed the composite but
at the two higher temperatures the composite membrane produced a greater maximum power density.
The best performance was from the composite membrane at 165 ◦C, producing a maximum power
density of 0.24 to 0.2 Wcm−2 for the pristine PBI, at 0.6 V. The authors have shown the novelty of using
inorganic filler to retain acid in PBI for high temperature PEMFC applications.

Plackett et al. [170] tested laponite clay as a filler in PBI for high temperature fuel cells. Two sets of
fillers were prepared, by functionalising the clay with an imidazole group and another with quaternary
ammonium group. Water uptake results showed that no difference was made when the organic filler
was introduced in the PBI matrix, but the composite membranes did experience less acid swelling. The
composite membranes achieved an OCV of 1.02 V (at room temperature, 0.96 V at 125 ◦C and 0.91 V
at 200 ◦C), which implies low or almost non-existent hydrogen crossover, which was confirmed in
permeability tests.

Aili et al. [171] doped silica with phosphotungstic acid for use as a filler in phosphoric acid doped
polybenzimidazole for high temperature PEMFCs. This composite had a lower swelling rate due to its
lower uptake of phosphoric acid. Durability testing at 200 ◦C revealed that the composite membrane
had a decay rate of 27 µV h−1, whereas the membrane without the filler decayed at a rate of 129 µV h−1.

Other inorganic materials are used as they have the potential to improve the durability of the
membrane. Rodgers et al. [172] used platinum nanoparticles as a filler to remove radicals formed
during fuel cell operation and therefore reduce degradation. Membranes with 0, 10, 30, and 50 mol %
of platinum were prepared, and their performance was evaluated in a 100 h fuel cell test at 90 ◦C
and 100% RH. The highest degradation (through fluoride emission) was observed for the 10 mol %
platinum composite. The authors explain that this is because of the low distribution and density of the
platinum particles throughout the membrane.

Pearman et al. [173] studied the influence of cerium oxide as a radical scavenger in PEMFCs. Two
forms of cerium oxide were used as fillers within a PFSA polymer structure, a synthesised version
with 2–5 nm sizing, and a commercial version with 20–150 nm. The addition of cerium oxide resulted
in a 50% reduction in OCV decay rate (from a 94 h test), from 0.9 mV hr−1 for pristine Nafion to an
average of around 0.4 mV hr−1. However, the weight percentage of cerium oxide seemed to make no
difference in the decay rate. Electron microscopy images show that less platinum particles were present
in the composite membrane in comparison to the recast. A 500 h OCV hold test with pre and post-test
polarisation curves, depicted in Figure 6, demonstrated that the composite membranes had a much
smaller deviation in polarisation compared to the baseline Nafion membrane. The authors followed
this work up by studying the proton conductivity of the composite membranes [174]. Unfortunately,
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the composite membranes did not perform as well as the baseline Nafion, with long term conductivity
testing resulting in a continuous decrease in conductivity (80 ◦C, 70% RH for 4 days). The authors
discovered that this is due to the excess acidity of the PFSA, humidification and gas flow reducing
the cerium oxide into (III) which then binds to the sulphonic groups, inhibiting proton conduction.
This was confirmed by reprotonation via sulphuric acid and the proton conductivity went back to its
original value.

1 
 

 
Figure 6. Pre- and post 500 h test performance curves; reproduced with permission from [173].

Lee et al. [175] prepared cerium oxide impregnated sulfonated poly(arylene ether sulfone) (SPES,
50% degree of sulphonation) membranes aiming for improved fuel cell durability. The addition of
cerium oxide led to a drop in water uptake, IEC and proton conductivity. With increasing loading
resulting in lower water uptake, IEC and proton conductivity. However, the ex-situ Fenton reagent
tests was performed to study the oxidative stability of the composite membranes. Introduction of the
cerium oxide led to a decrease in degradation of the membrane. In addition, single cell accelerated
OCV hold testing (90 ◦C, 30% RH, 0.5 bar) showed that the composite membrane with 2% cerium
oxide was stable for up to 2200 h, compared to 670 h for the pristine SPES.

Elakkiya et al. decided to enhance the proton conductivity of composite membranes by using
sulphonated TiO2 coated in polyaniline within a SPES polymer matrix [176]. Water uptake and proton
conductivity improved with the addition of the filler however, no in-situ testing was performed.
It would be interesting to see what effect the polyaniline has on fuel cell performance, and if the
sulphonated filler improves performance at elevated temperatures/reduced humilities.

Lee et al. [177] synthesized sulphonated silicon dioxide within SPAEK. As expected, the addition
of the filler improved fuel cell performance (at 60 ◦C and at both 100 and 70% RH) but the functionalised
filler also outperformed the composite with non-functionalised silicon dioxide. This is due to the
sulphonic groups retaining more water and allowing sufficient proton transport.

3.2. Carbon Nanomaterial Fillers

In recent year carbon nanomaterials have become the go-to filler, particularly graphene oxide due
to its abundance of oxygen containing functional groups [178].

These oxygen-containing functional groups attract water molecules and are able to retain higher
levels of water in comparison to pristine Nafion. In addition, graphene oxide’s flat structure means
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that these functional groups are easily accessible. The inclusion of filler materials can also improve the
mechanical strength of the composite membrane.

Kumar et al. [179] prepared a GO/Nafion membrane for PEMFCs operation. Addition of GO
in 2, 4, and 6% loading to recast Nafion led to a subsequent increase in water up from 21.1 to 27.9,
37.2 and 36.1% respectively. Additionally, IEC changed from 0.891 to 1.21, 1.38 and 1.26 meq g−1

respectively. The authors argued that there is an optimum quantity of filler and any addition would
result in increased membrane stiffness and subsequently reduced water uptake. Fuel cell tests at 100
and 25% RH show that the 4% GO composite membrane outperformed the reference recast Nafion by
nearly 4 times (212 mW cm−2 to 56 mW cm−2).

Sahu et al. [180] instead functionalised graphene with sulfonic acid groups inside a Nafion matrix
for low relative humidity operation. This is interesting as the use of graphene oxide as a filler is due
to its abundant oxygen containing functional groups, which make it more hydrophilic. This is in
comparison to graphene, which is hydrophobic and hard to disperse in water, however the sulfonation
procedure would have reduced the hydrophobicity of the graphene filler. This is shown in the water
uptake and IEC tests. Recast Nafion has a water uptake of 20.1%, the addition of graphene slightly
increases it to 21.4%. However, the introduction of sulphonated graphene, in 0.5, 1 and 1.5% loading
results in improved water uptakes of 24.5, 27.3 and 29.2% respectively. The IEC values are: 0.88,
0.89, 0.92, 0.96 and 0.95 meq g−1 respectively. A similar trend was also observed with the proton
conductivity, with the 1% sulphonated graphene having the best performance, which is also hinted
at by it having the highest IEC. Fuel cell testing at 70 ◦C and 20% RH revealed that the composite
membrane with sulphonated graphene (1%) produced a maximum power density of 300 mW cm−2,
whereas recast Nafion and Nafion-graphene (1%) produced peak power densities of 220 mW and
246 mW cm−2 respectively.

Lee et al. [181] prepared Nafion/GO and a novel Pt on graphene/Nafion composite membranes for
low humidity PEMFCs. The idea behind using platinum on graphene as a filler is to use platinum
as a reaction site to produce water and “self-humidify” the membrane. Water uptake experiments
showed that the GO composite membrane outperformed the pristine Nafion sample. In comparison,
the Pt/Graphene filler led to a drop in water uptake. The authors explained that this is because of the
less hydrophilic nature of platinum as well as the GO being reduced to graphene in the synthesis step.
However, the Pt/Graphene membrane had a greater proton conductivity compared to the other two
membranes, which was explained via the electronic tunnel effect. The GO composite had a lower
proton conductivity due to the filler impeding the ionic pathways, but this issue was resolved when
the loading was greater than 3%, resulting in an increase in proton conductivity. The GO/Nafion
membrane was tested at 80 ◦C and under a range of RH. At 40% RH, the peak power densities of
the membranes with different GO loadings were all around 0.5-0.6 W cm−2. On the other hand, the
Pt/Graphene membrane gave disappointing current output under anhydrous conditions, with peak
current densities of 0.27, 0.36 and 0.14 A cm−2 for 0.5, 3 and 4% loading respectively.

The authors followed up this work with designing a composite membrane with platinum on
graphene in addition to silicon dioxide to improve the “self-humidifying” capabilities of the membrane
by using the silica to retain the water produced by the platinum-graphene [182]. The water uptake and
proton conductivity of these novel membranes increased with increasing silica content. Maximum
water uptake of 30% was achieved with 3% Pt-G and 3% silica content. Fuel cell experiments showed
that the addition of silica improved the polarisation curve. However, performance dropped with
too much silica at low RH, which the authors explain is possibly due to the filler blocking the ionic
pathways. Filler optimisation was concluded by the authors, as increases in Pt-G loading also resulted
in a drop in performance.

Yang et al. [183] fabricated a composite membrane with platinum deposited on titania, which
is then incorporated with graphene oxide into a Nafion polymer matrix. The composite membranes
displayed a better IEC than recast Nafion, with increased until 20% GO is reached, where the IEC
began to decrease beyond that. The proton conductivity followed a similar trend to the IEC, which also
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decrease past 20% GO loading. Fuel cell testing with varying levels of RH showed that the Pt-TiO2

improved the fuel cell performance, however the authors noted that this was still not sufficient at zero
RH. Adding the GO led to an even greater improvement in cell polarisation. Nafion/0.8Pt–TiO2/0.2GO
generated a current density of 0.54 A cm−2 at 0.6 V at 0% RH, which compared to Nafion/Pt–TiO2 that
produced a current density of 0.01 A cm−2 at the same RH. Furthermore, the introduction of GO not
only improved the current density generation, but also helped alleviate significant OCV loss when the
humidity was lowered.

Kim et al. [184] fabricated a GO/Nafion composite where the GO is modified with phosphotungstic
acid (H3[PW12O40]·29H2O) to aid water uptake and proton conduction at low relative humidity
PEMFC operation. Fuel cell testing at 80 ◦C and 20% RH showed that the composite membrane with
modified GO produced a maximum power density of 841 mW cm−2, which is a great improvement
in comparison to non-acid doped Nafion/GO which generated 488 mW cm−2, and 208 mW cm−2 for
recast Nafion. Polarization curves are shown in Figure 7.
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Figure 7. Polarization and power density plots of Nafion-212, recast Nafion, Nafion/mGO and
Nafion/PW-mGO operating (a) under 100% RH at 80 ◦C and (b) under 20% RH at 80 ◦C. One weight
percent filler content was used in composite membranes, and catalyst loading in the anode and cathode
was kept 0.5 mg cm−2; reproduced with permission from [184].

Maiti et al. [185] synthesised a composite Nafion membrane comprising of graphene oxide and an
ionic liquid (dihydrogen phosphate functionalised imidazolium) for high temperature PEMFCs. TGA
shows that the ionic liquid is stable up to 230 ◦C, which is more than enough for high temperature
operation. The composite membranes displayed greater proton conductivity compared to Nafion 117
throughout the entire temperature range tested (70–110 ◦C). This improved performance was carried
through to the single cell test where the composite membrane generated higher current densities in
comparison to the Nafion 117 MEA (at 110 ◦C and dry conditions).

Branco et al. [186] investigated the performance of multilayer membranes for IT-PEFC applications.
Multilayer membranes with two external Nafion outer layers and an inner layer of graphene oxide
and another with sulphonated polyindene were fabricated with solution casting and hot-pressing
methods. The solution casting protocol involves heating the first Nafion layer at 100 ◦C for two hours
to remove the solvents in the Nafion dispersion, followed by the addition of the graphene oxide
solution/sulphonated polyindene (in deionized water) and another two hours at the same temperature.
Lastly, the final Nafion layer was added and the multilayer membrane was heat treated for one hour at
120 ◦C. The increased temperature is to anneal the polymer. Multilayer membranes that were casted
displayed better performance and proton conductivity than the hot-pressed multilayer membranes.
This was explained by the casted membranes having better interface interaction compared to the
hot-pressed membranes, which suffered delamination. Multilayer membranes with sulphonated
polyindene showed higher performance than Nafion at 120 ◦C.
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Ibrahim et al. [187] studied the behaviour of GO composite membranes fabricated via solution
casting with different thicknesses at intermediate operating temperatures. The composite membranes
had improved mechanical strength and a higher water uptake in comparison to pristine Nafion. In-situ
fuel cell testing of the membranes as MEAs revealed that the 30 µm composite membrane at 100 and
120 ◦C outperformed the 50 µm Nafion membrane at 80 ◦C. This is most likely due to the reduction in
thickness and the GO filler retaining more water, hence reducing the drop in proton conductivity.

Kumar et al. [188] sulphonated GO and incorporated it into the polymer matrix of SPEEK. The SGO
improved the water of SPEEK from 57.58% to 60%. In addition, the composite membrane outperformed
SPEEK at temperatures from 30 ◦C to 80 ◦C (at 100% RH) and at 80 ◦C (with varying RH from 30 to 50%).
Fuel cell testing at 80 ◦C, 30% RH humidified hydrogen and dry oxygen showed that the composite
membrane produced a maximum power density of 378 mW cm−2, a large increase in comparison to
SPEEK which produced 250 mW cm−2.

Sulphonated carbon nanotubes were used as a filler within a SPEEK matrix to offset the effect
of high levels of sulphonation compromising the durability of the membrane [189]. The composite
membrane had better proton conductivity and fuel cell performance compared to its pristine counterpart.
A point of consideration is that the filler was functionalised to prevent the disruption of the proton
transport channels, which is something that should be considered when incorporating a filler.

Uregen et al. [190] fabricated a graphene oxide/polybenzimidazole membrane for the operation at
high temperatures. The introduction of graphene oxide improved the proton conduction in comparison
to pristine PBI as well as reducing the quantity of acid leaching (from 85% for pristine PBI, to 70% for
the composite membrane). Fuel cell testing at 165 ◦C and with dry hydrogen and air revealed that the
pristine PBI and GO composite membrane had maximum power densities of 0.31 and 0.38 W cm−2

respectively. However, the authors noted that there could potentially be degradation of the GO
functional groups at operating temperatures above 165 ◦C. A 500 h durability test showed that the
performance loss of the composite membrane was lower, at 3.8% in comparison to 8.3% for the PBI
membrane. This could be due to the reduced hydrogen crossover and acid leaching.

Xue et al. [191] decided to functionalise their graphite oxide, once again in a PBI polymer matrix
for high temperature PEMFCs. Isocyanate functional groups were modified onto graphite oxide to
improve the dispersion in water and organic media. This resulted in greater proton conductivity
and less swelling. A similar study but with the GO sulphonated was studied by Xu et al. [192].
The proton conductivity of the membranes was increased from 0.023 S cm−1 for pristine PBI to
0.027 S cm−1 for GO/PBI and 0.052 S cm−1 for SGO/PBI. The respective activation energies for proton
conduction fell from 16.1 kJ mol−1 to 11.4 kJ mol−1 to 9.3 kJ mol−1 respectively. Fuel cell testing at
175 ◦C and under anhydrous conditions with hydrogen and oxygen showed that the addition of
GO or SGO result in an increase in maximum power density, from 0.22 for PBI, to 0.38 for GO/PBI
and 0.6 W cm−2 for SGO/PBI. The same trend was observed under air. This work was followed by
the same authors studying the same filler and polymer but this time functionalised the GO with an
ionic liquid (1-(3-Aminopropyl)-3-methylimidazolium groups) [193]. The composite membrane had a
higher proton conductivity in comparison to the reference PBI membrane. Fuel cell tests at 175 ◦C
with dry inlet fuel showed that the addition of the ionic liquid improved peak power densities from
0.26 W cm−2 for PBI to 0.32 W cm−2 for the composite. The authors stated that this is due to the
improved proton conduction within the composite membrane.Abouzari-Lotf et al. [194] designed a
composite membrane for high temperature fuel cells by combining PBI that has been functionalized
with 2,6-Pyridine with phosphonated grapene oxide. The use of the filler was in order to reduce the
extent of acid leaching and to increase long term stability as increasing acid content can mechanically
compromise the polymer. The addition of 1.5% phosphonated graphene oxide significantly increased
the proton conductivity from 19.6 × 10−3 S cm−1 for pyridine PBI to 76.4 × 10−3 S cm−1 at 140 ◦C.

Kannan et al. [195] presented a composite PBI membrane consisting of phosphonic acid
functionalised multi-walled carbon nanotubes as the filler material. Proton conductivity tests revealed
that the composite membrane achieved 0.11 S cm−1, whereas the pristine PBI produced a conductivity
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of 0.07 S cm−1. Figure 8 show fuel cell testing at 140 ◦C with dry inlet feeds showed that the
composite membrane (1% filler loading) outperformed both the pristine PBI membrane and an
additional composite that contained non-functionalised nanotubes (peak power densities of 780, 600
and 590 mW cm−2 respectively). In addition, the mechanical stability was also improved due to the
architecture of the carbon nanotubes, achieving a higher yield strength.
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Figure 8. (a) Polarization plots of PBI iso, PBpNT, and PBNT composite membranes measured at
140 ◦C by passing dry H2 and O2 at a flow rate of 0.2 slpm. The cells were conditioned at 0.6 V for
30 min. (b) Stress−strain curve for the pristine PBI and PBpNT composite membrane; reproduced with
permission from [195].

A further more detailed study involved various characterisation techniques and an investigation
on variable loading [196]. Thermal analysis revealed that the membranes are stable up to 250 ◦C, and
from 250 ◦C to 400 ◦C only lose 10% mass. The composite membranes all produced a proton conduction
greater than pristine PBI throughout the experimental temperature range. The phosphoric acid uptake
was similar for both the pristine membrane and the composite of different loadings. However, the
activation energy dropped from 40.9 kJ mol−1 for PBI to 25.1 kJ mol−1 for the composite membrane with
1% functionalised CNTs. The composite membranes experience a smaller drop in activation compared
to the reference membrane and the authors explained this as the catalysts (platinum) having a higher
exchange current density on CNT than carbon. Additionally, the composite membrane produced
higher current densities without a sudden drop due to concentration limitations, being able to reach
nearly 3000 mA cm−2, in comparison to nearly 2000 mA cm−2 for pristine PBI.

Yang et al. [197] used GO as a filler functionalised with triazole groups in order to aid dispersion
and to improve proton conduction within PBI for high temperature fuel cells. SEM imaging revealed
that the modified GO composite had a much better dispersion in comparison to the non-modified GO
composite which had the presence of agglomerates. This improved homogeneity led to an increase in
proton conductivity as well as an improvement in its mechanical properties. Fuel cell testing at 160
and 180 ◦C showed that the composite membrane outperformed the PBI reference membrane at the
same acid doping level, with maximum power densities of 537 to 506 mW cm−2 respectively.

Cao et al. [198] fabricated a graphene oxide poly (ethylene oxide) (PEO) composite membrane
for the purpose of PEMFCs operation. The conductivity of the composite membrane increased from
0.086 S cm to 0.134 S cm with increasing temperature (from 25 ◦C to 60 ◦C). However, the authors
explained that increasing the temperature above that results in the membrane softening. The composite
membrane produced a maximum power density of 53 mW cm−2 at 60 ◦C with full humidity.

Lee et al. [199] prepared a SPAES composite with GO grafted onto sulfonated poly(arylene
thioether sulfone) as the filler. This was done due to the inherent lower proton conductivity of
hydrocarbon-based polymers in comparison to PFSA. This membrane exhibited improved mechanical
strength and oxidative resistance, as well as better proton conductivity in comparison to pristine SPAES.
Fuel cell testing to understand the performance of this composite as an MEA would be very interesting,
and whether grafting the GO makes a difference in performance.
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Dai et al. [200] developed novel composite membranes consisting of carbon dots of different
sizes and with varying levels of hydrophilicity within a matrix of polyvinylpyrrolidone (PVP) and
polyethersulfone (PES). AFM and TEM characterization showed that carbon dots with a size of 2–5 nm
showed no aggregation and good uniformity. Single cell tests at 150 ◦C and under anhydrous conditions
revealed that the composite membrane had a higher peak power density in comparison to pristine
PES-PVP, 166 to 113 mW cm−2, respectively. The idea of altering the hydrophilicity of the filler material
is an interesting technique to improving the performance of the composite membrane.Ahmed et al.
prepared a chitosan membrane with sulphonated multiwall carbon nanotube filler [201]. As chitosan
has a lower proton conductivity than Nafion there is a greater need for using fillers to improve its
proton conductivity. The mechanical strength and proton conductivity increased but water uptake
decreased, and the authors explain that this is due to the decrease in -NH2 functional groups. It would
be interesting to see how these membranes perform in a fuel cell in comparison to pristine chitosan
and Nafion.

3.3. Acids and Ionic Liquids Fillers

Ionic liquids have been extensively used in fuel cells operating at higher temperatures due
to their high thermal degradation temperature. For example, Choi et al. fabricated two types of
composite membranes doped with phosphotungstic acid, one with 1100EW Nafion and the other with
750EW [202]. At 120 ◦C, both the composite membranes performed better than the reference Nafion
MEA, achieving a voltage of 0.51 and 0.55 V (1100EW and 750EW) at 400 mA cm−2, compared to 0.47 V
for the reference Nafion. In addition, the ohmic resistance was smaller than that of the reference Nafion,
at 0.32, 0.21 and 0.13 Ω cm−2 for Nafion, 1100EW composite and 750EW composite respectively.

Lee et al. designed a composite membrane of a sulphonated polymer doped with
fluorohydrogenate ionic liquid [203]. The ionic liquid was used due to their high thermal stability as
the application was geared towards intermediate temperature operation with dry conditions. Single
cell testing at 130 ◦C revealed an OCV of 1 V for 5 h. In addition, the ionic conductivity of the prepared
composite membrane increased with temperature, from 11.3 mS cm−2 at 25 ◦C to 34.7 mS cm−2 at
130 ◦C.

Ramani et al. [204] introduced heteropolyacids into Nafion for PEMFCs operating at higher
temperatures and reduced relative humidity. Additives studied included phosphotungstic (PTA),
silicotungstic (STA), phosphomolybdic acid (PMA) and silicomolybdic acid (SMA). Water uptake
results revealed that there is no significant different between recast Nafion and the Nafion/PTA
composite membrane at a range of relative humidities. Single cell tests at 120 ◦C and 35% RH
of Nafion/PTA, Nafion/STA and Nafion/SMA showed relative performance, with Nafion/PTA and
Nafion/STA reaching a maximum current density of around 800 mA cm−2. The same authors prepared
a composite membrane of Nafion with a heteropolyacid (HPA), phosphotungstic acid (PTA) [205].
The MEA was “stabilized” via high temperature heat treatment (200 ◦C at 30 atm). In order to allow the
membrane to not disintegrate and to prevent the HPA from dissolving, the MEA was ion exchanged in
caesium carbonate, swapping the protons for much larger caesium ions. TGA experiments showed
that this stabilized membrane degraded at higher temperatures in comparison to its proton exchanged
counterpart. Fuel cell testing at 120 ◦C and at 35% RH showed that both the stabilized and reference
membrane have similar polarisation behaviour. However, the specific area resistance was lower for the
stabilized membrane and the authors explained that this is because of the lower contact resistance from
the high temperature heat treatment. The work was followed by looking into the effect of extent of ion
exchange. Composite membranes with 2, 1, and 0 protons left after substitution were prepared [206].
Weight loss measurements to assess the stability of PTA in Nafion were performed, with increasing
proton substitution leading to less weight loss after protonation. Pristine PTA had a weight loss of
around 27%, which decreased to less than 5% for the PTA modified to have its protons removed. Water
uptake experiments interestingly showed that there is no difference between pristine PTA composite
and the substituted protons. In addition, membranes were also ion exchanged using different cations,
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but this led to no change. The authors proposed that they think that any improvement in proton
conductivity in the fabricated membranes will be exclusively because of the Grotthus mechanism, with
negligible contribution via the vehicular mechanism.

Another avenue to reduce leaching of the HOA was to use metal dioxides as a support, in a
similar fashion to carbon for the electrocatalysts [207]. TGA analysis showed that the addition of the
PTA and metal dioxide (silica in this case), increased the membrane decomposition temperature from
270 to 305 ◦C, and this is because of the silica partially immobilising the side chains of the Nafion.
FT-IR before and after protonation treatment revealed that the PTA did not wash out of the composite
membranes that were prepared via sol-gel technique. In-situ resistance measurements at 120 ◦C
and 35 ◦C show that the composite membranes (with PTA supported on silica) have an area specific
resistance of 0.16 Ω cm−2 in comparison to 0.19 Ω cm−2 for Nafion.

Lee et al. [208] prepared a membrane with a protic ionic liquid diethylmethylammonium
trifluoromethanesulfonate ([dema] [TfO]), within a sulphonated polyimides (SPI) structure for
anhydrous PEMFCs. 300 ◦C was estimated as the composite membrane’s thermal decomposition
temperature, which is much higher than its intended PEMFC operating temperature. Fuel cell operation
at 80 ◦C and under dry conditions, illustrated in Figure 9, revealed that the composite membrane
produces a maximum power density of 100 mW cm−2 at a current density of 240 mA cm−2. What is
interesting is that at 30 ◦C, a maximum power density of 68 mA cm−2 at 300 mA cm−2, showing some
promise of a room temperature, anhydrous PEFC.
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Yi et al. [209] fabricated a SPEEK ionic liquid composite membrane, based on an imidazolium ionic
liquid, for increased temperature and anhydrous fuel cell operation. Two composite membranes were
prepared, one with 1-butyl-3-methylimidazolium tetrafluoroborate (BuMeImBF4) and the other with
1-decyl-3-methylimidazolium tetrafluoroborate (DeMeImBF4). In addition, the degree of sulphonation
of the SPEEK was chosen to be 67%. Proton conductivity measurements of SPEEK/BuMeImBF4 showed
that the conductivity increased with increasing temperature, reaching a maximum of 8.4 × 10−3 S cm−1

at 170 ◦. The authors explain that the increase is due to the reduction in viscosity of the ionic liquid
enhances its mobility. Thermal analysis via TGA showed that the composite membrane’s sulphonic
groups degrades at 340 ◦C, which is much greater than that of 250 ◦C of pristine SPEEK. Leaching
tests were performed to understand how much of the ionic liquid would be retained in the composite
membrane. Proton conductivity tests of the composite membranes before and after immersion in
water showed that the proton conductivity of SPEEK/BuMeImBF4 was undetectable after 1 h of
immersion. SPEEK/DeMeImBF4 fared better, being detectable after 2 h of immersion but eventually
the conductivity also became undetectable.

Yasuda et al. [210] synthesised sulfonate polyimide (SPI)/ionic liquid composite membranes with
altered polymer structures, to study the effect of the positions of the sulfonic groups, ultimately for
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anhydrous application. Composite membranes with random and block polymers were made and
characterised to understand their behaviour. The degradation onset temperature for all the membranes
were 250 ◦C and above, this means that they are suitable for operating in higher temperature fuel cells.
The authors stated that the distribution of the ionic groups and the flexibility of the sulfonic groups
are important determinants in ion conduction. Fuel cell experiments at 120 ◦C and with no humidity
showed that the random chain SPI and homopolymer SPI produced maximum power densities of 100
and 70 mW cm−2 respectively.

Malik et al. [211] prepared a SPEEK/ethylene glycol/ionic liquid composite membrane for high
temperature application. The ethylene glycol was added to use as a crosslinker to help alleviate the
quantity of leaching. The composite membranes had a high thermal stability, with the sulphonic
groups beginning to degrade at 240 ◦C. The composite membranes had a lower leaching weight loss in
comparison to the non-crosslinked membranes, however the proton conductivity of the crosslinked
membranes was lower. The authors explained that some of the sulphonic groups where used in the
crosslinking resulting in lower conductivity.

From the above analysis of the literature, it can be seen that membrane fillers are very versatile, in
terms of chemical structure, size, dimensions, etc. Numerous different characteristics to adapt to specific
application whether that is operating at high temperature, low relative humidity, increasing mechanical
strength, preventing acid leaching, increasing proton conductivity, or producing self-humidifying
membranes. On top of that they can also be functionalised to either boost these characteristics or
provide a secondary functionality. The abovementioned studies indicate promising performance
for composite membranes; however, highlight the need for further research to improve the lifetime
and durability of these membranes. Table 3. summarises hydrogen PEM performance of composite
polymer electrolyte membrane described in this review.

Table 3. Summary of hydrogen PEMFC best performance using composite membranes.

Membrane Power Density (mW cm−2) Temperature (◦C) RH%

Nafion/Silica [144] 350 100 100
Nafion/Silica particles [139] 380 85 100
Nafion/Hafnium oxide [147] 336 100 -
Nafion/Titanium oxide [152] 514 110 -

Nafion/Titanium oxide nanotubes [156] 1020 80 -
Nafion/Zirconium oxide [141] 400 130 85

Nafion/Sulphonated zirconium oxide [142] 609 70 83
Nafion/mesoporous zirconium pshosphate [146] 353 70 18

Nafion/ zirconium pshosphate [145] 450 130 -
Nafion/GO [179] 212 100 25

Nafion/SGO [180] 300 70 20
Nafion/GO/TiO2 [183] 324 0

Nafion/GO/Phosphotungstic acid [184] 841 80 20
Nafion/Phosphotungstic acid [202] 220 120 -

PBI [169] PBI/SiO2 [169] 200240 165165 -
PBI/GO [190] 388 165 0

PBI/SGO [191] 600 175 0
SulfonatedPolysulfone [160] 160 85 -

SPolysulfone/titanium oxide [160] 240 85 -
SPEEK [164] 179 120 -

SPEEK/GO [188] 378 80 30
SPEEK/silica [164] 246 120 -

SPI/ionic liquid [210] 100 120 0
SPI/demaTfO [208] 100 80 0

Membranes with fillers that were functionalised (most commonly with sulphonic groups) displayed
a better performance in terms of proton conductivity and cell polarisation at elevated temperatures.
This is attributed to the water retaining capabilities of these functional groups. Different fillers
demonstrated different performances, and this is because of their chemical structure in addition to their
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physical structure (nanoparticle, flat, nanotubes). Therefore, when selecting a filler material not only
should the material itself and possible functionalising be considered, but also the shape of the filler
itself. Another point of consideration is the polymer that the filler will be embedded in. As we have
shown, composite membranes were made using different polymers such as Nafion, SPEEK and SPAES.
However, only Nafion meets industry standards regarding lifetime and durability. This implies that
composite membranes should use a Nafion matrix in addition to Nafion ionomer in the GDE. Overall,
membrane performance has to be looked at from a variety of experiments, such as; cell polarisation
and power, long term durability and ex-situ tests to name a few. A membrane that performs well
in-situ might degrade quickly during thermal/humidity cycling and be unsuitable.

Another point of consideration is the interaction between the composite membrane and the
catalyst layer. Conventional Nafion membranes use gas diffusion electrodes that consist of Nafion
ionomer binder. However the addition of a filler material could potentially affect this interaction
between the membrane and catalyst layer, for example the filler is added to only improve the membrane
performance but if some of the filler is dispersed closer to the edges of the membrane then this could
interfere with the anode and cathode functions (hydrophilic fillers situated close to the cathode could
cause flooding more easily). Also, the ionomer and membrane might not consist of the same material,
further complicating this interaction, which would be exacerbated during manufacturing of MEAs
with composite membranes and binders of different materials. To the authors knowledge, the use of
composite ionomers in the catalyst layer is not studied and requires further research.

Composite membranes are tested for their performance in-situ (fuel cell testing) and ex-situ
(proton conductivity, water uptake etc.), however their durability during fuel cell testing is an area
of research not fully explored. In order to be competitive with conventional Nafion membranes,
the composite membrane must not only be able to perform better but also perform adequately over
long periods. Composite membranes are developed aiming for harsher operating conditions (higher
temperature and lower humidity) and therefore their durability must be investigated and demonstrated
in-situ. It is also important to study the change in the membrane degradation mechanisms due to the
presence of fillers, for instance; how does the filler affect the membrane mechanical properties due to
the humidity cycling and what is the impact of the filler on the catalyst stability or dissolution into
the membrane.

4. Composite Membranes for Electrolysers

Composite membranes with metal oxides as fillers (SiO2, TiO2, or WO2) showed promising
properties for high temperature operation of PEM water electrolysers allowing achieving high
performance with respect to a commercial membrane. Baglio et al. [212] and Antonucci et al. [213]
focused their work on Nafion-TiO2 and Nafion-SiO2 respectively, to allow efficient operation at high
temperature, above 100 ◦C. Both works claimed that the high temperature operating conditions were
allowed by the better water retention and more uniform distribution of water across the composite
membrane due to the presence of inorganic hygroscopic fillers inside the polymeric matrix. This resulted
in reduced ohmic resistance and therefore better electrolyser performance [214]. The performance of
composite membranes was better than that of Nafion membrane under high temperature and high
pressure so the application of this technology is very promising especially when high electrical efficiency
is required. As evidence of this result, Figure 10 illustrates characteristics curve of cell equipped with
commercial Nafion and composite Nafion-SiO2 membranes at high temperature and pressure.

These alternative composite membranes also showed a decrease of the cross-over of the gases
through the membrane. However, a slight decay of performance was observed during the experiment;
thus, a further amelioration of membrane is necessary to improve the stability and lifetime.

Another way to produce electrolyte membranes with high conductivity and durability for water
electrolysers is using perfluorosulfonic acid with shorter and non-branched pendant side-chain with
higher crystallinity than longer side-chain perfluorosulfonic acid. Aricò et al. [215] used the Aquivion
short side chain perfluorosolfonic membrane using Nafion 111 for comparison. Authors claimed that
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although those membranes showed high conductivity, mechanical stability and dimensional properties,
they are not appropriate for water electrolysis application. To reinforce those membranes, organic
fillers can be included in the Aquivion matrix. Boaretti et al. [216] included SPEEK reinforcement
which led to an improvement in the mechanical strength but resulting in low proton conductivity.
Another approach to reinforce proton exchange membrane is to physically separate the properties
of mechanical strength and proton transport embedding a porous nanofibre web into the matrix.
Aquivion membranes reinforced with electrospun polysulfone (PSU) fibre webs were prepared by
Giancola et al. [217]. The fibrous reinforcement strongly enhanced the mechanical strength and also
reduced hydrogen crossover. However, the addition of the reinforcing fibre in membranes had little
effect on the cell electrochemical performance: the cell voltage at 2 A cm−2 was 1.760 V which is slightly
higher than the performance obtained with a non-reinforced membrane (1.758 V). Therefore, increased
mechanical and dimensional stability and reduced hydrogen crossover of the composite membrane are
promising properties for electrolysis application but with little effect on performance.
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Ion-Ebrasu et al. [218] produced a composite membrane by spray coating graphene on commercial
PEM material. They exploited the properties of this material to enhance the efficiency of PEM
electrolysers and reducing costs by achieving high surface area to volume ratio, good mechanical and
thermal properties. The composite membrane showed an improved behaviour in term of thermal and
electrochemical characterization when compared to pristine commercial membrane: the interaction of
graphene with fluorinated membrane led to an increased conductivity and a better water adsorption.
In spite of all this benefits, further experimental work has to be carried out to investigate the behaviour
of these graphene-modified membranes under current voltage measurements.

Linkous et al. [219] evaluated different types of engineering polymers and identified a few options
that could withstand the conditions found in PEMWEs. Among them, polybenzimidazoles (PBI),
poly(ether ether ketones) (PEEK), poly(ether sulfones) (PES) and sulfonated polyphenyl quinoxaline
(SPPQ), were selected to be used for PEM electrolysis. In particular, SPEEK polymer is considered to
have high strength and it is an easy membrane forming material. High degree of sulfonation enables
high proton conductivity. In fact, Linkous et al. observed that high degree of sulfonation (65%) led to
a higher proton conductivity that exceeded Nafion by 29%. However, these alternative membranes
showed low durability and low current densities compared to standard Nafion membranes and tent
to swell excessively or even dissolve at elevated temperature. An alternative would be to reinforce
the SPEEK membrane with other polymer structures and/or fillers [220]. Song. et al. [221] prepared
a composite membrane including tungstophosphoric acid(TPA) to increase proton conductivity
and CeO2 (Cs) to improve the durability of the membrane into the SPEEK matrix. The composite
membrane showed better mechanical and electrochemical properties than Nafion 117 membrane:
proton conductivity, tensile strength, and elongation were enhanced. However, the cell voltages
of the MEA using Nafion 117 and SPEEK-Cs/TPA membrane were 1.91V and 1.82 V at 1 A cm−2
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operating at 80 ◦C under atmospheric pressure; thus, they may replace Nafion 117 due to their
mechanical characteristic, electrochemical properties once performance becomes comparable with that
of Nafion117.

It can be noted that despite the promising characteristics of composite membranes, little research
has been conducted into using them in PEMWEs. It is important to note that in addition to Nafion, and
similar to what is reported for fuel cells, other polymers have been explored for PEMWE application.
The polymers include: SPEEK, SPSU and PBI which have been employed with varying levels of
performance and lifetime achieved. Again, these polymers can also be modified and made into
composite membranes for PEMWEs for achieving both higher temperature and pressure operation.
Table 4 summarizes the properties and the pros and the cons of composite electrolyte membranes
described in this section compared to those of the commercial membrane. In addition, Table 5
summarizes their best power output obtained:

Table 4. Summary of electrolyser composite membrane properties.

Membrane Preparation Method Pros Cons

Nafion/Metal oxide Casting Better water retention
Improvement registered at

temperature greater than 100 ◦C
and high pressure- Poor stability

Aquivion Not present Better water retention
Acceptable performance at certain
temperature range, low humidity

and high pressure

Aquivion reinforced
with polysulfone Casting

Low hydrogen crossover-
Good mechanical

stability

Performance not so much higher
than non-reinforced membrane

SPEEK Casting Higher proton
conductivity

Low durability and low
performance at elevated

temperature

SPEEK-TPA Casting Better chemical and
mechanical stability Performance slightly lower

Table 5. Summary of PEM electrolyser best performance using composite membranes.

Membrane Voltage (V) Current Density
(A cm−2) Temperature (◦C) Pressure

Nafion/SiO2 [213] 1.9 2.1 120 3 bar
Nafion/TiO2 [212] 2 1.46 120 3 bar

SPEEK [219] 2.5 0.21 60 atmospheric
SPEEK/TPA/Ce [221] 1.82 1 80 atmospheric
Aquivion/PSU [217] 1.76 2 80 0.1 Mpa absolute

SPSf [222] 1.8 1.08 80 atmospheric

As illustrated in the tables above, despite having better water retention, composite membranes
are not yet a suitable alternative to the commercial one in terms of performance and durability. Several
efforts should be made to achieve performance industrially reasonable.

5. Conclusions

This review analysed several composite membranes developed in recent years for the use in
PEM technologies to overcome the drawbacks of the commercial perfluorosulfonated membranes.
Composite fluorinated, with organic and inorganic fillers, and non-fluorinated membranes have been
scrutinized for DMFC, hydrogen PEMFC, and PEMWE.

All materials reported in this paper show promising characteristics and results, so it is not possible
to indicate which one is the best. It can be noted that papers reporting high performance are dealing
with the incorporation of fillers into the Nafion matrix, suggesting that Nafion cannot be completely
replaced yet. Beyond the use of organic fillers like PBI and PANI, whose effects are evident only at high
methanol concentration, carbon and inorganic fillers are the most promising materials. Low weight
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percentage of graphene oxide contributes to sensibly lower methanol crossover leading to better
performance also a low methanol concentration. Moreover, GO composite membrane extends the
operating temperature range for hydrogen PEMFC due to the fact that GO retains more water, so
it decreases the loss in proton conductivity. Among all the composite membranes described in this
review paper, inorganic fillers are the most versatile materials: their good thermal stability, improved
water uptake and reduced methanol absorbance, provided high power density for DMFC and PEMFC
but also allow high temperature and pressure operating conditions for electrolysis. Ionic liquids can
be potentially used at intermediate temperatures once performance increases. Despite these positive
results, durability tests are necessary to understand the real capacity of those fillers. Other materials
like SPEEK and PVA are used to completely substitute Nafion. They seem to be a promising alternative
to obtain high performance membranes. Research activities on their potentialities are still ongoing.
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Abstract: To advance the technology of polymer electrolyte membrane fuel cells, material development
is at the forefront of research. This is especially true for membrane electrode assembly, where the
structuring of its various layers has proven to be directly linked to performance increase. In this
study, we investigate the influence of the various ingredients in the cathode catalyst layer, such as
ionomer content, catalyst loading and catalyst type, on the oxygen and ion transport using a full
parametric analysis. Using two types of catalysts, 40 wt.% Pt/C and 60 wt.% Pt/C with high surface
area carbon, the ionomer/carbon content was varied between 0.29–1.67, while varying the Pt loading
in the range of 0.05–0.8 mg cm−2. The optimum ionomer content was found to be dependent on the
operating point and condition, as well as catalyst loading and type. The data set provided in this
work gives a starting point to further understanding of structured catalyst layers.

Keywords: cathode catalyst layer; I/C ratio; diffusion limitation; conductivity limitation

1. Introduction

Further advancement of polymer electrolyte membrane (PEM) fuel cells, particularly for use in
the automotive industry, must be achieved as a balance between cost and functionality. The catalyst
layer as the heart of the cell controls the half-cell reactions and their products. Its structure governs the
various transport phenomena simultaneously taking place and affects its overall activity, stability and
life time. Throughout the years, the optimization of the structure of the catalyst layer, with special
attention given to the cathode, has been achieved via systematic optimization of its components [1].
The importance of this optimization stems from the heterogeneous and complex structure of the layer,
which must fulfill its main four requirements: (1) existence of a three-phase interface on which the
reaction occurs, (2) continuous path for efficient transport of protons, (3) a continuous pore network
for the transport of reactants/products and for efficient water removal, and (4) continuous passage for
the conduction of electrons between the catalyst layer and the current collector. Efforts to increase
the stability and durability of the catalyst layer are hence ongoing with one such effort focusing on
the differences in structure between conventional and non-conventional catalyst layers [1]. Examples
of non-conventional catalyst layers are dispersed catalyst layers, either on the membrane or the gas
diffusion layer, ultrathin catalyst layers and nano-structured thin film (NSTF) catalyst layers [2–6].
Although much work is found on non-conventional catalyst layers, conventional layers are still at the
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forefront of research due to other challenges facing their non-conventional counterparts [1] and hence,
the discussion within this manuscript is focused on conventional catalyst layers.

The structure of conventional catalyst layers specifically is shaped by the ink, which is composed of
a catalyst deposited on a support (e.g., Pt/C), ionomer and a dispersing solvent. The dispersion medium
governs the ink properties, which ultimately govern the physical and mass transport properties of the
catalyst layer. In [7], a thorough review, focused on the analysis of the colloidal ink, was put forward,
where the authors highlighted the importance of understanding the ink properties from a nanoscale in
order to understand the macroscale effects. Hence, understanding the interaction between the layer’s
ingredients, its structure and performance is important to the advancement of PEM fuel cells. Another
way to optimize the layer performance is to introduce gradients to adjust to inhomogeneous conditions
that occur during fuel cell performance. These gradients can occur in all three dimensions, including
the in-plane (x-y) and through-plane (z) dimensions of the catalyst layer.

The effect of catalyst layer structuring on the performance of PEM fuel cells was investigated by
various groups in literature. This was mainly carried out by the effect of graded layers taking into
consideration specific ingredients. Chen et al. [8] investigated the performance of a cell manufactured
with cathode catalyst layers having two layers of different Pt/C ratio and Nafion content. They showed
that the region where the reaction occurs can significantly affect the performance of the cell. Allocating
more Nafion and Pt/C in the sublayer closer to the membrane was shown to significantly improve the
performance. This finding, however, does not agree with the experimental study by Yoon et al. [9]. In [9],
the authors prepared multi-layer structured cathodes by spray-drying, where they varied the ionomer
content in the thickness of the catalyst layer. In their study, they found that a structured catalyst layer
does not affect the overall performance. To further understand the interaction between Pt and ionomer,
a comprehensive numerical model of a single cell to investigate the spatial distribution of Pt loading
and ionomer content in the through-plane direction was developed by Xing et al. [10]. They found
that an optimal distribution is influenced by the voltage. They suggested that understanding these
dependencies can ultimately help in the reduction of the Pt loading. Herden et al. [11], [12] investigated
the effect of varying the ionomer equivalent weight in the in-plane direction on the performance of
an automotive cell. The measurements were carried out on a segmented automotive cell, where the
current density and temperature distributions were recorded. To do so, a membrane electrode assembly
(MEA) with 772 and 825 g/mol ionomer equivalent weight was assembled in a segmented automotive
cell, where the temperature and current density distributions were recorded. The performance of
this MEA was then compared to two MEAs with homogeneous ionomer equivalent weights (one
with 772 g mol−1 and another with 825 g mol−1). They showed that the structuring of the cathode
catalyst layer with varying ionomer equivalent weight is important for water management within the
cathode. Similarly, the through-plane variation of the ionomer equivalent weight was investigated by
Shahgaldi et al. [13], [14] using in-house produced catalyst coated membranes (CCMs). In their work,
they showed that the catalyst layer performance can be enhanced by the systematic design of the layer.
By choosing the proper ionomer/Pt-gradient, the morphological and microstructural characteristics
of the catalyst layer can lead to a reduced ionic resistance with improved mass transport capability,
catalyst activity and Pt utilization. In another publication, the same authors [15] discussed the impact
of the manufacturing process of the CCM, namely using the decal method, on the performance of
the cell. The effect of the manufacturing process on catalyst coated membranes produced in the
lab was also investigated in [16]. Sassin et al. [16] examined various production parameters using
direct deposition of the catalyst layer on the membrane via ultrasonic spray deposition. They used
this parametric analysis to investigate how production of the catalyst layer can ultimately affect the
performance of the cell. In the work by Yu et al. [17], the use of reactive spray deposition would be
beneficial in the production of low Pt loaded catalyst layers. They investigated the effect of I/C ratio in
the catalyst layer on the performance of layers directly deposited on the membrane. Ex situ analyses,
such as mercury porosimetry and Nitrogen adsorption, were used to investigate the pore distribution
of the layers investigated. They found that regardless of Pt loading, the Brunauer–Emmett–Teller (BET)
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surface area and pore volume of the layers decreased with the increase in I/C ratio. They suggested
that based on the results of their work, an enhanced performance at a low I/C ratio, the use of reactive
spray deposition would be beneficial in the production of low Pt loaded catalyst layers.

Other works have focused on understanding the effect of a single ingredient on the performance
of the cell. The use of short side chain (SSC) ionomer in the cathode catalyst layer was also shown
to improve the performance of the cell in [18], especially at dry conditions. The benefit of using a
SSC ionomer under dry conditions was shown to extend to operation at below zero temperatures [19].
In [19], the authors investigated the effect of side chain length on the durability of the catalyst layer
subjected to freeze–thaw cycles between 30 and −40 ◦C They compared the degradation mechanism
that occurs due to such temperature cycling and found that degradation in the presence of a long
side chain ionomer is initiated by ionomer swelling and pore expansion, and then proceeds mainly
through pore expansion. Whereas the degradation of catalyst layers with SSC ionomer was initiated
by ionomer swelling and pore expansion, and proceeded through the detachment of large-scale CL
flakes, and morphology and microstructure changes thereafter. Further, Shukla et al. [20] investigated
cell performance, Tafel slope, reaction order and local oxygen transport resistance in order to obtain a
relationship between Pt loading and performance. Pt loading is an important factor in determining the
catalyst layer activity and hence, overall performance of the cell.

Although much work has been carried out to investigate the performance of the cell dependent on
the Pt loading or ionomer content/type, most of the work focuses on the variation of either parameter
rather than the relationship between the various ingredients. This is also often carried out under a
very limited range of variation. Hence, in this work, we produce a full parametric study of the three
parameters: ionomer content (ultimately the ionomer to carbon ratio), platinum loading and Pt/C
ratio (40 wt% and 60 wt% platinum on carbon). Using the decal transfer method, cathode catalyst
coated membranes are produced in-house with Pt loadings from 0.05–0.8 mg cm−2 and an I/C ratio
of 0.29–1.67. The data collected allow for full understanding of the loss mechanisms for different I/C
ratios, dependent on the platinum loadings and Pt/C ratio, and can ultimately be used for further
analysis of gradient catalyst layers and as a data base for catalyst layer modeling and optimization.

2. Experimental

2.1. Production of Catalyst Coated Membranes

A homogeneous suspension composed of platinum on carbon (40 wt.% Pt/C and 60 wt% Pt/C),
Aquivion® (D79-25BS, liquid dispersion, 25% in water, PFSA eq. wt. 790 g.mol−1 SO3H, stabilized
CF3 polymer chain ends, Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany) and a mixture of
organic solvents (50 Vol.% ethylene glycol, 50 Vol.% propylene glycol methyl ether) was prepared. The
suspension was homogenized by stirring. Suspensions with varying ionomer content were prepared
with 15, 20, 25, 30, 35, 40, 45 and 50 wt.% ionomer content in dry layers. For both types of catalyst, this
resulted in an I/C ratio in the range of 0.29–1.67. Catalyst layers with various platinum loadings were
prepared by screen printing several layers on top of each other with subsequent drying at 110 ◦C. All
catalyst layers were transferred onto a Gore membrane M735.18 containing an anode catalyst layer
with a Pt loading of 0.05 mg cm−2. The transfer was carried out at a compression of 5 MPa (referred to
the printed catalyst area of 20 cm2) and 180 ◦C for 15 min, producing CCMs with an active area of
12 cm2. As a gas diffusion layer on both the cathode and anode sides, a H23C9 GDL from Freudenberg
was used.

The break-in procedure was accomplished by operating the cell at 80 ◦C and fully humidified
gases (H2/Air at anode/cathode). The cell was operated for 1 h at 1.5 A/cm2 before it was cycled for
4 hours between open circuit voltage (OCV) (10 s), 0.6 V (60 s) and 0.4 V (60 s).
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2.2. In situ Analysis

In this study, the different transport properties and overall performance of catalyst layers, with
varying ionomer content, catalyst loading and 2 types of catalyst, were studied in situ using several
characterization techniques. The CCMs were assembled in a Baltic FuelCells quickConnect® test cell
“high amp” (in Schwerin, Germany) having straight channels and an active area of 3 × 4 cm2. The cell
was compressed with 5 bara (absolute pressure), corresponding to a compression pressure of 0.8 MPa
on the active cell area. All experiments were run at a cell temperature of 80 ◦C and with various
humidification levels using bubbler humidifiers.

In this work, the catalyst layers were characterized using the following measurement protocol:

1. Polarization curves—the polarization curves were recorded at 80 ◦C cell temperature with fully
humidified gases on the anode and cathode (i.e., 80 ◦C dew point) and an operating pressure of
2.0 bara. A constant flow rate was used with 2.0 nL/min H2 (norm liter per minute) on the anode
and 5.0 nL/min air on the cathode. The polarization curves were recorded in potentiostatic mode
from 0.2 V to OCV with 0.05 V increments from 0.20–0.75 V and 0.02 V increments from 0.78 -
OCV. The holding times at each potential were potential dependent (U > 0.90 V: 30 s, 0.70 V < U
≤ 0.90 V: 60 s, and U ≤ 0.70 V: 5 min). A recovery procedure was also followed, where PtO was
reduced at a voltage of 0.40 V for 5 s for load points above 0.75.

2. Cyclic voltammetry—the cyclic voltammetry was run between 0.05 and 0.60 V at 100 mV/s with
a total of 5 cycles. For the ECSA calculation, an average of the last three cycles is taken. The
operating temperature was 80 ◦C with fully humidified gases and at 1.0 bara.

3. Humidity Sweeps—the humidity sweeps were measured at 80 ◦C cell temperature and 1.5 bara
pressure. The cell was operated at a constant load of 1 A/cm2 with fully humidified gases on the
anode while the relative gas humidity on the cathode was varied between 20 % and 120 %. The
voltage change was measured after each humidity step was conditioned for 7 min.

3. Results and Discussion

3.1. Ex Situ Analysis

In order to obtain the desired Pt loading, the catalyst layers were produced by printing various
layers on top of each other. It is, hence, important to understand the interaction between these layers
and how such a production step affects the interface between them. To do so, SEM images of three
catalyst layers were taken and analyzed, as shown in Figure 1. As it can be seen from Figure 1a–c,
there are no obvious interfaces visible that would indicate that interfacial effects might influence the
performance of the layers. In Figure 1d–f, EDX distributions of carbon, fluorine and platinum are
shown, where it can be seen that the ionomer, catalyst and support are homogeneously distributed
throughout the different layers, regardless of the number of layers used for the production of the
catalyst layer.
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Figure 1. SEM images of three catalyst layers with an ionomer content of 30 wt.% and a platinum 

loading of (a) 0.08 mg cm−2 (1 Layer), (b) 0.180 mg cm−2 (2 Layers) and (c) 0.271 mg cm−2 (3 Layers) 

with the corresponding carbon, fluorine and platinum distributions given in (d) 1 layer, (e) 2 layers 

and (f) 3 layers: red corresponds to carbon, green corresponds to fluorine and turquoise to platinum. 

The dependency of the thickness on Pt loading and ionomer content was measured using SEM. 

In Figure 2, the thickness change with Pt loading for catalyst layers produced with 35 wt.% ionomer 

is given. As it can be seen, the thickness changes linearly with the change of Pt loading, while the 

ionomer content has no effect on the overall thickness of the catalyst layer. This implies constant 

porosity throughout the whole thickness of the produced electrodes. 

Figure 1. SEM images of three catalyst layers with an ionomer content of 30 wt.% and a platinum
loading of (a) 0.08 mg cm−2 (1 Layer), (b) 0.180 mg cm−2 (2 Layers) and (c) 0.271 mg cm−2 (3 Layers)
with the corresponding carbon, fluorine and platinum distributions given in (d) 1 layer, (e) 2 layers and
(f) 3 layers: red corresponds to carbon, green corresponds to fluorine and turquoise to platinum.

The dependency of the thickness on Pt loading and ionomer content was measured using SEM.
In Figure 2, the thickness change with Pt loading for catalyst layers produced with 35 wt.% ionomer
is given. As it can be seen, the thickness changes linearly with the change of Pt loading, while the
ionomer content has no effect on the overall thickness of the catalyst layer. This implies constant
porosity throughout the whole thickness of the produced electrodes.

49



Molecules 2020, 25, 1523

 

(a). 

 

(b) 

Figure 2. Dependence of catalyst layer thickness for the 40 wt% catalyst. (a) Measured thickness 

with an ionomer content of 35 wt.% dependent on the platinum loading, (b) effect of ionomer 

content on the thickness of the catalyst layer with Pt loading of 0.40 mg/cm2. 

3.2. Reproducibility of Produced CCMs 

Figure 2. Dependence of catalyst layer thickness for the 40 wt% catalyst. (a) Measured thickness with
an ionomer content of 35 wt.% dependent on the platinum loading, (b) effect of ionomer content on the
thickness of the catalyst layer with Pt loading of 0.40 mg/cm2.
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3.2. Reproducibility of Produced CCMs

Prior to investigating the effects of the catalyst layer ingredients on the performance of the cell,
it is important to establish the reproducibility of the production and characterization method of the
CCMs. In Figure 3a,b, the polarization curves under the wet and dry conditions of various CCMs with
different Pt loadings and I/C ratios are given. Figure 3c,d shows the corresponding high frequency
resistance (HFR) measurements during the polarization curves. As it can be seen, the production
method used in this study results in reproducible catalyst layers and characterization results.

Prior to investigating the effects of the catalyst layer ingredients on the performance of the cell, 

it is important to establish the reproducibility of the production and characterization method of the 

CCMs. In Figure 3a,b, the polarization curves under the wet and dry conditions of various CCMs 

with different Pt loadings and I/C ratios are given. Figure 3c,d shows the corresponding high 

frequency resistance (HFR) measurements during the polarization curves. As it can be seen, the 

production method used in this study results in reproducible catalyst layers and characterization 

results.  
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Figure 3. Cont.
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Figure 3. Polarization curves with varying Pt loading and I/C ratio under (a) wet conditions, (b) dry 

conditions to illustrate the reproducibility of the production method and characterization technique 

with their corresponding high frequency resistance under (c) wet conditions and (d) dry conditions. 

3.3. In situ Analysis 

The produced catalyst layers were characterized using the different in situ characterization 

techniques discussed earlier. In this work, we provide a full data set to understand the effects of 

various catalyst layer compositions.  

3.3.1. Cyclic Voltammetry 

The cyclic voltammetry was used in this study in order to estimate the electrochemical surface 

area (ECSA) for all produced catalyst layers. As shown in Figure 4, the ECSA is plotted against the 

Pt loading for various I/C ratios. The Pt loading was determined by weighing the catalyst layers 

after drying on the decal foil with the assumption that all solvent evaporates completely during 

Figure 3. Polarization curves with varying Pt loading and I/C ratio under (a) wet conditions, (b) dry
conditions to illustrate the reproducibility of the production method and characterization technique
with their corresponding high frequency resistance under (c) wet conditions and (d) dry conditions.

3.3. In situ Analysis

The produced catalyst layers were characterized using the different in situ characterization
techniques discussed earlier. In this work, we provide a full data set to understand the effects of
various catalyst layer compositions.

3.3.1. Cyclic Voltammetry

The cyclic voltammetry was used in this study in order to estimate the electrochemical surface
area (ECSA) for all produced catalyst layers. As shown in Figure 4, the ECSA is plotted against the Pt
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loading for various I/C ratios. The Pt loading was determined by weighing the catalyst layers after
drying on the decal foil with the assumption that all solvent evaporates completely during drying. The
ECSA was obtained by integrating the hydrogen adsorption current in the cyclic voltammograms until
a fixed potential limit of 90 mV.

drying. The ECSA was obtained by integrating the hydrogen adsorption current in the cyclic 

voltammograms until a fixed potential limit of 90 mV.  

As it can be seen, a linear dependency of the ECSA on Pt loading is measured for all I/C ratios. 

This linear dependency implies, (i) the calculation of the Pt loading is adequate at each respective 

ionomer content and (ii) proper electrical and protonic contact is established for each CL 

investigated, regardless of how many layers are printed to obtain the desired Pt loading. 

 

Figure 4. Electrochemical active surface area, ECSA, of the different catalyst coated membranes, 

CCMs, produced with 40wt% Pt/C, dependent on platinum loading and ionomer content. 

3.3.2. Polarization Curves 

As mentioned earlier, the performance of the produced CCMs was characterized using two 

polarization curves, a dry curve (dew point 59 °C) and a fully humidified curve (dew point 80 °C). 

Figure 3a shows the fully humidified polarization curves and HFR data obtained with an I/C ratio 

of 0.56–1.36 with varying platinum loadings. The HFR is in a low and narrow range between 25 and 

35 mOhm cm2, showing that the used production and characterization procedure is stable, and 

influences by variations of membrane properties can be neglected. This was also found for the other 

ionomer contents analyzed (data not shown). The influence of the platinum on the current 

production varies within the different regimes of the polarization curve. In the activation region, 

there is a clear trend with higher performance for higher catalyst loadings, whereas at higher 

currents the highest performance is not reached with the highest catalyst loading. 

For better visualization of the performance of all 80+ cells discussed in this work, we chose to 

focus on three regions in the polarization curve as shown in Figures 5 and 6. The three discrete 

points are extracted from the fully humidified polarization curves: From the activation region (900 

mV, Figure 5a), the intermediate current density region (700 mV, Figure 5b) and the mass transport 

dominated region (300 mV, Figure 5c). Figure 5 shows the current density dependent on I/C ratio 
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the same dependencies for the 60 wt% catalyst. In the following section, the general dependencies 

of both of the 40% catalysts will be discussed first, while the differences to the 60 wt% catalyst will 

be discussed later in this section. 

Figure 4. Electrochemical active surface area, ECSA, of the different catalyst coated membranes,
CCMs, produced with 40wt% Pt/C, dependent on platinum loading and ionomer content.

As it can be seen, a linear dependency of the ECSA on Pt loading is measured for all I/C ratios.
This linear dependency implies, (i) the calculation of the Pt loading is adequate at each respective
ionomer content and (ii) proper electrical and protonic contact is established for each CL investigated,
regardless of how many layers are printed to obtain the desired Pt loading.

3.3.2. Polarization Curves

As mentioned earlier, the performance of the produced CCMs was characterized using two
polarization curves, a dry curve (dew point 59 ◦C) and a fully humidified curve (dew point 80 ◦C).
Figure 3a shows the fully humidified polarization curves and HFR data obtained with an I/C ratio
of 0.56–1.36 with varying platinum loadings. The HFR is in a low and narrow range between 25
and 35 mOhm cm2, showing that the used production and characterization procedure is stable, and
influences by variations of membrane properties can be neglected. This was also found for the other
ionomer contents analyzed (data not shown). The influence of the platinum on the current production
varies within the different regimes of the polarization curve. In the activation region, there is a clear
trend with higher performance for higher catalyst loadings, whereas at higher currents the highest
performance is not reached with the highest catalyst loading.

For better visualization of the performance of all 80+ cells discussed in this work, we chose to focus
on three regions in the polarization curve as shown in Figures 5 and 6. The three discrete points are
extracted from the fully humidified polarization curves: From the activation region (900 mV, Figure 5a),
the intermediate current density region (700 mV, Figure 5b) and the mass transport dominated region
(300 mV, Figure 5c). Figure 5 shows the current density dependent on I/C ratio (indicated by color and
marker type) and platinum loading for the 40 wt% catalyst. Figure 6 shows the same dependencies for
the 60 wt% catalyst. In the following section, the general dependencies of both of the 40% catalysts will
be discussed first, while the differences to the 60 wt% catalyst will be discussed later in this section.
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Figure 5. The current density dependency on the Pt loading and I/C ratio at cell voltages of (a) 900 

mV, (b) 700 mV and (c) 300 mV for a catalyst of 40 wt% Pt/C. 
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Figure 5. The current density dependency on the Pt loading and I/C ratio at cell voltages of (a) 900 mV,
(b) 700 mV and (c) 300 mV for a catalyst of 40 wt% Pt/C.
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Figure 5. The current density dependency on the Pt loading and I/C ratio at cell voltages of (a) 900 

mV, (b) 700 mV and (c) 300 mV for a catalyst of 40 wt% Pt/C. 

 

(a) 

Figure 6. Cont.
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Figure 6. The current density dependency on the Pt loading and ionomer content at cell voltages of 

(a) 900 mV, (b) 700 mV and (c) 300 mV for a catalyst of 60 wt% Pt/C. 

3.3.3. 40 wt% Catalyst 

In the activation region in Figure 5a, a linear trend is measured for the dependency of the 

current density on the Pt loading, implying that the oxygen and proton transport effect on the 

performance is negligible due to the low reaction rates. However, for the catalyst layers with the 

highest and lowest ionomer content, the voltage losses due to proton transport and oxygen 

diffusion, respectively, are found to be high enough for a significantly lower current density for 

thick catalyst layers. The linear dependency measured for I/C ratios of 0.62–1.36 confirms the 

previous finding that, independent of the number of layers printed on top of each other, the whole 

catalyst layer thickness is electrochemically active and the layers are connected to both the protonic 

and electronic phases. 

Figure 6. The current density dependency on the Pt loading and ionomer content at cell voltages of (a)
900 mV, (b) 700 mV and (c) 300 mV for a catalyst of 60 wt% Pt/C.

3.3.3. 40 wt% Catalyst

In the activation region in Figure 5a, a linear trend is measured for the dependency of the current
density on the Pt loading, implying that the oxygen and proton transport effect on the performance is
negligible due to the low reaction rates. However, for the catalyst layers with the highest and lowest
ionomer content, the voltage losses due to proton transport and oxygen diffusion, respectively, are
found to be high enough for a significantly lower current density for thick catalyst layers. The linear
dependency measured for I/C ratios of 0.62–1.36 confirms the previous finding that, independent of the
number of layers printed on top of each other, the whole catalyst layer thickness is electrochemically
active and the layers are connected to both the protonic and electronic phases.
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At platinum loadings higher than 0.3 mg cm−2, minor differences between the ionomer contents
emerge, with an optimum I/C ratio of about 0.71–1.36. The fact that the optimum is found at a relatively
high ionomer content indicates that high proton conductivity is more important than oxygen transport
at the very low current densities in the activation region. For lower platinum loadings, the performance
is rather independent of ionomer content.

At intermediate and high current densities (Figure 5b,c), mass transport and ohmic losses
throughout the catalyst layer thickness become more pronounced due to the higher proton flux and
oxygen consumption. Since the catalyst layer thickness varies proportionally with the platinum loading,
both losses become more relevant for higher platinum loadings. At the higher current densities at
700 mV in Figure 5b and 300 mV in Figure 5c, the current density increases with platinum loading only
up to a threshold value. At 700 mV, this threshold is around 0.3 mg cm−2 for all ionomer contents.
At high ionomer loadings, even a decreasing performance can be observed for increasing platinum
loading. Above 0.3 mg cm−2, adding further electrochemically active material does not result in
a performance increase anymore because diffusive losses become dominant over the performance
increase by the increasing the electrochemical active area.

For the low ionomer contents, adding additional material simply results in more inactive material
and the current density remains unchanged for higher platinum loadings. This is only possible since
for the low ionomer contents, the oxygen diffusion is still high enough to supply the catalyst close to
the membrane. Otherwise, adding more material would decrease the cell current by higher diffusion
losses due to the increase in the layer’s thickness with increased Pt loading.

For I/C ratios higher than 1.07, higher platinum loading results in a performance decrease and a
more pronounced platinum loading optimum. Upon the increase in ionomer content over the optimum,
the diffusion through the thickness of the catalyst layer seems to limit the cell performance. With
increasing catalyst layer thicknesses, (or Pt loading), the oxygen diffusion to the mainly active regions
close to the membrane is hindered, which results in moving the reaction zone away from the membrane
towards the interface to the GDL. The fact that the current is even decreasing with increasing the
platinum loading indicates that despite the high ionomer contents, the proton conductivity is not
high enough to enable a proton transport to the reaction zone close to the GDL without significant
losses. Increasing the thickness with higher platinum loading, therefore results in ohmic losses that
overcompensate the effects by the higher platinum loading.

In Figure 5c, the cell current at 300 mV also shows a distinct optimum for the platinum loading
that is also dependent on the ionomer content. Here, differences between the ionomer contents are
more pronounced with the optimum at 300 mV around 0.2 mg Pt cm−2 compared to 0.3 mg Pt cm−2 at
700 mV.

In the fuel cell literature, the discussion on whether the oxygen diffusion to the active sites in
the catalyst layer is limited by diffusion through the ionomer film that covers the catalyst particles
or by the through-plane diffusion in the pore space of the catalyst layer, is ongoing [21]. Analyzing
the findings in the previous section, the results strongly support the hypothesis that the losses are
dominated by the through-plane diffusion rather than the film diffusion. Adding thickness to the layer
results in decreasing performance for all layers, especially for the higher ionomer contents. This would
not be the case if thin-film diffusion would be mainly limiting. If the proton conductivity throughout
the layer would prevent the performance to increase, this effect would be more pronounced for lower
rather than higher ionomer loadings.

Another indication that limitation by through-plane diffusion rather than its thin-film counterpart
is observed through the analysis of catalyst layers with low ionomer contents at low layer thicknesses
(low Pt loading). The performance difference between the different ionomer loadings seems to diminish
below catalyst loadings smaller than 0.2 mgPt cm−2, resulting in a performance that is independent of
ionomer loading for very thin catalyst layers. If the thin film diffusion would limit the cell performance,
the differences between ionomer contents would be independent of catalyst layer thickness and also be
present for the thin catalyst layers at low platinum loadings.
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3.3.4. Humidity Sweeps

In order to investigate the effect of Pt loading and ionomer content on the overall water transport
within the cell, relative humidity sweeps were carried out at a current density of 1.0 A cm−2. Figure 7
shows the humidity sweeps dependent on the I/C ratio for a Pt loading of 0.25 mg cm−2. It is obvious
that the catalyst layers with low ionomer content suffer more from drying at low humidification than
the catalyst layers with high ionomer content. To investigate this further, the cell voltage at 30% RH and
120% RH, dependent on catalyst loading, is plotted in Figure 8. For the dry conditions, the optimum
I/C ratio is found to be at 1.36, while the optimum I/C ratio is found to be in the range of 0.62–1.36 for
the wet conditions. Further, it can be seen that an ionomer content above 1.36 might result in flooding
of the cell at high humidity levels.
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3.3.5. 60 wt % Catalyst

The general dependencies for the optimum ionomer content of the 60 wt% catalyst in terms of
ionomer to carbon ratio is the same as for the 40 wt% catalyst. As found by other groups before,
the amount of ionomer needed for an optimum compromise between oxygen diffusion and proton
transport depends strongly on the carbon surface rather than on the amount of platinum in the catalyst
layer. This results in a significantly lower weight percentage of ionomer needed for the 60 wt% catalyst
than for the 40 wt% catalyst at the same platinum loading. This is highlighted in Figure 8c,d, where it
can be seen that the cells are more tolerant to low humidity.

When considering the change in performance with catalyst layer thickness (or platinum loading),
the optimum performance of the 60 wt% catalyst is not as pronounced as that of the 40 wt % catalyst.
This obviously results from the thickness difference between the two catalyst types. For the same
platinum loading, the 60 wt% catalysts are about 33% thinner than the 40 wt% catalyst since mostly the
amount of carbon defines the layer thickness. For higher platinum loadings, the diffusion limitation by
the additional thickness is not as pronounced as for the 40 wt% catalyst.

This supports the conclusion of the previous section, where the through-plane diffusion was
found to be the main source for the limitations at higher platinum and ionomer loadings. Since the
maximum in power output is defined by the interaction between through-plane diffusion and proton
conduction, this optimum is shifted towards higher platinum loadings for the thinner catalyst layers
with the 60 wt% catalyst. At 300 mV cell voltage, the optimum performance is therefore reached at
around 0.25 mg cm−2 platinum loading for the 40 wt % catalyst and at around 0.3 mg cm−2 for the
60 wt % catalyst.

4. Conclusions

A full parametric study of various catalyst layer compositions containing the variation of platinum
loading, ionomer content and two types of catalyst material (40 and 60 wt.% Pt/C) was conducted.
The following conclusions can be drawn from the work presented in this manuscript.
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1. Electrical and protonic contact is established regardless of the printing of layers on topic of each
other. This conclusion was established based on SEM images that illustrated a homogeneous
distribution of the Pt, C and F. The linear dependency of the ECSA on Pt loading for various I/C
ratios without any discontinuity in the slope once again proves the establishment of the electrical
and protonic contact between all layers.

2. The optimum ionomer content is not only dependent on the catalyst layer thickness, but also on
the load and gas humidity.

3. In the activation region, regardless of which type of catalyst is used, the dependency of the current
density on Pt loading is linear as long as the ionomer content is not too low to hinder proton
conductivity and is not too high to hinder oxygen diffusion significantly.

4. In the ohmic and mass transport region of the polarization curve, increasing the ionomer content
to a value higher than the optimum results in a decrease in current density with higher Pt loading.
The diffusion losses outweigh the improvement by the increasing catalytically active area.

5. At high Pt loading and ionomer content, through-plane diffusion losses become more limiting
than the proton conductivity.

6. General trends are the same for 40 and 60 wt.% Pt/C catalysts, but the dependency on ionomer
content is lower due to reduced catalyst layer thickness.

The impact of this work is in the comprehensive data that it provides. The plan is to use this data
set as a basis for our ongoing efforts to investigate the effect of catalyst layer structuring, specifically
graded catalyst layers, on its performance. This investigation will be carried out by additionally
measuring limiting current density and impedance spectroscopy, and will be further enhanced by
accelerated stress tests to understand the dependencies of durability and stability on the structuring of
the layer.
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Abstract: Porous Pt electrocatalysts have been developed as an example of carbon-free porous
metal catalysts in anticipation of polymer electrolyte membrane (PEM) fuel cells and PEM water
electrolyzers through the assembly of the metal precursor and surfactant. In this study, porous Pt
was structurally evaluated and found to have a porous structure composed of connected Pt particles.
The resulting specific electrochemical surface area (ECSA) of porous Pt was 12.4 m2 g−1, which was
higher than that of commercially available Pt black. Accordingly, porous Pt showed higher oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) activity than Pt black. When the
activity was compared to that of a common carbon-supported electrocatalyst, Pt/ketjen black (KB),
porous Pt showed a comparable ORR current density (2.5 mA cm−2 at 0.9 V for Pt/KB and 2.1 mA
cm−2 at 0.9 V for porous Pt), and OER current density (6.8 mA cm−2 at 1.8 V for Pt/KB and 7.0 mA
cm−1 at 1.8 V), even though the ECSA of porous Pt was only one-sixth that of Pt/KB. Moreover,
it exhibited a higher durability against 1.8 V. In addition, when catalyst layers were spray-printed
on the Nafion® membrane, porous Pt displayed more uniform layers in comparison to Pt black,
showing an advantage in its usage as a thin layer.

Keywords: oxygen reduction; oxygen evolution; PEM fuel cell; PEM water electorolyzer; durability;
porous structure; carbon-free

1. Introduction

Electrocatalysts composed of noble metal nanoparticles dispersed on carbon supports are
commonly used in polymer electrolyte membrane (PEM) fuel cells and PEM water electrolyzers.
Such dispersion of metal nanoparticles leads to high catalytic activity, even with small amounts of noble
metals. However, carbon supports are sometimes not usable. For example, in the case of PEM water
electrolyzers, carbon supports are highly corroded under high potential anodic conditions (over 1.8 V),
which are required to obtain a practical current density of 1 A cm−2 [1,2]. Even in the PEM fuel cell
system, carbon oxidation at the cathode is serious at a locally elevated potential (over 1.5 V) during the
start/stop cycling of fuel cell vehicles [3,4]. Additionally, even at the anode catalyst, carbon corrosion
has been reported in the situation of fuel starvation, where cell reversal occurs and the anode potential
is over 1.5 V [5]. Not only are the carbon supports themselves damaged, but the metal nanoparticles
also lose their support, leading to the agglomeration of particles and loss of their catalytic activity [6].
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Even though problems related to the durability of carbon supports have been reported, increasing the
electroactive surface area without a carbon support is rather challenging. A large quantity of novel metal
catalysts with a low surface area should generally be employed without carbon supports, which increases
their cost [7]. For that reason, the improvement of electrocatalysts without carbon supports has been
extensively studied. In some cases, metal oxide supports have been used, but this still results in a low
electronic conductivity in comparison to carbon, even though durability is high [8–14]. For example,
although the oxygen reduction reaction (ORR) mass activity of Pt/doped tin oxide at 0.85 V has been
reported to be around 600 A g−1, which is comparable to that of Pt-deposited carbon, under half-cell
measurements in solution the ORR activity at 0.9 V, which is common for standard comparisons, is expected
to be low [10]. In other cases, catalysts made of only metal nanoparticles have been studied owing to their
high surface area [15–18]. Although nanoparticles show high catalytic activity as powder, they cannot
usually maintain their structure in actual devices and mostly result in low performance. However, when
these nanoparticles are connected to each other, they can maintain their porous structure, even in actual
devices, and a current–voltage performance comparable to that of PEM fuel cells exhibited by Pt supported
on carbon at 0.8 V, with a value of 200 mA cm−1, has been reported [17]. Among many carbon support-free
catalysts, one of the most successful catalysts is 3M’s nanostructured thin film (NSTF) catalyst, which is
a pure, organic molecular solid in the form of a crystalline whisker coated by metal catalysts. The NSTF
catalyst has shown 2–3 times higher mass activity at 0.9 V, with a value of over 600 A g−1, and a higher
durability than Pt supported on a carbon support [19].

We are rather interested in developing metal-only catalysts and improving their structure as devices.
In our prior studies, mesoporous carbon supports were developed through a simple one-pot reaction
that involved heating a mixture of a surfactant and carbon precursors for PEM fuel cells, and high
performance and durability were achieved in accordance with their mesoporous structure [20–25].
The porous structure was also sustained, even after being built into a device. We are now trying to
apply the concept of mesoporous structures to metal-only electrocatalysts with the aim of increasing
the surface area and reducing the mass transfer loss of water and gases in the PEM fuel cell and water
electrolysis system based on the porous structure. In addition, conductivities superior to those of metal
oxide supports are expected for all metallic compositions.

In this paper, porous Pt has been synthesized as one example of a porous metal catalyst by
employing a Pt precursor and a surfactant. Step-by-step heat treatments were applied to reduce the
Pt precursor and remove the surfactant. Resulting carbon-free porous Pt was structurally evaluated,
and its electrochemical activity toward the ORR and oxygen evaluation reaction (OER) was studied in
detail. Additionally, a catalyst layer of porous Pt was prepared using a spray printing method and its
structure was evaluated.

2. Results and Discussion

2.1. Heat Treatment and Characterization of Porous Pt

The heat treatment conditions for porous Pt were controlled in order to remove the residual
derived from the surfactant and metal precursor. In the case where the sample was calcined at 210 ◦C
for 3 h and 240 ◦C for 3 h for the thermal reduction of Pt(acac)2 and also heat-treated at 300 ◦C for 1 h
for decomposition of the surfactant under a nitrogen atmosphere, a sticky product was obtained owing
to the residual surfactant. Therefore, the heat treatment condition for decomposing the surfactant was
altered to 400 ◦C for 3 h. As a result, a dry powder was obtained. However, based on thermogravimetric
(TG) analysis, a weight loss of 62.3% was further observed at around 200 ◦C (see Supplementary
Materials Figure S1a), indicating that the residual surfactant remained in this condition. In order to
further remove the residual surfactant completely, additional heat treatment at 200 ◦C under humidified
nitrogen was conducted. Consequently, the weight loss was minimized to 3.6% after calcining for
10 min with this condition (see Figure S1b), resulting in successful removal of the surfactant.
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Porous Pt was characterized by nitrogen sorption in comparison to commercial Pt black. Figure 1a,b
show nitrogen adsorption/desorption isotherms and corresponding pore size distributions, respectively.
The Brunaure–Emmett–Teller (BET) specific surface area of porous Pt was 32.4 m2 g−1, whereas that
of commercially available Pt black was 14.3 m2 g−1, which was slightly low compared to the value
of 25 m2 g−1 or less given by Sigma-Aldrich (St. Louis, MO, USA). Porous Pt showed mesopores
consisting of less than 100 nm in diameter and micropores, while Pt black mostly exhibited small
mesopores of less than 30 nm, with relatively fewer micropores. Since Pt black consists of nanoparticles
not connected to each other and does not contain pores within the particles, the size of 30 nm reveals
the particle size and interparticle pore size achieved by these nanoparticles.
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Figure 1. (a) Nitrogen adsorption/desorption isotherms and (b) corresponding pore distributions of
porous Pt and Pt black.

In order to view the nanostructure of porous Pt and Pt black, SEM images were observed and are
shown in Figure 2a,b, respectively. As seen in Figure 2a, pores consisting of connected Pt particles
were confirmed. Even though porous Pt does not have a common ordered porous structure like that of
zeolite, it shows pores, displaying a “porous structure” required for device application [17]. The domain
size of this porous structure was estimated to range from 500 nm to 2 µm based on SEM images with
a low magnification. As seen in SEM images with a higher magnification (Figure S2), the size of the
average particles in porous Pt was ca. 20 nm, while Pt black showed much smaller primary particles,
which were less than 10 nm. However, in the case of Pt black, much denser aggregates of such Pt
particles were observed, as shown in Figure 2b.
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Figure 2. SEM images of (a) porous Pt and (b) Pt black.

Pt 4f XPS spectra were recorded to evaluate the surface chemical states. Both porous Pt and Pt
black had two peaks at 71.1–71.3 and 74.4–74.6 eV of binding energy, corresponding to Pt4f7/2 and
Pt4f5/2, respectively. Those two peaks indicated that both materials mostly contained the metallic Pt (0)
surface [26]. Although oxygen bonding to the Pt surface was also indicated in the XPS spectra, this was
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mostly likely due to oxygen adsorption that occurred when transferring the sample in the air. This kind
of oxygen cannot be easily removed unless in-situ XPS methods, such as EC-XPS [27], are applied.

XRD patterns were also analyzed (Figure S3). Both porous Pt and Pt black showed typical metallic
platinum peaks [28], consisting of Pt (111) at 39.8◦, Pt (200) at 46.2◦, and Pt (220) at 67.4◦, which matched
the XPS result.

2.2. Electrochemical Analyses of Oxygen Reduction and Evolution Reactions

Cyclic voltammograms of porous Pt and Pt black were recorded and are shown in Figure 3.
Pt/ketjent black (KB) was also analyzed and compared as a standard electrocatalyst. The electrochemical
surface area (ECSA) of porous Pt was 12.4 m2 g−1. The ECSA of Pt/KB was 76.5 m2 g−1, which stayed at
the low end of reported values (70–100 m2 g−1) [29–31], suggesting the formation of a non-uniform thin
film. Even though the film formation should be further optimized, with the films made under the same
condition, Pt/KB has an ECSA that is six times higher than that of porous Pt. This is reasonable because
Pt/KB has highly dispersed 2-nm Pt nanoparticles on the carbon support [32], but porous Pt consists of
aggregates of much larger Pt particles. Pt black showed a lower ECSA (4.7 m2 g−1) than porous Pt.
As shown in Figure 2b and Figure S2b, Pt black is composed of dense aggregates, even though primary
particles are as small as several nanometers. The structural difference most likely leads to different
ECSA. Additionally, cyclic voltammograms of three catalysts, where the current is normalized to the
specific surface area of Pt, are shown in Figure S4. The current of Pt/KB becomes smaller than that of
porous Pt and Pt black, suggesting that porous Pt and Pt black have higher activity than Pt on KB.
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The ORR activities of all electrocatalysts were evaluated at a rotating speed of 1600 rpm and
are shown in Figure 4. Pt had equivalent ORR activity to Pt/KB, even though a slightly slow ORR
current increase was seen for porous Pt. The values of the current density at 0.9 V were 2.5 and
2.1 mA cm−2 for Pt/KB and porous Pt, respectively. The reported ORR activity for Pt/C is even higher,
for example 3 mA cm−2 [30]. ORR mass activity is commonly calculated through the kinetic current,
which is the current at infinite speed extrapolated from a Koutecky–Levich plot, by measuring the
ORR polarization curves for different rotation speeds. In this experiment, only one rotational speed
was tried. Therefore, another method of calculating the kinetic current using the limiting current at
0.4 V [33] was used. The values of the mass activity at 0.9 V were 230 and 190 A g−1 for Pt/KB and
porous Pt, respectively. The reported ORR mass activity for Pt/C has the range but is mostly between
200 and 500 A g−1 [29,30]. The lower values of ORR current and ORR mass activity in this work is most
likely due to the non-uniform thin film acting as a working electrode; the development of uniform thin
films is required to precisely discuss ORR activity.
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Figure 4. Linear sweep voltammograms showing the oxygen reduction reaction (ORR) of porous Pt, Pt
black, and Pt/KB at 1600 rpm under oxygen saturation.

The OER activities of three electrocatalysts were evaluated at a rotating speed of 1600 rpm and are
shown in Figure 5 with solid lines. Porous Pt had an initial OER current equivalent to that of Pt/KB
(6.8 to 7.0 mA cm−2 at 1.8 V), while Pt black revealed a lower OER current (3.4 mA cm−2 at 1.8 V)
than the other two catalysts. When the reported OER activity of Pt catalysts is considered, Pt bulk
and nanoparticles show an OER current density of about 4 and 10 mA cm−2 at 1.8 V, respectively [34],
which reasonably match our results. We believe that the OER activity in the solution half-cell set-up
remains constant if enough active surface area is available.

Molecules 2020, 25, x FOR PEER REVIEW 5 of 10 

 

 
Figure 4. Linear sweep voltammograms showing the oxygen reduction reaction (ORR) of porous Pt, 
Pt black, and Pt/KB at 1600 rpm under oxygen saturation. 

The OER activities of three electrocatalysts were evaluated at a rotating speed of 1600 rpm and 
are shown in Figure 5 with solid lines. Porous Pt had an initial OER current equivalent to that of 
Pt/KB (6.8 to 7.0 mA cm−2 at 1.8 V), while Pt black revealed a lower OER current (3.4 mA cm−2 at 1.8 
V) than the other two catalysts. When the reported OER activity of Pt catalysts is considered, Pt bulk 
and nanoparticles show an OER current density of about 4 and 10 mA cm−2 at 1.8 V, respectively [34], 
which reasonably match our results. We believe that the OER activity in the solution half-cell set-up 
remains constant if enough active surface area is available. 

 
Figure 5. Linear sweep voltammograms showing oxygen evolution reaction (OER) of porous Pt, Pt 
black, and Pt/KB at 1600 rpm under nitrogen saturation. Solid and dotted lines show before and after 
the durability test, respectively. 

2.3. Electrochemical Durability of Catalysts at a High Potential 

In order to evaluate durability against a high potential, the anode potential at PEM water 
electrolyzers was considered, since it is a more severe condition than the cathode potential at PEM 
fuel cells. Although the protocol for the durability examination of PEM fuel cells has been well 
established [4], the protocol for PEM water electrolyzers has not been developed. Therefore, the 
potential of 1.8 V, which is the voltage required to obtain the practical current density of 1 A cm−2, 
was applied to evaluate the durability in this study. Among the three samples, only Pt/KB was found 
to continuously lose OER current. Voltammograms of the three samples after the durability test were 
developed and are indicated with dotted lines in Figure 5. As can be seen in Figure 5, Pt/KB lost most 
of its OER activity by just applying 1.8 V for 10 min, owing to carbon corrosion that occurred at 1.8 
V, while both porous Pt and Pt black maintained the initial OER activity according to the carbon-free 
condition. A similarly high durability can also be found in the literature for support-free catalysts, 
even though the condition of durability examination is slightly different [2,17,35]. For PEM fuel cells, 

Figure 5. Linear sweep voltammograms showing oxygen evolution reaction (OER) of porous Pt,
Pt black, and Pt/KB at 1600 rpm under nitrogen saturation. Solid and dotted lines show before and
after the durability test, respectively.

2.3. Electrochemical Durability of Catalysts at a High Potential

In order to evaluate durability against a high potential, the anode potential at PEM water
electrolyzers was considered, since it is a more severe condition than the cathode potential at PEM fuel
cells. Although the protocol for the durability examination of PEM fuel cells has been well established [4],
the protocol for PEM water electrolyzers has not been developed. Therefore, the potential of 1.8 V,
which is the voltage required to obtain the practical current density of 1 A cm−2, was applied to
evaluate the durability in this study. Among the three samples, only Pt/KB was found to continuously
lose OER current. Voltammograms of the three samples after the durability test were developed
and are indicated with dotted lines in Figure 5. As can be seen in Figure 5, Pt/KB lost most of its
OER activity by just applying 1.8 V for 10 min, owing to carbon corrosion that occurred at 1.8 V,
while both porous Pt and Pt black maintained the initial OER activity according to the carbon-free
condition. A similarly high durability can also be found in the literature for support-free catalysts,
even though the condition of durability examination is slightly different [2,17,35]. For PEM fuel cells,
current–voltage curves with the cathode of connected metal particles at 80 ◦C did not change much
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after 10,000 cycles of the start–stop durability test [17]. For PEM water electrolyzers, the changes in
the voltage at 2 A cm−2 under 60 ◦C [2] or 500 mA cm−2 under 80 ◦C [35] were monitored, and the
increase was less than 0.02 V during the 300 h test. Therefore, even though a longer test is required
to evaluate the durability of porous Pt, an advantage of a carbon-free catalyst was experimentally
observed in this study. Regarding the decrease in the current density observed in Figure 5, it was found
to be a reversible change. Such reversible loss probably comes from the fact that the unsuccessful
detachment of generated oxygen bubbles decreases the mass transfer capability of water on the
electrode surface [36].

2.4. Evaluation of Catalyst Layers

Catalyst layers of porous Pt and Pt black were spray-printed on the Nafion®membrane. Pt-loading
was fixed to 0.50 mgPt/cm2. The cross section of catalyst layers was observed using Focused Ion Beam
(FIB)-SEM and is shown in Figure 6. Although a uniform thin layer of porous Pt with an average
thickness of 2.4 µm was observed, as shown in Figure 6a, in the case of Pt black, no continuous
layer was seen, as shown in Figure 6b. Even though relatively high catalyst loading is observed
for water electrolysis [37,38], the future direction for PEM fuel cells lies in reducing the catalyst
amount, for example to 0.10 mgPt/cm2 or less. The formation of thin films will be more difficult
when large-scale manufacturing methods of thin layers are considered. A high void volume is also
important for enhancing the electrocatalytic activity [39]. Consequently, porous Pt has an advantage
in its usage as a thin film, and the performance and durability of the new porous Pt catalyst-based
membrane/electrode assembly will be characterized in a future study.
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3. Materials and Methods

3.1. Materials

Platinum (II) acetylacetonate (Pt(acac)2), 5 N hydrochloric acid (HCl), ethanol, 2-propanol,
and 0.1 M perchloric acid (HClO4) were all purchased from Wako Pure Chemical Industries Ltd.
(Osaka, Japan) Pluronic® F127 was obtained from Sigma-Aldrich. 5% Nafion® dispersion solution
and Nafion® 117 were obtained from Dupont (Wilmington, DE, USA). Milli-Q water was used in all
cases. Those chemicals were used without any further purification.

For the electrochemical evaluation, Pt black and Pt/KB (TEC10E50E) were used as standard
electrocatalysts for the comparison in this study and obtained from Wako Pure Chemical Industries,
Ltd. and Tanaka Kikinzoku Kogyo K.K. (Tokyo, Japan), respectively.

3.2. Synthesis of Porous Pt

Pluronic® F127 and Pt(acac)2 were used as a template to form a porous structure and as
a metal precursor, respectively. Typically, 0.4275 g of Pluronic® F127 was dissolved in a mixture
of water/ethanol/HCl (2.175 g/2.875 g/75 µL). Then, 0.675 g of Pt(acac)2 was added to this solution.
This mixture was stirred at 30 ◦C for 6 h, kept at room temperature for 6 h, and dried at 80 ◦C for 6 h in
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the oven. After further heat treatment of the resulting powder, porous Pt materials were obtained.
The heat treatment conditions, such as the temperature and atmosphere, were studied to optimize the
porous structure and are fully discussed in the “Results and discussion” section.

3.3. Material Characterization

For material characterization, nitrogen sorption measurements were carried out using
BELSORP-mini II-VS (MicrotracBEL Corp. Osaka, Japan). Before the measurement, samples were
pre-treated at 200 ◦C under vacuum for 2 h. The specific surface area was calculated by a BET method
using the adsorption area. The Barrett Joyner Hallenda (BJH) method was also applied to estimate the
pore size distribution.

Thermogravimetric (TG) analyses were conducted using Thermo Plus Evo2 (Rigaku, Tokyo,
Japan). Measurements were carried out in the air from room temperature to 400 ◦C via raising the
temperature by 4 ◦C/min.

SEM observations were performed using S-5200 (Hitachi High-Tech, Tokyo, Japan), with the
accelerating voltage of 30 kV. Studies with X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) were also conducted using Kratos Axis Ultra (Shimadzu, Kyoto, Japan) and RINT-UltimaIII/PSA
(Rigaku), respectively.

3.4. Electrochemical Analyses

The dispersion containing electrocatalysts (4.3 mg), water (0.35 mL), and 2-propanol (2.56 mL)
was mixed using an ultrasonic homogenizer and drop-cast onto a glassy carbon (GC) rod (the diameter:
5 mm, Tokai Fine Carbon Co., Ltd. (Tokyo, Japan)), and dried at room temperature for use as a working
electrode. The Pt loading was kept to 17.3 µg cm−2 in all cases. In this study, a Nafion® dispersion was
not used as a binder in order to simply observe electrochemical characteristics of catalysts without
a Nafion® effect. The fact that a binder is not essential for adhesion of the catalyst to the GC and
that low-loaded ionomer free catalyst (≤~18 µgPt cm−2) adheres with a sufficient strength during
measurements for ORR activity evaluation at room temperature has previously been reported [29].

Electrochemical measurements were performed using a common half-cell set-up in the solution.
A potentiostat (HZ-7000, Hokuto Denko, Tokyo, Japan) was used for all electrochemical measurements.
Besides the working electrodes, Ag|AgCl in a saturated KCl aqueous solution and Pt wire were utilized
as reference and counter electrodes, respectively. Measurements were taken in 0.1 M HClO4 under
nitrogen atmosphere with the scan rate of 50 mV s−1. ORR and OER activities were evaluated at
1600 rpm under the saturation of oxygen and nitrogen, respectively. In this study, all potentials were
converted to a reversible hydrogen electrode (RHE), and IR correction was applied for OER evaluation
by actually measuring the solution resistance using a potentiostat. Furthermore, in order to observe
the durability against the anodic condition of the water electrolysis, the potential of 1.8 V vs. RHE was
applied for 10 min, and OER activities before and after applying such potential were evaluated.

3.5. Evaluation of Catalyst Layers

Catalyst layers were prepared by employing a common spray printing method. The slurry
consisting of porous Pt (or Pt black) (81.5 mg), ethanol (1764 µL), 5% Nafion® dispersion solution
(919 µL), and MilliQ water (196 µL) was thoroughly stirred by an ultrasonic homogenizer. In this
condition, the ratio of ionomer and catalyst was fixed to 0.33. This slurry was spray-printed on Nafion®

117 by a spray printing system (Nordson, Westlake, OH, USA). Catalyst layers were made into a 1 cm ×
1 cm square. Pt-loading was fixed to 0.50 mgPt cm−2. The cross section of catalyst layers was observed
using FIB-SEM (Helios 600, FEI Company, Hillsboro, OR, USA). FIB processing was carried out at
an accelerating voltage of 30 kV and a beam current of 0.4 nA.
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4. Conclusions

A carbon-free porous Pt electrocatalyst was successfully prepared using the assembly of the metal
precursor and surfactant under the optimized heat treatment condition. The structure of porous Pt
was found to be composed of connected Pt particles with a size of 20 nm, leading to a relatively high
BET surface area of 32.4 m2 g−1, in comparison to a commercial Pt black electrocatalyst, which has
a value of 14.3 m2 g−1. The ECSA of porous Pt was 12.4 m2 g−1, whereas that of Pt black was 4.7 m2

g−1. Accordingly, porous Pt showed higher ORR and OER activity than that of Pt black.
In comparison to a standard electrocatalyst, Pt/KB, an equivalent ORR current density (2.5 mA

cm−1 at 0.9 V for Pt/KB and 190 mA cm−1 at 0.9 V for porous Pt), ORR mass activity (230 A g−1 at 0.9 V
for Pt/KB and 2.1 A g−1 at 0.9 V for porous Pt), and OER current density (6.8 mA cm−1 at 1.8 V for
Pt/KB and 7.0 mA cm−1 at 1.8 V) were obtained, even though the ECSA of porous Pt was only one-sixth
that of Pt/KB. However, Pt/KB lost most of its OER activity during the durability test against the anode
potential during water electrolysis owing to carbon corrosion, whereas porous Pt maintained its OER
activity due to the effect of the carbon-free condition.

In addition, when catalyst layers were spray-printed on the Nafion®membrane, porous Pt showed
more uniform layers in comparison to carbon-free Pt black, demonstrating the advantage of its usage
as a thin film.

Consequently, porous Pt with high ORR and OER activities and a high durability against a high
potential was successfully prepared in this study and showed potential to be used as an electrocatalyst
for PEM fuel cells and PEM water electrolyzers.

Supplementary Materials: The following are available online. Figure S1: Thermogravimetric (TG) analyses of
porous Pt (a) with heat treatment at 400 ◦C for 3 h under dry nitrogen and (b) with additional heat treatment
at 200 ◦C for 10 min under humidified nitrogen, Figure S2: SEM images of (a) porous Pt and (b) Pt black with
a higher magnification, Figure S3: XRD patterns of porous Pt (top, red) and Pt black (bottom, blue), Figure S4:
Cyclic voltammograms of porous Pt (red), Pt black (blue), and Pt/KB (black), where the current is normalized to
specific surface area of Pt.
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Abstract: Catalyst layer (CL) ionomers control several transport and interfacial phenomena including
long-range transport of protons, local transport of oxygen to Pt catalyst, effective utilization of Pt
catalyst, electrochemical reaction kinetics and double-layer capacitance. In this work, the variation of
these properties, as a function of humidity, for CLs made with two ionomers differing in side-chain
length and equivalent weight, Nafion-1100 and Aquivion-825, was investigated. This is the first
study to examine humidity-dependent oxygen reduction reaction (ORR) kinetics in-situ for CLs
with different ionomers. A significant finding is the observation of higher ORR kinetic activity
(A/cm2

Pt) for the Aquivion-825 CL than for the Nafion-1100 CL. This is attributed to differences in
the interfacial protonic concentrations at Pt/ionomer interface in the two CLs. The differences in
Pt/ionomer interface is also noted in a higher local oxygen transport resistance for Aquivion-825
CLs compared to Nafion-1100 CLs, consistent with stronger interaction between ionomer and Pt for
ionomer with more acid groups. Similar dependency on Pt utilization (ratio of electrochemically
active area at any relative humidity (RH) to that at 100% RH) as a function of RH is observed for the
two CLs. As expected, strong influence of humidity on proton conduction is observed. Amongst the
two, the CL with high equivalent weight ionomer (Nafion-1100) exhibits higher conduction.

Keywords: catalyst layer; polymer electrolyte fuel cell; oxygen transport resistance; oxygen reduction
reaction kinetics; platinum ionomer interface; ionomer thin film

1. Introduction

Ion-containing polymer or ionomer is a key material in polymer electrolyte fuel cells (PEFCs).
Until a decade ago, the focus of studies on ionomeric materials and their fuel cell properties were
largely limited to their application as the polymer electrolyte membrane separating the anode and
the cathode. However, ionomer is also one of the critical material constituents of the cathode and the
anode catalyst layers. Catalyst layers of the polymer electrolyte fuel cells are complex, nanoporous,
nanocomposite of ionomer, and Pt/C catalyst with co-continuous phases [1–3]; see Figure 1 [3]. In a
typical Pt/C-based catalyst layer, a 4–10 nm thin film of acid ionomer covers the aggregates of Pt/C
catalyst [4]. The catalyst layer ionomer is often described as a binder [5], which does not capture the
multiple crucial functions it serves: (i) as an ion-conducting material phase that ensures transport of
protons over 10–20 micron thick catalyst layers, (ii) as an acidic medium that together with Pt catalyst
forms the electrochemically active interface where the oxygen reduction reaction (cathode) or hydrogen
oxidation reactions (anode) occur, and (iii) as a material phase that controls the transport of reactants
(O2 or H2) and products to/from the active Pt sites.
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catalyst layer. (a) Local transport of oxygen and protons to the surface of Pt catalyst particles (yellow)
on the surface and in the micropores of carbon support coated with ionomer thin film (b) Long-range
transport of proton and oxygen transport through the thickness of the catalyst layer. Reproduced with
permission from Karan [3], Current Opinions in Electrochemistry; published by Elsevier, 2017.

The ionomer in a catalyst layer is essential for facilitating proton transport to achieve high
in-operando electrochemical surface area (ECSA) utilization [6]. Pt catalysts not in direct contact with
ionomer (see Figure 1a) may not be accessible to protons under low relative humidity (RH) conditions.
Recently, it has been identified that the chemical structure of ionomer dictates the chemical environment
of the electrochemically active interface including poisoning by sulfonic group and ultimately affecting
the oxygen reduction reaction (ORR) activity [7].

Oxygen transport through the ionomer thin film covering the catalyst is known to be a limiting
factor for low-Pt loading catalysts [8–11]. It is now well established that confinement effects and
interactions with substrates (e.g., Pt/C) strongly influence the structure and properties of the ionomer
such that it differs significantly from that of the free-standing membrane [12–20]. The proton
conduction, the nature of the electrochemical interface, and the local transport of reactants in the
catalyst layer ionomer all depend on its hydration state (water content). In addition to bulk water
content, the interfacial water content also becomes important for various transport processes and
electrochemical phenomena in catalyst layer ionomers. Both bulk and interfacial water content depend
on the relative humidity (RH). Exposure to humid environment stimulates the evolution of hydrophilic
domains in the bulk ionomer and water sorption at the Pt-ionomer interface [15]. Hydrophilic
domains are necessary for proton transport [21] and also assist in oxygen permeation through the thin
film [11,22]. Hydration can lead to reorganization of surface, bulk, and buried interfacial structure of
ionomers [23,24]. Although discussed sparingly in the literature, it can be expected that interfacial
water will influence (a) the extent of acid dissociation, i.e., local pH, and thereby the electrochemical
reaction kinetics, (b) the conduction of protons on the catalyst surface, and (c) the transport resistance
of oxygen to the Pt catalyst. Moreover, increase in RH enhances the accessibility of Pt catalyst residing
in the internal pores of the support and thus affects ECSA [25]. The chemical structure of ionomer and
the chemical nature of substrate surface affect the size of the hydrophilic domains in the bulk and at
the interface [14,26].

A handful of studies in the literature reports the effect of ionomer type on fuel cell
performance [5,27,28]. Even fewer studies discuss the ionomer-dependent relevant catalyst layer
electrochemical properties such as ECSA, double-layer capacitance, kinetics, and the local oxygen
transport resistance [29–32] and no single study discusses all of these properties for the same catalyst
layer. Incorporation of higher ion exchange capacity (IEC) ionomers improve ECSA and specific
activity [29] but at the expense of higher local oxygen transport resistance [31]. However, only a
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few studies have examined the effect of RH on the aforementioned characteristics—ECSA, ORR
kinetics, double-layer capacitance, oxygen transport resistance—of the catalyst layer. The literature
lacks a systematic account of the combined effect of ionomer structure and RH on the catalyst layer
electrochemical properties. In addition, the discussion of the catalyst layer electrochemistry in the
context of Pt/ionomer interface is absent. Overall, humidity-dependent probing of catalyst layer
properties can provide significant insight into how ionomer molecular structure influence both transport
properties and Pt/ionomer interfacial characteristics.

Here, the RH-dependent bulk and interfacial properties of catalyst layer ionomer are reported for
long side chain (LSC) Nafion ionomer with an equivalent weight (EW) of ca. 1100 (Naf-1100) and short
side chain (SSC) Aquivion ionomer, EW ca. 825 (Aq-825) as a function of relative humidity. Scheme 1
presents the molecular structure of both ionomers. The method of catalyst layer fabrication and details
of experimental measurements are provided in the Materials and Method section.
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2. Results

The RH-dependent electrochemical and transport properties for low-Pt loading catalyst layers
(nominal Pt loading of 0.04 mg/cm−2) prepared with 10 wt% Pt/C catalyst and ionomer:carbon ratio
of 0.8 for the two different ionomers are reported. Electrochemical properties studied include the
double-layer capacitance, electrochemically active surface area, and ORR kinetics, while the transport
properties studied are the proton conduction and oxygen transport resistance.

Double-layer capacitance, electrochemically active surface area, and protonic conductivity:
The electrochemically active surface area obtained from H-adsorption peak integration from cyclic
voltammetry (CV) scan was normalized with respect to the electrode area and denoted as the roughness
factor (RF). Figure 2a compares the RH-dependent RF and double-layer capacitance (Cdl) for the catalyst
layers Aq-825 and Naf-1100. RF for both ionomers increases with RH, similar to that reported in other
studies [8,25], whereas Cdl almost remains constant for Aq-825 but increases with RH for Naf-1100. Cdl
mainly arises from the interfacial charges at the ionomer/carbon and ionomer/Pt interface. Differences
in the catalyst layer microstructure or interfacial characteristics can result in the differences in Cdl for
two catalyst layers. If the ionomer coverage on the carbon for the two catalyst layers is different, it
would result in different Cdl. If the charge concentration at the ionomer/carbon and ionomer/Pt interface
is different, it could also result in different Cdl. The higher magnitude of Cdl for Aq-825 catalyst layer
than Naf-1100 catalyst layer points toward either a higher coverage of ionomer in Aq-825 catalyst layer
or high interfacial charge concentration than that in Naf-1100 catalyst layer. Although the ionomer to
carbon ratio was kept the same for the two catalyst layers and similar coverages are expected, we do not
have direct evidence of the microstructural similarity. Thus, the origin of differences in magnitude of
Cdl as well as its RH-dependence remains unresolved. Only one previous study that has reported Cdl of
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catalyst layers with different ionomers [31] could be found. In that study, for catalyst layers made with
Nafion and Aquivion ionomers with similar ionomer loading (30 wt%), the Cdl was reported to be 19 mF
cm2. However, it was also reported that a catalyst layer with lower ionomer content (10 wt% Aquivion
ionomer) had higher Cdl than that for high ionomer content catalyst layer, which is counterintuitive.
To the best of our knowledge, no studies have reported a comparison of RH-dependent Cdl of CLs
with different ionomers. Thus, the differences in RH-dependent Cdl observed for two ionomers in this
study cannot be cross-checked with results from other studies. Moreover, it is not so straightforward
to delineate the effect of RH on double-layer capacitance. The double-layer capacitance is known to be
pH-dependent and complicated by the contributions from charges in the Helmholtz and diffuse double
layer, even in simpler liquid electrolyte/bare metal electrode systems [33]. Double-layer capacitance
in such systems usually increases with decreasing pH. However, the system studied here has a solid
electrolyte (ionomer), wherein the water content is controlled by RH. The interfacial water will control
the interfacial pH, while the bulk water (in the ionomer phase) will control the connectivity of the
proton-conducting water channel. Thus, while the interfacial water controls the charge distribution
across the solid/polymer interface, the bulk water controls the accessibility of the protons to the
interface during potential scanning. Interestingly, for Aq-825, in dry conditions, the CL double-layer
capacitance was 1.33 times greater than that of the Naf-1100 CL, which is equal to the ratio of their
ion exchange capacities (IECs). At a given RH, the RF for Aq-825 catalyst layer is greater than that of
the Naf-1100 catalyst layer. The electrochemical surface area (ECSA) at 100% RH for Aq-825 catalyst
layer is 78 m2/gpt, while that for Naf-1100 catalyst layer is 56 m2/gpt, indicating higher Pt accessibility
in Aq-825 catalyst layer. A previous study also reported a higher Pt utilization for catalyst layer
prepared with high IEC (EW 980) Aquivion ionomer than that prepared from low IEC (EW 1100)
Nafion ionomer [29]. Both higher IEC and, possibly, higher coverage of Pt/C by ionomer in Aq-825
catalyst layer than in Naf-1100 catalyst layer must contribute to the higher Cdl as well as RF of Aq-825
catalyst layer. The RH-dependent Pt utilization was calculated by dividing ECSA at any RH by the
ECSA at 100%RH. The Pt utilization (see inset of Figure 2a) of the two catalyst layers at any given RH
was very similar, indicating that the type of ionomer does not affect the RH-dependent Pt utilization.
For 10 wt% Pt/Vulcan catalyst, Padgett et al. [25] reported that Pt utilization was dependent on RH.
From tomography performed on 10 wt% Pt particles, they found that Pt particles located in the internal
pores contributed about 20–30% to the total surface area. However, they did not report the double-layer
capacitance, and as such a correlation between ECSA accessibility and double-layer capacitance is
not available from their study. The observed increase in RF with RH could be due to the increased
accessibility of protons to the Pt in the internal pores.

Figure 2b shows the variation of the protonic conductivity of Aq-825 and Naf-1100 catalyst layers
as a function of humidity. For comparison, the protonic conductivity of Nafion membrane has also
been included. The protonic resistances for the catalyst layers and the membrane were determined
from analyses of the electrochemical impedance spectra (EIS) at each RH. The inset of Figure 2b shows
an example of the impedance spectra at 30% RH in H2/N2. Similar impedance spectra were used at
each RH to estimate the high-frequency resistance or HFR (marked by point A in inset of Figure 2b)
and the catalyst layer protonic resistance RCL. The high-frequency resistance is the sum of the electrical
and membrane protonic resistances, and Equation (1) below was used to calculate the membrane
protonic conductivity.

σmem =
tmem

HFR−Re
(1)

where σmem is the membrane conductivity, Re is area-specific electrical resistance (10 mΩ cm2)
determined from an ex-situ resistance measurement, and tmem is the thickness of the membrane. In
a typical EIS of a fuel cell catalyst layer, the point along the 45◦ line at which spectra transition to a
completely capacitive behavior, for example, point B in the inset, the real component of spectra at this
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point is summation of HFR and a third of RCL [34]. Using Equation (2) (see below), the catalyst layer
conductivity is obtained [35].

σCL =
tCL

RCLεn (2)

where σCL is catalyst layer conductivity, ε is ionomer volume fraction, the Bruggeman exponent n is
1.5 [34], and tCL is thickness of the catalyst layer.

Expectedly, protonic conductivity of catalyst layer and membrane are strong functions of RH. At
30% RH, both Aq-825 and Naf-1100 catalyst layer conductivities are almost an order of magnitude
smaller than the Nafion membrane conductivity, and at any given RH, Naf-1100 catalyst layer
conductivity is smaller than the Aq-825 conductivity. In a catalyst layer, ionomer exists in thin film
form (depiction shown in Figure 1) and it is known that at comparable RH, ionomer thin film exhibits
much lower protonic conductivity than the bulk membrane [13]. The IEC of Aq-825 ionomer (IEC ~1.2)
is higher than that for Naf-1100 ionomer (IEC ~0.9). The difference in conductivity can be attributed to
the intrinsic effect of difference in acid content of the ionomers and to the extrinsic effect of how ionomer
is spatially distributed in the catalyst layer. The former effect is well known for bulk membranes, while
the latter effect (differences in microstructure) is complicated. For example, lower coverage of ionomer
would imply thicker ionomer films that have higher conductivity but the connectivity and tortuosity
may also be higher.
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2.1. Oxygen Reduction Reaction (ORR) Kinetics

Little is understood about the influence of ionomer EW and side chain on the ORR kinetics.
Ionomer EW or IEC is a measure of its acidic strength. From early studies of ORR on Pt electrodes in
liquid electrolyte, Damjanovic and Brusic proposed the following kinetic expression highlighting the
dependency of ORR kinetic current (iORR) on proton activity/concentration [36]:

iORR = k PO2
n
[
H+

]m
exp

(
−α F

RT
ηORR

)
(3)

where k is the electrochemical rate constant akin to exchange current density, n and m are reaction
order stated to be 1 and 1.5 [36], α is transfer coefficient, pO2

is oxygen partial pressure, ηORR is ORR
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overpotential, F is Faraday constant, R is universal gas constant, and T is temperature. It must be noted
that in the original work [33], the formal potential rather than overpotential was used.

The interfacial proton concentration in the catalyst layer, i.e., proton concentration at the Pt/ionomer
interface, would depend on the abundance of sulfonic acid groups at or near the Pt/ionomer interface
as well as the interfacial water content, both of which are not directly accessible in fuel cell experiments.
From our neutron reflectometry (NR) study of different ionomers on planar Pt, it is known that the
amounts of water present at the Pt/ionomer interface varies with RH and at 100% RH the water content
correlates to the ionomer side-chain length [12,14]. However, the abundance of sulfonic group is not
known. CO desorption electrochemistry applied to estimate Pt-sulfonic group interactions could offer
insight into this but was not applied in the current study [37]. Regardless, it can be expected that
the proton concentration at the Pt/ionomer interface would vary with RH and could be different for
different ionomers. Accordingly, proton concentration-dependent ORR kinetics (Equation (3)) can be
expected to occur. A comparison of RH-dependent ORR kinetic behavior of Aq-825 and of Naf-1100
catalyst layers is presented in Figure 3. By neglecting oxygen transport resistance and hydrogen
oxidation reaction overpotential, the ηORR was estimated using Equation (4) below and plotted against
the log of specific current density (is, A cm−2

Pt), see Figure 3(a1–a4), clearly following the Tafel behavior.

ηORR = OCV− Ecell − i (HFR + RCL/3) (4)

where OCV is open-circuit voltage, i is current density, and Ecell is cell voltage.Molecules 2020, 24, x FOR PEER REVIEW 7 of 14 
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For most electrochemical reactions, two kinetic parameters are often considered—the Tafel slope,
which is related to the transfer coefficient (α), and the exchange current density. From Figure 3a, it can
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be noted that the slopes of the plot, which is the Tafel slope, are similar for both catalyst layers at each
RH. The Tafel slopes were found to be 66–70 mV/decade. It is also obvious from the data in Figure 3a
that at each RH, ORR current in the Aq-825 catalyst layer is superior to that in the Naf-1100 catalyst
layer. Since Tafel slope (or α) are similar, considering the Damjanovic and Brusic formulation of ORR
kinetics [36], it can be deduced that higher current density (expressed on a per cm2 of Pt basis) for
Aq-825 catalyst layer compared to that for Naf-1100 catalyst layer would be a result of higher interfacial
concentration of protons at Pt/ionomer interface for Aq-825 catalyst layer. The higher IEC of Aq-825 and
its shorter side chain can be expected to create a higher abundance of sulfonic groups at the interface
and, thereby, in a higher interfacial proton concentration. To the best of our knowledge, there has been
no prior study comparing RH-dependent ORR kinetics for catalyst layers with different ionomers.

In literature, the kinetic performance of a catalyst layer is generally evaluated by defining specific
activity or mass activity at a voltage in kinetic or Tafel region of the polarization curve. In Figure 3b,
the specific current density, i.e., specific activities (SA) for ORR at 0.85 V for catalyst layers made
with short and long side chain (SSC and LSC) ionomers in this work are compared along with results
from other studies for SA determined in membrane electrode assembly (MEA) [29] and in liquid
electrolyte [7]. In MEAs, regardless of the type of ionomer used in fabricating the catalyst layer, SA at
0.85 V in MEA can be as much as ten times lower than that in liquid electrolyte (rotating disc electrode
or RDE setup) [7]. In the present work, SA at 0.85 V in 100% RH for Aq-825 catalyst layer is lower than
that for Naf-1100 catalyst layer. Since OCV for the Aq-825 catalyst layer at 100% RH is 40 mV lower
than the Naf-1100 catalyst layer, as per Equation (4), ηORR for both cells are different at same Ecell and,
hence, comparison of SA at same voltage may not be valid. Therefore, SA in Figure 3c is compared at
a similar ηORR = 120 mV marked by the dotted ellipses in Figure 3a. Except at 30% RH, at each RH,
SA for Aq-825 catalyst layer is 2–5 times greater than Naf-1100 catalyst layer. For both catalyst layers,
SA increased with RH. From 30% RH to 60% RH, SA for Aq-825 SA catalyst layer increased ten folds
whereas for Naf-1100 SA increased by three times. Then, for both catalyst layers between 60% and
100%, RH SA decreases—trend is similar to a previous study [29].

2.2. Oxygen Transport Resistance

Limiting current technique explained elsewhere [38] was employed to determine the oxygen
transport resistance (RO2,T, s/cm) via Equation (5) below.

RO2,T =
4FCO2,ch

ilim
= [RO2,GDL + RM

O2,MPL] + [RKn
O2,MPL + RO2,CL] (5)
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where CO2,ch is gas concentration at the channel, ilim is limiting current density, F is Faraday constant.
RO2,T is a combination of the pressure-dependent and -independent terms. In gas diffusion layer (GDL),
pore size is in order of 1–10 µm [39] in microporous layer (MPL) pore size varies from ~50 nm to 1
µm [39,40], and in catalyst layer pore sizes are below 100 nm [41]. Therefore, oxygen transport through
the gas diffusion layer and some of the pores of MPL occurs via molecular diffusion and the associated
transport resistances are denoted as RO2,GDL and RM

O2,MPL, respectively. Transport through smaller
pores in MPL occurs via pressure-independent Knudsen diffusion. The associated oxygen transport
resistance is denoted as RKn

O2,MPL. In addition to the GDL and MPL, catalyst layer offers additional
pressure-independent resistance RO2,CL, which includes Knudsen oxygen diffusion resistance as well
as oxygen permeation resistance through the thin ionomer film coating of the Pt particles.

The inset in Figure 4 shows an example of the linear increase in RO2,T with the pressure.
The slope of this line is inversely proportional to the molecular diffusion resistance in GDL and MPL,
the pressure-dependent terms, and intercept represents the pressure-independent terms. From our
internal study, we estimated RKn

O2,MPL is 0.1 s/cm, which is very small compared to the intercept of

79



Molecules 2020, 25, 3387

RO2,T ~ 1.5 s/cm. The catalyst layer thickness is determined to be in the 10–12 µm range. Considering
the Vulcan carbon support, most of the Pt catalysts are expected to be on the surface of the carbon
particle. Thus, Knudsen diffusion within the micropores of carbon support as expected for high surface
area carbon can be neglected for the present study wherein Vulcan carbon support has been used.
A mix of Knudsen and molecular diffusion through the macro-pores of catalyst layer is expected.
In our analyses, the gas phase O2 transport resistance is considered to be significantly smaller than
local transport resistance. Hence, the magnitude of intercept in the inset mainly corresponds to the
RO2,CL. Accordingly, the average local transport resistance to Pt/ionomer interface (RO2,Pt) can be
approximated via Equation (6) as [9]:

RO2,Pt = RO2,CL·RF (6)

RO2,Pt in both catalyst layers decrease significantly with RH. Between 30% and 80% RH, Aq-825
exhibits 30% reduction in RO2,Pt whereas Naf-1100 shows 50% reduction in RO2,Pt. The magnitude
of RO2,Pt for Naf-1100 catalyst layer is similar to the reported values in the literature [9,22]. At each
RH, RO2,Pt for Naf-1100 catalyst layer is lower than that for Aq-825 catalyst layer, e.g., at 80% RH
RO2,Pt of Aq-825 catalyst layer is close to 40% higher than RO2,Pt for Naf-1100 catalyst layer. Ono
et al. also reported higher local RO2,Pt for higher IEC ionomers than lower IEC ionomers [31]. RH
dependency of RO2,Ptfollows the trend reported by the Toyota group in a study that is the only known
direct measurement of oxygen transport resistance of ionomer on Pt [22]. Hydrated ionomer promotes
oxygen transport through the ionomer, while the side-chain interactions with Pt likely influences the
ionomer thin film morphology, especially the interfacial structure.
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3. Discussion

In a majority of the prior studies, a key stated motivation of preparing fuel cell catalyst layers
with higher IEC ionomer such as Aq-825 is to achieve higher protonic conductance within the catalyst
layer (see e.g., Park et al. [29]). However, interfacial processes, whether ORR kinetics or local RO2,Pt,
can also be affected by the ionomer. The higher conductivity of catalyst layer prepared with high IEC
ionomer (Aq-825) than that of catalyst layer prepared with low IEC ionomer (Naf-1100) is evident
in our study (Figure 2b) and other works [31]. Additionally, our work indicates that the ionomer in
a catalyst layer also affects the ORR electrochemical kinetics, an aspect previously not investigated
in depth in other studies. Consistent with previous findings, a significant influence of CL ionomer
on microstructure-dependent properties (i) Pt utilization (Figure 2a) and (ii) local oxygen transport
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(Figure 4) is also noted. Our study elucidates the RH dependency of these properties, which has been
investigated to a limited extent.

A key point we would like to emphasize is that the interfacial properties are significantly
affected by the nature of Pt-ionomer interface. In a previous neutron reflectometry (NR) study from our
group [12,14], we examined the temperature- and RH-dependent bulk and interfacial water distribution
in 15 nm ionomer films on planar Pt substrates for different ionomers including 3M EW-725 (SSC)
and Nafion-1100 (LSC). Based on these findings, Figure 5 depicts the Pt/Aq-825 and Pt/Naf-1100
interfaces [12,14,42]. Although 3M-725 is a different ionomer from Aq-825, both of them have same
backbone and similar side chain length, the only difference is spacing between the ionic groups. At
97% RH, Pt/Aq-825 interface may have only a monolayer of water (3 Å) separating Pt surface from
the polytetrafluoroethylene (PTFE) backbone. In same condition, two monolayers thick water (6 Å) is
formed at Pt/ionomer interface. In both cases, sulfonic groups are shown to interact with Pt surface
(based on IR [43]), and hydrophobic back is separated by hydrophilic domains (based on GISAXS [15]).
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3.1. Pt Utilization

At each RH investigated in our study, Aq-825 catalyst layer exhibited 1.4 times higher ECSA than
Naf-1100 catalyst layer. Pt utilization is essentially a quantification of accessibility of protons to the Pt
catalysts. Ionomer coverage and poisoning effect are two factors that can affect the Pt utilization.

Naf-1100 has a longer side chain with two ether groups, while Aquivion-825 has a shorter side
chain with only one ether group. The combination of RDE and surface-enhanced infrared absorption
spectroscopy provides evidence of absorption of the oxygen atom of flexible LSC ether group on Pt
atom. Such absorption of oxygen atom of SSC ether group on Pt atom is absent. Thus, a higher blockage
of Pt sites is observed in catalyst layer made with LSC ionomer (Nafion) compared to that made with
SSC ionomer (Aq-825), resulting in a lower ECSA for Naf-1100 catalyst layer [7]. In absence of any
microstructural characterization, we cannot ascertain to what extent ionomer coverage differences
contribute to the Pt utilization differences.

3.2. ORR Kinetics

As discussed earlier, the differences in the Pt-area normalized kinetic current for the two catalyst
layers at a given overpotential is attributed to the interfacial proton concentration. As discussed above,
the interfacial water and the sulfonic acid abundance at the interface both will affect the interfacial
proton concentration. At low RH (30% RH), the ORR kinetic currents for Aq-825 and Naf-1100 catalyst
layers are similar. At this RH, the interfacial water content is expected to be similar for both CLs. It
would then appear that there is very little difference in sulfonic acid abundance at the Pt/ionomer
interface for the two CLs. At higher RH, significant differences are observed. As depicted in Figure 4
above, there will be higher amount of water at the Pt/ionomer interface in the Naf-1100 CLs. This would
be tantamount to diluting the sulfonic acid by different amounts of water, effectively lowering the
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interfacial proton concentration. Using Equation (7) below, ratio of proton concentration is estimated
to be ~3, and the kinetic current of Aq-825 is nearly 4 times greater than Naf-1100.

CH+ ,inter f ace ∝ IEC
φw,inter f ace

(7)

where CH+ ,inter f ace is the interfacial proton concentration and φw,inter f ace is the interfacial water volume
fraction.

3.3. Oxygen Transport Resistance

The oxygen transport to the Pt in a catalyst layer comprises of gas-phase transport (mix of
Knudsen and molecular diffusion depending on the local pore dimension), transfer from gas-phase to
the ionomer phase, diffusion through the ionomer film, and then additional interfacial resistance. For
high surface area carbon and agglomerated Pt/C structure, diffusion through the micropores within
carbon and pores inside the agglomerate structure, respectively, would also have to be considered.
At low Pt loadings, ionomer thin films in the catalyst layer thought to be large contributors to the
local oxygen transport resistance [9,11]. The local ionomer thin film resistance for both catalyst layers
significantly decreases with RH similar to reported by an ex-situ oxygen transport study on Nafion
thin film on Pt [22]. Within the ionomer thin films, oxygen has two transport pathways: (a) through
the free volume within the hydrophobic matrix, and (b) via the water-filled hydrophilic domains.
Oxygen has relatively high solubility in the hydrophobic Teflon-like matrix but restrictive diffusion.
On the other hand, oxygen can be solvated in the water phase of hydrophilic domains and be diffused
with ease. As RH increases, both the bulk and interfacial water content increases, thereby making the
oxygen transport more facile [11,22]. At same RH, water volume fraction in bulk of Aq-825 ionomer
film is expected to be higher than that Naf-1100 ionomer film. However, as depicted in Figure 5,
the interfacial water layer thickness for Naf-1100 is almost two times the thickness of Aq-825 interfacial
layer. The local oxygen transport resistance (RO2,Pt) at 80% RH for the Aq-825 catalyst layer is 1.6
times higher than that for the Naf-1100 catalyst layer. If the oxygen transport through the bulk portion
of the ionomer film rather than near interface region was the dominant resistance, Aq-825 catalyst
layer would not exhibit higher RO2 than Naf-1100 catalyst layer. It is hypothesized that the higher
interfacial water content at the Pt/ionomer interface in the Naf-1100 catalyst layer promotes faster
oxygen transport than that in the Pt/Aq-825 catalyst layer with low interfacial water content.

4. Materials and Methods

4.1. Catalyst Ink Preparation

The catalyst inks were prepared using commercially available 10.2 wt% Pt/C (Tanaka)
electrocatalyst and Nafion (EW 1100) purchased from Ion power Inc. (New Castle, DE, USA)
and Aquivion (EW 825) purchased from Sigma Aldrich (St. Louis, MO, USA). The ionomer to carbon
(I/C) and solid to liquid (S/L) ratio was maintained at 0.8 and 0.1, respectively. The ionomer stock
dispersion was first diluted using a mixture of deionized (DI) water and isopropanol, and the resulting
mixture was probe-sonicated for 2 min using an ice jacket to break up the ionomer aggregates. Then,
285 mg of Pt/C catalyst was added into the diluted ionomer dispersion. Then, the mixture was bath
sonicated for 15 min followed by three hours of magnetic stirring and 24 h of ball milling.

4.2. Membrane Electrode Assembly (MEA) Preparation

The catalyst layer decals were prepared by coating the catalyst inks on ethylene tetrafluoroethylene
(ETFE) sheet using a micrometer adjustable film casting doctor blade (EQ-Se-KTQ-250, MTI corporation,
Richmond, CA, USA) and air dried for 24 h. The doctor blade was adjusted to a thickness of 100 µm
for coating of both catalyst layer decals. Decal transfer method was used to prepare an MEA. Nafion
membrane (25 µm, NRE-211, DuPont, Wilmington, DE, USA) was hot-pressed in between the anode
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(0.2 mgPt/cm2) and the cathode decals at 150 ◦C and 2 MPa pressure for 3 min [44,45]. The MEAs had
an anode and cathode active area of 1.44 and 1 cm2, respectively. The larger anode area was maintained
to ensure redundant supply of reactant (protons) from the anode. The thickness, platinum loading,
and ionomer loading of the cathode CLs are listed in Table 1. The changes in local and interfacial
transport properties become very insignificant and remain obscured at high cathode Pt loading as it
scales inversely with Pt ECSA, thus CLs with ultra-low Pt loading were prepared in this study.

Table 1. Summary of the cathode catalyst layer properties.

Catalyst Layer
Type

CL Thickness
(µm)

Pt Loading
(mgPt/cm2

geo)
Ionomer Loading

(wt%)
Ionomer Loading

(mg/cm2
geo)

Nafion 11 ± 1 0.043 42.07 0.34

Aquivion 10 ± 1 0.036 42.04 0.28

4.3. Fuel Cell Assembly and Testing

A small scale and differential flow field cell was assembled by sandwiching the hot-pressed MEA
between 160 µm thick Toray gas diffusion layers coated with microporous layer (MPL) (TGP H-60,
Toray, Japan). The differential cell was used to avoid any discrepancies arising from the gradient in
RH and reactant gas concentrations along the active area. The single cell was tested using a fuel cell
test station (100W, Greenlight Innovation, Burnaby, Canada) coupled with two potentiostats (Biologic
SP-200, Seyssinet-pariset, France and Ivium Vertex, Eindhoven, The Netherlands).

Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and linear sweep
voltammetry (LSV) tests were performed under H2/N2 for determining high-frequency resistance
(HFR) for the electrodes, ECSA, and H2 crossover, respectively. The CV and LSV tests were performed
at 200 and 5 mV/s, respectively. The protonic resistance of ionomer in the cathode CL was determined
by performing EIS at 0.4 V under H2/N2 by sweeping frequencies in the range of 1 Hz to 1 MHz
with an amplitude of 10 mV. Pt electrochemical surface area (ECSA) was determined by integrating
the hydrogen underpotential deposition (Hupd,desorption) region while subtracting capacitive currents.
The cell was initially conditioned (see Table 2 for the conditioning protocol details).

Table 2. Summary of the conditioning protocol used in this study.

Step # Test Tcell (◦C) Thum (◦C)
Flow Rate

An/Ca
(NLPM)

Reactant
Gas

An/Ca

Back
Pressure
(kPag)

Time (hrs)

1 H2 pumping 30 45 0.5/0.5 H2/H2 0 0.5

2 Flooding 60 70 0.05/0.1 H2/N2 50 8–12

3 0.6 V hold 70 70 0.3/0.5 H2/O2 200 12

4 Potential cycling
(0.6–0.8 V) 70 70 0.3/0.5 H2/O2 50 Holding 5 min

at each potential

The cell performance was characterized by collecting potentiostatic polarization curves with in-situ
high-frequency resistance (HFR) using an Ivium Vertex potentiostat (Ivium, Eindhoven, Netherlands).
The potentiostatic polarization curve was obtained by holding the voltage for 3 min at each voltage at
a resolution of 0.1 V. The limiting current study was performed by varying O2 concentrations (1–24%
O2:N2) [38,46]. The detail of all the testing conditions is outlined in Table 3.
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Table 3. Summary of membrane electrode assembly (MEA) testing conditions for all the tests performed
in this study.

Test Tcell (◦C) RH (%) Flow Rate
An/Ca (NLPM)

Reactant Gas
An/Ca

Back Pressure
(kPag)

Diagnostics (CV,
LSV, EIS)

70

30, 45, 60, and
100

0.1/0.2 H2/N2
50

Performance 0.3/0.5 H2/Air

Limiting current 30, 60, and 80 0.2/0.5 H2/O2
(1–24%):N2

50, 100, 150,
and 200

5. Conclusions

In this work, the effect of ionomer side chain length (or EW) on the electrochemical interfacial
properties and mass transport properties including long-range proton transport, local O2-transport,
Pt utilization, double-layer capacitance, and ORR reaction kinetics was investigated at varying RH.
In summary, the CL prepared with shorter side chain (Aq-825) exhibited higher ECSA, higher CL
ionic conductivity, higher CL double-layer capacitance, and higher CL local O2-transport resistance
compared to the CL prepared with longer side chain (Naf-1100). The differences in these properties
can be explained on the basis of differences in the EW and side chain. However, the differences in
catalyst layer microstructure such the ionomer coverage and connectivity or the pore size can also
be responsible. A systematic study combining microstructural characterization and catalyst layer
properties is needed to ascertain the origin of the observed differences in catalyst layer properties.
At 120 mV ORR overpotential, the Aq-825 CL showed 2-5 times higher ORR activity compared to
the Naf-1100 CL at any given RH, except at 30% RH, which can be ascribed to the higher interfacial
concentration of protons at the Pt/ionomer interface for Aq-825 CL. Our findings also indicate that at
each RH, Naf-1100 CL illustrated lower local oxygen transport resistance (RO2,Pt) compared to Aq-825
CL, for instance, Aq-825 CL showed 40% higher RO2,Pt at 80% RH. For both CLs, RO2,Pt decreased with
increasing RH as higher interfacial water content at the Pt/ionomer interface in the CL promotes faster
oxygen transport.
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Abstract: Asymmetric gas diffusion media (GDM) pairing, which feature distinct GDM at the anode
and cathode of the proton electrolyte membrane fuel cell (PEMFC), enhance water management
compared to symmetric pairing of GDM (anode and cathode GDM are identical). An asymmetric
pairing of Freudenberg GDM (H24C3 at anode and H23C2 at cathode) reduces ohmic resistances
by up to 40% and oxygen transport resistances by 14% en route to 25% higher current density in
dry gas flows. The asymmetric GDM pairing effectively hydrates the membrane electrode assembly
(MEA) while minimizing liquid water saturation in the cathode compared to a commonly used
symmetric GDM pairing of SGL 29BC at the anode and cathode. Superior water management
observed with asymmetric GDM in flow-through mode is also realized in dead-ended anode (DEA)
mode. Compared to the symmetric GDM pairing, the asymmetric GDM pairing with Freudenberg
GDM increases cell voltage at all current densities, extends and stabilizes steady-state voltage behavior,
slows voltage decay, and vastly reduces the frequency of anode purge events. These results support
that the asymmetric Freudenberg GDM combination renders the PEMFC less prone to anode water
saturation and performance loss from the anticipated increase in water back-diffusion during DEA
mode operation.

Keywords: PEMFCs; asymmetric & symmetric GDM; Freudenberg; SGL 29BC; dead-ended anode
(DEA) mode

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are clean electrochemical power sources for
use in a broad array of applications [1]. System costs are still the major challenge to widespread
commercialization of PEMFCs. One approach to reduce cost and system complexity is to operate the
PEMFC in dead-ended anode (DEA) mode. Operating a PEMFC in DEA mode simplifies the balance
of plant requirements by removing the hydrogen ejector/blower, gas humidifier, mass flow meter, and
redundant piping [2–4].

During the DEA operation of a PEMFC, hydrogen is supplied to the inlet of the DEA PEMFC
system and a normally closed solenoid valve blocks the outlet. Using this simple set-up reduces the
system cost and increases the PEMFCs hydrogen utilization [5,6]. There are two major failure modes
for the voltage decay in PEMFCs operated in DEA mode: dilution of the anode fuel concentration via
N2 crossover and excessive accumulation of back diffused liquid water from the cathode. Both of these
failure modes can be exacerbated by improper materials selection inside the PEMFC. Liquid water
generated at the cathode can back diffuse through the membrane and accumulate inside the anode
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gas diffusion media (GDM) and flow channels [7–12], blocking the gas transport pathway. When air
is supplied as the oxidant, N2 can diffuse through the membrane due to a pressure concentration
gradient [7,12–15], resulting in local fuel (i.e., H2) starvation and performance loss.

A typical PEMFC is composed of bipolar plates (BPPs) and a membrane electrode assembly
(MEA), which is in a five layer structure comprising a proton exchange membrane (PEM) at the
center, two coated catalyst layers (CLs) and two GDM [16]. The GDM are essential components of the
PEMFCs, and play multiple functions during the PEMFC operation such as transportation of reactant
gases to the CLs, removing produced water and heat from the MEA to the BPPs, and conducting
electrons from the CLs to the BPPs [17–19]. GDM typically consist of porous carbon matrices (cloths,
papers, or nonwovens) and are comprised by two regions. The fibrous gas diffusion layer (GDL)
substrate has larger pores or voids and serves as a relatively robust substrate that gives the MEA its
mechanical integrity. The GDL is comprised of carbon for electrical conductivity and is commonly
treated with fluoropolymers (i.e., PTFE) for hydrophobicity. A carbon particle-based, hydrophobic,
microporous layer (MPL) is coated on the GDL to improve thermal and electrical contact with the CLs,
and maintain humidification of the adjacent CLs and the PEM while avoiding flooding of its porous
backing (the GDL substrate), which would compromise the reactant gas supply to the CLs [20–22].

To date, the vast majority of the PEMFC open literature focuses on testing the PEMFCs using
a symmetric GDM pairing, i.e., the same GDM is used on the anode and cathode side of the MEA.
However, when selecting GDM for PEMFCs, it is critical to consider the anode and cathode GDM
properties in tandem as each electrode plays a role in global cell water management. Careful pairing
of the two GDM in concert can have a tremendous impact on the PEMFC performance. Recently,
Schweiss reported that PEMFCs tested using an asymmetric GDM pairing, with a distinct anode GDM
that improves water retention and a porous cathode GDM that promotes high oxidant diffusivity,
are less sensitive to relative humidity and increases PEMFC current density compared to all tested
symmetric GDM configurations (same GDM used on the anode and cathode) [23]. We have previously
shown in open-cathode fuel cells that an asymmetric GDM pairing featuring higher porosity in the
anode GDM than the cathode significantly improves hydration and power production [24,25].

In this work, we compare an asymmetric GDM pairing utilizing Freudenberg GDM (H24C3 at
anode, H23C2 at cathode) to a symmetric GDM pairing frequently used in the open literature containing
SGL 29BC at both the anode and cathode, to highlight the impact of the GDM water management on
fuel cell operation in flow-through mode and DEA mode in a range of cathode inlet relative humidity.

2. Materials and Methods

2.1. PEMFC Performance in Regular Flow-Through Mode

Two distinct anode and cathode GDM pairings were tested in this study: symmetric and
asymmetric. The symmetric GDM pairing was comprised of SGL 29BC carbon paper (SIGRACET, SGL
Carbon Inc.) at both the anode and cathode, which consisted of 5% PTFE loading in the GDL and 23%
PTFE loading in the MPL. The asymmetric GDM pairing investigated in this study utilized H23C2
(Freudenberg FCCT SE.) carbon felt on the cathode side, which was not PTFE-treated in the GDL and
had 40% PTFE loading in the MPL. The anode side contained H24C3 (Freudenberg FCCT SE & Co.),
which was PTFE-treated in the GDL and MPL.

Fuel cells were tested in a 25 cm2 active area single cell hardware (Fuel Cell Technologies) with
individually designed graphite flow fields (Poco Graphite), which comprised mirror symmetric flow
patterns for the anode and the cathode. The flow fields consisted of 33 parallel channels with a
channel and land width of 1 mm and a channel depth of 0.9 mm, which were arranged in triple
parallel serpentine.

Membrane electrode assemblies (MEAs) were prepared by combining the Freudenberg GDM with
a Primea® MESGA catalyst coated membrane (CCM, W. L. Gore & Associates A510.4/M710.18/C510.4,
containing sub-gaskets) with Pt loading of 0.40 mgPt cm−2 on the anode side and 0.40 mgPt cm−2 on
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the cathode side, respectively. The square active electrode area was 25 cm2, while the GDM were
27.04 cm−2. When perfectly aligned, the GDM extended ~0.2 cm beyond the electrode active area on
all sides.

All Freudenberg GDM were compressed by 28% of the initial uncompressed thickness, which
we found to be optimal in our prior work [26]. The SGL 29BC GDM were compressed to 14% of
the initial uncompressed GDM thickness, the optimal value for these materials in these operating
conditions [26,27]. In order to compress the MEA to achieve the desired GDM compression, the
thicknesses of the CCM and GDM were measured with a digimatic micrometer (Mitutoyo, Model
MDC-1” PX) at 9 evenly spaced locations over each component area. These measurements were
averaged to calculate the component thickness and used to determine the required gasket thickness.
PTFE Skived Tape (Enflo) were placed on the anode and cathode side of the membrane to enable the
desired GDM compression [16,26,27]. The final fuel cell assembly was sealed with 8 bolts torqued to
10 Nm per bolt in a star pattern.

Once assembled, the performance of single cells was tested using Scribner 850e Fuel Cell Test
Systems from Scribner Associates, Inc. All experiments were conducted at 65 ◦C and ambient pressure
(1 atm), unless otherwise noted. Humidifiers were filled with 18 MΩ cm water from a Barnstead
Nanopure System. The inlet dew point for both gases was set at 50.3 ◦C and 37 ◦C, corresponding
to 50% and 25% inlet relative humidity (RH), respectively. Ultrapure gases, H2 (HY UHP300) or Air
(UZ 300), purchased from Air-liquide, were supplied to the anode and cathode, respectively, under
stoichiometric flow conditions 2|2 for H2|air, unless otherwise noted. All experiments started by
pre-conditioning the PEMFC with the following sequence: the cell voltage was first held at 0.60 V
in H2|air for 2 h, followed by 20 cycles that alternated between 0.70 V and 0.40 V with each voltage
held for 10 min. The cell and gas temperature used in the “break-in” procedure were used to collect
the current-voltage (I–V) polarization curves. I–V polarization curves were recorded at increments
of 25 mV from open circuit voltage (OCV) to 0.40 V with hold times of 1 min/point. Cell internal
resistance was measured at current densities above 100 mAcm−2 using the current interrupt technique
with the load box and the Fuel Cell V.3.2 software (Scribner Associates Inc.).

The total O2 mass transport resistance was derived from limiting current measurements at different
total pressures and varied O2 concentrations [28–30]. High stoichiometric flow rates of the reactant
gases were used to maintain uniform gas conditions in the flow channel. A 1.0 slpm flow of H2 was
used at the anode, while 1.5 slpm mixtures of O2/N2 of varying oxidant concentrations were used
at the cathode with O2 flow exceeding a stoichiometric ratio of 10 at all testing conditions. The cell
temperature was maintained at 80 ◦C with inlet gases at 62% RH during measurements. Dry O2 mole
fractions (1.0%, 1.5%, 2.0%, and 2.5%) in N2 were regulated from an ultra-high purity air tank equipped
with a mass-flow controller (mks, Model M100B01322CS1BV). The anode and cathode total pressures
(110 kPaabs, 150 kPaabs, 200 kPaabs, and 300 kPaabs) were varied to isolate pressure-dependent and
pressure-independent O2 transport resistances. The cell voltage was scanned from 0.3 V to 0.06 V in
0.03 V steps, held 2 min at each voltage, and the limiting current was measured in each gas mixture
and pressure. The analysis to calculate oxygen transport resistances followed the procedure outlined
in the Results and Discussion section.

2.2. PEMFC Performance in Dead-Ended Anode (DEA) Mode

Figure 1 presents a schematic of the experimental set-up used to test the PEMFCs in a dead-ended
anode configuration.
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Figure 1. Experimental set-up schematic to test a single cell PEMFC in dead-ended anode
(DEA) configuration.

In DEA mode, the anode compartment was fed with dry H2 from a gas cylinder. The hydrogen
inlet pressure was controlled using a pressure regulator (Harris Mechanical Regulator) and monitored
using a pressure transducer (Omega, part# PX359-015CG5V). The inlet H2 flow rate was measured
using a mass-flow meter (Masterflex Differential Pressure Flowmeter, Item# EW-32908-69, Cole Palmer).
Signals for the pressure transducer and mass flow rate were recorded using an 892e Data Expansion
Module connected to the 850e Fuel Cell Test System (Scribner Associates, Inc.). A normally closed
solenoid valve (P/N: 009-0631-900, Parker), controlled and activated by the 850e Fuel Cell Test System,
was installed at the outlet of the anode to accomplish the DEA operation. On the cathode side, the
850e Fuel Cell Test System was used to control air flow rate (i.e., stoichiometric flow rate of 2) and air
relative humidity (RH) supplied under ambient pressure. The humidifier was filled with 18 MΩ cm
water from a Barnstead Nanopure System. The cell operating temperature was set to 65 ◦C. The inlet
dew point for the air was set at 50.3 and 37 ◦C, corresponding to 50% and 25% RHinlet, respectively.
Ultrapure air (UZ 300) and H2 (HY UHP 300) purchased from Air-liquide was supplied to the cathode
and anode side, respectively.

To measure I-V polarization curves in DEA mode, we adapted a purging scheme from
references [31–33] that entailed a 1 s duration purge every 60 s. The PEMFCs were operated at
constant current (i.e., galvanostatic) mode with selected current densities of 200, 400, 600, 800, 1000,
1200, and 1400 mA cm−2. The anode compartment was fed with dry hydrogen. The anode H2 inlet
pressure was set to 2 psi. After the load current was applied to the PEMFC, the solenoid valve was
opened for 1 min to purge impurities inside the anode compartment and then closed for DEA mode.
Humidified air was supplied to the cathode compartment under ambient pressure with a stoichiometric
flow rate of 2 for all the current densities. The cell voltage was recorded and monitored by the Scribner
850e Fuel Cell Test System. All selected current densities were held for 3 min. During this time frame,
the Scribner 850e Fuel Cell Test System sent a signal to open the solenoid every minute to purge the
anode compartment for a set purging duration of 1 s and then the solenoid valve was closed again.
Following this purge schedule, cell voltages did not fluctuate significantly during the DEA mode
galvanostatic measurement, confirming that the PEMFCs had achieved steady-state equilibrium.

The temporal evolution of the cell voltages was also investigated. The anode compartment was
fed with dry H2. The anode H2 inlet pressure was set to 2 psi. Humidified air was supplied to the
cathode compartment under ambient pressure with a stoichiometric flow rate of 2 for all the current
densities. The PEMFCs were operated at two current densities, i.e., 800 mA cm−2 and 1200 mA cm−2.
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Initially, the PEMFC was operated at a selected current density in the flow-through mode. After the
voltage was stabilized, the solenoid valve was closed. When the cell voltage dropped by 0.10 V, the
solenoid valve was opened for 1 s. This purging cycle was repeated over a 50 min minimum period for
each operating condition.

3. Results and Discussion

3.1. PEMFC Performance in Regular Flow-Through Mode

The PEMFC with the asymmetric GDM pairing has lower Ohmic resistances and significantly
greater current and power densities at all operating conditions tested in flow-through mode, which
flows H2 continuously at a fixed stoichiometric value relative to the air flow. Figure 2 shows the typical
I–V polarization and power density curves (A, B, and C) with the associated Ohmic resistances (D, E,
and F) measured for a PEMFC containing a symmetric pairing of SGL 29BC GDM on the anode and
cathode side (black circle) to a PEMFC containing an asymmetric pairing of Freudenberg GDM on the
anode (i.e., H24C3) and cathode (i.e., H23C2) side (red triangle) at a cell working temperature of 65 ◦C,
fed with ambient pressure air, in H2|air at stoichiometric flow of 2/2 humidified at 100%, 50%, and 25%
RHinlet, respectively.

Figure 2. I–V polarization and power densities curves (A–C) with the associated Ohmic resistances
(D–F) measured for a PEMFC containing a typical symmetric pairing of SGL 29BC GDM on the
anode and cathode side and a PEMFC containing an asymmetrical pairing of Freudenberg GDM
[i.e., H24C3 (anode) | H23C2 (cathode)] recorded at a cell temperature of 65 ◦C, ambient pressure,
in H2|air environment at stoichiometric flow rates of 2|2 at (A,D) 100%, (B,E) 50%, and (C,F) 25% RHinlet,
respectively, from left to right columns.

In the kinetic region of the polarization curve (i.e., operating cell voltage ≥ 0.80 V), there is a
smaller effect of mass transport and current densities are very similar for both PEMFCs at all operating
conditions. The differences in performance between the PEMFCs containing the symmetric SGL
29BC GDM pairing and the PEMFC containing the asymmetric Freudenberg GDM pairing are more
pronounced at the lower cell operating voltage (i.e., operating cell voltage ≤ 0.60 V). Higher current
densities are systematically measured for the PEMFC containing the asymmetric Freudenberg GDM
pairing (i.e., H24C3 (anode) | H23C2 (cathode)) at lower cell voltage requiring a higher consumption of
O2, H+, and rejection of H2O, compared to the PEMFCs containing the symmetric SGL 29BC GDM
pairing at all operating conditions.
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The current density measured at an operating cell voltage of 0.60 V increases from 1101 to
1394 mA cm−2 at 50% RHinlet and from 976 to 1217 mA cm−2 at 25% RHinlet when the symmetric GDM
pairing of SGL 29BC is replaced by the asymmetric pairing of Freudenberg GDM. The benefit is even
greater in more humidified gas flows, when the presence of liquid water is more certain, as we observe
a 36% increase in the measured current density at 100% RHinlet in the PEMFC with the asymmetric
Freudenberg GDM pairing (i.e., from 1107 to 1491 mA cm−2). The peak power density increases by
31.5% at 100% RHinlet, 22% at 50% RHinlet, and 18% at 25% RHinlet, respectively, when the symmetric
SGL 29BC GDM pairing is replaced by the asymmetric Freudenberg GDM pairing.

As shown in Figure 2D–F, the Ohmic resistances measured at a current density of 1000 mA cm−2

for the PEMFC containing the symmetrical SGL 29BC GDM pairing were 60 mOhm cm2 at 100%
RHinlet, 64 mOhm cm2 at 50% RHinlet, and 80 mOhm cm2 at 25% RHinlet, respectively, compared to
36 mOhm cm2 at 100% RHinlet, 42 mOhm cm2 at 50% RHinlet, and 51 mOhm cm2 at 25% RHinlet for the
PEMFC containing the asymmetric Freudenberg GDM pairing. The lower values of the cell Ohmic
resistance for the PEMFC containing the asymmetric Freudenberg GDM pairing suggests that the
cell is less sensitive to the adverse effects of dehydration in dry operating conditions. We describe
these effects extensively in our prior work [26]. In short, Freudenberg GDM have a significantly lower
compressibility, maintain a relatively large void volume at high levels of compressive stress, and
have smoother MPL surfaces. These traits are expected to minimize cell contact resistances without
sacrificing high gas transport.

The difference in the polarization behavior is not simply a function of the reduction of the cell
Ohmic resistance for the PEMFC containing the asymmetric Freudenberg GDM pairng, as this GDM
pairing still maintains a higher current density after iR-correcting the cell voltages, as shown in Figure 3.
The iR-corrected polarization curves, which account for differences in cell Ohmic resistances, reveal
that the PEMFC containing the symmetric SGL 29BC GDM pairing maintain lower current densities at
all iR-corrected cell voltages compared to the PEMFC containing the asymmetric Freudenberg GDM
pairing. This indicates that in addition to the differences in Ohmic resistance, there are additional
sources of resistances in the PEMFCs with different GDM pairing.

Figure 3. iR-corrected I–V polarization curves measured for a PEMFC containing a typical symmetric
pairing of SGL 29BC GDM on the anode and cathode side and a PEMFC containing an asymmetric
pairing of Freudenberg GDM (i.e., H24C3 (anode) | H23C2 (cathode)) recorded at a cell temperature of
65 ◦C, ambient pressure, in H2|air environment at stoichiometric flow rates of 2|2 at (A) 100% RHinlet,
(B) 50% RHinlet, and (C) 25% RHinlet, respectively.

To quantify the total oxygen transport resistance (Rtotal-O2 ), O2 limiting current measurements
were performed. This experiment resolves where the liquid water is saturating to occlude gas transport.
The Rtotal-O2 was calculated using Equation (1) [28] from the slope of the plot between the limiting
current and dry O2 mole fraction at different total pressures as described in the experimental section.

RTotal−O2 =
4FCO2

ilim
=

4F
ilim
× Pabs − PH2O

R× T
× xO2−dry (1)
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In Equation (1), CO2 is the gas channel O2 concentration, ilim is the measured limiting current
density (A cm−2

geometric), F is the Faraday constant (96485 C mol−1), R is the universal gas constant
(8.3145 J mol−1 K−1), T is the cell temperature (K), Pabs is the absolute gas pressure, and PH2O is the
partial pressure of water. The Rtotal-O2 can be also be described by Equation (2) [30]:

RTotal−O2 = RP−dep
O2

+ RP−ind
O2

(2)

where RO2
P-dep is the pressure dependent O2 bulk diffusion resistance and RO2

P-ind is the pressure
independent oxygen transport resistance. RO2

P-dep describes Fickian intermolecular gas diffusion
through larger pores (>100 nm diameter), while RO2

P-ind comprises Knudsen diffusion in smaller pores
of the microporous layer and the catalyst layers (<100 nm diameter) as well as diffusion through the
ionomer film covering the Pt particles.

The asymmetric Freudenberg GDM pairing reduces both the pressure-dependent and
pressure-independent O2 transport resistances, suggesting a decrease in liquid water saturation
in the cathode. The calculated Rtotal-O2 are plotted in Figure 4A as a function of the total gas pressure.
We observe that both PEMFCs tested have a decrease in Rtotal-O2 with a decrease of the total gas
pressure. Figure 4A shows the effect of the GDM pairing on the Rtotal-O2 , which is the sum of the
RO2

P-dep (solid bars) and RO2
P-ind (shaded bars) calculated for the 150 kPaabs back-pressure data set.

The symmetric anode and cathode GDM pairing (SGL 29BC) yields a RO2
P-ind that is ~3× larger and

RO2
P-dep that is ~1.1× larger than the asymmetric Freudenberg GDM pairing.

Figure 4. (A) Total O2 transport resistance (Rtotal-O2 ) calculated from Equation (1) as a function of
total gas pressure. (B) Total O2 transport resistance calculated for the 150 kPaabs back-pressure data
set (Rtotal-O2 = sum of the solid and shaded bars) which can be separated into pressure dependent
(RO2

P-dep) and pressure independent (RO2
P-ind) terms as described by Equation (2).

This indicates that in the PEMFC with the symmetric SGL 29BC GDM pairing, oxygen diffusion is
hindered by poor gas transport in the two pore size regimes: the fine pores in the cathode CL also
including the ionomer or internal water (RO2

P-ind), as well as in larger pores such as those in the MPL,
GDL, and the gas channel (RO2

P-dep). The exact form of water is uncertain, but possibilities include
continuous or discontinuous film and droplets. The higher RO2

P-ind can arise from either more water
saturation in the cathode catalyst layer or from a very poorly hydrated cathode CL ionomer that
impedes oxygen diffusion through the ionomer film to the active sites [28,34,35]. The accompanying
high RO2

P-dep suggests a greater oxygen diffusion resistance through the larger GDL or MPL pores or
the gas channels, which is likely the result of the higher tortuosity in the GDL of SGL 29BC, which
Zenyuk et al. [36] have reported to be several times greater than the tortuosity of the GDL region of the
Freudenberg H23C2 used at the cathode in the asymmetric GDM pairing.
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Compared to the symmetric SGL 29BC GDM pairing, the asymmetric Freudenberg GDM pairing
overall displays superior power, presumably due to better management of the water, reactants and
products. The latter GDM configuration can effectively remove significant amounts of liquid water for
high humidity and high power operation as well as maintain membrane hydration during dry operation.
Considering that the PEMFC with asymmetric Freudenberg GDM pairing has lower Ohmic resistances
(Figure 2D–F) and lower oxygen transport resistances (Figure 4), we conclude that this asymmetric
Freudenberg GDM pairing promotes more effective water management in flow-through mode.

3.2. PEMFC Performance in Dead-Ended Anode (DEA) Mode

The PEMFC with the asymmetric GDM pairing promotes more effective water management in
flow-through mode (Section 2.1), and we postulate that this GDM selection will also enhance PEMFC
performance in DEA mode and resolve voltage decay due to excessive accumulation of back-diffused
liquid water from the cathode and dilution of the anode fuel concentration via N2 crossover. During
the DEA operation of a PEMFC, when air is supplied as the oxidant, water produced at the cathode
back-diffuses across the membrane to the dry anode and accumulates in the anode flow channel [7–12].
This accumulation of water at the anode blocks the gas transport pathway. Additionally, nitrogen
may be transported through the membrane from cathode to anode due to pressure and concentration
gradients [7,12–15], resulting in local fuel (i.e., H2) starvation and performance loss. Cell voltage decay
in this study will have a stronger sensitivity to the former failure mode, anode water accumulation
from insufficient water management, because these PEMFCs only differ in GDM selection. We assume
that the N2 crossover rate will not change for the two PEMFCs tested because they are comprised of
identical catalyst coated membranes (CCMs).

The advantage of using asymmetric GDM observed in flow-through mode is maintained when
the PEMFCs are operated in DEA mode. Polarization curves for the two PEMFCs with different GDM
pairings are shown with open symbols in Figure 5.

Figure 5. Galvanostatic I–V polarization curves measured for a PEMFC containing a typical symmetric
pairing of SGL 29BC GDM on the anode and cathode side and a PEMFC containing an asymmetric
pairing of Freudenberg GDM. Polarization curves are measured in DEA mode (open symbols) and
flow-through mode (closed symbols) at (A) 25% RHinlet cathode and (B) 50% RHinlet cathode. In all
cases, the cell temperature is 65 ◦C, in H2|air, with air supplied to the cathode at stoichiometric ratio of
2 at atmospheric pressure. During DEA mode, dry H2 is supplied to the anode at 2 psi. In flow-through
mode, the inlet RH of the H2 at the anode matches the cathode RH and H2 flows at a stoichiometric
ratio of 2.

Owing to the pressure and concentration gradients between anode and cathode during DEA
mode, we anticipate higher amounts of water back-diffusion across the membrane, and greater liquid
water saturation at the anode. That the asymmetric GDM pairing maintains higher cell voltages and
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power compared to the PEMFC with symmetric GDM during DEA mode supports that an asymmetric
GDM pairing imparts superior water management. At 800 mA cm−2 and 25% RHinlet at the cathode
[Figure. 5(A)], the PEMFC with asymmetric GDM (Freudenberg H24C3 | H23C2, red curve) pairing
produces 0.67 V compared to 0.61 V for the PEMFC with symmetric GDM (SGL 29BC). Similarly, a
considerable increase in voltage (and power) is measured at 1200 mA cm−2, 0.57 to 0.48 V, when an
asymmetric GDM pairing is used in place of a symmetric GDM pairing commonly reported to be used
in the open literature. The same trends are observed with a more humidified cathode gas stream in
Figure 5B. There are marginal decreases in cell voltages during operation in DEA mode compared to
flow-through mode (~42 mV at 1200 mA cm−2) for both PEMFCs under study. These are attributed to
the use of dry hydrogen on the anode side during testing in DEA mode, while in flow-through mode,
the anode RHinlet matches that at the cathode.

The time evolution of the cell voltage is significantly different for the PEMFC containing the
symmetric SGL 29BC GDM pairing and the PEMFC containing the asymmetric Freudenberg GDM
pairing. Figure 6 shows the time evolution of the cell voltage obtained in DEA mode at two applied
current densities of (A) 800 mA cm−2 and (B) 1200 mA cm−2 for a H2 inlet pressure of 2 psi and with
25% RHinlet air flowing at the cathode. The purge interval is defined as the time between each valve
opening event. Examples of these are illustrated at the bottom of Figure 6A,B for each pairing of
GDM by either the black or red arrows. The criterion for triggering a valve-opening event was a
voltage decay of 0.10 V during constant current operation. All of these observations support that water
accumulates in the anode faster for a PEMFC with a symmetric GDM pairing. First, the time between
purge events is much greater for the asymmetric GDM pairing. It requires more time at a given current
density for the anode to saturate with water and cell voltage decay to be observed. The asymmetric
GDM spends a longer time at steady-state prior to voltage decay, and its periods of voltage decay
are more gradual. Further, the applied current density has a major impact on the purge interval for
each of the PEMFCs under study. A reduction of the purge interval with increasing current density,
from Figure 6A to Figure 6B, highlights the inferior water management of the symmetric GDM pairing
(black circles) compared to the asymmetric GDM pairing (red triangles). A longer purge duration is
desirable in a fuel cell system because it increases H2 utilization and reduces valve wear.

Figure 6. Time evolution of the cell voltage obtained at applied current densities of (A) 800 mA cm−2

and (B) 1200 mA cm−2 for an H2 inlet pressure of 2 psi and 25% RHinlet cathode. The purge interval is
defined as the time between each valve opening event; examples of a purge interval are depicted by the
black and red arrows at the bottom of the figures.

As shown in Figure 6A for the PEMFC containing the symmetric SGL 29BC GDM pairing (black
circles) at the applied current density of 800 mA cm−2 the cell output voltage is maintained at a constant
value of ~0.61 V initially from 0 min to 20 min 37 s. This behavior represents an absence of liquid water
in the GDL and the channels at the beginning of the experiment after dry H2 was purged through the
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anode compartment and prior to water production at the cathode. The cell operating voltage drops
rapidly after 20 min 37 s, likely due to liquid water saturation in the anode GDM or flow fields from
back-diffused water. After 3 min 21 s of steady voltage decline, the first purge event happens and the
solenoid is opened to remove water/impurities accumulated in the anode. After the 1 s gas purging
duration, the cell operating voltage rises and recovers rapidly to its original level, implying that the 1 s
purging duration is sufficient to discharge the accumulated water at this applied current density of at
800 mA cm−2. The cell output voltage is stable again for ~7 min, and then steadily declines for about
3 min 21 s, when the next purge event happens. As the experiment progresses, the gap between each
purge intervals becomes shorter. There is a mean value of 2 min 24 s ± 21 s for the constant voltage
hold period (steady-state, prior to the rapid voltage decay) and a mean value of 2 min 58 s ± 18 s for
the regions of rapid voltage decline. This sums to a mean purge interval of 5 min 22 s ± 22 s for the
total of five purge events for the last 24 min of the experiment.

For the same operating condition, the response obtained for the PEMFC containing the asymmetric
Freudenberg GDM pairing is drastically different, as shown in Figure 6A. The average purge time for
the PEMFC with asymmetric GDM is extended by ~10 min compared to the PEMFC with symmetric
GDM that are more prone to anode water saturation. The cell output voltage is maintained at a constant
value of 0.67 V initially from 0 min to 17 min 46 s, again probably representing an absence of liquid
water in the GDL and the channels during this period after dry hydrogen was purged through the
anode compartment prior to current generation. The cell operating voltage begins to drop smoothly
after 17 min 46 s, likely due to the initial saturation by back-diffused water. The cell voltage decays
relatively slowly, ~10 min of steady cell output decline, before the first purge event happens. As the
experiment progresses, the gap between each purge intervals remains constant, with mean value of
10 min 45 s ± 1 min 27 s for the constant voltage hold period and a mean value of 4 min 42 s ± 10 s for
the steady voltage decline period. This corresponds to mean purge interval of 15 min 27 s ± 1 min 33 s
for a total of three purge events for the last 47 min of the experiment.

As the applied current density increases from 800 to 1200 mA cm−2, the water generated in the
cathode becomes larger, and there is an expected increase in the water back-diffused from the cathode
to the anode due to the difference in water vapor concentration. Therefore, the accumulated water
in the anode compartment becomes larger as the current density increases. This is reflected in the
cell voltage response shown in Figure 6B for the PEMFC containing the symmetric SGL 29 BC GDM
pairing at 1200 mA cm−2 and 2 psi H2 inlet pressure. The cell voltage is maintained at a constant value
of ~ 0.48 V initially from 0 min to 13 min 25s, again probably representing an absence of liquid water
in the GDL and the channels during this period, where dry hydrogen is purged through the anode
compartment. The cell operating voltage begins to drop smoothly after 13 min 25s, likely due to the
initial saturation of back diffusive water vapor. After ~1 min of steady cell output decline, the first
purge event happens, the solenoid is opened to remove water/impurities accumulated in the anode
compartment. After the 1 s gas purging duration, the cell operating voltage rose and recovered rapidly
to its original level, implying that the 1 s purging duration is sufficient to discharge the accumulated
water at this applied current density of at 1200 mA cm−2. However, as the experiment progresses, the
gap between each purge interval is very stable and brief, with a mean value of 1 min 30 s ± 26 s for the
constant voltage hold period and a mean value of 1 min ± 3 s for the steady voltage decline period.
This corresponds to a mean purge interval of 2 min 33 s± 28 s for a total of 13 purge events for the
last 33 min of the experiment. This is a significant increase in purge frequency compared to the lower
current density operation.

The PEMFC containing the asymmetric Freudenberg GDM pairing has a different behavior,
as shown in Figure 6B. Unlike with the symmetric GDM pairing, which saw a reduction in purge
interval at higher current density, the average purge interval marginally increases at higher current
density when asymmetric GDM are used. The cell voltage is maintained at a constant value of 0.57 V
initially from 0 min to 17 min 34 s, again probably representing an absence of liquid water in the GDM
and the channels during this period, where dry hydrogen is purged through the anode compartment.
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The cell operating voltage begins to drop smoothly after 17 min 34 s, likely due to the initial saturation
of back-diffused water vapor. After ~3 min 10 s of steady cell output decline, the first purge event
happens, the solenoid is opened to remove water/impurities accumulated in the anode compartment.
As the experiment progresses, the gap between each purge interval remains stable, with a mean value
of 15 min 14 s ± 1 min 40 s for the constant voltage hold period and a mean value of 3 min 16 s ± 20 s
for the steady voltage decline period. This corresponds to a mean purge interval of 18 min 29 s ± 1 min
21 s for a total of three purge events for the last 55 min of the experiment.

Figure 7 compares the variation of the mean purge interval observed for the data in Figure 6 as a
function of the fixed current density for both PEMFCs under study when testing in steady state DEA
mode. There is a longer time before the first purge is required due to the initial absence of liquid water
in the GDM and the channels prior to the start of the DEA mode operation, as dry hydrogen is purged
through the anode compartment. It should be noted that the first purge interval is not included in this
calculation because the PEMFC has not yet reached an equilibrium state in hydration. For reference,
the blue line shows the purge interval used during polarization characterization in Figure 5.

Figure 7. Variation of the mean purge interval as a function of the applied current density. The horizontal
blue line at 1 min marks the purge duration used to collect the polarization curves reported in Figure 5.

Superior water management imparted by an asymmetric GDM pairing will conserve H2 fuel by
vastly reducing anode purging frequency, another advantage of using the Freudenberg asymmetric
GDM pairing for a PEMFC in DEA mode. At the applied current density of 800 mA cm−2, the mean
purge interval is 2.7× longer for the PEMFC containing the asymmetric Freudenberg GDM pairing.
As shown in Figure 6A, only four purging events are necessary over an 80 min period compared to
seven over a 60 min period for the PEMFC containing the symmetric SGL 29BC pairing. As the applied
current density increases from 800 to 1200 mA cm−2, the water generated in the cathode increases
and we expect a greater back-diffusion driving force from the cathode to the anode due to the greater
difference in water vapor concentration between the two electrodes. Therefore, we expect greater water
accumulation in the anode compartment as the current density increases. It can be seen from Figure 7,
that the PEMFC containing the symmetric SGL 29BC pairing is the most affected by the increase in
the current density. The mean purge interval is more than 50% shorter, and a total of fourteen purge
events are necessary over a 50 min period compared to only four in an 80 min period for the PEMFC
containing the Freudenberg asymmetric GDM pairing, as shown in Figure 6B. The PEMFC constructed
with the asymmetric Freudenberg GDM pairing requires even less frequent anode purging at higher
current densities. We attribute this to an expected difference in thermal conductivity for the two
cathode GDM used in these PEMFCs. Fibrous GDL substrates from Freudenberg have been shown to
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have a lower thermal conductivity than those GDL substrates developed by SGL [37,38]. With a lower
thermal conductivity in the cathode GDL substrate, the cathode catalyst layer temperature would
increase, facilitating product water evaporation for rejection from the cathode.

4. Conclusions

PEMFCs with an asymmetric Freudenberg GDM pairing that feature different GDM at the anode
and the cathode have superior I–V polarization curves in flow-through mode as compared to PEMFCs
with a typical symmetric SGL 29BC GDM pairing (i.e., the same GDM is used on the anode and cathode
side of the MEA). Compared to the symmetric SGL 29BC GDM pairing, the asymmetric Freudenberg
GDM pairing overall displays superior water management. The PEMFC with the asymmetric GDM
pairing has lower Ohmic resistances and significantly greater current and power densities at all
operating conditions tested in flow-through mode. Additionally, the asymmetric GDM pairing reduces
oxygen transport resistances. This result coupled with the significantly lower ohmic resistance suggests
that the asymmetric GDM pairing hydrates the membrane and catalyst layers without excess liquid
water saturation at the cathode.

The advantage of using asymmetric GDM observed in flow-through mode is maintained when
the PEMFCs are operated in DEA mode, supporting that an asymmetric GDM pairing imparts superior
water management, even when the driving force for water back-diffusion to the anode is enhanced.
This is manifested during DEA mode in several ways. First, the cell voltage is consistently greater
at all current densities at both 25% and 50% cathode inlet RH. Second, the asymmetric GDM pairing
significantly increases the mean time required between anode purge events. It requires significantly
more time at a given current density for the anode to saturate with water and cell voltage decay to
be observed.

This promises H2 fuel conservation for a PEMFC stack comprised of asymmetric GDM pairings.
Additionally, the asymmetric GDM spends longer time at steady-state prior to voltage decays, and its
periods of voltage decay are more gradual. The applied current density has a unique impact on the
purge interval for each of the PEMFCs under study. At the applied current density of 800 mA cm−2,
the mean purge interval is 2.7× longer for the PEMFC containing the asymmetric Freudenberg GDM
pairing. The PEMFC containing the symmetric SGL 29BC pairing is the most affected by the increase
in the current density. After increasing the current density from 800 to 1200 mA cm−2, the mean
purge interval is more than 50% shorter, and a total of fourteen purge events are necessary over a
50 min period compared to only four in an 80 min period for the PEMFC containing the Freudenberg
asymmetric GDM pairing at the higher current density. The PEMFC constructed with the asymmetric
Freudenberg GDM pairing requires even less frequent anode purging at higher current densities.
The PEMFC with symmetric GDM pairing must be purged 7.4×more often at this current density.
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Abstract: The membrane electrode assembly (MEA) plays an important role in the proton exchange
membrane fuel cell (PEMFC) performance. Typically, the structure comprises of a polymer electrolyte
membrane sandwiched by agglomerate catalyst layers at the anode and cathode. Optimization of
various parameters in the design of MEA is, thus, essential for reducing cost and material usage,
while improving cell performance. In this paper, optimization of MEA is performed using a validated
two-phase PEMFC numerical model. Key MEA parameters affecting the performance of a single
PEMFC are determined from sensitivity analysis and are optimized using the response surface
method (RSM). The optimization is carried out at two different operating voltages. The results show
that membrane thickness and membrane protonic conductivity coefficient are the most significant
parameters influencing cell performance. Notably, at higher voltage (0.8 V per cell), the current
density can be improved by up to 40% while, at a lower voltage (0.6 V per cell), the current density
may be doubled. The results presented can be of importance for fuel cell engineers to improve the
stack performance and expedite the commercialization.

Keywords: PEM fuel cell; membrane electrode assembly (MEA); response surface method;
computational fuel cell dynamics

1. Introduction

As a clean energy device, a proton exchange membrane (PEM) fuel cell is a promising
power-generating technology that has received increasing attention over the last decade. Fuel
cell is an electrochemical device that converts chemical energy into electrical energy. Due to its
high energy-conversion efficiency and zero-emission potential, the fuel cell is considered as the best
power-generating device, especially in transportation applications. Among the different kinds of
fuel cells, PEM fuel cell (PEMFC) offers desirable features, such as low operational temperature and
high-power density, which makes it the most promising alternative technology for power production.

In order for the fuel cell technology to be competitive with conventional power systems, some
challenges associated with it, including reliability, longevity, and cost, must be overcome. A better
understanding of the system is required to achieve the ideal price-performance balance. Studies
have been carried out to characterize the behavior of the PEMFC system as affected by different
parameters. Wang et al. [1] conducted parametric experiments to study the effect of various operating
parameters on the performance of a single PEMFC and used the results to validate the 3D model they
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developed. The parameters studied were pressure, fuel cell temperature, and anode and cathode
relative humidity. It was observed that, generally, increasing the fuel cell temperature and pressure
increases its performance, except when the temperature is higher than the gas stream humidification
temperatures, especially at a low current density region. Cathode humidification temperature was
found to have no significant impact on fuel cell performance, while increasing anode humidification
temperature increases performance at the low current density region. These results are in accordance
with the results obtained by Ferng et al. [2] and Amirinejad et al. [3] who concluded that operation at
higher pressure and elevated temperature can improve the electrode kinetic performance and increase
the ionic conductivity in membrane and electrodes, which results in high power density in the PEMFC
system. Santarelli and Torchio [4] experimentally analyzed the performance of a PEMFC by varying
cell temperature, anode and cathode flow temperatures in both saturation and dry conditions, and
reactant pressure. The results showed that, in addition to cell temperature, an increase in reactant
saturation temperature also leads to a better performance and the best improvements due to a pressure
increase are observed when both anode and cathode are humidified. Yan et al. [5] extended the study
of the effects of operating conditions to PEMFC with interdigitated flow field. Nafion-based PEM
fuel cell performance analysis with various reactant humidification levels, which varied from no
external humidification to a fully saturated anode and cathode, was carried out by Williams et al. [6].
Klika et al. [7] have developed a thermodynamically-consistent model based on polynomial functions
to study the behavior of water sorption in Nafion membranes. A three-dimensional multiphase
numerical model was developed by Fan et al. [8] to study the PEMFC performance at low external
humidification. It was found that the dependency on external humidification of a PEMFC can be cut
down at high current density, due to the water produced in the cathode catalyst layer that is sufficient
to be employed to humidify both the cathode and anode polymer electrolyte.

In addition to operating conditions, there are other parameters affecting the fuel cell performance.
Bayrakçeken et al. [9] found that membrane thickness, hot-pressing conditions of the gas diffusion
layer (GDL), and the Teflon to carbon ratio in the GDL, are also significant parameters to provide good
PEMFC performance. The study showed that thinner membrane thickness and higher Teflon:carbon
ratio in the GDLs give better performances. Jiang et al. [10] implemented an effective “elementary
effect” (EE) method based on Monte Carlo random experiments to analyze 22 uncertain parameters
involved in their two-phase 1D analytical PEMFC model. Among all of the parameters, membrane
thickness and volume fractions were found to be the most important factors influencing the cell
performance. The effect of catalyst layer microstructure was recently investigated numerically by
Carcadea et al. [11]. A CFD model was used to study the behavior of a PEMFC as a function of Pt
loading, Pt particle radius, ionomer volume fraction, and carbon support, and to establish the optimum
range of these parameters. It was observed that increasing the ionomer volume fraction in the catalyst
layer (CL) leads to better performance due to the fact that the ionomer acts as a network for the mass
and charge transport. Moreover, higher Pt loading and a lower particle radius are recommended to
achieve better PEMFC performance. Lee et al. [12] investigated the performance improvement of a
PEMFC as a function of gas diffusion layer porosity and impregnation of the Nafion solution.

The previously mentioned studies confirm the significance of various parameters on the
operation of the PEMFC. It is, therefore, crucial to select the optimum values in order to achieve
a high-performance fuel cell. Efforts have been made by researchers toward the optimization of
critical parameters influencing the PEMFC operation using different approaches. Salva et al. [13]
developed a one-dimensional analytical model and used it to obtain the operating conditions under
which a single PEMFC provides the maximum power output for different current intensities. The
optimization was carried out for every value of current intensity by solving the parametric table
consisting of all possible combinations obtained from modifying the stoichiometry in the cathode and
anode, relative humidity in the anode and cathode, and the operating temperature, while keeping
the pressure constant. Wu et al. [14] employed a multi-resolution approach and the radial basis
function (RBF) surrogate model for simulation and optimization of operating conditions for hydrogen
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polymer electrolyte fuel cells. Zervas et al. [15] performed a phosphoric acid fuel cell (PAFC) system
optimization study based on meta-models that were derived by applying the linear regression and
the RBF neural network methodology on the results produced by a CFD model. The optimization
of different operating and design parameters on PEMFC using the Taguchi method was performed
by Karthikeyan et al. [16], Solehati et al. [17], and Sasmito et al. [18]. Grujicic and Chittajallu [19]
utilized a single-phase two-dimensional electrochemical model, coupled with a nonlinear constrained
optimization algorithm, which was solved using sequential quadratic programming (SQP) to obtain
the operational and geometric parameters for achieving the maximum electric current in a PEMFC.
The parameters investigated include air inlet pressures and cathode thickness, cathode length for each
shoulder segment of flow channel, and a fraction of cathode length associated with the flow channel.
Similarly, Na and Gou [20] used SQP to optimize the fuel cell system efficiency and cost. Guo et al. [21]
proposed an optimization algorithm that combines the teaching–learning based optimization (TLBO)
with a differential evolution (DE) algorithm, known as the TLBO-DE method, to promote the efficiency
of PEMFC. Behrou et al. [22] demonstrated the use of density-based topology optimization for the
practical design of flow fields for PEMFCs, with goals to maximize both the output power and
homogeneity of the current density distribution, as well as permit reduced costs and higher durability.
The response surface methodology (RSM) has been employed by Kanani et al. [23] and Xuan et al. [24]
to maximize the performance of a PEMFC system. Recently, a comprehensive evaluation of different
optimization scenarios for a PEMFC is provided by Sohani et al. [25].

Optimization of controlling parameters at the fuel cell system level, like membrane thickness, size
of cathode catalyst particle, and protonic conductivity coefficient of the membrane, however, have been
very limited. This can be attributed to the fact that they cannot be changed during the cell utilization [4],
which makes it tedious and uneconomical to perform these studies experimentally. Moreover, the
complex structure of MEA, comprising of polymer electrolyte membrane sandwiched by agglomerate
catalyst layers at both the anode and cathode, adds complexity for the design of experiments due
to a multiscale nature of the system. In addition, none of the research studies had focused on the
membrane electrode assembly coupled with agglomerate catalyst layer parameters. This paper aims
to develop a numerical model to simulate a polymer electrolyte membrane fuel cell with detailed
multiscale MEA with an agglomerate catalyst layer model, and determine the optimum values of
the previously mentioned parameters that provide maximum current density for various voltage
values in the ideal range of operation. The study focuses on sensitivity analysis of design parameters
of the membrane electrode assembly, including membrane thickness, membrane equivalent weight,
the radius of the cathode catalyst particle, catalyst ionomer resistance, cathode catalyst porosity, a
membrane protonic conductivity coefficient, a cathode catalyst hydrophobic angle, ionomer tortuosity,
and a cathode catalyst volume fraction. The parameters which have significant impact on the current
density magnitude are considered. Once the model is validated, it is used to carry out parameter
optimization for better cell performance. In the optimization, the response surface methodology
is employed for meta-modelling. RSM is a collection of statistical and mathematical methods for
optimizing and predicting responses with limited experimental data at various input factors, as well
as performing sensitivity analysis [23]. It is extensively used in the industrial world, particularly in
situations where the output is swayed by several input parameters. This method has been widely used
in different fields and applications such as metals removal [26], chemical extraction [27,28], and the
chemical and environmental engineering field [29–31]. As compared to other methods, RSM being
a collection of mathematical and statistical techniques, gives a better understanding into the role of
different parameters at play and generates a continuous model for visualizing the effect of parameters
on the entire range as opposed to the average value of the response [32]. This study pioneers the
sensitivity analysis of parameters of MEA coupled with agglomerate catalyst layers using the design
of the experiment RSM method, along with the validated three-dimensional numerical model. The
total numbers of simulations for combinations of 10 parameters would have been computationally
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very expensive and could not have been done using traditional parametric studies. The RSM method
reduces the number of simulations significantly.

2. Methodology

2.1. Mathematical Formulation

The schematic figure of a typical PEMFC and its functional layers is illustrated in Figure 1. The
system consists of a proton exchange membrane (m), sandwiched between two catalyst layers (cl), two
gas diffusion layers (gdl), two porous metal foam flowfields (ff), and two terminal plates (tp). The
main assumptions/approximations adopted in the model are:

• Thermal equilibrium: Local thermal equilibrium between all the phases.
• Membrane: The membrane model takes into account the water flux due to electro-osmatic drag

and diffusion.
• Catalyst layers: A cathode particle/agglomerate model is implemented to account for the mass

transfer inside the cathode catalyst layer. It is assumed that the particle is spherical and covered
by a thin layer of ionomer and water film [33–36]. The Butler-Volmer equation is employed to
calculate the volumetric current transfer or exchange current density.
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The mathematical model is comprised of governing equations for the conservation of mass,
momentum, species, energy, charge, and water transport in the membrane. The physical parameters,
geometry, and operating conditions for two different PEMFC experimental data sets that are used later
for validation purposes can be found in Tables 1 and 2.

Table 1. Geometrical and operating parameters for two PEMFC experimental data sets.

Case a Segmented Cell Case Single-Gas Diffusion Layer [37]

Physical parameters
κcl,κgdl 7.3 × 10−13 m2 6.1 × 10−11 m2

εff 0.9 0.635
εgdl 0.4 0.77
σs,gdl 500 S m−1 491 S m−1

σs,cl 500 S m−1 491 S m−1

ragg 10−7 m 5 × 10−6 m (adapted)
jref
c,0 103 A m−3 (adapted) 3.5 × 104 A m−3 (adapted)
αc 2 (adapted) 0.65
βm 0.9 (adapted) 0.2 (adapted)
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Table 1. Cont.

Case a Segmented Cell Case Single-Gas Diffusion Layer [37]

Geometry
hcc 5 × 10−4 m 6 × 10−4 m
hff 5 × 10−4 m 6 × 10−4 m

hgdl 3 × 10−4 m 1.1 × 10−4 m
hcl 10−5 m 2 × 10−5 m
hm 3 × 10−5 m 5.1 × 10−5 m
L 0.09 m 0.015 m

Operating conditions
ηa,c 95%, 95% 100%, 100%
Tin

a,c 333 K, 333 K 338 K, 328 K
pref 101,325 Pa 1.5 bars
ξa,c 3.35, 2.3 −
Uout

a,c − 0.03, 0.16 m s−1

Ecell 0.15−0.85 V 0−0.95 V

Table 2. Additional parameters for all cases.

Parameter Value

cF 0.55 [38]
cref

H2
40.88 mol m−3 [39]

cref
O2

1
HO2,pol

mol m−3 [40]

D0
H2

, D0
H2O , D0

O2
(11.03, 7.35, 3.23) × 10−5 m2 s−1 [39]

D0
O2,m 3.1 × 10−7e(− 1768

T ) m2 s−1 [40]
Ea 73,269 J mol−1 [41]

E0
rev 1.23 V [39]
F 96,487 A s mol−1

HO2,pol, HO2,liq 1.33 exp(−666/T), 5.08 exp(−498/T) atm m3 mol−1 [40]
jref
a,0 109 A m−3 [39]

kcc, kcl, kff, kgdl, km 16.3, 1.5, 13.3, 1.5, 0.1 W m−1K−1 [42–45]
kH2 , kH2O , kN2 , kO2 (20.285, 2.16, 2.82, 2.89) × 10−2 W m−1K−1 [46]

MH2 , MH2O , MN2 , MO2 (2, 18, 28, 32) × 10−3 kg mol−1

Mm 1.1 kg mol−1 [39]
mpol 10−2 kg m−2 [37]

R 8.314 J mol−1K−1

αa 1 K [39]
γgd,γld 0.5
ϑ 1

kff, km 10−8 , 10−18 m2 [47]
µ 1.9 ×10−5 kg m−1s−1 [45]

µH2
,µH2O ,µN2

,µO2 (9.656, 10.98, 19.39, 22.62) ×10−6 kg m−1s−1 [46]
ρC ,ρm ,ρPt (1.8, 2, 21.45) ×103 kg m−3 [39,40]
σs,cc ,σs,ff (1.37, 0.1) ×106 S m−1 [42,45]

c1, c2, c3, c4
−2.1794, 2.953×10−2, −9.1837
×10−5, 1.4544 × 10−7 ;−, K−1, K−2, K−3 [47]

T0 , T1, T2 273.15, 353.15, 298.15 K [39]

2.1.1. Governing Equations

Conservation of Mass [34]:
∂ρ

∂t
+ ∇ ·

(
ρ
→
v
)
= Sm (1)

where Sm is the mass source added from the continuous phase to the dispersed second phase and any
other user-defined sources.
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Conservation of Momentum [34]:

∂
∂t

(
ρ
→
v
)
+∇·

(
ρ
→
v
→
v

)
= −∇ p +∇·

(=
τ
)
+ ρ

→
g + Smom (2)

where p denotes pressure,
=
τ is the stress tensor, ρ

→
g denotes the gravitational body forces, and Smom is

the momentum source term for porous media, which includes the gas diffusion layer, catalyst layer,
and membrane. The stress tensor

=
τ is given by the equation below [34].

=
τ = µ

[(
∇ →v +∇ →v T) − 2

3
∇ ·→v I

]
(3)

where µ is the molecular viscosity and I is the unit tensor. The second term in the right-hand side of
the equation represents the effects of volume dilation.

Species Transport [34]:

∂
∂t
(ρ Yi) + ∇·

(
ρ
→
v Yi

)
= −∇·Di,e f f∇Yi + Sm (4)

where Yi denotes the local mass fraction of species i and Di,e f f is the effective diffusivity of the species.
Note that the total species mixture should conserve the total mass, and, thus, the source terms in the
conservation of mass should be equal to the source terms in the conservation of species [48].

Electric Potential [34]:
∇ ·(σ ∇ ψ) + S = 0 (5)

where ψ is the electric potential, σ is the electric conductivity in a solid zone or ionic conductivity in a
fluid zone, and S is a source term.

Conservation of Energy [34]:

∂
∂t
(ρ E) +∇·

(
ρCp

→
v T

)
= ∇·

(
ke f f ∇T

)
+ Sh (6)

where Cp is the specific heat capacity and ke f f is the effective thermal conductivity. The first term on
the right-hand side of the equation represents the energy transfer due to conduction.

Volumetric source terms (Sm) for H2 and O2 and the dissolved water content λ in the triple-phase
boundaries (catalyst layers) due to electrochemical reactions are shown below [34].

SH2 = −MwH2

2F
Ran < 0 (7)

SO2 = −MwO2

2F
Rcat < 0 (8)

Sλ = −MwH2O

2F
Rcat > 0 (9)

where MwH2 , MwH2O, and MwH2 are the molecular mass of hydrogen, oxygen, and water, respectively,
and F is the Faraday constant.

Mass transfer and water transport occurring in the PEMFC model is considered to be in two
different phases, which are discussed below.

1. Dissolved phase

The dissolved phase exists in the catalyst layers (ionomers) and in the membrane. The generation
and transport of the dissolved water is described by the equation below [49].

∂
∂t

(
εiMw,H2O

ρi

EW
λ
)
+ ∇·

(→
ı m

ηd

F
Mw

)
= ∇·

(
MwDi

w ∇ λ
)
+ Sλ + Sgd + Sld (10)
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where εi denotes the porous media porosity, λ denotes the dissolved water content, η is the osmotic
drag coefficient, and

→
ı m is the ionic current density, calculated as

→
ı m = −βmσmem ∇ φmem. In the right

hand-side of the equation, Di
w represents the diffusion coefficient of the water content, Sλ denotes

the water generation rate due to the cathode side reaction in the catalyst layer, Sgd is the rate of mass
change between gas and dissolved phases, and Sld is the rate of mass change between the liquid and
the dissolved phases. The mass change rates are shown in the equations below [50].

Sgd =
(
1− sθ

)
γgdMw,H2O

ρi

EW

(
λeq − λ

)
(11)

Sld =
(
sθ

)
γldMw,H2O

ρi
EW

(
λeq − λ

)
(12)

where ρi is the dry ionomer or membrane density, EW is the equivalent weight of the membrane, s
denotes the liquid saturation, λeq denotes the equilibrium water content, θ is the exponential liquid
coverage, and γgd, γld are the gas and liquid mass exchange rate constants and are user-specified
parameters. The equilibrium water content λeq can be calculated using the equation below [50].

λeq = 0.3 + 6a(1− tanh(a− 0.5)) + 0.69( λa=1 − 3.52)a0.5
(
1 + tanh

(
a−0.89

0.23

))

+s.(λs=1 − λa=1)
(13)

where a is the water activity, defined as:

a =
pwv

psat
(14)

where pwv is the water vapour partial pressure and psat is the saturation pressure. Both λs=1 and λa=1

in Equation (13) are user-specified parameters.

2. Liquid Phase

Liquid is present in all the porous electrodes and gas channels. The driving force of the liquid
water transport is the liquid pressure gradient ∇ pl, as shown in the liquid water transport equation
below [50].

∂
∂t
(εiρl s) = ∇ ·

(
ρlKKr

µl
∇pl

)
+ Sgl − Sld (15)

In Equation (15), ρl is the liquid water density, µl is the liquid dynamic viscosity, K is the absolute
permeability, Kr is the relative permeability, pl is liquid pressure, and Sgl is the rate of mass change
between the gas and liquid phases. Replacing the liquid pressure with the sum of capillary pressure pc

and gas pressure p, Equation (15) can be written as the equation below.

∂
∂t
(εiρl s) = ∇ ·

(
ρlKKr

µl
∇(pc + p)

)
+ Sgl − Sld (16)

The mass transfer rate between the gas and liquid phases can be calculated based on the
unidirectional diffusion theory [50,51].

Sgl


γgl ε sDgl

Mw,H2O
RT pln

( p−psat
p−pwv

)
, pwv ≤ psat

γgl ε (1− s)Dgl
Mw,H2O

RT pln
( p−psat

p−pwv

)
, pwv > psat

(17)

where ε is porosity, γgl is the geometric factor of the droplet size, and Dgl
[
m2/s

]
, in the function of

temperature [K] and pressure [Pa], takes the following form.

Dgl


0.365·10−4

(
T

343

)2.334·
(

105

p

)
, cathode

1.79·10−4
(

T
343

)2.334·
(

105

p

)
, anode

(18)
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Equation (16) is solved in all the regions from the anode GDL-channel interface to the cathode
GDL-channel interface. At both interface boundaries, the liquid water flux is considered to leave
the gas diffusion layers into the gas channel only. The flux is assumed to be driven by the capillary
pressure [50].

fliq = max[Θε spc, 0] (19)

where Θ is the coefficient of liquid water removal.
Liquid saturation in the channels is calculated from the Leverett function.

pc


σ cosθc

√
ε
K J (1− s), θc < 90

◦

σ cosθc

√
ε
K J s, θc > 90

◦ (20)

where
J(x) = 1.417x− 2.12x2 + 1.263 x3 (21)

Liquid water transport in the gas channels is determined to predict the pressure drop increase
using the following correlation.

∂
∂t
(ρl s) +∇ ·

(
pl
→
v ls

)
= ∇·

(
Dliq ∇s

)
(22)

where Dliq is the liquid water diffusion coefficient in the gas channel and the liquid velocity
→
v l is

assumed to be a fraction of the gas velocity
→
v g, i.e.,

→
v l = χ

→
v g.

Since the flow-channels (ff) in our model are porous in nature, user-defined function (UDF) is
used to add the corresponding source term to X, Y, and Z momentum for the inertial losses.

Si = −
(µ
α

vi + C2
1
2
ρ |v| vi

)
(23)

where Si denotes the source for the ith (x, y, or z) momentum equation, |v| denotes the magnitude of
the velocity, α is the permeability, and C2 is the inertial resistance factor.

In laminar flows through porous media, the pressure drop is typically proportional to the velocity
and the constant C2 can be considered zero. Ignoring the convective acceleration and diffusion, the
porous media model is reduced to Darcy’s law.

Si = −
µ

α
vi (24)

The volumetric heat sources in various zones can be found in Table 3, where the variables is and
im represent the magnitudes of the solid phase and membrane phase current density, respectively, and
L (<0) is the latent heat due to water condensation.

Table 3. Energy source terms for the governing equations of conservation energy [50].

Zone Additional Source Terms

GDL+MPL i2s
σsol
− Sgl ·L

Anode catalyst layer Ran
(
ηan − T∆San

2F

)
+

i2s
σsol

+
i2m
σmem
−

(
Sdl + Sgl

)
·L

Cathode catalyst layer Rcat
(
−ηcat − T∆Scat

2F

)
+

i2s
σsol

+
i2m
σmem
−

(
Sdl + Sgl

)
·L

Membrane (solid) i2m
σmem

Current collector (solid) i2s
σsol

Gas channels -
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2.1.2. Electrochemistry and Cathode Particle/Agglomerate Model

The driving force of these reactions is the surface overpotential, which is the difference between
the phase potential of the solid and of the electrolyte or membrane. The phenomenon is accounted for
in two equations: one for the electron transport in the catalyst layer, solid grids of porous media, and
the current collector, and the other for the protonic conduction or transport of H+ at the catalyst and
the membrane [52,53].

∇·(σsol ∇ φsol) + Rsol = 0 (25)

∇·(βmσmem ∇ φmem) + Rmem = 0 (26)

where σ denotes the electrical conductivity in ohm-m−1, φ denotes the electric potential in volts, and R
denotes the volumetric transfer current in A·m−3, which is also known as exchange current density,
expressed as:

Ran = ( ζan jan (T))




[A]

[A]re f



γan (

eα
an
anFηan/RT − e−αan

catFηan/RT
)

(27)

Rcat = ( ζcat jcat (T))




[C]
[C]re f



γcat (
−eα

cat
an Fηcat/RT + e−αcat

catFηcat/RT
)

(28)

In the above equations, j (T) is the reference exchange current density per active surface area
[A·m−2], ζ is the specific active surface area [m−1], [ ] and [ ]re f are the species local concentration and
its reference value [kmol·m−3], γ is the concentration dependence, αan

an and αan
cat are anode and cathode

dimensionless transfer coefficients of the anode electrode, respectively, αcat
an and αcat

cat are the anode and
cathode dimensionless transfer coefficients of cathode electrode, ηan is the surface overpotential, F is
the Faraday constant (9.65 × 107 C·kmol−1), R is the universal gas constant, and T is the temperature.

The reference exchange current densities jan(T) and jcat(T) are dependent on a local temperature,
described as follows [52,53].

jan(T) = jre f
an e−Ean/RT(1−T/Tre f

an ) (29)

jcat(T) = jre f
cat e−Ecat/RT(1−T/Tre f

cat ) (30)

where E and Tre f are user-specified activation energy and reference temperature, respectively, and jre f
an

and jre f
cat are the associated exchange current densities at the specified reference temperature.
The driving force for the kinetics is the local surface overpotential η, also known as the activation

loss. It is defined as the difference between the solid and membrane potentials, φsol and φm.

ηan = φsol −φm −U0
an (31)

ηcat = φsol −φm −U0
cat (32)

The half-cell potentials at the cathode and anode, U0
an and U0

cat, can be calculated using the Nernst
equation [50].

U0
an = E0

an −
∆San

2F

(
T − T0

)
− RT

2F
ln

pH2

p0 (33)

U0
cat = E0

cat −
∆Scat

2F

(
T − T0

)
− RT

2F
ln

pH2o

psat
√

po2 /p0
(34)

where E0 denotes the reversible potential, ∆S denotes the reaction entropy, psat denotes the saturation
pressure of water, T0 and p0 are standard temperature and pressure, and pH2 , po2 , and pH2o are the
partial pressures of hydrogen, oxygen, and water vapor, respectively.

In computing the cathode transfer current using Equation (28), the mass transport resistance of
the microstructure is not taken into account in the equation [50]. The resistance consists of two parts,
which includes the resistance due to ionomer film Rion and the resistance due to liquid water film
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surrounding the particles Rliq. The volumetric transfer current in the cathode layer is represented by
the formula below.

Rcat = 4F
cO2

cO2 / jideal
O2

+ Rion + Rliq
(35)

where cO2 is the oxygen concentration at the wall, Rion is a user-specified value, and Rliq can be
calculated as the equation below.

Rliq =
ζcatr2

p

KwDw
·

3
√

1 + sε
1−ε

3(1− ε) (36)

where ζcat is the specific active surface area for the cathode catalyst [m−1], s is the liquid saturation, ε is
the porosity, rp is the particle diameter, and KwDw is the product of oxygen solubility and diffusivity in
liquid water.

The parameter jideal
O2

in Equation (35) is defined as the equation below.

jideal
O2

=
R0

cat
4F

(37)

In this case, R0
cat is the ideal current transfer, computed using Equation (28) without considering

the resistances.

2.1.3. Constitutive Relations

The density of the gas is given by the equation below.

ρ =
p M
R T

where the mixture molecular weight, expressed in terms of molar fraction of individual species xi, is
given by the equation below.

M = MO2xO2 + MH2xH2 + MH2OxH2O + MN2xN2

The molar fractions are related to the mass fractions shown below.

ωi =
Mixi

M

Molar concentration of species i is defined as:

ci =
P

RT
× xi

and can be calculated as:
ci = xi

(
cO2 + cO2 + cH2O + cN2

)

The relative humidity percentage η is a function of water saturation pressure psat
H2O.

η =
pxH2O

psat
H2O

× 100

psat
H2O = 101325 × 10c1+c2(T−T0)+c3(T−To)

2+c4(T−T0)
3
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Assuming the ratio
xO2
xN2

= 21
79 , the oxygen molar fraction at the inlet can be determined from the

equation below.

xin
O2

= 1−
xin

H2O

1 + 79/21

while the mole fraction on the anode side is defined below.

x H2,a = 1− xH2O,a

The inlet velocities at the cathode and anode side are given by the following equations, respectively.

vin
a = ξin

a
iavg Amem

2FAinlet
× 1

cin
H2

vin
c = ξin

c
iavg Amem

4FAinlet
× 1

cin
O2

The average current density iavg is given by the equation below.

iavg =
1
L

∫ L

o
i ·ey dx

where L is the length of the fuel cell.

2.1.4. Boundary Conditions

The boundaries of the system as illustrated in Figure 1b are as follows.

I. At the side walls:

u(g) = 0,
∂ω

(g)
i
∂x

=
∂φ(s)

∂x
=
∂φ(m)

∂x
=
∂s
∂x

=
∂T
∂x

= 0

II. At the anode inlet:

.
m(g)

a =
.

min
a , ω(g)

H2
= ωin

H2,a , ω(g)
H2O = ωin

H2O,a , T = Tin , s = 0

III. At the cathode inlet:

.
m(g)

c =
.

min
c , ω(g)

H2
= ωin

H2,c , ω(g)
H2O = ωin

H2O,c , T = Tin , s = 0

IV. At the outlets:

p(g) = pre f ,
∂ω

(g)
i
∂x

=
∂φ(s)

∂x
=
∂s
∂x

=
∂T
∂x

= 0

V. At the anode wall terminal:
φ(s) = 0

VI. At the cathode wall terminal:

− σ(s) ∂φ
(s)

∂n
= iset

The governing equations together with the constitutive relations and appropriate boundary
conditions are then solved numerically.
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2.2. Numerical Method

The developed mathematical model is implemented and customized in the commercial
computational software ANSYS Fluent and its PEMFC module together with user-defined functions.
The latter allows for changes in constitutive relations, parameters, and—to some extent—the governing
equations. Fluent solves all the equations throughout the domain, so variables in the layers that should
not be solved are set to zero.

The computational domains (Figure 1b) are created in the commercial software ANSYS Design
Modeller and ANSYS Meshing. The whole domain is defined porous, except for the current collectors
(cc) and the wall terminals. The whole domain is partitioned into smaller domains for running it in
a parallel mode. The computational model is partitioned using the Cartesian Z-direction method to
prevent any floating-point exceptions or errors. With convergence criteria of 10−6 for the residuals of
all the conservation equations, iterations are performed, after the mesh independence test to ensure an
accurate solution.

2.3. Response Surface Methodology

In general concern of a process or system involving a response y that depends on many other
controllable input variables ξ1, ξ2, ξ3, . . . , ξk , its relationship with y is given by the equation
below [54].

y = f (ξ1, ξ2, ξ3, . . . ξk) + ε

where ε represents other sources for variability unaccounted for in f . Treating ε as a statistical error,
we assume it to have a normal distribution with a mean zero and variance σ2.

2.4. Kriging-Based Response Surface Methodology

Design and analysis of computer experiments (DACE) is also called the kriging method of response
surface generation. It involves training points in estimating the unknown parameters α and predicting
new response points. It interpolates the model at all the training points. This method is used to
generate response surfaces for voltage values of 0.6 and 0.8 V. The response can be expressed by the
equation below [54].

ŷ(x) = f (x) + z(x)

where f (x) is a low-order polynomial that interpolates the design points. Typically, a constant value
is found in order to predict for modelling complex input-output relations. Hence, the output can be
viewed as:

ŷ(x) = β+ z(x)

z(x) is a Gaussian stochastic function representing the realization of a random process with zero mean,
variance σ2, and its covariance is given by the equation below.

Cov(Z) = σ2R
(
xi, x j

)

where R
(
xi, x j

)
is the correlation matrix, defined by the equation below.

R
(
xi, x j

)
= exp

[
−d

(
xi, x j

)]

d
(
xi, x j

)
=

k∑

l=1

θl

(∣∣∣∣xi
l − x j

l

∣∣∣∣
p)

where i, j denote the two training points, l refers to the design parameter, θ is the positive weight
factor related to each design parameter, and k denotes the number of design parameters. The mean
parameter β is evaluated by the equation below.

112



Molecules 2019, 24, 3097

β =
[
AT R−1 A

]−1
AT R−1y

where A is an n × n matrix of training set points depending on the choice of the function f (x). The
parameters θ and p ensure best fit to the training data. They are evaluated by using a maximizing
likelihood estimation (MLE) [55].

− 1
2

[
n ln(2π) + n lnσ2 + ln|R|+ 1

2σ2
(y−A β)TR−1(y−Aβ)

]

where the maximum likelihood σ2 is expressed by the equation below.

σ2 =
1
n
(y−Aβ)TR−1(y−Aβ)

The response at a new point x , ŷ(x) is directly evaluated by applying the equation below.

ŷ(x) = β+ rT(x)R−1(y−Aβ)

where r(x) is a correlation vector between x and all the training points.

3. Results and Discussion

3.1. Validation

Due to the complexity of the model being solved, model validation with experimental data is
imperative to prevent misleading conclusions in predicting the behavior of the fuel cell system. In this
work, we aimed to validate our model with two experimental single cells. The first experimental cell
was equipped with a Gore Primea 5510 membrane, which is a microscopically reinforced composite
membrane. The expressions for various phenomenological membrane models are generally based
on the Nafion membrane and so need to be adapted to account for the Gore membrane used in the
experiment. Two parameters have been, therefore, adapted to validate the model using both the
polarization curve and its iR-corrected counterpart.

The iR-corrected potential is given by the equation below.

EIR = Erev − ηa − ηc

where ηa (> 0) and ηc (< 0) are the corresponding overpotentials of the anode and the cathode catalyst
layers, respectively. In this case, we focused on parameter adaption of the cathode reference exchange
current density, jre f

cat , and the cathode transfer coefficient, αcat , and retained the anode counterparts
from the work of Wang and co-workers [39,56].

Two points from the experimentally determined iR-corrected polarization curve were chosen: one
at a low current density and the other at a higher current density. Initially, the membrane protonic
conductivity coefficient, βm, was set to one. Once a good agreement for the two points was obtained,
we predicted the complete iR-corrected polarization curve. A good agreement for the whole range was
achieved, as can be seen in Figure 2. Subsequently, βm was varied to finish the validation for the full
polarization curve, where the cell voltage is defined below.

Ecell = Erev − ηa − ηc −
∑

i(s)
(

1
σe f f

)
−

∑
i(m)

(
1
σe f f

)

In this case, the last two terms on the right-hand side of the equation account for the various
ohmic losses in the solid and membrane functional layers, respectively.
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] is the experimental power density, [— · ] is the predicted potential, [ — ] is the predicted
iR-corrected potential, and [··· ] is the predicted power density.

Furthermore, the predicted local current density distribution along the top of the anode terminal
was compared with the experimental counterpart. Figure 3 illustrates this local current density
distribution for each measured average current density in Figure 2. It can be observed that better
prediction is achieved at lower currents, while the model is less accurate at higher current densities,
with the most deviation observed near the inlet and outlet. This could be due to the inlet boundary
condition in the simulation that does not represent correctly the position of the inlet manifolds location
as in the experiments.
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The model is also validated against the second set of experimental polarization curve, especially
at a limiting current density to justify the MEA model with an agglomerate catalyst layer. The model
was validated with experimental fuel cells with a single-layered gas diffusion studied by Han et al. [37],
as depicted in Figure 4. It shows that the model has good agreement with the curve and is able to
predict the limiting current density due to mass transport limitations and the presence of two-phase
liquid water.
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3.2. Response Surface Generation and Optimization

To determine the dominant parameters affecting the PEMFC performance and optimize them,
response surface generation and local sensitivity analysis were carried out at medium (0.6 V) and
high (0.8 V) voltages. The response surfaces were created using the design of experiments (DOE)
method of central composite design (CCD) and the kriging method of response surface generation.
The CCD was employed to capture the non-linear interactions that cannot otherwise be described by
linear functions. Hence, experimental designs for quadratic response surfaces, like three-level factorial,
Box-Behnken, central composite, and Doehlert designs [57], should be used instead. The list of design
variables considered for the DOE and their upper and lower bounds are tabulated in Table 4. The
base case parameters correspond to case (a) in Table 1, which has been validated for both global and
local current densities (Figures 2 and 3). The inputs used for the base-case correspond to a current
density of 1 A/cm2, i.e., anode stoichiometry of 3.35 (vin

a = 0.173 m/s) and cathode stoichiometry of
2.3 (vin

c = 1.052 m/s), which are calculated from constitutive relations, as explained in the previous
section. The response surface generated was then carefully evaluated. If the response surface was
not within the desired limits of accuracy, determined by the “goodness of fit,” it was modified by
adding refinement points to the kriging method. Additional CFD simulations were run to generate the
response surface data to improve the confidence of the response surface. This iterative method was
done until a good fit and reliable response surface was achieved and is illustrated in Figure 5.
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Table 4. Design variable values for the DOE method.

Design Variable Base Case Lower Bound Upper Bound

Proton Exchange Membrane thickness 0.03 mm 0.005 mm 0.05 mm
Equivalent weight of membrane 1100 kg kmol−1 700 kg kmol−1 1500 kg kmol−1

Radius of cathode catalyst particle 10−7 m 10−8 m 10−7 m
Cathode Catalyst Ionomer resistance 25 s m−1 10 s m−1 100 s m−1

Porosity of the cathode catalyst layer 0.4 0.2 0.7
Protonic conduction coefficient of the membrane 0.9 0.5 1.5
Hydrophobic angle of the cathode catalyst layer 95◦ 90◦ 180◦
Ionomer tortuosity of the cathode catalyst layer 1 0.7 1.5

Ionomer volume fraction of the cathode catalyst layer 1 0.5 1.0
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Figure 5. Flow diagram of response surface methodology.

Goodness of fit was used to determine the reliability of the response surface predicted, i.e., how
close the predicted values are to the observed values. The predicted values from the response surface
were compared against the values observed from design points for both 0.6 and 0.8 V. The results
demonstrate good agreement for both voltage values, which is shown in Figure 6.
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3.3. Local Sensitivity

In determining which variables influence the output current density the most, the following
relation was used.

local sensitivity =
Outputmax −Outputmin

Outputaverage

The local sensitivity analysis was carried out using outputs obtained from the DOE.
Figures 7a and 8a illustrate the relative impacts of the different input parameters on the local
sensitivity for the 0.6 and 0.8 V, respectively. The corresponding sensitivity curves (Figures 7b and 8b)
show the output variation with changes in one input parameter, while keeping the other parameters
constant. The results show that, for both voltage values, parameters that have the most impact are
the membrane protonic conductivity coefficient and the membrane thickness. The cathode catalyst
ionomer volume fraction, cathode catalyst porosity, cathode catalyst ionomer tortuosity, volume
fraction, cathode catalyst hydrophobic angle, and the radius of cathode agglomerate particles have a
minor impact on the output that can be considered negligible when compared to these two parameters.
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Based on these results, the membrane thickness and the membrane protonic conductivity coefficient
are chosen as the varying parameters to study the interrelated response, as well as to perform the
optimization. The three-dimensional response charts illustrating how the two variables affect the
current output are depicted in Figures 9 and 10 for both medium and high voltages, respectively. These
response surfaces are used for the system optimization.
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Figure 10. Three-dimensional response surface plot at 0.8 V.

3.4. Optimization

Optimization was carried out using the non-linear programming through a quadratic Lagrangian
(NLPQL) approach based on the response surfaces generated previously. NLPQL is a gradient-based
algorithm that provides a refined local optimization result. It supports a single constraint on the output
parameter and is limited to continuous parameters. The NLPQL approximates derivatives by a central
difference scheme and finds candidate points by iterations. This approach was used to determine the
optimum values of the variables considered.

Table 5 shows the optimization result that provides maximum current output for three candidate
points at 0.8 V. It can be observed that the response surface prediction agrees well with the CFD model,
with a maximum error of approximately 0.17%, occurred at candidate point 1 (case i). The current
density output increased from 0.18 A cm−2 at the base to an average of 0.2472 A cm−2, which indicates
almost a 40% increase. This increase is attributed to the change in the protonic conductivity coefficient
from 0.9 to 1.45 and attributed to the decrease in membrane thickness from 0.03 mm to the lowest
bound value of 0.005 mm.

Similarly, a good agreement between the response surface and the computational fluid dynamics
(CFD) model is obtained for the medium-voltage case, as shown in Table 6. At 0.6 V, the error is
slightly higher, with a maximum error of 0.57%, which occurred at candidate point 1. As in the case at
a high voltage value, the protonic conduction coefficient increased from 0.9 to 1.5 m and the membrane
thickness reduced to the lowest bound value. However, the current density output for the 0.6 V almost
doubled, from 1.23 A cm−2 at the base case to 2.4 A cm−2, which gives approximately a 96% increase.
This large improvement demonstrates the significance of optimization at medium voltage levels, as
compared to high voltage values.
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It can be observed that the extent of optimization required increased greatly when the voltage
is reduced from a high to a medium level. This is due to the fact that an increase in current density
requires better conductivity of the H+ ions through the membrane to maintain system net neutrality.
In addition, the reduction in membrane thickness decreases the resistance offered by the membrane for
the hydrogen ions to move from the anode to the cathode side. The sensitivity analysis also shows that
the influence of membrane thickness on the output is greater than that of the protonic conductivity
coefficient and rises slightly when the voltage is reduced from 0.8 to 0.6 V. Furthermore, the different
values of parameters, other than the two mentioned, in Tables 5 and 6, confirms the insignificance of
these variables to the current output and, hence, varying them would not affect the output largely.

In short, it can be deduced that, in designing high performance PEMFC, one needs to aim
for thinner MEA with higher membrane protonic conductivity, which can be achieved by using
carbon-reinforced membrane or water absorbent materials including polytetrafluoroethylene (PTFE),
polyvinylidene fluoride (PVDF), and fluorinated ethylene propylene (FEP) or silica gels.

4. Conclusions

A numerical study of the two-phase PEMFC with a detailed multiscale agglomerate catalyst layer
model was developed and validated against two sets of experimental data for iR-corrected and full
polarization curves, including at limiting current densities due to mass transport limitation and the
local current density distributions. The model is then extended and coupled with response surface
methodology to optimize the design of the membrane electrode assembly (MEA), i.e., membrane
thickness, equivalent weight of membrane, radius of agglomerate catalyst particle, cathode catalyst
ionomer resistance, porosity of the catalyst layer, a membrane protonic conductivity coefficient, a
hydrophobic angle of the catalyst layer, ionomer tortuosity, and a catalyst layer, at high and medium
voltages. From sensitivity analysis, it was found that the membrane thickness and membrane protonic
conductivity coefficient yield the most significant factor. Reducing the membrane thickness by 40%
and increasing protonic conductivity by 50% gives rise to a current density of up to 40% at a higher
voltage and up to 100% at a medium voltage. This finding could help fuel cell engineers and designers
to carefully manufacture MEA with optimum parameters for a high-performance fuel cell system.

Future work will focus on a combined optimization of design and operating parameters
simultaneously for better MEA design, thermal, water, and gas management. A more advanced
optimization algorithm including artificial intelligence and machine learning will be considered as well.
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Nomenclature

Acl catalyst area, m2

c(g)
i

molar concentration of species i, mol m−3

C(g)
i,re f

reference molar concentration of species i, mol m−3

c(g)
p specific heat capacity, J kg−1 K−1

c1, c2, c3, c4 constants for saturation pressure of water, -, K−1, K−2, K−3

D(c) capillary diffusion, m2 s−1
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Di diffusivity of species i, m2 s−1

Ecell cell voltage, V
Ea activation energy, J mol−1

Erev reversible cell potential, V
F Faraday constant, C mol−1

h j height of layer j, m

H(l)
O2

, H(p)
O2

Henry’s constant for air-water and air-polymer interfaces, Pa m3 mol−1

ηa,c relative humidity, %
i current density, A m−2

jre f
a,c anode and cathode volumetric reference exchange current density, A m−3

J volumetric reference current density, A m−3

L length of channel, m
mH2O interphase mass transport, kg m−3 s−1

M (g) mean molecular mass of the gas phase, kg mol−1

Mi molecular mass of species, kg mol−1

M(m) equivalent weight of the dry membrane, kg mol−1

nd electroosmotic drag coefficient
psat

H2O saturation pressure of water, Pa
R gas constant, J mol−1 K−1

s liquid saturation
S source term
T0, T1, T2 constants, K
T temperature, K
V volume, m3

ω
(g)
i

mass fraction of species i
Greek symbols
α transfer coefficient
βm membrane modification coefficient
γ volume fraction
δ thickness of film, m
ε porosity
η overpotential, V
θ wetting angle
κ permeability, m2

λ membrane water content
µ dynamic viscosity, kg m−1 s−1

ξ stoichiometry
ρ density, kg m−3

τ surface tension, Pa
σ total stress tensor, Pa
φ potential, V
Superscripts
sat saturation
(g) gas phase
(m) membrane
(l) liquid phase
(s) solid
in inlet
ref reference
(c) capillary
Subscripts
α,β index for species
a anode
c cathode

122



Molecules 2019, 24, 3097

cc current collector
cl catalyst layer
ff flow field
gdl gas diffusion layer
H2 hydrogen
H2O water
i species i
j functional layer j
m membrane
N2 nitrogen
O2 oxygen
pot potential
ref reference
o standard condition
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Abstract: This paper constructs planar-type graphene thin film current collectors for proton exchange
membrane fuel cells (PEMFCs). The present planar-type current collector adopts FR-4 as the substrate
and coats a copper thin film using thermal evaporation for the electric-conduction layer. A graphene
thin film is then coated onto the current collector to prevent corrosion due to electrochemical reactions.
Three different coating techniques are conducted and compared: Spin coating, RF magnetron
sputtering, and screen printing. The corrosion rates and surface resistances are tested and compared
for the different coating techniques. Single cell PEMFCs with the developed current collectors are
assembled and tested. A PEMFC module with two cells is also designed and constructed. The cell
performances are measured to investigate the device feasibility.

Keywords: proton exchange membrane fuel cell; graphene thin film; current collector; module

1. Introduction

The proton exchange membrane fuel cell (PEFMC) adopts hydrogen as its fuel, and the
fuel energy is converted into electrical energy through an electrochemical reaction. In portable
applications, bipolar plates or current collectors account for the major weight percentage among
PEMFC components [1]. In portable applications, the PEMFC power requirement is merely a few
watts. The PEMFC Balance of Plant (BOP) consumption should be as low as possible; therefore, the
PEMFC planar-type module could be more suitable than the conventional, vertical PEMFC stack, as it
could omit the air fan or air-pump at the cathode side via the self-air breathing design, significantly
reducing the device thickness.

In order to shrink the fuel cell size for portable applications, Lee et al. first proposed the
micro-electro-mechanical system (MEMS) technique to construct a micro fuel cell [2]. After that,
MEMS techniques were intensively investigated for micro fuel cell fabrication. MEMS techniques were
applied in planar-type current collector fabrications, such as the metal lift-off process [3], metal powers
deposition onto the wafer surface [4], coating gold-titanium and gold-nickel onto a stainless steel
thin plate [5], coating Au onto 316L stainless steel mesh via electro-deposition [6], coating TiN,
TiAlN mono-layers, and TiN/TiAlN bi-layers onto 316L stainless steel plates via the physical vapor
deposition (PVD) process [7]. The application of MEMS techniques to fabricate micro channels for
micro fuel cells was also widely studied, including micro channel fabrication onto a silicon substrate [8],
constructing micro channels and metallization onto a polymethyl methacrylate (PMMA) substrate [9],
or adopting the electroforming process to make micro channels on a thin copper substrate [10].
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Although good electrical conductivity is important for micro fuel cell current collectors, corrosion
resistance is also very important, as poor corrosion resistance degrades micro fuel cell durability.
Related research has been conducted on current collector electrical conductivity, such as coating gold
or TiN/TiAlN layers onto stainless steel expanded meshes [11], depositing a NieP (10e12%P) thin
layer onto aluminum thin sheets [12], and coating Ag Nano wires with polydimethylsiloxane (PDMS),
as current collector flow channels [13,14].

The printed-circuit board (PCB) technique was also applied to construct the planar-type portable
fuel cell, which was first proposed by O’Hare et al. [15] and Schmitz et al. [16]. Some related studies
were conducted using flexible PCB as a current collector for air-breathing planar fuel cell stacks [17],
process-induced fuel cell damage due to the PCB assembly process [18], and a disc type current collector
with copper clad aluminum surface coated with gold using the PCB process [19].

To avoid distortion due to the mismatch of significantly different material properties between
the metal current collector and FR-4 substrate in the PCB fuel cell, a lightweight current collector
was proposed by Sung et al. [20] and Kuan et al. [21], coated with a copper thin film for electric
conduction and a nickel thin film for corrosion resistance, on a FR-4 plate as the substrate, via the
thermal evaporation technique. The authors’ research team subsequently coated a graphene thin film
instead of a nickel thin film as the corrosion-resistance layer. The graphene suspension was adopted
and coated onto to the current collector electric-conduction layer via the spinning coating and vacuum
oven processes.

A single cell PEMFC was also assembled and tested [22]. Ning et al. [23] proposed a light and
flexible air breathing PEMFC using a carbon nanotube (CNT) membrane with holes as the current
collectors, to form flexible composite electrodes. They also discovered that thicker carbon nanotube
membranes would show higher cell performance especially for large size flexible power sources.
In addition, adjusting the directions of the current collectors could also significantly increase the
cell performance due to the proper electron transfer pathways that might effectively reduce electric
resistance [24]. Mallick et al. [25] made a critical review of current collectors for passive direct methanol
fuel cell (DMFC). They indicated that the open ratio of current collector is a major parameter of
the DMFCs, the reduction of weight is valuable to increase the gravimetric energy density, and the
metal mesh and porous metal are potential substitutes to the perforated plate current collectors in the
passive DMFC.

In addition, the precious metal coating of the current collector is essential for improving corrosion
resistance; however, it would increase the total cost of the cell. Optimizing the coating thickness is
essential to maintain the balance between the corrosion resistance and cost. Surfaces and interfaces
present a significant portion of the workable area and a network of energetically mismatched or
metastable molecules, which could be exploited to either control surface reactions, engineer bulk
stability, or reveal new fundamental details of those now well understood processes or systems [26].
Lee et al. [27] adopted chemical vapor deposition (CVD) to produce graphene coated bipolar plates.
The experimental results show that the ultra-thin graphene layer on the copper bipolar plate could act
as a very thin passivation layer that could minimize the surface oxidation on the copper plate without
performance degradation of the polymer electrolyte fuel cells.

The main objective of this paper is to develop lightweight planar-type current collectors for a
PEMFC module with two cells. The lightweight current collector also adopts FR-4 as the substrate
material; the copper thin film is coated via the thermal evaporation process that functions as the
electric-conduction layer. A graphene thin film is further coated onto the copper thin film as the
corrosion-resistance layer. The proposed planar-type current collectors were fabricated with three
different graphene thin film coating processes. The completed current collectors were assembled into a
two-cell PEMFC module. Related performance and stability experiments were also performed.
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2. The Lightweight Planar-Type Current Collector Construction

The present lightweight current collector for the two-cell PEMFC module consists of three layers.
The first layer is the FR-4 substrate. The second layer is the electric-conduction layer–copper thin film
fabricated by adopting the thermal evaporation process to coat copper particles onto the FR-4 surface.
The third layer is the corrosion-resistance layer–graphene thin film coating via three different processes
discussed and compared in this paper.

A geometric drawing of the two-cell current collector is shown in Figure 1. The current collector
outline is 150 × 80 mm and the reaction area of each membrane electrolyte assembly (MEA) is
50 × 50 mm. Holes of two diameters, 3 and 1.2 mm, are arrayed in the reaction area. Two 25 × 15 mm
cuboids for in/out are connected among the electric cells.
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The fabrication process for the electrical conduction layer is shown in Figure 2. The machined
FR-4 substrate has a heat-resistant tape pasted onto the back side with copper ingots placed into
the evaporator vacuum chamber. Once the chamber is vacuumed to 5E-5 torr pressure, the thermal
evaporation process begins, and the copper ingots are evaporated and then coated onto the FR-4
substrate to a 50 Åm thickness. The evaporation rate is controlled at 1 Åm/s in the 0–2 kÅm evaporation
thickness range and increased to 3 kÅm in the 2–50 kÅm evaporation thickness range. When the copper
thin film is completely coated as the electrical conduction layer, the graphene thin film coating as the
corrosion-resistance layer is then added. Three different types of graphene thin films are investigated,
graphene ink, graphene suspension, and graphene dispersion.

The fabrication process for the graphene thin film using graphene ink is shown in Figure 3.
A screen is placed to cover the FR-4 current collector substrate with copper thin film. The graphene ink
is then coated onto the surface through screen printing. Then, the current collector with the graphene
thin film is placed into the vacuum oven, the vacuum degree is 76 cm Hg, and the oven temperature is
kept at 100 ◦C for 30 min to evaporate the water contained in the graphene thin film. Additionally, the
vacuum temperature is reduced to room temperature and the completed current collector is removed
from the oven. The graphene ink adopted in this paper is a commercial graphene ink produced by
Enerage Inc. The appearance is a black paste, the adhesion is larger than 4B (for PET film), the pencil
hardness is larger than HB, the sheet resistance is less than 1968.5 Ω/sq/mm, and the viscosity is 35,000
± 10,000 cP [28].
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The graphene thin film fabrication process uses a graphene suspension, as shown in Figure 4.
The current collector FR-4 substrate has a precoated copper thin film on the surface produced by a
spin coater rotating disc at 1100 rpm for 60 s. A 9 mL graphene suspension is slowly dripped onto
the FR-4 copper thin film substrate. Then, the current collector with the graphene thin film is placed
into a vacuum oven. The vacuum degree is 76 cm Hg and the oven temperature is kept at 100 ◦C
for 30 min to evaporate the water contained in the graphene thin film. The vacuum temperature is
then reduced to room temperature with the complete current collector removed from the oven. The
graphene suspension adopted in this paper is a commercial graphene suspension by Enerage Inc.,
the appearance is a gray black liquid, and the solvent is water. The solid content is 5 wt% and the
additive is less than 2 wt%. The graphene suspension viscosity is 2500 ± 500 cP. The PH value is
approximately 8.0. The average lateral size is less than 15 µm, and the fineness is 5 µm [29].
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The graphene thin film fabrication process using graphene dispersion is shown in Figure 5. The
current collector FR-4 substrate with a precoated copper thin film on the surface is placed on a spin
coater rotating disc at 1000 rpm for 60 s. The 6 mL graphene dispersion is slowly dripped onto the
FR-4 substrate copper thin film. Then, the current collector with the graphene thin film is placed into a
vacuum oven at 100 ◦C for 30 min to evaporate the dispersant contained in the graphene thin film. The
vacuum temperature is reduced to room temperature and the complete current collector is removed
from the oven. The graphene dispersion adopted in this paper is a commercial graphene suspension
produced by GI Business. The liquid is black and adapts EAC (ethyl acetate) as the dispersant. The
graphene sheets are 0.1–20 µm in diameter, with a less than 3 nm average thickness, and a concentration
larger than 5000 ppm [30]. As the graphene dispersion is very dilute, the graphene film spin coating is
ultra-thin; therefore, although the surface color does not change distinctly, the ultra-thin film could be
a very thin passivation layer on the copper thin film, which would minimize the surface oxidation [27].
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3. Results and Discussion

The measurements on the weight and thickness of the current collectors are shown in Table 1. The
thickness and weight of the FR-4 substrate of the current collector are 0.5 mm and 9.015 g, respectively.
After coating the copper thin film, the thickness and weight are 0.51 mm and 9.134 g, respectively. The
increment of the thickness after further coating of the graphene is very small. For both the graphene
suspension and graphene coated with thin film, the total thickness is not changed via the Vernier
caliper measurements. Only the graphene ink coating could be measured at the 0.01 mm thickness
increment. After coating, the current collector with the graphene ink thin film shows the highest and
most significant weight increment, followed by the current collector with the graphene suspension
thin film; the current collector with the graphene-dispersion thin film has the lowest weight increment.
Therefore, it can be inferred that the graphene ink thin film has the largest thickness, the graphene
suspension has a medium thickness, and the graphene-dispersion thin film has the smallest thickness.

Table 1. Weight and thickness of the current collectors.

Item FR-4 Substrate Copper Thin
Film Coated

Graphene Ink
Thin Film

Coated

Graphene
Suspension
Thin Film

Coated

Graphene-Dispersion
Thin Film Coated

Weight (g) 9.105 9.134 9.55 9.176 9.168
Thickness

(mm) 0.5 0.51 0.52 0.51 0.51

The four probe resistance measurements were conducted to ensure electrical conductibility
uniformity for the complete current collectors. An illustration of the five current collector monitoring
points for surface resistance measurements is shown in Figure 6.
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The current collector surface resistance values with a graphene thin film using graphene ink,
graphene suspension, or graphene dispersion, for the complete current collectors, are shown in
Tables 2–4, respectively. The results show that all surface resistances are low, and the values for the
current collector with a graphene thin film using graphene ink are in the range between 11.19 and
15.40 mΩ/sq. The values for the current collector with a graphene thin film using graphene suspension
are in the range between 11.55 and 19.12 mΩ/sq. The values for the current collector with a graphene
thin film using graphene dispersion are in the range between 11.33 and 17.58 mΩ/sq, which also shows
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that the coating is quite uniform in all three processes. In addition, the surface resistance values before
and after coating the current collector with a copper thin film and graphene thin film are quite close in
all three processes. This implies that the corrosion-resistance layer would not reduce the electrical
conduction capability.

Table 2. Surface resistances of a current collector with a graphene thin film using graphene ink.

Layers

Monitoring Point
1 2 3 4 5 Standard Deviation

(STD DEV) Unit

Copper Thin
Film Layer 15.09 15.40 14.50 11.33 14.04 1.62 mΩ/sq

Graphene Thin
Film Layer 15.27 15.31 15.40 11.19 14.23 1.79 mΩ/sq

Table 3. Surface resistances of a current collector with a graphene thin film using graphene suspension.

Layers

Monitoring Point
1 2 3 4 5 STD

DEV
Unit

Copper Thin
Film Layer 15.01 18.33 18.21 11.24 16.08 2.90 mΩ/sq

Graphene Thin
Film Layer 15.49 19.12 18.67 11.55 16.04 3.03 mΩ/sq

Table 4. Surface resistances of a current collector with a graphene thin film using graphene dispersion.

Layers

Monitoring Point

1 2 3 4 5 STD
DEV

Unit

Copper Thin
Film Layer 15.45 15.86 17.81 10.78 16.04 2.62 mΩ/sq

Graphene Thin
Film Layer 15.81 16.63 17.58 11.33 15.45 2.40 mΩ/sq

Preventing corrosion is also very important for the current collectors. Therefore, the Tafel
extrapolation method is conducted to measure the corrosion characteristics. An aqueous methanol
solution and de-ionized water are first prepared and mixed as an acidic aqueous methanol solution,
the mix ratio of methanol to de-ionized water is 1:9 and the PH value is 6.2. A sample of the
fabricated current collector would then be placed in the solution. The Ag/AgCl (3.5M KCl) is
adopted as the reference electrode with a platinum counter electrode. Impedance measurements were
conducted adopting the BioLogic SP-150AC instrument. The scan rate is 0.166 mV/s and the voltage is
−0.025–0.025 V. The results of the Tafel curves are shown in Figure 7, the corrosion voltage (Ecorr) and
corrosion current (Icorr) results are shown in Table 5. The higher corrosion resistance would show a
higher Ecorr value and the higher corrosion rate would show a higher Icorr value. The results show
that adopting the graphene dispersion to fabricate the current collector presents the highest corrosion
resistance, adopting the graphene ink second, and adopting the graphene suspension presents the
lowest corrosion resistance.
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Table 5. Corrosion characterization of the current collectors.

Current Collector with a Corrosion-Resistance Layer Using Graphene Ink

Ecorr (mV) 139.5
Icorr (uA/cm2) 1.19

Corrosion Rate (mmpy) 11.7 e−6

Current COLLECTOR with a Corrosion-Resistance Layer Using Graphene Suspension

Ecorr (mV) −68.4
Icorr (uA/cm2) 1.46

Corrosion Rate (mmpy) 14.4 e−6

Current Collector with a Corrosion-Resistance Layer Using Graphene Dispersion

Ecorr (mV) 106.5
Icorr (uA/cm2) 0.85

Corrosion Rate (mmpy) 8.3 e−6

Scanning electron microscopy (SEM) is adopted to investigate the micrographs of the cross-sections
of the current collectors coated with different graphene thin films, and this is shown in Figure 8a–c.
The graphene ink thin film is the most uneven at the surface and there are some obvious voids inside,
the graphene suspension thin film is smoother at the surface with much fewer voids inside, and the
graphene-dispersion thin film is the thinnest and smoothest at the surface.

After completed current collector fabrication, the proposed current collectors were assembled into
a two-cell PEMFC module to measure cell performance. PEMFC module with both forced convection
air-breathing cathodes and self-air-breathing cathodes were studied. The MEA adopted in this paper
is a three-layer catalyst coated type with a DuPont Nafion HP membrane and carbon paper diffusion
layers. The reaction area was 5 × 5 cm, the catalyst load was Pt 0.1 mg cm−2 at the anode, and Pt
0.4 mg cm−2 at the cathode. Silicon gaskets with a 0.15 mm thickness were used for sealing. The cell
compression ratio was 34.78%.
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Figure 8. The scanning electron microscopy (SEM) images of the cross sections of the current collectors
with different graphene thin films. (a) Graphene ink; (b) Graphene suspension; (c) Graphene dispersion.

An exploded drawing of the two-cell PEMFC module with a forced convection air-breathing
cathode is shown in Figure 9. From cathode to anode, the components are cathode flow board, gasket,
cathode current collector, gasket, MEA, gasket, anode current collector, gasket, and anode flow board,
respectively. A picture of the assembled PEMFC module with a forced convection air-breathing cathode
is shown in Figure 10. An exploded drawing of the two-cell PEMFC module with a self-air-breathing
cathode is shown in Figure 11. From cathode to anode, the components are cathode end plate, gasket,
cathode current collector, gasket, MEA, gasket, anode current collector, gasket, and anode flow board,
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respectively. A picture of the assembled PEMFC module with self-air-breathing cathode is shown in
Figure 12.
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convection air-breathing cathode. Membrane electrolyte assembly (MEA).
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Figure 10. The anode side and cathode side of the PEMFC module with a forced convection
air-breathing cathode.

The PEMFC module performances with forced convection air-breathing and three different types
of graphene coatings were conducted at different anode hydrogen and cathode air flowrates. The anode
hydrogen flowrate and cathode air flow rate ratios were kept at 1:2 in the experiment. Both the anode
hydrogen flow and cathode airflow were humidified and kept at 50 ◦C. The anode hydrogen/cathode
air flow rates of 25/50, 50/100, 100/200, 200/400, 300/600, and 400/800 sccm were investigated.

A performance comparison of the PEMFC module with a forced air-breathing cathode and the
corrosion-resistance layer using graphene ink coating is shown in Figure 13. The results show that
the PEMFC module performance increased with the increase in the low flow rate and reached the
highest performance at the anode/cathode flow rates of 100/200 sccm. At low flow rates, increasing the
flow rate is helpful to decrease the low mass transfer effect that would increase the cell performance.
Whereas at high flow rates, increasing the flow rate reduced the cell performance, due to sub-saturated
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Figure 12. The anode side and cathode side of PEMFC module with a self-air breathing cathode.

In the high-current range of higher than 75 mA cm−2 at the low flow rate (25/50 sccm), the further
reduction of the operating voltage leads to a sharp drop of the current. This is due to the insufficient
reactant, and the fuel cell becomes highly unstable, the cell performance is sharply dropped and is
without a smooth transition through the ohmic loss to the concentration loss. Therefore, the low flow
rate condition is not suitable for the cell operation at the high-current range for the current collector
with the graphene ink thin film.

The PEMFC module performance is decreased when the flow rates are increased. The PEMFC
module performance comparison with a forced air-breathing cathode and a corrosion-resistance layer
using a graphene-suspension coating is shown in Figure 14. The results also show that the PEMFC
module performance is increased at the low flowrate and reaches the highest performance at the
anode/cathode flow rates of 100/200 sccm. The PEMFC module performance is decreased when the flow
rates are further increased. At low flow rates, increasing the flow rates is helpful to decrease the low
mass transfer effect that increases the cell performance. The results show a similar trend as the current
collectors with graphene ink coatings and the related explanation refers to the Figure 13 explanation.
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Figure 13. PEMFC module performance comparison with a forced air-breathing cathode and the
corrosion-resistance layer using a graphene ink coating.
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Figure 14. PEMFC module performance comparison with a forced air-breathing cathode and the
corrosion-resistance layer using a graphene-suspension coating.

The performance comparison of the PEMFC module with a forced air-breathing cathode and the
corrosion-resistance layer using a graphene-dispersion coating is shown in Figure 15. Similar to the
previous two cases, the results still show that the PEMFC module performance is increased when
increasing at the low flow rate and reaches the highest performance at the anode/cathode flow rates of
100/200 sccm. The performance comparison of the PEMFC module with a forced air-breathing cathode
and a corrosion-resistance layer, at the anode/cathode flow rates is 100/200 sccm. At low flow rates,
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increasing the flow rates is helpful to decrease the low mass transfer effect that can increase the cell
performance. Whereas at high flow rates, increasing the flow rate would reduce the cell performance
due to sub-saturated streams, which dehydrates the membrane, and is caused by the cell temperature
inside exceeding the dew point. In the high-current range of higher than 75 mA cm−2 at the low flow
rate (25/50 sccm), the further reduction of the operating voltage will lead to a sharp drop of the current.
The results also show a similar trend to the current collectors with a graphene ink coating and the
related explanation refers to the Figure 13 explanation.
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Figure 15. PEMFC module performance comparison with a forced air-breathing cathode and the
corrosion-resistance layer using a graphene-dispersion coating.

The results show that the current collectors with three different types of graphene thin film show
similar phenomena and trends. In addition, the current collector using the graphene-dispersion coating
presents the highest performance, using graphene suspension is second, and using graphene ink
presents the lowest PEMFC module performance.

The PEMFC module performances with self-breathing and three different types of graphene
coatings were further conducted at the anode hydrogen flow rate of 100 sccm. The anode hydrogen
flow was humidified, kept at 50 ◦C and a 100 sccm flow rate. The cathode side was open for
self-air-breathing and the ambient temperature was 25 ◦C. The performance comparison of the PEMFC
module with self-air-breathing cathode and the corrosion-resistance layer is shown in Figure 16.
Similar to the force convection air-breathing cathode, the results also show that the current collector
using graphene-dispersion coating presents the highest performance, using graphene suspension
second, and using graphene ink presents the lowest PEMFC module performance. Cell performance
of the self-air breathing cathode is lower than the forced air-breathing. This is due to the lower air
stoichiometry, a lower temperature caused by the lower room temperature would reduce the kinetic
activation, reduce the mass transfer, and increase the ohmic loss.
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Figure 16. PEMFC module performance comparison with a self-air-breathing cathode and different
types of the corrosion-resistance layers (anode fuel rate: 100 sccm).

Although the surface resistances are roughly the same for all cells via different graphene thin film
coatings in Tables 2–4, there are still differences in the polarization resistances at the ohmic regime.
This implies the surface resistance, which reflects the in-plane resistance, might not play the most
important role. In the design concept, the graphene thin film is a corrosion-resistance layer, which is
coated on the copper thin film layer, which functions as the electric-conduction layer. Therefore, the
thinner the graphene layer, the better, and the interface between the graphene thin film and copper
layer will also likely be better. If the interface is not good, it might degrade the electric conductivity.

According to the measurements in Table 1 and the SEM images in Figure 8, the thickness and
weight of the graphene ink thin film is significantly larger than the other two thin films, with some
obvious voids inside the graphene ink thin film, and the surface of the graphene ink thin film is much
more uneven than the other two thin films. The graphene-dispersion thin film has the lowest weight
and the most flatness. The graphene-dispersion thin film has a little bit higher weight and the surface
is uneven. The above could be why the current collector with the graphene ink thin film shows the
significantly lowest performance, the performances of the other two are close to each other; however,
the current collector with the graphene-dispersion thin film has the best performance overall.

After investigating the PEMFC module performance with the developed current collectors for both
forced air-breathing and self-air-breathing cathodes, long-term stability tests of the PEMFC modules,
with self-air-breathing cathodes, using three different graphene coatings as corrosion-resistance layers,
were further conducted. Experiments were performed at a 100 sccm anode hydrogen flow rate and
the hydrogen was humidified and kept at an inlet fuel temperature of 50 ◦C. The cathode side is
open for self-air-breathing and the ambient temperature is 25 ◦C. The PEMFC module stability tests
with self-air-breathing cathodes and different types of corrosion-resistance layers under 1 V loads,
are shown in Figure 17.

The results show that both the PEMFC modules with current collectors using graphene-dispersion
and graphene-suspension coatings are quite stable. The PEMFC module performance with the collectors
using the graphene-dispersion coating is slightly higher than that using the graphene suspension.
Although the PEMFC module with current collectors using the graphene ink coating also showed good
stability, the PEMFC module performance is distinctly lower than those using the graphene dispersion
and graphene suspension. The results also successfully show the feasibility of the developed current
collectors in portable applications. However, the tests only represent approximately a 10 h operation

140



Molecules 2020, 25, 955

period, which is much less than the anticipated life specification. Therefore, additional longer duration
tests, particularly under realistic cycling conditions that accelerate degradation, should be made in the
future for realistic commercialized applications [31].
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4. Conclusions

This paper proposes lightweight current collectors and constructed a PEMFC module with two
cells. The current collectors consist of a FR-4 substrate, a copper thin film as the electric-conduction
layer, and a graphene thin film as the corrosion-resistance layer. The copper thin film is accomplished
by a thermal evaporation process. Three different graphene coating processes to fabricate the graphene
thin film were investigated. The results show that adopting a graphene-dispersion coating has the best
corrosion-resistance capability, the graphene-suspension coating is second, and graphene ink is the
lowest. Further study of the fabricated current collectors assembled into a two-cell PEMFC module
show that the current collectors with a graphene-dispersion coating have the highest PEMFC module
performance, the graphene-suspension coating is second, and graphene ink also has the lowest PEMFC
module performance.

The graphene-dispersion thin film shows the lowest coating weight and superior surface flatness,
and the graphene ink thin film shows a significantly higher coating weight, voids inside, and an
uneven surface in the testing results. Long-time stability studies were also conducted, and all
three graphene coating processes showed good PEMFC module stability after long-term operations.
During the long-time stability tests, the PEMFC module performances for the current collectors that
used a graphene-dispersion coating are a little bit higher than for the current collectors that used a
graphene-suspension coating. These performances were both clearly higher than those of current
collectors that used a graphene ink coating. The feasibility studies also showed the potential of the
developed current collectors in portable applications.
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Abstract: The effects of carbon monoxide (CO) and hydrogen sulfide (H2S) in concentrations close to
their respective limits in the Hydrogen Quality Standard ISO 14687-2:2012 on the performance of
proton exchange membrane fuel cells (PEMFCs) with ultralow-loaded platinum anode catalyst layers
(CLs) were investigated. The anodic loadings were 50, 25, and 15 µg/cm2, which represent the current
state-of-the-art, target, and stretch target, respectively, for future automotive PEMFCs. Additionally,
the effect of shut-down and start-up (SD/SU) processes on recovery from sulfur poisoning was
investigated. CO at an ISO concentration of 0.2 ppm caused severe voltage losses of ~40–50% for
ultralow-loaded anode CLs. When H2S was in the fuel, these anode CLs exhibited both a nonlinear
decrease in tolerance toward sulfur and an improved self-recovery during shut-down and start-up
(SD/SU) processes. This observation was hypothesized to have resulted from the decrease in the ratio
between CL thickness and geometric cell area, as interfacial effects of water in the pores increasingly
impacted the performance of ultrathin CLs. The results indicate that during the next discussions
on the Hydrogen Quality Standard, a reduction in the CO limit could be a reasonable alternative
considering future PEMFC anodic loadings, while the H2S limit might not require modification.

Keywords: fuel impurities; ISO concentration; ultralow-loaded anode catalyst layer; platinum
electrode; shut-down and start-up process

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are a promising clean energy alternative for
applications in the transport sector, as they combine high-power density and efficiency with the
significant advantage of fast system refueling times. Hydrogen (H2) as a fuel might, however, contain
low concentrations of impurities stemming from production and infrastructure. Impurities such as
carbon monoxide (CO) and hydrogen sulfide (H2S) can deteriorate the performance and lifetime of
PEMFCs. Naturally, the severity of an impurity is not only affected by its concentration (or rather,
dose), but also by the catalyst type, operational parameters, cross-effects, and active or passive
mitigation strategies [1,2]. For example, air-bleeding is an effective strategy to provide oxygen (O2)
for the oxidation of adsorbed contaminant species in the anode electrode [3], while catalyst alloys
containing platinum (Pt) and other platinum group metals (PGMs) can provide higher tolerances
versus certain contaminants [4–7]. Although they are very effective, such mitigation strategies partially
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come with implications about performance or durability. For example, a fraction of the O2 introduced
by air-bleeding readily reacts with H2 in the anode compartment and thereby lowers the fuel efficiency
while simultaneously accelerating membrane degradation through additional peroxide and radical
formation [8]. Moreover, alloy catalysts containing PGMs or metals other than Pt usually offer a lower
stability, as the alloying components exhibit higher leaching rates. What typically remains is a catalyst
particle with a Pt-enriched surface [9], while the leaching cations eventually have impacts on the
protonic conductivity or even integrity of the ionomer in the electrode or membrane [10].

Apart from active or passive PEMFC system internal contamination mitigation techniques,
adjusting the allowed impurity limits in the Hydrogen Quality Standard ISO 14687-2:2012 poses
an additional layer in accommodating enhanced PEMFC requirements versus fuel contaminants.
If electrode design or system internal strategies are exhausted, the allowed impurity level for the
respective contaminant could be lowered at reasonable levels based upon tangible experimental PEMFC
data. Although this option eventually leads to higher H2 production costs, it helps to avoid higher
PEMFC system costs per vehicle or implications coming from internal tolerance improvement strategies.

Some of the major cost drivers in mass-produced PEMFC vehicles are the catalyst layers (CLs)
attached to the membrane. The choice of CL materials, the electrode design, and production are primary
levers in reducing PEMFC costs while simultaneously increasing the lifetime. Although substantial
reductions in PGM catalyst loading per cell area have already been achieved, further reductions
are required as a consequence of increasing PGM prizes with higher FC vehicle market penetration.
The stipulated reductions range from 50% to 75% compared to the approximate state-of-the-art, resulting
in PGM targets for 2020 of about 125 and 62.5 µg/cm2 depending on the contemplated scenario [11].
In both cases, the loading of the anode electrode is expected to account for 20% (i.e., 25 and 12.5 µg/cm2

of PGMs, respectively): this is called ultralow loading in the present study hereafter.
Generally, lower anodic catalyst loadings are less tolerant toward catalyst contaminants, as both

fuel and contaminants compete for fewer active sites in the electrode. For pure Pt electrodes, the
voltage drop was found to increase by 25% when the Pt-loading decreased from 400 to 50 µg/cm2 if
1 ppm CO was introduced [12,13]. A similar trend was observed for H2S, where the tolerance of the
electrode was found to decreased proportionally with the reduction in the anode loading [14]. It is
expected that this trend would continue for ultralow loadings (<50 µgPGM/cm2), but so far there has
been no study in the literature that has investigated the tolerance of such ultralow anodic loadings.
Additionally, processes such as the shut-down and start-up (SD/SU) of FC vehicles are expected to
affect the poisoning phenomenon of the electrodes. During downtime, reactants can diffuse from the
anode to the cathode, and conversely, mixed potentials arise at the electrodes and poisoned catalysts
eventually recover. However, there are limited experimental data available in the literature on recovery
due to SD/SU processes, which is especially of interest in the case of recovery from sulfur contamination.
Cyclic voltammetry (CV)-like methods triggering oxidative processes at ~0.9–1.1 V count as a recovery
strategy for sulfur-contaminated electrodes [6,15,16], but this strategy also induces carbon corrosion
and therefore destruction of the electrode itself.

The study presented here therefore seeks to add to the studies by Hashimasa et al. [12,14] by
investigating the tolerance of ultralow-loaded anodic platinum catalyst layers. Two different types
of contaminants were selected: CO, as its poisoning effect is fully reversible, while in contrast, H2S
typically poisons the catalyst irreversibly during regular fuel cell operation. Additionally, recovery
from sulfur poisoning through simple shut-down and start-up (SD/SU) processes was examined in
more detail for ultralow anodic catalyst loadings.
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2. Materials and Methods

2.1. Test Station and Contaminant Introduction

Single-cell tests were carried out in an in-house-built test station with an integrated potentiostat
(Zahner Zennium Pro) and an electric load (Kikusui PLZ664WA) with fluidics (shown schematically in
Figure 1).
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Figure 1. Single-cell test station scheme.

In principle, the test station was comparable to the one used by Hashimasa et al. [12], but with
a different humidification system for the anode, a different position of the test gas feed inlet (here,
the test gases were not fed through the humidifier), and no gas analysis system. In the present
study, a differential cell (Baltic qCF type with automotive linear-channel flow field) with an active
area of 20.25 cm2 was employed, which allowed for the minimization of in-plane effects such as
gradients in partial gas pressures, relative humidity, and temperature and therefore enhanced focus
on the contamination effect at a given concentration. Although the effects of very low concentrations
of impurities eventually become less visible in such a cell [17], a rather uniform coverage of the
contaminant on the catalyst throughout the active area was expected.

Low concentrations of impurities were achieved by mixing precontaminated test gases with neat
H2. Therefore, carbon monoxide (CO, 10 ppm in H2 5.0) and hydrogen sulfide (H2S, 0.5 ppm in N2 5.0)
were mixed via mass flow controllers with house-supply high-purity hydrogen (all gases provided by
Linde AG) in the required fractions.

2.2. Materials

The variations in the anode-loading on the catalyst-coated membranes (CCMs, provided by
Greenerity GmbH) were achieved through different thicknesses of the anode catalyst layers (CLs),
while the cathode loading was kept constant at 400 µg/cm2. The catalyst material for both electrodes, the
anode and the cathode, was pure Pt on carbon. The membrane electrode assembly (MEA) specifications
are shown in Table 1.

Table 1. Membrane electrode assembly (MEA) specifications.

Active Cell Area 20.25 cm2

Catalyst Anode Pt/C

Cathode Pt/C

Electrode loading
Anode 50/25/15 µg/cm2 (named A, B, and C hereafter)

Cathode 400 µg/cm2

Membrane thickness ~15 µm

Gas diffusion layer Freudenberg H23C9
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2.3. Testing Procedure and Conditions

For every test with a different type of contaminant gas, a fresh MEA sample was assembled into
the test cell. To measure the effect of the impurities, the test cell was operated with a constant load to
detect the voltage drop associated with the contaminant species and concentration. In the following
figures, the cell voltage drop is defined as the relative change based on the initial cell voltage. The effect
of CO was tested at three different concentrations, namely 0.1, 0.2, and 0.4 ppm (50%, 100%, and 200%
of the impurity limit noted in the H2 Quality Standard). Before and after the actual contamination, the
fuel cell was operated with neat H2 to establish a baseline voltage and to detect eventual irreversible
degradation of the electrodes. The effect of H2S was tested at two concentrations, which were 4 and
20 ppb (100% and 500% of the limit in the Quality Standard), with neat H2 operation only at the start of
the contaminant test. The conditions during the contaminant tests are shown in Table 2.

Table 2. Operating conditions during contamination.

Cell Temperature 80 ◦C
Outlet pressure anode/cathode 1.2/1.2 bara

Relative humidity anode/cathode 90%/75%

Current density 1.0 A/cm2

Stoichiometry anode/cathode 12/14

The MEAs were characterized, including cyclic voltammetry (CV) on the anode and cathode
side at the beginning and end of life (BOL and EOL), as were the polarization curves at the BOL,
to compare the performance between the MEA types before starting the contaminant test. The gas
pressure during contamination was selected in reference to the studies by Hashimasa et al. [12,14],
while the pressure during the polarization curves was chosen according to in-house standardized
testing protocols. The conditions during the polarization curves are shown in Table 3.

Table 3. Polarization curve conditions.

Cell Temperature 80 ◦C
Outlet pressure anode/cathode 2/2 bara

Relative humidity anode/cathode 95%/75%

Gas flow anode/cathode 3/7 l/min

CV measurements were performed to determine the electrochemically active surface area (ECSA)
of the CLs before and after contamination and recovery procedures, specifically from H2S poisoning.
The CVs were performed on both the anode and cathode electrodes under the conditions summarized
in Table 4. To conduct an anode CV, the test cell was purged with nitrogen in order to exchange the gas
supply and the electric connectors of the anode and cathode compartment and then reconditioned with
fully humidified H2 and N2 for 12 min prior to the CV. Following the anode CV, the cell was purged
again and reconnected in a regular anode/cathode configuration for subsequent tests.

Table 4. Cyclic voltammetry (CV) conditions.

Cell Temperature 80 ◦C
Outlet pressure anode/cathode 1.05/1.05 bara

Relative humidity anode/cathode 95%/95%

Gas flow anode/cathode 1.0/0 l/min (1.0 l/min N2 for 12 min prior to CV on cathode)

Scan range 50–700 mV

Sweep rate 100 mV/s
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An upper CV boundary of 700 mV was selected to avoid the oxidation of adsorbed foreign species,
especially during the H2S recovery tests, and to solely focus on the recovery from SD/SU processes.
Moreover, the N2 flow was stopped during the actual CV to avoid disproportionally high H2 evolution
currents during the anodic sweep, which were observed especially for the lowest anodic loading.
Figure 2 shows exemplary BOL CVs of the three different anode electrodes and one cathode electrode
for comparison.
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Figure 2. Anode CVs of MEA types A, B, and C with an MEA type A cathode CV for reference. The inset
expands the H2 adsorption/desorption regions of the anode catalyst layers (CLs) for visual comparison.

Normally, the ECSA is determined through integration of the charge transfer between voltage
boundaries, starting from ~0.08 to 0.1 V to the minima or maxima of the respective double-layer
charging current, which typically is somewhere between 0.3 and 0.6 V [18]. However, in this study,
these boundaries were considered less suitable for CVs on ultralow-loaded anode CLs. High currents
associated with H2 evolution during the cathodic sweep (H2,ev) and the coherent reverse-transport of
eventually evolved H2 during the anodic sweep (H2,rtr) would account for relatively large errors in the
ECSA. Hence, the voltage boundaries for the determination of the ECSA were chosen as 0.15 to 0.3 V,
as shown in Figure 3.

Molecules 2019, 24, 3514 5 of 14 

 

An upper CV boundary of 700 mV was selected to avoid the oxidation of adsorbed foreign 

species, especially during the H2S recovery tests, and to solely focus on the recovery from SD/SU 

processes. Moreover, the N2 flow was stopped during the actual CV to avoid disproportionally high 

H2 evolution currents during the anodic sweep, which were observed especially for the lowest 

anodic loading. Figure 2 shows exemplary BOL CVs of the three different anode electrodes and one 

cathode electrode for comparison. 

 

Figure 2. Anode CVs of MEA types A, B, and C with an MEA type A cathode CV for reference. The 

inset expands the H2 adsorption/desorption regions of the anode catalyst layers (CLs) for visual 

comparison. 

Normally, the ECSA is determined through integration of the charge transfer between voltage 

boundaries, starting from ~0.08 to 0.1 V to the minima or maxima of the respective double-layer 

charging current, which typically is somewhere between 0.3 and 0.6 V [18]. However, in this study, 

these boundaries were considered less suitable for CVs on ultralow-loaded anode CLs. High 

currents associated with H2 evolution during the cathodic sweep (H2,ev) and the coherent 

reverse-transport of eventually evolved H2 during the anodic sweep (H2,rtr) would account for 

relatively large errors in the ECSA. Hence, the voltage boundaries for the determination of the ECSA 

were chosen as 0.15 to 0.3 V, as shown in Figure 3. 

 

Figure 3. Electrochemically active surface area (ECSA) determination from reduced H2 adsorption 

area. 

Using this narrowed voltage range, the anode ECSA was determined from the anodic sweeps 

associated with the adsorption of H2 on the catalyst surfaces. Although this procedure cuts the 

measured ECSA compared to integration between regular voltage ranges, it was found that it would 

increase the accuracy of the ECSA determination and its changes in the case of ultralow-loaded 

anodes (as tested in the present study). 

Figure 3. Electrochemically active surface area (ECSA) determination from reduced H2 adsorption area.

Using this narrowed voltage range, the anode ECSA was determined from the anodic sweeps
associated with the adsorption of H2 on the catalyst surfaces. Although this procedure cuts the
measured ECSA compared to integration between regular voltage ranges, it was found that it would

149



Molecules 2019, 24, 3514

increase the accuracy of the ECSA determination and its changes in the case of ultralow-loaded anodes
(as tested in the present study).

3. Results and Discussion

3.1. Performance and Stability of Ultralow-Loaded Anodic CLs

Before the actual contamination tests, the BOL performance and voltage stability of the MEA
samples with ultralow-loaded anodes were established. Figure 4 shows the BOL polarization curves of
the three different MEAs when neat H2 was supplied to the test cells.
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Figure 4. Polarization curves of MEA types A, B, and C using neat H2, with high-frequency resistance
(HFR) as dashed lines.

As can be seen in the figure, the polarization curves of the different MEAs overlap quite well,
indicating that overpotentials arising due to a lack of active catalyst sites for the hydrogen oxidation
reaction (HOR) were not significant for ultralow anodic loadings. In fact, MEA type C (15 µg/cm2)
even showed a slightly better performance at current densities above 2.5 A/cm2, (~15 mV at 3 A/cm2),
which might have been a result of minimal differences in humidification characteristics of this specific
sample and the lower measured high-frequency resistance (HFR).

In addition to the BOL performance, the cell voltage stability of the three MEA types over a testing
time of 100 h of continuous operation at a constant load with neat H2 was established, which is shown
in Figure 5.
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voltage stabilities of the MEA types. The voltages were normalized to the initial cell voltage at
time = 0 h.

During these stability tests, no significant difference between the voltage drops of the MEA types
was observed. A slight voltage drop during the first ~2 h was visible for all three MEA types and
was associated with the consumption of reactants, which saturated in the electrode before the current
was increased.

Overall, the comparability of the different MEA types at the BOL under operation with neat H2

was considered satisfactory and was accepted for subsequent tests with contaminants. Before each
contamination test, the cell was operated for 20 h with neat H2 to establish a baseline voltage. In the
case of CO, the first concentration of contaminant was introduced and increased at time steps of 20 h,
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before we finally shut off the impurity for an additional 20 h of operation with neat H2. In the case of
H2S, after operation with neat H2, a single concentration of H2S was introduced until the cell voltage
broke down, and subsequently SD/SU recovery tests were conducted. For all tests, the anode bubbler
required a refill with fresh deionized (DI) water every 10 h. This DI water contained dissolved O2,
which was driven out as soon as it was heated in the bubbler and was consequently available for the
recovery of poisoned Pt sites, which is visible as voltage peaks in the following figures.

3.2. Effect of CO on Ultralow-Loaded Anode CLs

Essentially, CO adsorbs on Pt and thereby competes with the actual HOR for active sites on the
catalyst surfaces, as shown in Equations (1)–(3):

2Pt + H2 ↔ 2(Pt−H), (1)

Pt + CO↔ Pt−CO, (2)

2Pt + CO↔ (Pt)2 = CO. (3)

Depending on the coverage of CO, each molecule blocks one or two active Pt sites via linear
or bridge bonds (Equations (2) and (3), respectively) [5,19]. At lower coverages, a higher fraction of
bridge bonds is expected, while at higher coverages, an adlayer with CO linear bonds dominates [20].
However, the adlayer CO structure depends on particle sizes, adsorption potentials, facet orientations,
and temperature in a complex way because dipole–dipole interactions are important [21]. The effect
of different CO concentrations on the voltage decay rates of the three ultralow-loaded anodic CLs is
shown in Figure 6.
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Figure 6. Voltage drops induced by different CO concentrations in MEA types A, B, and C at a constant
load of 1.0 A/cm2. The voltage peaks (every 10 h) were caused by anode bubbler refills and coherent
recovery of Pt sites with O2 dissolved in DI water. Again, the voltages were normalized to the initial
cell voltage at time = 0 h, while the results are shown starting from t = 5 h.

As expected, the effect of CO in the fuel generally increased for lower anodic loadings, including
both a faster and more severe voltage drop. The leveling of the potentials, i.e., the initial decline toward
a plateau, depended on the contaminant concentration and the CL thickness [22,23]. For thinner CLs,
the reaction front increasingly corresponded with the actual CL thickness, and therefore the local
potential was more uniform while contaminants competed throughout the layer with hydrogen for
adsorption sites, which resulted in a lower tolerance for thinner (and lower-loaded) CLs. At the ISO
concentration (0.2 ppm), the voltage loss due to CO poisoning accounted for ~8%, 41%, and 51% when
the anodic loading decreased from 50 to 25 and 15 µg/cm2, respectively. Slight potential oscillations of
the ultralow-loaded anode MEA types (type B and especially C) at high CO concentrations between
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normalized voltage ratios of 0.4 and 0.6 were also visible. At these potentials, overpotentials induced by
CO poisoning forced the anode potential to shift frequently toward the cathode potential and close to
the oxidation potential of CO to CO2, allowing for recovery of the electrode [24,25]. This self-recovery
was the reason for the maximum coverage of the catalyst with CO in regular PEMFC operation
and a flattening of the relative potential drop for lower anodic catalyst loadings with higher CO
concentrations, which is partially visible in Figure 7.
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Figure 7. Normalized voltages over anodic loading; data adapted from Hashimasa et al. [12].

In the figure, relative voltage drops due to CO poisoning over the anode Pt loading from the
study by Hashimasa et al. and the present study are compared. Although the test cells and the
operational parameters between the two studies were different (70% fuel usage in the single cell by
the Japanese Automobile Research Institute, JARI, versus 8.3% fuel usage in the differential single
cell employed in the present study), a general trend for voltage decay with lower anodic loadings or
higher CO concentrations can be seen. The onset of the mentioned flattening of the relative voltage
drop at maximum CO coverage is visible for the lowest anodic loading and the highest tested CO
concentration, where the relative change between MEA types B and C was less significant compared to
types A and B.

In general, CO contamination is fairly easy to mitigate by providing O2 to the anode via the
air-bleeding technique [3]. This technique not only mitigates CO poisoning, but also partially mitigates
poisoning from other contaminants, such as H2S [16]. However, as discussed above, air bleeding also
comes with disadvantages, such as a reduction in fuel efficiency and potential effects on the integrity
of the ionomer in the CLs and membrane. Therefore, to minimize potentially amplified side effects
from such mitigation strategies, a reduction of the limit for CO in the H2 Quality Standard could be
a reasonable option considering the severity of CO poisoning on ultralow anodic loadings, as they
likely will be employed in the near future in automotive PEMFCs.

3.3. Effect of H2S on Ultralow-Loaded Anode CLs

In contrast to CO, H2S poisons catalyst surfaces irreversibly through dissociative adsorption on Pt
via chemical or electrochemical reaction pathways, as indicated by Equations (4) and (5), respectively.
The elemental sulfur on Pt cumulatively occupies active catalyst sites also via linear or bridge bonds,
which eventually leads to a complete breakdown of the PEMFC performance [6,14,16]:

Pt + H2S↔ Pt− S + H2, (4)

Pt + H2S↔ Pt− S + 2H+ + 2e−. (5)

Higher catalyst loadings provide a higher nominal ECSA and therefore a larger buffer versus
such a breakdown. This decrease in tolerance with a reduction in platinum loading is partially
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visible in Figure 8, which shows the operation times until the breakdown was observed for
ultralow-loaded anodes.
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Figure 8. Voltage breakdowns induced by 4 and 20 ppb of H2S during operation at a constant load of
1.0 A/cm2. The operation of MEA type A was purposely stopped after ~340 h and ~70 h, while MEA
types B and C stopped automatically after voltage breakdowns were observed.

The voltage breakdowns for the highest tested anodic loading (50 µg/cm2) were not fully observed.
In the case of 4 ppb of H2S, the test was purposely interrupted after 340 h of contaminant introduction,
as a voltage breakdown was not expected anymore. However, subsequent CVs revealed an almost
completely sulfur-blocked ECSA, which is shown in the following sections. In the case of 20 ppb of
H2S, the test station automatically stopped at the onset of the breakdown after about ~70 h, but the
start of the breakdown was still visible.

Interestingly, for both MEA types with ultralow anodic loadings (MEA types B and C), voltage
breakdowns were detected after almost similar poisoning times for both tested H2S concentrations
of 4 and 20 ppb. In Figure 9, which compares the accumulated H2S supplied until a 30-mV voltage
loss was detected in the present study versus the study by Hashimasa et al., these similar poisoning
times are visible as a nonproportional decline in the amount of H2S supplied with the reduction in
anodic loading.
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from Hashimasa et al. [14].

Although Hashimasa et al. described their observed decline as proportional to the reduction in
the loading, their data actually rather showed a slight flattening of the curve with the decrease in the
anodic loading, comparable to the data from the presented study. Again, although the test cells and
the operational parameters were different (70% fuel usage in JARI’s single cell versus 8.3% fuel usage
in the differential single cell in the present study), the general trend was still visible.

One explanation could be that some of the H2S adsorbed on the surfaces of the test bench and cell
components before actually reaching the CCM and catalyst sites. Depending on the chronology of the
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tests, this latency could create delays in the voltage breakdown. On the other hand, in the present
study, the CVs of lower-loaded anodes also revealed a higher degree of self-recovery from simple
shut-down (SD) and start-up (SU) processes.

For these self-recovery tests, the ECSA of the anode CLs exposed to H2S were determined at the
BOL after a simulated SD/SU process, after H2S poisoning, and again after an SD/SU process. The SD/SU
included a short purge with dry nitrogen to avoid open circuit voltage (OCV) in H2/air-atmosphere,
a cooldown of the cell to 20 ◦C, a wait time of 3 h, and finally again heating of the cell to 80 ◦C and the
introduction of neat H2/air to the cell, which was kept at a fixed potential of 0.8 V during the heating.
Figure 10 presents these anode CVs for the three different anodic loadings.
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Figure 10. Anode CVs for MEA types A, B, and C (50, 25, and 15 µg/cm2) at the beginning of life (BOL),
after H2S contamination (+H2S), and after a subsequent shut-down/start-up (SD/SU) process (+H2S +

SD/SU). For MEA type A, the CV after SD/SU just before the contamination is also shown (A + SD/SU).

Clearly visible is the difference between the CVs at the BOL and after H2S contamination (black to
yellow CV) for all three MEA types, indicating the reduction of ECSA due to sulfur adsorbed on Pt.
For MEA type A, the CV after SD/SU and before H2S contamination (blue CV) is additionally shown
to exemplarily demonstrate that the SD/SU process did not significantly affect the CV measurement
and ECSA determination, as both CVs overlapped quite well. However, when the SD/SU process was
carried out after H2S contamination, the CV and therefore the ECSA gained in area compared to the
poisoned ECSA (yellow to green CV), indicating a partial recovery from previously deactivated ECSA.
This self-recovery was increasingly observed with the reduction in the anodic loading. Table 5 presents
the nominal ECSAs and percentage changes between the test SD/SU steps.
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Table 5. ECSA at the BOL and relative change after shut-down/start-up processes (SD/SU) before and
after contamination with H2S based on narrowed boundaries (integration between 150 and 300 mV).
Note: the nominal ECSA was lower by about 60–70% than what would be typically expected for the
specific catalyst material, while the relative ECSA changes were amplified to some degree due to the
narrowed voltage boundaries and therefore the smaller area for integration.

MEA Type
ECSA (m2/g Pt)

BOL After SD/SU After H2S After H2S + SD/SU

A 20.5 20.0 (98%) 4.4 (22%) 7.1 (35%)

B 24.4 24.2 (99%) 16.8 (69%) 20.6 (84%)

C 19.6 19.1 (97%) 14.0 (71%) 18.4 (94%)

While only about 35% of the ECSA from MEA type A (50 µg/cm2) could be recovered, 84% and
almost a full recovery of 94% could be achieved for MEA types B (25 µg/cm2) and C (15 µg/cm2),
respectively, through a simple SD/SU process.

The reason for the different behavior of ultralow-loaded anodes with respect to their tolerance
versus H2S contamination and the improved self-recovery during SD/SU processes might have a
dimensional character in combination with the scavenging effect of water versus contaminants [26].
Studies in the literature investigating the recovery of sulfur-poisoned electrodes have often employed
CV-like processes to increase the potential and thereby oxidize adsorbed sulfur either on cathode
or anode electrodes [27,28]. During this oxidation, sulfur oxides such as sulfur dioxide (and in
combination with water-soluble anions such as sulfate (SO2-

4) or sulfite (SO2-
3)) develop as shown in

Equations (6)–(8) [16]:
Pt− S + O2 ↔ Pt + SO2, (6)

Pt− S + 3H2O↔ Pt + SO2−
3 + 6H+ + 4e−, (7)

Pt− S + 4H2O↔ Pt + SO2−
4 + 8H+ + 6e−. (8)

Presumably, during an SD/SU process, the catalyst surfaces and adsorbed species relax, the local
potential varies depending on the local equilibrium and the available species on Pt, and chemical
reactions occur to the point of the formation of sulfur anions in the presence of water. It should be
noted that the potential of the anodic electrode prior to and during the SD can affect the reduction state
of the sulfur species, which eventually facilitates their oxidation or desorption [29]. As the different
anodic loadings tested in this study were achieved through variations in CL thickness, the anode of
MEA type C consequently had the lowest thickness, while the active cell area remained the same for
all samples. During an SD, water condensates and eventually is driven out through hydrophobic
pores of the microporous and gas diffusion layer (MPL/GDL) or collects in pores and areas, which are
energetically favorable. As the interface between the MPL and CLs also contains such pores [30], sulfur
in proximity to this interface might dissolve in these water accumulations in the form of soluble sulfur
anions [26]. As the active cell area and therefore the CL/MPL interface area should be the same on
average for all three MEA types, while the anode CL volumes are different, a higher fraction of anions
could get removed for lower-loaded and therefore thinner anode electrodes. These anions dissolved in
water eventually are flushed out once the PEMFC is started again. This works better so long as sulfur
is weakly bonded to the Pt surface via linear bonds. With time, adsorbed sulfur develops stronger
bonds to active sites and is bound more strongly to the catalyst, leading finally to the observed voltage
breakdowns of the PEMFCs. Thinner CLs may also be associated with a changed ionomer structure,
and the potentials within the layer are generally more homogeneous [31]. However, the differentiation
of this effect is beyond the scope of this paper.

Consequently, the reduction of the anodic catalyst material down to ultralow loadings seemed
to come with a nonproportional reduction in tolerance versus H2S poisoning and an improved
self-recovery during SD/SU processes. Hence, lowering the ISO limit for sulfur-containing compounds

155



Molecules 2019, 24, 3514

might not be necessary with regard to ultralow-loaded anode electrodes. However, these effects should
be further confirmed in large- or full-scale cell tests using realistic automotive fuel utilizations.

4. Conclusions

The key findings from this study are that the H2 Quality Standard ISO 14687-2:2012 eventually
requires partial adaption to accommodate future automotive PEMFC designs, including ultralow-loaded
anodic CLs, and that ultralow-loaded anodes exhibited an improved self-recovery from sulfur poisoning
from simple SD/SU processes.

As expected, CO poisoning induced significant performance losses at an increasing rate and
severity with decreases in the platinum loading. At an ISO concentration of 0.2 ppm CO in the fuel, the
cell voltage was about 40–50% lower compared to operation with neat H2 for ultralow anodic loadings,
which raises the question of whether the CO limit in the H2 Quality Standard needs to be reduced with
regard to future anodic loadings.

When H2S was in the fuel, the ultralow-loaded anodic CLs exhibited a nonlinear reduction
as opposed to the expected linear reduction in tolerance to the reduction in platinum loading.
Simultaneously, these anodic CLs recovered to larger degrees from sulfur poisoning during the SD/SU
processes. It is hypothesized that the nonlinear reduction in tolerance and improved self-recovery
arose due to the decrease in the ratio between the CL thickness (and coherent ECSA) and the geometric
cell area. As the ultralow-loaded anodes were also the thinner CLs, larger fractions of sulfur adsorbed
on catalyst surfaces in proximity to pores at the CL–MPL interface could have dissolved in the water
present in the form of anions, which were driven out of the cell during operation or during the SU of
the PEMFCs.

However, to confirm these findings, the performance of ultralow-loaded anodic CLs in the
presence of impurities should be further investigated, ideally in large- or full-scale PEMFCs using
automotive fuel consumption rates.
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Abstract: Proton exchange membrane fuel cells (PEMFCs) with 0.1 and 0.4 mg Pt cm−2 cathode
catalyst loadings were separately contaminated with seven organic species: Acetonitrile, acetylene,
bromomethane, iso-propanol, methyl methacrylate, naphthalene, and propene. The lower catalyst
loading led to larger cell voltage losses at the steady state. Three closely related electrical equivalent
circuits were used to fit impedance spectra obtained before, during, and after contamination,
which revealed that the cell voltage loss was due to higher kinetic and mass transfer resistances.
A significant correlation was not found between the steady-state cell voltage loss and the sum of
the kinetic and mass transfer resistance changes. Major increases in research program costs and
efforts would be required to find a predictive correlation, which suggests a focus on contamination
prevention and recovery measures rather than contamination mechanisms.

Keywords: proton exchange membrane fuel cells; durability; contamination; cathode; catalyst loading

1. Introduction

Vehicles propelled by proton exchange membrane fuel cells (PEMFCs) are already commercially
available. However, opportunities still exist to improve the technology because it is not expected to
mature within the foreseeable future [1]. For instance, research activities are still ongoing to reduce cost
while maintaining durability with a lower amount of Pt catalyst [2]. Contaminants in air jeopardize
PEMFC operation by increasing the cell voltage degradation rate [3] if the intake filter [4] is saturated
or damaged. Therefore, risks associated with contamination of low Pt loaded PEMFCs need to be
assessed to support commercialization. Furthermore, fuel cell design robustness could be improved by
integrating additional mitigation approaches derived from contamination mechanisms.

Only a few publications discuss the impact of the anode catalyst loading during PEMFC exposures
to reformate fuel contaminants, such as CO, CO2, H2S, NH3, and halogenated compounds. All of
these species are included in the hydrogen fuel standard [5]. For CO and H2S, a lower Pt or PtRu
catalyst loading generally leads to an increase in the anode overpotential [6–10]. However, it was
reported that for H2S, the catalyst loading effect disappears for values equal to or below 25 µg cm−2 [10].
An effect was not observed with the weak contaminant CO2, which is attributed to a concentration
that was substantially lower (1%) [7] than in a typical reformate (10–20%) [11]. The same situation
was noted for NH3, which is assigned to a rapid conversion to NH4

+ in the presence of protons or
water [12,13], followed by ion exchange with ionomer H+ and transport to the cathode away from the
anode under the influence of the electric field [14,15]. For halogenated compounds, a decrease in the
Pt catalyst loading of both electrodes led to a faster degradation rate in the presence of HCl in both
reactant stream humidifiers [16]. The effect of the anode Pt catalyst loading was exploited to develop
sensor cells that are more sensitive to contamination by CO, H2S, and NH3 in H2. These sensors were
either based on a PEMFC [17] or a H2 pump [18] design. Only two PEMFC contamination documents
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focusing on the cathode catalyst loading effect were found [19,20]. However, contamination data
in [19] are not directly comparable because both the catalyst layer design and catalyst loading were
concurrently altered. The authors also refer to 10 ppb SO2 data obtained by another group that showed
more severe fuel cell damage with a catalyst loading decrease from 0.4 to 0.3 mg Pt cm−2. In contrast,
the effect of 2,6-diaminotoluene, a species that leaches out of the fuel cell system balance of plant
materials, was more impactful after the Pt catalyst loading was lowered from 0.4 to 0.1 mg Pt cm−2 [20].
In comparison to the anode, the higher cathode potential is expected to affect the contamination
mechanism with, for example, a different Pt surface charge, altered contaminant adsorbates and
reaction intermediates, catalyst coverage, and cell voltage loss. This situation is exacerbated with a
catalyst loading change, which affects the overpotential of the irreversible oxygen reduction reaction
and the cathode potential. Information about chemical and electrochemical reactions for specific
contaminants may be available in the literature. However, the presence of relevant cathode reactants,
oxygen and water, may not be considered. For instance, novel intermediates or products were not
detected with chlorobenzene in air [21]. However, the presence of acetylene in air led to small amounts
of methane [22] that were not expected based on acetylene chemistry and electrochemistry. Therefore,
tests completed under these significantly different operating conditions are needed in part because
contaminant reactions are not currently predictable in assessing catalyst coverage and cell voltage loss.

This report documents the impact of the cathode Pt catalyst loading effect for PEMFCs contaminated
with seven model organic airborne species, which were previously evaluated and selected from a larger
pool of 21 contaminants [23]: Acetonitrile (nitrile), acetylene (alkyne), bromomethane (halocarbon),
iso-propanol (alcohol), methyl methacrylate (ester), naphthalene (polycyclic aromatic), and propene
(alkene). Cell voltage transients obtained under galvanostatic conditions were recorded for this analysis.
Additionally, impedance spectroscopy data were acquired to facilitate the development of predictive
correlations and contamination mechanisms.

2. Results and Discussion

2.1. Cell Voltage Transients

Figure 1a depicts voltage transients for cells temporarily exposed to 20 ppm CH3CN. The cell
voltage for the first 5 h is constant and higher for the 0.4 mg Pt cm−2 catalyst loading. This observation
is consistent with previously published data for Gore catalyst coated membranes with the same
cathode catalyst loadings and gas diffusion layers (Sigracet 25 BC) [24]. After approximately 5 h
of operation, acetonitrile was injected into the cell, which led to a rapid cell voltage decrease that
progressively slowed until a steady state was reached. For acetonitrile, the cell voltage loss was
larger for the 0.1 mg Pt cm−2 catalyst loading. Subsequently, the acetonitrile injection was interrupted,
which quickly initiated a voltage recovery that gradually decelerated until a new steady state was
reached. For acetonitrile, the cell voltage after recovery coincided with the value before contaminant
injection. Acetonitrile contamination and recovery transients are qualitatively and quantitatively
consistent with prior results [23,25–28]. At irregular intervals and during all baseline, contamination,
and recovery stages, cell voltage transients were minimally disrupted for a short period by impedance
spectroscopy measurements and the superimposition of a current signal of a small amplitude and
variable frequency.
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Figure 1b–g illustrates voltage transients for the other contaminants. Most of these transients
share common features, including a similar initial baseline voltage, a relatively rapid voltage decrease
until a steady state is reached, and a complete voltage recovery after contaminant injection was
stopped. However, bromomethane transients were significantly slower and only a small fraction
of the voltage loss was recovered (Figure 1c). This behavior is the result of a rapid bromomethane
hydrolysis within the cell, producing methanol and bromide [28–30]. The effective bromomethane
concentration is lower than the nominal value, whereas bromide is prevented from penetrating the
ionomer by Donnan exclusion [12]. This situation delays the stronger and inhibiting adsorption
of bromomethane and bromide on the catalyst surface. The removal of bromide from the catalyst
surface is equally hindered due to an unfavorable cathode potential that is significantly higher than
the potential of zero charge, preventing bromide desorption and Donnan exclusion, which explains
the incomplete voltage recovery. During isopropanol contamination, the voltage is characterized by
rapid fluctuations (Figure 1d), which were not observed for lower isopropanol concentrations [23,31].
These fluctuations are attributed to isopropanol, a surfactant commonly used to disperse Pt/C catalyst
particles in solution [32], which adsorbs on carbon materials (gas diffusion layer, catalyst support) [33]
and modifies liquid water management (buildup and release of liquid water drops), as previously
proposed for acetylene [34]. A higher number of buildup and release events of water drops and a higher
voltage fluctuation frequency for the lower catalyst loading (Figure 1d) may be related to the lower
cathode potential (cell voltage compensated by a similar ohmic drop), which leaves a higher proportion
of isopropanol surfactant unoxidized (oxidation initiated at a potential above 0.32 V vs. the reversible
hydrogen electrode (RHE) [35]) and more hydrophilic carbon surfaces. The effect of naphthalene was
rapid and severe for the 0.1 mg Pt cm−2 catalyst loading (Figure 1f). As a result, the current density was
temporarily lowered and the contaminant injection was interrupted before a steady state was obtained
to avoid an automatic test station shutdown. Contamination and recovery transients are qualitatively
and quantitatively consistent with the prior results for acetylene [23,36–39], bromomethane [23,28–30],
isopropanol [23,31], methyl methacrylate [23,31], naphthalene [23,40], and propene [23,28,31,41].

Table 1 summarizes steady-state cell voltages before, during, and after contamination as well as
the cell voltage change during and after contamination for both catalyst loadings. The cell voltage
decrease during the contamination period is generally higher for the 0.1 mg Pt cm−2 catalyst loading
(23% to 89% in comparison to 1.2% to 43%). After the recovery period, the cell voltage change is
minimal and independent of the catalyst loading, varying from −1.7% to 2%, with the exception of
bromomethane (−40% to −45%). The larger cell voltage loss during contamination for the low catalyst
loading is an important consideration for the selection of tolerance limits for commercially relevant
catalyst loadings. Data obtained with a 0.4 mg Pt cm−2 catalyst loading were used to derive tolerance
limits [42]. The data of Table 1 suggest that these tolerance limits require a revision for a 0.1 mg Pt
cm−2 catalyst loading and additional tests carried out over a range of concentrations. In contrast,
International Organization for Standardization (ISO) tolerance limits for hydrogen contaminants [5,43],
which do not take account of the catalyst loading effect, were deemed too strict for formaldehyde and
formic acid, a low anode catalyst loading of 0.05 mg Pt cm−2, and automotive operating conditions
(high fuel utilization, fuel recirculation) [44]. The formaldehyde tolerance limit was recently modified
from 10 [43] to 200 ppb [5].

The magnitude of the cell voltage change during contamination (Table 1) with catalyst loading
is species-dependent. For instance, the catalyst loading hardly affected the cell voltage loss for
bromomethane (−43% and −47%), whereas for acetylene, the cell voltage loss substantially increased
from −1.2% to −85% with a catalyst loading decrease. This observation is attributed to different
contamination mechanisms. Impedance spectroscopy data obtained during contamination by all
Table 1 species and with a 0.4 mg Pt cm−2 catalyst loading revealed that kinetic, ohmic, and mass
transport overpotentials were impacted [42]. These and additional impedance spectroscopy data
acquired with a 0.1 mg Pt cm−2 catalyst loading were analyzed to evaluate the existence of a correlation
between these resistances and the cell voltage loss due to contamination at the steady state.
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2.2. Impedance Spectra

Figure 2a shows impedance spectra (Nyquist representation) for a 0.1 mg Pt cm−2 catalyst loading,
before, during, and after acetonitrile contamination. All three spectra share the same features and
have two main loops that are respectively attributed to oxygen reduction (medium frequencies)
and oxygen mass transfer (low frequencies) [45]. A third loop ascribed to hydrogen oxidation is
barely visible as a hump at high frequencies [45]. The high-frequency intercept represents the ohmic
resistance, which is mostly caused by the poorly conducting membrane [45]. Multiple explanations
were proposed for the inductive impedance values at the lowest and highest frequencies, including
electrical cables [46,47] for high frequencies, and processes involving side reactions with intermediate
species [47], oxide growth [48], or a slow ionomer water uptake/release [49] for low frequencies. Most of
these considerations were either ignored because they did not focus on relevant aspects (electrical
cables) or were easily dismissed because, in the absence of contaminants, the cathode potential was
too low for Pt oxidation and the sub-saturated air stream did not yield an inductive behavior. For the
0.4 mg Pt cm−2 catalyst loading, the average cell voltage of 0.671 V (Table 1) compensated with an
ohmic loss of 0.1 V for a worst-case scenario (1 A cm−2 × 0.1 Ω cm2 from the high-frequency intercepts
in Figure 2a) leads to a cathode potential of 0.771 V vs. RHE, which is lower than the smallest Pt
oxidation potential of 0.837 V vs. RHE [50]. Acetonitrile contamination causes an increase in the
high-frequency intercept and a diameter increase for both main loops (Figure 2a). An increase in ohmic
loss was only observed with acetonitrile, owing to the production of ammonium cations by hydrolysis,
which displace protons as the main charge carriers in the ionomer [28,51]. In relative terms, this effect
is significantly smaller than the kinetic and mass transfer effects, with an approximate doubling of both
oxygen reduction and transport loop diameters. However, because the effect is cumulative, a larger
change is observed for a longer exposure duration [26]. After contamination, the high-frequency
intercept returns to its original value, and both main loops decrease in size to a diameter that is smaller
than the original value. These impedance spectra agree with prior results [25–28]. However, smaller
kinetic and mass transfer loops are inconsistent with a complete cell voltage recovery (Figure 1a,
Table 1). This observation is possibly due to subtle structural or other changes that are not detectable by
cell voltage measurements, such as Pt surface reconstruction in the presence of foreign species [52,53].
The oxygen reduction and mass transfer resistances before, during, and after contamination were
generally obtained by curve-fitting an equivalent circuit developed for a PEMFC contaminated with
SO2 (Figure 3a) [54]. Resistances during contamination for acetonitrile and a 0.1 mg Pt cm−2 catalyst
loading were derived using a modified equivalent circuit that accounts for the inductive behavior at
low frequencies (Figure 3b) [55,56]. Resistances during contamination for acetonitrile (0.4 mg Pt cm−2)
and propene (0.1 mg Pt cm−2) were obtained using a modified version of the Figure 3b equivalent
circuit by omitting the cathode resistance Rk (Figure 3b) to limit the number of parameters (Figure 3c).
The impedance spectra are accurately represented by the equivalent circuit models (Figure 2a–f).
The resistance values are discussed later in this section.

Most of the other impedance spectra for both catalyst loadings and all contaminants are equally
well represented by the equivalent circuits shown in Figure 3a,c. For this reason, only a selection is
given in Figure 2. A few spectra could not be fitted with any of the equivalent circuits in Figure 3a–c
for a few 0.1 mg Pt cm−2 catalyst loading cases. For acetylene, the impedance spectrum during
contamination was approximately a single loop of a large diameter that could not be fitted to a
two-loop equivalent circuit. For isopropanol, cell voltage fluctuations during contamination (Figure 1d)
created a low frequency artefact that also prevented the use of the equivalent circuits of Figure 3a
or Figure 3c. For naphthalene, the cell voltage transient was interrupted before a steady state was
obtained (Figure 1f), which also led to a low-frequency artefact that could not be fitted to the equivalent
circuits of Figure 3a–c. The impedance spectra agree with the prior results for acetonitrile [25–28],
acetylene [36–38], bromomethane [28–30], isopropanol [31], methyl methacrylate [31], naphthalene [40],
and propene [28,31,41].
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Figure 3. Equivalent circuit models for a proton exchange membrane fuel cell (PEMFC). (a) The model
previously derived for SO2 contamination and used for all 7 organic contaminants investigated in this
work; (b) the model previously derived to capture low-frequency inductive data in the absence of
contaminants and used to fit data during acetonitrile contamination (0.1 mg Pt cm−2); (c) the modified
model (b) to capture low-frequency inductive data obtained during acetonitrile (0.4 mg Pt cm−2) and
propene (0.1 mg Pt cm−2) contamination.

Table 2 collects kinetic and mass transfer resistances before, during, and after contamination
for both catalyst loadings. Dimensionless kinetic and mass transfer resistances during and after
contamination are also given in Table 2. The dimensionless kinetic and mass transfer resistances
concurrently increase during contamination and are ≥1.05, with the exception of the 0.93 dimensionless
mass transfer resistance for isopropanol and a 0.4 mg Pt cm−2 catalyst loading. The isopropanol
anomaly may be related to water management, as discussed in the previous section. A hypothesized
connection between kinetic and mass transfer resistances during contamination [34] was recently
substantiated [57]. Contaminant adsorbates covering the catalyst surface increase the effective current
density closer to the limiting value and mass transfer losses in the ionomer layer covering the catalyst.
This situation is similar to a decrease in catalyst loading, which has been shown to also increase mass
transfer losses [58,59]. The dimensionless kinetic and mass transfer resistances after recovery, with the
exception of bromomethane, indicate an incomplete recovery that is less extensive for the lower catalyst
loading. For the dimensionless kinetic resistance, values are ≥0.832 and ≥0.95 for, respectively, 0.1 and
0.4 mg Pt cm−2 catalyst loadings. For the dimensionless mass transfer resistance, values are ≥0.842
and ≥0.88 for, respectively, 0.1 and 0.4 mg Pt cm−2 catalyst loadings. These results are in contrast with
the data of Figure 1 and Table 1, showing a complete recovery within experimental error, with the
exception of bromomethane. The discrepancy between the recovery extents of cell voltage and kinetic
and mass transfer resistances is due to the higher sensitivity of impedance measurements and the
movement of the reaction front (current density and catalyst layer effectiveness redistributions over
the catalyst layer thickness). The hydrogen peroxide yield is enhanced in the presence of acetonitrile,
acetylene, methyl methacrylate, naphthalene, and propene [60–63]. The elevated level of hydrogen
peroxide in turn promotes ionomer degradation [64] and structural modifications to the catalyst layer
that are relatively more impactful for the lower catalyst loading. Therefore, in view of the lower
cell voltage and cathode potential for a lower catalyst loading (Figure 1, Table 1), a higher hydrogen
peroxide yield [60–63] and ionomer degradation are expected. Tafel plots obtained before and after
contamination with acetylene (Figure 4) support this hypothesis, with a larger cell voltage loss for the
0.1 mg Pt cm−2 catalyst loading (7.9 mV in comparison to 2.9 mV).
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Table 2. Steady-state kinetic and mass transfer resistances at the end of each contamination period, and
steady-state dimensionless resistances during and after contamination.

Contaminant
Catalyst

Loading/mg
Pt cm−2

Kinetic/Mass Transfer Resistances/Ω cm2
Dimensionless Resistance

During/After
Contamination 1

Before
Contamination

During
Contamination

After
Contamination Kinetic Mass

Transfer

Acetonitrile
0.1 0.118/0.095 0.396/0.187 0.108/0.080 3.36/0.915 1.97/0.842

0.4 0.104/0.056 0.210/0.079 0.099/0.056 2.02/0.952 1.41/1.00

Acetylene 0.1 0.133/0.107 - 2 0.117/0.106 - -

0.4 0.107/0.061 0.112/0.064 0.109/0.059 1.05/1.02 1.05/0.967

Bromomethane
0.1 0.103/0.109 0.139/0.341 0.285/0.288 1.35/2.77 3.13/2.64

0.4 0.116/0.062 0.265/0.157 0.274/0.167 2.28/2.36 2.53/2.69

Isopropanol 0.1 0.102/0.100 - 3 0.123/0.090 - -

0.4 0.100/0.070 0.117/0.065 0.095/0.068 1.17/0.950 0.929/0.971

Methyl
methacrylate

0.1 0.121/0.104 0.164/0.189 0.104/0.098 1.36/0.860 1.82/0.942

0.4 0.111/0.063 0.152/0.104 0.107/0.059 1.37/0.964 1.65/0.937

Naphthalene 0.1 0.115/0.108 - 3 0.119/0.097 - -

0.4 0.106/0.075 0.288/0.152 0.101/0.066 2.72/0.953 2.03/0.880

Propene 0.1 0.137/0.107 0.189/0.118 0.114/0.107 1.38/0.832 1.10/1.00

0.4 0.117/0.063 0.152/0.134 - 4 1.30/- 2.13/-
1 Resistance during/after contamination divided by the resistance before contamination. 2 Equivalent circuit models
do not fit due to a side surface reaction involving intermediates. 3 Artefact created by flooding or rapid change in
cell voltage. 4 Data was not recorded by error.

Molecules 2020, 25, x 9 of 15 

 

contaminants and used to fit data during acetonitrile contamination (0.1 mg Pt cm–2); (c) the modified 
model (b) to capture low-frequency inductive data obtained during acetonitrile (0.4 mg Pt cm–2) and 
propene (0.1 mg Pt cm–2) contamination. 

Table 2. Steady-state kinetic and mass transfer resistances at the end of each contamination period, 
and steady-state dimensionless resistances during and after contamination. 

Contaminant 

Catalyst 
Loading 
/ mg Pt 

cm–2 

Kinetic/Mass Transfer Resistances / Ω cm2 

Dimensionless 
Resistance 

During/After 
Contamination 1 

Before 
Contamination 

During 
Contamination 

After 
Contamination 

Kinetic 
Mass 

Transfer 

Acetonitrile 
0.1 0.118/0.095 0.396/0.187 0.108/0.080 3.36/0.915 1.97/0.842 
0.4 0.104/0.056 0.210/0.079 0.099/0.056 2.02/0.952 1.41/1.00 

Acetylene 
0.1 0.133/0.107 - 2 0.117/0.106 - - 
0.4 0.107/0.061 0.112/0.064 0.109/0.059 1.05/1.02 1.05/0.967 

Bromomethane 
0.1 0.103/0.109 0.139/0.341 0.285/0.288 1.35/2.77 3.13/2.64 
0.4 0.116/0.062 0.265/0.157 0.274/0.167 2.28/2.36 2.53/2.69 

Isopropanol 
0.1 0.102/0.100 - 3 0.123/0.090 - - 
0.4 0.100/0.070 0.117/0.065 0.095/0.068 1.17/0.950 0.929/0.971 

Methyl 
methacrylate 

0.1 0.121/0.104 0.164/0.189 0.104/0.098 1.36/0.860 1.82/0.942 
0.4 0.111/0.063 0.152/0.104 0.107/0.059 1.37/0.964 1.65/0.937 

Naphthalene 
0.1 0.115/0.108 - 3 0.119/0.097 - - 
0.4 0.106/0.075 0.288/0.152 0.101/0.066 2.72/0.953 2.03/0.880 

Propene 
0.1 0.137/0.107 0.189/0.118 0.114/0.107 1.38/0.832 1.10/1.00 
0.4 0.117/0.063 0.152/0.134 - 4 1.30/- 2.13/- 

1 Resistance during/after contamination divided by the resistance before contamination. 2 Equivalent 
circuit models do not fit due to a side surface reaction involving intermediates. 3 Artefact created by 
flooding or rapid change in cell voltage. 4 Data was not recorded by error. 

 
Figure 4. Tafel plots before contamination (BC) and after contamination (AC) with 100 ppm acetylene 
for 0.1 and 0.4 mg Pt cm–2 catalyst loadings. The change in cell voltage between plots at a current 
density of 0.0447 A cm–2, a value located in the middle of the range used to correlate data (0.02 to 0.1 
A cm–2), ignores the slight change in slope. 

2.3. Contaminant Effect Prediction 

The steady-state cell voltage loss during contamination was correlated with the sum of the 
kinetic and mass transfer resistance changes during contamination (Figure 5). A significant 
correlation was not identified, as significant deviations from Ohm’s law were noted. Furthermore, it 

Figure 4. Tafel plots before contamination (BC) and after contamination (AC) with 100 ppm acetylene
for 0.1 and 0.4 mg Pt cm−2 catalyst loadings. The change in cell voltage between plots at a current
density of 0.0447 A cm−2, a value located in the middle of the range used to correlate data (0.02 to 0.1 A
cm−2), ignores the slight change in slope.

2.3. Contaminant Effect Prediction

The steady-state cell voltage loss during contamination was correlated with the sum of the kinetic
and mass transfer resistance changes during contamination (Figure 5). A significant correlation was not
identified, as significant deviations from Ohm’s law were noted. Furthermore, it is difficult to argue that
there is a catalyst loading effect because the two data sets largely overlap. The absence of a correlation
is not surprising, considering the effects of cell design and operating conditions on contamination.
Several parameters were mentioned in an earlier attempt to correlate the effect of contaminants on
oxygen reduction kinetics [65], including contaminant partial pressure and temperature, exposed
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Pt surface features (crystal faces, edges), Pt state (reduced or oxidized), phase in contact with the
Pt surface (air, ionomer), adsorption isotherms for O2, contaminants, and related intermediates and
products, and elementary chemical and electrochemical reactions and associated rate constants for
O2 reduction and contaminant oxidation or reduction. This list is enlarged by factors affecting ohmic
and mass transfer losses, including cation and neutral molecules’ absorption isotherms influencing
ionomer and membrane ionic conductivity and oxygen permeability by swelling and changing the
distance between sulfonate groups, and contaminant scavenging by liquid water modifying the
effective contaminant concentration [12,13,66–71]. Although cell design and operating conditions
were maintained as constant as possible, with the exception of catalyst loading and contaminant
concentration, the change in cell resistance is insufficiently precise to capture all contamination nuances
and accurately predict the cell voltage loss (Figure 5). An accurate correlation for the cell voltage
loss would be useful. However, given the amount of information that will be required and the
complexity associated with the derivation of a detailed mathematical model of contamination, a focus
on preventive and recovery measures may be more fruitful. This suggestion is reinforced by considering
practical aspects, contaminant mixtures [28], and long-term effects [26] that increase the number of
contamination parameters and the difficulty in predicting contaminant effects.
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Figure 5. Cell voltage loss as a function of the sum of the changes in kinetic and mass transfer resistance.

3. Materials and Methods

A single modified Fuel Cell Technologies cell with an active area of 50 cm2 and triple/double
serpentine channels for the cathode/anode was used for all experiments. Gore PRIMEA M715
catalyst-coated membranes with a Pt loading of 0.1 or 0.4 mg Pt cm−2 (50 % Pt/C) on each side were
inserted between SGL Carbon Sigracet 25 BC gas diffusion layers. The cell was operated with a FCATS™
G050 series test station (Green Light Power Technologies). After cell activation, operating conditions
were set to air/H2, 2/2 stoichiometry, 48.3/48.3 kPag outlet pressure, 50%/100% relative humidity, 80 ◦C,
and 1 A cm−2. Contaminant concentrations varied between 1.4 and ~8000 ppm: Acetonitrile (20 ppm),
acetylene (100 ppm), bromomethane (5 ppm), isopropanol (~8000 ppm), methyl methacrylate (20 ppm),
naphthalene (1.4 ppm), and propene (100 ppm). Contaminant concentrations were individually and
empirically adjusted based on prior experience to cause a perceptible to significant cell voltage decrease
at the steady state for the 0.4 mg Pt cm−2 catalyst loading, and to leave a sufficient cell voltage window
for an additional decrease induced by the lower 0.1 mg Pt cm−2 catalyst loading. Contaminants were
injected after the air humidifier using air-based gas mixtures for most cases. However, isopropanol
and naphthalene were respectively evaporated and sublimated by employing a thermally controlled
and calibrated liquid/solid holder. Contaminant injection was initiated after 5 h with an exposure
that lasted from less than 1 to ~70 h until a steady state was achieved. After the contamination
injection was interrupted, the self-induced recovery was recorded until a steady state was obtained,
which necessitated between 5 and ~60 h.
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During the galvanostatic experiments, impedance spectra were acquired at irregular intervals by
superimposing 0.1 Hz to 10 kHz (10 points per decade) current perturbations that caused a voltage
change of ~5 mV. The Solartron SI1260 impedance/gain-phase analyzer was operated with ZPlot®

software (Version 2.9c, Scribner Associates, Southern Pines, NC, USA). Measurement accuracy was
improved by utilizing Stanford Research SR560 low-noise preamplifiers and by winding up both
load-bank cables, which have an equal length, to reduce their inductance. The ZView® software
(Version 3.5e, Scribner Associates) was employed for fitting impedance spectra to equivalent circuit
models. Polarization curves were only recorded before and after acetylene contamination. Polarization
curves were measured by decreasing the current density from 2 to 0 (open circuit voltage) A cm−2

in a stepwise fashion, allowing a stabilization time of 15 min at each stage, and otherwise using
contamination test operating conditions.

4. Conclusions

The effect of Pt catalyst loading on the steady-state cell voltage loss was characterized for
seven organic airborne contaminants. Impedance spectroscopy was used to gain mechanistic insight.
The steady-state cell voltage loss is mostly attributed to a concurrent increase in both kinetic and mass
transfer resistances that is reminiscent of the effect of a decrease in catalyst loading in the absence
of a contaminant. Low Pt catalyst loadings generally lead to a larger steady-state cell voltage loss.
A significant correlation between the steady-state cell voltage loss and the sum of the kinetic and
mass transfer resistance changes was not found, and would only be improved with major increases
in cost and effort. For this reason, it is proposed to focus activities on contamination prevention and
recovery measures.

For a commercially relevant cathode catalyst loading of 0.1 mg Pt cm−2, it would be advantageous
to expand the current database to other contaminants and contaminant concentrations for the derivation
of tolerance limits to support the design of air filters. Although tolerance limits were previously
derived for single contaminants rather than for more practically relevant mixtures [42], for very
low contaminant concentrations, tolerance limits may still prove useful because the catalyst surface
coverage by contaminant adsorbates may be so small that the different species may not interact. In other
words, the effects of all contaminants may be additive. It would also be useful to verify this hypothesis
with diluted, single, and multiple contaminant mixtures.
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Abstract: While the market for fuel cell vehicles is increasing, these vehicles will still coexist with
combustion engine vehicles on the roads and will be exposed to an environment with significant
amounts of contaminants that will decrease the durability of the fuel cell. To investigate different
recovery methods, in this study, a PEM fuel cell was contaminated with 100 ppm of NO2 at the cathode
side. The possibility to recover the cell performance was studied by using different airflow rates,
different current densities, and by subjecting the cell to successive polarization curves. The results
show that the successive polarization curves are the best choice for recovery; it took 35 min to reach
full recovery of cell performance, compared to 4.5 h of recovery with pure air at 0.5 A cm−2 and
110 mL min−1. However, the performance recovery at a current density of 0.2 A cm−2 and air flow
275 mL min−1 was done in 66 min, which is also a possible alternative. Additionally, two operation
techniques were suggested and compared during 7 h of operation: air recovery and air depletion.
The air recovery technique was shown to be a better choice than the air depletion technique.

Keywords: PEM fuel cell; performance; recovery; nitrogen dioxide; contamination

1. Introduction

As the world is heading towards clean energy sources, the proton exchange membrane (PEM)
fuel cell plays an important role, being a good alternative for the transportation sector and stationary
power systems. Automobile manufacturers have been releasing electric vehicles as a viable solution
to decrease greenhouse gas emissions [1]. The fuel cell vehicle is becoming popular and may be the
right solution to replace internal combustion engine (ICE) vehicles in the near future [2,3]. However,
the durability of the fuel cell is still an issue, where one aspect is pollutants in the air that seriously
affect the performance. It is well known that the air contains unwanted contaminants that come
from ICE vehicles, agriculture, and industries. As the fuel cell market grows, fuel cell vehicles must
coexist with ICE vehicles on the roads. The coexistence of these two types of vehicles may lead to a
dramatic decrease in the fuel cell performance, thus a recovery strategy must be considered in a real
traffic situation.

Among the contaminants in air, nitrogen dioxide is one that seriously affects the performance
of the PEM fuel cell but has not been completely studied in the literature. In our previous study [4],
severe degradation of the cell performance was shown at different concentrations of NO2. For all the
tests, the same total dosage of NO2 was added, but the possibility for the cell performance to recover
after contamination differed. At higher concentrations of 50, 100, and 200 ppm NO2, the performance
could only be partially recovered. In the study, a mechanism for NO2 contamination was proposed
based on cyclic voltammetry (CV) observation in which NO2 is oxidized to NO3

− at 1.05 V, then in the
negative sweep reduced to NO2

− at 0.68 V, followed by a subsequent reduction of NO2
− to N2O and/or
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NH2OH at potentials lower than 0.5 V. The proposed mechanism was confirmed by the detection of
NO as intermediate species and N2O by simultaneous mass spectrometry.

Other authors have shown that the contamination can be fully recovered in some cases [5,6],
almost recovered in other cases [6–8], or not recovered [5,9], depending on the NO2 concentration,
exposure time, and operating conditions. Misz et al. [6] and Jing et al. [8] tested the contamination
with 1 ppm NO2 over 1 and 100 h, respectively; the shorter exposure time resulted in fully recovered
performance while performance following the longer exposure time was almost recovered after cyclic
voltammetry scan as a recovery process. It is seen that long-term exposure produces an unrecoverable
effect. Mohtadi et al. [9] and Uribe et al. [5] contaminated the fuel cell with 5 ppm NO2 over 12
and 15 h, respectively. In these cases, the result from Mohtadi et al. [9] was partially recovered cell
performance, while the result from Uribe et al. [5] was fully recovered performance. The difference of
these two recovery processes was that Mohtadi et al. [9] operated the cell in the range of 0.68–0.7 V
and Uribe et al. [5] at 0.5 V. Our previous results [4], in agreement with the results of Chen et al. [10]
and Lin et al. [11], showed that, at lower potentials in the negative sweep, reduction of nitrite occurs,
and thus it is removed from the Pt-catalyst. Higher concentrations were tried by Yang et al. [7] (10,
140, and 1480 ppm) and Misz et al. [6] (10 and 15 ppm), in which performance recovery was almost
reached in all of the cases after approximately 1 h with NO2. When it comes to long-term operation,
Uribe et al. [5] showed that performance following contamination of 0.4 ppm NO2 for around 520 h
was not recovered, probably due to the low amount of catalyst they used (17 µg Pt cm−2) that was
quickly damaged.

St-Pierre et al. [12] simulated performance recovery after 500 h of exposure to 0.1 ppm NO2. Even
if they used dry air conditions in their simulation, where the performance was dramatically affected,
the performance was recovered and reached its initial value. This result is contradictory to the one
obtained by Uribe et al. [5] and may be due to different conditions, but unfortunately the operating
conditions used were not specified in Uribe’s report.

The aim of this study was to contribute to the improvement of the durability of the fuel cell by
trying different operating conditions that influence the recovery process after NO2 contamination.
These processes included successive polarization curves and recovery at different flow rates and current
densities. In real traffic situations, exposure to high amounts of NO2 is unavoidable, and recovery
methods that can be applied online in real fuel cell vehicles are desired. Therefore, two such realistic
operation techniques were suggested and compared: consecutive recovery with air and air depletion.

2. Results and Discussion

2.1. Performance of the Contaminated MEA

The degradation of fuel cell performance upon contamination with 100 ppm of NO2 in air and its
subsequent recovery of performance is shown in Figure 1a. The sequence of experiments was to run the
cell in a galvanostatic mode at 0.5 A cm−2 with clean air for 30 min without contaminant, followed by
the introduction of 100 ppm NO2 in the cathode air flow for 3 h, and then recovery of performance with
pure air. Polarization curves (Figure 1b) and electrochemical impedance spectroscopy (EIS) (Figure 1c)
were done at the beginning of life (BOL), after contamination with NO2, and after recovery with air.
Figure 1a shows the dramatic performance degradation of 197 mV after 3 h of contamination. However,
after switching off the NO2 contaminant and running the cell with clean air, the fuel cell performance
was completely recovered in 4.5 h.

The polarization curves in Figure 1b show a clear contamination of NO2, mainly at lower
current densities, where the Pt-catalyst active sites are affected by NO2. In this part of the curve,
the contamination is related to the electrode kinetics, most likely at the cathode, which is the main
contributor to the performance loss and where the contaminant is introduced. In the graph, it is also
shown that the performance was completely recovered when pure air was added at 110 mL min−1 with
a current density of 0.5 A cm−2. Furthermore, the recovered performance was better than at beginning
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of life (BOL) at high current densities, which may indicate better conductivity in the membrane due to
water being produced by the ORR, while at the same time intermediate species are being reduced in
the actual potential range, as mentioned in our previous publication [4].Molecules 2020, 25, 1115 3 of 11 
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To better diagnose the performance limitation after contamination with NO2 and the respective
recovery in the fuel cell, EIS spectra were recorded at 0.5 A cm−2 and shown in Figure 1c.
After contamination with NO2, a second semicircle is beginning to be formed at lower frequencies.
However, this second semicircle disappears after the recovery process with pure air. Additionally,
the polarization resistance decreases, which is in accordance with the polarization curve in Figure 1b
and may be related to a better access to platinum sites after the recovery process. There is no change
in the high frequency resistance (HFR), showing that the membrane resistance was not affected by
contamination with NO2 and the recovery process.

Based on the degradation and time for performance recovery shown in Figure 1a, different
air flow rates, different constant current densities, and successive polarization curves were tested
during the recovery of the contaminated MEA to investigate and understand the recovery process of
this contaminant.

177



Molecules 2020, 25, 1115

2.2. Recovery at Different Air Flow Rates

To find a shorter performance recovery time for the MEA contaminated with NO2, different
air flow rates (110, 165, 220, and 275 mL min−1) were tested for the recovery process at a constant
current density of 0.5 A cm−2, as shown in Figure 2a. The time required to reach the same cell
voltage as before contamination is defined as the recovery time. The same contamination sequence as
described above was used and the air flow rate was changed to the desired value for the recovery of
the performance. Figure 2a shows that all the curves reached their initial values after the recovery
process, but after different periods of time. The faster recovery time was found to be at the highest
flow rate, 275 mL min−1. This is a clear sign that the NO2 contaminant is not as well attached to the
Pt-catalyst surface as sulfur compounds are [9]. As soon as clean air is introduced into the recovery
process, most of the NO2 is removed from the Pt-catalyst. This is shown in Figure 2a by the sharp
increase in cell voltage (~180 mV) within about 30 min, after which a slower relaxation period occurs
until steady state is reached.Molecules 2020, 25, 1115 5 of 11 
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Figure 2b shows that all polarization curves overlap up to the current density of 0.4 A cm−2.
As the current density increases further, small differences in potential can be seen between the curves at
different flow rates, where the two highest air flow rates show the best performance. The performance
after the recovery process is higher than at BOL for all the different air flow rates, in the same way as in
Figure 1b.

The EIS spectra after the recovery process at different air flow rates are depicted in Figure 2c.
It can be seen that there is no significant difference in the HFR where the spectra intercept the real axis.
After the recovery process, all of the spectra show a lower polarization resistance when compared with
BOL, which is in accordance with Figure 2b. It might be possible that some Pt-sites were activated
after the recovery process with pure air.

2.3. Recovery at Different Current Densities

Another strategy investigated was to recover the contaminated MEA at different current densities,
as shown in Figure 3a. The same contamination procedure was done as in Figure 1a and the different
controlled current densities for recovery process were 0.2, 0.5, 0.75, and 1 A cm−2. It can be seen that all
of the performance recovery measurements reached a steady state at their respective current densities.
As also seen in the experiments with different air flow rates, the voltage increases abruptly after the
NO2 is switched off and replaced with clean air, which here again may be related to the rapid removal
of NO2 from the Pt-catalyst. The necessary time to reach steady state after the recovery process was
different for the different current densities, and decreased as the current density increased above
0.5 A cm−2. Surprisingly, the time to reach steady state at the recovery current density of 0.2 A cm−2

was the shortest. This is a sign of a different mechanism that occurs at this specific current density.
From our previous study using cyclic voltammetry in inert media with no water production [4], it was
seen that around the range of potential that this current density corresponds to (0.65–0.76 V), reduction
of NO3

− to NO2
− may occur. However, in the present experiments, water is produced at the cathode

side and may react with NO2 producing HNO3 and NO, as shown in Equation (1). It can be pointed
out that nitric acid in water is normally present as NO3

− [13].

3 NO2 + H2O→ 2H+ + 2 NO3
− + NO (1)

The range of potentials in which the performance is recovered at the current density of 0.2 A cm−2,
i.e. 0.65–0.76 V (Figure 3a), is almost the same as the one in the inert media [4]; therefore, NO3

− may be
reduced to NO2

− in the present experiments as well. Additionally, NO contamination is similar to
CO contamination in that both contaminants affect the catalyst layer and, at low current densities in
presence of O2, NO is removed from the catalyst. This may explain the faster recovery at lower current
densities (0.2 A cm−2), while at higher current densities the NO contamination is more severe and
oxygen is predominantly producing water through ORR. This suggests that chemical reactions may be
present and followed by electrochemical reaction, in the same way as discussed by Chen et al. [10].

Figure 3b shows the respective polarization curves after the recovery process at different current
densities. The performance after the recovery process done at the current densities of 0.5, 0.75, and
1 A cm−2 overlapped with that at BOL until 0.4 A cm−2 in the polarization curve. At higher current
densities, they still overlapped each other but they differed from the BOL, in a similar way as in
Figure 2b. However, the behavior of the performance after the recovery process done at 0.2 A cm−2

was different. It is seen that this performance was not fully recovered; even though it reached a steady
state during the recovery process, as shown in Figure 3a, it still had 15 mV left to full recovery. For this
recovery current density, a better performance than at BOL was seen at current densities higher than
0.6 A cm−2. A possible reason it did not fully recover at the current density of 0.2 A cm−2 may be the
formation of intermediate species around 0.7 V that may have affected the performance.
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Figure 3c shows the EIS spectra after the recovery process at different current densities. As in
Figure 2c, there is no significant difference in the HFR and the polarization resistance decreases after
the recovery process. The lowest polarization resistance was observed for the recovery at 0.5 A cm−2.
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Figure 3. (a) Performance with 100 ppm NO2 and recovery at current densities 0.2, 0.5, 0.75, and
1 A cm−2 and constant 110 mL min−1 air flow; (b) polarization curves; and (c) galvanostatic EIS
measurements at 0.5 A cm−2 at BOL, after contamination, and after recovery at each current density.

2.4. Other Types of Recovery

Thus far, it has been shown that the recovery process time after contamination with NO2 can be
shortened. A summary of times for recovery, from the used recovery methods, is shown in Table 1.
The two shortest times were found to be at current density of 0.2 A cm−2 and air flow of 275 mL min−1.
Therefore, these two operating conditions were combined to potentially obtain an even shorter recovery
time (Figure 4a). Additionally, successive polarization curves after contamination with NO2 were tried
as a recovery method. For this experiment, the polarization curves were conducted in galvanodynamic
mode at a step rate of 5 mA s−1. Figure 4b shows the polarization curves for the latter two recovery
methods compared with the polarization curves at 0.5 A cm−2 and 110 mL min−1, at BOL, and directly
after contamination with 100 ppm NO2. The recovery time for the 0.2 A cm−2 and 275 mL min−1
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air flow was 66 min, i.e. the time was reduced by 10 min compared with the recovery process at
0.2 A cm−2 and 110 mL min−1. This indicates that the airflow rate is an important parameter; it seems
that NO2 can be removed from the Pt-catalyst by the air, and/or that O2 is participating in chemical and
electrochemical reactions in the removal of NO2 species, as mentioned in the Section 2.3. The recovery
time when performing successive polarization curves was 35 min, which was found to be the fastest
way to recover the performance of the fuel cell contaminated with NO2.Molecules 2020, 25, 1115 8 of 11 
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Finally, two operation techniques for the cathode were applied and compared by introducing 
50 ppm of NO2 in different ways, as shown in Figure 5a, with the goal to suggest online application 
in a fuel cell car. This concentration was chosen because it is more probable to find 50 ppm NO2 in air 
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Figure 4. (a) Performance with 100 ppm NO2, recovery at 0.5 A cm−2 and 110 ml min−1, and recovery
at 0.2 A cm−2 and 275 ml min−1; (b) Polarization curves at BOL, after contamination with NO2, after
recovery at 0.5 A cm−2 and 110 mL min−1, after recovery by successive polarization curves with
110 mL min−1 as a constant air flow, and after recovery at 0.2 A cm−2 and 275 mL min−1; and (c) EIS
spectra for the measurements done in (b).

It is worth mentioning that none of the polarization curves after contamination with 100 ppm
NO2 reached values around 0.2 V. The lowest potential (0.35 V) was reached at a current density of
1 A cm−2. Therefore, the reduction of NO2

- to N2O and/or NH2OH [4] may not be present in these set
of experiments.
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Table 1. Summary of the performance recovery time after introduction of 100 ppm NO2 to the cathode
air flow. Pure H2 was used at the anode.

Recovery at Different Air Flows Rates at 0.5 A cm−2 Recovery at Different Current Densities at 110 mL min−1

mL min−1 min A cm−2 min

110 274 0.2 76
165 213 0.5 274
220 161 0.75 217
275 106 1 181

A theoretical prediction for the recovery of NO2 was made by St-Pierre et al. [12]; however, in
their prediction, they did not include all processes in the fuel cell that may be affected by degradation,
such as ohmic losses and mass transport, which explains the results obtained. It would be interesting
to investigate performance recovery in a wider current density range.

The EIS measurements in Figure 4c show that, even though the shortest recovery time was
reached by the successive polarization curves, the spectra of the experiment at 0.5 A cm−2 and
110 mL min−1 together with the spectra at 0.2 A cm−2 and 275 mL min−1 were those that had the lowest
polarization resistance.

2.5. Comparison of Two Operation Techniques

Finally, two operation techniques for the cathode were applied and compared by introducing
50 ppm of NO2 in different ways, as shown in Figure 5a, with the goal to suggest online application
in a fuel cell car. This concentration was chosen because it is more probable to find 50 ppm NO2 in
air than 100 ppm or higher concentrations. In both experiments, the cell was first stable for 30 min,
keeping the same potential. The experiment done with air recovery (blue line) consisted of introducing
NO2 with balance of air to the cathode for 20 min, and then recovering the performance with clean air
for 2 h. The same sequence was repeated three times. In the experiment with air depletion (orange
line), the NO2 contaminated air was fed to the cathode during 20 min, after which the air gas flow
was switched off until the potential reached 0.01 V. At that point, the gas was switched on again.
This experiment was made with the purpose to sweep the cell voltage within a wide range in order to
let the fuel cell to recover quickly. The procedure was repeated 21 times to be comparable in time with
the air recovery technique. Figure 5a shows a complete reversibility during the air recovery technique,
in which all cycles reached the initial value (0.7 V). In both techniques, a lower cell voltage is seen
after the 20 min with NO2 compared to the first contamination cycle, but no significant difference
is shown between the cycles. The outcome of the air recovery is in accordance with the results of
Mohtadi et al. [9], who obtained a complete recovery after three cycles with 5 ppm of NO2. On the
other hand, the cell performance obtained by Yang et al. [7] did not reach the initial value after recovery.
However, they used a different pressure (0.5 bar), and it is known that the pressure is an important
parameter concerning recovery of a fuel cell contaminated by NO2 [6].

At the end of each experiment, a polarization curve was recorded (see Figure 5b). The figure
shows that the strategy with air depletion resulted in a lower performance after 7 h of operation,
which might be caused by deterioration of the electrode due to peroxide formation at low electrode
potentials [14–16]. On the other, the polarization curve after air recovery revealed a complete recovery
of the Pt-catalyst, and even better performance at current densities higher than 0.4 A cm−2. The air
recovery technique suggests that NO2 is only attached to the Pt-catalyst of the electrode and that it can
be easily removed by air, apparently, without affecting other components.

EIS was also conducted at the end of each experiment (Figure 5c). The figure shows no significant
difference between the two strategies, although the HFR of the air depletion spectrum increased only
corresponding to about 3 mV when compared to beginning of life, but this is in the range of error.

These results show that it is possible to operate a specific technique online in a fuel cell vehicle in
order to deal with NO2 air pollution. However, the technique must be adapted to a more realistic drive
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cycle. Operating parameters such as air flow rate and current density can also possibly be incorporated
in a recovery method to keep good performance after NO2 contamination.
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Figure 5. (a) Transient cell voltage when introducing 50 ppm NO2 to the cathode air flow at 0.5 A cm−2

for two different strategies, namely air recovery (blue) and air depletion (orange); (b) polarization
curves; and (c) galvanostatic EIS measurement at 0.5 A cm−2 at BOL and after testing the two strategies.

3. Materials and Methods

The experimental set up used in this investigation was the same as used in our previous study
with NO2 [4]. A commercial fuel cell hardware from Fuel Cell Technologies, Inc., and a commercial
membrane electrode assembly (MEA) (Gore™Primea® 5641), with catalyst loadings of 0.45 mg cm−2

Pt-alloy on the anode and 0.4 mg cm-2 Pt on the cathode, were used in all of the experiments. The same
type of gas diffusion layer (GDL) (Carbel™) was used at both anode and cathode. The geometric
electrode area used was 1.5 cm2. The cell temperature was kept at 80 ◦C and 1 atm, and the
humidification of the gases was 90% RH. The gas cylinder used was the same as in [4], and the
contamination flow was controlled by an Alicat Scientific mass flowmeter.
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The electrochemical characterization procedure was the same as in our previous study [4].
For the contamination step, a galvanostatic measurement was done, followed by polarization curve
measurement and electrochemical impedance spectroscopy (EIS) by use of a Solartron Interface SI1287
potentiostat together with a 1255 frequency response analyzer, controlled by CorrWare software. For the
EIS, an AC amplitude of 60 mA (roughly corresponding to 3–15 mV depending on frequency and
operating conditions) was used in the frequency range between 10 kHz and 30 mHz. It was assumed,
in all experiments, that the electrical bulk and contact resistances were not affected by the introduction
of NO2, and that the high frequency resistance is related to the resistance of the membrane.

4. Conclusions

The results show that it is possible to find adequate performance recovery methods that can be
applied in a fuel cell car in a real traffic situation where large amounts of NO2 are present. In the
experiments done in galvanostatic mode at 0.5 A cm−2 with air flow of 110 mL min−1, a significant
potential drop was observed due to the presence of NO2 in the cathode air. This performance loss was
however totally recovered after 4.5 h with clean air. The study shows that it is possible to significantly
decrease the time for performance recovery by running successive polarization curves or by applying
0.2 A cm−2 and an air flow of 275 mL min−1. Two operation techniques that can be used online in a
fuel cell vehicle were also tested: air recovery and air depletion. The air recovery technique was found
to be the best option for recovery of performance. Therefore, we assume that air can pull out the NO2

molecules that surround the Pt-catalyst to free up the active site at higher current densities; however,
at the current density of 0.2 A cm−2, possibly a different contamination mechanism occurs.
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Abstract: Subzero automotive cold-starts of proton exchange membrane fuel cell (PEMFC) stacks
require accelerated thermal rises to achieve nominal operating conditions and close-to-instantaneous
usable output power. Advances in the material, structure and operational dependence on the balance
between the maximum power output and the electrochemical conversion of hydrogen and oxygen into
water requires validation with subzero cold-starts. Herein are presented the design and validation of
a quasi-adiabatic PEMFC to enable single-cell evaluation, which would provide a more cost-effective
option than stack-level testing. At –20 ◦C, the operational dependence of the preconditioned water
content (3.2 verse 6.2) for a galvanic cold-start (<600 mA cm−2) was counter to that of a laboratory-scale
isothermal water fill test (10 mA cm−2). The higher water content resulted in a faster startup to
appreciable power output within 0.39 min versus 0.65 min. The water storage capacity, as determined
from the isothermal water fill test, was greater, for the lower initial water content of 3.2, than 6.2,
17.4 ± 0.3 mg versus 12.8 ± 0.4 mg, respectively. Potentiostatic cold-starts produced usable power
in 0.09 min. The versatility and reproducibility of the single cell quasi-adiabatic fixture avail it to
future universal cold-start stack relevant analyzes involving operational parameters and advanced
materials, including: applied load, preconditioning, interchanging flow field structures, diffusion
media, and catalyst coated membranes.

Keywords: proton exchange membrane fuel cells; subzero cold-starts; automotive; isothermal water
fill tests

1. Introduction

Automotive proton exchange membrane fuel cell (PEMFC) stacks are required to withstand the
same environmental extremes, including subzero temperatures, as the internal combustion engine.
The U.S. Department of Energy’s 2020 automotive PEMFC requirements are survivability from −40 ◦C
and cold-starts from −30 ◦C. A PEMFC subzero cold-start is defined as the initiation of PEMFC
operation to meet the required nominal operating temperature and power. As of 2015, the −20 ◦C
cold-start target of 0.5 min to 50% rated power has only been met for a PEMFC stack when using
one-and-a-half times the targeted parasitic shutdown/start-up energy [1]. A PEMFC stack is comprised
of as many as 400 non-reactive repeat units (flow fields, coolant channels, and current collectors), each
encasing the membrane electrode assembly (MEA) component. These non-reactive components behave
as thermal sinks, scavenging generated heat during cold-starts. Presently, a common energy-intensive
strategy is to use resistive heating to cold-start a PEMFC stack [2]. At nominal operating temperatures,
a fine balance is maintained between the rate of water production and evaporative removal from the
PEMFC stack. The process of subzero cold-starting of a PEMFC stack is challenging in that a balance
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must be attained between the rate of heat generation and product-water redistribution. At subzero
temperatures, product-water accumulation and ice formation result in mass transport losses that can
lead to failure if the PEMFC stack does not self-heat to above 0 ◦C before oxygen is completely blocked
from the accessible reaction sites. As cathode catalysts and catalyst layers advance and become more
efficient to meet cost targets, more parasitic power is required to self-heat non-reactive components and
in addition to increased material mechanical performance/durability issues due to subzero operation.
Therefore, optimization and material validation require a single-cell rapid testing platform.

Subscale single PEMFC cold-starts in standard laboratory fixtures are limited by the thermal mass
of the endplates. The testing of short-stacks, of 20–30 repeat units, is cost prohibitive and strongly
influenced by performance losses since the endplates behave as thermal sinks. According to the
literature, the dominant subzero PEMFC studies investigating the influence of material and operational
parameters have been restricted to subscale single-cell freeze-thaw testing [3–14], isothermal water
fill tests [15–37], and non-isothermal water fill tests [3,21,33,38–47]. United Technology Corporation
(UTC) Power and its corporate research facility co-developed two quasi-adiabatic single PEMFC
fixtures in the mid-2000s with geometric active areas of 25 cm2 and 320 cm2 [48–50]. The results
demonstrated that it was possible under a galvanic load cold-start to replicate the center cells in a
stack’s voltage and thermal profile in the quasi-adiabatic fixture. Balliet and Newman validated their
two-dimensional liquid water transport cold-start model to the UTC-Power’s quasi-adiabatic PEMFC
fixture performance profiles [49]. However, the inadequate structural integrity of the quasi-adiabatic
PEMFC fixture limited its reusability. The present co-author, cited in references [48,50], changed her
surname after these studies were published. Published stack results are minimal and limited mostly to
modeling [51–56].

Subzero PEMFC cold-starts are possible due to non-frozen water found in the membrane
and catalyst layers of the MEA that support proton conduction (σH+ ) and rapid exothermic heat
generation [57,58]. Ohmic heat generation contributes to cold-start performance and is dependent on the
initial water concentration. A portion of water in the ionic domains of the membrane and catalyst layers
remains non-frozen at subzero temperatures due to colligative and supercooling effects [59]. Liquid
water is retained within the catalyst//ionomer aggregate interfaces due to attractive forces of the charged
ionomer end-chain sites (−SO−3 ), allowing interconnected transport through the agglomerates between
the membrane and catalyst layers. The vapor-saturated water content (λ) at the aggregate interfaces is
typically less than 14 and reaches a maximum of 22 for liquid saturated [54,60]. The hydrogen fuel
supplied to the anode catalyst layer is electrooxidized to protons and electrons, H2 → 2H+ + 2e− .
The protons are transported through the hydrated ionic domains from the anode layer through the
membrane to the cathode layer. In the presence of supplied oxygen, protons and electrons recombining
within the cathode catalyst layer to form product water and heat, O2 + 4H+ + 4e− → 2H2O .

Herein, a single cell quasi-adiabatic PEMFC fixture was designed to be structurally engineered
for reproducible subscale cold-starts. Subzero isothermal water fill tests are shown to inadequately
advance the understanding of the operational impact of the initial water content (λinitial) on automotive
stack relevant cold-starts. At −20 ◦C, isothermal water fill tests under 10 mA cm−2 applied loads were
compared to cold-starts with loads set to 600 mA cm−2.

2. Results and Discussion

2.1. Quasi-Adiabatic PEMFC Fixture Design

The design constraints required for a single-cell subzero cold-start PEMFC fixture are (i) thermal
isolation of the flow fields and MEA from the endplates, (ii) impervious humidified gas manifolds,
(iii) structural uniformity of the active area under axial load, and (iv) high electrical conductivity
between the anode and cathode sides of the PEMFC through an external circuit. Material compatibility
issues of the multi-layered testing PEMFC fixture are exacerbated due to frequent thermal cycling
between subzero temperatures and up to 80 ◦C. Figure 1 shows one side of the symmetric hardware
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(flow fields, heater, gas and coolant manifold, insulation, and end plates) used in the quasi-adiabatic
fixture. The geometric active surface area of the quasi-adiabatic fixture was scaled down from the
prototypic cell size found in automotive stacks (16 versus 320 cm2 active area) to simplify development
and conservatively minimize any expected issues with flow field deflection; however, it is expected the
active area and other geometries are scalable to develop an optimized fixture.

Figure 1. One half of symmetric quasi-adiabatic single-cell hardware. The parallel coolant channels are
machined into the backside of the graphite flow field plate.

2.1.1. Humidified Gas Manifolds

The nature of material properties makes porous structures more thermally insulated, thus
satisfying constraint (i) above, but failing constraint (ii) that requires humidified gas containment.
Therefore, two distinct layers were required to insulate and distribute humidified gasses to and from
both sides of the MEA. Several ridged, high-density plastics were considered for the humidified
gas manifold, see Table 1. All the plastics presented in Table 1 have acceptable high densities
(>1200 kg m−3) for excluding H2 leakage and sufficiently high temperature limits (>121 ◦C) for thermal
stability within the operating range of a PEMFC (−40 ◦C↔ 90 ◦C). The manifold material must be
machinable and not brittle for threaded fittings to connect humidified inlet and outlets. The ideal
plastic would have a high compressive strength and compressive modulus to maintain uniformed
axial load across the PEMFC fixture during thermal cycling and subsequent rebuilds (constraint (iii)),
while having low thermal conductivity (constraint (i)) to retain heat generated by the MEA during
PEMFC operation. An additional requirement of constraint (ii) is that the manifold material would not
allow water adsorption, as it would freeze, fracture the material, and cause structural failure below
0 ◦C. Table 1 highlights the maximum and minimum material property values for the high-density
plastics considered, underlined and underlined in shaded gray box, respectively. Only materials
with low water adsorption (<1%) were considered to ensure the structure integrity of the fixture.
UTC-Power adiabatic fixtures used high-density polyamide-imide (Pyropel-HD) as the internal gas
manifold material with the maximum compressive modulus of all the plastics from Table 1. However,
due to cost and embrittlement issues that made the inlet and outlet connector junctions prone to stress
breakage, it was not selected. The manifold material was selected from the remaining plastics in Table 1
by optimizing the lowest range for both thermal conductivity and water uptake. Polyvinylidene
fluoride was not selected although it had the lowest water uptake (0% of lower limit in range), as the
thermal conductivity was on the higher end (47.8% of lower limit in range). Polycarbonate (PC 1000)

189



Molecules 2020, 25, 1410

was selected as the internal gas manifold material for the fixture as it had the lowest combination of
thermal conductivity (11.0% of lower limit in range) and water uptake (8.9% of lower limit in range).

Table 1. High-density polymers considered for the gas manifold of the quasi-adiabatic PEMFC fixture.
The highest and lowest material properties values of each type are underlined and the highest is further
identified by a shaded gray box. Not available (N/A).

Polymer Type Trade Name Supplier Density
(kg m−3)

Maximum
Operating

(◦C)

Compressive
Strength

(MPa)

Compressive
Modulus

(GPa)

Thermal
Conductivity
(W m−1 K−1)

Water
Uptake

(%)

Polyvinylidene
fluoride

Symalit
unfilled Quadrant 1780 149 68.9

(10% def) 1.1 0.216 0.05

Polyimide D7000 PI Quadrant 1380 240
145

(5% nom
strain)

N/A 0.22 4

Polyethersulfone PES Westlake
Plastic 1370 N/A 100 2.68 0.239 1.85

Polyamide-imide Pyropel-HD Albany
International 1360 288 N/A 3.72 0.23 Est 0.58

Polyaryletherketone AV-848 Solvay
AvaSpire 1320 N/A 118 N/A 0.22 0.5

Polyetherimide Duratron
U1000 Quadrant 1280 171 152 (10% def) 3.31 0.177 1.25

Polysulfone PSU 1000 Quadrant 1240 149 89.6 (10% def) 2.59 0.259 0.6

Polycarbonate PC 1000 Quadrant 1200 121 79.3 (10% def) 2.07 0.186 0.4

2.1.2. Insulation

Several porous semi-ridged materials were considered to promote retention of the heat generated
by the MEA, as listed in Table 2. The density and thermal conductivity of the materials were an order
of magnitude lower than that of the humidified gas manifold, thus improving the insulating properties
of the material. All the materials presented in Table 2 have acceptably low densities (< 480 kg m−3) that
allow them to be insulative and sufficiently high temperature limits (> 149 ◦C) that enhance thermal
stability within the range of PEMFC operation (−40 ◦C↔ 90 ◦C). However, the decreased density made
the material more porous and susceptible to entrainment of condensed water from the interior of the
environmental chamber. The first three materials listed (polyisocyanurate, cellular glass, and calcium
silicate) are common insulators with low compressive strength, ranging from 0.2↔ 0.7 MPa, and low
thermal conductivity, averaging around 0.043 ± 0.022 W m−1 K−1. However, their open structure
leads to high water uptake that would result in structural deformation nonuniformly altering the
axial load across the active cell area, thus negatively impacting sealing of the manifold and electric
continuity. The subsequent materials were of two distinctly different types: synthetic nonwoven
fibrous polyimide and naturally grown balsa wood. Balsa wood is a common low-cost, low-weight
construction material used for applications such as aircraft construction. In each of these families of
materials, the compressive strength increases with density, and the thermal conductivity adversely
increases as well. The natural strength of balsa woods is due to the multilayering of primary and
secondary walls, forming a randomly distributed fiber-reinforced composite that resists out-of-plane
deformation [61].
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Table 2. Semi-ridged materials considered as insulation of the quasi-adiabatic PEMFC fixture.
The highest and lowest material properties values of each type are underlined and the highest
is further identified by a shaded gray box. Not available (N/A).

Material Trade Name Supplier Density
(kg m−3)

Maximum
Operating

(◦C)

Compressive
Strength

(MPa)

Compressive
Modulus

(GPa)

Thermal
Conductivity
(W m−1 K−1)

Polyisocyanurate TRYMER
2000 XP

ITW Insulation
Systems 32.8 149 0.16«0.21 0.003 << 0.005 0.027

Cellular Glass FOAMGLAS
ONE

Pittsburg
Corning 117 482 0.62 0.9 0.032«0.054

Calcium Silicate Thermo-12
Gold Johns Manville 230 1200 0.690 (5% def) N/A 0.053«0.058

Nonwoven
Polyimide

Pyropel
MD-12

Albany
International 190 288 0.07 0.006 0.036

Nonwoven
Polyimide

Pyropel
MD-18

Albany
International 290 288 0.1 0.015 0.041

Nonwoven
Polyimide

Pyropel
MD-30

Albany
International 480 288 0.41 0.1 0.049

Balsa SB.50 AIREX AG
BALTEK 109 163 5.5 1.6 0.048

Balsa SB.100 AIREX AG
BALTEK 148 163 9.2 2.5 0.066

Balsa SB.150 AIREX AG
BALTEK 285 163 22 4.4 0.084

The percentage of water uptake was evaluated for both Pyropel and balsa wood by immersion in
water. Immersion was a severe scenario as the only source of water that could contact the insulating
material would be condensed water from the environmental chamber. Water uptake was found to be
245% over the dry weight for Pyropel MD-18, Figure 2. The as-received balsa wood water uptake was
50%, compared to the initial mass. Sealing the wood surface with a thin coating of polyurethane reduced
the water uptake to only 14%. Coated balsa wood was selected as the insulating material due to the
combination of relatively high compressive strength, low water uptake, and low thermal conductivity.

Figure 2. Water uptake of down-selected insulation materials for 15-min water immersion.

2.1.3. Uniformity of Applied Axial Load

The peripheral manifolds and insulation parts of the assembly surrounding the MEA must
apply uniform axial load across the faces of the flow fields to retain gasses and ensure electrical
continuity between the catalyst layers and the current collectors. To compare the quasi-adiabatic
fixture’s compression uniformity across the MEA with the standard fixture used in previous studies
(Figure 3), pressure paper was used instead of the membrane and catalyst layers. Note that the vertical
line in Figure 3a is an artifact from the pressure paper and should be disregarded. The standard
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PEMFC fixture had a flow field geometry identical to that of the quasi-adiabatic PEMFC fixture.
The compression of the quasi-adiabatic fixture (Figure 3a) was mostly uniform across the face of the
flow fields, but intensity was less than that of the standard fixture (Figure 3b). The torque was not
increased above 70 in·lbs due to concerns with deflection of the endplates compromising the contact in
the center of the MEA.

Figure 3. Compression paper for contact intensity and uniformity between the 16 cm2 flow fields
(a) quasi-adiabatic fixture and (b) standard fixture. Each fixture was torqued to 70 in·lbs.

2.2. PEMFC Testing

Use of both the quasi-adiabatic fixture and a standard fixture allowed for characterization of the
MEA at normal operating conditions (both fixtures), cold-starts from −20 ◦C, and isothermal water fill
tests at −20 ◦C.

2.2.1. Operating Performance

In Figure 4, the conditioned PEMFC H2/Air polarization curves of the quasi-adiabatic and a
standard PEMFC fixture for the same MEA, black and gray, respectively, are compared. The 76 mΩ cm2

additional resistance of the MEA in the quasi-adiabatic fixture (Figure 4a) is related to the compression
issues shown in Figure 3. The cell voltages are corrected using current interrupt resistance (iR-corrected)
to compensate for electronic resistance losses due to the reduced axial loading of the quasi-adiabatic
PEMFC fixture. The iR-corrected polarization profiles are nearly identical in the ohmic and mass
transfer regions. The resistance of the quasi-adiabatic PEMFC fixture is 45% greater than that of the
standard fixture.

Figure 4. H2/21% O2 polarization curves at 80 ◦C cell temperature and 44.3% relative humidity
under ambient pressure for the quasi-adiabatic fixture and a standard fixture (a) cell voltage and
(b) compensated iR free cell voltage.
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2.2.2. Water Fill Tests

There are five stages to a low-applied load water fill test: (i) initial supply of reactant gasses
elevating the cell voltage, (ii) hydration of the interconnected ionomer domains of the MEA once the
initial load is applied, (iii) maintenance of quasi-steady-state cell voltage during the attainment of
maximum ionomer hydration, (iv) filling of the large non-hydrophilic pores of the cathode catalyst layer
reducing O2 mass transport, and (v) freeze-out due to ice blockage in the cathode catalyst layer [18].
During these water fill tests, the product water was restricted from entering the diffusion media under
the applied test conditions of low water-production rate, low-heat generation rate, and minimal flow
rates (no convective transport of water). Under an applied load of 10 mA cm−2, the water storage
capacity was evaluated for two different pre-conditioned λinitial(3.2 and 6.2) at −20 ◦C. The λinitial was
selected to match multiple published water fill tests—the lower setpoint (λinitial = 3.2) represents a
dry PEMFC scenario, while the higher setpoint (λinitial = 6.2) is closer to an operating PEMFC. Both
λinitial condition profiles had an initial jump in voltage although the high λinitial resulted in a higher
initial cell voltage (Figure 5a) due to a lower initial resistance (Figure 5b). The maximum cell voltage
was reached at similar times (>1 min) and values (0.81 V). The run with the lower λinitial stayed in
the quasi-steady-state cell voltage stage >5 min longer due to a high ionomer fill capacity caused by
starting at a lower ionomer hydration level and water movement from the ionomer caused by resistive
heating [15]. The freeze-out stage was identical for both pre-conditioning hydration levels. The water
storage capacity, calculated using Faraday’s Law, of the higher λinitial of 6.2 preconditioned water fill
tests was only 12.8 ± 0.4 mg while that of the λinitial runs of 3.2 was 17.4 ± 0.3 mg.

Figure 5. Preconditioned initial water content runs (3.2 and 6.2) isothermal water fill test at 10 mA cm−2,
−20 ◦C and H2/21% O2 (0.05/0.1 lpm, respectively). (a) Cell voltage and (b) cell resistance versus time
on load.

2.2.3. Cold-Starts

The impact of adjacent cell heating, λinitial, and galvanic versus potentiostat applied loads were
investigated on −20 ◦C cold-starts. The galvanically applied load of 600 mA cm−2 was selected to
match the work published by Balliet and Newman on UTRC’s quasi-adiabatic PEMFC fixture [49].
The applied galvanic load establishes the PEMFCs maximum attainable current density with the
cell voltage approaching 0 V. In a PEMFC stack, it is common for the end cells to reach negative
voltages during the first few seconds of a subzero cold-start because the overall voltage of the stack is
positive. Table 3 summarizes the cold-start conditions investigated within this study: λinitial, adjacent
cell heat-adjustment factor, and applied load. The heat-adjustment factor was included to supplement
heat that would be provided from neighboring cells in a stack [49,51], as well as thermal losses in the
quasi-adiabatic fixture. The heat comes from resistive heating pads located adjacent to the coolant
loops of the flow fields enshrouded by the balsa wood. Each type of cold-start was preformed twice to
ensure reproducibility. Representative cold-start profiles are shown in Figure 6.
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Figure 6a,b compare the power density and cathode flow channel temperature versus time,
respectively, for the four types of cold-start presented herein. The power densities were initially low
for all of the galvanic cold-starts while the potentiostatic start instantaneously had power because
the cell voltage was maintained above 0 V. For all cold-start conditions reported herein, the current
density increased with time on load at subzero temperatures until the set point of 600 mA cm−2 could
be supported by the cell voltage. Once the current density exceeded the set point, it was adjusted back
down by the Scribner fuel cell software, allowing the cell voltage to rise to higher values. The current
density improves as the temperature of the MEA increases, due to increased reaction kinetics and
proton conduction through the ionomer. To correlate the subzero dependent current density and cell
voltage response during a cold-start, the time scale origin was positioned such that it corresponded
with the time the cell temperature reached 0 ◦C, as shown in Figure 6c. The cell-resistance profiles,
proportional to proton conduction, were similar for all the cold-starts (Figure 6d) due to similar ionomer
water contents, with the exception of the lower adjacent cell heating adjustment factor of 1×.

Figure 6. Preconditioned initial water content runs (3.2 and 6.2), cold-start tests under set galvanic
load of 600 mA cm−2, or applied potentiostatic hold of 0.1 V at −20 ◦C and H2/21% O2 (0.5/0.75 lpm,
respectively). (a) Power density and (b) cathode channel temperature versus time on load. (c) Current
density and (d) cell resistance vs. time on load from 0 ◦C.

2.2.4. Heat Adjustment Factor

In Figure 6, doubling the predicted adjacent cell heating adjustment factor (1×→ 2×) significantly
impacted the cold-start response profile for an λinitial of 3.2 is shown. The output of the heating
pads (Q in Watts) was scaled by a multiplier of either 1 or 2 to equation 1 to compensate for the
load-dependent fraction of heat that would be lost under applied load (current (i) in Amps) times the
overpotential calculated from the difference between the thermoneutral voltage (1.48 V) and the cell
voltage (V in volts) [49].
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Q = Ai(1.48−V) (1)

where A is the geometric surface area of the PEMFC.
The resulting key cold-start performance metrics are summarized in Table 3 and include the

average of both runs with standard deviation. The initial applied current density increased by a
factor of 3.75 for the higher heating adjustment factor. The non-zero rise in voltage for the 1× heating
adjustment factor occurred at a cathode flow field channel temperature around −3.1 ◦C, while for 2×,
the transition was near 4 ◦C. The thermocouple point of contact is unknown within the cathode flow
field channel and most likely a combination of the solid flow field temperature and the exterior of the
cathode diffusion media. The mass of the flow field channels acts as a heat sink, reducing the internal
temperature of the cathode flow channel, and hence, yielding the negative non-zero temperature
transition for the lower heating adjustment factor. The increased heat adjustment factor suggests that a
lower non-reactive thermal mass and lower thermal mass would yield a more successful cold-start.
The sluggish heating profile of the lower heating adjustment factor increased the required cold-start
time until usable power was available. After 1 min into the cold-start, the lower heating adjustment
factor (1×) power density output was only 35% compared to the 2× cold-start (Figure 6a).

Table 3. Cold-start parameters used in tests from Figure 6 and corresponding select performance metrics.

Cold-Start Parameters

Heat Adjustment Factor 1× 2× 2× 2×
Initial Water Content 3.2 3.2 6.2 6.2

Applied Load 600 mA cm−2 600 mA cm−2 600 mA cm−2 0.1 V

Cold-Start Performance Metrics

Initial Current Density (mA cm−2) 47 ± 15 129 ± 8 361 ± 3 402 ± 3

Temperature of Cell Voltage Rise (◦C) −3.1 ± 0.1 4.0 ± 0.6 −0.9 ± 1.0 −1.8 ± 1.0

Time to Cell Voltage Rise (min) 0.78 ± 0.01 0.65 ± 0.09 0.39 ± 0.01 0.38 ± 0.01

Time to Power > 40 mA cm−2 (min) 0.78 ± 0.01 0.65 ± 0.09 0.39 ± 0.01 0.09 ± 0.01

Time to 20 ◦C (min) 5.6 ± 0.1 1.6 ± 0.1 1.4 ± 0.1 1.4 ± 0.1

Other heating adjustment factors could be used to match other cell designs and materials.
The heating pads output is an independent variable enabling the simulation of inner stack cells
(symmetric heating case) or end cells (asymmetric heating case). Anomalous cells, arising from
partially blocked coolant/flow field channels or degraded materials, can also give rise to other
asymmetric heating cases for contiguous cells. Validation of heating adjustment factors with stack data
requires significant resources and is not trivial because in-situ heating fluxes for all cells in a stack due
to heterogeneous components and locally variable heat fluxes. Even if heating adjustment factors are
empirically matched using single cell and stack data, a significant amount of work and resources are
still required. For these reasons, validation of the quasi-adiabatic fixture with stack data was deemed
outside the scope of this report.

2.2.5. Initial Water Content

Increasing the λinitial from 3.2 to 6.2, using a heating adjustment factor of 2×, improved the
cold-start performance; however, this result was counter to the two-thirds higher isothermal water
storage capacity results (Figure 5) for the lower λinitial 3.2. For the higher λinitial found upon initially
applying the load, the cell voltage could sustain nearly double current density because of the more
optimal distribution of interconnected non-frozen water domains within the ionomer previously
quantified with subzero electrochemical impedance spectroscopy in Dr. Rice’s lab [15]. The measured
cold-start time until the voltage increased on average was reduced from 0.65 min to 0.39 min for the
higher λinitial, translating to appreciable power densities sooner.
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2.2.6. Applied Load

The type of applied load controlled the onset of appreciable power densities during the initial
phase of the cold-start. Jiang and Wang demonstrated that potentiostatic cold-starts maximized the
heat output [47]. The potentiostatic hold of 0.1 V multiplied the current density to get instantaneous
power densities. The initial current density was 1.8× greater than that of the galvanic applied load
under identical conditions.

3. Materials and Methods

3.1. PEMFC Assembly

Tests were performed in two different symmetric subscale PEMFC fixtures with an active area of
16 cm2. The proton-conducting membrane used was Nafion HP (Ion Power, New Castle, DE, USA).
The anode and cathode catalyst layers were directly sprayed (Badger Airbrush 150) onto the membrane
with a final loading of ~ 0.4 mgPt cm−2 (46.6% Pt on high surface area carbon, Tanaka, Chiyoda-ku,
Tokyo) and 30 wt% Nafion (1100EW, Ion Power). The microporous side of the hydrophobic gas diffusion
layers (SGL25BC, Ion Power) were positioned adjacent to the catalyst layers. The symmetrically
sandwiched gas diffusion layers and catalyst layers around the membrane comprise the membrane
electrode assembly (MEA). Polytetrafluoroethylene films (Interplast) sealed the perimeter of the
compressed gas diffusion layers against the flow fields.

Figure 1 shows one side of the symmetric hardware (flow field, heater, gas and coolant manifold,
insulation, and end plates) used in the quasi-adiabatic fixture. The build layup and dimensions are
summarized in Table 4. Two dual-sided flow fields/coolant channels were machined out of graphite
(BMC-940, MetroMold, Rogers, MN, USA), the flow fields were comprised of opposing triple serpentine
channels (width 0.75 mm, depth 1 mm, and land/channel ratio 1.5) to provide reactant transport,
and parallel coolant channels (width 2.54 mm, depth 1.52 mm, and land/channel ratio 1) assisted
thermal management through heat generated at nominal operating temperatures of the applied load
(80 ◦C circulating 60% ethylene glycol/40% water, Isotemp 9500, Fisher Scientific, Hampton, NH, USA).

Table 4. Symmetric lay-up of quasi-adiabatic PEMFC fixture centered around the
proton-conducting membrane.

PEMFC Fixture Component Count Thickness
(cm)

Total Area
(cm2) Seal (cm)

Standard
Components

Membrane
Electrode
Assembly

Membrane (center of build) 1 0.002 20.25
Catalyst Layer 2 > 0.001 16

Gas Diffusion Layer
(uncompressed) 2 0.0235 16 0.0152

Flow Field 2 0.635 62.4
Electrical Contactor (uncompressed) 2 0.019 16 0.0102

Current Collector 2 0.0178 25.8

Adiabatic
Portion

Heating Pad 2 0.0127 25.8
Manifold 2 2.03 84.5
Insulator 2 5.08 130.6
Endplate 2 1.27 130.6

The standard portions of the fuel-cell fixture used in both the standard and quasi-adiabatic
fixtures had current collectors (gold-plated copper, electroplated in-house) compressing the flow
fields. To maintain electrical continuity between the flow fields and the current collector at the
non-reactive interfaces, a compressed non-hydrophobic SGL25AA was placed in the window of the
polytetrafluoroethylene seal. Kapton-encased resistive heating arrays (Omega Engineering, KH-608/5-P,
Norwalk, CT, USA) were positioned near the coolant side of the flow fields. Aluminum end plates
(6061-T6) external to the quasi-adiabatic portion of the fixture and stainless-steel bolts torqued to
40 in-lbs. were used to maintain uniform electrical contact and force across the MEA. The quasi-adiabatic
portion of the fixture had internal gas manifolds made of polycarbonate (Quadrant EPP PC 1000,
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Reading, PA, USA) and were insulated from the aluminum endplates with spray-polyurethane sealed
Balsa wood (Specialized Balsa Wood, LLC, Loveland, CO, USA).

3.2. Instrumentation

A Scribner 850e fuel cell test system was the central control unit for the PEMFC testing
presented herein. The system monitored cell voltage, temperature and high frequency cell resistance,
while establishing reactant gas flow with specific relative humidities (RH), applied load, and
isothermal temperature. A Labview program and supporting hardware were used to monitor
test station/software communication and perform the necessary actions for the freezing and cold-start
sequence. The thermocouple used to monitor the PEMFC temperature was a flexible ultra-fine
(insulated 0.24 mm diameter) designed for in-vivo applications (T-type, Physitemp IT-24P) with an
accuracy of ± 0.1 ◦C and located in the cathode flow field channel. Sub-zero temperatures were
established using the Isotemp 9500 lab chiller and a ScienTemp 43–1.7 chest freezer equipped with
a bulkhead fitting to allow electrical and feed/exit line connections. The membrane resistance was
monitored under non-applied load conditions using a Milliohm meter (Agilent Technologies, 4338B,
Santa Clara, CA, USA). During cold-starts, the Labview program monitored the current and voltage
measured by the test station to emulate adjacent cell heating. The heating pad output was set to be
a multiple of the heat that would be generated from adjacent cells in a stack (1× and 2×) and was
controlled by two independent-phase angle fired controllers (Eurotherm Corp., Model-984, Worthing,
United Kingdom).

3.3. Materials Characterization

Water uptake tests were performed on both the manifold and insulation materials by immersing
approximately 10 g cubic samples in water at room temperature for 15 min and evaluating mass
increases. Contact uniformity under axial load was evaluated using compression paper (super low,
Fujifilm, 0.5–2.5 MPa) instead of the membrane and catalyst layers between the flow fields.

3.4. PEMFC BOL Conditioning

At the beginning of life (BOL), to hydrate and activate the PEMFC, 10 cathode potential cycles
were run at 80 ◦C (gas feed dew points 75% RH) by maintaining the anode potential at 0 V vs. DHE
(100% H2, 0.75 slpm) and varying the cathode potential by switching between 100% N2 (~0.12 V,
1.5 slpm) and air (>0.9 V, 21% O2 in a N2 balance, 1.5 slpm). The RH of the PEMFC feed steams was
calculated from the due points (TDP) of the saturators for the specific cell temperature (T) according to
the August-Roche-Magnus approximation [62] (Equation (2)):

%RH = 100%




exp(
17.625TDP

TDP+243.04 )

exp(
17.625T

T+243.04 )


 (2)

Then, H2/Air polarization curves were performed from open circuit to 0.3 V until the voltage
response profile stabilized. Between all polarization curves, the accumulated surface oxides on the
cathode surface were reduced in the presence of N2 to remove surface oxides.

3.5. Freeze Pre-Conditioning

The initial water content (λinitial) was reestablished prior to each subzero test by (i) repeating five
H2/Air and H2/N2 potential cycles at 80 ◦C (45% RH), (ii) two H2/Air polarization curves at 80 ◦C
(45% RH), and (iii) establishing the equilibrium λinitial by purging the cell with symmetric N2 (0.75 slpm)
at either 45 ◦C (45% RH) or 35 ◦C (75% RH) for >18 h. After the equilibrium purge, the gas feed/exit
lines were closed, an electrical shorting strap was placed across the anode and cathode to protect the

197



Molecules 2020, 25, 1410

cathode from high carbon corrosion potentials (>0.6 V), and the cell was frozen to −20 ◦C. The λinitial’s
were calculated from the feed %RH’s using the equation developed by Hinatsu et al. [63] (Equation (3)):

λinitial = 14.1
(%RH

100

)3
− 16

(%RH
100

)2
+ 10.8

(%RH
100

)
+ 0.3 (3)

The λinitial values used within this study were 3.2 and 6.2 (45% RH and 75% RH, respectively).
Prior to all subzero testing, the coolant was purged from the PEMFC coolant channels.

3.6. Water Fill Tests

After the completion of all cold-start variations, the MEA was removed from the quasi-adiabatic
fixture and installed in a reference PEMFC fixture, and then subzero isothermal water fill tests were
performed at −20 ◦C [15]. Initially, the open circuit voltage was established in the presence of H2/Air
(0.05/0.10, 0% RH), on the anode and cathode, respectively. A small constant load of 10 mA cm−2 was
applied until the cell voltage dropped below 0.1 V. Runs were repeated 2–3 times to ensure accuracy.

3.7. Cold-Starts

Subzero cold-starts were performed at −20 ◦C in the quasi-adiabatic PEMFC fixture. Initially, the
open-circuit voltage was established in the presence of H2/Air (0.5 slpm/0.75 slpm, 0% RH), on the
anode and cathode, respectively. Under applied load using the upper set point value of 600 mA cm−2,
the stoichiometry was never less than 2. The applied load was controlled either galvanically or
potentiostatically. The galvanic loads were ramped up to the set point in less than 1 min as the
non-negative PEMFC voltage could sustain higher currents. The potentiostatic hold was initially set
to 0.1 V. The output of the heating pads (Q in Watts) was scaled by a multiplier of either 1× or 2× to
Equation (1). Runs were repeated 2–3 times to ensure accuracy.

4. Conclusions

Single-cell,−20 ◦C cold-starts were attained in a quasi-adiabatic fixture, consisting of polycarbonate
gas manifolds and balsa wood insulation. This fixture used heating pads placed on the exterior of the
internal flow fields to simulate the anticipated heat from adjacent cells in a stack. A 2× heating factor
was used due to adjacent cell heating and thermal losses from the flow-field mass. The quasi-adiabatic
single-cell fixture can emulate the thermal temperature rise and product water redistribution during
cold-starts. Only a limited number of published, stack-level cold-start results, restricted mostly to
simulations, are presented in the literature. The majority of the published subzero PEMFC testing
is done on single cells and quantifies the water fill capacity before freezeout using a water fill test.
The results presented herein succinctly demonstrate the inadequacies of the commonly used lab
scale isothermal water fill tests in validating operational and material subzero cold-start capabilities.
The higher rate of water production during the galvanic cold-starts (600 mA cm−2) showed maximum
hydration of the membrane within less than 2 min in contrast to the 4–8 min required in the isothermal
water fill test (10 mA cm−2). As the internal cell temperature rose above 0 ◦C during a cold-start,
nearly 20 mg of water were produced. However, for the isothermal water fill test, the highest water fill
capacity (λinitial = 3.2) was only 17.4 mg. The higher λinitial of 6.2 had a lower isothermal water storage
capacity than that of 3.2, but conversely, a galvanic cold-start resulted in a shortened time to usable
power. The potentiostatic cold-start (0.1 V) provided useful power immediately, resulting in superior
cold-start performance.
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