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The electrode is the key component of the membrane electrode assembly (MEA) of proton exchange membrane
fuel cells (PEMFCs). The electrochemical reaction of
electrical energy occurs at the catalyst site. Attempts to improve the performance and durability of electrodes
have sought to overcome the challenges arising from utilizing PEMFCs as an efficient and competitive energy
source. To accomplish this goal and to solve the problems related to using PEMFC electrodes, the structure and
function of each component and the manufacturing method must be comprehensively understood, and the

ogen (fuel) and oxygen that transform into water and

electrode performance and durability of the cell must be characterized. Therefore, in this paper, we discuss the
components, preparation, functions and performance of the electrodes used in PEMFCs. This review aims to
provide comprehensive information regarding PEMFC electrodes.

1. Introduction

The proton exchange membrane fuel cell (PEMFC) is the most
promising candidate for renewable and sustainable energy conversion
devices due to its zero CO, emissions. This technology is ted to be
an efficient energy source that is free of pollutants, and 1t has a high

gy density compared to conventional energy sources. Considering
e global energy demand from the human population, the threat of
fossil fuel shortage is a major concem. Therefore, extensive research
and development have been focused on renewable energy sources as
well as reducing of CO, emissions. PEMFCs are widely used as clean
energy conversion devices, especially in vehicles and in stationary and
portable power generation systems. Because of their power density,
energy efficien ck of pollutant emissions and low operating tem-
perature [1-7]. However, the commercialization success of PEMFCs
depends on their ability to demonstrate optimal fuel to electricity
conversion with a high current density [5].
In PEMFCs, hydrogen (H.) gas feed at the anode is oxidized to
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release protons and electrons. The electrons generate electricity at the
external circuit connected to the load. The hydrogen ions (protons)
migrate through the polymer electrolyte (proton exchange membrane)
to recombine with electrons and oxygen to produce water at the
cathode. There are two important key factors that slow the develop-
ment and commercialization of PEMFCs: cost and durability. The high
cost of PEMFCs is largely due to the use of noble metals (platinum) as
catalysts, which accounts for 55% of all PEMFC manufacturing costs
[9]. While researchers are currently seeking alternative catalysts, pla-
tinum is still the most commonly used catalyst because it is very ef-
fective and has a high chemical stability, exchange current density and
work function [10]; however, platinum is expensive and easily poi-
soned [11].[kerefore, the development of fuel cells is directed toward
developing new electrodes and reducing the use of platinum catalysts
[11,12], perhaps even by replacing platinum with a non-noble metal,
such as Co, in the anode [9]. Although their performance is not as high
as that of a platinum catalyst, Co catalysts in PEMFCs may decrease the
cost of PEMFC manufacturing. The durability of a PEMFC varies
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1
according to 1ts application mode. In 2015, the DOE (Department of

Energy; USA) declared a lifetime target of 5000 h for vehicle energy
systems and 40,000 h for stationary power systems. However, the actual
PEMFC technology achievements to date are 1700 and 10,000 h, re-
spectivelff}L 2 ]. Some durability test standards have been developed by
the DOE and the F 1l Testing and Standardization Thematic Net-
work (FCTESTNET). In addition to endurance tests, accelerated tests are
also used for conditioning or fuel cell incubation to achieve optimum
conditions. Depending on the membs electrode assembly (MEA)
type, conditioning can require several hours or even days. Some theo-
retical aspects and considerations for conditioning include activating
and cleaning the catalyst fro purities, cleaning the remaining cat-
alysts and membranes from the dry and wet membrane electrode
structures and activating the Nafion ionomer as a proton cond@Btor
[14]. A commonly used method involves heating the cell without a gas
supply followed by applying a shortcut connection between the anode
and cathode for a few minutes. After the hydrogen and oxygen gas flow
and the voltage reach 1.0V OCV (open circuit voltage), the fuel cell is
operated under a load for 6 h. The conditioning process is considered
complete when the voltage changes by < 1mV.

Discussing the structure, components, manufacturing, and char-
acterization methods of electrodes is very important for highlighting
and solving the problems related to PEMFC electrodes. Researchers
have attempted to investigate electrodes to improve their performance
and durability, but a limited number of review papers exist regarding
all aspects of the electrode. For example, Litster et al. [12], focused on
the catalyst layer (CL) in a very constructive manner but presented a
limited discussion on the gas diffusion layer (GDL). In fact, the current
research has focused on the durability of electrode materials, but the
degradation of the PEMFC cannot be avoided. However, the degrada-
tion can be minimized by understanding the degradation mechanism
and cell components [14].

This paper intends to review the prior studies on electrodes re-
garding the function of the catalyst components, manufacturing and
characterization methods, electrode performance and cell durability to
provide a reference for future electrode researchers. Moreover, the aim
of this work is to provide a critical review as well as a comprehensive
discussion on the electrode synthesis process, the function of electrode
components in terms of cell performances, and electrode system man-
agement that could be effective for PEMFC researchers.

2. Electrode structure and components

Generally, electrodes are constructed with three layers: the backing
layer (BL), gas diffusion layer (GDL) and catalyst layer (CL) [15]. Some
researchers consider that an electrode is composed of two layers, the
GDL and CL, while the GDL consists of two layers, namely, a macro-
porous layer (MPL) of carbon powder and hydrophobic / hydrophilic
agents and a backing layer composed of carbon paper or carbon cloth.
The electrode structure according to Park [16,17] is presented in Fig. 1.

PTFE-bound
Microporous layer carbon powder
Gas diffusion
layer
Carbon-fiber

MacTEDArOUE KRyl treated with PTFE

T R Yl

Gas flow field

|

Fig. 1. Basic structure of PEMFC electrode (Reprint permission from Ref. [16]).
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During electrode preparation, the GDL (GDL= BL + MPL) and CL
g:vuld be carefully considered. The MPL that supports the catalyst layer
ould have the following features: electrical conductivity, good
interactions as a catalyst support, a high surface area, the ability to
repel water and prevent flooding, corrosion resistance and the ability to
easily restore catalyst functions [10]. The GDL and CL can be prepared
using several methods, including casting, painting and brushing [4,19];
injection molding [5,20]; impregnation [11,21]; spraying [17,22]; thin
layer deposition; using a catalyst coated membrane (CCM) [23,24]; and
electro deposition [25,26].

In addition to serving as electrochemical reaction centers, electrodes
must continuously allow electrons to flow from anode to the cathode
side. In accordance with this function, an electrode must fulfill three
aspects. First, the electrode must have appropriate pores for the re-
actants. Second, the electrode should contain a chemical catalyst to
break the bonds of the fuel to form more reactive ions. Third, the
electrode must conduct electrons to the external circuit A proper
PEMFC electrode structure has three phases: the gas phase reactant,
catalyst particles and ionic conductors. The catalyst particles must di-
rectly contact the electron conductor. Electrons will flow through the
carbon on which the catalyst particles immobilized [27].

In MEA, the electrodes included an anode and a cathode. anode
is the site where the hydrogen gas (feed) is oxidized and split into
protons (H*) and electrons. Protons can pass through the proton ex-
change membrane to the cathode site. In contrast, electrons flow
through the outer circuit to reach the cathode, thus generating elec-
trical energy. Meanwhile, oxygzen from the air is reduced at the cathode
to produce water (H,0). The electrochemical reaction that occurs at the
cathode is 4H* + 0% + 4" — 2H,0 as shown in Fig. 2.

Many electrode studies have focused on the electrochemical reac-
tions that occur on the cathode [21,28-34]. For example, the oxygen
reduction reaction (ORR) is slower than the hydrogen oxidation reac-
tion [35], requires a high catalyst content to maintain a tolerable re-
sponse speed [32], requires a large over potential and causes the loss of
80% of the cell voltage [36]. In addition, PEMFC applications (espe-
cially for vehicles) require more oxygen from the air at the cathode.
Since the oxygen content in air is approximately 20%, more oxidant
intake is required, and the catalyst must have a high affinity for oxygen.
Due to the increased oxidant flow, more impurities are introduced that
can cause catalyst poisoning. Yu et al. [36,37]| comprehensively dis-
cussed the catalyst activity and durability of Pt/C catalysts for PEMFC
cathodes. Moreover, many researchers [38-42] have focused on cata-
lyst poisoning by CO and H,S gases at the anode. Meland et al. [43]

Proton Carbon Electrically
Conducting Supported Conductive
Media Catalyst  Fibers

\

PEM

Catalyst GDL

Layer

Fig. 2. Electrochemical processes forming water at the cathode (Reprint permission from
Ref. [12]).
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suggested that CO poisoning e anode involves three stages; ad-
sorption / diffusion, the degree of charge transfer and proton hydration.
CO covers the active sites of the catalyst, adsorbs onto the carbon
matrix and then reduces the speed of hydrogen adsorption on the
electrode surface.

2.1. Gas diffusion layer (GDL)

2.1.1. GDL structure and functions

In general, the GDL is a mixture of carbon, water, alcohol and
polytetrafluoroethylene (PTFE) or other hydrophobic substances. The
purpose of PTFE is to facilitate the transport of gas and water during
fuel cell operation under flooding conditions [12,44]. The GDL con-
nects bipolar plates with the CL and consists of a macroporous layer as a
backing layer that is composed of carbon paper or carbon cloth and a
MPL that is composed of carbon powder and hydrophobic/hydrophilic
substances [16,17,45,46]. Han et al. [47] reported that a GDL needs to
only consist of a BL to be a monolayer GDL and should contain an
additional MPL to be a double-layered GDL. A few researchers [48,49]
have noted that a GDL can consist of a macroporous layer only (without
a MPL) or contain an MPL, and other researchers [50-53] have in-
dicated that the GDL is the BL on its own.

Carbon powder is one of the most important components in the
GDL. Comparison studies of carbon substrates as components of MPLs
or CLs have been conducted by a few researchers [10,47,54]. Carbon
black, Vulcan XC-72R, and acetylene black are commonly used as
carbon substrates, but progress has been made in using nanosized
carbon sources, such as carbon nanotubes (CNTs) and carbon nanofi-
bers (CNFs); substrates of MPL fillers and catalyst layers based on ti-
tanium, tin and silicon have also been widely used [10]. Liu et al. [55]
investigated the influence of the carbon black content (0-10 wt%) on
the performance of a PEMFC and found that the density of the carbon
paper increased with the increasing carbon black content. However,
this increase in carbon black content did not significantly increase the
thickness and resistivity of the carbon paper surface. The use of various
types of carbon and carbon-based compounds is essentially an attempt
to improve the performance and durability of PEMFCs.

Moreover, the BL has been used by several researchers [56-59] as a
supporting layer for PEMFC electrodes. In addition to the BL, the term
“supporting layer” has also been applied to gas diffusion backing (GDB)
[60,61] or gas diffusion media (GDM) [62-65]. The BL is a layer that
serves as a retainer and keeps moisture away from the electrodes [66].
It is also a gas diffuser and provides electron and water routes outside of
the electrode. Carbon-based materials are commonly used as BLs due to
their acid resistance, improved gas permeability, good electrical con-
ductivity, elastic characteristics under compression, and ability to
maintain porosity [16]. Thus, the BL must meet several requirements:
high electron conductivity, hydrophobicity for draining water and the
ability to facilitate gas transport to the catalyst layer for the electro-
chemical reaction [67]. In addition, the BL should be sufficiently strong
to support the overall electrode layer. Typical BL thicknesses are in
range from 0.2 to 0.5 mm. The carbon substrate in the BL forms mac-
ropores with 60-90% porosity, a 100-400 pm (0.1-0.4 mm) thickness
and a 20-50 pm pore diameter. The hydrophobic polymer depth merges
into the carbon substrate in the range of 5-40 pm [27].

The macropore substrate in the BL is the largest contributor to the
porosity for gas flow, and it has a high electrical conductivity. The MPL
{composed of carbon powder and PTFE and located between the BL and
CL) serves to reduce the resistance current, arrange the hydrophobicity
level and water traffic control [7.68-70] and prevent the CL from
seeping into the BL [47]. Nam et al. [7] showed the influence of the
MPL on water regulation. On the CL side, the MPL enhanced the cata-
lytic activity by lowering the degree and level of water saturation on
the MPL-CL interface, whereas on the GDL side, the MPL reduced the
level of saturation on the GDL. The addition of an MPL improves the
performance of the GDL. Han et al. [45] introduced a specific GDL
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called a CFGDL (carbon-filled gas diffusion layer) that pervaded both
sides of the carbon cloth of the MPL, and they found that the CFGDL
increased the electrical contact between the GDL and bipolar plates as
well as between the GDL and the catalyst layer. Additionally, the
CFGDL was a good support substrate for the catalyst layer. Han et al.
also showed that the best composition of the PTFE and carbon content
in the CFGDL was 40 wt% and 6 mg em ~2, respectively.

The GDL of the PEMFC performs several functions, such as a gas
spreader, current collector, and water guide [8,17,23]. The porous was
shown to GDL act as a gas spreader in an additional study [47], and it
also transfers heat from the catalyst layer to the current collector [46].
As a current collector, the GDL should be highly conductive. Moreover,
since the GDL contributes to removing water froﬂe electrode layer, it
should be sufficiently hydrophobic, especially when the fuel cell is
working at a high current density and using air as the oxidant [46,60].
Meanwhile, Lin et al. [71] stated that the GDL has three important
functions: controlling the water balance in the MEA, providing me-
chanical support for the MEA and facilitating the electrical contact
between the electrode and current collector. Further, studies based on
the hydrophobic and hydrophilic properties, gas diffusion, water
management and surface design of GDLs have been conducted. Ac-
cording to Arvay et al. [46], the GDL has four main functions: (1)
transmitting electrons to or from the CL with a resistivity range of
0-0.08 Q cm; (2) transporting the reactants and products to and from
the CL with a typical porosity of 0.7-0.8, (3) transporting heat from the
CL to the current collector, and (4) providing mechanical support for
the electrolyte. On the CL side, the MPL enhances the catalytic activity
by decreasing the size and level of saturation of the water spots at the
MPL-CL interface, while on the GDL side, the MPL reduces the level of
saturation by focusing the density level towards the GDL.

Cindrella et al. [8] reviewed the features of the GDL (hydro-
phobicity, porosity, permeability, transport properties, compaction and
structure) and its influence on the fuel cell performance and manu-
facturing and coating process. Meanwhile, Park et al. [16] reviewed
studies on GDL materials and design, and Arvay et al. [46] discussed
GDL characterization techniques. Furthermore, Zamel et al. [52] stu-
died the effective transport properties of PEMFCs and focused on the
GDL (structure, diffusion coefficient and thermal and electrical con-
ductivity). Therefore, the important features of GDLs were determined
to be the structural design, porosity, hydrophobicity, hydrophilicity,
gas permeability, water management and surface morphology. Al
though, the manufacturing cost of GDLs is not very high, these layers
greatly affect the PEMFC performance.

2.1.2. GDL preparation

The GDL is very important because its function directly affects the
PEMFC performance. Therefore, GDL research has grown to encompass
composition, manufacturing and characterization methods. As a part of
the GDL, BL research has received increasing interest, especially the
manufacturing methods and composition of BLs. BLs are usually com-
posed of carbon paper or carbon cloth that is coated with a Teflon
emulsion to increase the hydrophobic nature of the layer.

To improve the performance of the BL and MPL, the functions of the
PTFE content and other hydrophobic substances and their relationship
with the conductivity and hydrophobicity have been widely studied
[62,72-76]. Hydrophobicity is important for the GDL so that it can
repel water to avoid flooding. Therefore, PTFE is used to increase the
hydrophobicity to avoid the occurrence of flooding and closure of the
electrode pores [74]. In addition, PTFE provides some mechanical
stability in the GDL. Linet al. [44] investigated the influence of PTFE on
GDLs and noted that the addition of PTFE can increase the gas and
water transport when fuel cells operate during flooding. Many other
researchers have also investigated the influence of PTFE [62,77,78],
and they found different results for the optimal content of each com-
ponent depending on the material used. Moreover, other polymeric
substances are commonly used, such as polyvinylidene fluoride (PVDF),
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Fig. 3. The cell performance has recorded under varying polymer binders at 160 °C: (a) polarization curve and (b) power density (Reprint permission from Ref. [83]).

sulfonated polymer (Nafion) [79], polybenzimidazole (PBI), fluorinated
ethylene propylene (FEP), and polybenzimidazole-blended poly-
vinylidene difluoride (PBI/PVDF) [80-82]. Nafion is the conventional
polymer binder for low-temperature PEMFCs. However, at high oper-
ating temperatures, Nafion cannot function properly due to the water
dependency, and it may tend to block the catalyst reactive sites. The
PVDF binder results in a better performance than Nafion or PBI binder
under this condition. Su et al. [83] fabricated five types of GDEs using
the optimum binder content and the same catalyst loading (0.5 mg cm®)
and active area (5 cm?) for the Nafion, PTFE, PBL, PVDF and PBI/PVDF
blend separately. In a single cell, the PTFE and PVDF based GDEs ex-
hibited the best performance compared with the others as shown in
Fig. 3. The power density was recorded as 0.61 Wem? at 0.6V and
160 °C. The current density of PVDF-GDEs was 0.52 Acm® under the
same conditions. This result is 121% higher than the PBI and Nafion
based GDEs (0.24 Acm?), which is very promising for commercial ap-
plications [83,84]. Lim et al. [85] studied the influence of FEP as a
hydrophobic substance in the GDL on the performance of PEM fuel cells
using a Toray 090 backing layer. In addition, Liuet al. [51] used carbon
cloth as a BL and PEF as a binder and measured their thickness, contact
angle, horizontal gas permeability and resistivity. Li et al. [75] used
dimethyl silicone oil (DSO) on the cathode as a hydrophobic substance
to prevent flooding. Wang et al. [50] added sucrose on carbon paper for
further carbonization before adding PTFE, which increased the BL hy-
drophobicity by reducing the PTFE content. Chun et al. [86] utilized
two microporous layers, one had internal hydrophilic properties and
surface hydrophobic properties, and the other hydrophilic layer served
to increase the internal humidity, which improved the performance of a
single-cell PEMFC under low humidity conditions, as shown in Fig. 4.
Chiu et al. [74] introduced a sputtering method to add PTFE onto
carbon cloth to prepare BL electrodes. These authors suggested that this
technique is faster and cleaner. In the conventional method, macro-
pores are often blocked by large PTFE molecules which reduce the gas
permeability and electron transfer efficiency from the electrode. In
addition, the placement of hydrophobic substances can be accom-
plished via various methods, such as dipping, spraying and brushing
[16]. The effect of PTFE on carbon cloth and carbon paper are shown in
Figs. 5 and 6, respectively. Park et al. [17] explained the influence of a
GDL composed of carbon paper and carbon cloth with or without MPL
and analyzed properties such as the porosity, surface structure, hy-
drophobicity, water absorption, polarization and resistivity. They found
that carbon paper with 5wt% PTFE in the MPL exhibited better per-
formance than the commercial carbon cloth Elat-LT-1400 W and de-
monstrated that the total volume and average pore diameter of the
carbon paper were larger than those of the carbon cloth with the same
PTFE content. Meanwhile, Wang [87] analyzed and compared the
performance of carbon paper and carbon cloth in PEMFCs and noted
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Fig. 4. GDL polarization curves under different conditions: PAZAMLI for a single MPL,
PAZADL2 for a double MPL with the hydrophilic layer above and PAZADL3 hydrophilic
layer below (Reprint permission from Ref. [26]).

t carbon cloth is a better choice under high humidity conditions.
lowever, under dry conditions, carbon paper is better due to its pore
structure and ability to retain water to increase the moisture level of the
membrane and ionic conductor. The structures of several BLs are pre-
sented in Fig. 7.

Other studies have investigated and characterized the influence of
the hydrophobic substance u§ on various BLs. However, the role of
the BL in the mechanism of the mass transport of the reactants and
products has not been widely discussed. In addition, the sintering time
and temperature have also not been reviewed. The addition of carbon
substrates and different types of BLs ng the preparation of the GDL
is correlated to the overall thickness. The influence of the carbon con-
tent e performance of a PEMFC substrate was studied by Liu [55],
while the influence of the BL thickness on the MEA performance was
also studied [71]; the results are shown in Fig. 8.

Lin et al. [71] suggested that larger pore radii are responsible for
high current densities compared to using thinner layers, and they re-
corded a 330 um GDL thickness with 3.0mgcm ™2 carbon content. In
addition, Lee [88] studied the influence of the thickness and porosity of
the GDL on PEMFC performance. This author manufactured the GDL
after rolling, spraying and screen printing as shown in Fig. 9, which
resulted in different thicknesses and porosities. When the GDL thickness
was above 300 pm, better performance was observed. Moreover, the
spraying and screen-printing methods were shown to produce better
results than the rolling method. GDL manufacturing processes, espe-
cially the process of MPL implantation in BLs, have been performed
using coating [70,85,89], screen printing, [88] and spraying methods
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(b)

Fig. 6. SEM micrographs of carbon SGL704E paper (a) before and (b) after hydrophobic
treatment (PTFE content: 40%) (Reprint permission from Ref. [45]).

[15,18]. One spray method has also been studied using a robotic
spraying technique [90]. Celebi [91] fabricated GDLs by the pasting of
CNFs on carbon paper using nickel through a homogeneous deposition
precipitation (HDP) method. The use of nickel with the HDP method
enabled successful CNF deposition on one side of the layer while con-
trolling the GDL thickness.

Chen et al. [92] comprehensively compared the manufacturing
processes of MPLs for GDLs using wet and dry methods. They found that
MPLs fabricated using the dry process exhibited better performance,
especially when the fuel cell operated with high oxygen consumption at
high humidity levels. Eventually, the mass transport improved. The dry
method produced more mesopores, resulting in higher electrical con-
ductivity and more stable hydrophobicity as shown in Figs. 10 and 11.
The dry method was conducted by mixing Vulcan XC-72 carbon and
PTFE with a powder content of 30 wt%; the mixture was placed on
carbon paper, heated at 240 °C for 30 min and then sintered at 340 °C

121

for 30 min.

2.1.3. GDL characterization

In general, GDL characterization is divided into two methods: ex
situ (GDL separately) and in situ (in a fuel cell system). Ex situ methods
are used to characterize the electrical and thermal conductivity, me-
chanical properties (tensile strength, compressibility and bending
properties), porosity and pore size distribution, gas permeability, sur-
face morphology, cross-sectional morphology, contact angle and sur-
face energy, and for cyclic voltammetry (CV) for simulations, and
modeling; in situ methods are used to measure the impedance and
water transfer and for modeling and simulations [46]. Studies have
been performed to characterize the gas permeability and anisotropy of
several types of GDLs in various directions [93]; the in-plane direction
exhibits larger gas permeability than the through-plane direction. In
addition, GDLs with uniform fibers have a greater degree of anisotropy.

Radhakrishnan [94] analyzed the stress reduction, performed
compression tests, and measured the channel intrusion and electrical
resistivity of carbon paper and carbon cloth to compare their perfor-
mances. This author showed that the through-plane resistivity of carbon
paper is higher than the resistivity of carbon cloth. In contrast, the in-
plane resistivity of carbon paper is lower than that of carbon cloth.
Radhakrishnan also suggested that the intrusion of carbon paper is
smaller than that of carbon cloth. However, according to Yang [95],
carbon cloth is more practical as a BL than carbon paper because of its
compressibility, elasticity, and flexibility. One of the advantages of
carbon paper is its more even distribution and more delicate structure,
but it is easily broken and must be carefully handled. Overall, both
carbon paper and carbon cloth perform well when their thermal and
chemical stability is tested for use as BLs in a PEMFC. The influence of
the BL and GDL on fuel cell performance has been widely studied by
Ismail [78], who investigated the influence of PTFE addition on GDL
electrical conductivity and found that GDLs with a 50 wt% PTFE con-
tent performed better than GDLs with a 25 wt% PTFE content in the
case of in-plane conductivity. Ismail [78] and Zhou [32] showed that
in-plane conductivity is more useful for determining the conductivity of
BLs than through-plan@@nductivity.

Zhou [32] studied the influence of GDL conductivity on fuel cell
performance and found that the performance improved with a higher
conductivity. In addition, the through-plane conductivity influenced
the ohmic loss, and the in-plane conductivity affected the over potential
and local current density. Zhou also investigated the influence of the
GDL thickness on the current density and found that the relative
characteristics of the current density did not change with an increased
thickness. However, if the thickness of the GDL was reduced, then the
current density decreased drastically in the shoulder and returned to
normal at the channel. Meanwhile, Ismail [78] explained the effect of
adding PTFE on the GDL conductivity using a carbon paper BL; this
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Fig. 7. Several types of BLs: (a) SGL 10BA, (b) P75 Ballard, (c) SGL 24BA, (d) SGL 34BA, (&) 090 Toray, (f) E-Tek Cloth ‘A’ (Reprint permission from Ref. [57]).
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Fig. 8. Influence of GDL thickness on the performance of the MEA. #1. 330pm, #2.
250 pm, #3. 210 pm, #4. 170 um, #5. 130 pm (Reprint permission from Ref. [71]).
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author found that the PTFE content influenced the in-plane con-
ductivity of the GDL. GDLs with in-plane conductivity along different
perpendicular directions exhibited double conductivity. Increasing the
PTFE content in the MPL did not affect the conductivity. The MPL
conductivity with a PTFE content of 50 wt% was greater than that of the
MPL with 25 wt% PTFE content. Under different conditions, Park [62]
investigated the influence of PTFE content in the BL (defined as the
GDM) on the gas permeability, pore diameter, and [-V performance in a
single cell; he found that the gas permeability and pore diameter in-
creased up to a certain rate and then decreased with increasing PTFE
content. Park also found that increasing the PTFE content did not have
a positive impact on the I-V performance when high water condensa-
tion levels were present on the boundary surface of the GDM with the
CL. The influence of temperature on the electrical resistivity and tensile
strength of the BL was studied by Zhang [96], who observed that the
electrical resistivity and tensile strength decreased with increasing
temperature, according to SEM (scanning electron microscope) and
XRD (X-ray powder diffraction) analyses.
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Fig. 9. SEM images of GDL produced by (a) rolling, (b) spraying and (c) screen printing
methods (Reprint permission from Ref. [28]).
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Fig. 10. MPL performance comparison between the dry method and wet method at the
speed of 70 wi% oxygen consumption (Reprint permission from Ref. [92]).
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Fig. 11. Comparison between MPL produced with (a) wet and (b) dry methods with
carbon content of 0.1 mg cm ™ * (Reprint permission from Ref. [92]).

2.2, Catalyst layer (CL)

2.2.1. CL components and functions

In the CL, the electrochemical reaction occurs, which converts the
hydrogen gas feed and oxygen (air) to water and electricity. Generally,
the CL consists of a catalyst, a carbon substrate, a hydrophobic sub-
stanc d an ionomer from an electrolyte, such as Nafion. The catalyst
plays an important role in accelerating the oxidation of the hydrogen
gas and reducing the oxygen gas to water, w the Nafion ionomer
provides access for H' ions to pass through from the anode to the
cathode side [97]. The CL thickness is typically between 5 and 100 pm,
with a porosity of 40-70%, and the catalyst should be well dispersed
with a particle size of 1-10 nm [27]. Carbon-based materials are used as
catalyst substrates because of their high conductivity; examples include
carbon powder, graphite, and active carbon. Marie [98] introduced the
use of carbon aerogels as CL substrates with larger porosities and sur-
face areas compared to using carbon black. The catalyst loading on the
catalyst layer is between 0.01 and 5 mg cm ™2 depending on the thickness
of the electrode layer.

Hydrophobic substances in the CL serve as a catalyst binder and
maintain the hydrophobicity of the CL. To bind the catalyst and in-
crease the hydrophobicity, PTFE is generally used [99]. Thus, the re-
actant gas and hydrophobic state should be optimized carefully to
achieve high absorption so that a CL is produced with a high level of
catalyst. In addition, the durability of the catalyst is an important de-
sign constraint [12]. The CL should be able to facilitate the effective
flow of electrons generated or absorbed by the electrochemical reaction
in a given situation and should be able to drain H* ions from the anode
to the membrane. Therefore, the Nafion ionomer is typically added to
the CL. Several properties of the catalyst layer should be optimized to
produce the desired performance of the catalyst material, including the
level of adsorption of the reactants, the hydrophobicity level, and
transmission of ions and electricity [12].
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2.2.2. Catalysts in the CL

The electrocatalyst accelerates the electrochemical reaction of the
H, gas fuel reactant, which is transformed into chemical energy. The
catalyst must have several features, including high intemal activity
(especially for the cathode), high electrical conductivity, and environ-
mental friendliness.

The PEMFC catalysts can be grouped into three categories: platinum
based catalysts, platinum modified based catalysts (which include other
metals such as Cr, Cu, Co or Ru) and non-platinum-based catalysts, such
as non-noble metal or organometallic catalysts [100]. Platinum is still
the most effective catalyst used in PEMFCs. To date, platinum-based
catalysts in PEMFCs have the dominated research, and typically, the
influence of the Pt content and particle size has been studied [11,29].
Moreover, many researchers have focused on the type of carbon sub-
strate used [101], the CL placement or manufacturing method
[21,97,102-106], the influence of the solvent [6,107,108], the influ-
ence of hydrophobic substances [99,109], catalyst and CL character-
ization [110], the effect of porosity [111], the effect of various surface
structures and layers [30,31], modeling and optimization [35,112], the
degradation and durability of Pt [3,100,113-115], or the expansion of
Pt catalysts on carbon nanotubes [116].

Platinum alloys are used to reduce the content of Pt catalysts
without significantly decreasing the catalytic performance. Examples of
Pt alloy catalysts that include other metals are Pt-Ru [117], Pt-Co
[118,119], Pt-Pd [120,121], Pt-Ru-Co [122], Pt-Co-Cr [123] and -
binations of Pt with Fe, Co, Cu and Ni [124]. It has been reported that
the use of metal alloys can improve the catalyst performance [36] be-
cause the presence of other metal alloys with Pt can increase the size of
the active catalyst site. However, the durability of the catalyst remains
to be proven. The use of non-platinum catalysts remains a challenge for
researchers and is a barrier to the development of fuel cell catalysts.
Moreover, platinum is an expensive metal catalyst and is easily poi-
soned. The use of non-platinum catalysts has been attempted, including
5,10,15,20-tetrakis-(4-methoxy-phenyl)-porphine cobalt (I} [125], Ir-V
alloys [126], cobalt-based catalysts [9], nitrogen-based catalysts [127],
metal carbide and other metal oxides [39], and catalytic iron acetate
[128]. Faubert et al. [128] reported that 0.2 wt% Fe absorbed in per-
ylenetetracarboxylic dianhydride (PTCDA) on the cathode exhibited a
similar performance to that using a platinum catalyst with 2 wt%
content in an MEA (1 cm?).

2.2.3. Polymer ion content in the CL

Conductive polymer ionomers, such as Nafion, contribute to im-
proving the performance of the electrode. Nafion ionomers that are
added to the CL help H' ions flow from the anode to the polymer
membrane and then through the cathode [129]. In addition to serving
as proton transmitters, ionomer polymers also function as CL binders
and provide hydrophilic groups to retain moisture and ionic con-
ductivity [24,130]. Increasing the amount of Nafion in the CL provides
two effects: improving the electrochemically active surface and en-
hancing the ion conductivity. However, there is an optimal threshold
amount of Nafion; an amount that is too low will limit the proton de-
livery to the membrane, an amount that is too high will negatively
affect the absorption and flow of gas [12,21]. Passos et al. implanted
catalyst layers on membranes using Nafion solutions with different
content levels, from 10% to 40% dry weight, calculated from the total
weight of the catalyst layer. They observed that the current of hydrogen
desorption and the platinum active surface area increased with as the
percentage of Nafion increased. Several researchers have observed the
effects of Nafion ionomer addition [24,73,131]. Leeet al. [131] studied
the effect of adding Nafion ionomers on the surface and compared the
results with those from adding Nafion in the CL; these authors found
that the distribution of Nafion on the surface resulted in better per-
formance than distributing Nafion inside the CL, as shown in Fig. 12,
Meanwhile, Zhang et al. [30] characterized the influence of using Na-
fion on dual-bonded PEMFC cathode structures, and proved that the
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Fig. 12. Schematic planar representation of the catalyst layer. The Nafion ionomer was
incorporated within the catalyst layer on its surface (A), inside (B) and both together (C)
(Reprint permission from Ref. [131]).

reduction rate of Nafion in the CL hydrophobic layer improved the
electrode performance. Chaparro etal. [73 ] discovered that the optimal
Nafion ionomer content for the cathode using the electric spraying
method was 15 wt%. The influence of the Nafion content on the catalyst
activity was characterized by Lai [132], who concluded that the op-
timum Nafion content based on IV tests and electrochemical im-
pedance spectroscopy (EIS) was 1.0mgcm 2, and the interface re-
sistance was very closely linked to the three-phase region (nutrient
response, electrolytes and catalysts). [ dition, Sasikumar [133] at-
tempted to investigate the dependence of the optimum Nafion content
in the catalyst and found that a low catalyst content required more
Nafion. Furthermore, the Nafion content was not related to the mem-
brane thickness. Ahn [130] investigated the influence of the Nafion
ionomer equivalent weight and showed that ionomer polymers with a
low equivalent weight are ideal under low humidity conditions because
they maintain the moisture and ionic conductivity due to the greater
number of sulfuric acid functional groups present.

2.2.4. Manufacturing of CL
Attempts have been made to improve the CL performance by se-
lecting the catalyst type and content, the manufacturing method, or the
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ionomer type and content. CL. manufacturing has grown based on recent
research developments and viewpoints. Some methods for manu-
facturing electrocatalysts, including their advantages and dis-
advantages, were described by Park [134]. According to Park, the thin
layer method for CL manufacturing is effective using Pt catalysts, but
for micro PEMFC applications, this method has been proven to be ef-
fective because of the greater Pt content required. In the electro-
deposition method, the required amount of Pt is lower, but the method
is not ready for actual utilization. However, the sputtering method can
directly deposit Pt for various types of MEAs with ultralow Pt loading.
Moreover, low consumption and low Pt function remain the restrictions
for CL manufacturing. To overcome these problems, the sputtering
technique may be a promising approach in the near future. In contrast,
the dual ion beam assisted deposition (IBAD) method combines the
electrospray technique and sol Pt with the ultralow Pt loading method
for optimal use of Pt. Meanwhile, Lee [88] noted that the spray tech-
nique is more advantageous than the brush technique to reduce the
charge transfer resistance and extend the three-phase region. Hwang
[135] also discovered that the screen printing technique is more sa-
tisfactory than the spray od and other techniques. Therefore, the
screen printing technique can be used for the large-scale production of
MEAs.

Regarding casting methods, Hwang [135] adhered polyphosphoric
acid (PPA) on the membrane media of PEMFCs at high operating
temperatures and found that the slot die extrusion method was ad-
vantageous due to its cost effectiveness, continuity, and uniformity.
This method is generally chosen because of its simplicity, ability to
produce various shapes and sizes, and relatively low cost.

The spraying method has been used by many researchers
[73,90,136,137] due to its advantages in terms of convenience (espe-
cially for multilayers), uniformity, and high performance. Furthermore,
the electrocatalyst manufacturing method with galvanostatic pulses
[138] and preferential pulsed electrodeposition (PED) [104] have al-
ready been explored. Although the performance results have been re-
latively low, the idea of optimizing the Pt catalyst is still being con-
sidered.

Abaoud [139] introduced a hybrid or mixed technique (a combi-
nation of spray and screen printing methods) for manufacturing CLs.
The performance of electrodes fabricated using the hybrid method was
better than that using electrodes fabricated with either the screen
printing or spray method alone. A diagram for electrode manufacturing
using the hybrid method is presented in Fig. 13. A performance com-
parison among the spray, printing and hybrid methods is presented in
Table 1.
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Table 1
Electrochemical report of electrodes prepared by different fabrication techniques [121].

Fabrication Pt-loading Cell resistance  Current Power
techniques anode/cathode  at 0.5V (m€)  density at 0.5 density
(mg cm ™) V(Aem™) (Wem™)
Spraying 0.15/0.15 10.0 16 0.80
Screen- 0.10/0.15 6.5 1.4 075
printing
Hybrid 0.10/0.15 5.8 1 100

Song et al. examined the influence of PTFE in ink on the CL using a
new approach called the CCM-modified method [99]. In this method, a
platinum and PTFE containing catalyst ink is sprayed on a layer of
aluminum foil and then sintered at 340 °C before being pasted on a
Nafion 212 membrane and pressed with a heater. Song conducted a
study on the influence of PTFE content on electrochemical activity,
hydrophobicity, and ohmic resistance; the optimal reported PTFE
content was 5wt%. A large PTFE content increased not only the hy-
drophobicity but also the ohmic resistance. Therdthianwong et al.
[109] focused on the cathode while investigating the influence of var-
ious PTFE and CL patterns and showed ﬂwehess pattern resulted in a
higher performance than a striped pattern at aatalyst content level of
0.5mgem 2 One study sought to improve the performance of the
catalyst layer by using the electrospray deposition method with dif-
ferent platinum and ionomer content levels. Chaparro et al. [73 ] found
that the optimum Nafion ionomer content was 15%, as shown in
Fig. 14.

Chaparro et al. showed that the electrospray method is not sig-
nificantly different from the conventional method (brushing) in terms
of fuel cell performance at the same catalyst content level but requires a
slightly higher ionomer content. Antolini [140] discussed the types of
fuel cell carbon backing catalysts and their activities. Contrary to the
results obtained by other researchers, Antolini stated that carbon me-
sopores (pore size of 2-50 nm) yielded better results for the placement
of Pt particles than micro (< 2nm) or macropores (> 50nm). The
mesoporous structurdfacilitated mass transfer. This discussion led to
efforts for improving the performance of the catalyst layer. Meanwhile,
Wee [103] compiled research on the various available methods of
manufacturing catalyst layers with low Pt catalyst content. In addition,
this author discussed the modified thin layer, electrodeposition, sput-
tering deposition, dual ion-beam deposition, and electroless deposition
methods. According to Wee, the use of catalysts with a low Pt content is
intended to reduce MEA manufacturing costs and cell stack weight.

Carbon powder (Vulcan XCT72R) +
BORCEEIEE toaded Homog PTFE Emulsion (61% PTEE)
?{m!m’ ::nuwsvc;bm R catalystink | + 1w1% PEO Solution
(gas diffusion layer -GDL)
oy
20wt% Pt/'C powder +
Sintering at 340°C Homogeneous PTFE emulsion( 61% solid ) +
for 30 minutes catalyst ink 2wt% PEO solution
(catalyst layer -CL)
Screen g
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Fig. 13. CL manufacturing diagram using the hybrid method (Reprint permission from Ref. [129]).
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Fig. 14. Polarization curves corresponding to MEAs with cathodes deposited by electrospray with different indicated amounts of ionomer in the catalyst layer (values are given as weight
percentage within the catalyst layer). Pt cathode load: 0.20mg cm ™ (Reprint permission from Ref, [72]).

Actually, the reduction of the Pt content depends on the manufacturing
method, substrate content and electrode structure.

In addition to research on the influence of the material content and
operation conditions, various CL layer structures have been studied.
Generally, the CL layer is composed of a catalyst component, hydro-
phobic substances, and electrolyte ionomer components. Double layer
type CLs have been studied [141,142] to increase the performance over
that of single layer type CLs. Moreover, triple layer type CLs have also
been manufactured to reduce the interface resistance between the CL
and GDL in the first layer and between the CL and membrane electro-
lyte in the second and third layers [137].

3. Electrode degradation and durability

Degradation is a highly concerning issue for PEMFCs because it can
decrease their lifetime. Degradation processes can be divided into three
categories: baseline degradation that occurs because of long-term ap-
plication, which is irreversible and cannot be avoided; degradation that
occurs due to repetition or operating conditions; and degradation that
occurs when fuel cells experience adverse operating conditions, such as
a lack of fuel [143]. Many researchers have sought to understand the
degradation mechanisms of each component to reduce the degradation
speed of the fuel cell as a whole. Based on the results from studies,
degradation often occurs in the GDL, platinum catalyst and the CL,
carbon supporter, membranes and bipolar plates [144,145]. In addition
to the above factors, degradation can occur due to inefficient water
management, which leads to flooding or even dehydration, poisoning
the fuel and oxidant [144]. GDL degradation occurs because of the
oxidation of carbon, PTFE decomposition and mechanical degradation
[145,146].

Furthermore, the degradation of the CL includes catalyst matura-
tion, the loss or transfer of catalysts, rrosion of carbon, electrolyte
and interface degradation [100], and a decrease in the catalyst active
surface area due to catalyst agglomeration that primarily occurs in the
cathode [147]. The degradation of PEMFC as a system was previously
studied by Wu [145], who investigating degradation in terms of the
mechanisms and strategies to overcome it. Other topics of study have
included the degradation of the membrane, catalyst and catalyst layer,
GDL and bipolar plate. The degradation of the catalyst and catalyst
layer includes catalyst contamination by impurities, losses in activity
due to the sintering process, catalyst migration to the carbon substrate
and catalyst dissolution to the membrane layer.

When the catalyst or the CL is degraded, the change in the catalyst
particle size generally cannot be observed during fuel cell operation
conducted at a constant voltage and current when the operation is
running. However, the degradation of the anode appears when the fuel
cell is used for long periods, while at the cathode, the particle size
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grows with the increasing temperature, length of the test, potential and
moisture content [147]. Zhang et al. [100] comprehensively studied
platinum-based CL degradation, covering the causes of CL degradation
and its components, equipment, and diagnostic methods and strategies
to reduce or overcome this degradation.

The general degradation mechanism in an MEA, especially in a
multi-stack, is due to polarity reversal during fuel cell operation, which
causes permanent damage [148]. The main cause of polarity reversal is
a lack of reactants and fuel at the anode while the fuel cell receives a
load. Taniguchi has tested the influence of air and fuel shortages on the
degradation mechanism. One factor that causes a decline in the PEMFC
life for vehicle applications is the rapid change of vehicle operating
conditions, such as changes in the loading cycle, high power conditions,
and idling conditions and the cycle of turning the vehicle on and off. Yu
[13] investigated these causes, their consequences and methods to
overcome the performance degradation of PEMFCs due to the influence
of turning the fuel cell on and off. Another matter that requires atten-
tion is increasing the durability of PEMFC equipment. Wu [145] ex-
plained various PEMFC degradation mechanisms and mitigation stra-
tegies. The worst-performing components observed by Wu were the
membrane, CL, GDL and bipolar plate.

To increase the endurance and durability of MEAs, Accelerated
Stress Tests (AST) were performed by Zhang [149]. There are three
clusters of research regarding MEA durability: 1) investigation and
experimental validation, 2) mathematical modeling, and 3) perfor-
mance degradation handling strategies. Tanuma and Terazono [150]
used hindered amine light stabilizers (HALS) to increase the lasting
power of MEAs and proved that it increased drastically. The HALS
amino groups reacted with the carboxyl groups at the BL, forming
complex compounds that could slow the formation of hydrogen per-
oxide during fuel cell operation.

4. Electrode characterization and performance tests

gectrode characterization and performance tests are very important
stages for assessing the suitability level of the electrode to be used.
Common electrode characterization and performance tests are de-
scribed below.

4.1. Conductivity

The conductivity of PEMFC electrodes is divided into two cate-
gories: electrical and ionic. Electrical conductivity is a measure of the
ability of an electrode to conduct electrons from the CL to the GDL and
then to the bipolar plate. The measured electrical conductivity consists
of through-plane and in-plane conductivity. Unlike through-plane
conductivity, whose data are wusually provided by the GDL
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majﬁcturcr (depicting the conductivity level of the GDL conducting
the electrons), in-plane conductivity is highly important to properly
describe the ability of the GDL to conduct electrons on every surface to
the bipolar plate. In contrast, ionic conductivity describes the ability of
an electrolyte membrane to conduct H* ions from the anode to the
cathode. These two conductivity parameters contribute significantly to
the performance of the PEMFC. [smail [78] investigated the influence of
the PTFE content on the through-plane and in-plane electrical con-
ductivity. Furthermore, Mironov [15 pcomparcd two methods of
electrical conductivity measurements: four electrode (FE) and four-
point electrode (FPE) methods. The influence of conductivity on the
conduit and floor section of the GDE was measured [152]. Zhou [32]
modeled the electrical resistivity influence on GDL performance and
demonstrated that the electrical resistivity of GDL could be ignored.
Meanwhile, Bai [153] characteriz e ionic conductivity of sulfo-
nated polyarylenethioether sulfones as the electrolyte in a membrane
fuel cell, and the data revealed that the ionic conductivity was depen-
dent on the temperature and humidity. To improve the electrical con-
ductivity of PEMFCs, the pressure pins between the components can be
increased. However, the increase in pressure should be maintained so
that component damage does not occur and reactant traffic in the GDL
is not reduced [154].

4.2, Hydrophobicity

gany researchers are interested in hydrophobicity because it affects
the water rejection rate of electrode components. Water molecules need
to continue to the outer layer and should not be retained in the pores of
the BL, GDL or CL because they inhibit the reactant gas flow and cause
ﬂoodinﬂor that reason, the electrodes must be sufficiently hydro-
phobic. In addition, the use of PTFE and the influence of PEF hydro-
phobic s@Btances in the GDL on PEMFC performance has been studied
[51,85]. Liet al. [75] investigated the effect of adding the hydrophobic
substance dimethyl silicon oil (DSO) on PEMFC cathode performance
and found that a DSO content level of 0.5mgem ™~ 2 was optimal. Sev-
eral researchers have also focused on the influence of CL hydro-
phobicity on PEMFC performance; Yu et al. [155] investigated the
hydrophobicity of CLs and their influence on PEMFC performance. In-
terestingly, these authors characterized the effect of time against hy-
drophobicity, by conducting a morphological study using FESEM; the
observations were confirmed by measuring the contact angle. In addi-
tion, Chun [86] analyzed the contact angle of both a GDL double layer
consisting of hydrophobic and hydrophilic layers and a GDL single layer
in the order shown in Fig. 15; the contact angle observations are also
shown in Fig. 16. Hydr@hobicity is measured using a contact angle
meter, which measures the contact angle of water molecules on the
substrate surface. Greater contact angles imply higher hydrophobicity.

4.3. Porosity, surface and particle analyses

“& ity of the electrode (including the BL, GDL and CL) sig-
nificantly affects the transport of the reactants and products at the
electrodes [47]. The porosity also regulates the traffic between the
oxygen gas entering the electrode and the water leaving the electrode.
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Fig. 16. MPL contact angles: (a) PAZAMLIL, (b) PAZADLZ, (c) PAZADLE (Reprint per-
mission from Ref. [86]).

When, the porosity is balanced with adequate levels of hydrophobicity,
oxygen is able to pass through the pores, even while water is exiting
[8]. The influence of the pore structure on PEMFC performance gained
the attcnticnat' Yoon [111]. An even pore structure facilitates the flow
of oxygen to the reaction zone and the release of water. Some re-
searchers have performed in depth studies of the influence of porosity
on electrode performance based on the size or distribution of the pores.
Jordan [54] compared the influence of the use of acetylene black (AB)
carbon powder and Vulcan carbon black XC-72 by examining the

Hydrophobic
single MPL

o

Hydrophobic MPL Hydrophilic MPL

a

Fig. 15. GDL structures with single- and double-layer MPL: (a) PAZAMLI, (b) PAZADLZ, (c) PAZADL3 (Reprint permission from Ref. [B6]).
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performance of electrodes based on pore the sizes produced by the two
types of carbon and found that the use of AB was superior because of
the more effective transport mechanism of the reactants. Huang et al.
[156] modeled the effect of porosity gradients on the performance of
electrodes and observed that the porosity gradients helped to transfer
condensate water, increased oxygen consumption and reduced the level
of stress.

The porosity and surface structure were analyzed using SEM which
can determine the pore structure, thickness and cross section structure
of the electrode. SEM is typically combined with energy dispersive X-
ray (EDX) measurements, which clarify the elemental composition of

electrode surface. EDX is a valuable technique that analyses changes
in the elemental composition of a fuel cell layer either through particle
migration, growth and catalyst particle accumulation or through fuel
cell component degradation due to operation [157].

Transmission electron microscopy (TEM) analysis 1s very us for
analyzing the structure of the fuel cell because it can reveal the spatial
distribution of each component and analyzd$he composition of the
local area at the nano or atomic scale [158]. has three important
advantages as a material characterization technique. First, TEM cap-
tures images of material structures with atomic-level resolution;
second, provides a steady theoretical basis for image analysis; and
finally, TEM is capable of microanalysis when combined with spectro-
scopic methods. The weakness of TEM is the difficulty of preparing
samples and the sample damage caused by high-energy electrons
[101,122,126,138,159,160].

X-ray photoel n microscopy (XPS) is an internal characteriza-
tion tool that uses monochromatic X-ray radiation. The full energy of
the X-ray is transferred to an electron in an inner energy layer, which
causes electro leave the surface. Photoelectron energy comes from
the X-ray and provides the energy required to leave the surface. The
energy required to escape from the surface depends on the type of atom
present [101,122,123,136].

XRD is the most widely used technique for materials characteriza-
tion. It is a nondestructive technique that reveals detailed information
about the chemical composition and crystallographic structure of nat-
ural materials and synthetic substances [161]. This technique is a rapid
and important method for determining th bility of a catalyst by
calculating the size of the metal particles. Catalytic activity is highly
dependent on the shape, size and distribution of the metal particles. In
addition, catalyst supports also play a role in improving the catalytic
function. X-ray diffraction and electron microscopy can both provide
information about particles smaller than 10 nm. However, XRD analysis
provides information regarding the size of fine crystals instead of the
actual particle size, while TEM yields local information generated from
the results by calculating the average volume [159]. The use of XRD
analysis for the development of fuel cells includes Pt/C catalyst char-
acterization using various types of carbon [101,117], non-platinum
catalysts characterization [126,160], catalytic activity and durability
tests in liquid electrolytes [147,159], characterization of the resultant
catalyst [122], the influence of the catalyst content on thin layers of the
electrode [162], and electro-kinetic oxygen reduction [163].

4.4. Electrochemical performance

Electrochemical characterization and electrode performance tests,
especially in the CL, are accomplished using various methods, namely,
CV, linear sweep voltammetry (LSV), and EIS.

CV is an important technique that is used often for electrochemical
analyses because it offers a wide range of experimental information and
insight regarding the kinetic and thermodynamic aspects of chemical
systems. CV methods are used in fuel cell electroanalyses to calculate
the electrochemical active area in the catalyst layer, estimate the limit
of catalyst oxidation, and analyze the catalyst activity. CV analyses ¢
be performed using in situ or ex situ methods. The in situ method uses a
two-electrode configuration in which the analyzed electrode is the
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working electrode, and the othergectrode is used as the reference and
counter electrode. The in situ method has been widely used to de-
termine the electrochemical active area and analyze the use of catalysts
in PEM fuel cells. In addition, the ex situ method uses three electrodes:
the analyzed electrode is a working electrode, the counter electrode is a
second electrode, and a calomel electrode is the qerence electrode.
The ex situ method can simply and quickly screen electrocatalysts, but
it is not suitable for the assessment of fuel cell electrodes under dif-
ferent operating conditions [157]. Many researchers have tested the
performa:e of electrodes using CV [110,126,159,163-165].

LSV 15 the most frequently used technique for estimating the gas
crossover events that pass through the membrane in a PEM fuel cell,
characterizing the membrane deterioration, and detecting short cir-
cuits. LSV can be used directly under various fuel cell operating con-
ditions [138]. During the test, the line: tential of the fuel cell
electrode is scanned to obtain the limited current, which is useful for
calculating the rate of cross-hydrogenation. This test can be performed
online without disassembling the cell system. Thus, the gas cross rates
provided by LSV reflect the realistic membrane situation under actual
working conditions. Due to its convenience and suitability, LSV has
become a basic test method for determining the suitability of different
materials when evaluating a new membrane. During deterioration tests
in the worst scenarios or under long-term fuel cell operation, LSV can be
easily used before and after surgery or during any period of operation to
evaluate the evolution of gas crossover. Lee [166] conducted a galva-
nostatic analysis of single and multicells in situ without needing to
disassemble the MEA.

EIS is widely used by researchers for characterizing and testing
PEMFCs [167]. EIS can be operated without damaging the sample,
providing detailed diagnostic information on the elec emical phe-
nomena that occur including the load transfer reactions at the electrode
and electrolyte interface, the reaction mechanisms and the electrode
material properties. EIS has been used for PEM fuel cell studies with the
following goals: (1) to provide microscopic information about the fuel
cell system, which in turn can aid in structure optimization and the
selection of the most suitable operating conditions; (2) to equip the
system model with an appropriate equivalent circuit and obtain elec-
trochemical system parameters; (3) to distinguish the individual con-
tribution of each component, which can help in identifying problem
fuel cell components; and (4) to identify individual contributions to
total i ce of the PEM fuel cell from the different electrode pro-
cesses, such as interface charge transfer and mass transport in both the
catalyst and supporting layer [168].

At least one review of the EIS method has been published, which can
be used to determine the capacity resulting from the kinetic process,
ohmic loss, and mass transfer, and this review has also successfully
distinguished the influence from various processes [168]. Several re-
searchers have used EIS for PEMFC characterization to accomplish
various purposes: to perform a PEMFC multistack analysis operated
under various conditions and loadings [169], to diagnose PEM fuel cells
[170,171], to correlate the capacitance of the catalyst active area and
ion transportation properties with ionic conductivity [172], to analyze
high-temperature PEM fuel cells [173,174], to characterize the anti-
flood mechanisms in the CL [175], to test the CL using different para-
meters [171], to characterize the PEMFC failure [176], to evaluate the
MPL [177], to investigate GDL compression in ongoing fuel cells [178],
and to determine the post force of the membrane protons at frequencies
between 1 and 300 kHz using a swing voltage [179].

5. Electrode management system

System management is the comprehensive work that generates ef-
ficient energy by controlling few a few parameters in the process to
obtain an expected outcome based on the mode of application. The
most common variables of electrode system management are discussed
below.
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Fig. 17. Mass flow diagram in PEMFC electrodes (Reprint permission from Ref. [181]).

5.1. Water management

Water management within the electrode cannot be ignored. Water is
needed to hydrate the electrolyte membrane and accelerate H* circu-
lation in the CL. For these conditions, adequate amounts of water are
necessary. However, the presence of excess of water causes flooding
that can cover the GDL and CL pores. Thus, water management is one of
the most important issues for the commercialization of PEMFCs to en-
sure high proton conductivity in the electrolyte membrane and to
supply sufficient amounts of reactants to the reaction center [1580,181].

During the electrochemical reactions of a PEMFC, electricity, water
and heat are generated. The generated heat evaporates the water in the
reaction system causing drying, particularly on the membrane.
Perfluorosulfonic acid (PFSA) membranes, such as Nafion, exhibit their
protonic post force in the hydrated state. The increased reaction heat
accelerates the membrane drying process, thus decreasing the PEMFC
performance and increasing the resistance of the membrane. For this
reason, adequate membrane hydration without causing flooding is an
important aspect for water management [180]. Therefore, the GDL
must regulate the traffic, quantity of reactants, and water management.
The mass transport mechanism in PEMFC electrodes is illustrated in
Fig. 17. The role of the MPL in regulating water can be seen in Figs. 18
and 19.

A few studies have specifically discussed water management within
electrodes by using X-ray imaging to evaluate the PEMFC system [183],
characterizing the water produced at different operating temperatures
[184], removing water in the anode as a diagnostic tool to check
flooding in PEMFC cathodes [49], characterizing the water transport in
the GDM [63,185], transferring the water from the GDL by reactant
flow [186], and studying water in the liquid form in PEMFCs [187].

Some water management considerations from studies conducted by
researchers are summarized below.

a) The MPL should have a high level of hydrophobicity and small GDL
pore size (in the case of using a BL) to prevent flooding at the
electrodes. The small pore size (especially at the CL-MPL interface)
prevents the growth of water droplets and reduces the saturation
level at the CL-MPL interface [7].

b) The water balance is critical for not only the performance but also
the durability of the PEMFC [182].

c) During water condensation, the water flows due to capillary pres-
sure, which is determined by the pore radius and hydrophobic level.
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GC

Fig. 18. Cathode structure a) without and b) with the MPL (Reprint permission from Ref.
71

d) Hydrophobic materials are one of the criteria that facilitate water
management [51,74,85,86,175].

5.2. Reactant management

Reactant gement has similar functions in both high and low
temperature PEMFC systems and is important when the PEMFC is ap-
plied in loading because uniform feed loading is required for linear
PEMFC performances. In addition, an insufficient reactant supplies at
either the anode or cathode directly affects the current density and
voltage in cells. At the cathode, the reactant management depends on
three factors: the optimum flow rate, pressure, and stoi etric ratio
[188]. Regarding the electrochemical reactions, for the fuel oxidation
on the anode side, both pure hydrogen and reformate gas containing up
to 3% carbon monoxide are acceptable for use, and oxygen or air can be
used for the oxidant reduction on the cathode side [189]. The electro-
chemical reaction is favorable when a high supply of hydrogen gas feed
is used, ibly leading to a high power density but leading to an in-
efficient power output or a tendency to damage the MEA [190].
Howeverthe reactant supply is too low, then feed starvation at the
electrode may occur. This issue is related to a few factors, such as rapid
changes in the loa@@improper gas supply, start up or start down pro-
cess, failure of the bipolar gas supply channel in a single cell or stack,
and system failure. Therefore, the reactant supply should be at an op-
timum flow rate to obtain a uniform current density [143,191-194].
Orfanidi et al. [195] reported that hydrogen starvation occurred due to
catalyst flooding e acid leaching from the polybenzidazole elec-
trolyte membrane. The electroc ical active surface area (ECSA) of an
electrode is gradually reduced due to the corrosion of carbon based
catalyst support materials [148,196-198].

5.3. Heat management

In PEMFCs, heat energy is generated during the electrochemical
reactions. Therefore, PEMFCs are exothermic reactiornstems when
the combustion of hydrogen and oxygen reactant gases, particularly for
the reduction of oxygen on cathode side. The generated heat is
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Fig. 19. Mechanism of water transport in the CL and membrane (Reprint permission from Ref. [182]).

1

transported over the cooling cell (which is !side the bipolar plate) and
through the flow channels containing the reactant gases inside the
anode and cathode. Heat management is another important parameter
for cell performance. The even distribution of a metal (usually Pt)
catalyst in the electrode enables even electrochemical reactions to
proceed and heat energy to be produced. In contrast, an uneven catalyst
distribution causes uneven reactions and variable amounts of heat en-
ergy; moreover, an uneven distribution may generate a local hot spot
ide the MEA, leading to drying out of the electrolyte membrane
especially in low temperature PEMFCs. Therefore, the ionic resistance
of the m@Wbrane may be increased, thus lowering the proton con-
ductivity from the anode to the cathode side [52]. Cathode flooding
primarily causes water ulation in the cathode pores, which pre-
vents oxygen transport to the electrode reactive sites. This issue is
caused by both improper heat and water management. The heat dis-
tribution is related to the condensation or evaporation processes of the
cathode, which in turn cause cathode flooding [199].

High temperature PEMFCs have potential advantages over low
temperature PEMFCs, such as high electrochemical reactions, low ionic
resistance of membrane, high ORR rate, high tolerance of fuel
contamination and simple system design. However, these cells have an
accelerated degradation rate of the cell components, thus reducing the
life time of the cell. Therefore, the temperature should be precisely
maintained at the optimum level to stabilize the cell performance. In
addition, heat transport from the cell stack chamber can be difficult.
Zhangg al. [200] suggested that the heat can be removed quickly by
using the cathode air flow, thus simplifying the design of the stack
system, and directly reducing the cost while improving the power
density. Furthermore, PEMFCs can be stored at ambient temperature

the cell components at a different temperature. In this manner,
eat is rejected rapidly due to the large temperature difference between
the cell stack and the surrounding environment [189].

1
6. Post-processing of MFC

Post-processing of PEMFC is a little bit complicated term that refers

to the take care of cell stack, repair or replacement of single/multiple
in the stack, disposal of the cell stack, input variables of stack etc.
erefore, it is closely related to the overall cell durability, perfor-
mances, and environmental viability. The PEMFC stack or single cell is
needed the replacement for one or two more times of entire vehicles
life. During the replacement or disposal of the cell, it is necessary to
consider the environment and health security. The NIOSH (national
institute of occupational safety and health, USA) was research con-
ducted and suggested that the nanoscale particles such as carbon na-
notube, graphene, carbon powder, carbon nanofibers etc. have a little
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bit health risk compare than the bulk materials [201]. In addition, a
metal catalyst such as Pt, Pd, Ni, Ru etc. have also toxicity characteristic
in some cases that are commonly used as supporting materials in
PEMFC electrodes [202,203 . Moreover, the most common input vari-
ables of the cell are namely as back pressure, anode stoichiometry,
cathode stoichiometry, relative humidity, inlet gas temperature and so
on that are closely connected with the overall cell performance as well
as cell longevity. Zhang et al. [204] were suggested that the poor
management of those operating parameters can badly have effected on
the stack durability. Kanani et al. [204] also found that the high and
low stoichiometry of cathode and anode respectively can attribute
lower power density. In contrary, at the medium level of gas feed and
oxidant stoichiometry regards the higher power density.

7. Applications of PEMFCs

gwar the last decade, the convincing worldwide research efforts
have caused P to successfully pass the demonstration and com-
mercialization. However, these fuel cells must overcome challenges,
including infrastructure development, cost reduction, cell durability, H,
fuel refilling and storage system issues. However, PEMFC technology is
one of the most promising green technologies and represents a realistic
energy conversion system for the future. Currently, PEFMCs have been
applied in various applications, such as transportation (public and
private sectors), stationary power, portable devices, aircrafts, military
submarines, and toys. [205].

PEMFCs based vehicles have over potential advantages over battery
and electric based vehicles regarding CO, emissions and a much greater
well-to-wheel efficiency. PEMFC-based wvehicles also have a long
driving capacity, short start-up time, dynamic load demand and shorter
refueling time than battery and electric-based vehicles. The transpor-
tation mode is predominantly focused on buses, cars, trains, golf cars,
trams, motorcycles, and bicycles, as well as material handling transport
applications. America, Jaj Canada, Germany, and Australia, along
with many other countries have been launching fuel cell-based vehicles
for public and private sectors in particular areas to raise the public's
awareness. Moreover, many well-known bus and car manufactures,
such as Honda, BMW, Toyota, Hyundai, Ford, Mercedes-Benz,
Mitsubishi, Nissan, Kia, Suzuki, have been commercializing PEMFCs-
based vehicles. Since 2004, this technolog been successfully de-
monstrated for use as passenger cars. During the initial stages, problems
such as start-stop operation and steep transient load cycling (leading to
water gement and gas transport problems) primarily affected the
lifetime of these FC systems |[206]. Many problems have already been
solved over the last few years, but metho f cost reduction are still
being considered. In 2014, the DOE calculated the large-scale
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production costs (500,000 units/annum) as $55/kW for 80 kW PEMFC
systems. The ultimate target is $30/kW for 30,000 units, and the cost is
@ ed to be $40/kW in 2020. Some car manufacturing companies
are namely, Daimler, Nissan, and Ford are forming an alliance to allow
for a flexible cost burden, and they will produce PEMFC-based vehicles
togper from 2017 onwards [205].

or portable applications, the power requirement is approximately
25W to 5kW, but in reality, portable PEMFC devices are not very
promising. In this case, the focus has been on the reducing the emis-
sions and noise and on optimizing device operation conditions rather
than energy efficiency. These devices are also popular for military
purposes, and Hitachi, Toshiba, NEC, Samsung, Panasonic and use
PEMFC and DMFC power supplies for notebooks and mobile phones in
th e of ~ 5-75W [207,208].

FCs can also be applied for stationary power supply purposes,
such as residential combined heat and power (resCHP), large CHP, and
uninterrupted power supply (UPS). Tri-generation systems are under
development for power, cooling and heat (via an added absorption
chiller), mainly for areas in which the thermal demand during the cold
season is balanced by an almost equal cooling demand during the hot
season [209]. Moreover, PEMFCs can be used for fire prevention by

ucing the oxygen from the air in areas where an accident occurred.
n 2014, 70% of global fuel cell revenues was the stationary fuel
cell sector, and this revenue level is expected to continue in the coming
years. Navigant research teams have reported that the annual ship-
ments of stationary FCs will grow from nearly 40,000 in
2014-1.25 million in 2022 [205].

8. Future developments and conclusions

The electrode is the heart of the MEA of PEMFCs and it plays a vital
role with important functions. The electrode converts chemical energy
to electrical energy during electrochemical reactions that are directly
related to the cell performance. However, the electrochemical reaction
pathway is not simple because it involves the mass transfer of materials
and reaction products as well as electrons. Therefore, understanding the
structure and function of each component, the manufacturing methods,
and the characterization and testing methods for the electrode perfor-
mance and durability is critical. Regarding these points, electrode re-
search is necessary for improving electrode performance.

The preparation of an electrode is a comprehensive process that
includes the GDL, CL and MPL layers. Dry preparation processes for
MPLs are better than wet processes during fuel cell operation with high
oxygen consumption under high humidity conditions. Moreover, dry
processes produce more mesopores, higher electrical conductivity,
more stable hydrophobicity and higher mass transport. The PTFE con-
tent in the MPL should be maintained at the optimal level while in-
creasing the hydrophobicity which has an appreciable effect on the GDL
conductivity. Furthermore, the GDL thickness needs to be considered
during the GDL preparation process. In addition, the Pt content in CLs
can be reduced without significantly affecting the performance of the
fuel cell by g Pt alloy (Pt-Ru, Pt-Co, Pt-Pd, Pt-Ru-Co and Pt-Co-Cr)
or bimetal (Pt with other metals such as Fe, Co, Cu and Ni) catalysts.
Moreover, using the optimum ionomer content in the CL improves the
electrochemical active surface area, ensures good compatibility and
enhances the ionic conductivity. The catalyst ink distribution, Pt utili-
zation and agglomeration of catalyst particles should be considered
during electrode fabrication. Furthermore, durability is still a major
challenge for the commercialization of PEMFCs. To maintain the de-
gradation rate at minimal level, the material compatibility should be
considered during the electrode fabrication process.

Acknowledgement

The authors acknowledge the financial support provided by the
Ministry of Education Malaysia through the research Grant (LRGS/

131

Renewable and Sustainable Energy Reviews 89 (2018) 117-134

2013/UKM-UKM/TP-01) and Universiti Kebangsaan Malaysia GUP-
2016-044.

References

[1] Rezakazemi M, Heydari I, Zhang Z. Hybrid systems: combin membrane and
absorption technologies leads to more efficient acid gases (COZ2 and H 2 5) removal
from natural gas. J CO, Util 2017;18:362-9,

Zhang Z. Comparisons of various absorbent effects on carbon dioxide capture in
membrane gas absorption (MGA) process. J Nat Gas Sci Eng 2016;31:589-95,
Wang Z-B, Zuo P-J, Chu Y-Y, Shao Y-Y, Yin G-P. Durability studies on performance
degradation of Pt/C catalysts of proton exchange membrane fuel cell. Int J Hydrog
Energy 2009;34:4387-94,

Daud WR, Mohamad AB, Kadhum AAH, Chebbi R, Iyuke SE. Performance opti-
misation of PEM fuel cell during MEA fabrication. Energy Convers Manag
2004;45:3239-49,

Taylor AD, Kim EY, Humes VP, Kizuka J, Thompson LT. Inkjet printing of carbon
supported platinum 3-D catalyst layers for use in fuel cells. J Power Sources
2007;171:101-6.

Chisalca M, Daiguji H. Effect of glycerol on micro/nano structures of catalyst layers
in polymer electrolyte membrane fuel cells. Electrochim Acta 2006;51:4828-33.
Nam JH, Lee K-J, Hwang G-§, Kim C-J, Kaviany M. Microporous layer for water
morphology control in PEMFC. Int J Heat Mass Transf 2009, 5. 9-91.
Cindrella L, Kannan A, Lin J, Saminathan K, Ho ¥, Lin C, et al. Gas diffusion layer
for proton exchange membrane fuel cells—A review. J Power Sources
2009;194:146-60,

Tasic GS, Miljanic 55, Kaninski MPM, Saponjic DP, Nikeolic VM. Non-noble metal
catalyst for a future Pt free PEMFC. Electrochem Commun 2009;11:2097-100.
Sharma §, Pollet BG. Support materials for PEMFC and DMFC electrocatalysts—a
review. J Power Sources 2012;208:96-119.

Cho Y-H, Park H-5, Cho Y-H, Jung D-5, Park H-Y, Sung Y-E Effect of platinum
amount in carbon supported platinum catalyst on performance of polymer elec-
trolyte membrane fuel cell. J Power Sources 2007;172:80-93,

Litster 5, McLean G. PEM fuel cell electrodes. J Power Sources 2004;130:61-76.
YuY, Li H, Wang H, Yuan X-Z, Wang G, Pan M. A review on performance de-
gradation of proton exchange membrane fuel cells during startup and shutdown
processes: causes, consequences, and mitigation strategies. J Power Sources
2012;205:10-23.

Yuan X-Z, Zhang 5, Sun JC, Wang H. A review of accelerated conditioning for a
polymer electrolyte membrane fuel cell. J Power Sources 2011;196:9097-106.
Iyuke SE, Mohamad AB, Kadhum AAH, Daud WR, Rachid C. Improved membrane
and electrode assemblies for proton exchange membrane fuel cells. J Power
Sources 2003;114:195-202.

Park §, Lee J-W, Popov BN. A review of gas diffusion layer in PEM fuel cells:
materials and designs. Int J Hydrog Energy 2012;37:5850-65.

Park 5, Popov BN. Effect of a GDL based on carbon paper or carbon cloth on PEM
fuel cell perform. . Fuel 2011;90:436-40.

Parl 5, Lee J-W, Popov EN. Effect of carbon loading in microporous layer on PEM
fuel cell performance. J Power Sources 2006;163:357-63.

Xiong L, Manthiram A. High performance membrane-electrode assemblies with
ultra-low Pt loading for proton exchange membrane fuel cells. Electrochim Acta
2005;50:3200-4.

Town Viswanathan V, Holbery J, Rieke P. Fabrication of polymer electrolyte
membr fuel cell MEAs utilizing inkjet print technology. J Power Sources
2007;171:575-84.

Passos RR, Paganin VA, Ticianelli EA. Studies of the performance of PEM fuel cell
cathodes with the catalyst layer directly applied on Nafion membranes.
Electrochim Acta 2006;51:5239-45,

Su H-N, Liao 5-J, Shu T, Gao H-L. Performance of an ultra-low platinum loading
membrane electrode assembly prepared by a novel catalyst-sprayed membrane
technique. J Power Sources 2010;195:756-61.

Sun L, Ran R, Wang G, Shao Z Fabrication and performance test of a catalyst-
coated membrane from direct spray deposition. Solid State lon 2008;179:960-5.
Kim K-H, Lee K-Y, Kim H-J, Cho E, Lee 5-Y, Lim T-H, et al. The effects of Nafion®
ionomer content in PEMFC MEAs prepared by a catalystcoated membrane (CCM)
spraying method. Int J Hydrog Energy 2010;35:2119-26.

Kim H, Subramanian NP, Popov BN. Preparation of PEM fuel cell electrodes using
pulse electrodeposition. J Power Sources 2004;138:14-24,

Saha MS, Gulld AF, Allen RJ, Mukerjee 5. High performance polymer electrolyte
fuel cells with ultra-low Pt loading electrodes prepared by dual ion-beam assisted
deposition. Electrochim Acta 2006;51:4680-92,

Starz K-A, Zuber R, Kriimer A, Fehl K, Kohler J, Wittpahl S. Ink for producing
membrane electrode assemblies for fuel cells. Google Patents; 2010.

Yoon Y-G, Yang T-H, Park G-G, Lee W-Y, Kim C-5. A multi-layer structured cathode
for the PEMFC. J Power Sources 2003;118:189-92,

Wikander K, Ekstriom H, Palmqvist AE, Lindbergh G. On the influence of Pt particle
size on the PEMFC cathode performance. Electrochim Acta 2007;52:6848-55.
Zhang X, Shi P. Dual-bonded catalyst layer structure cathode for PEMFC.
Electrochem Commun 20068 1229-34,

Perng 5-W, Wu H-W. Effect of the prominent catalyst layer surface on reactant gas
transport and cell performance at the cathodic side of a PEMFC. Appl Energy
2010;87:1386-99,

Zhou T, Liu H. Effects of the electrical resistances of the GDL in a PEM fuel cell. J
Fower Sources 2006;161:444-53.

[2

[3]

4

5

6

7

8

s

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

120

[21]

[22

[23]

[24

[25]

126

127

128

[29

[30

[31]

[32




EH. Majlan et al

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Bussayajam N, Ming H, Hoong KK, Stephen WYM, Hwa CS. Planar air breathing
PEMFC with self-humidifying MEA and open cathode geometry design for portable
applications. Int J Hydrog Energy 2009;34:7761-7.
Rao CV, Parrondo J, Ghatty SL, Rambabu B. High temperatre polymer electrolyte
membrane fuel cell performance of Pt x Co y/C cathodes. J Power Sources
2010;195:3425-30.
Feng X, Wang Y. Multi-layer configuration for the cathode electrode of polymer
electrolyte fuel cell. Electrochim Acta 2010;55:4579-86.
Yu X, Ye §. Recent advances in activity and durability enhancement of Pt/C cat-
alytic cathode in PEMFC: Part 1. Physicochemical and electronic interaction be-
tween Pt and carbon support, and activity enhancement of Pt/C catalyst. J Power
Sources 2007;172:133-44.
Yu X, Ye §. Recent advances in activity and durability enhancement of Pt/C cat-
alytic cathode in PEMFC: Part II: degradation mechanism and durability en-
hancement of carbon supported platinum catalyst. J Power Sources
2007;172:145-54.
Li B, Qiao J, Yang D, Lin R, Lv H, Wang H, et al. Effect of metal particle size and
Nafion content on performance of MEA using Ir-V/C as anode catalyst. Int J
Hydrog Energy 2010;35:5528-38.
Serov A, Kwak C. Review of non-platinum anode catalysts for DMFC and PEMFC
application. Appl Catal B: Environ 2009;90:313-20.
De Bruijn F, Papageorgopoulos D, Sitters E, Janssen G. The influence of carbon
dioxide on PEM fuel cell anodes. J Power Sources 2002;110:117-24,
Reshetenko TV, Bender G, Bethune K, Rocheleau R. Systematic study of back
pressure and anode stoichiometry effects on spatial PEMFC performance dis-
tribution. Electrochim Acta 2011;56:8700-10.
Moreno B, Chinarro E, Pérez J, Jurado J. Combustion synthesis and electro-
chemical characterisation of Pt-Ru-Ni anode electrocatalyst for PEMFC. Appl
Catal B: Environ 2007;76:368-74,
Meland A-K, Kjelstrup S. Three steps in the anode reaction of the polymer elec-
trolyte membrane fuel cell. Effect of CO. J Electroanal Chem 2007;610:171-8.
Lin G, Van Nguyen T. Effect of thickness and hydrophobic polymer content of the
gas diffusion layer on electrode flooding level in a PEMFC. J Electrochem Soc
2005152:A1942-8.
Han M, Chan S, Jiang SP. Development of carbon-filled gas diffusion layer for
polymer electrolyte fuel cells. J Power Sources 2006;159:1005-14.
Arvay A, Yli-Rantala E, Liu C-H, Peng X-H, Koski P, Cindrella L, et al.
Characterization techniques for gas diffusion layers for proton exchange mem-
brane fuel cells-a review. J Power Sources 2012;213:317-37,
Han M, Xu J, Chan §, Jiang SP. Characterization of gas diffusion layers for PEMFC.
Electrochim Acta 2008;53:5361-7.
Kitahara T, Konomi T, Nakajima H. Microporous layer coated gas diffusion layers
for enhanced performance of polymer electrolyte fuel cells. J Power Sources
2010;195:2202-11.
Anderson R, Blanco M, Bi X, Wilkinson DP. Anode water removal and cathode gas
diffusion layer flooding in a proton exchange membrane fuel cell. Int J Hydrog
Energy 2012;37:16093-103.
Wang E-D, Shi P-F, Du C-Y. Treament and characterization of gas diffusion layers
by sucrose carbonization for PEMFC applications. Electrochem Commun
2008;10:555-8.
Liu C-H, Ko T-H, Shen J-W, Chang S-1, Chang S, Liao Y-K. Effect of hydrophobic
gas diffusion layers on the performance of the polymer exchange membrane fuel
cell. J Power Sources 2009;191:489-94,
Zamel N, Li X. Effective transport properties for polymer electrolyte membrane
fuel cells—with a focus on the gas diffusion layer. Progress Energy Combust Sci
201339:111-46.
Tamayol A, Bahrami M. Water permeation through gas diffusion layers of proton
exchange membrane fuel cells. J Power Sources 2011;196:6356-61.
Jordan L, Shukla A, Behrsing T, Avery N, Muddle B, Forsyth M. Diffusion layer
parameters influencing optimal fuel cell performance. J Power Sources
2000;86:250-4.
Liu C-H, Ko T-H, Liao Y-K. Effect of carbon black concentration in carbon fiber
paper on the performance of low-temperature proton exchange membrane fuel
cells. J Power Sources 2008;178:80-5.
Xu C, Zhao T, Ye Q. Effect of anode backing layer on the cell performance of a
direct methanol fuel cell. Electrochim Acta 2006;51:5524-31,
Gostick JT, Fowler MW, Pritzker MD, Ioannidis MA, Behra LM. In-plane and
through-plane gas permeability of carbon fiber electrode backing layers. J Power
Sources 2006;162:228-38,
Zhang J, Feng L, Cai W, Liu C, Xing W. The function of hydrophobic cathodic
backing layers for high energy passive direct methanol fuel cell. J Power Sources
2011;196:9510-5.
Mist M, Rzepka M, Stimming U. Analysis of the diffusive mass transport in the
anode side porous backing layer of a direct methanol fuel cell. J Power Sources
2009;191:456-64.
Lin J-H, Chen W-H, Su §-H, Liao Y¥-K, Ko T-H. Carbon film coating on gas diffusion
layer for proton exchange membrane fuel cells. J Power Sources 2008;184:38-43,
Lee C-M, Pai Y-H, Zen J-M, Shieu F-5. Characterization of Teflon-like carbon cloth
prepared by plasma surface modification for use as gas diffusion backing in

b electrode bly. Mater Chem Phys 2009;114:151-5.
Park G-G, Sohn ¥-J, Yang T-H, Yoon Y-G, Lee W-Y, Kim C-S. Effect of PTFE con-
tents in the gas diffusion media on the performance of PEMFC. J Power Sources
2004;131:182-7.
Quick C, Ritzinger D, Lehnert W, Hartnig C. Characterization of water wansport in
gas diffusion media. J Power Sources 2009;190. [110-20].
Prasanna M, Ha H, Cho E, Hong 5-A, Oh I-H. Influence of cathode gas diffusion

132

[65]
[66]

67]
[68]

[69]

[70]

[71]

[72]

73]

[74]

[75]

[76]

771

78]

[79]

[80]

[81]

[82

=

[83]

[84]

[85]

[86]

87]
[88]

[89]

190

=

[91]

[92]

[93]

[94]

Renewable and Sustainable Energy Reviews 89 (2018) 117-134

media on the performance of the PEMFCs. J Power Sources 2004;131:147-54,
Lai Y-H, Rapaport PA, Ji C, Kumar V. Channel intrusion of gas diffusion media and
the effect on fuel cell performance. J Power Sources 2008;184:120-8.

Du C, Wang B, Cheng X. Hierarchy carbon paper for the gas diffusion layer of
proton exchange membrane fuel cells. J Power Sources 2009;187:505-8.

Dicks AL. The role of carbon in fuel cells. J Power Sources 2006;156:128-41,
Gurau V, Bluemle MJ, De Castro ES, Tsou Y-M, Mann JA, Zawodzinski TA.
Characterization of transport properties in gas diffusion layers for proton exchange
membrane fuel cells: 1. Wettability (internal contact angle to water and surface
energy of GDL fibers). J Power Sources 2006;160:1156-62.

Ahmed DH, Sung HI, Bae J. Effect of GDL permeability on water and thermal
management in PEMFCs—I. Isotropic and anisotropic permeability. Int J Hydrog
Energy 2008;33:3767-85.

Park S, Lee J-W, Popov BN. Effect of PTFE content in microporous layer on water
management in PEM fuel cells. J Power Sources 2008;,177:457-63.

Lin J, Wertz J, Ahmad R, Thommes M, Kannan A, Effect of carbon paper substrate
of the gas diffusion layer on the performance of proton exchange membrane fuel
cell. Electrochim Acta 2010;55:2746-51.

Bevers D, Rogers R, Von Bradke M. Examination of the influence of PTFE coating
on the properties of carbon paper in polymer electrolyte fuel cells. J Power Sources
1996,63:193-201.

Chaparro A, Gallardo B, Folgado M, Martin A, Daza L. PEMFC electrode pre-
paration by electrospray: optimization of catalyst load and ionomer content. Catal
Today 2009;143:237-41.

Chiu K-F, Wang K. Hydrophobic coatings on carbon electrodes for proton exchange
membrane fuel cells. Surf Coat Technol 2007;202:1231-5,

Li A, Han M, Chan SH, Nguyen N-t. Effects of hydrophobicity of the cathode cat-
alyst layer on the performance of a PEM fuel cell. Electrochim Acta
2010;55:2706-11.

Rohendi D, Majlan EH, Mohamad AB, Daud WEW, Kadhum AAH, Shyuan LK.
Effect of PTFE content and sintering temperature on the properties of a fuel cell
electrode backing layer. J Fuel Cell Sci Technol 2014;11:041003.

Tsai J-C, Lin C-K. Effect of PTFE content in gas diffusion layer based on Nafion®/
PTFE membrane for low humidity proton exchange membrane fuel cell. J Taiwan
Inst Chem Eng 2011;42:945-51.

Ismail M, Damjanovic T, Ingham D, Ma L, Pourkashanian M. Effect of polytetra-
fluoroethylene-treatment and microporous layer-coating on the in-plane perme-
ability of gas diffusion layers used in proton exchange membrane fuel cells. J
Power Sources 2010;195:6619-28,

Kim HJ, An SJ, Kim JY, Moon JK, Cho SY, Fun YC, et al. Polybenzimidazoles for
high temperature fuel cell applications. Macromol Rapid Commun
2004;25:1410-3.

Pan C, Li Q, Jensen JO, He R, Cleemann LN, Nilsson MS, et al. Preparation and
operation of gas diffusion electrodes for high-temperature proton exchange
membrane fuel cells. J Power Sources 2007;172:278-86.

Ong A-L, Jung G-B, Wu C-C, Yan W-M. Single-step fabrication of ABPBI-based GDE
and study of its MEA characteristics for high-temperatre PEM fuel cells. Int J
Hydrog Energy 2010;35:7866-7 3.

Lobato J, Canizares P, Rodrigo MA, Linares J1J, Pinar FJ. Study of the influence of
the amount of PBI-H 3 PO 4 in the catalytic layer of a high temperature PEMFC.
Int J Hydrog Energy 2010;35:1347-55.

Su H, Pasupathi S, Bladergroen B, Linkov V, Pollet BG. Optimization of gas dif-
fusion electrode for polybenzimidazole-based high temperature proton exchange
membrane fuel cell: evaluation of polymer binders in catalyst layer. Int J Hydrog
Energy 2013;38:11370-8.

Haque MA, Sulong AB, Loh KS, Majlan EH, Husaini T, Rosli RE. Acid doped
polybenzimidazoles based electrode assembly for high temperamure
proton exchange membrane fuel cell: a review. Int J Hydrog Energy
2017;42:9156-79.

Lim C, Wang C. Effects of hydrophobic polymer content in GDL on power per-
formance of a PEM fuel cell. Electrochim Acta 2004;49:4149-56,

Chun JH, Park KT, Jo DH, Lee J¥, Kim SG, Park SH, et al. Development of a novel
hydrophobic/hydrophilic double micro porous layer for use in a cathode gas dif-
fusion layer in PEMFC. Int J Hydrog Energy 2011;36:8422-8,

Wang Y, Wang C-Y, Chen K. Flucidating differences between carbon paper and
carbon cloth in polymer electrolyte fuel cells. Electrochim Acta 2007;52:3965-75.
Lee H-K, Park J-H, Kim D-Y, Lee T-H. A study on the characteristics of the diffusion
layer thickness and porosity of the PEMFC. J Power Sources 2004;131: 200-6.
Kannan A, Sadananda S, Parker D, Munukutla L, Wertz J, Thommes M. Wire rod
coating process of gas diffusion layers fabrication for proton exchange membrane
fuel cells. J Power Sources 2008;178:231-7,

Sitanggang B, Mohamad AB, Daud WRW, Kadhum AAH, Iyuke S. Fabrication of
gas diffusion layer based on x-y robotic spraying technique for proton exchange
membrane fuel cell application. Energy Convers Manag 2009;50:1419-25,
Celebi S, Nijhuis TA, Van der Schaaf J, De Bruijn FA, Schouten JC. Carbon na-
nofiber growth on carbon paper for proton exchange membrane fuel cells. Carbon
2011;49:501-7.

Chen J, Xu H, Zhang H, Yi B. Facilitating mass transport in gas diffusion layer of
PEMFC by fabricating micro-porous layer with dry layer preparation. J Power
Sources 2008;182:531-9,

Gostick JT, Fowler MW, loannidis MA, Pritzker MD, Volfkovich YM, Sakars A.
Capillary pressure and hydrophilic porosity in gas diffusion layers for polymer
electrolyte fuel cells. J Power Sources 2006;156:375-87.

Radhakrishnan V, Haridoss P. Differences in structure and property of carbon
paper and carbon cloth diffusion media and their impact on proton exchange
membrane fuel cell flow field design. Mater Des 2011;32:861-8.




EH. Majlan et al

[95]
[96]

971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]
[109]
[110]

1)

1z

[113]

[114)

[115]

[116]

17

[118]

[119]

[120]

121)
[122)
[123]

[124]

[125]

[126]

Yang H, Tu H-C, Chiang I-L. Carbon cloth based on PAN carbon fiber practicability
for PEMFC applications. Int J Hydrog Energy 2010;35:2791-5.

Zhang X, Shen Z Carbon fiber paper for fuel cell elecrode. Fuel
200Z81:2199-201.

Bonifacio RN, Paschoal JOA, Linardi M, Cuenca R. Catalyst layer optimization by
surface tension control during ink formulation of membrane electrode assemblies
in proton exchange membrane fuel cell. J Power Sources 2011;196:4680-5.
Marie J, Chenitz B, Chatenet M, Berthon-Fabry S, Cornet N, Achard P. Highly
porous PEM fuel cell cathodes based on low density carbon aerogels as Pt-support:
experimental study of the mass-rransport losses. J Power Sources
2009;190:423-34,

Song W, Yu H, Hao L, Miao Z, ¥i B, Shao Z. A new hydrophobic thin film catalyst
layer for PEMFC. Solid State lon 2010;181:453-8,

Zhang S, Yuan X-Z, Hin JNC, Wang H, Friedrich KA, Schulze M. A review of
platinum-based catalyst layer degradation in proton exchange membrane fuel
cells. J Power Sources 2009;194: 588—600,

Kim M, Park J-N, Kim H, Song S, Lee W-H. The preparation of Pt/C catalysts using
various carbon materials for the cathode of PEMFC. J Power Sources
2006;163:93-7.

Martin §, Garcia-Ybarra P, Castillo J. High platinum utilization in ultra-low Pt
loaded PEM fuel cell cathodes prepared by electrospraying. Int J Hydrog Energy
2010;35:10446-51.

Wee J-H, Lee K-Y, Kim SH. Fabrication methods for low-Pt-loading electrocatalysts
in proton exchange membrane fuel cell systems. J Power Sources
2007;165:667-77.

Rajalakshmi N, Dhathathreyan K. Nanostructured platinum catalyst layer pre-
pared by pulsed electrodeposition for use in PEM fuel cells. Int J Hydrog Energy
2008;33:5672-7.

Uma T, Nogami M. Fabrication and performance of PL/C electrodes for low tem-
perature H2/02 fuel cells. J Membr Sci 2007;302:102-8.

Lobato J, Rodrigo M, Linares J, Scott K. Effect of the catalytic ink preparation
method on the performance of high temperature polymer electrolyte membrane
fuel cells. J Power Sources 2006;157:284-92,

Fernandez R, Ferreira-Aparicio P, Daza L. PEMFC electrode preparation: influence
of the solvent composition and evaporation rate on the catalytic layer micro-
structure. J Power Sources 2005;151:18-24,

Yang T-H, Yoon Y-G, Park G-G, Lee W-Y, Kim C-S. Fabrication of a thin catalyst
layer using organic solvents. J Power Sources 2004;127:230-3,

Therdthi; g A, iset P, Therdthi. g §. Cathode catalyst layer design
for proton exchange membrane fuel cells. Fuel 2012;91:192-9,

Rajalakshmi N, Dhathathreyan K. Catalyst layer in PEMFC electrodes—fabrication,
characterisation and analysis. Chem Eng J 2007;129:31-40.

Yoon Y-G, Park G-G, Yang T-H, Han J-N, Lee W-Y, Kim C-8. Effect of pore structure
of catalyst layer in a PEMFC on its performance. Int J Hydrog Energy
2003;28:657-62.

WeiZ, Ran H, Liu X, Liu Y, Sun C, Chan §, et al. Numerical analysis of Pt utilization
in PEMFC catalyst layer using random cluster model. Electrochim Acta
2006;,51:3091-6.

Cheng TT, Rogers E, Young AP, Ye S, Colbow V, Wessel S. Effects of crossover
hydrogen on platinum dissolution and agglomeration. J Power Sources
2011;196:7985-8.

Wang Z-B, Zuo P-J, Wang X-P, Lou J, Yang B-Q, Yin G-P. Studies of performance
decay of Pt/C catalysts with working time of proton exchange membrane fuel cell
J Power Sources 2008;184:245-50.

Mamat M, Grigoriev S, Dzhus K, Grant D, Walker G. The performance and de-
gradation of Pt electrocatalysts on novel carbon carriers for PEMFC applications.
Int J Hydrog Energy 2010;35:7580-7.

Yun YS, Bak H, Jin H-J. Porous carbon nanotube electrodes supported by natural
polymeric membranes for PEMFC. Synth Met 2010;160:561-5.

Carmo M, Roepke T, Roth C, dos Santos AM, Poco JG, Linardi M. A novel elec-
trocatalyst support with proton conductive properties for polymer electrolyte
membrane fuel cell applications. J Power Sources 2009;191:330-7.

Woo S, Kim I, Lee JK, Bong S, Lee J, Kim H. Preparation of cost-effective Pt-Co
electrodes by pulse electrodeposition for PEMFC electrocatalysts. Electrochim Acta
2011;56:3036-41.

Vinayan B, Jafri RI, Nagar B, Rajalakshmi N, Sethupathi K, Ramaprabhu S.
Catalytic activity of platinum-cobalt alloy nanoparticles decorated functionalized
multiwalled carbon nanotubes for oxygen reduction reaction in PEMFC. Int J
Hydrog Energy 2012;37:412-21.

Grigoriev S, Lyutikova E, Martemianov S, Fateev V. On the possibility of re-
placement of Pt by Pd in a hydrogen electrode of PEM fuel cells. Int J Hydrog
Energy 2007;32:4438-42,

Zhou Z-M, Shao Z-G, Qin X-P, Chen X-G, Wei Z-D, Yi B-L. Durability study of
Pt-Pd/C as PEMFC cathode catalyst. Int J Hydrog Energy 2010;35:1719-26.
Moreno B, Jurado J, Chinarro E. Pt-Ru—Co catalysts for PEMFC synthesized by
combustion. Catal Commun 2009;11:123-6.

Seo A, Lee J, Han K, Kim H. Performance and stability of Pt-based ternary alloy
catalysts for PEMFC. Electrochim Acta 2006;52:1603-11.

Xiong L, Kannan A, Manthiram A. Pt-M (M = Fe, Co, Ni and Cu) electrocatalysts
synthesized by an aqueous route for proton exchange membrane fuel cells.
Electrochem Commun 2002;4:898-903,

Olson TS, Chapman K, Atanassov P. Non-platinum cathode catalyst layer com-
position for single electrode bly proton exchange membrane fuel
cell. J Power Sources 2008;183:557-63,

Li B, Qiao J, Zheng J, Yang D, Ma J. Carbon-supported Ir-V nanoparticle as novel
platinum-free anodic catalysts in proton exchange membrane fuel cell. Int J

133

nzzj

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]
[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[145]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

Renewable and Sustainable Energy Reviews 89 (2018) 117-134

Hydrog Energy 2009;34:5144-51.

Vikkisk M, Kruusenberg I, Joost U, Shulga E, Tammeveski K. Electrocatalysis of
oxygen reduction on nitrogen-containing multi-walled carbon nanotube modified
glassy carbon electrodes. Electrochim Acta 2013;87:709-16.

Faubert G, Cité B, Dodelet J, Lefevre M, Bertrand P. Oxygen reduction catalysts
for polymer electrolyte fuel cells from the pyrolysis of Fell acetate adsorbed on 3,
4, 9, 10-perylenetetracarboxylic dianhydride. Electrochim Acta
1999;44:2589-603.

Zhang JZ, Hongsirikarn K, Goodwin JG. Effect and siting of Nafion® in a Pt/C
proton exchange membrane fuel cell catalyst. J Power Sources 2011;196:7957-66.
Ahn S5-Y, Lee Y-C, Ha HY, Hong §-A, Oh I-H. Effect of the ionomers in the electrode
on the performance of PEMFC under non-humidifying conditions. Electrochim
Acta 2004;50:67 3-6.

Lee D, Hwang S. Effect of loading and distributions of Nafion ionomer in the
catalyst layer for PEMFCs. Int J Hydrog Energy 2008;33:2790-4.

Lai C-M, Lin J-C, Ting F-P, Chyou S-D, Hsueh K-L. Contribution of Nafion loading
to the activity of catalysts and the performance of PEMFC. Int J Hydrog Energy
2008;33:4132-7.

Sasikumar G, Thm J, Byu H. Dependence of optimum Nafion content in catalyst
layer on platinum loading. J Power Sources 2004;132:11-7.

Park J-H, Kim J-H, Lee H-K, Lee T-H, Joe Y-1. A novel direct deposition of Pt
catalysts on Nafion impregnated with polypyrrole for PEMFC. Electrochim Acta
2004,50:769-7 5.

Hwang DS, Park CH, Yi SC, Lee YM. Optimal catalyst layer structure of polymer
electrolyte membrane fuel cell. Int J Hydrog Energy 2011;36:9876-85.

Benitez R, Soler J, Daza L. Novel method for preparation of PEMFC electrodes by
the electrospray technique. J Power Sources 2005,151:108-13.

Rohendi D, Majlan EH, Mohamad AB, Daud WEW, Kadhum AAH, Shyuan LK.
Characterization of electrodes and performance tests on MEAs with varying pla-
tinum content and under various operational conditions. Int J Hydrog Energy
2013;38:9431-7.

Lee J, Seo J, Han K, Kim H. Preparation of low Pt loading electrodes on Nafion (Na
+)-bonded carbon layer with galvanostatic pulses for PEMFC application. J Power
Sources 2006;163:349-56.

Abaoud H, Ghouse M, Lovell K, Al-Motairy G. A hybrid technique for fabricating
PEMFCs low platinum loading electrodes. Int J Hydrog Energy 2005;30:385-91.
Antolini E. Carbon supports for low-temperature fuel cell catalysts. Appl Catal B:
Environ 2000;88:1-24,

Su H-N, Zeng Q, Liao S-J, Wu Y-N. High performance membrane electrode as-
sembly with ultra-low platinum loading prepared by a novel multi catalyst layer
technique. Int J Hydrog Energy 2010;35:10430-6.

Srinivasarao M, Bhattacharyya D, Rengaswamy R, Narasimhan S. Performance
analysis of a FEM fuel cell cathode with multiple catalyst layers. Int.J Hydrog
Energy 2010;35:6356-65.

Yousfi-Steiner N, Mocotéguy P, Candusso D, Hissel D. A review on polymer elec-
trolyte membrane fuel cell catalyst degradation and starvation issues: causes,
consequences and diagnostic for mitigation. J Power Sources 2009;194:130-45.
Schmittinger W, Vahidi A. A review of the main parameters influencing long-term
performance and durability of PEM fuel cells. J Power Sources 2008;180:1-14,
Wu J, Yuan XZ, Martin JJ, Wang H, Zhang J, Shen J, et al. A review of PEM fuel
cell durability: degradation mechanisms and mitigation strategies. J Power
Sources 2008;184:104-19,

Yuan X-Z, Li H, Zhang S, Martin J, Wang H. A review of polymer electrolyte
membrane fuel cell durability test protocols. J Power Sources 2011;196:9107-16.
Silva R, Hashimoto T, Thompson G, Rangel C. Characterization of MEA degrada-
tion for an open air cathode PEM fuel cell. Int J Hydrog Energy
2012;37:7299-308.

Taniguchi A, Akita T, Yasuda K, Miyazaki Y. Analysis of degradation in PEMFC
caused by cell reversal during air starvation. Int J Hydrog Energy 2008;,33:2323-9,
Zhang S, Yuan X, Wang H, Mérida W, Zhu H, Shen J, et al. A review of accelerated
stress tests of MEA durability in PEM fuel cells. Int J Hydrog Energy
2009;34:388-404,

Tanuma T, Terazono S. Improving MEA durability by using surface-treated cata-
lysts. J Power Sources 2008;181:287-91.

Mironov V, Kim J, Park M, Lim §, Cho W. Comparison of electrical conductivity
data obtained by four-electrode and four-point probe methods for graphite-based
polymer compaosites. Polym Test 2007;26:547-55.

Higier A, Liu H. Effects of the difference in electrical resistance under the land and
channel in a PEM fuel cell. Int J Hydrog Energy 2011;36: 1664-70.

Bai Z, Durstock MF, Dang TD. Proton conductivity and properties of sulfonated
polyarylenethioether sulfones as proton exchange membranes in fuel cells. J
Membr Sci 2006;281:508-16.

Zhou P, Lin P, Wu C, Li Z. Effect of nonuniformity of the contact pressure dis-
tribution on the electrical contact resistance in proton exchange membrane fuel
cells. Int J Hydrog Energy 2011;36:6039-44,

Yu H, Ziegler C, Oszcipok M, Zobel M, Hebling C. Hydrophilicity and hydro-
phobicity study of catalyst layers in proton exchange membrane fuel cells.
Electrochim Acta 2006;51:1199-207,

Huang Y-X, Cheng C-H, Wang X-D, Jang J-Y. Effects of porosity gradient in gas
diffusion layers on performance of proton exchange membrane fuel cells. Energy
2010;35:4786-94,

Wang H, li H, Yuan XZ. Pem fuel cell diagnostic tools. Boca Raton, Florida: CRC
Press, Taylor and Francis Group; 2012,

Akita T, Taniguchi A, Maekawa J, Siroma Z, Tanaka K, Kohyama M, et al.
Analytical TEM study of Pt particle deposition in the proton-exchange membrane
of a membrane-electrode-assembly. J Power Sources 2006;159:461-7.




EH. Majlan et al

[159]

[160]

[161]
1162]

[163]

[164]
[165]

[166]

[167]

[168]
[169]
[1170]

171)

1172)

1173)

1174)

[175]

[176)

177)

[178]

[179]

[180]

[181]

[182]

[183]

[184]

Takahashi I, Kocha SS. Examination of the activity and durability of PEMFC cat-
alysts in liquid electrolytes. J Power Sources 2010;195:6312-22,
Sudrez-Alcintara K, Rodriguez-Castellanos A, Dante R, Solorza-Feria O. Rux Cr y
Se z electrocatalyst for oxygen reduction in a polymer electrolyte membrane fuel
cell. J Power Sources 2006;157:114-20.,

Zhang J. PEM fuel cell electrocatalysts and catalyst layers: fundamentals and ap-
plications. Springe Sci Bus Media 2008,

Du §, Pollet BG. Catalyst loading for Ptnanowire thin film electrodes in PEFCs. Int
J Hydrog Energy 2012;37:17892-8.

Gatto 1, Stassi A, Passalacqua E, Aricod A. An electro-kinetic study of oxygen re-
duction in polymer electrolyte fuel cells at intermediate temperatures. Int J
Hydrog Energy 2013;38:675-81.

Shan J, Pickup PG. Characterization of polymer supported catalysts by cyclic
voltammetry and rotating disk voltammetry. Electrochim Acta 2000;46:119-25,
Pozio A, De Francesco M, Cemmi A, Cardellini F, Giorgi L. Comparison of high
surface Pt/C catalysts by cyclic voltammetry. J Power Sources 2002;105:13-9.
Lee K-5, Lee B-S, Yoo 5J, Kim S-K, Hwang SJ, Kim H-J, et al. Development of a
galvanostatic analysis technique as an in-situ diagnostic tool for PEMFC single
cells and stacks. Int J Hydrog Energy 2012;37:5891-900.

Parthasarathy A, Srinivasan §, Appleby Al, Martin CR. Electrode kinetics of
oxygen reduction at carbon-supported and unsupported platinum micro-
crystallite/Nafion® interfaces. J Electroanal Chem 1992;339:101-21.

Yuan X, Wang H, Sun JC, Zhang J. AC impedance technique in PEM fuel cell
diagnosis—a review. Int J Hydrog Energy 2007;32:4365-80.

Radev I, Georgiev G, Sinigersky V, Slavcheva E. Proton conductivity measure-
ments of PEM performed in EasyTest Cell. Int J Hydrog Energy 2008;33:484G9-55,
Asghari S, Mokmeli A, Samavati M. Study of PEM fuel cell performance by elec-
trochemical impedance spectroscopy. Int J Hydrog Energy 2010;35:9283-90.
Kheirmand M, Asnafi A. Analytic parameter identification of proton exchange
membrane fuel cell catalyst layer using electrochemical impedance spectroscopy.
Int J Hydrog Energy 2011;36:13266-71.

Easton EB, Pickup PG. An electrochemical impedance spectroscopy study of fuel
cell electrodes. Electrochim Acta 2005;50:2469-74,

Mamlouk M, Scott K. Analysis of high temperature polymer electrolyte membrane
fuel cell electrodes using elecrochemical impedance spectroscopy. Electrochim
Acta 2011;56:5493-512.

Andreasen SJ, Vang JR, Kar SK. High temperature PEM fuel cell performance
characterisation with CO and CO2 using electrochemical impedance spectroscopy.
Int J Hydrog Energy 2011;36:9815-30.

Li A, Chan SH. Nguyen N-t. Anti-flooding cathode catalyst layer for high perfor-
mance PEM fuel cell. Electrochem Commun 2009;11:897-900,

Mérida W, Harrington D, Le Canut J, McLean G. Characterisation of proton ex-
change membrane fuel cell (PEMFC) failures via electrochemical impedance
spectroscopy. J Power Sources 2006;161:264-74,

Maidhily M, Rajalakshmi N, Dhathathreyan K. Electrochemical impedance diag-
nosis of micro porous layer in polymer electrolyte membrane fuel cell electrodes.
Int J Hydrog Energy 2011;36:12352-60.

Dotelli G, Omati L, Stampino PG, Grassini P, Brivio D. Investigation of gas diffu-
sion layer compression by electrochemical impedance spectroscopy on running
polymer electrolyte membrane fuel cells. J Power Sources 2011;196:8955-66.
Sengiil E, Erdener H, Akay RG, Yiicel H, Bag N, Eroglu I. Effects of sulfonated
polyether-etherketone (SPEEK) and composite membranes on the proton exchange
membrane fuel cell (PEMFC) performance. Int J Hydrog Energy 2009;34:4645-52.
Jiao K, Li X. Water transport in polymer electrolyte membrane fuel cells. Progress
Energy Combust Sci 2011;37:221-91.

Tseng C-J, Lo S-K. Effects of microstructure characteristics of gas diffusion layer
and microporous layer on the performance of PEMFC. Energy Convers Manag
2010;51:677-84.

Dai W, Wang H, Yuan X-Z, Martin JJ, Yang D, Qiao J, et al. A review on water
balance in the membrane electrode assembly of proton exchange membrane fuel
cells. Int J Hydrog Energy 2009;34:9461-78.

Kim S-G, Lee 5-J. A review on experimental evaluation of water management in a
polymer electrolyte fuel cell using X-ray imaging technique. J Power Sources
2013230:101-8.

Hou K-H, Lin C-H, Ger M-D, Shiah 5-W, Chou H-M. Analysis of the characterization
of water produced from proton exchange membrane fuel cell (PEMFC) under

134

[185]

[18s]

[187]

[188]

[18a9]

[190]

o1]

[192)

193]

[194]

[195]

[196]

[197]

[198]

[199]
[200]
[201]
[202]
[203]

[204]

[205]
[208]

[207]

[208]

[209]

Renewable and Sustainable Energy Reviews 89 (2018) 117-134

different operating thermal conditions. Int J Hydrog Energy 2012;37:3890-6.
Ramos-Alvarado B, Sole JD, Hemandez-Guerrero A, Ellis MW, Experimental
characterization of the water transport properties of PEM fuel cells diffusion
media. J Power Sources 2012;218:221-32,

Jiao K, Park J, Li X. Experimental investigations on liquid water removal from the
gas diffusion layer by reactant flow in a PEM fuel cell. Appl Energy
2010,87:2770-7.

Bazylak A. Liquid water visualization in PEM fuel cells: a review. Int J Hydrog
Energy 2009;34:3845-57.

Palaniappan K, Govindarasu R, Parthiban B. Investigation of flow mal-distribution
in proton exchange membrane fuel cell stack. Int J Renew Energy Res (LIRER)
2012;2:652-6.

Rosli R, Sulong A, Daud W, Zulkifley M, Husaini T, Rosli M, et al. A review of high-
temperature proton exchange membrane fuel cell (HT-PEMFC) system. Int J
Hydrog Energy 2017;42:9293-314.

Garcia-Gabin W, Dorado F, Bordons C. Real-time implementation of a sliding
mode controller for air supply on a PEM fuel cell. J Process Control
2010;20:325-36.

Yu Y, Yuan X-Z, Li H, Gu E, Wang H, Wang G, et al. Current mapping of a proton
exchange membrane fuel cell with a segmented current collector during the gas
starvation and shutdown processes. Int J Hydrog Energy 2012;37:15288-300.
Niroumand AM, Mérida W, Saif M. PEM fuel cell low flow FDL J Process Control
2011;21:602-12.

Kim J, Kim M, Lee B-G, Sohn Y-J. Durability of high temperature polymer elec-
trolyte membrane fuel cells in daily based start/stop operation mode using re-
formed gas. Int J Hydrog Energy 201540:7769-76.

Wang C, Nehrir MH, Shaw SR. Dynamic models and model validation for PEM fuel
cells using electrical circuits. IEEE Trans Energy Convers 2005;20:442-51.
Orfanidi A, Daletou ME, Sygellou L, Neophytides SG. The role of phosphoric acid
in the anodic electrocatalytic layer in high temperature PEM fuel cells. J Appl
Electrochem 2013;43:1101-16.

Zhou F, Andreasen SJ, Kar SK, Yu D. Analysis of accelerated degradation of a HT-
PEM fuel cell caused by cell reversal in fuel starvation condition. Int J Hydrog
Energy 2015;40: 2833-9.

Zhang G, Shen S, Guo L, Liu H. Dynamic characteristics of local current densities
and temperatures in proton exchange membrane fuel cells during reactant star-
vations. Int J Hydrog Energy 2012;37:1884-92,

Baumgartner W, Parz P, Fraser S, Wallnéfer E, Hacker V. Polarization study of a
PEMFC with four reference electrodes at hydrogen starvation conditions. J Power
Sources 2008;182:413-21.

Kandlikar SG, Lu Z. Thermal management issues in a PEMFC stack-a brief review
of current status. Appl Therm Eng 2009;29:1276-80.

Zhang J, Xie Z, Zhang J, Tang Y, Song C, Navessin T, et al. High temperature PEM
fuel cells. J Power Sources 2006;160:872-91,

Howard J. Current intelligence bulletin 65: occupational exposure to carbon na-
notubes and nanofibers. Atlanta, USA: NIOSH Publication; 2013,

Emsley J. Nature’s building blocks: an AZ guide to the elements. Oxford, UK:
Oxford University Press; 2011,

Colditz GA. The SAGE encyclopedia of cancer and society. Thousand Oaks,
California, USA: SAGE Publications; 2015,

Zhang Q, Lin R, Técher L, Cui X. Experimental study of variable operating para-
meters effects on overall PEMFC performance and spatial performance distribu-
tion. Energy 2016;115:550-60.

Garche J, Jirissen L. Applications of fuel cell technology: stas and perspectives.
Electrochem Soc Interface 2015,24:39-43,

Pei P, Chen H. Main factors affecting the lifetime of proton exchange membrane
fuel cells in vehicle applications: a review. Appl Energy 2014;125:60-75.
Thampan T, Shah D, Cook C, Novoa J, Shah S. Development and evaluation of
portable and wearable fuel cells for soldier use. J Power Sources
2014;259:276-81.

Kakac §, Pramuanjaroenkij A, Vasiliev L. Mini-micro fuel cells: fundamentals and
applications. Springe Sci Bus Media 2008,

Badami M, Portoraro A. Performance analysis of an innovative small-scale tri-
generation plant with liquid desiccant cooling system. Energy Build
2009;41:1195-204,




Electrode for proton exchange membrane fuel cells: A review

ORIGINALITY REPORT

15, 3. 6 114

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

.

Submitted to University of Venda

Student Paper

10y

o

www.taylorfrancis.com

Internet Source

T

e

Submitted to Hellenic Open University

Student Paper

T

-~

epdf.pub

Internet Source

T

o

coek.info

Internet Source

T

Chi-Yeong Ahn, Ji Eun Park, Sungjun Kim, Ok-
Hee Kim et al. "Differences in the
Electrochemical Performance of Pt-Based
Catalysts Used for Polymer Electrolyte
Membrane Fuel Cells in Liquid Half- and Full-
Cells", Chemical Reviews, 2021

Publication

T

"Electrochemical Technologies for Energy
Storage and Conversion", Wiley, 2011

Publication

T




Exclude quotes On Exclude matches <1%

Exclude bibliography On



