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ABSTRACT

Proton Exchange Membrane Fuel Cell (PEMFCs) hasuaed importance as a promising technology duetgo i
high energy conversion efficiency. Proton ExchaNgambrane fuel cells involves the conversion ofdhemical
energy stored in fuel cell to electrical energyhwihinimal or no pollution. It has the ability todece the energy
usage and dependence on the conventional fuel$oels. During last few years, a great effort le®en made in
the field of Proton Exchange Membrane fuel celhiedogy. There are many challenges to be overcaméhé
commercialization of fuel cells for traditional egg systems, regardless of the promising achievesmand
reasonable prospects of PEMFCs. An effective PEMt raxhibit high proton conductivity, good mechahind
thermal stability, low electro-osmotic drag coeffict and most importantly must be of low cost. Phaiger gives an
overview of the recent advancements in the deveopwf Proton Exchange Membrane Fuel cells, whidh w
operate at both elevated as well as at low tempeest

Keywords: Energy, PEM Fuel Cell, Proton Exchange Membré&uoe| Cell Application

INTRODUCTION

Scarcity of Energy and environmental pollutions toe matter of greatest importance. Promising sniuio these
challenges is Fuel cell technology which can gemeetectricity efficiently without any release ablfutants since
the by-product is water [1-3]. Fuel cell technokmhave received much attention in recent yearsadthee growing
concerns on the depletion of petroleum based ermegpurces and climate change. The efficiency el Eall can
reach as high as 60% in electrical energy converaimd overall 80% in co-generation of electricatl dinermal
energies. The reduction in major pollutants is mth@n 90% [4].Kwak et al. [5] indicate that new hygen
powered fuel cell technologies in both its high émd-temperature derivatives are more effective eledner than
conventional energy technologies, and can be cereidone of the pillars of a future sustainablerggnsystem.
Barreto et al. [6] examine future perspectivesfie cells and develop a long-term hydrogen-basediario of the
global energy system. Figure 1 illustrates theinscio. Midilli et al. [7], increasing concerns abairban air
pollution, energy security, and climate change eipedite the transition to “hydrogen economy.” {8t states
that hydrogen from renewable, coupled with fuell cgéneration on demand, provides an elegant and
complementary solution to this problem.

According to the major field of research, Fuel salte categorized as: polymer electrolyte memb(BE&M) fuel
cells, solid oxide fuel cells (SOFCs), alkalineIfgells (AFCs), phosphoric acid fuel cells (PAF@s)d molten
carbonate fuel cells (MCFCs) [9] and is shown iml€al. An SOFC essentially consists of two pordesteodes
separated by a dense, oxide ion conducting elgtétaBolid oxide fuel cells (SOFCs) offer a clekw-pollution
technology to electrochemically generate elecirieit high efficiencies; since their efficiencie arot limited by
the Carnot cycle of a heat engine [11-13]. Thesd fells provide many advantages over traditionargy
conversion systems including high efficiency, reilidy, modularity, fuel adaptability, and very lolevels of NQ
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and SQ emissions. Alkaline Fuel cell is one of the oldéssigns and the first practical fuel cells to lesveloped
for powering electrical system on space crafts.hHigiling point and high conductivity of concenedtalkaline
solution is utilized by AFCs with operating tempera of 100-250C. Materials used for electrodes are Nickel and
Silver [14]. Phosphoric Acid Fuel cell consist opair of porous electrodes namely the fuel eleeradd the air
electrode, formed from carbon material. An elegtmllayer consisting of a matrix impregnated witighty
concentrated phosphoric acid is present in betwserlectrodes. The operating temperature of ploygpacid fuel
cell is about 200C [15].

Table 1: Fuel Cell Classfication (modified from [10])

Tvpe of Fuel Cell Anode Electrolyte Cathode

Polymer electrolyte membrane  Fuel: H. PEMEFC (20 =C) Input: O (air)

fuel cells (PEMFCs) H—7—= Product: H,O

Solid oxide fuelcells {30FCs) Fuel: H; or CO SOFC (500-1000°C)  Input: Oy (air)
Product: H,O, COy e ¥

Alkaline fuel cells (AFCs) Fuel: H» AFC (70 °C) Input: O (air)
Product: H,O «— OH"

Phosphoric acid fuel cells Fuel: H» PAFC (200 =C) Input: O (air)

(PAFCs) H — Product: H,O

Molten carbonate fuel cells Fuel: Ha or CO MCFC (630 =C) Input: O- (air) and

(MCFCs) Product: H:O, CO- —— 0" COy

Molten Carbonate Fuel Cell (MCFC) is a fuel celligih electrolyte is a ceramic matrix filled of sodiuand
potassium carbonates, in molten form. The operdé@ntperature is usually between 600 °C and 70h°@der to
allow effective ion conduction and prevent fromidagoltage degradation [16].

Proton Membrane Exchange Fuel cell is most widelgduamong all other fuel cell system for portabdever

generation due to compactness, quick start-up, bighut power density, clean by-product, silentrafen and
suitability for discontinuous operations [17-18]eW Generation of Vehicle Program (PNGV) in U.S.1i993

initially reported the applications of proton exnlga membrane fuel cell system[19].It almost tooky&firs to reach
the partial commercialization stage [19]. The PEMit@passed the solar cells and other alternativesaperiod of
time mainly due to simplicity of design and weigtilvantages [20]. General Electric (GE) in 1959 ipocated an
ion-exchange resin as an electrolyte in PEM fuklfoespace application which gained prominence.

The main goal of this paper is to discuss the o6IBEM fuel cell system for sustainable future digtusses some
cases of the latest research on the applicatiaga t#BsSPEMFCs to real systems such as transporfatésidential
power generator (RPG), and portable computers.dtitian, this paper describes and summarizes tlsive
prospects and the competitive force of PEMFCs @sélfields.
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Fig 1: Evolution of global market shares of different final energy carriersfor the period 1990-2100 based on the scenario by Barreto et al.
(6]

PROTON EXCHANGE MEMBRANEFOR FUEL CELL

Proton Exchange Membrane in Fuel cell plays mdtigles like, charge carriers for proton, sepanatib the
reactant gases and electronic insulation for nesipg electrons through the membrane. In genegairébmbrane is
the core component of PEM Fuel Cell. DuPont, in @97developed a perfluorosulfonic acid membranéd wit
polytetrafluoroethylene as support, which is callddfion™. It not only showed extended lifetime but alsowe
fold increase in the specific conductivity. The NMaf membrane has a structure of copolymer fromditou3, 6-
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dioxo 4, 6-octane sulfonic acid and polytetra-fltbiylene (PTFE) provides the support to this stmgctlt gives the
hydrophobic nature for membrane. Fig. 2 shows tremical structure of Nafich The ionic groups have caused
the absorption of the large amount of water andesunydration of polymer.The factors affecting plo¢ential of
the suitable proton exchange membrane are the I@vdlydration and thickness of the membrane [2A.T.
Zawodzinski et al. [22] shows that for a fully hgtied membrane of water content equal to 22 (repteddy the
number of absorbed water molecules per sulfonid gobup),the protonic conductivity is about 0.1r8at room
temperature. When water content decreases to &4pritonic conductivity decreases to 0.06 S'cirotonic
conductivity also depends on the temperature anteases significantly with temperature. N.M. Samif&sj
reported the protonic conductivity of a fully hyted Nafion membrane up to 0.18 S trat 80°C. Nafion
membranes possess many properties which include grigton conductivity, low permeability of both fuend
oxidant and exceptional mechanical and chemicéilgia[24-25]. But, as mentioned by M. Casciolaaét[26], the
upper operation temperature limit of Nafion is IGanly 80-100°C). Normal Nafion will lose proton conductivity
when the temperature exceeds’80and a significant drop of proton conductivitylsserved at 120C.

Classification of Proton Exchange M embrane

Membrane is the core component of the PEM fuel. calthough interest in synthesizing proton exchange
membranes for fuel cell applications has been eksefor about a century, major developments in fileisl were
made only in the recent past. In order to overctimedrawbacks of Nafion membrane, many other tygfesvel
PEM have been developed. Novel PEMs are classifiaml three main categories viz, polymeric, ceramim
inorganic-organic composite membranes. Table &tithtes some commercial cation-exchange membr&1s [
Protonic conductivities of representative PEMssanmmarized in Table 3.

fcF. —CF;-]H—CFz—(lij |
{ O—CFs—CF]-0—CFr—CF2
CF3 SOy"™™M

Fig. 2: Chemical Structure of Nafion Membrane
n=6.5t0 13.5, m=1, 2, etc., x= 200 to 1000, M* is the exchangeable cation

Table 2: Properties of commercial cation-exchange membranes[27]

Membrane Membrane Type Thickness  |EC (mol/g)
DuPont Co., USA
Nafion N-117 Cation Exchange Membrane 0.183 0.9
Nafion NF-115  Cation Exchange Membrane 0.127 -

Asahi Chemical Industry Co. Japan

Aciplex K-192  Cation Exchange Membrane 0.13-0.17 -
Aciplex-501SB  Cation Exchange Membrane 0.16-0.20 -
Aciplex A201 Anion Exchange Membrane 0.22-0.24 -
FuMA-Tech GmbH, Germany

FKS Cation Exchange Membrane  0.090-0.110 0.9
FK-40 Cation Exchange Membrane  0.035-0.045 1.2
FAS Anion Exchange Membrane  0.100-0.120 1.1
FAA Anion Exchange Membrane  0.080-0.100 1.1

Asahi Glass Co. Ltd., Japan

Selemion CMV  Cation Exchange Membrane 0.13-0.15 -
Selemion AMV  Anion Exchange Membrane 0.11-0.15 -
lonicsInc., USA

CR61-CMP Cation Exchange Membrane 0.58-0.70 2.2-25
AR112-B Anion Exchange Membrane 0.48-0.66 1.3-1.8
Solvay SA., Belgium

Morgane CDS Cation Exchange Membrane  0.130-0.170 7-212
Morgane AW Anion Exchange Membrane  0.130-0.170 2Am-
Tokuyama Co., Japan

Neosepta CM-1  Cation Exchange Membrane 0.13-0.16 0-2&
Neosepta CMX  Cation Exchange Membrane 0.14-0.20 -1185
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Table 3: Summary of Protonic conductivities of variousPEMs

Proton Exchange Membrane Protonic Conductivity
Nafion 0.13 S/cm at 78C and 100% relative humidity [28]; less than 0.@trsat 20°C [29]
Modified Nafion (Hyflon) 0.013 s/cm at 20C [29]
Hydrophilic—hydrophobic copolymer 0.09 s/cm at 30C and 100% relative humidity [30]
Acid—base blends 0.046 s/cm at 16%C [31]
gléil\e/l-godlﬁed hydrocarbons (SPEEK'base%ound 0.1 slem at 100C [32]
TiO,-based PEM 5.5x10° s/cm under normal ambient humidity environmemogs) [33]
Nafion-inorganic solid acid composite conductivity can reach 0.1 s/cm at@and 0.02 s/cm at 12C [34]
Ferroxane (carboxylate-FeOOH)-PVA0.0025 s/cm at 100% RH and room temperature; Idh@n 10 s/cm at 33% RH and room
composite temperature [35]
Polymeric PEM

Most widely used membrane in fuel cells is PolymePEM. Proton-conductive groups like sulfonic aeick
predominantly introduced to the main chain or sitiains of the polymer. | order to obtain thermad @hemical
stability the main chain of the polymer is oftendtinated. As discussed earlier, Nafion is the maddely used
PEM in fuel cells. It is more desirable for protoonduction under elevated temperature and low hitynidlhere
were extensive studies on the practicability toomef the properties of Nafion membrane. In ordeiintrease
thermal stability of Nafion, researchers modifidu tside chains of Nafion and produced a new peifiated
membrane named Hyflon (Fig. 3) which possessesghehiionic glass-transition temperature than Nafiamd
enables operation at a higher temperature withopairing the membrane [29,36]. Furthermore, S.ddRan et al.
[37] found that the number of —¢Eroups in the backbone of Hyflon influences theragen bonding network of
the water-sulfonic acid groups and leads to aneae in the number of water molecules requireduioctional
proton transport.A. Roy et al. [38] have developesiel hydrophilic-hydrophobic perfluorinated blooépolymers
that provide enhanced proton transport, particylariow relative humidity.

The acid-base blend PEMs for fuel cell applicationsmlves the addition of an acid component intoatkaline
polymer, so as to encourage protonic conductivify These membranes are very stable in oxidizingeducing
environments and maintain relatively high conduttiat very high temperatures without significamthgtdration
effects [1]. Guo et al. [39] developed new acidebbknds that have a better performance than RB@H The
membrane composed of a sulfonated poly (aryl éthtone) (6FSPEEK) as an acidic component and anzed
poly (aryl ether ketone) with a naphthyl group (ABEKK-NA) as a basic component and this membrarsénattl a
maximum protonic conductivity of 8.7 x

-CF.-C Fgll.'.‘-F- CFs-CF.-CF--
OCF:CF:S0:H

Fig. 3: Chemical Structure of Hyflon

102 S cm' at 80°C, and is expected to increase at higher tempestiioreover, this membrane has high water
uptake capacity and has an oxidative stability ewégher than that of sulfonated polyether etheroket
membranes.Another type of acid—base blend PEM B®BEEK as an acid polymer and various amounts of
polysulfone tethered with 5-aminobenzotriazole asaaic polymer was synthesized by Li et al. [40] direct
methanol fuel cell applications.

Ceramic PEM

Polymeric membranes play the dominant role in tB&HRFuel cell. But, over recent decade, Ceramic riateas
possible proton exchange membranes for fuel ceflliegiions have captivated the interest of reseasch
[41,42,43].The ceramic PEM can be classified i@ tmain categories: (1) non-metal ceramic PEM a2 (
hydrated metal oxide/oxyhydroxide ceramic PEM. THom-metal ceramic PEM, such as porous silica glaas,
good chemical and mechanical stability, low materiest and endurance to high temperature. Howeveaxdgami

et al. [44] showed that the protonic conductivifynon-metal ceramic PEM tends to be much lower tdafion (10

6 _10° S cm' at 400-800°C). Metal oxide ceramic membranes are mainly usesblid oxide fuel cells (SOFCs)
and G ions are the main transfer ions in the membrafRes.becoming a good candidate for PEMFCs, a metal
oxide must have high water absorption capacityt®strface. Various metal oxides and metal oxyhxides have
shown the capacity to conduct protons at diffefemidities, like TiQ, Al,Os, BaZrG;and FeOOH [45, 41]. F.M.
Vichi [42] reported the maximum protonic condudies of TiQ, and ALO; are 1.1x1G S cm' at 97% RH and
5.5x10% S cm' at 81% RH, respectively, which are about one ooflenagnitude less than that of Nafion. As shown
by E.M. Tsui et al. [46] the protonic conductivitgy FeOOH is much higher than Ti@nd ALO; and even higher
than that of Nafion.
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The sol—gel process is the traditional approacprépare ceramic thin films with nano-sized porel.[Zhe most
widely-used preparation method of FeOOH ceramide imake coarse FeOOH particles (lepidocrocitegtradth

carboxylic acid to form nano-sized ferroxane (cagbate-FeOOH) ceramics (Fig.4). The proton conditgtiof the

ferroxane ceramic membrane becomes low at low RHe,to the presence of acetic acid groups. Theegxis of
acetic acid groups hinders the transfer of protam®ng physisorbed water molecules. A sintering gsscis
required to remove these acetic acid groups froenstirface of the ceramic membrane. Sintering at °8Dfor

several hours increases the protonic conductivitthe membrane [41]. The advantages of ceramic mamels
include: excellent thermal and chemical stabityich enables the membrane to be used at high tatope, low
material cost, and high proton conductivity [41frfoxane ceramic membranes have both poor ductlity
compression resistance. Due to the precursor aktihgembranes, lepidocrocite, which has very poarhamcal
properties, the membranes are quite brittle and lareasily broken to very small pieces. The hamiras
lepidocrocite is 5 GPa, which is very less thap4l(20.6 GPa)and-SiO, (30.6 GPa) [47,48].
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Fig. 4: Production Method of Ferroxane Membrane (modified from [41])
Solid acid PEM

Solid Acid PEM is a promising class of materialsfizel cell membranes. The general formula for ¢hesiterials is
AHy(XO4)xsyy2Where A = K, Rb, Cs, Tl, Li, or Nldnd X = P, S, As or Se. Due to the phase transitidhese
materials, the proton conductivity increases by@ers of magnitude, reaching values as high dsSIém. Hence
they are called “superprotonic conductors”. Sadicid PEM Fuel cell operate at medium temperat{ir@8-250°C)

since their superprotonic transition temperatureggéserally between 350 and 500 K (Table 4). Thas<lof
materials has been known for a long time by sdiddesphysics due to their fascinating phase trinsit Many
works have been done till now addressing the asgie nature of the hydrogen bonding in the mateaind its
effect on the macroscopic properties, e.g. on NaH8@], NH;HSeQ, [50], KHSQ, [51], TIHSQO, [52]. The

superprotonic solid acids have been only recemthsitlered for applications as fuel cell membradespite of their
excellent proton transport properties. Haile SMlef53]showed the applicability of CsHSO4as fuell membrane
material. Though, some technological challengesramaining like processing of thin, impermeableidsatid

membranes, enhancement of electrode performandesyatem design to protect the electrolyte fromitiqwater
during fuel cell shut-off [53]. In addition to thatolid acids have some limitations like brittlesiewater solubility
and poor mechanical behaviour [54], and chemicshipility [55].

Proton conduction in solid acid PEM is explainedy competing models [56].
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1. It is based on the partial phosphate polymerizaicondensation) of compounds at elevated tempestur
followed by partial decomposition. The polymeripatireaction results in formation of free water be surface of
the crystallite which increases the proton conditgti This model is governed by following equation.

N(MH:PQ) ————>  MHzn2P, Osniat (n-1)H0

2. The second model suggests that the high-temperatamsition is a structural phase transition abasgch
protons are able to migrate through hydrogen bavittsn the crystal.

We will not in this review go deeper into both timedels. The interested reader can however find npapgrs in
the literature that discusses regarding both thelaeiso Some examples are: for CsHY67], CsHSeQ [58],
CsHPQ, [59]. Now discussing about ferroelastic—superpnm@hase transition, Plakida et al. [60] reported
optical studies on CsHS@nd CsHSegxhat have shown that the superprotonic phase timmss accompanied by
a ferroelastic transition.Ishii et al. [61] propdse mechanism of the strain transition in;R{5eQ),, involved in
the ferroelastic—superprotonic phase transitioneyThtate that the coupling between strain and maoghibtons
gradually releases the spontaneous strain witheestgre and finally leads to the ferroelastic—spp®onic phase
transition. Hatori et al. [62] found a link betwettre superprotonic phase transition temperatureatadpontaneous
strain in the ferroelastic phase. They claimed that phase transition temperature depends on thgpetition
between the elastic energy of the spontaneous stral the kinetic energy of protons.

Table4: The Properties of different Solid acids

Compounds Supesrt[;?gttgnrﬁ:(ghase Transition Temperature (K)  Conductivity (S/cm) Eﬁcérlg?t(lg\r))
CsHSQ (CHS) 14/ amd 414 0.04 at 473 K [63] 0.1[64]
KH.PO, (KDP)  Monoclinic 452[65], 444 [66] 7x1Tt 459 K [65] 1.02 [65]
RbH,PO,(RDP)  Monoclinic[67] 345-375[68] 6.8xFmt 613 K -
CsHPO,(CDP)  Cubic[69] 503[70] 2.2x1tat 513 K[70] 0.42[70]
TIH,PO, (TDP)  Orthorhombic 357[71] - -

Rb;H(SeQ), Rhombohedral 447[72] 2xzat 460 K[73]

I nor ganic-or ganic composite PEM

Material that includes two or more blended compaumid the molecular scale out of which one of tramsapounds
is inorganic and at least one is organic, then referred as a Composite or a hybrid material. [T composite
materials have captivated interest of researchecause inorganic—organic components can combirséndiar
properties of inorganic and organic materials, #twedcomponents can exhibit the desired properfiestlh material
types [74]. For example, the surface modificatidnptastics with hard poly (methylsiloxane)s to iease the
abrasion resistance of plastics [75], while anothéncorporation of inorganic nanoparticles witlesial properties
in organic polymers to create multifunctional greuporganic—organic composite membranes can beifitas
intotwo main categories: (1) membranes composegrofon conductive polymers and less-proton condecti
inorganic particles, and (2) membranes composegutaibn conductive particles and less-proton corideiarganic
polymers. In order to enhance the proton condugtas well as to maintain the chemical and meclzusiabilities
of Nafion at elevated temperatures and low RH, &afs combined with inorganic solid acids, silicaterials or
metal oxides [76]. Malhotra et al. [77] incorpoitélafion with heteropolyacids (HPAs), and the cosif@
membrane showed good performance in a PEMFC opleaate bar and 110-1F&. Thampan et al. [78] described
the preparation of Nafion-MQO(M = Zr or Ti) hanocomposite membranes for theligpfion of high-temperature
PEMFCs. Similar results were reported by Jalarale{79] that both Nafion-Zr@and Nafion-TiQ composites
possess proton conductivities higher than Nafiod261°C. A composite membrane with very promising proton
conductivities at both high and low RH is synthedizoy Shao et al. [80] by combining silicon oxid&i(2)
powders with 5 wt.% Nafion solution and phosphottitg acid. Introduction of inorganic materials cahn
completely overcome the intrinsic problems of Nafiancluding high permeability of methanol and losk
mechanical stability at high temperatures. A fewelawomposite membranes that have chemical and anéxi
stabilities are similar or better than those of iblafis synthesized from polymers with no or low toro
conductivities. Zhang et al. [81] successfully e proton-conductive composite membranes deifraed the
combination of ferroxane nanoparticles and polyvialgohol (PVA). The main motive of combining theseo
materials is to make a composite membrane witlptitential to be applied in PEMFC systems by combtieehigh
protonic conductivity of ferroxane nanoparticleslagpod mechanical properties of PVA. Fig. 5 sholas $EM
images at different sections of ferroxane-PVA cosifgomembranes. The ferroxane-PVA membrane has/a PV
skeleton with ferroxane nanoparticles distributadtpnot only on the top surface, but also witttie cross-section
[81].
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PEM FUEL CELL TECHNOLOGY: APPLICATIONS

PEM fuel cells are being applied in the followinigrae areas: transportation, stationary and portpbleer
generation. The power of electric passenger cdityutehicles, and bus ranges from 20 kW to 250.KWe
stationary power by general fuel cells has a watege, 1-50 MW. Some small-scale stationary germeraéi.g. for
the remote telecommunication application, is 100W1[82].

Fig. 5: SEM images of ferroxane-PVA composite, (a) surface of ferroxane-PVA composite membrane, (b) cross-sections of ferroxane-
PVA composite membrane [81]

Transportation

Among the many applications of PEMFCs, transpanais the most competitive and promising. Seveoakerns
arise from the global, fast-growing vehicle markaich as air pollution, climate change (due toghsenhouse
gases), and fuel sustainability. Most issues amoaated with the conventional engines, i.e. ICHEse(nal-
combustion engines), which primarily depend on bydrbon fuels. PEM fuel cells have the potentiateplace
ICEs due to their potentials of achieving highdicafncy and lower GHG emissions. The typical powange for
this type of applications, such as passenger aditity vehicles, and buses, ranges from 20 kW 5@ RW [82].
Fig. 6 shows the Transit vehicle Fuel types insthtiround the world in each category in 2010 [BB]Nicol et al.
[84] reported that PEM fuel cells can be superolGEs in several aspects except the initial deigt. 7 illustrates
the manufacturing cost of Fuel cell in the year20% Strategic Analysis Inc. [85]. Kazim [86] prasal a scheme
with which the United Arab Emirates government cahieve greater economic and environmental benefits
associated with the introduction of fuel-cell véég

3%
Lo '/

3%

2%

® Fuel Cell Stack

® Fuel Processor

m Diesel Electric m LNG .

= Bio-Diesel = Other ® Power Electronics  ® Heat Exchanger
) m Assembly m Balance of Plant

E CNG u Diesel

Fig. 6: Transit vehicle Fuel TypesinstalledFig. 7: Manufacturing cost of Fuel cellsin around the world in 2010 (modified from [84])2011
(modified from [85])

Light-weight Vehicles

The production of regular automobiles increaseadiite in early 2000s but becomes fluctuated in negears. In
the past few years, the fuel cell light-weight wimarket has been led by Honda, General Motor$, athers.
Electric powered bicycles are commonly used onily 8asis for commuting in Taiwan and China. In 20Blwang
et al. [87] published the test results of a prqietyf electric bicycle powered by a PEMFC. Accogdin the
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authors, the efficiency of the fuel-cell systematead up to 35%, which was significantly higher thiaat of an ICE,
and a total of 6.8 g hydrogen covered the drivirgdathce of 9.18 km, clearly demonstrating the distato-fuel
ratio of 1.35 km/g. Meanwhile In 2007 General Mstathrough its “Project Driveway” program, deliegr over
100 units of its Chevrolet Equinox fuel-cell veleislto California, Washington DC, and New York, whas of
September 2009 had accumulated over 1,000,000 wfildsving [88]. Table 5 documents the key parameif
several fuel-cell vehicles.

Table5: Specifications of several fuel-cell vehicles[89, 90]

Vehicle Name Type Year Power (kW) Hydrogen storage and capacity  Driving Range
Honda FCX-V3 Compact Car 2000 60 100 L at 250 atm 80 Km
Honda FCX-V4 Compact Car 2002 60 137 L at 350 atm 15 KBn
Honda FCX 2nd Generation =~ Compact Car 2004 80 15616350 atm 430 km
Honda FCX Clarity FCEV Compact Car 2007 100 3.92kH000 psi 240 miles
Chevrolet HydroGen3 Minivan 2001 60 3.1 kg at 700 bar/4.6 kg at -23@ 270 km/400 km
Chevrolet Sequel Cross-over  SUV 2005 73 8 kg atb&s0 300 miles
Chevrolet Equinox FCV Sport utility vehicle 2008 93 4.2 kg at 700 bar 200 mile
Toyota FCHV Sport utility vehicle 2001 90 350 bar 80Imiles
Toyota FCHV-adv Sport utility vehicle 2009 90 151700 bar 430 miles
Daimler B-Class Compact car 2009 100 700 bar 400 km

Buses

Fig. 8 shows the number of fuel-cell buses commaéizeid each year from 1994 through 2008. In Figh8,peak in
2003 corresponds to Daimler’s introduction of i8staus fleet for the European CUTE (Clean Urban Spant for
Europe) and ECTOS (Ecological City Transport Sy$temd Australian STEP (Sustainable Transport Energy
Project) programs. In the CUTE program each padidng city has different buses. Stockholm city guthe
Mercedes-Benz Citaro fuel cell buses, which has fwa cell stacks that produce a total power of %0 and
capacity of 40 kg hydrogen stored at 350 bar tmaviges fuel for about 200 km operation [91]. Awvigpower
operation the fuel cell stack efficiency is ovel®&®based on the lower heat value. Due to the CUTE semilar
programs, over half of the commercialized fuel-dmises are running in Europe, a quarter in Asid, H5% in
North America.

Units

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Year
Fig. 8: Number of Fuel Cell powered Buses manufactured (modified from [92])

Portable Application

The fast-growing power demand by portable electratgvices is unlikely satisfied by current battegghnology
because of its low energy power capability and loharging time. These two issues can be well resbby using
portable/micro PEM fuel cells. The typical powenga for portable electronic devices is 5-50 W aedesl
developments focus on a level of <5 W for micro poapplication [93]. A wider range of power, 10085, has
also been considered[94]. Many researchers havenadd towards the fabrication of portable/micrd fiedl. Lee
et al. [95] employed LIGA (which refers to the Gemmacronym for X-ray lithography-technique: X-ray
Lithographie, Galvanoformung (electro-depositioafd Abformtechnik (molding)) to fabricate flow cheats in
metallic bipolar plates. Ito et al. [96] utilizedtechnique similar to that used for machining ompact disks to
create micro grooves in metal plates. Hahn et9l} {ised reactive ion etching (RIE) to machine ogbannels in
stainless steel plates. Hsieh et al. [98] prop@s&l-8 photoresist microfabrication process for fihed cell flow
structures. Cha et al. [99] employed various mi@abfabrication processes, such as lithographysipalyvapor
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deposition (PVD), and focused ion beam (FIB) etepfbition, to fabricate flow field plates.Madowaét[100] used
carbon obtained by pyrolyzing polymer precursoedléd the “C-MEMS process) for the bipolar fluiditates. Fig.
9 shows the peak power generated by bipolar flypthtes.

Ito T et al. [96]

Wang Y et al. [105]

Heinzel A et al. [104]

Hsieh SS et al. [103]

Muller M et al. [102]

SiewHwa C et al. [101]

Peak Power (lecmz)
Fig. 9: Peak Power generated asreported by variousresearchers

In addition to mobile phones and laptops, portdbéd cells can be used to power toys and utilisash as RC
(radio control) cars, boats, robot toys, and emargéights.

Stationary Applications

In general, due to priorbenefits of PEMFC, it isolum that PEMFC technology is one of the more fasble
candidates for a main or APU in the field of aistary power plant. In 2005, Wang et al. [106] népd the
development of the key components, specificaticnsfiguration and operation characteristics of kW& H./air
PEMFC system for a stationary power generatorxhilats a quick start-up at room temperature (<hb)maind the
efficiency of over 30%. Ladewig et al. [107] invigstted another 5 kW stack system with 75 cells 3@ cm 2
active areas (supplied from Hélion Fuel Cell Comyparnt works with a natural gas reformer and hydnog
purification membrane unit. The DC output from #iack was converted to 240 V AC as output. Theesysvas
installed in Belfort, France with natural gas fréime local supply. Hwang and Zou investigated thé>Gfficiency
and achieved a CHP efficiency @1% [108]. It is worthy to note that there is cotifpen from other types of fuel
cells, notably MCFCs and SOFCs. Despite their loergy efficiency, MCFC or SOFC are currently bedidvo be
one of the best technologies for stationary apfiioa for reasons such as the use of a more aiailabl such as
methane than pure hydrogen [109]. Table 6 shovug aflcompanies working on the stationary appias.

Table 6: Several major fuel cell companiesin the small stationary sector [110]

Company L ocation Details
Altergy USA Fuel cell stacks and systems for th&SURarket
ClearEdge USA 5 kW CES5 natural gas fuelled CHP unit
Ebara Ballard  Japan JV between Ballard and Ebdcd/el PEM system
EneosCelltech  Japan JV between Sanyo Electric gubN Oil
P21 Germany  Spin out from Vodaphone, supplies PEN Bystems
Matsushita Japan Delivered 650—1 kWe stacks

CONCLUSION

Today energy crises and environmental pollution tuesed into a great problem for human. For solMhgse
problems vast efforts to replace fossil fuels vather energy sources such as its connotation dledrhave been
taken. Fuel cells due to their particular propsrtiee on the verge of creating a vast revolutiochange in the field
of electricity. In the PEM fuel cells, from solidlymer electrolytes which have the ability to trimsof proton, has
used as membrane. lon exchange membranes espégeitiyn exchange membrane, has an important rotkein
proton transferring in PEM fuel cells electrolyléhe desirable ion exchange membrane should be dnévinhigher
selectivity, suitable proton conductivity, good rhanical and chemical stability.Cation exchange nramds were
obtained from the attachment of the acidic funalogroups and the anion exchange membranes from the
attachment of the alkaline functional groups intdymer backbone of membrane. The most importantsgof
modification of the proton exchange membranes iMPEel cells can be mentioned such as synthesikeoproton
exchange membranes with lower cost compared totier membranes (e.g. fluorinated). Based on eatitee
survey, this paper reviews the definition, prineghnd classification of potential materials usgdte synthesis of
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proton exchange membranes. The recent progressvalappment of proton exchange membranes that calk ato
high temperature and low relative humidity conditids the main focus of this paper, and the categaf newly
developed PEMSs like polymeric PEM, ceramic PEM,iakid PEM and inorganic—organic composite PEM are
discussed in detail. The review reveals that N&ide a more reliable membrane. Much research ha&h be
conducted on the details of the transport of petihimough the polymer matrix and on novel methddsproving

its properties but development of a sturdy inexpensubstitute to Nafion® is yet to materialize EFFK and acid—
base blends show a great potential to substitufemiNé high-temperature operating conditions, afttiough the
synthesis processes are simple, the material oaststo be further reduced.

For ceramic PEMs, poor ductility and compressiosistance are the main obstacles for their applinatn
commercial fuel cell systems. The durability of amaic PEMs under prolonged fuel cell operation netedbe
researched since under high moisture operation itbonsl the materials may disintegrate or dissolver the
composite membranes with proton-conductive inomgananoparticles and organic polymers, Nafion-based
composite PEMs have shown great potential to repldafion in high temperature and low RH operation
conditions. As mentioned in the review, ferroxaim¢esed at 300C has a much higher protonic conductivity than
the ferroxane green body. However, ferroxane-PVAnposites cannot withstand high sintering tempeeatur
Therefore, polymers that can resist high tempeeatwsuch as Teflon and PFA, may be used to prépanxane-
based composites.

There are several issues to be solved before PEdARMe properly commercialized like the stable ermhomical
supply of high-purity hydrogen, existence of mofficent competitive power sources than the PEMi&teasm and
the social viewpoints such as the health and enmiemtal benefits as well as the infrastructuraleatp of
traditional power supply and demand. In conclus@mmsidering these issues, buses, portable, lighhiveehicles
powered by PEMFC are the most promising applicatigh PEMFC-based hybrid system should be usedas th
main substitution for traditional power sourceshia near future due to their unique and relativeaathges.
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