Chapter 1
Introduction: Low-Temperature Fuel Cells <z

T. W. Napporn, A. Mokrini, and F. J. Rodriguez-Varela

Abstract This chapter describes the reactions occurring in low-temperature fuel
cells, fuelled with from the most common H,, to several organic molecules. The
differences in the complexity of the anode reactions and their effect on the energy
that may be generated from the fuel cells are discussed. It is established that, even
though H,/O, fuel cells are the most performing in terms of power density for large-
demand systems, the use of liquid fuels is advantageous for several low-power
applications. The performance of nanostructured anode and cathode catalysts in
complete fuel cell systems is also covered. It is indicated that in alkaline media,
some non-Pt nanocatalysts have a high catalytic activity, particularly for the ORR.
Even more, the recent advances in polymer electrolyte membranes are shown, from
the widely used commercial Nafion®, to the more recently developed anionic poly-
mers for anion exchange membrane fuel cells. It is concluded that compatibility of
composite and blend materials with the host ionomer is critical for the development
of stable low-temperature fuel cells.
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membranes (AEMs) - Hydrogen oxidation reaction (HOR) - Tafel reaction -
Heyrovsky reaction - Volmer reaction - Oxygen reduction reaction (ORR) - Rotating
ring disk electrode (RRDE) - Koutecky—Levich plots

1.1 Introduction

Proton exchange membrane and anion exchange membrane fuel cells (PEMFC and
AEMEFC, respectively) have gained the attention of academic and industrial research
groups, due to their capacity to generate high-power density at low temperatures.
Ever since the advancements in the 1960s for space industry applications, both
systems have experienced to an extent a technological development to reach near-
commercialization status. This is particularly the case of PEMFCs, whose perfor-
mance has been greatly improved by the use of the perfluorosulfonic acid mem-
branes and the demonstration of high interfacial area gas diffusion electrodes at Los
Alamos National Laboratories [1, 2]. The new electrode structure proposed in those
studies has reduced the catalyst loading (i.e., Pt) by an order of magnitude
[1]. PEMFC is a more advanced technology than AEMFC. However, fuel cells
using anion exchange membrane are being studied with a significant interest in
recent years due to the development of chemically stable alkaline polymers and the
capability of using non-noble metals to catalyze the electrochemical reactions in
basic media. The following sections introduce the electrochemical reactions taking
place in AEMFCs working with hydrogen and liquid fuels. Also, the performance of
several nanostructured electrocatalysts in complete fuel cell systems is shown.
Moreover, the latest developments in membranes for PEM and AEM fuel cells are
discussed.

1.2 Electrocatalytic Reactions in Anion Exchange
Membrane Fuel Cells (AEMFCs)

In first half of the twentieth century, the research in alkaline fuel cells (AFCs) led this
type of cell to be considered for several applications. Francis T. Bacon worked in the
development of H,/O, AFCs, which resulted in demonstrative programs of capacity
up to 5 kW output [1-3]. AFC systems reached a status that allowed the technology
to be considered for space applications [1]. However, disadvantages of AFCs
included several restrictions, among them, the need to use fuels and oxidants free
of CO, due to the risk of carbonation with KOH and NaOH [1, 4]. Also, the
management of liquid-phase electrolytes has been a relevant issue in AFCs
[5]. With the development of the polymer electrolyte membrane fuel cells (PEMFCs)
based on Nafion®, the research on AFCs somehow decreased, particularly in the
1990s and early twenty-first century.
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Over the past decade, however, AEMFCs have received increased attention of
fuel cells science and technology research laboratories [6]. First of all, it is generally
acknowledged that the kinetics of the electrochemical cathode reactions in alkaline
media is faster compared to their acid counterpart (i.e., PEMFCs). Also, perhaps one
the most attracting characteristics of AEMFCs is the possibility of using non-PGM
(Pt group metals) or non-noble metal catalysts in anodes and cathodes to promote the
hydrogen oxidation reaction (HOR) and the oxygen reduction reaction (ORR) [6-9].
Even more, regardless of its relatively low operation temperature, AEMFCs can also
operate with liquid fuels as an alternative to hydrogen [10-14].

In fact, it has been reported that AEMFCs can operate with a CH, containing 5%
H, [15]. In spite of the capability of using different fuels, attention must be paid to
the purity of the oxidant, since as mentioned CO,-containing air leads to carbonation
by reacting with OH™ anions. The report by Dekel et al. indicates that bicarbonate
(HCO;3 ™) and carbonate (CO327) anions are formed, changing the anion composition
of the anion exchange membrane [16]. Thus, the use of air as oxidant which may
contain CO, decreases the cell performance [16, 17].

Nevertheless, the promoted attraction offered recently by AEMFCs can be
attributed to the important advances in high-performance anion exchange mem-
branes, even though one relevant issue is the ionomer stability [6, 18-20]. As
pointed out by Varcoe et al., the first publication of the so-called alkaline membrane
fuel cells (AMFCs) appeared in 2005 [18]. Ever since, the number of publications
has clearly increased. Dekel has reported that the number of reports has overpassed
2000 in the 20132017 period (Fig. 1.1) [6]. Evidently, advances in the different
components of AEMFCs other than membranes, including high performance and
durable catalysts, will impulse the research and applications of this technology to
new grounds.

In the following sections, the electrocatalytic reactions in AEMFCs fuelled with
different fuels are given. The selection of fuels goes from H,, to several of the most
common C-containing fuels: methanol (CH30H), ethanol (C,HsOH), ethylene gly-
col (C,HgO,), and glycerol (C3HgOs3). Each of the liquid fuels introduces cost and
energetic advantages and disadvantages. But perhaps it is worth analyzing their use
from a sustainability point of view, and therefore the feasibility of obtaining them
from biomass resources.

1.2.1 H,/0, AEMFCs

In terms of power density and catalyst durability, the most performing AEMFC is the
H,/O, cell. A power density of 1.4 W cm ™2 has been reported by Varcoe et al., with
the cell operating at 60 °C, equipped with an AEM based on radiation-grafted
ethylene tetrafluoroethylene and PtRu/C (anode) and Pt/C (cathode) catalysts
[21]. The same research group has reported the performance of an H,/O, AEMFC
with non-PGM cathode catalysts (1.0 mga, cm %) having a power density above
1 W em 2 [22]. The stability of H,/O, AEMFCs has also been evaluated. Yu et al.
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Fig. 1.1 (a) Reports published in the 2013-2017 period covering research on AEMFCs, (b)
distribution by country of origin (reproduced from Ref. [6] with kind permission of © Elsevier)

have tested a cell for 500 h, with a decrease in cell voltage of 0.22 mV h™". The cell
used quaternary ammonium SEBS as the ionomer [23].

In H,/O, AEMECs the electrochemical anode and cathode half-cell reactions, as
well as the overall cell reaction, with their corresponding potentials at standard
conditions are:

Anode reaction:

2H, +40H™ — 4H,0 +4e ,E] = 0.83 V vs.SHE (1.1)
Cathode reaction:
0, +2H;0 +4e” — 40H™,E? = 0.40 V vs.SHE (1.2)
Overall:
2H; + Oy — 2H,0,Ep = 1.23 V (1.3)

H,/O, AEMFCs are attractive from an economical point of view because of the
feasibility of using non-PGM catalysts for the ORR and for the HOR [24]. However,
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it should be mentioned that high performances have been reported when using
catalysts such as Ir or Pd to promote the HOR either in half-cell experiments or in
full AEMEC tests [25, 26].

1.2.2 Direct Methanol AEMFCs (DM-AEMFCs)

The enhanced kinetics of the methanol oxidation reaction (MOR) in 0.5 mol/l
K,CO; and 1 mol/l KHCOj5 electrolytes compared with a 0.5 mol/l H,SO, solution,
foreseen the use of CH;0OH in AEMFCs, has been discussed by Zhuang et al.
[27]. By performing in-situ FTIR analysis, the authors concluded that methanol
could be oxidized to CO, in those alkaline solutions. Scott and Hao have evaluated
extensively a direct methanol alkaline fuel cell using Pt/C anode and cathode
catalyst. The cell performance increased at higher temperatures (up to 60 °C). On
the other hand, with the anion exchange membranes used, the crossover of methanol
to the anode increased at higher fuel concentrations [28]. Kim et al. have reported the
same effect in an air-breathing direct methanol fuel cell with anion exchange
membrane when increasing the CH3;OH concentration from 7 to 10 M [29]. Even
though it has been reported that AEMFCs fuelled with methanol are less performing
compared to other liquid fuels [30], Bianchini et al. reported an enhanced perfor-
mance of a direct methanol AEMFC at 60 °C with a PA/MWCNT anode, compared
to ethanol and glycerol [31].

In DM-AEMEC:s the electrochemical reactions are:

Anode reaction:

CH;0H + 60H™ — CO, + 5H,0 + 6e™,E] = —0.81 V vs.SHE (1.4)
Cathode reaction:
3/20; + 3H,0 + 66~ — 60H,E? = 0.40 V vs.SHE (1.5)
Overall:

CH;0H + 3/20, — CO; 4 2H,0, Eeqy = 1.21 V (1.6)

1.2.3 Direct Ethanol AEMFCs (DE-AEMFCs)

The use of ethanol in fuel cells is of interest, since this organic molecule is
considered a carbon neutral and sustainable fuel [32]. Even more, bioethanol from
biomass has been used as the fuel in DE-AEMFCs, where a power density of
ca. 90 mW cm > has been generated using a dealloyed PtCo/CNT anode
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catalyst [33]. A power density of around 50 mW cm ™2 has been obtained elsewhere
using Pd-based catalysts at the anode fuelled with 1.0 mol L™" ethanol +0.5 mol L™
NaOH [34]. In their study, Fujiwara et al. have compared the performance of DEFCs
equipped with anion and cation exchange membranes [35]. The power density
generated with the AEM was about ten times higher, compared to the cationic
counterpart. Nevertheless, due to the low OH™ conductivity of the membrane,
0.5 mol L™" KOH had to be provided along with the 1.0 mol L™ ethanol fuel at
the anode in order to sustain a high performance. Recently, a passive DE-AEMFC
stack delivering a peak power density of 38 mW cm ™~ at room temperature, using
PdNi/C anode catalysts and FeCuN,/C cathode catalysts, has been demonstrated by
Zhao and Li [36].

The electrochemical reactions in DE-AEMFCs are:

Anode reaction:

C,HsOH + 120H™ — 2CO; +9H,0 + 12¢,E. = —0.74 Vvs.SHE = (1.7)
Cathode reaction:

30, + 6H,0 + 12¢” — 120H7,E? = 0.40 V vs.SHE (1.8)
Overall:

C,H50H + 30, — 2CO;, + 3H,0,E; = 1.14V (] 9)

1.2.4 Direct Ethylene Glycol AEMFCs (DEG-AEMFCs)

Ethylene glycol (EG) has been used in fuel cells as a feasible alternative to replace
methanol and ethanol. For this application, C,HgO5 is safer to handle than methanol,
is less toxic than methanol and ethanol, and its electron transfer rate is higher during
oxidation than ethanol [37-39]. EG can also be produced from biomass and its
partial selective oxidation in a DEG-AEMFC can generate valuable oxalic acid
without CO, emissions [40]. The power density generated from a DEG-AEMFC
at 60 °C has been shown to become higher by increasing the fuel concentration from
0.5 to 1.0, but decreases with 2 mol L™! C,HgO, (with a KOH concentration of
1 mol L™ [39]. Such cell used an alkali-doped PBI membrane. Cremers et al. have
compared the performance of DEG-AEMFCs equipped with KOH-doped PBI and a
quaternary amine alkaline AEM, with the later generating a higher power density
[41]. KOH-doped Nafion ® has also been used by Forbicini et al. in a DEG-AEMFC
[42]. Evidently, DEG-AEMFCs equipped with several formulations of AEMs have
been tested [43, 44]. It has been reported that the power density generated by
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DEG-AEMEC:s is higher than those of fuel cells fuelled with methanol, ethanol, and
1,2-propanediol, but slightly lower than in the case of glycerol [10, 44-46].

The electrochemical reactions in DEG-AEMEFCs are:

Anode reaction:

C,HO; + 100H™ — 2CO; + 8H,0 + 10e™,E? = —0.81 Vvs.SHE  (1.10)
Alternatively, the partial oxidation of EG to oxalate is [44]:
C,H¢0, + 100H™ — (COO™), + 8H,0 +8e™,EJ = —0.81 Vvs.SHE (1.11)
Cathode reaction:
5/20; + 5H,0 + 10e™ — 100H™,E? = 0.40 V vs.SHE (1.12)
Overall:

C,HgO, + 5/202 — 2C0O, +3H,0,E.ep = 1.21V (113)

1.2.5 Direct Glycerol AEMFCs (DG-AEMFCs)

Glycerol has several advantages for fuel cell applications: it has a relatively low
toxicity, high energy density, its crossover rate is low, and is relatively inexpensive
[47, 48]. It is also a versatile fuel, since DG-AEMFCs have been operated as
co-generators of electricity and valuable chemicals [49, 50]. Pt and Pd-based cata-
lysts are normally used as anode catalysts in DG-AEMFCs [47, 48, 51-54]. How-
ever, Au-based nanomaterials have also shown a high catalytic activity for the
oxidation of the molecule [49, 50, 55]. Li et al. have demonstrated a higher power
density generated by a DG-AEMFC in the 50-80 °C temperature range with an
Au/C anode (1.0 mol L! glycerol +2.0 mol L' KOH, Fe-Cu-N,/C cathode),
compared to a PEM DGFC at 90 °C (1.0 mol L™ glycerol, PtRu/C anode, Pt/C
cathode) [55]. It has been shown also that higher power density is generated from the
DG-AEMEFC, relative to DM and DEG-AEMFCs, with the same fuel
concentration [55].

One more advantage of glycerol is that it can be used in its crude composition as
obtained from the bio-diesel manufacturing industry, as reported by Li’s group
[51, 54-56]. Crude glycerol is cheaper than refined glycerol, methanol, and ethanol
[56]. Using 1.0 mol L ! crude glycerol (+ 2.0 mol L! KOH), a DG-AEMFC
generated a power density of ca. 40 mW cm? (anode: Au/C; cathode: Fe-Cu-N,/C;
AEM: A201, 28 mm, Tokuyama, 80 °C) [55].
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The electrochemical reactions in DG-AEMFCs are shown below. According to
some workers, the oxidation of glycerol in alkaline media may proceed through the
formation of glycerate or tartronic acid [57, 58]. Following the tartronic acid route:

Anode reaction [58]:

C3HgO3 + 8OH™ — C3H4O5 + 6H,0 + 8e™, E; = —0.77 V vs.SHE (114)

C3H,05 4+ 20H™ — (C3H,05)*” + 2H,0 (1.15)
Cathode reaction:
20, +4H,0 + 8¢~ — 8OH ,E? = 0.40 V vs.SHE (1.16)

Overall:

C3HgOs3 + 20, 4+ 20H™ — (C3H,05)*™ + 4Hy0,Ecen = 117V (1.17)

1.2.6 AEMEFCs Operating with Other Fuels

Other fuels have been evaluated at AEMFCs. For example, the reactions at direct
borohydride (DB, Egs. 1.18, 1.19, and 1.20) and direct formate (DF, Egs. 1.21, 1.22,
and 1.23) AEMFCs are [13, 59]:

For DB-AEMEFCs:

Anode reaction:

BH, + 80H — BO, + 6H,0+ 8¢ ,EJ = —1.24 V vs.SHE (1.18)
Cathode reaction:
0, +2H,0 +4e” — 40H ,E? = 0.40 V vs.SHE (1.19)
Overall:
BH, + 20, — BO; + 2H;0,E. = 1.64 V (1.20)
and

For DF-AEMFC:s:
Anode reaction:
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HCOO™ +30H — CO3 +2H,0+2e ,E’=—1.05Vvs.SHE  (1.21)
Cathode reaction:
1/20, + H,O +2e~ — 20H™,E? = 0.40 V vs.SHE (1.22)
Overall:
HCOO™ 4 1/20, + OH™ — CO3™ 4 2H,0, Eceyp = 1.45V (1.23)

Additionally, Ogumi et al. compared the performance of fuel cells fed with the
polyalcohols, erythritol and xylitol, with those of ethylene glycol, glycerol, and
methanol. It has been concluded that the higher power density is delivered by using
ethylene glycol with the AEMFC operating at 323 K, with a Pt-Ru/C anode and Pt/C
cathode [30].

1.3 Performance of Several Types of Nanostructured
Anodes and Cathodes in AEMFCs

As discussed in Sect. 1.1, several fuels are being used in AEMFCs, from H, to
organic molecules. Advantages and disadvantages of each of them seem to be clear.
Higher power densities can be delivered by H,/O, AEMFCs due to the high
reactivity of the gaseous fuel. Also, the absence of C atoms avoids the need of C—
C bonds cleavage and the formation of reaction intermediates such as CO,4; during
the HOR. However, hydrogen is not freely available in nature and must be produced,
mainly from hydrocarbons. Renewable hydrogen, i.e., from water electrolysis using
solar or wind resources, is feasible, but still more expensive than natural gas
reforming on a large-scale basis.

On the other hand, easier handling of the fuels compared to H, can be achieved
with liquid molecules. Very important from a sustainability point of view, some of
the organic fuels can be produced from biomass resources. Nevertheless, the power
density obtained from AEMFCs is lower when fuelled with such liquid molecules
relative to hydrogen [6]. Moreover, the operational problems caused by the cross-
over phenomena remain in AEMFCs (to a less extent than in PEMFCs) using
methanol, ethanol, or other liquid fuels. Therefore, the selection of nanostructured
cathode catalysts is of high relevance to avoid depolarization losses caused by
crossed fuel or reaction intermediates. As mentioned earlier, the kinetics of the
ORR in alkaline media is faster than in acid electrolytes, allowing for the use of a
number of high-performance cathodes, from Pt/C and Pd/C (and their alloys or
composite materials with metal oxides), to non-PGM and metal-free nanocatalysts.
Taking advantage of this variety that includes low-cost nanomaterials, AEMFCs
may be a cheaper technology than PEMFCs.
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Recent reports show the performance of AEMFCs under different operating
conditions. Using a 0.53 mgp, cm > Pt/C cathode (40 wt. %), a power density of
1.4 W cm ™2 has been delivered by a Hy/O, AEMFC operating at 60 °C (with an
ETFE-g-VBCTMA membrane) as seen in Fig. 1.2 [21]. Power densities of 1.16 and
0.91 W cm ™2 have been obtained from H,/O, AEMFCs operating at 60 °C, with
Pt/C cathodes, PtRu/C anodes, and RG-AEM(Cl~) membranes [60]. The same
group has reported a H,/O, AEMFC delivering power densities of 1.1 and
0.699 W cm ™~ using a non-Pt cathode (Ag/C, 1.0 mgag cm %), operating with O,
and CO,-free air, respectively [22]. It has been reported by the authors that the Ag/C
outperformed a Pt/C cathode with CO,-free air at the cathode. Elsewhere, a peak
power density of 1.0 W cm ™2 has been reported with a Hy/O, AEMFC equipped
with commercial Pt/C cathode and PtRu/C anode (metal loadings of 0.4 mg cm™?)
membrane of the aQAPS-Sx type and T..;; = 60 °C [61]. Also, a Pt-free H, (dry)/Air
(<10 ppm CO,) AEMFC operating at 73 °C delivered a power density of 0.5 W cm
~2 (cathode: Ag,3.0mga, cm2; anode: Pd/C-CeO,) [26]. Moreover, a H, (dry)/Air
(CO, free) AEMFC with a silver-based alloy (3.0 mg cm2) cathode and a Pd/Ni
anode generated 0.4 W cm 2 power density at 73 °C [62].

It is therefore feasible to use non-Pt cathode catalysts and yet generate high-
power densities not only from H,/O, AEMFCs, but also from fuel cells using liquid
fuels. Mesoporous Fe/N/C cathode catalysts with highly active Fe-Nx/C sites have
been used in a H,/O, AEMFC (A901 membrane, Tokuyama), exhibiting 40% higher
power density (0.272 W cm2) than commercial Pt/C in single-cell tests with
Teenn = 50 °C. The high performance of the non-Pt catalyst has been in part attributed
to large pores in the mesoporous structure, which resulted in a high surface area and
accessibility to the active sites [63]. Elsewhere, a H,/O, AEMFC (membrane
Tokuyama A201) containing a Fe-NMG (a type of Fe-N-C) cathode catalyst and
Pt/C anode generated 0.218 W cm 2, a higher value than 0.2 W cm ™2 of a cell with
Pt/C cathode and anode catalysts with T..; = 70 °C (Fig. 1.3) [7]. A H,/O, AEMFC
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Fig. 1.3 Polarization curves of AEMFCs with (a) Fe-NMG cathodes at different ionomer concen-
tration, (b) comparison of the performance of MEAs having Fe-NMG cathode and Pt/C anode
catalysts, and Pt/C catalysts on both anode and cathode (reproduced from Ref. [7] with kind
permission of © Elsevier)

composed of CoPPY/C-based cathodes and Ni-W-based anodes produced
0.04 W cm ™2 at 60 °C, with a membrane of the xQAPS type [64].

Other types of AEMFCs have also reached a good development. It has been
reported that a DM-AEMFC may produce 0.046 W cm ™2 at 60 °C with Fe,O/
Mn,Oj3 (3:1) cathode and PtRu/C anode, and a polymer fiber membrane [65]. Else-
where, a DM-AEMFC with MnO, cathode catalyst (membrane: Q-PVA/PECH;
anode: PtRu/C) generates a maximum power density of 0.022 W cm ™~ at 25 °C
[66]. Using a similar cathode composition and a PVA/HAP membrane, an
air-breathing DM-AEMFC has generated 0.011 W cm ™2 at 25 °C (Ti-based anode
with PtRu black) [67]. Recently, mesoporous 3D nitrogen-doped yolk-shelled car-
bon spheres have been used as cathodes in a DM-AEMFC, delivering 0.056 and
0.141 W cm 2 at 25 and 60 °C, respectively (polymer fiber membranes; PtRu
anodes) [68].

Non-noble Fe-N-C catalyst has also been used in a DE-AEMFC, reaching a
power density of 0.062 W cm ™2 with 50 wt. % Nafion® content, Pt-Ru/C anode,
and KOH-doped PBI membrane (T..; = 90 °C) [8]. A higher power density
(0.335 W cm?) has been generated by a DE-AEMFC equipped with a Fe-Co/C
cathode, anode of the combined Pd/TNTA-web type, T..;; = 80 °C, and Tokuyama
A201 membrane [45]. With these components, ethanol as the fuel outperformed the
use of glycerol and ethylene glycol. Other fuels have been evaluated. For example, a
DEG-AEMEFC based on Fe-based cathode catalyst (Acta 4020, 3.0 mgcqaysc cm 2),
PdAg/CNT anode (0.5 mgPdecm2), and a Tokuyama A901 membrane delivered a
power density of 0.245 W cm ™2 at 80 °C [46]. A DG-AEMFC (crude glycerol)
generated 0.268 W cm ™~ with a Fe—Cu—N,/C cathode (Acta 4020, 3.0 mg catalyst
cmfz), PtCo/CNT anode (0.5 mgp, cmfz), and a Tokuyama A901 membrane [52]. A
Pt-free borohydride AEMFC delivered a 0.283 W cm > using Co(OH),-PPy-C
cathode and anode catalysts and a co-impregnated PVA-AER membrane, with
Teen = 60 °C [12]. Table 1.1 summarized the components, conditions, and peak
power densities delivered by several types of AEMFCs.
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1.4 Advances in Membranes for PEM and AEM Fuel Cells

Fuel cells using polymeric membranes as electrolytes are most promising fuel cell
technologies to provide clean, efficient, and energy dense power sources. Acidic
proton exchange membrane (PEM) and alkaline anion exchange membrane (AEM)
for applications in low temperature polymer electrolyte fuel cells will be reviewed in
this chapter. Technically, both PEMFCs and AEMFCs operate with hydrogen at the
anode and oxygen or air at the cathode, however, as PEM and AEM electrolytes
transport different ions: acidic proton H* and alkaline OH™, respectively, the
resulting electrochemical reactions occurring are unlike, resulting in very distinct
ions and water transport properties during fuel cell operation.

As illustrated in Fig. 1.4a, in PEMFC and AEMFC ions and water are not
transported in the same directions. Water is generated at the anode (twice as much
as in a PEMFC, per electron), and consumed at the cathode in AEMFCs which is
fundamentally different to what occurs in PEMFCs [6]. These differences provide
each technology with advantages and challenges.

PEMEFC is a mature technology capable of producing extremely high-power
densities, with the required durability for automotive and stationary applications. It
has already penetrated many demanding commercial markets (e.g., backup power,
materials handling, automotive including cars, trucks, and buses). However, it still
depends on the utilization of costly platinum group metal (PGM) catalysts,
perfluorosulfonic acid (PFSA)-based electrolytes, and pure hydrogen.

As a consequence of the expected market growth, PEMFCs will experience ever
greater demands on cost, performance, and durability. In general, alkaline media
provides a less corrosive environment to the catalysts, and the ORR kinetics is more
rapid in alkaline media than in acidic media (Fig. 1.4b) [69].

This could potentially facilitate, in the case of AEMFCs, the use of less expensive
non-platinum group metal (PGM) catalysts which expands the parameter space for

a PEMFC AEMFC b
"‘f—\ “f—\ 14F 114
1229V
H,_i'_ 4, O _ air Houe @ 8 o 9T 0irin0 12 rHE 12
’ . B e 4 m o
5 e “ '+ _OH W b ] w
N ...._.‘.:n X .._‘,‘_:.a z 10 0z
' I o
‘ > -
3 st. - LAY = o8f joe =
s """ e e - L] ] &
i boe? g 06f 106 3
- 4% " .a 'Y i W
j. ™ J‘ 04 F SHE 404
& 4 g 4% <, 4 P 4 &
Hy PEM  Air+H,0 Hy+H,0 AEM Air 02 b 02
0 2 4 6 8 1 12 14 18
" 0 L
. H e
& Hy an0 8 O,

Fig. 1.4 (a) Schematic representation of an AEMFC as compared to a PEMFC (reproduced from
Ref. [6] with kind permission of © Elsevier). (b) RHE scales with SHE of O,/OH ™ redox couple at
different pH values of aqueous solutions (reproduced from Ref. [69] with kind permission of
© Elsevier)
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the discovery of highly selective catalysts with high stability in alkaline environ-
ments, and opens the possibility to consider hydrogen fuels containing substantial
amounts of impurities. The foreseen cost reduction related to a possible free PGM
catalysts fuel cell technology explains the resurgence of a large interest from
industry and R&D community in AEM in the last decade. The following sections
will introduce the state-of-the-art PEM and AEM and review recent development for
both polymer electrolytes.

1.4.1 Proton Exchange Membranes (PEM:s)

PEMs are solid polymer electrolyte membranes based on ionomers that contain fixed
negative ionic functional groups, typically sulfonic acid (SO;~) and mobile posi-
tively charged cations, protons (H") in this case. PEMs are divided into three main
categories: perfluorinated, semi-fluorinated, and hydrocarbon based.

Perfluorinated PEMs From a technology point of view, the development of
perfluorinated sulfonic acid (PFSA)-based polymer membranes such as Nafion®
has dominated due to their remarkable ion conductivity, low electronic conductivity,
and chemical-mechanical durability compared to semi-fluorinated and hydrocarbon-
based ionomer membranes. Still other properties such as water transport through
diffusion and electro-osmosis, and the ability to fabricate high-performance mem-
brane and membrane-electrode-assemblies (MEAs) are important when considering
performance in operating system. However, researchers are actively working on
alternatives to circumvent their high cost, limited use in low-temperature PEMs, and
necessity of reinforcement to secure the required mechanical durability. Even after
decades of research, Nafion® still stands as the state-of-the-art solid electrolyte for
most PEMFC applications. Nafion® PFSA is a random copolymer developed in the
late 1960s by Dupont composed of a non-ionic semi-crystalline polymer backbone
of polytetrafluoroethylene (PTFE) and a randomly tethered long side chain with a
pendant SO3™ ionic group (sulfonic acid fluoride vinyl ether).

The different nature of the backbone and the covalently bonded pendant sulfonic
groups results in a phase separation, as can be observed in Fig. 1.5a [70], which is
enhanced by solvation upon hydration of the sulfonic groups to form water-swelled
diffusion channels embedded in the hydrophobic matrix as revealed in Fig. 1.5b
[71]. It is this phase-separated morphology between hydrophobic backbone and
hydrophilic side chains that provides Nafion® its unique ion and water transport
properties.

Most of fundamental research carried out on Nafion®™ membranes relates ionomer
structure to properties (transport, physical, electrochemical, etc.) including compu-
tational work on mesoscale models and molecular dynamics (MD) simulations, with
the objective of generating new synthetic approaches based on the fundamental
understanding generated. Extremely extensive literature exists and was recently
reviewed by Kusoglu et al. [72]. The reader is referred to the papers along with a
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Fig. 1.5 (a) TEM on lead acetate stained Nafion® dry membranes. Ionic domains are dark
(reproduced from Ref. [70] with kind permission of © The Electrochemical Society). (b) 3D
reconstruction of the frozen hydrated cast Nafion membrane highlighting the spatial distribution
of the hydrophilic domains in yellow (reproduced from Ref. [71] with kind permission of © The
American Chemical Society)

number of other sources discussed. The most common synthetic approaches
explored for new PFSA ionomers are based on the modification of either the
backbone or side chain structure. The latest was mainly explored and generated
several short side chain (SSC) ionomers, commercially available structures are
illustrated in Fig. 1.6.

SSC-PFSA ionomers show higher structural crystallinity and increased glass
transition temperature that translate to higher thermal stability compared to
LSC-PFSA membranes. Furthermore, narrower ionic channels in SSC-PFSAs
allow for improved water retention at low RH and lower gas crossover [73]. MD
simulations suggest that shorter side chain ionomers have improved backbone
flexibility, which enhances the proton dissociation and leads to higher conductivity
[74, 75].

Modifications to the backbone length or distance between side chains resulted in
smaller TFE repeat units and subsequently lower equivalent weight (EW) PFSAs.
The EW being the mass of dry ionomer per mole of sulfonic acid groups, therefore
lower EW ionomers show higher ion exchange capacity reaching IEC = 1.5 mmol/g
for EW = 660 g/mol.

It was shown that due to the proximity of ionic groups in lower EW PFSAs,
conduction mechanism may differ from LSC and may favor high temperature and
low relative humidity operation, as supported by MD simulations [76]. Many studies
intend to correlate side chain length and number of repeat units (or EW) to ionomers
properties [77, 78]. There appears to exist a minimum backbone length or TFE repeat
units m = 3.5-5 minimum for a PFSA to exhibit semi-crystallinity and the required
packing order in the hydrophobic phase. Below this value, the ionomer exhibits a



1 Introduction: Low-Temperature Fuel Cells 17
PFSA lonomers: General Chemical Structure

Backbone —[( CF — CF,)—(CF, —CF,)—}

m-n
TFE repeat units

Nafion x=1 Vi==2

FC —CF;
Side | Aciplex x=0-3 y=2-5
Chains O X Flemion x=0o0r1 y=1-5
. M Xx=0 =4
(CF,) !
. |- SSC x=0 y=2
lonic oy
Group [’—7_“
O—H
— (]

Fig. 1.6 PFSA ionomers general chemical structures (reproduced from Ref. [72] with kind
permission of © The American Chemical Society)

gel-like behavior with weak stability, although with good proton transport proper-
ties. Studies reported minimum EW of 965 g/mol for Nafion® PESA, 725 g/mol for
3 M PFSA, and 800 g/mol for Aquivion SSC-PFSA (previously Dow), which
correspond to a minimum of 3—4 TFE units for all PESAs [79-81].

PFSA ionomers offer a variety of PEMs which transport and mechanical dura-
bility among other properties, depend strongly on the TFE repeat units of fluorocar-
bon backbone, and the length of the sulfonic acid terminated side chains. The efforts
to improve the transport functionalities and fuel cell performance are likely to
compromise the mechanical durability and fuel cell longevity.

Besides increasing ionomers proton conductivity, another means to reduce proton
resistance transport is to reduce membrane thickness, this strategy has led to the
greatest improvement in PEMFC performance [82]. The advantages gained with this
simple strategy include lower membrane resistance, improved hydration of the entire
membrane, and lower material utilization and therefore, cost savings if we consider
PFSA cost (e.g., 25 microns Nafion® 1100EW membranes cost vary between 1600
and 1300 US$/m* depending if reinforced or not). However, the extent to which a
membrane can be thinned is limited, as gas crossover starts increasing, leading to
increased voltage decay and earlier membranes failure.

PEMs manufacturing process could in some cases play an important role in
compensating some of the mechanical weaknesses. Melt processes represent the
best technologies to mass production of homogeneous thin polymer films at low
cost. Besides eluding the serious safety and environmental concerns related to the
mass production of membranes by solution-casting, melt processes provide a
mechanical reinforcement through chain orientations following extrusion-stretching.
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This structural reinforcement at a molecular level provides extruded PEM with the
mechanical durability required for building robust and long-lasting PEM fuel cells,
particularly for automotive applications. Mechanical degradation of three exten-
sively studied model PFSA membranes was tested by Guittleman et al. [83] using
humidity cycling tests: Nafion® NRE-211 (25 microns thick solution-cast mem-
brane), Nafion® N111-IP (25 microns extruded membrane), and Gore-select™
Series57 (18 micron e-PTFE reinforced three layers membrane). All membranes
were made from LSC PFSA ionomer with EW = 1100, but prepared with different
processes. Solution-cast membranes showed the shortest durability (4500 cycles),
followed by e-PTFE-reinforced PEM (6000 cycles), extruded PEM has a signifi-
cantly longer humidity cycling lifetime >20,000 cycles without failure. Signifi-
cantly, even in model simulations, there appears to be a strong process-
dependence of membrane morphology, indicating that structures produced by extru-
sion or solvent casting may be quite different, resulting in varied transport
properties [76].

However, melt processing is only possible for ionomers that (1) possess the
appropriate rheological properties to flow in the melt state and form uniform and
mechanically sound thin membranes, and (2) are thermally stable at processing
temperature. PFSA ionomers with sulfonic acid functional groups cannot be melt-
processed as their melt processing temperature (>200 °C) is generally above sulfonic
acid —SO3H groups degradation temperature. However, PFSA ionomers can be
melt processed if the sulfonic acid functionality has been modified (i.e., sulfonyl
fluoride precursor —SO,F) or protected with additives to withstand melt processing
high temperatures. In both cases a conversion of the membranes to the acidic form by
hydrolysis or additive removal is required for operation in a fuel cell.

Extrusion by melt-casting, in the sulfonyl fluoride form followed by hydrolysis to
convert to the sulfonic acid form, has been used to prepare proton exchange
membranes, available commercially such as Nafion®N-117, Nafion®N-115, Nafion
® N-1135, Nafion®N-112, and Nafion®111-IP with thicknesses of 183, 127, 89, 51,
and 25 microns, respectively. These extruded membranes also suffer from anisot-
ropy in their properties in general, generated by strong orientation in the machine
direction that may cause a premature failure when submitted to humidity cycling in a
fuel cell. Furthermore, the extrusion process by melt-casting does not allow the
manufacturing of membranes thinner than 25 microns without compromising thick-
ness uniformity.

It has been demonstrated that thermal stability of Nafion® PFSA ionomer is
strongly dependent on the nature of the counterion associated with the fixed sulfo-
nate site [84]. A number of small alkali metal and larger alkyl ammonium cation-
exchanged Nafion® membranes were studied (e.g., sodium Na™, potassium K,
tetrabutylammonium TBAY, tetramethylammonium TMA®, tetradecylammonium
TDecA") [85, 86]. It was found that Nafion™ decomposition temperature is inversely
dependent on the size of the exchanged cation, i.e., Nafion films show improved
thermal stability as the size of the counter cation decreases. This inverse relationship
of thermal stability with counterion size is strongly influenced by the strength of the
sulfonate—counterion interaction. Most of the counterions investigated, even they
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Fig. 1.7 Comparison of complex viscosity (n*) obtained from frequency sweep tests on Nafion®™
NR40 at 240 °C and different additive (1,2,4-triazole) content (from Ref. [89])

provided improved thermal stability of already processed membranes, do not allow
for practical melt processing of PFSA ionomers.

Melt processing of LSC and SSC PFSAs in the acidic form using a series of
heterocyclic azole molecules, i.e., benzimidazole, imidazole, and triazole, as addi-
tives was successfully investigated [87-89]. Figure 1.7 shows rheological data for
Nafion® NR40 1000EW at 240 °C with different loading of 1,2,4-triazole, it shows
the bifunctionality of the additive by neutralizing sulfonic acid groups on one hand,
and acting as a plasticizer and aid-processing on the other. The complex viscosity is
obviously reduced with increasing additive content.

Furthermore, PEMs were fabricated using an extrusion process based on melt-
blowing of triazole neutralized Nafion® NR40 (EW = 1000). Some advantages of
this process are (1) a better balance of mechanical properties than cast or extruded
films because it is drawn in both the transverse and machine directions generating
crystallinity in both directions, as a result mechanical properties of the thin film
including tensile and flexural strength, and toughness are higher without e-PTFE
reinforcement, (2) outstanding mechanical durability upon hydration and dehydra-
tion (>80,000 cycles) membranes swell preferentially in the thickness direction
(Fig. 1.8 [89]) confirming that reduced in-plane swelling promotes long-term dura-
bility of the membrane electrode assembly (MEA) by constraining delamination of
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Fig. 1.8 Volume change for PEMs prepared with different processes as well as schematic
representation of crystallinity evolution with processing. (From Ref. [89])

the catalyst layer from the membrane, (3) improved chemical durability; cumulative
fluoride loss (CFL) was more than one order of magnitude lower than Nafion®NRE-
211 reference; CFL = 160 mmol/cm? after 120 h (9.6 cycles) for the stack with
Nafion®NRE-211 baseline and CFL = 5 mmol/cm2 after 162.5 h (13 cycles) for the
five cell stack with triazole-Nafion®NR40 melt-blown membrane, and finally
(4) PEM manufacturing cost is reduced 60-80% depending on annual production
rates compared to e-PTFE reinforced solution-cast PEM.

Partially Fluorinated PEMs Non-fluorinated polystyrene sulfonic acid (PSSA)
membranes were the first commercial polymer membranes developed in 1955 by GE
[90] and were used in the first-ever operational PEMFC, the Grubb—Niedrach FC in
the Gemini program. However, the system exhibited a short lifetime (<200 h)
because of membrane poor stability and degradation under practical fuel cell oper-
ation, due to peroxide attacks on ternary benzylic hydrogen and the aromatic ring
protons which results in IEC and conductivity loss, and membrane performance
degradation. However, the very low cost of PSSA ionomer and its low fuel perme-
ability originated the development of partially fluorinated PEM by substituting
ternary hydrogen with fluorine resulting in more stable sulfonated poly(a,f,-
p-trifluorostyrene) membranes developed by Ballard Advanced Materials as
BAM3G membranes. These membranes contained sulfonated (a,f,-
p-trifluorostyrene)- pendant groups and a perfluorinated backbone. Membrane
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lifetime was strongly dependent upon equivalent weight and FC operating condi-
tions, e.g., 3000 h operation time was achieved at 50 °C and low current density and
only 500 h under practical FC conditions (higher current densities). A maximum
operation time of 15,000 h was reported for pre-commercial BAM3G® [91, 92].

Radiation-induced grafting was largely investigated for the preparation of par-
tially fluorinated polymers with styrene sulfonic acid (SSA) and modified SSA
segments. Fluorinated polymers, such as polytetrafluoroethylene (PTFE), poly
(tetrafluoroethylene-co-hexafluoropropylene) (FEP), poly(tetrafluoroethylene-co-
perfluoropropyl vinyl ether) (PFA), polyvinylidenefluoride (PVDF), poly
(vinylidenefluoride-co-hexafluoropropylene)  (PVDF-co-HEP), poly(ethylene-
tetrafluoroethylene) (ETFE), and polyvinylfluoride (PVF), were very stable and
attractive skeleton structures for SSA-grafted membranes [93-99]. Such partially
fluorinated grafted PEMs offered a substantially higher IECs with relatively moder-
ate swelling because these membranes possessed isotropically connected ionic
domains with high proton concentrations, PFEP-TFE-g-SSA membranes demon-
strated proton conductivity up to 0.13 S/cm [100]. Unfortunately, these membranes
exhibited substantially higher water absorption (up to 59 water molecules per SO3
unit) than Nafion, which is a drawback as PEM materials. Another strategy to
prepare SSA semi-fluorinated PEM was to blend polystyrene-based polymers with
fluorinated polymers followed by post-sulfonation of styrene units [101, 102]. Poly-
mer blending is one of the most effective methods to induce microphase separation.
Despite all the strategies investigated, the applicability of partially fluorinated
SSA-based membranes in PEMFCs is likely limited because the sulfonated styrene
unit has a rather low oxidative stability even with fluorinated backbones or blends.

Poly(arylene perfluorocyclobutane) (PFCB), due to their particular thermal and
chemical properties, are considered as high-performance partially fluorinated engi-
neering materials for many applications [103—105]. The incorporation of proton-
conducting groups in such macromolecular structures has been investigated for the
development of PEM [106-110]. Various synthetic approaches were investigated
and the most reported is based on the synthesis of functionalized bis-trifluorovinyl
ether monomers, either in their sulfonic acid potassium salt form or as fluorosulfonyl
analogues. Perfluorocyclobutyl (PFCB)-based blend PEM PFCB-based polymer
blends comprising hydrophilic and hydrophobic polymers were prepared and char-
acterized as PEM materials [109]. The hydrophobic polymers, BP-PFCB and SO,-
PFCB, were synthesized from the monomers 4,4’-bis(trifluorovinyloxy)-biphenyl
4,4’ -sulfonyl-bis(trifluorovinyloxy)biphenyl, via a facile thermal polymerization.
The hydrophilic blend component sBP-PFCB was prepared by the post-sulfonation
of the BP-PFCB homopolymer using chlorosulfonic acid and thionyl chloride. The
hydrophilic and hydrophobic components were combined in a common solvent
obtaining transparent miscible membranes structurally stable with conductivities
close to Nafion®.

Another PFCB copolymer developed through a collaboration between General
Motors and Tetramer Technologies, LLC contains hydrophilic blocks of biphenyl
vinyl ether (BPVE) with PFSA side chains and hydrophobic blocks of 1,1-bis
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Fig. 1.9 Fuel cell polarization curves of MEAs containing SPFCB/PVDF blend membranes with
various PVDF content (reproduced from Ref. [107] with kind permission of © Elsevier)

[4-[(trifluorovinyl)oxy]phenyl]hexafluoroisopropylidene (6F monomer) [107]. Pro-
ton exchange membranes based on SPFCB and SPFCB/PVDF blends with different
PVDF contents (10-60 wt.%) were synthesized, fabricated, and characterized for
fuel cell applications (Fig. 1.9) [107]. The composite SPFCB/PVDF membranes
exhibit benefits of lower gas permeability and a higher ratio of conductivity to
permeability compared to PFSA membranes for PVDF content <40 wt. %. In
other work, e-PTFE-supported sSPFCB membranes ran for over 3000 h in an accel-
erated durability test before ultimately failing due to chemical degradation
[108]. This family of partially fluorinated PEMs based on SPFCB ionomer is
probably one of the most promising alternatives to PFSA membranes because of
the combination of good fuel cell performance, low gas permeance, and promising
mechanical durability, as well as their relatively low projected cost.

Hydrocarbon PEMs Hydrocarbon-based PEMs are fluorine-free ion exchange
membranes. This is probably the most investigated class of materials over the past
few decades; they are of high interest because of their expected lower cost, intrin-
sically lower gas permeability, and higher glass transition temperatures compared to
PFSA membranes. Most of hydrocarbon-based ionomers are sulfonated polymers
and much of the research has focused on new (1) synthetic developments, (2) mod-
ification and functionalization of existing polymers, and (3) understanding of
ionomers structures/properties relationship. Many publications covered extensive
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reviews of all the strategies developed and the most relevant will be highlighted
[111-114].

Hydrocarbon PEMs have been prepared from existing aromatic polymers and
copolymers based on polystyrenes, polysulfones, polyimides, polyphosphazenes,
polybenzimidazoles, poly(arylene-ether)s, poly(arylene sulfide)s, polyphenylenes,
and many others. Polyarylene polymers and polymers containing phenyl pendant
groups such as polystyrenes, as well as heterocyclic systems can be sulfonated by
direct reaction with an appropriate sulfonating reagent. The most reactive sites for
sulfonation depend on both the polymer structure and the directing effect of substit-
uent groups. Simplicity and reproducibility were some of the advantages of poly-
mers sulfonation, allowing for the possibility to generate different equivalent
weights (EW) by controlling the reaction conditions. Most sulfonated polymers
are thermally and mechanically stable up to 200 °C due to their more rigid polymer
chain structure, and they have excellent fuel barrier properties, which lend them-
selves to PEM materials for low-temperature PEMFC applications. However, for a
given IEC, sulfonated polymers generally have lower proton conductivities and
higher dimensional swelling compared with PESAs because of their lower acidity,
lower hydrophobicity of polymer backbone, and weaker phase separation between
hydrophilic and hydrophobic moieties, resulting in less effective microphase-
separated morphology for water channel formation [113]. Furthermore, the starting
polymers were originally developed for applications in environments different from
those prevailing in a PEM fuel cell, i.e., temperature, relative humidity, pH, presence
of radicals, etc. Under saturated vapor conditions, all materials (both sulfonated and
non-sulfonated) show some decomposition between 150 and 200 °C, although the
thermohydrolytic stability of the sulfonated polymers is always lower than that of the
corresponding unmodified starting material, sulfonated polymers all show loss of
sulfonic acid groups and hydrolysis of the functionalized units to some extent.
Chemical stability of sulfonated polymers appears to be lower than PFSAs, partic-
ularly those with electron-rich structures containing ether linkages. As a general
observation, sulfonated polyaromatic polymers are slightly more stable than
sulfonated polyheterocyclic systems [111].

Sulfonated polymers can also be synthesized via various synthetic routes from
diverse monomers to obtain a variety of structural architectures, e.g., random
copolymer, block copolymer, grafted copolymer, and densely sulfonated or clus-
tered copolymer. Synthetic routes provide the opportunity to have a better control of
(1) the position and number of functional groups, which in turn define the ion
exchange capacity and the morphology (hydrophobic/hydrophilic phase separation),
and (2) the molecular weight to enhance durability which is more difficult to achieve
with post-reaction on existing commercial polymers. The characteristics of func-
tional groups such as position on the polymers chains (e.g., main chain, pendent unit,
side chain, etc.), flexibility, and acidity or basicity are also important in the control of
the final ionomer’s morphology [112, 114]. The polymer backbone characteristics
such as size, stiffness, hydrophobicity, and electron-withdrawing or -donating
effects influence the hydrophobic domain structure.
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Compared with random copolymers, block copolymers induce more ordered
microphase-separated morphology because the different characteristics and length
of each block induced phase separation. The chemical structure of hydrophobic
sequences is one of the critical factors leading to phase separation. Furthermore,
oligomer block lengths influenced the morphological features and interdomain
distances. Longer block lengths induced clearer phase separation and increased
domain sizes.

Various types of hydrocarbon-based ionomer membranes have been proposed for
application in fuel cells, many studies reported ionic conductivities and even fuel cell
performances higher than PFSAs, however, the issue of chemical and mechanical
degradation of this class of ionomer membranes, especially under automotive
operating conditions, has not been fully resolved at present. Shimizu et al. [115]
reported recently on the chemical durability of two proton-conducting hydrocarbon
polymer electrolyte membranes based on sulfonated benzophenone poly(arylene
ether ketone) (SPK) and sulfonated phenylene poly(arylene ether ketone) (SPP)
semiblock copolymers using accelerated OCV stress testing. Even if SPP-based
fuel cell showed slower OCV decay compared to SPK, both hydrocarbon PEMs
exhibited remarkable stability compared to Nafion®NRE211 baseline (Fig. 1.10.).
They suggested that the lower hydrogen permeation in the cell led to a decreased
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Fig. 1.10 Chemical structure of (a) sulfonated benzophenone poly(arylene ether ketone) (SPK) (b)
sulfonated phenylene poly(arylene ether ketone) (SPP) semiblock copolymer, and cell voltage
decay and hydrogen leak current density (reproduced from Ref. [115] with kind permission of
© Elsevier)
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production of oxidative radical species generated at the anode and led to a slowing of
membrane degradation kinetics.

After decades of R&D and despite the progress made, the limitations related to
the mechanical and chemical durability are still to be addressed for hydrocarbon
PEMs to become suitable alternatives to perfluorinated fuel cell membranes, and
simultaneous mitigation mechanisms for chemical and mechanical degradation
should be mutually compatible. Gubbler et al. suggested that the shortcomings
related to the mechanical durability should be solved using approaches that both
reduce the membrane stress during humidity cycling and increase the strength at dry
conditions, for instance, by minimizing in-plane swelling via clever multi-block
copolymer architectures and lowering membrane stiffness by blending or
copolymerizing with elastomeric polymers [108]. Membranes manufacturing pro-
cess can also be an effective way for achieving low in-plane swelling when possible
[89]. The approach effectively used for PFSA PEMs is to simultaneously reduce
in-plane swelling and increase strength by using a relatively stiff porous e-PTFE
polymer support. Radical induced chemical degradation will require a dedicated
antioxidant strategy that needs to be self-sustaining over thousands of operating
hours.

1.4.2 Anion Exchange Membranes (AEMs)

AEMs are solid polymer electrolyte membranes that contain fixed positive ionic
groups, typically quaternary ammonium (QA) functional groups, and mobile nega-
tively charged anions usually hydroxide (OH ™). As there are no typical membranes
comparable to Nafion® used in PEMFCs, the development of an AEM equivalent to
the well-established perfluorosulfonic acid proton exchange membranes (PEM) in
their hydroxide form is hindered by several issues, the most reported are: (1) low
intrinsic ionic conductivities; typical quaternary ammonium ionic groups in AEM
are less dissociated than the typical sulfonic acid groups (pKa for sulfonic acid
groups are typically —1 but for QA groups the related pKb values are around +4);
[116] the diffusion coefficient of OH™ ions is twice less than that of H* (in bulk
water), a higher concentration of OH™ ions is needed to achieve similar results,
which in turn requires higher ion exchange capacity of the polymer. Achieving OH™
ion conductivity comparable to H* conductivity observed in PEMFCs becomes
challenging without compromising mechanical properties due to excessive swelling,
(2) the molecular structure of the membrane itself decomposes due to the presence of
the highly nucleophilic OH ™. Decomposition typically starts at temperatures above
T = 60 °C and leads to a reduction of ion exchange capacity (IEC), conductivity, and
mechanical strength, and (3) the OH™ in AEMs is readily converted into carbonates
when in contact with ambient CO, that precipitate irreversibly compromising elec-
trodes porosity and fuel cell durability [117, 118].

The increased number of studies in the past few years indicates a growing interest
in the research community, driven by the several advantages that AEMFC technology
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might deliver over the currently commercialized proton exchange membrane fuel
cells (PEMFCs) as mentioned at the beginning of this chapter. Improvements in the
past decade show that newly developed AEMs have already reached high levels of
conductivity, leading to satisfactory cell performance [6]. The most common, tech-
nologically relevant backbones reported are poly(arylene ethers) of various chemis-
tries such as polysulfones (including cardo (polymer molecule with cyclic side groups
whose one of the atoms belongs to the main polymer chain, phthalazinone, fluorenyl),
poly(ether ketones), poly(ether imides), poly(ether oxadiazoles), polyphenylenes and
poly-(phenylene oxides), polybenzimidazoles, poly(epichlorohydrins), unsaturated
polypropylene and polyethylene, polystyrene, poly-(vinyl alcohol), poly(vinylbenzyl
chloride), polyphosphazenes, perfluorinated, and based organic and inorganic hybrid
types. Also, methods of preparation, including synthesis, radiation-grafting, plasma
synthesis, pore-filling, electrospinning, and PTFE-reinforced types, have been
reported [119]. The cationic functional-group chemistries that have been studied
include (1) N-based groups, such as quaternary ammoniums (QA), heterocyclic
systems (including imidazolium, benzimidazoliums, and pyridinium), guanidinium
systems, (2) P-based types including stabilized phosphoniums, (3) sulfonium types,
and (4) metal-based systems.

Although alternative cationic species from phosphonium or sulfonium groups
have been shown to be less stable than QAs with similar substituents, some poten-
tially viable highly sterically shielded phosphonium groups may be relevant, how-
ever, their synthesis is highly complex [120, 121] which is the reason why current
research efforts mainly focus on QAs as anion exchanging groups.

Alkaline stability of many different QA groups was investigated by Marino et al.
[118] for temperatures up to 160 °C and NaOH concentrations up to 10 mol/L with
the aim to provide a basis for the selection of functional groups for AEMs. Most QAs
exhibit unexpectedly high alkaline stability with the exception of aromatic cations.
B-hydrogens are found to be far less susceptible to nucleophilic attack than previ-
ously suggested, whereas the presence of benzyl groups, nearby hetero-atoms, or
other electron-withdrawing species promotes degradation reactions significantly. It
is to remind that Hofmann elimination when P-hydrogens are present and direct
nucleophilic attack by OH™ ion at the cationic site were for long time the most
suggested AEM degradation mechanisms. Cyclic QAs proved to be exceptionally
stable, with piperidinium-based cation featuring the highest half-life at the chosen
conditions (Fig. 1.11).

Overall the degradation rate of quaternary ammonium (QA) groups increases
dramatically both with OH™ concentration and temperature. It is important to
mention that ex-situ alkali stability tests may not be necessarily representative of
the AEMs stability in real fuel cell systems, where the membranes have to endure
dehydration cycles [19] and might show reduced stability. This shows the impor-
tance of sufficient hydration of AEMs in alkaline fuel cells for achieving long
durability.

A large number of AEMs have been synthesized using different combinations of
polymer backbones and cationic functional groups for AEMFC. The results have
been compiled over the last decade for different functional groups. An increasing
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Fig. 1.11 Half-life of quaternary ammonium (QA) compounds in 6 M NaOH (reproduced from
Ref [118] with kind permission of © Elsevier)

number of studies succeeded to show good performance from cells made of
improved materials developed for AEMFC technology. Pan et al. [19] made a
comprehensive review and compiled fuel cell performance. Figure 1.12 shows
performance and stability data for some of the best performing AEM.

The highest performance obtained was for AEM based on vinylbenzyl chloride
(VBC) radiation grafted onto poly(ethylene-cotetrafluoroethylene) (ETFE) films
followed by amination with trimethylamine that shows a very impressive peak
power density of 1.4 W/cm?. Nevertheless, and in spite of the many published
reports with AEMFC performance test data, there are only a very few research
studies reported in the literature of AEMFCs showing performance data of cells
completely free of Pt (in both anode and cathode) and very few studies on cell
performance stability which remains a challenge for the commercialization of
AEMEFC technology.



28 T. W. Napporn et al.

(a)‘ (d)

- 12
£ 11
08} g 10 =
tos 5
Crossiinksd OPMV-POYVE 10% ot TO'C and 100mAcm - g
< £ 08
E“-" 1 & F07 2
o 3 o6 §
30 = Los §
="r = ‘ 1 ] £ 04
Uncrosslinked GPUN ot TO °C and 100 mAsm’ 8 o8 g
02f § Loz @
L 0.1
0.0 T T T T T+ 0.0
0 7 o 60 0.0 05 10 15 20 25
(b) Time Hr (e] Current Density / A cm™

%
2

—Minor Dryout

==Optimal

—Severe Flooding -
-

8

VoltageV
-]
-
Cell Voltage / V
&
g
20 ppw / Ayisuag samog

900
oA *  Constant Current at 75 mAcm™ 600
02 300
1]
V| RPT——on " - 0 1000 2000 3000 4000
o 50 100 150 200 250 300 2350 400 = 2
Time Hr Current Density / mA cm
12 12 15
® © PIRUGC ancde ':‘;
1.0 = o PUC anode o-° o 1.0 E 12 %
= a 15 il
> - o X -
= 08 :‘. g o o [08 X P tE
= ~ - ; 09 =
= - = §° 08 =
08 E 06 7 B B
E e e, f ¢ 67 %
= o o - B-a L ] il 3
T 04 o = o Foa ] 05 o
o o - : - (5] 0.4 g
& = — L] F03 B
oz] 4 T B Loz & 0.2
-4 m = 0.1
00 " v 00 04 " g prevsTeTTeTeTTETTTYY 0.0
0o 0.5 10 15 2.0 25 10 00 05 10 15 20 25 30 35 40
Current density / A cm™2 Current Density / A cm™

Fig. 1.12 Best performing H,-AEMFCs from recent literature (reproduced from Ref [19], kind
permission of © Elsevier). (a) Durability tests of uncrosslinked QPMV and 10% crosslinked
QPMV-PDVBAAEM at 70 °C. (b) Durability test of 10% crosslinked AAEM at 50 °C [122]. (¢)
Cell performance of the AEMFC using the PtRu anode or Pt anode [61]. (d) Performance of H,/O,
AEMEFC test data at 60 °C for E-R (squares) and E-6 (circles) using PtRu/C anodes and Pt/C
cathodes and with no gas back-pressurization of the fully humidified gases [60]. (e) Performance of
the AEMFC with different hypothesized distribution of water across the AEM and electrodes in an
AEMEC [21]. (f) Performance of H,/O, AEMFC at 80 °C with the LDPE-AEM with Pt/C (circles)
or Ag/C (squares) as cathodes as well as PtRu/C anode [123]. (a, b, e: reproduced with kind
permission of © Elsevier; ¢, d, f: reproduced with kind permission of © The Royal Society of
Chemistry)

Finally, for all ionomers developed for PEM or AEM application, composite or
blend membranes have been studied extensively in an attempt to compensate for
some of the disadvantages of purely polymeric membranes. Functionalized or
non-functionalized inorganic fillers have been incorporated to provide additional
ions acceptor/donor sites, bind and retain water molecules at higher temperature,
enhance ionic conductivity, improve mechanical properties, or have radical
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scavenging effect to extend membranes lifetime. Polymer blending is also a prom-
ising method for inducing a microphase separation in membranes, controlling the
swelling, and reinforcing mechanically the ionomer. In both cases compatibility of
composite and blend materials with the host ionomer is critical.

1.5 Electrocatalytic Reactions in Proton Exchange
Membrane (PEM) Fuel Cells

The operation of proton exchange membrane fuel cells (PEMFC) is based on the
electrochemical reactions which occur at the interface “catalytic layer-electrolyte.”.
These reactions are the oxidation of the fuel at the anode and the reduction of the
oxidant at the cathode. In practice, the electric efficiency of fuel cell depends on the
current density j delivered by the cell. This efficiency is lower than that of the
equilibrium reversible at j = 0 because of the irreversibility of the electrochemical
reactions at the electrodes. Therefore, the cell voltage E . at j # 0 is expressed as
follows:

Ecen(j) = Eoq i = 0) = (1] + In.| + Reljl) (1.24)

where R, is the cell resistance, Ezq(]' = 0), the cell voltage at j = 0, 5, and 7. are the
overpotentials at the anode and the cathode, respectively.

It clearly appears that lower is the overpotential value better is the cell voltage.
Therefore, progress in fuel cell is mostly focused on the decrease of the overpotential
at the electrode and improves considerably the activity by developing new type of
materials. In addition, the decrease of the electrode materials cost is a challenge since
most of active materials are expensive noble metals mainly the platinum group
metals.

Since this discovery, progress and improvements in this system were possible due
to the innovations in various domains (nanotechnology, mechanical engineering,
chemistry, electrochemistry, fluid management, etc.) which permitted to enhance
substantially the performance of the cells. The last 30 years, the metal loading in the
catalytic layer of PEMFCs has been divided by more 100. This improvement was
due to the amazing progress in nanomaterials fabrication and also in the engineering
of producing membrane electrodes assemblies (MEA). During the two last decays,
various methods (chemical and physical) were adapted for elaborating very fine
disseminated nanoparticles on the usual carbon support [124]. In addition, different
types of carbon (such as carbon nanotubes, porous carbon, and recently graphene)
were proposed as a support for nanocatalysts in order to avoid the corrosion and to
improve the electron transfer observed on the usual carbon Vulcan XC 72 or 72R
during the cell operation.

At the anode, various compounds can be used as fuel in PEMFCs. Up to date the
operation conditions of the proton exchange membrane fuel cells have permitted to
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investigate the hydrogen, formic acid, and various alcohols such as methanol,
ethanol, glucose, hydrogen but also the formic acid and some alcohols.

1.5.1 Reactions of Fuel at the Anode of PEMFCs
1.5.1.1 Case of H,

Hydrogen appears as the greenest fuel since its oxidation leads to water and heat.
Under acidic environment, the H,/O, fuel cell operates with the electrooxidation of
H, at the anode and the oxygen reduction reaction at the cathode. It is well known
that the kinetics of hydrogen oxidation reaction (HOR) is very fast mainly on
platinum electrode. The half-cell reaction is as follows:

H, — 2H" + 2¢” E =0.000 V vs.SHE (1.25)

At the interface of the anode, the formed protons diffuse by migration through the
polymer electrolyte membrane to the cathode where they react with the oxygen to
produce water. In electrocatalysis, this reaction is taken as a model to explain
mechanism of adsorption/desorption, diffusion, since it involves one electron per
hydrogen atom. The overpotential 7, observed for the H, electrode is very small.
Thereby, it can be approximated by the linear relationship with j as follows: 1, = R, J,
where R, is called the charge transfer resistance [125].

Due to its presence at the anode of H,/O, fuel cell, the HOR is deeply studied for
understanding the different pathways when the reaction occurs on Pt electrodes. A
pioneer work was done at the end of 1980s by Ticianelli et al. [126] with high metal
loading (as 4 mgp, cm ) ina complete H,/O, cell. Presently only few pgp, cm 2 are
enough to reach a highest cell performance [127, 128]. The study of HOR requires
RDE measurements. Extensive study of this reaction was made by Croissant et al.
[129] with different metal loadings from 0 to 0.3 mgp, cm ™2 These authors demon-
strated the catalyst loading of 150 pg cm ™ is the maximum value which below the
evolution of the exchange current density is linear.

The reaction (1.25) can be expressed in three elementary reaction steps:

H, + 2Pt 2H, — Pt Tafel reaction (1.26)
H, +Pt+— Hys —Pt+H" +¢~ Heyrovsky reaction (1.27)
Hys — Pt — Pt+H" +¢” Volmer reaction (1.28)

where H,q4; is the adsorbed hydrogen atom as an adatom.

The dissociative adsorption of a hydrogen molecule is followed by two separate
one-electron oxidations of the H,4s in the case of Tafel-Volmer pathway, while for
the Heyrovsky—Volmer pathway, two one-electron oxidation occur. The first one is
held simultaneously with chemisorption and the second one is the oxidation of H,gs.
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To explain the HOR current behavior in the entire overpotential region relevant to
the reaction, Wang et al. [130] have developed a dual-pathway kinetic equation
which fits perfectly with the high surface electrocatalysts operating at 80 °C in fuel
cells conditions.

Despite the simplicity of the HOR, efforts have been made for modelling the
reaction, decreasing the amount of the Pt loading, or for elaborating new and very
active catalyst tolerant for CO. Indeed, more than 80% of the hydrogen produced
come from partial oxidation or steam reforming of hydrocarbons. Thereby, H,
produced from this process contains traces of CO. CO is also one of intermediates
from the oxidation of organic molecules (methanol, ethanol, etc.) on Pt electrode
[131]. CO molecule strongly adsorbs on the Pt active sites and greatly decreases the
performance of the Pt anode in fuel cell. Therefore the oxidation of CO is one of the
mostly studied reactions in electrocatalysis due to the poisoning effect observed.
Two approaches are possible to oxidize CO molecule on Pt electrode: (1) apply a
high potential, or modify the structure and the composition of Pt in order to oxidize
CO at very low potential. This second approach is suitable for the operation
conditions of fuel cells. Considering Eq. (1.29), CO molecule requires an external
oxygen for its complete oxidation in acid medium. Therefore, electrochemists added
to Pt a second metal able to provide oxygenated species at very low potentials.

CO + H,0 — CO, +2H" +2e” (1.29)
Figure 1.13 shows the effect of Ru and Sn added to platinum on the oxidation of

CO. Pt-Sn electrode oxidizes CO at a potentials values 600 mV lower than that of Pt
bulk electrode.
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1.5.1.2 Case of CH;0H

The kinetics of alcohols oxidation on Pt in acid medium is low and leads to the
formation of intermediates strongly adsorbed on the active sites. Therefore, the
oxidation of some alcohols (i.e., methanol and ethanol) becomes the aim of several
investigations in electrocatalysis.

For the some mobile applications of PEMFCs, H, is not suitable to hand and a
liquid fuel appears the suitable solution. Therefore, organic fuels such as alcohols
(i.e., methanol and ethanol) are proposed. However, the kinetics of their oxidation
reactions is very slow because of the low operating temperature of the PEMFCs and
the several steps involved. The oxidation of such alcohols occurs with very high
overvoltages 7, (Fig. 1.14). Therefore, the challenges at the anode are to consider-
ably decrease these overvoltages as indicated in Fig. 1.14.

The complete oxidation of methanol to CO, in acid medium is:

CH;OH + H,0 — CO, + 6 H' + 6¢~ (1.30)

This oxidation is a six electrons transfer process which leads to several interme-
diates as extensively stated in the literature [131, 132]. During the oxidation of
methanol on Pt catalysts, the cleavage of C—H bonds leads to the formation of the
so-called formyl-like species (CHO),q4,. This species can give —CO,q5, —COOH 4,
or directly CO,. For oxidizing at low potential these three species to CO,, or to avoid
their formation, effective catalysts are needed. For promoting the oxidation of
CH;OH and its intermediates at low potential, other metals (Ru, Sn, Mo, Ni, Mo,
etc.) are added to platinum to promote the formation of oxygenated species at low
potentials [131-142]. Indeed, these metals can be oxidized at relatively low
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Fig. 1.14 Schematic drawing of the challenges at the electrodes of PEMFCs
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potential. These materials activate and dissociate H;O molecule while the organic
molecule is adsorbed on Pt. Then a surface reaction involves the oxygenated species
from the second metal and the organic adsorbed species will lead to the formation of
CO,. This surface reaction is known as a bifunctional mechanism which was
suggested by Watanabe and Motoo [131, 143]. The structure, composition, and
support of electrocatalyst are some parameters which are still studied for improving
their performance towards the oxidation of methanol [132-146].

1.5.1.3 Case of CH3;CH,OH

Ethanol is an attractive molecule which can be used directly in PEMFC system
named direct ethanol fuel cell (DEFC). The complete oxidation of ethanol at the
anode of DEFC is the following:

CH3CH,OH + 3H,0 — 2CO, + 12 H' + 12¢” (1.31)

This reaction is complex since it involves theoretically 12 electrons transfer
process which cannot be achieved in one step. The main challenge with this
molecule is to break the C—C bond in order to complete the oxidation of challenge
on this molecule is to the cleavage of the C—C bond. In reality, partial oxidation
occurs leading to the two main products, the soluble acetaldehyde and the acetic
acid. The reaction has been widely investigated mainly by in situ FTIR [147-
149]. This technique permits to reveal the enhancement of catalysts. Up to now, Pt
is the main element of electrode materials developed for the oxidation of ethanol. To
avoid the partial oxidation pathway reactions, bi and trimetallic catalysts have been
proposed [144, 147-183]. Pt-Sn/C is the electrode materials which exhibited high
catalytic activity towards the oxidation of ethanol. However, a third element is
required to improve the dehydrogenation reaction and also the cleavage of the C—
C bond. The addition of Ni on PtRu/C and PtSn/C significantly increases the
catalytic activity of these nanomaterials [177]. In the literature, various electrode
materials have been proposed for the electrooxidation of ethanol, but few of them
have a significant improvement compared to the platinum electrode. Effective
electrocatalysts have to be developed.

1.5.1.4 Reaction at the Cathode: Oxygen Reduction Reaction (ORR)

The reaction which occurs at the cathode of all PEMFCs is the electrochemical
reduction of molecular oxygen known as oxygen reduction reaction (ORR). In acid
medium, the reaction is:
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0, +4H" + 4 e — 2H,0 (1.32)

This reaction is complicated since it involves many intermediates which depend
on the electrolyte, the nature, composition, and structure of electrode materials. The
reduction of molecular oxygen in water involves four electrons. Damjanovic et al.
[184] and later Wroblowa et al. [185] have made a pioneer investigation and
suggested the mechanism explaining the different intermediates observed during
the ORR. They pointed out the multi-electron transfer process and the main
two-electron pathway which leads to the formation of hydrogen peroxide. According
to the schematic drawing (Fig. 1.14), it appears that the ORR shows the sluggish
reaction kinetics and the assessment of the intermediates is an important and key step
for improving the catalytic performance of electrode materials. Several studies by
rotating disk (RDE) and rotating ring disk (RRDE) electrodes have permitted to
reach the kinetics parameters of the reaction on various catalysts [186—188]. The
development of nanomaterials has permitted to improve the performance of the
cathode materials due to their high surface to volume ratio. The most active material
for ORR is platinum due to the bonding energy of some species like O and OH with
its surface [189]. The RDE measurements are a useful technique for evaluating the
electrocatalytic behavior of electrode materials for a reaction limited by the diffu-
sion. It required three-electrode cell while for the RRDE, four electrodes system with
a bi-potentiostat is required. Indeed, a part the reference and the counter electrodes,
two working electrodes is needed. One (the disk) is the catalyst to be studied and the
second (ring) to detect directly the amount of hydrogen peroxide produced during
the reaction.

As ORR is limited by the diffusion, two conditions are needed to validate the
Levich law: (1) the existence of a mass transport process that is the rate-determining
step (rds), and (2) the reaction is of a first-order reaction with respect to the electro-
reactive species (O,). Afterwards, to apply the Koutecky—-Levich equation, two
conditions are required: (1) the existence of an electron transfer process that is the
rate-determining step (rds), (2) the reaction is of a first-order reaction with respect to
the electro-reactive species (O,). The equations and the treatment of the data will not
be exposed in this chapter. It is extensively detailed in the literature [188]. Figure 1.15
shows the polarization curves obtained for Pt and Pt-Cr/C catalysts in O, saturated
acid medium and corresponding Tafel slopes. The polarization.

In respect to the four important criteria for using Levich and Koutecky-Levich
equations, typical Koutecky—Levich plots are shown in Fig. 1.16.

As mentioned above the RRDE measurements permit to assess directly the H,O,
amount (Fig. 1.17). The fraction of hydrogen peroxide for the Pt-Cr/C is lower than
that of Pt/C. The number of electrons involved is close to 4.

The ORR investigations by RRDE permit to assess the main parameters such as
the number of electrons involved, the kinetic current density, the exchange current
density, the limiting current density, and the Tafel slope in different potential
regions. From the bulk materials to the dispersed nanoparticles, the ORR is a key
reaction which still needs the development of new electrode materials [191, 192].
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Fig. 1.15 RDE polarization curves of the Pt/C and PtCr/C electrocatalysts in a O,-saturated
0.1 mol L™! HCIO, solution recorded at 1600 rpm, 5 mV s-1 and (a) 20 °C, (b) Tafel plots of
oxygen reduction reaction on Pt/C and PtCr/C in 0.1 mol L™" HCIO, recorded at 5 mV s~' and
20 °C for low current density (l.c.d) and high current density (h.c.d) region. Reproduced and
adapted from Ref. [190] with kind permission of Elsevier©
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Fig. 1.17 Hydrodynamic voltammograms related to ORR for Pt/C and PtCr/C in a O,-saturated
0.1 mol L™" HCIO, solution recorded at 5 mV s~ and 1600 rpm. (a) Ring electrode and disk
electrode current density, (b) average number of transferred electrons, (c¢) Tafel plots for low current
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1.6 Performance of New Class of Electrode Materials
for Proton Exchange Membrane (PEM) Fuel Cells

Both bottom up and top down approaches are used for developing new class of
nanomaterials for fuel cell systems in order to considerably increase their perfor-
mance and durability, but decrease considerably the metal loading. Therefore, oxide
materials suggested a support for anode or cathode materials. Figure 1.18 shows
three ceria-based anode catalysts prepared with different Pt contents of 0.6, 2, and
4 pg Pt/em? of MEA (the samples denoted 0.6-Pt/Ce, 2-Pt/Ce, and 4-Pt/Ce), and the
sputtered reference pure Pt film of 2 pug Pt/cm? (2-Pt), all deposited on the nGDL. In
a Hy/O, fuel cell, the power density of an anode with 2 pgp cm ™2 on ceria is close to
that of 2 mg of Pt [193]. The possibility of dividing by 1000 the Pt loading will
permit to decrease considerably the cost of the electrodes.

[FETTIETETAFRTTICAETA ARATURNET] ARARURASTY ARATRNRTL ARARNRNTI ARRRANRATL ANATLI

1.2 - 0.5
E — B
1.0 3
] - 04
0.8 P &
. - o
2 4 [ 033
] - a
% h N %
£ 06 - &
g . - =
= L =
o = — 02 o
< - 3
04 - S
: 0.6-Pt/Ce P
0.2 E
0.0 - - 0.0

0.0 0.2 04 0.6 0.8 1.0 1:2 14
. -2
Current density (A cm )

Fig. 1.18 The polarization J-V curves (left Y-axis) and the corresponding power density (right
Y-axis) measured for the three ceria-based anode catalysts prepared with different Pt contents of
0.6, 2, and 4 pg Pt/cm® of MEA (the samples denoted 0.6-Pt/Ce, 2-Pt/Ce, and 4-Pt/Ce), and the
sputtered reference pure Pt film of 2 pg Pt/cm? (2-Pt), all deposited on the nGDL. For comparison
the data obtained on the commercial Pt/GDL catalyst (2 mg Pt ref) are added. From ref. [193] with
kind permission of Elsevier©
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Fig. 1.20 (a) Polarization curves of the DEFCs with C/Fe-TMPP and Pt/C as cathode catalysts and
PtRu as an anode catalyst supplied with 2 M EtOH and humidified O, gas at the anode and cathode,
respectively, at 80 °C. (b) Comparison of OCVs and maximal power densities of the DEFCs with C/
Fe-TMPP and Pt/C. (¢) Comparison of power densities of the DEFCs with C/Fe-TMPP and Pt/C
measured in the potential range of 0.70-0.35 V. From ref. [195] with kind permission of Copyright
© 2018 American Chemical Society

One phenomenon which occurs in direct alcohol fuel cells is the crossover of the
organic fuel to the cathode. Indeed, the presence of the fuel at the cathode leads to its
deactivation. Therefore, cathode with high tolerance to the fuel is required.
Figure 1.19 presents the polarization curves of DMFC using Fe-N-C-based catalyst
as cathode.

Figure 1.20 shows the performance of a DEFC using a doped carbon nanostruc-
ture containing Fe. The DEFC supplied with high concentration of ethanol exhibited
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high performance with this cathode. This performance can be attributed to ethanol
tolerance in the oxygen reduction reaction [195].

1.7 Conclusion

The last 30 years, progresses have been made in the development of PEMFCs and
AEMFCs. In terms of electrode materials, innovation in materials synthesis leads to
the fabrication of new class of nanomaterials for anode and cathode of PEMFCs and
AEMFCs. For the PEMFCs the metal loadings have been considerably decreased.
Various noble metal-free cathodes are suggested for these fuel cells taking into
account their tolerance to the liquid fuels such as alcohols and formic acid. For the
DMFCs and DEFCs, effective anode nanomaterials are also suggested. AEMFCs are
emerging due to the recent development of anion exchange membranes. These
membranes offer the possibility to build compact alkaline fuel cells with low-cost
materials.

Innovation in materials sciences, nanotechnology, and mechanical engineering is
needed to develop powerful PEMFCs and AEMFCs that will be widely available for
the world.
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