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Abstract. The global expansion of industry and technology has brought
various environmental issues especially in atmospheric pollution and global
warming. These resulted in various R&D activities on renewable energy
resources and devices. Developing high temperature polymer electrolyte
membrane fuel cell (HT-PEMFC) is one of them. Over the past decades, this
research has been received the most attention for various stationary and
transportation applications. This is due to inherent advantages of operation
above 100 °C including improved tolerance toward CO poisoning, enhanced
electrode kinetics, easier heat dissipation and water management as well as
better thermodynamic quality of the produced heat. Poly (benzimidazoles)-
phosphoric acid (PBI/PA) is the well-established membrane for HT-PEMFC
applications replacing perfluorinated sulfonic acid (PFSA) membranes,
which operate in the temperature range of below 100 °C. Nevertheless, there
have been concerns on the durability and stability of such PEMFC, which
negatively affected their widespread commercialization. In this paper,
problems regarding this acid-base complex membrane system and
modifications as well as some techniques used to overcome these issues will
be outlined.
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1. INTRODUCTION

A fuel cell is an electrochemical device that can converts chemical energy from fuel
into electrical energy via electrochemical oxidation of the fuel at anode and reduction of
oxidant at cathode (Fig. 1). Fuel cell possesses several advantages over other energy devices
including broad fuel choices, generate continuous electricity as long as the reactants are being
replenished, high-energy conversion efficiency which is up to 80%, and environmentally
friendly as no pollutant emission happens since water is the only chemical by-product [1].
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There are many types of fuel cell that have been developed at the industrial level. Among all,
polymer electrolyte membrane fuel cell (PEMFC) has gained the most attention especially
for automotive and small stationary applications due to its comparatively high power density,
low operation temperature, and fast start-up capability [2].
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Fig.1 : The structure and operational principle of PEM fuel cell (Zhou, 2018).

In a fuel cell system, polymer electrolyte membrane (PEM) is the core component.
Therefore, extensive studies has been done in order to establish PEM with high proton
conductivity, low electronic conductivity and permeability to fuel, low electroosmotic drag
coefficient, good thermal and chemical stability, good mechanical properties and low cost
[3]. Traditionally, perfluorinated sulfonic acid (PFSA) membranes have been widely used for
PEMFC due to the excellent stability and high conductivity in the temperature range below
100 °C. However, this type of membrane only offers a low temperature PEMFC (LT-PEMFC)
system which has two main limitations mainly in their high cost and operational condition
that required the system to be fully hydrated to maintain a high proton conductivity [4].

These drawbacks urge more research on other types of PEM for high temperature
PEMFC (HT-PEMFC) which operate in a range of 100 to 200 °C. HT-PEMFC operated at
>100 °C are considered as the next generation of fuel cell technology. This is due to the cost
reduction and reliability in eliminating several issues faced by LT-PEMFC especially in
terms of improved heat rejection, water management, reaction kinetics, and catalyst tolerance
[5]. Most research on HT-PEMFC employed Poly (benzimidazoles) (PBI) that is lower in
cost compared to PFSA and exhibits thermally and chemically stable properties under various
conditions. Studies show that acid-base complex membrane system mainly acid-doped PBI
membranes showed very good properties that allow them to be used in PEMFC at the
temperature up to 200 °C without humidification [6]. Several types of acid that is possible to
be doped with PBI membrane are HCI, HNOs;, HoSO4 and HCIO4. However, the most
preferable acid dopant is by using phosphoric acid (H3POs) since this type of acid dopant
exhibit an outstanding thermal stability, high proton conductivity and very low vapour
pressure at elevated temperature [7].

2. CHALLENGES ON PBI/ACID MEMBRANE SYSTEM

There are several limitations for HT-PEMFC, which limit their further industrial scale-
up, including (i) degradation of membrane during electrochemical process, (ii) low acid
doping level and low conductivity at dry conditions, (iii) acid leaching from the acid doped
membrane, and (iv) poisoning of catalyst by phosphoric acid (PA).
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Firstly, degradation of membrane happened in the presence of redox species. The mode
of degradation for the PA doped membranes includes chemical oxidative degradation,
thermal stress degradation, and mechanical degradation. Generally, chemical degradation
happened due to the attack of C-H bond in the polymer by hydrogen peroxide (H20:) and its
radical (::OH or ©:O0H) which generated by oxygen reduction reaction in the cathode and
by reaction of hydrogen and oxygen in the anode [8]. In addition, when the temperature
exceeds 100 °C, dehydration will result in large ohmic losses, low operating cell voltages and
low power densities [7]. Apart from that, the rate of materials degradation and mechanical
failure also increases as the temperature increases.

Next, the conductivity of PBI/PA membrane greatly depends on the level of acid
doping, where PBI/PA membranes exhibit high conductivity only with high acid loadings, at
least higher than 3.0 PA molecules per repeat unit of PBI. However, excess PA content would
affect the mechanical stability of the membrane and leaching problems of electrolytes due to
the plasticizing effect of the PA doping, especially at higher temperature [9]. These situations
may result in a reduction of conductivity due to the free acid which can be lost along with
evaporated water. To overcome the problem, the doping level of acid should be reduced and
this would negatively affect the conductivity of the PBI/PA membrane.

Even though aforementioned limitations have been improved by some technical
advancement, acid leaching from PBI/PA materials is still a serious concern that leads to
serious degradation of fuel cell components, which in turn affect the power density, and the
performance of the fuel cell, especially for long-term operation. Based on the results obtained
by Leykin, ef al. (2010), during the first 10 min, the major part of acid leaves the membrane
since they are not chemically bound to the polymer but retained in the polymer via relatively
weak hydrogen bonding and dipole interaction [10]. As a result, a fast extraction of over-
stoichiometric amounts of acid is happened. This problem will consequently cause
inhomogeneous PA distribution, which then decreases the proton conductivity and
degenerate the PEMFC performance during long-term operation [11]. In addition, leaching
of PA could also diminish the oxygen reduction reaction (ORR) activity of Pt-based cathode
since Pt catalyst will be poisoned by chemisorbed dihydrogen phosphate (H2PO47) and
hydrogen phosphate (HPO4 %) ions [12]. According to Su, ef al. (2013), this sluggish kinetics
of ORR and the transport limitations of protons and reactants in the cathode greatly limit the
operation of PEMFC cell performance at high temperature [13].

3. METHODS TO IMPROVE PBI/ACID MEMBRANE SYSTEM

3.1 IMPROVE ACID DOPING LEVEL AND REDUCE ACID LEACHING

As stated in the previous section, the main issue that needs to be improved is the low
acid doping level and PA leaching from PEM. To date, various type of PBI/PA membrane
has been modified and fabricated successfully. Some of the modification are outlined as
follow.

3.1.1 The Introduction of Nitrogen Containing Group

It is believed that increasing the molecular weight of PBI polymers and by exploring
new methods of membrane preparation will improve the mechanical properties of PA-doped
PBI with high proton conductivity and high PA doping level. Kallitsis group introduced the
use of pyridine units as basic moieties in a rigid aromatic polymer in 2003. Pyridine group is
an alkaline group that has an aromatic structure with a nitrogen with a lone pair electron. It
can be used to elevate the phosphoric acid doping level of HT-PEMFC. In addition, the
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oxidative stability of the membranes can also be improved since this pyridine group can
easily react with free radicals [14]. This method was widely used in the literature and resulted
in significant enhancements in acid doping level of the membranes [15 — 18].

In another interesting study by Chen, et al. (2018), they synthesized a series of sulfonated
PBI multiblock copolymers containing pyridine rings (Fig. 2) [14]. The presence of the
pyridine group increases the acid-base interaction between the sulfonic acid group and the
alkaline group, hence, improving the chemical stability of the membrane. It was proven that
all the copolymer membrane showed good dimensional stability, mechanical properties,
thermal stability and chemical stability. In addition, by increasing the basicity of copolymer,
also helped to increase the phosphoric acid doping level which result an increase in proton
conductivity after doping with H;PO4. Meanwhile, after doping with H3POs, the proton
conductivity of this copolymer membrane also showed an increasing value from 5.5 x 102 to
2.3x 10" S cm at 180 °C and 100% relative humidity. The increment in the proton conductivity
was due to increasing of phosphoric acid doping level of copolymer membrane. With the
increasing of PA doping level, the spaces among the molecules chains become larger,
providing easier transport channels for HiPO4".
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Fig.2 : Sulfonated PBI multiblock copolymers containing pyridine rings (Chen et al., 2018).

3.1.2  The Introduction of Inorganic Filler

Introducing various inorganic filler as an additive greatly contributes to the
improvement of the membrane structure and its intrinsic ability to conduct protons. Research
found that the addition of a composite or a nanocomposite membrane to PBI would make
some improvements on proton conductivity, water/PA uptake and retention, durability,
mechanical and thermal properties as well as fuel cell performance [19].

As a first generation, fillers such as silica [20], titanium [21], zirconia [15, 16], and
carbon materials [22, 23] have been introduced and some improvement in terms of
dimensional stability, mechanical properties and gas permeability of PBI composite
membrane have been reported. Recently, great attention has been moved toward a second
generation which containing acid functionalized fillers such as various carbon-based
substrates including graphite [9], graphene oxide (GO) [23] and carbon nanotubes (CNT)
[24] and silica [25] functionalized with carboxylic acid [26], sulfonic acid and protic ionic
[25] liquids in addition to solid and heteropolyacid. In addition, the acid functionality of
inorganic fillers, provides better fillers dispersions and improves polymer-filler compatibility
which directly affects the gas permeability, dimensional stability and mechanical integrity of
membranes.

In a study conducted by Yang, et al. (2015), they managed to improve both proton
conductivity and mechanical properties by introducing a PBI composite membrane with well-
dispersed triazole-modified GO (Fig. 3) [22]. This modified GO by triazole showed an
excellent distribution in Dimethylacetamide (DMAc) and possessed improved compatibility
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with PBI polymer. In addition, the high proton conductivity of 0.135 S cm™! at 180 °C was
achieved by the PA doped PB/MGO membrane since the triazole groups in MGO was
successfully interacted with doped acid PA. Therefore, a network of hydrogen bonds is
formed and the proton conduction is improved.

Fig.3 : Triazole modified graphene oxide (Yang et al., 2015).

In a recently conducted study, researchers managed to fabricate a new class of highly
conductive and durable composite membrane for HT-PEMFC application under anhydrous
condition [31]. In this study, they introduced a highly phosphonated graphene oxide (PGO)
to 2, 6-Pyridine functionalized Polybenzimidazole (Py-PBI) substrate. Different acid doping
level and conductivity, durability and fuel cell performance of developed membrane were
evaluated. As shown in Fig. 4, phosphonated GO was successfully prepared from graphite in
a three-step procedure [32-33]. According to the stabilised methods, PGO with P/C elemental
ratio of 0.13 was prepared when reacting with a homogenized mixture of polyphosphoric
acid and PA leading toward the successful of oxidation and exfoliation of phosphonated GO.

| Oridation
—_—
1. Exfoliation

Exfoliated GO (EGO)
[HO (0],
=X

e

inopopat Phosphonation

COH o ;{CI]H}H],

Phasphonated GO (PGO)

Fig.4: Schematic route of functionalization of graphene oxide (Abouzari et al., 2018).

From the obtained result, high proton conductivity of 76.4 x 10 S cm™! was achieved
at 140 °C under the anhydrous condition and the conductivity was more stable with the
presence of PGO (Fig.5). In addition, this developed composite membrane also showed
above 75% improvement with a peak power density of >359mWcm? at 120 °C under the
anhydrous condition compared to the membrane without the phosphonated filler (Fig.6). This
research proved that the stability of the acid content greatly affected by the content of PGO
since this filler inherent excellent mechanical properties, large specific surface area and high
proton conductivity of 102 S cm™! [34].
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Fig.5 : Variation of the proton conductivity of the developed membranes with the temperature (a) and
Arrhenius plot of conductivity under dry conditions (A : py-PBI/PA, e: py-PBI/0.5% PGO/PA, :py-
<+ PBI/1.0% PGO/PA, m: py-PBI/1.5% PGO/PA) (Abouzari et al., 2018).
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Fig.6 : Performance curves of various membranes with ADLs; Py-PBI (' ¥') andcomposite membranes

with 1.0% (@) and 1.5% (m) of PGO in compared with corresponding as-doped membranes of Py-PBI
(A) and composite membranes with 1.0% (©) and 1.5% (o) of PGO (Abouzari et al., 2018).

3.1.3  PBI Sol-Gel Membranes

As stated in the previous section, at the high PA-doping level, PBI/PA membrane
suffered from inferior mechanical properties. Recent studies showed that PBI/PA membrane
could retain a high level of phosphoric acid in the gel structure and high ionic conductivities
as well as stable mechanical properties even at a higher temperature.

This sol-gel process makes use of polyphosphoric acid (PPA) which is an efficient
condensation reagent for the synthesis of high molecular weight PBI polymers in good yields.
This extremely hygroscopic PPA will hydrolyse to PA upon absorption of moisture and may
serve as a solvent for the direct casting of polymerization solution without isolation or re-
dissolution of PBI polymer [27]. According to Chen, ef al., the PBI membrane made by PPA
sol-gel process can achieve an acid doping levels greater than 30 compared to the
conventionally imbibed PBI membrane with only 5-6 molar ratio of PA to PBI repeat unit
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[26]. This group also successfully prepared a low-solids and highly acid-doped PBI
membrane with outstanding fuel cell performance under anhydrous, ambient pressure, and
high temperature (120-200 °C) operating condition. However, their long-term mechanical
durability is the main concern since this type of PBI membrane is vulnerable under
compressive loads at elevated temperature.

3.2 ELECTROLYTE ADDITIVES AS POTENTIAL METHOD TO REDUCE
PHOSPHATE ADSORPTION

Phosphate adsorption on the surface of a platinum catalyst has become one of the main
concerns for PBI/PA membrane. This urged more research on how to effectively block the
phosphate adsorption and weakening the adsorbing behaviour of phosphate anion on
platinum. Some of the works that have been done are outlined as follow.

Introducing additives to electrolyte may result in both higher solubility and higher
diffusivity of the electrolyte. In addition, these additives may also help in reduction of
phosphate adsorption. In literature, perfluorosulfonimide, 1-methyl imidazole, and
trifluoromethane sulfonic acid have been used as an additive to the phosphoric acid
electrolyte. Among all, the most promising candidates are additives based on fluorinated
derivatives of phosphoric acid, since they are much more capable to weaken the adsorption
of phosphate ion on the Pt catalyst surface [28].

In a recent study, two perfluoroalkyl phosphonic acid; C2FsPOsHz (pentafluoroethyl
phosphonic acid, PFEPA) and CFsPOsH: (trifluoromethyl phosphonic acid, TFMPA) have
been investigated to improve the oxygen reduction reaction (ORR) of HT-PEMFC [28].
Based on the results, they successfully improved the ORR kinetics, and the PBI/PA
membranes exhibited excellent thermal stability and the fuel cell’s output power also
increased consistently (270 mWem?2 vs. 180 mWem2). There are three possible factors
attributed to the improved ORR kinetics with both PFEPA and TFMPA additives. First, the
improved wetting behaviour of acids extends the triple phase boundaries within the cathode
[29]. Second, minimized phosphate anion adsorption on the catalyst particles prevented the
blocking of the Pt active site [28]. Lastly, increased of O: solubility in the acid mixture
lowered the gas-transfer losses [30].

4, CONCLUSION

In spite of the advantages of HT-PEMFC compared to LT-PEMFC, there are major
obstacles, which intercept them from being commercialized. Though phosphoric acid is
considered as a successful acid dopant, there are also some drawbacks especially regarding
on issue of phosphoric acid plaguing on the catalyst which causes further damage on the Pt
catalyst. Apart from that, the issue on the degradation of the membrane during the
electrochemical process due to the acid leaching from acid doped membrane also become
one of a major drawback since it greatly affects the conductivity of membrane and also the
performance of fuel cell. In this review, some modification of this acid-base complex
membrane system as regards to overcoming the aforementioned problems, including the
fabrication of PBI composite membrane by introducing nitrogen-containing group and an
inorganic filler as well as fabrication of PBI sol-gel membrane were explained and proved to
be successful. As a regard to the adsorption of phosphoric acid on Pt catalyst, apart from
adding additives in electrolytes, using alternative acids as a dopant is recommend in the future
as a way to achieve the highest overall performance.
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