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Abstract:

 Elevated-temperature (100~200 °C) polymer electrolyte membrane (PEM) fuel cells have many features, such as their high efficiency and simple system design, that make them ideal for residential micro-combined heat and power systems and as a power source for fuel cell electric vehicles. A proton-conducting solid-electrolyte membrane having high conductivity and durability at elevated temperatures is essential, and phosphoric-acid-containing polymeric material synthesized from cross-linked polybenzoxazine has demonstrated feasible characteristics. This paper reviews the design rules, synthesis schemes, and characteristics of this unique polymeric material. Additionally, a membrane electrode assembly (MEA) utilizing this polymer membrane is evaluated in terms of its power density and lifecycle by an in situ accelerated lifetime test. This paper also covers an in-depth discussion ranging from the polymer material design to the cell performance in consideration of commercialization requirements.
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1. Introduction

The interest in renewable energy has been growing over the past few decades owing to the concern over CO2 pollution and the shortage of fossil fuels. Among the candidates for a renewable energy source, fuel cells offer certain advantages because they can be used in a wide variety of applications, such as portable devices, in vehicles, and for residential power generation. Vehicular applications perhaps offer the largest market and will have the greatest impact on the environment. The volatile price of oil and the concerns over air pollution have positioned fuel cell vehicles as the main candidates to replace the internal combustion engine (ICE) system in the automobile industry. The targets for the fuel cell before it enters the vehicle market include durability, price and safety. These three targets apply to all applications. The proton exchange membrane fuel cell (PEMFC), which operates in the temperature range of 60 to 80 °C, is being developed by many automobile makers [1,2]. This fuel cell system uses sulfonated polymer as the electrolyte, and the high proton conductivity of the membrane and the high power density of the fuel cells allow it to generate as much as 100 kW power. Sulfonated polymer has many advantages, but it requires humidification and has operation temperatures under 100 °C. Operations to provide continuous humidification to the membrane can increase the cost of the fuel cell system, and the low operation temperature requires the vehicle to have a larger cooling system. The problem of the operating temperature remaining at less than 100 °C in a humidified condition has introduced the need to develop a new electrolyte that can operate at temperatures between 120 and 140 °C under lower humidification conditions. However, it is difficult to design a membrane that can operate with no humidification because sulfonated polymers require water so that they can act as a proton-conducting medium.

There has been some interest in phosphoric-acid-based PEMFC systems because they do not require humidification, and offer high tolerance to CO [2,3]. These advantages can simplify the fuel cell system design by removing the humidifier and adapting a simpler reformer. Polybenzimidazole (PBI) is usually used as membrane for a phosphoric-acid-based PEMFC [4,5,6]. PBI has excellent durability at temperatures up to 200 °C and retains its mechanical strength, even after absorbing phosphoric acid [7]. The membrane electrode assembly (MEA), which uses a phosphoric-acid-doped membrane, operates in the temperature range of 150 to 180 °C. These high-temperature PEMFC systems require no humidification when they operate in a fuel cell system. The target market for fuel cell systems that use phosphoric-acid-based MEA are portable and residential applications. In order to be applied in these fields, the fuel cell systems need to be less expensive and more durable such that they can operate for more than 40,000 h. The properties of the membrane are critical for achieving the durability targets of the fuel cell system, and many recent works have been reported to enhance the performance of the membranes used in high-temperature PEMFCs [8,9].

In this review, the advantages that the high-temperature PEMFC systems have over low-temperature PEMFC systems, as well as the requirements and recent developments as regards the membrane that can be used in a high-temperature PEMFC MEA, will be discussed. In addition, the core technologies and development background of other components, including the catalyst and stack, are discussed in the following chapters.



2. Core Technologies and Issues


2.1. Catalyst

A catalyst is defined as a material that can enhance the rate of a chemical reaction without a change or one that can disappear as a result of a chemical reaction. Especially for electrochemical reactions, a catalyst is referred to as an electrocatalyst, which is an essential material in a MEA to produce the electron and proton as a result of the hydrogen oxidation reaction (HOR) involving the anode and water from oxygen caused by the oxidation reduction reaction (ORR) of the cathode for a PEMFC to reduce the overpotentials in the following Equations (1–3).



Anode: 2H2 →4H+ + 4e−



(1)






Cathode: O2 + 4H+ + 4e− → 2H2O



(2)






Overall Cell Reaction: 2H2 + O2 → 2H2O



(3)




Historically, the Pt electrode was used in the first experiment to prove the principles of a fuel cell by William Robert Grove in 1839 [10]. Since then, Pt and platinum-group metals have been the main elements for electrocatalysts in PEMFCs because the operating condition of a PEMFC is very acidic and corrosive to most other metals. The state-of-the-art electrocatalyst relies on Pt or Pt-alloy nanoparticles with sizes of 2–5 nm that are dispersed on a large surface-area porous carbon support with Pt weight percentages of 20% to 60%. Typically, these are commercially available from Johnson Matthey, Tanaka Kikinzoku Kogyo, or the E-TEK division of BASF Fuel Cells [11].

Since the supported Pt catalyst was introduced as an electrocatalyst for the fuel cell MEA in the 1960s [12], higher activity and longer durability of Pt catalysts have been pursued to decrease the amount of Pt in the MEA and to increase the lifetime of MEA by several approaches [13,14,15,16,17,18]. These include optimizing the preparation method; alloying with other metals such as Co, Ni, or Ru; and controlling the structure of the nanoparticles, such as the core-shell structure, the Pt monolayer or the hollow formations or controlling the dealloying of transition metals from the alloy nanoparticles.

Among these factors, core-shell nanostructures are an effective means of generating improved functionalities in metal nanoparticles, which have an average size between 2 and 10 nm. In principle, the synthesis of core-shell nanostructures is possible when the heterogeneous growth of the second metal on a pre-formed nanoparticle seed or core has a lower energy barrier than that of the homogeneous growth between second metals [16]. However, reports in the literature on the preparation of well-defined core-shell nanoparticles under 10 nm are still not common due to the intrinsic difficulty related to the colloidal process and to the characterization of the structure in detail.

Recently, electrochemical methods such as galvanic replacement and dealloying have been developed for the generation of a Pt monolayer or a segregated Pt shell around the surfaces of the nanoparticles. In particular, the Pt monolayer (skin) electrocatalysts developed mainly by Adzic et al. displayed enhanced oxygen reduction reaction activity and durability [19,20,21,22]. For example, a carbon-supported Pt monolayer on Pd (Pt/Pd/C) and on Pd9Au1 (Pt/Pd9Au1/C) was prepared by means of under-potential deposition and replacement reactions and were done using the potential cycling of MEA between 0.7 and 0.9 V [20,21]. The Pd9Au1 alloy core, which suppressed the dissolution of Pt, a major pathway of degradation of the Pt electrocatalyst in MEA that occurs at the high-potential region under an acidic condition, consequently increased the stability of the Pt/Pd9Au1/C electrocatalyst, exceeding the target set by the DOE [20,21]. Furthermore, the Adzic group suggested very recently that the formation of a Pt hollow structure by the Kirkendal effect can be induced by removing the Ni core electrochemically or chemically, resulting in the lattice contraction of Pt and an increase in the Pt mass activity. This process was also shown to be highly sustainable in potential cycling tests [22].

For a residential application of a PEMFC, natural gas should be converted into hydrogen feed, which is known as reformate gas and which generally contains 5000 ppm of CO in the initial stage and less than 10 ppm at the final stage of reforming. Usually, the performance of a Pt catalyst is reduced greatly by a small amount of CO in the hydrogen feed for a PEMFC due to the strong adsorption of CO by Pt nanoparticles. Thus, considerable effort has been made to decrease the effect of CO on the performance of PEMFCs, including the development of CO-tolerant electrocatalysts such as PtRu/C and PtSn/C [23,24] and attempts to operate PEMFCs at high temperatures to weaken the CO adsorption by Pt. A thermodynamic analysis of the effect of CO on the Pt catalyst showed that the CO tolerance is 10 ppm at 80 °C, 1000 ppm at 130 °C and up to 30,000 ppm for 200 °C, which will offer a cost advantage and mitigate the requirement of CO removal stage during the reforming process. The effect of CO poisoning on the supported Pt catalyst over a range 125–200 °C was investigated with phosphoric acid-doped PBI membranes, showing that the CO tolerance can be sufficiently improved at an elevated temperature [25].

In addition to improving the CO tolerance, the operation of a PEMFC at a high temperature can provide a few advantages in terms of the electrocatalyst, such as increasing the reaction kinetics and facilitating the use of a non-Pt electrocatalyst [23,24,25]. The reaction kinetics for the HOR and ORR will be enhanced by increasing the operation temperature. This is especially true in the case of the ORR [26,27,28]. However, the thermodynamic open circuit voltage (OCV) decreases with an increase in the temperature, especially above 100 °C, due to the increase of the partial pressure of water [23,24,26,27,28]. In addition, the durability of the carbon support and the supported catalyst at a high temperature are among the main challenges when seeking to maintain the performance and durability of a MEA for a high-temperature PEMFC [29].

To realize the use of non-Pt electrocatalysts in our lab, Pd-based alloys for high-temperature PEMFCs have been explored for many years because these electrocatalysts are considered to have the highest level of activity among pure metal elements. They have also been developed by many research groups [30,31,32]. For example, the enhanced oxygen reduction reaction (ORR) activity and a positive shift (40 mV) of the onset potential for the ORR of the PdCo alloy electrocatalyst with nanosized CeOx have both been observed, showing a remarkable increase as the temperature increases due to the oxygen storage capacity of CeOx nanoparticles [33,34]. By means of galvanic replacement, the PdCu alloy was decorated with Ir on the surface of the alloy particles, showing higher single cell performance for a high-temperature PEMFC resulting from the core-shell-like structure of the PdIr–PdCu alloy electrocatalyst [35]. Although some Pd alloy catalysts showed catalytic activity comparable to that of the Pt catalyst, the durability of the Pd alloy is not thoroughly proved, which indicates that further research for improving the stability of Pd alloy catalysts under severe acidic conditions is required.

Besides the catalytic metal components, managing the support in supported catalysts is also important to increase the utilization of the catalytic component by dispersing the metal component on large surface areas. Thus far, activated carbons such as Vulcan XC-72R and Ketjen Black with high electron conductivity and large surface areas have widely been used in commercial electrocatalysts [36,37,38]. To improve the electrochemical activity and stability of the supported catalyst, new carbon materials such as carbon nanotubes, carbon nanofiber, mesoporous carbon and, very recently, graphene or graphene oxide, have been tested as possible superior supports for fuel cell catalysts [36,37,38]. In our lab, ordered mesoporous carbon having ordered mesopores of 3–10 nm between carbon nanorod arrays have been developed and applied to highly dispersed and stabilized Pt-supported catalysts [39,40,41,42,43,44,45,46]. One drawback of carbon as a support is the corrosion of the carbon itself at high voltages under fuel cell operation, resulting in the degradation of the catalyst activity. To overcome this issue, it is necessary to explore the development of non-carbon supports as stable alternatives to replace the carbon materials. Non-carbon materials should meet fundamental property requirements, including a high surface area, high corrosion resistance under dry and humid air conditions, low solubility in acidic media, high electrical stability under fuel cell operation, and high conductivity [47,48].



2.2. Membrane

Because polymer electrolyte membrane (or “proton exchange membrane”) fuel cells (PEMFCs) have gained much attention as a clean energy source, especially in the fields of portable and smaller scale stationary power sources, as they offer a relatively low weight, cost, and volume, as well as a simple production process, the importance of the membrane is increasingly considered to be a key component [49]. However, PEMs using perfluorinated sulfonic acid (PFSA) ionomers, such as Nafion (DuPont; 0.9 meq g−1), have several drawbacks, such as a limited operation temperature (generally <100 °C), high fuel crossover, and a high cost [50]. These shortcomings have hampered their wider commercialization and have triggered extensive research into alternative PEMSes that can perform at elevated temperatures (generally 120–200 °C) and in a low-humidity condition (relative humidity (RH) <50%) [51,52,53,54,55,56,57,58]. Among numerous material candidates, a significant body of literature is devoted to PBI and its derivatives when doped with phosphoric acid (PA) as a PEM in high-temperature fuel cell processes. In particular, poly[2,2'-(m-phenylene)-5,5'-bibenzimidazole] (mPBI, Figure 1a) and poly(2,5-benzimidazole) (ABPBI, Figure 1b) have attracted attention because they exhibit high proton conductivity at temperatures up to 200 °C, low gas permeability, low methanol crossover, excellent oxidative and thermal stability, high mechanical stability, and a water drag coefficient of virtually zero [4,55,59,60,61,62,63,64,65,66,67,68,69,70]. Unlike perfluorosulfonic acid (PFSA) polymers, which require water for proton transport, the proton transport of PA-doped PBI relies on PA due to its lack of volatility when complexed at basic sites with imidazole units in PBI. Despite its obvious advantages, further progress is still required due to critical drawbacks, one of them being the loss of stability of PBI membranes with large amounts of PA [71,72,73]. Increasing the PA content in PBI membranes is beneficial for proton transport but results in the deterioration of the chemical and mechanical stability of these membranes. Enhancing the stability under real operating conditions, such as high temperature and pressure, and with a large PA content in the membrane, is a challenge that needs to be met for the long-term durability of PEMFCs. Compared to PBI, because ABPBI can be prepared from an inexpensive and commercially available single monomer, 3,4-diaminobenzoic acid (DABA), its synthesis and stoichiometry can be balanced very easily, as can monomer purification. Therefore, a high molecular weight (or a large inherent viscosity in the range of 2.3–2.4 dL g−1) in ABPBI can be easily prepared, which can increase the stability of the film [4,71,74,75]. Furthermore, PA-doped ABPBI membranes show higher proton conductivity than PA-doped PBI membranes because ABPBI membranes can absorb more PA. When PA-doped PBI-based membranes have higher PA contents, they show higher proton conductivity. Even when ABPBI membranes have better properties than PBI, they also lose their stability with high PA contents, like PBI membranes. Moreover, the extremely poor solubility of ABPBI membranes in organic solvents is another drawback that prevents their practical application [4,76]. Benicewicz et al. and Lee et al. recently suggested a membrane fabrication process for preparing PA-doped PBI-based membranes without using an organic solvent. Lee et al. referred to this process as direct casting [67,68,73]. In the case of direct casting, the polymerization solution is directly used in the casting step, which may resolve the solubility problem of ABPBI membranes. However, this method cannot be applied to the preparation of PA-doped ABPBI membranes because the ABPBI membranes dissolve in the PA produced by the hydrolysis process, which converts poly(phosphoric acid) (PPA) into PA [75,77].

Figure 1. Synthesis of (a) polybenzimidazole (PBI); (b) poly(2,5-benzimidazole) (ABPBI); (c) 6-(Tert-butyl)-3-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine (pBUa) and P(pBUa); and (d) 6-Fluoro-3-(pyridine-2-yl)-3,4-dihydro-2H-benzo[e][1,3]oxazine (pF) and P(pF) (asterisks indicate possible crosslinking sites).
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Polybenzoxazine (PBOA) has been developed as a novel class of phenolic resin for solving the shortcomings associated with traditional phenolic resins [78,79,80,81,82,83,84,85,86,87]. This resin can be synthesized from inexpensive raw materials such as phenols, formaldehyde, and from primary amines through Mannich condensation [88]. Polymerization occurs through the heterocyclic ring opening, affording polymers with linear or cross-linked structures excellent thermal and dimensional stability without byproducts depending on the functionalities of benzoxazine (BOA) units in the Mannich base bridges [–CH2–N(R)–CH2–] (Figure 1c,d). It is important to note that thermosetting resins have many promising properties as a high-temperature PEM material, such as strong mechanical and thermal resistance as well as chemical stability. However, while benzoxazines have been used as cross-linking agents for due to their curing ability over covalently bonding with a host material [89], it is impossible to utilize PBOA itself with the PEM material due to its poor processability, which is typical for thermosetting resins. Moreover, there are very few reports of PBOAs at elevated temperatures in PEM fuel cells.

The core technology of a membrane in SAIT involves enhancing the stability under real operating conditions. These conditions involve high temperatures and pressures as well as a large PA content in the membrane. This is regarded as a challenge that needs to be met for the long-term durability of PEMFCs as well as to improve their economic competitiveness. For this purpose, PBOA, regarded as a difficult material for membrane applications due to its thermosetting characteristics, was adopted as the membrane matrix at more than 65 wt % to overcome the drawbacks of PBI-based membranes. Corresponding copolymer electrolyte membranes have been developed over the last six years in accordance with desired properties ensuring by means of the manifest functionalities developed. However, unlike conventional polymer blending, introducing PBOA must follow a particular process to offset the poor processability of PBOA due to its thermosetting characteristics. The membrane fabrication method chosen here was to mix BOA with PBI via solution blending and to perform subsequent thermal cross-linking followed by conventional tape casting. With the series of fabrication processes suggested by Choi et al. [90,91,92,93], the preparation of cross-linked benzoxazine–benzimidazole copolymer membranes can be done successfully [94]. As part of the effort to counterbalance the weaknesses of PBI-based membranes, we focused on enhancing the necessary properties at the operating temperature and on finished membrane development up to the fourth generation. Also, as part of the process improvement resulting from acid doping after membrane fabrication, the direct casting process suggested by Lee et al. [68,73] was modified and applied as a new type of process to PBI, as well as ABPBI. The technique of introducing PBOA as a membrane matrix under a monomer state greatly contributed to the fabrication of the PBOA-co-ABPBI membrane via direct casting method, resulting in the best cell performance of MEA based on the ABPBI based structure. Further details of this membrane fabrication process will be addressed in the latter part of this review.





2.3. MEA


2.3.1. MEA Background

A membrane electrode assembly (MEA) consists of an anode electrode, a cathode electrode, and a membrane sandwiched between the two electrodes. It produces electricity by enabling gases to react in the cathode and anode electrodes. Electrons are drawn from the anode and passed to the cathode through an external circuit, producing direct current electricity. The ideal voltage resulting from the above reactions is 1.23 V; however, voltage loss occurs during the passage of electrons and protons, and the actual measured cell voltage decreases with an increase in the current density, as shown in Figure 2. In a low current density region, the voltage loss is dominated by the kinetic loss, and the voltage decreases exponentially with an increase in the current. After the current density increases further, ohmic and mass transfer resistances play more significant roles. Ohmic resistance is determined by the proton conductivity of the membrane. In order to achieve high power output at a high current density, which is required for fuel cell applications such as vehicles, it is essential for the membrane to have sufficient proton conductivity. For the membranes applied to fuel cells in vehicles, the DOE target of the area-specific resistance for the membrane is set to 0.02 ohms cm2. A further increase in the current density will cause the MEA to be controlled by the mass transfer of reactant gases in its electrodes. The H2 and O2 gases need to diffuse through the porous electrodes to reach the catalysts. The lack of a reactant gas at the reaction site can lead to an abrupt loss of power. Thus, it is essential to maintain a sufficient path for reaction gases in the electrode.

Figure 2. Current voltage curves.
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2.3.2. MEA Performance

The proton-conducting mechanism in the membrane varies depending on the operation temperature. For fuel cells that operate below 100 °C, water acts as a proton carrier in the membrane, while Nafion and other sulfonated polymers are used as electrolytes. For operating conditions at higher temperatures, such as 150–200 °C, phosphoric acid is used as the proton carrier. In such a system, PBI-based membranes are generally used. Phosphoric acid is impregnated into the membrane, and the electrodes become partially filled with phosphoric acid. The commercially available product CeltecP1000 (BASF Fuel Cell) uses a PBI membrane. The MEA operates in a temperature range of 160 to 180 °C, and it has been reported that this type of MEA can be operated up to 20,000 h [95]. A high-temperature PEMFC shows considerably low cell performance compared to a Nafion-based low-temperature PEMFC MEA. A cell voltage of 0.68 V at 0.2 A cm−2 was reported [95], while 0.8 V was reported for a MEA with Nafion as the electrolyte [96]. The difference in the cell performance is caused by the type of proton carrier in the MEA. The presence of phosphoric acid in the electrodes leads to a low oxygen reduction reaction rate on the catalyst.



2.3.3. Durability of the MEA

During the operation of PEMFC systems, the MEA is exposed to aggressive environments which are characterized by a combination of acidic conditions, high operation temperatures and high electrochemical potentials. Many researchers have conducted investigations in an effort to understand the roles of these various conditions in the degradation process. The MEA performances need to be maintained in various operation modes. During a continuous mode of operation, the slow degradation of the catalyst and membrane causes relatively a linear decay of the cell voltage [97]. However, start and stop operations of systems can cause a different type of catalyst and membrane degradation, leading to even faster cell voltage decay. Thus, it is essential for the components of a MEA to maintain their roles during different types of cell operation. For a high-temperature PEMFC, it is also important to maintain phosphoric acid within the MEA during cell operation. The loss of this acid causes a decrease in the catalyst/acid contact area, leading to a reduction in the number of reaction sites in the catalyst layer. The acid loss also causes a loss of proton conductivity in the membrane; such a loss of proton conductivity can cause a drop in the MEA performance, leading to a failure of high-temperature PEMFC systems. Thus, the ability to retain phosphoric acid is an important characteristic for the membranes used in high-temperature PEMFCs MEA.




2.4. Stack

The main issues in the stack for a high-temperature PEMFC are mainly thermal management and durability. In general, water management is one of the critical issues in a low-temperature PEMFC, but this is less important in a high-temperature PEMFC due to the relatively dry operation condition. In a high-temperature PEMFC, thermal management in terms of a uniform temperature distribution and cooling should be considered. A high operating temperature that exceeds 150 °C makes it difficult to maintain a uniform temperature distribution at all positions of the stack, but it is known that this problem can be overcome through the optimum path design of the coolant and cooling channel and with the use of good insulation. Cooling methods have been studied as a main topic in relation to high-temperature PEMFCs, and various cooling methods such as water cooling, air cooling and oil cooling have been assessed [98,99,100]. Cooling using water and air is mostly done at temperature of less than 100 °C, but passive water cooling using latent heat has also bed used in a high-temperature PEMFC. Oil cooling is mainly used for heat recovery in stationary applications.

Above 100 °C, passive water cooling uses latent heat due to the phase change of water. As a result, it does not require pumps for circulating the coolant because the buoyancy resulting from the phase change generates the driving force. The equipment for passive water cooling consists of a heat exchanger, a reservoir and a solenoid valve, as shown in Figure 3a. Heat recovery is done by secondary coolant at the heat exchanger, and thermostating by on–off control of the solenoid valve is essential [101]. In comparison, oil cooling requires only an expansion tank and a pump, as shown in Figure 3b. Oil cooling can provide a quick response to a transient change of the stack performance on the electric load, and the amount of heat recovered from the stack can be adjusted by controlling the pumping speed and the flow rate. However, a larger heat exchanger is required because heat must be exchanged only by a temperature change of the coolant when cooling the oil.

Figure 3. (a) Schematic diagram of passive water cooling; and (b) schematic diagram of oil cooling.
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Durability is related to many factors, such as the corrosion of components, acid leaks, MEA degradation and sealing failures. Corrosion caused by phosphoric acid constrains the selection of the materials for components such as the gasket, the end plate and the bipolar plate. Materials with resistance to acids, such as fluorocarbon rubber, should be used for gaskets and in the cell design to prevent contact with the acid. Acid leaks from the electrolyte membrane can cause flooding within the electrode and shorten the durability of the separator due to corrosion. It is difficult to avoid acid leaks from the electrolyte due to the compression of the MEA to reduce the electrical resistance between the MEA and the bipolar plate. To solve this problem, efforts to prevent acid leaks using a hard-type gasket (e.g., PTFE) have been tested for their ability to restrain the compression of the MEA.

Compared to a low-temperature PEMFC, understanding the physical and electrochemical phenomena which occur at the MEA and the stack will not provide all of the necessary information. Therefore, modeling to simulate the electrochemical phenomena has been attempted by many researchers. At present, integrated modeling of the electrode, membrane, MEA and stack has become an important research theme to understand high-temperature PEMFCs comprehensively. By coupling experimental data, computational fluid dynamics (CFD) results, and modeling, it is possible to understand the phenomena inclusively.




3. High-Temperature PEM


3.1. Design Rules of the Membrane

The core design rule is to obtain a cost-competitive membrane by enhancing the mechanical and chemical properties of the pre-existing PBI membrane under a high-temperature and non-humid condition. For this purpose, three aspects were emphasized to make maximum use of both the polymerization mechanism and the characteristics of the BOA, even in the early stage of design, to develop the corresponding membrane. First, due to the ring opening reaction of the BOA, as reported by Burke et al. [78,79,80,81,82], thus allowing the reaction of a phenolic compound having both its ortho and para positions free, aminoalkylation occurred preferentially at the free ortho position to form a Mannich base bridge structure along with a minor reaction at the para position. This ortho preference can be explained by the formation of an intermolecular hydrogen-bonded intermediate species. Therefore, the positions of the functional group in the phenolic derivatives used are mostly the meta or para position. Thus, most of the benzoxazine monomers developed for SAIT membranes have their ortho position free and have numerous chain growth sites, as well as the strong possibility to create a solid cross-linked structure. Secondly, it was intended to introduce a tertiary amine moiety into phenolic derivatives, primary amines, or both, to amplify the acid–base interaction due to the nature of the acid doping system [102]. Both methodologies were possible due to the molecular design flexibility of BOAs compared to traditional phenolic resins. While not all of the products showed the expected results, this type of property-based design at an early stage showed fairly good results, as was initially intended. Finally, after solving the poor processability after thermal polymerization due to the thermosetting characteristic, there still remained the largest obstacle: To embody the membrane we designed for specific attributes. However, this problem could be mitigated by developing a new process using a co-solvent which enabled the homogeneous mixing between PBI and a BOA monomer by means of solution blending and subsequent thermal polymerization. The final property of the membrane was wholly dependent on a range of factors, such as the number of functionalities and the type of BOA monomer. On the basis of our obtained results, the best composition was obtained at around 65 wt % of BOA. Also, this type of monomer-state mixing could consolidate foundation for direct casting, finally resulting in a directly casted PBOA-co-ABPBI membrane of a type never successfully created by other research groups.

On the basis of the aforementioned design rules, membrane development was successful with over 340 different types of BOA monomers with up to fourth-generation PBOA-based membranes. The membrane fabrication process and the characterization of two typical membranes created by the process are addressed below.



3.2. Synthesis of Poly(benzoxazine), Polybenzimidazole and Its Membrane


3.2.1. Synthesis of Benzoxazine Monomer, 6-tert-butyl-3-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine (pBUa) and 6-Fluoro-3-(pyridine-2-yl)-3,4-dihydro-2H-benzo[e][1,3]oxazine (pF)

The synthesis of two representative benzoxazine monomers, pBUA and pF, is discussed in the literature with different reaction scales [84,85,86,87,88,89]. A small-scale reaction of less than 50g per batch with the solvent-less method invented by Ishida et al. [88] was applied for a higher conversion yield and with a short reaction time of less than 30 min. However, when the scale per batch exceeded 100 g, this methodology did not work properly due to difficult reaction control. Therefore, a normal synthetic procedure using an organic solvent was used instead [84,85,86,87,89]. Except for a pilot-scale monomer synthesis process, this type of solvent was applied to synthesize the corresponding functional BOA monomers used for material screening. More details about the stoichiometry, synthetic procedures, and purification technique, as well as a structural analysis are described in the literature [94,103].



3.2.2. Synthesis of Poly[2,2'-(m-phenylene)-5,5'-bibenzimidazole] (PBI)

PBI was synthesized by the condensation polymerization of 3,3'-diaminobenzidine (DABI) with isophthalic acid (IPA) in poly(phosphoric acid) (PPA) at 200 °C. The sequence of the experimental steps applied during this polymerization procedure is identical to that in the literature [94,104]. The following reaction scale is the basic composition for synthesizing various types of PBI derivatives for material screening. PPA (90.2 g) was added to a 250 mL three-necked reactor equipped with a mechanical stirrer, a nitrogen inlet, and a calcium chloride drying tube, and this was heated for 30 min at 150 °C. DABI (2.78 g, 13.0 mmol) and IPA (2.16 g, 13.0 mmol) were then added portion-wise, and the solution was stirred for 1 h at 150 °C to form a homogeneous solution under a slow nitrogen stream. The reaction temperature was raised to 200 °C under constant stirring for 30 min. Finally, phosphorous pentoxide (4.84 g, 17.0 mmol) was added and heated to 200 °C for 12 h under constant stirring using a mechanical stirrer. During this time, the reaction mixture became a very viscous dark-brown solution. The homogeneous solution was decanted into distilled water (800 mL) to isolate the polymer, and the precipitate was neutralized with an aqueous solution of NaHCO3 and rinsed several times with distilled water to remove the remnant PPA and phosphate salts. The precipitate was then dried overnight in a vacuum oven. The resulting polymer was ground using a pulverizer (A11 basic, IKA) and washed again to remove any residual phosphoric acid. Finally, the powder was dried at 70 °C in a vacuum oven for 3 days. Yield: >95%. FT-IR spectrum (KBr, cm−1): 3450–3250 (ν N–H), 1640 (ν C=N). 1H NMR chemical shifts (500 MHz, DMSO-d6, ppm): δ 9.14 (s, 1H), 8.32 (d, 2H), 8.00 (s, 2H), 7.81 (d, 2H), 7.62 (br, 3H).



3.2.3. Preparation of the PA-Doped P(pBUa-co-BI) Membranes

P(pBUa-co-BI) membranes were prepared by reacting different weight ratios of pBUa to PBI by solution casting, followed by stepwise heating from 60 to 220 °C for 4 h and then maintaining the temperature for an hour. PA doping was achieved by immersing dried P(pBUa-co-BI) films in 80 to 85 wt % PA solution at 80 °C for 4 h. The details are given below.

The weight ratios of pBUa to PBI of 35, 50, and 65 are represented as P(pBUa-co-BI)-65, P(pBUa-co-BI)-50, and P(pBUa-co-BI)–35, respectively. The following procedure was used for the preparation of P(pBUa-co-PBI)-65. Other P(pBUa-co-BI) samples were prepared using the same procedure, except the weight ratios of pBUa to PBI differed. The polymer films were prepared using a solvent-casting technique. 5.00 g of PBI powder and 9.28 g of pBUa monomer were dissolved in 128 g of a DMAc solution at 80 °C for 4 h. The blended solution was then spread onto a clean flat glass plate or polyethylene terephthalate (PET) film. The thickness of the solution was controlled using an adjustable doctor blade, and the thermal treatment of the blended solution followed. The casted solution was heated stepwise from 60 to 220 °C for 4 h in a convection oven until no DMAc evaporation was noted. After cooling to room temperature slowly, the obtained brown film was soaked in distilled water and peeled from the substrate. The resulting film was dried at room temperature under a vacuum for 2 days. The thickness of the dried films ranged from 30 to 50 μm. We found that the variation of the polymer film thickness in this range does not affect the proton conductivity if the films have same acid doping levels. To enable the membrane to conduct protons, the dried films were immersed in an 85 wt % PA solution at 80 °C for 4 h. The PA-doped membranes were taken out of the PA solution and then blotted with filter paper. They were then dried at 70 °C under a vacuum for 2 days and weighed again (W1). The PA within the membranes was intentionally removed by rinsing with an aqueous solution of NaHCO3 and distilled water several times in order to measure the PA content. The films were then dried for 2 days in a vacuum oven and weighed (W2). The weight difference, (W1 − W2), was assumed to be the weight of the absorbed PA. The PA content of the membrane was then calculated as the weight percent (wt %) of PA absorbed in the membrane using Equation (4).



PA content (wt %) = (W1 – W2)/W1 × 100



(4)






3.2.4. Preparation of PA-Doped PpF-co-ABPBI

PpF-co-ABPBIs were also prepared by reacting different weight ratios of pF to ABPBI. The sequence of the experimental steps for PpF-ABPBI-50 applied during this polymerization procedure is described as follows. A 250 mL three-necked reactor equipped with a mechanical stirrer, a nitrogen inlet, and a calcium chloride drying tube was charged with 57.0 g of PPA and heated for 30 min at 150 °C. Into this reactor, purified DABA (3.93 g, 25.8 mmol) was added portion-wise and the solution was then stirred for 30 min at 150 °C under a slow stream of nitrogen. After that, the reaction temperature was raised to 220 °C and the solution was stirred for 2 h. The reaction mixture became a very viscous dark-brown solution. In this solution, 150 g of o-phosphoric acid was added to adjust the viscosity, and stirring then continued for 6 h. The reaction temperature was lowered to 120 °C, and pF (3.00 g, 13.9 mmol) was added to the solution. The mixing was continued for 6 h until the solution became homogeneous. During the mixing process, the solution turned dark in color. The same procedure was followed to produce pF-ABPBI-65 and 35 with different compositions.

PpF-co-ABPBI membranes were prepared via a direct casting method. A 40 g of pF-ABPBI solution was spread onto a clean flat glass plate of 20 × 20 cm2. The thickness of the solution was controlled using an adjustable doctor blade. The casted solution was heated gradually from 100 to 220 °C for 4 h under a nitrogen atmosphere and this temperature was sustained for an hour. After a thermal treatment, the casted solution was cooled to room temperature slowly in an oven. The obtained dark-brown films were immersed in PA solutions containing various concentrations of PA at 30 °C for a day. The PA-doped membranes were removed from the PA solution and then blotted with filter paper. The PA-doped membranes were dried at 30 °C under vacuum for 2 days. The dried membranes were cut to a size of 2 × 2 cm2 in order to measure the PA content, after which the squares were weighed (W1). The PA within a piece of the membrane was intentionally removed by rinsing with an aqueous solution of NaHCO3 and distilled water several times. The films were then dried for 2 days in a vacuum oven and weighed (W2). The PA content of the membrane was then calculated using Equation (4). PA-doped ABPBI and PBI membranes were also prepared by a commonly used solution-casting method [68,104].



3.2.5. Preparation of Membrane-Electrode Assembly (MEA)

The slurry for forming the catalyst layer was prepared by adding catalyst powder into a PVDF solution in N-methyl-2-pyrrolidone (NMP). After the slurry was spread onto waterproof carbon evenly by means of an automated doctor blade technique, the electrode catalyst layer was dried at 120 °C for 2 h in a ventilated oven. Each electrode catalyst layer consisted of PtCo alloy supported on carbon (Tanaka Kikinzoku Kogyo, TEC36E52) and PVDF on the cathode and PtRu supported on carbon (Tanaka Kikinzoku Kogyo, TEC61E54) and PVDF on the anode. The mean platinum loading of the catalyst layer were 0.9 mg cm−2 on the anode and 1.7 mg cm−2 on the cathode. The PA-doped membrane was mounted on a single cell and the electrodes and membrane without a preceding hot-pressing step were assembled in a lab-made single cell with graphite bipolar plates and gold-plated copper end plates. The active area in the MEA was about 7.84 or 25 cm2; the assembling torque was 3 N m with eight M6 bolts. The MEA was operated at 150 °C with hydrogen as a fuel and air without humidification at ambient pressure and at a flow rate of 100 and 250 cc min−1 in each case.



3.2.6. Cell Performance Measurement and Acceleration Lifetime Test (ALT)

The cell performance tests and in situ ALT were executed on a Hizen custom-made fuel cell test station. Unit cells were operated at 150 °C with hydrogen at 100 cc min−1 and air at 250 cc min−1 without humidification at ambient pressure. During the in situ ALT, the cells were exposed to repetitive load cycling. The current density was increased stepwise from zero to 1.0 A cm−2 for 1 h, and then recovered to zero. This type of cycling was repeated until the open circuit voltage (OCV) dropped below 0.9 V.




3.3. Characterization

Details pertaining to the characterization of the prepared membranes, including the inherent viscosity, 1H and 13C NMR, FT-IR, TGA, DSC, mechanical properties, and electrochemical analysis are well explained in the literature [90,91,92,93,94,103]. In this review, the representative effects resulted from the new type of copolymerization via cross-linking between a thermoplastic polymer and a thermosetting resin. In particular, evidence of copolymer formation, chemical stability and viable cell performance of the prepared membranes will be shown.


3.3.1. Copolymer Formation

The formation of cross-linked copolymeric structures of pBUa and PBI during the casting process was confirmed by 2D diffusion ordered spectroscopy (DOSY) NMR and the likelihood of an unexpected reaction between pBUa and PBI was investigated. Figure 4a shows a spectrum obtained after heating at 140 °C for 30 min. Due to the intractable nature of the fully reacted blends, the analysis was undertaken at the initial stage of the reaction mixing, where the solubility of the reactants and the reaction products could be determined. DOSY NMR can classify the spectrum of each ingredient according to the differences in the hydrodynamic volumes (or diffusion coefficients) of the ingredients which are melted into the solution. This process is especially well known for having the advantage of classifying blended mixtures existing in a solution without any special preliminary treatment [105,106,107,108,109,110]. Theoretically, the same element size of a molecule connected by a combined reaction in the DOSY NMR spectrum appears on the same line of the y-axis. Therefore, as shown well in Figure 4a, the signals created by the solvents, including water, DMSO and DMAc, have much smaller molecule sizes of around −9.0 to −9.2 on the y-axis, while the pBUa monomer, which does not start the polymerization reaction, appears on the same line of (1) between −9.5 and −9.6. On the other hand, the signals resulting from PBI appear at about −10.6. This position is much smaller than that of the pBUa monomer. According to the principal of DOSY-NMR, the y-axis coefficient, related to the diffusion coefficient, decreases as the size of the molecule increases. Therefore, it is feasible for PBI, which is a polymer, to have a higher negative value than pBUa, which is a single molecule. Surprisingly, the DOSY spectrum revealed that the tertiary butyl moiety (marked by the asterisk) of pBUa was positioned on the same line as the PBI (dotted line (2) in Figure 4a) even at the very beginning of the polymerization reaction. Because the translational diffusion coefficients of all protons belonging to a single molecule become identical, the NMR signals from each component in a mixture appear parallel to the x-axis and are separated by each component on the y-axis. Thus, this provides decisive evidence of the invention of the new copolymer proposed in this paper that the pBUa covalently combines in the PBI. The separate 1D slice spectrum clearly shows the tert-butyl protons at 1.0 ppm (marked by an asterisk in inset) in the slightly up-field region, which has never been observed in a PBI homopolymer or in P(pBUa) homopolymers. Therefore, we can conclude that a small quantity of pBUa is directly attached to the PBI backbone, perhaps via covalent bonds, even at the initial stage of the polymerization reaction such that the covalent bonds between the two polymers improve the durability. The chain propagation of BOA is preceded by the reaction between the unobstructed ortho position of the benzene ring and the BOA, as previously mentioned. The PBI (or ABPBI) also has an unobstructed ortho position of the benzene ring (the asterisks in the PBI and ABPBI in Figure 1a,b, respectively). From these results, we assumed that the carbon marked by the asterisk on the benzene ring in the P(pBUa) bonded covalently with the unobstructed ortho position of the benzene ring in PBI (or ABPBI), making it possibly a covalent-linked structure.

Figure 4. 2D diffusion ordered spectroscopy (DOSY) NMR spectra of (a) pBUa and PBI mixture (pBUa:PBI = 65:35 (wt %)) obtained at 140 °C for 30 min, (inset) 1D slice 1H NMR spectrum at ca. −10.6 ppm; and (b) mixture of pBUa obtained at 140 °C for 1 h and PBI (pBUa: PBI = 65:35 (wt %));(c) Possible chemical structure of P(pBUa-co-BI)s [94].
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Other possible aromatic proton signals from P(pBUa) homopolymers (6.0 to 7.7 ppm) are not clearly observed in the inset in Figure 4a. The tert-butyl group, with nine protons, is located at the side chain and thus a greater signal intensity level is expected, while other aromatic groups located in the polymer backbone have only one or two protons. As a result, their proton signal intensity levels should be much smaller or may be overlapped with those of PBI [111]. The tert-butyl signals at ca. −10.6 ppm on the y-axis were confirmed to be caused by the copolymeric structures in separate 2D DOSY NMR experiments. The P(pBUa) homopolymer was intentionally prepared by heating the pBUa monomer at 140 °C for 60 min. It was mixed with PBI homopolymer at a 65 to 35 weight ratio and 2D DOSY NMR measurements were taken (Figure 4b). In the separate NMR spectra, signals from tert-butyl protons at 1.0 ppm are not observed at ca. −10.6 ppm on the y-axis, where the PBI signals appear. Therefore, we believe that the P(pBUa) signal at ca. −10.6 ppm on the y-axis is due to covalently bonded copolymeric structures of the PBI and P(pBUa) moieties.

The formation of cross-linked structures was further confirmed from chemical stability experiments, which are discussed later in this paper. The polymerization of benzoxazine is known to proceed through reaction of the unobstructed ortho position of the benzene ring (the asterisk in pBUa, Figure 1c) with the methylene group between oxygen and nitrogen on the oxazine ring [66]. PBI also has four carbons at the unobstructed ortho position of the benzene ring (the asterisk in PBI, Figure 1a). In this case, the reactivity should be close to or exceed that of the benzoxazine due to the electron-withdrawing imidazole groups [112,113]. Therefore, we assumed that the peripheries of the carbons (marked by the asterisk in Figure 1a) of the benzene rings in the PBI could covalently react with the methylene groups of pBUa (Figure 4c).

We also confirmed the chemical structures of the PBOA-co-ABPBI membranes, especially PpF-co-ABPBI, by 13C CP MAS solid-state NMR spectroscopy. Shown in Figure 5, P(pF) and ABPBI are well assigned, respectively.

Figure 5. (a) Solid-state cross-polarization/magic angle spinning 13C NMR spectra; and (b) possible reaction between pF and ABPBI forming the cross-linked PpF-co-ABPBIs [103].
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In the case of PpF-co-ABPBI, the peak at around 120 ppm increased with an increase in the content of P(pF); however, this was not observed in the P(pF) homopolymer. It is speculated that the “e” carbon of the benzene ring in P(pF) bonded covalently with the unobstructed ortho position of the benzene ring in ABPBI, making it possible to form covalent bonds. These results were in good agreement with the DOSY NMR obtained results of the P(pBUa-co-BI). Also, we proposed a possible reaction between pF and ABPBI resulting in cross-linked PpF-co-ABPBI, as shown in Figure 5b.

Combining these analytical results, we expect that the characteristic behavior of this new type of polymeric product results from hybridization between the thermosetting and thermoplastic polymers rather than that of a simple polymer mixture. Building on these findings, we prudently propose a plausible reaction mechanism between PBOA and PBI (or ABPBI) in Figure 5b, when a cured BOA monomer with PBI (or ABPBI) is used. In more detail, there was no former example or precedent which can explain such a structure in one word. To the best of our knowledge, there is no scientific terminology which can describe this type of polymer; that is, it is a blended mixture of thermosetting and thermoplastic polymers and their copolymers at the same time based on the IPN concept.



3.3.2. Chemical Stability

Figure 6 shows the (a), (b) PBOAs, (c), (d) PBI and ABPBI, and (e), (f) P(pBUa–co–BI)-65 and PpF-co-ABPBI-65 membranes after being immersed in an 85 wt % PA solution at 160 °C for 1 h. The PBOAs and PBI (or ABPBI) membranes were completely soluble; however, the shape of PBOA-PBI (or ABPBI) was maintained during the test due to the incorporation of PBOAs with PBI (or ABPBI). Especially in the case of the PpF-co-ABPBI-65 membrane, no trace of the extract was observed. From the PBOAs dissolved completely even at a relatively low concentration of the PA solution, at approximately 60 wt % at room temperature, the part dissolved out in Figure 6e was thought to be the related PBOA which had not reacted with PBI (or ABPBI). It is noteworthy that PBOA-co-PBI (or ABPBI) membranes fabricated by these two materials, PBOAs and PBI (or ABPBI), which have a poor chemical stability in a PA solution, showed improved chemical stability under the same testing conditions.

Figure 6. Chemical stability of (a) P(pBUa); (b) PpF; (c) PBI; (d) ABPBI; (e) P(pBUa-co-BI)-65; and (f) PpF-co-ABPBI membranes after being immersed in an 85 wt % PA solution at 160 °C for 1h.
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In fact, the chemical stability of PBOA-co-PBI (or ABPBI) membranes in a concentrated PA solution increased with an increase in the PBOA moiety in the membranes. These exceptional properties of PBOA-co-PBI (or ABPBI) membranes demonstrate that this simple strategy of the semi-IPN of PBI with a thermosetting resin is quite effective to improve both the chemical stability and the solubility of PBI in concentrated PA at high temperatures without sacrificing the mechanical or thermo-oxidative stabilities. The PA contents in the PBOA-co-PBI membranes after being immersed in 85 wt % PA solution for 4 h were greater than 83 wt %. 4 h at 80 °C was found to be sufficient to obtain the maximum PA content, as further immersion did not increase the PA content any further [114]. Considering that the PA content of the PBI membrane was approximately 81 wt %, the basic functional groups of PBOA, such as the hydroxyl, tert-amine, tert-butyl, and pyridinyl groups, had to contribute to the acid-base interaction with the PA [115], resulting in the realization of a high PA uptake of PBOA-co-PBI (or ABPBI) (Table 1).


Table 1. Proton conductivity of phosphoric acid (PA)-doped polybenzoxazine (PBOA)-co-PBI (or ABPBI) membranes at 150 °C under un-humidified conditions.



	
Membranes

	
PA content (wt %)

	
Proton Conductivity (S cm−1)






	
P(pBUa-co-BI)-65

	
88.5

	
0.1206




	
P(pBUa-co-BI)-50

	
83.9

	
0.0922




	
P(pBUa-co-BI)-35

	
83.0

	
0.0792




	
P(pF-co-BI)-65

	
86.6

	
0.1267




	
P(pF-co-BI)-50

	
84.9

	
0.1327




	
P(pF-co-BI)-35

	
83.0

	
0.1091




	
PpF-co-ABPBI-65

	
73.0

	
0.1015




	
77.1

	
0.1472




	
PpF-co-ABPBI-50

	
74.4

	
0.0983




	
78.3

	
0.1098




	
81.0

	
0.1315




	
84.4

	
0.1434




	
PpF-co-ABPBI-35

	
71.9

	
0.0656




	
75.6

	
0.0889




	
84.1

	
0.1449




	
ABPBI a

	
75.3 b

	
0.0832




	
PBI a

	
81.2 b

	
0.0951






a Cast from solution casting; b Maximum PA content possible for the membranes, in each case.






Although an increase in the PA content guarantees high proton conductivity, it also results in the deterioration of the mechanical properties [7,60,115,116]. As shown in Table 2, the tensile strength of the membranes decreased with an increase in the content of PBOA with a similar PA content. Nonetheless, it is clear that the PBOA-co-PBI (or ABPBI) membranes could absorb a greater amount of PA with a mechanical strength sufficient to prepare free-standing films. Considering that thermosetting resins such as PBOA normally exhibit some degree of elongation upon a break, this novel material must be quite different from ordinary thermosetting polymers. Its highly ductile nature with high thermal resistance is unusual and attractive considering the high thermosetting resin content of this membrane.


Table 2. Mechanical properties of the membranes.



	
Membranes

	
PA content (wt %)

	
Tensile strength (MPa)

	
Elongation at break (%)

	
Modulus (MPa)






	
P(pBUa-co-BI)-65

	
88.5

	
2.19

	
72.3

	
5.70




	
P(pBUa-co-BI)-50

	
83.9

	
2.69

	
54.8

	
14.5




	
P(pBUa-co-BI)-35

	
83.0

	
4.25

	
38.1

	
41.4




	
PpF-co-ABPBI-65

	
62.8

	
24.5

	
48.9

	
34.8




	
72.9

	
11.5

	
73.9

	
17.1




	
PpF-co-ABPBI-50

	
76.6

	
14.9

	
70.6

	
21.4




	
79.3

	
13.4

	
113

	
11.2




	
PpF-co-ABPBI-35

	
67.1

	
25.4

	
48.5

	
47.2




	
77.4

	
18.1

	
78.9

	
25.3




	
82.5

	
11.1

	
61.5

	
23.3




	
ABPBI a

	
67.1

	
39.5

	
247

	
260




	
PBI a

	
76.8

	
19.5

	
143

	
25.1




	
81.2

	
5.34

	
47.6

	
43.2






a Cast from solution casting. 








3.3.3. The Proton Conductivity

The proton conductivity of PBOA-co-PBI (or ABPBI) membranes with different PA contents was measured as a function of the temperature (100 ~ 160 °C) under anhydrous conditions (Table 1). The proton conductivity increased with an increase in the temperature and PA content. As listed in Table 1, the proton conductivity at 150 °C under anhydrous conditions is linearly related to with the PBOA content, finally exceeding 0.12 S·cm−1 and exhibited a higher value than that of a membrane with PBI or ABPBI only under similar conditions. This implies that functional groups of PBOA such as hydroxyl, tert-amine, tert-butyl, and pyridinyl groups simultaneously contribute to proton transport in conjunction with the typical proton transport mechanism of PA-doped PBI membranes induced by the acid–base interaction.



3.3.4. Fuel Cell Evaluation

Preliminary fuel cell evaluations were performed on PA-doped PBOA-co-PBI (or ABPBI) membranes with thicknesses of approximately 50 µm (PBI) and 200 µm (ABPBI) after PA impregnation. PA-doped PBOA-co-PBI (or ABPBI) membranes can be successfully used to manage fuel cell temperatures in the range of 120 ~ 180 °C without any external humidification or pressure requirements. The operating voltages and power densities of PBOA-co-PBI (or ABPBI) were observed to be enhanced relative to those of the PBI and ABPBI membranes at the same current density (Figure 7). Surprisingly, the cell voltage of the PpF-co-ABPBI-50 membrane increased by about 0.1 V at 0.2 A cm−2 compared to that of the ABPBI sample. The proton conductivities and PA contents of the membranes are, undoubtedly, important factors in determining the fuel cell performance. It appears, however, that no direct relationship exists between the conductivity and performance, as the fuel cell performance of a membrane may be affected by other limiting factors. To elucidate the relationship between the proton conductivity and the fuel cell performance in detail, more work is being pursued.

Figure 7. (a), (c), and (e): Polarization and power density curves of PA-doped membranes; (b), (d), and (f): Cell voltage with the BOA content at 0.2 Acm−2, 150 °C, non-humidified H2 and air, cathode; 0.9 mgcm−2 PtRu loading, anode; 1.7 mgcm−2 PtCo loading.
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Recently, considerable research on the durability of PEMs has been conducted so that they may be used more widely. However, these durability studies remain in their infancy due to the scarcity of PEMs showing feasible physicochemical properties. In addition, evaluations of the durability involve difficult and time-consuming process. The in situ acceleration lifetime test (ALT) has been shown to be a reliable method to predict the durability of PEMs effectively during the actual operating conditions of a fuel cell over time [117,118,119]. In this study, more severe operating conditions of the dynamic mode (load changing test cycle) were employed to accelerate the degradation of the membrane by 30 times compared to normal fuel cell operating conditions. The attenuation of the OCV below 0.9 V implies the evolution of the microstructure of the membrane; this was considered to be an ALT screening criterion before the failure of the membranes caused by mechanical damage, such as membrane thinning or pinhole formation [117].



The ALT measurements remained persistently above 600 h for the PBOA-co-PBI (or ABPBI)-65 membranes. Interestingly, the PpF-co-ABPBI-65 membrane showed remarkably sustainability of 1500 h at 150 °C in the ALT mode (Figure 8), corresponding to an expected lifetime greater than 47,560 h. The lifetime loss of the PpF-co-ABPBI-65 membrane in the ALT mode was calculated based on both the maximum OCV value, 1.068 V, and the run time while measuring its OCV, ~5670 h (~189 h on ALT mode), at a rate of −0.42 µV h−1 until failing at ~47530 h (~1584 in the ALT mode).

Figure 8. In situ acceleration lifetime test (ALT) of (a) P(pBUa-co-BI)-65;(b) PpF-co-ABPBI-65;(c) P(pF-co-BI)-65 and (d) PBI membranes at 150 °C, in non-humidified H2 and air, cathode; 0.9 mgcm−2 PtRu loading, anode; 1.7 mgcm−2 PtCo loading. The active area is 7.84 cm2. Downward arrows (0.9in the figure denote the regions induced by temporary recording errors.
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In an attempt to support our ALT results, a steady-state lifetime test of PpF-co-ABPBI membranes with an active area of 25 cm2 was done under real operating conditions at 150 °C and with a constant current (0.2 A cm−2) over time.

Considering that the required lifetime of PEMFCs for transportation and stationary applications is greater than 5000 h and 40,000 h, respectively [49], it is noteworthy that the long-term operation of PBOA-co-PBI (or ABPBI) membranes, exceeding 40,000 h with a large amount of PA at a high temperature was realized by incorporating the merits of thermosetting resins into the well-known acid-base complex polymer membrane via semi-IPN technology.

Finally, to demonstrate how easy it is to apply this process to large-scale production, we applied the blended solution of PBI with monomers of PBOA to a conventional die coating machine. Figure 9 shows that this new material can be readily applied to large-scale production, such as the continuous manufacturing of 30 cm × 140 m polymer film. Also, a schematic diagram of molecular interactions at each step was proposed.

Figure 9. Large-scale (30 cm × 140 m) P(pBUa-co-BI)-65 film using a conventional die coating machine (the picture on top left) and corresponding possible chemical structures (the picture on the bottom in the order of reaction steps) before (left) and after (right) heating at 220 °C and after acid doping
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4. High Temperature MEA


4.1. MEA Design and Characteristics

The high-temperature PEMFC operates at temperatures between 150 and 180 °C without external humidifiers. Phosphoric acid is used as the proton conducting medium in the electrolyte and catalyst layer. Figure 10 shows the cross-section scheme of the MEA. The H2 fuel gas flows into the anode, where it undergoes an oxidation reaction at the Pt catalyst. The H+ proton then travels through the phosphoric-acid-doped membrane and reaches the cathode side, where it reacts with oxygen to produce water. The phosphoric acid, which partially fills the catalyst layers, provides a path for H+ in the electrodes. Owing to its high operation temperature, the water exits the MEA as a vapor. The high operation temperature enables the design of the MEA, the stack and the fuel cell system to be simplified. Water management is necessary in the MEA, which operates at a temperature under 80 °C, because the water produced from the oxygen reduction at the cathode remains in the cathode as liquid water. If the water accumulates in the cathode, the pores are filled with water, which blocks the diffusion path for the reactant gases. Such phenomena can cause a sudden failure of the MEA. Thus, the high-temperature PEMFC is much unlikely to fail due to water flooding in the electrode structures. However, it is necessary to distribute the phosphoric acid in the electrodes so that the pores which are necessary for the reactant gases to be supplied to the catalyst sites are sufficiently present in the catalyst layer.

Figure 10. Cross-section scheme of the high-temperature PEMFC MEA.
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As mentioned in the previous section, one example of a high-temperature PEMFC utilizes phosphoric-acid-doped PBI as its polymer electrolyte [4,7,69]. Concentrated phosphoric acid offers thermal stability and high proton conductivity at temperatures between 150 °C and 200 °C. However, the slow oxygen reduction of Pt [120] and the low oxygen solubility in phosphoric acid [121] limit the cell performance of the high-temperature PEMFC. To achieve the performance requirements, it is essential to overcome the barriers that are imposed when using phosphoric acid as the proton-conducting medium. The largest overpotential during the operation of a high-temperature PEMFC MEA is known to be the kinetic overpotential in the cathode, which is caused by the slow ORR of Pt in the presence of phosphoric acid. The low oxygen solubility and high ORR Tafel slope of 120 mV decade−1 in phosphoric acid along with the anion adsorption of H3PO4 on Pt [122] are reported to slow the ORR of the Pt in the cathode. Attempts have been made to improve the oxygen reduction kinetics of Pt by adding a perfluorinated compound to phosphoric acid [121,123]. It was also reported that the addition of perfluorinated compounds increased the solubility and diffusivity of oxygen in phosphoric acid and improved the oxygen reduction kinetics in the cathode [123]. Alternative fluorocarbon acid electrolytes were also used as a replacement for phosphoric acid in an attempt to improve the oxygen reduction rates of Pt [124].

Binders and the presence of certain polymers in electrodes were found to enhance the performance of fuel cells by increasing the rate of Pt utilization and the cell performance [8]. For the fuel cell that used the phosphoric-acid-doped PBI electrolyte, the amount of PBI in the catalyst layer was found to affect the cell performance [124]. This suggests that the PBI in the catalyst layer absorbed phosphoric acid and provided a path for protons. An excess amount of PBI hindered gas permeability in the catalyst layer and lowered the cell performance [125]. Other reports investigated the ORR at the interface of PBI film and Pt [126,127] and found that the PBI film on Pt did not change the oxygen reduction kinetic parameters, such as the reaction order with respect to O2, the Tafel slope or the exchange current density in a 0.1 M H3PO4 solution at 25 °C [126]. When phosphoric-acid-doped PBI was used as the electrolyte at an elevated temperature, it was also concluded that the acid doping level did not influence the oxygen reduction mechanism at the Pt and PBI- H3PO4 interface [127].

Although many attempts have been made to overcome the cell voltage limitations imposed when using phosphoric acid as the proton-conducting medium, the cell voltage of the high-temperature PEMFC MEA remains much lower than the cell voltage measured with a Nafion-based MEA. However, because the simpler system designs of high-temperature PEMFC systems offer advantages over low-temperature PEMFC systems, they are marketed in residential and portable power applications, and optimization of their system components is therefore necessary.



4.2. MEA Performance on System Level Requirements

The challenge of a high-temperature PEMFC MEA is to maintain its membrane and catalyst properties at an operation temperature between 150 °C and 180 °C. In order to achieve the lifetime requirement, the MEA needs to be able to maintain the its reaction sites, retain its ability to transfer protons through the membrane as well as in the catalyst layer, and maintain its pore distribution in the electrodes for gas diffusion during cell operation under harsh conditions. The MEA in the fuel cell is compressed to maintain good contact with the bipolar plate. The thickness of the MEA is reduced from 20% to 40% depending on the design of the MEA. Under such conditions, it is essential that the membrane and the electrode materials maintain their mechanical strength. When the structure of the MEA materials fails in the compressed state, the MEA can no longer maintain contact with the bipolar plate and the electrical circuit therefore fails. The loss of mechanical strength of the material also indicates that they no can longer maintain the role of proton conduction, providing sites for reactions and a path for gas diffusion.

High-temperature PEMFC systems are considered to be candidates for residential and portable power applications. The residential systems require the MEA to operate for over 40,000 h of continuous operation. The MEAs also need to be able to operate in a start-stop mode of operation. In order for researchers to achieve these requirements, it is necessary for them to understand the mechanisms of cell voltage decay in a high-temperature PEMFC MEA. A commercial PBI-based MEA was reported to operate for 18,000 in continuous operation mode [95], and the MEA was then improved with an increased lifetime during the start and stop mode of operation [128]. During the start and stop mode of operation, the MEA undergoes temperature cycling, potential cycling and humidity changes inside. With these variations in the temperature, potential, and humidity, the catalyst and membrane are exposed to changes that accelerate their degradation. Catalysts are exposed to high open-circuit potentials, and membranes are exposed to the thermal cycling which can damage their mechanical stability. The degradation of the MEA components leads to faster cell voltage decay during start–stop operations, as shown in Figure 11.

Figure 11. MEA lifetime. Continuous and start–stop mode operation, 150 °C, start–stop operation: operation for 2 h and stopped for 40 min.
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In high-temperature PEMFC systems, the H2 fuel is produced by reforming methane-containing gases. The product of such a reformed gas contains CO, CO2 and water. The CO content can be 1% to 5%, while the CO2 content is between 15% and 20%. Thus, a high-temperature PEMFC MEA needs to have high tolerance to CO gases to achieve the desired level of cell performance in high-temperature PEMFC systems.

The cost of the MEA is another issue that needs to be resolved before the high-temperature PEMFC system can be widely applied in the field. On account of the low cell performance, the Pt content in the MEA is 3 to 5 times higher than the Pt amounts used in an MEA with Nafion as the electrolyte and ionomer [96,103]. On account of its Pt catalyst content, the cost of a high-temperature PEMFC MEA is higher than that of a low temperature PEMFC MEA. The Pt loading of a high-temperature PEMFC MEA needs to be lowered to the level that the price of the high-temperature system to establish price competitiveness in the fuel cell market.




5. Summary and Further Studies

In summary, we developed new PEMs via an unconventional approach that involved combining a thermosetting resin with a thermoplastic polymer, showing unprecedented results. Also, the methodology of achieving a corresponding membrane could be the foundation of cost-effectiveness and may guarantee both long-term durability and proton conductivity. Because one of the advantages of benzoxazine is its excellent molecular design flexibility for monomers, our approach as described here could be extended to various synthetic designs of benzoxazine monomers, including di- or tri-functional benzoxazine moieties, thereby enabling membrane fabrication with PBI or ABPBI membranes. These studies highlight the great feasibility of benzoxazine as a PEM. In addition, Figure 12 shows a new concept of copolymer formation, which is the first example engrafting a thermosetting resin into a thermoplastic polymer. The technical superiority of this method has already been applied and verified by a leading chemical company, BASF [129], resulting in a membrane lifetime that shows a threefold increase. Integrating all of the aforementioned results, the proposed hybridized copolymeric membrane can provide a new opportunity in the stagnant fuel cell market and can contribute to earlier commercialization while also having an economical ripple effect.

Figure 12. PBOA-co-PBI formation and proposed cross-linked copolymer structure.
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Although we established a new concept of a copolymer system that can play a pioneering role in high-temperature PEMFCs when applied to fuel cells and components in general—including a membrane, an electrode additive, a binder and even a bipolar plate—enhancing the process for copolymerization is still necessary. Currently, copolymerization is being performed by a thermal curing process without an initiator or accelerator. However, the curing temperature of PBOA as applied in this study is fairly high, at over 200 °C, and at least a couple of hours are necessary to obtain structural solidification. This fact lowers the pilot-scale production of the MEA despite its unprecedented durability in high-temperature applications. In parallel with improving the processability, we also continue to make efforts to spread the developed material to even low- and mid-temperature fuel cell applications for positioning as a representative material in these corresponding areas. In terms of the material, the new copolymer proposed here shows great potential to provide system stability, including longevity and a low cost of MEA. Also, this can lead to an epochal turning point in the fuel cell field, which lacks a wide material pool, especially for high-temperature applications.
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