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Fuel cells utilize the chemical energy of hydrogen, natural gas, or other hydrocarbon fuels 
to generate electricity. As fuel cells extend their territory to include heavy-duty vehicles, 
new demands for proton conductors, a critical component of fuel cells, have emerged. A 
near-term demand is ensuring the electrochemical and mechanical stability of proton 
exchange membranes to enable long life vehicle drive cycles. In the mid-term, the high 
conductivity and selectivity for proton vs. gas transport of proton conductors under hot 
and dry conditions are desirable. Ultimately, targeting high thermal stability and 
tolerance to water and impurities will save pay-load space of heavy-duty vehicles that 
may utilize high energy density liquid fuels. This article presents our perspective on these 
near, mid and long term targets for proton conductors of heavy-duty fuel cells. 
 
Keywords: Fuel cell, Hydrogen, Proton exchange membrane, Conductivity, Gas transport, 
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Context & Scale 

Fuel cells are an attractive technology to power zero-emission vehicles. Compared to battery-
powered vehicles, fuel cells offer fast fueling and adequate fuel storage for long-range 
applications. Heavy-duty fuel cell vehicles have strenuous requirements with the most urgent 
target being developing fuel cells with the durability to return capital costs over a longer 
lifetime. Fuel cell operation under hot and dry conditions may have benefits such as a 
reduction of radiator size and an increase in power density. Utilizing green liquid fuels can 
also save pay-load space and eliminate the need for an expansive hydrogen infrastructure. 
Proton conductors share the issues associated with heavy-duty fuel cell applications. Here, we 
present the progress and promising options for proton conductors in meeting near, mid, and 
long-term targets with respect to performance, durability, and technical readiness to stimulate 
research on proton conductors for heavy-duty fuel cells. 
 
INTRODUCTION 
The utilization and storage of hydrogen produced from renewable, nuclear, or fossil fuels with 
carbon capture can help decarbonize the U.S. and global economies and avoid the worst effects 
of climate change. In the mid-1970s, the United States Department of Energy (US DOE) touted 
the promise of hydrogen as a clean transportation fuel and consequently started polymer 
electrolyte membrane fuel cell (PEMFC) programs. The Energy Policy Act Title VIII on 
hydrogen in 2005 further promoted innovative hydrogen and fuel cell technologies. Recently, 
the US DOE Energy Efficiency Renewable Energy (EERE) Hydrogen and Fuel Cell 
Technologies Office (HFTO) initiated the H2@Scale concept for wide-scale hydrogen 
production and utilization1. HFTO also announced the Million Mile Fuel Cell Truck 
Consortium (M2FCT) that supports early-stage R&D for widespread commercialization of 
heavy-duty vehicle (HDV) fuel cells. The 2025 target for M2FCT is to achieve 2.5 kW/gPGM 
power (1.07 A/cm2 current density) at 0.7 V after a 30,000 hour-equivalent of accelerated 
durability testing. Besides hydrogen fuel cells, interest in the utilization of clean liquid fuels is 



 
 
 
growing because liquid fuels have a higher energy density and require significantly less 
infrastructure development costs. US DOE EERE HFTO and Advanced Research Projects 
Agency-Energy (ARPA-E) have supported fuel cell programs to implement various clean 
liquid-fuels.  

Fuel cells convert hydrogen into a proton and electricity at the anode. The generated proton is 
transported through a proton exchange membrane (PEM) to react with oxygen and produce 
water at the cathode (Figure 1A). As fuel cells gain interest in HDV main powertrain 
applications, more stringent requirements for polymer electrolytes have been identified 
(Figure 1B). In the near-term, durability is the most urgent target for HDV fuel cell 
applications. According to US DOE’s multi-year research, development, and demonstration 
plan, 30,000 hour lifetime, approximately four times light-duty vehicles (LDV target: 8,000 
hours2) is required for HDV applications3. In the mid-term, better heat and water management 
of fuel cells are the imperative targets. In current low-temperature proton exchange membrane 
fuel cells (LT-PEMFCs), the heat rejection requirement is met by operating the fuel cell at a 
high cell voltage, ca. 0.76 V at 80 °C, in which the generating power is < 0.4 W cm-2. To 
achieve higher power, anhydrous proton conductors that can increase the operating temperature 
to > 100 °C is suggested. Additionally, PEMs with reduced gas crossover will be required to 
achieve DOE’s stringent 68% peak efficiency target2. In the long-term, the utilization of clean 
liquid-fuel fuel cells is an attractive option due to the difficulties of transporting hydrogen over 
long distances and the low energy density of hydrogen. Since the reformation temperature of a 
broad range of hydrocarbon or carbon-free fuels takes place above 200 °C, a further increase 
in the operating temperature is desirable. Additionally, fuel cells require high tolerance to water 
and reformation by-products.    

In this perspective article, we present the progress of next-generation proton conductors in 
meeting these requirements from the original equipment manufacturer’s view. Specifically, we 
focus on the current advancement of proton conductors in achieving high durability and better 
heat and water management by operating fuel cells at higher operating temperatures and 
utilizing high energy density liquid-fuels. 

 

Proton Conductors for Durability – Near Term Challenge 
Early fuel cell developments in 1995 reported 60,000 hours of durability during continuous 
fuel cell operation at 43 – 82 °C using a thick perfluorosulfonic acid (PFSA) PEM (Nafion 120, 
250 µm-thick)4. However, the stability of PEMs became an issue as thinner membranes were 
employed for automotive fuel cells to increase power density. During the 2000s, the durability 
of fuel cells for bus was evaluated by Ballard Power Systems. Their P5 stacks (2002) with 50 
µm-thick PFSA membranes lasted approximately 3,000 hours, while an HD6 module (2007) 
using a 25 µm-thick PFSA membrane ran for 6,842 hours.5 Since early-2010, various 
accelerated stress tests (ASTs) have been developed to evaluate the stability of PEMs within a 
shorter timeframe6-8. The ASTs were based on the fact that PEM degradation during 



 
 
 
simultaneous chemical and mechanical stressors occurs much faster than individual stressor 
conditions6, 9-10. In a combined open-circuit voltage (OCV) and RH cycling AST protocol at 90 
°C6, the PFSA membranes used for P5 and HD6 modules showed failure after ~100 and ~200 
hours, respectively, when membrane cracking and local thinning were observed. A 
mechanically and chemically stabilized PFSA membrane (Nafion XL, 27.5 µm-thick)11-12 
developed in 2010 failed after ~675 hours in this combined AST protocol. The thinning rate of 
the Nafion XL membrane was ~ 3 times lower than the PEM used for the Ballard HD6 module. 
The projected lifetime of a fuel cell using Nafion XL is ~ 20,000 hours, which is still lower 
than the DOE 2025 HDV target (30,000 hours). Thinner PEMs (10 – 15 µm) are currently used 
for LDV applications. A 12 µm-thick PEM used as an M2FCT benchmark passed the 8,000 
hour LDV equivalent target in an AST13. Compared with PEMs for LDV applications, PEMs 
for HDV applications require better stability at higher operating temperatures because fuel cells 
run at a greater average power (Figure 2A). The average operating temperature of HDV fuel 
cells could be 5 – 15 °C higher, depending on the duty cycle, even if the peak operating 
temperature is maintained (Figure 2B).  

 
Operating temperature is one of the most significant factors that impact the durability of 
sulfonated PEM-based fuel cells14. Figure 2C shows the local hydrogen crossover current 
density change of PFSA-based fuel cells during GM’s combined AST as a function of 
temperature15. The cell operated at 70 °C shows initial signs of hydrogen crossover at 4,700 
hours, while the cell operated at 80 °C failed to run after 1,600 hours. The lifetime of the cell 
at 90 °C is less than 750 hours. This combined stressor AST result is consistent with the 
durability tests of an 80 kW fuel cell system in which the cell life decreases by about half with 
each 10 °C temperature increase. The degradation process can be seen in the segmented 
hydrogen diffusive crossover maps measured towards the end of the test in Figure 2D. The in-
situ diagnostic analyses indicated that the degradation progression of these cells is identical at 
the three temperatures. The membrane electrode assemblies (MEAs) tested at all three 
temperatures showed significant thinning of the PEMs towards the gas outlets. The post-
mortem analyses indicated that PEM thinning occurs where the synergistic effect between 
mechanical and chemical stress is highest. 

The chemical degradation of fuel cell membranes is mainly attributed to reactive free radical 
species that are generated in-situ through electrochemical pathways during fuel cell operation16. 
The most common and efficient way to improve the chemical stability of PFSAs is to use 
radical scavengers. Ce, as either an ion or an oxide17-20, and heteropolyacids (HPAs)21 are 



 
 
 
potential radical scavengers that have proven to be effective. Small amounts of Ce incorporated 
into PFSAs effectively scavenges the reactive free radical species faster than they react with 
the polymer with minimal loss of membrane performance and mechanical durability10. HPAs, 
such as 11-silicotungstic acid, have been used to enhance proton conductivity under dry 
conditions, but the incorporation of HPA into PFSAs makes the PEM brittle22. Both Ce ions 
and HPA particles are mobile under fuel cell operating conditions, and PEM degradation can 
occur in more significant areas where the radical scavenger is depleted15. Therefore, concepts 
to immobilize the radical scavengers are being developed. One approach to immobilize Ce ions 
is to use cerium zirconium oxide (CeZrxOy) nanoparticles or nanofibers23. An MEA using a 
CeZrO4-incorporated PFSA PEM showed a reduced fluoride release rate during the OCV test 
(Figure 3A) and negligible local Ce redistribution within the PEM after 85 hours at 1.0 A/cm2, 
80 °C and 100% RH (Figure 3B)13. For the immobilization of HPA, sulfonyl fluoride PFSA 
precursors with reactive anchor points were synthesized to tether HPA particles to the polymer 
through covalent bonds (Figure 3C)13. This approach also helps address the embrittlement 
observed in HPA-containing membranes. This is because when the HPA is tethered to a 
sulfonated ionomer rather than a non-functionalized polymer as in the previous studies22. There 
could be a much lower HPA concentration because they are not required for proton 
conductivity.  

 

Enhancing the mechanical stability of sulfonated PEMs is achieved mainly by incorporating 
structural reinforcements24-25 and utilizing high molecular weight ionomers26. The most 
common and effective type of reinforcement or support layer is an expanded poly 
[tetrafluoroethylene] (ePTFE). The ePTFE’s properties can be tailored to maximize durability 
by reducing in-plane membrane swelling while simultaneously minimizing proton transport 
losses.    

Another approach to improve the stability of PEMs is to use sulfonated polyaromatics27. 
Compared to the industrial standard PFSA PEMs, sulfonated polyaromatic PEMs have low 
hydrogen and oxygen permeability which improves not only fuel cell efficiency by reducing 
hydrogen crossover28 but also the chemical stability of PEMs by decreasing hydrogen peroxide 
generation29-30. Furthermore, sulfonated aromatic PEMs have higher mechanical strength and 
modulus which makes it possible to cast thin film without reinforcement. However, the 
practical uses of sulfonated polyaromatic PEMs are limited by their strong dependence on RH 
for proton conductivity31, which requires a high level of humidification. Low conductivity at 
low RH can be improved by increasing the concentration of the sulfonic acid group. However, 
the incorporation of a high concentration of sulfonic acid groups in the polymers makes the 
PEMs brittle in a dry state and causes excessive swelling in a wet state. The brittleness of 
sulfonated polyaromatics in the dry state makes it difficult to handle while excessive swelling 
in the wet state increases mechanical stress, particularly at the edge of the MEA active area 



 
 
 
where the hydration level of the PEM significantly changes32. Additionally, the high modulus 
of sulfonated aromatic PEMs, combined with their relatively high swelling, leads to exorbitant 
stress during humidity cycling which in turn leads to poor mechanical durability33. As a result, 
most sulfonated polyaromatic PEMs cause premature MEA failures and do not survive during 
wet-dry cycling ASTs. More research efforts on improving the mechanical stability of 
sulfonated polyaromatic PEMs under wet-dry cycling conditions is necessary. Intrinsic 
susceptibility to radical-induced chain degradation of sulfonated polyaromatics also needs 
further study. This susceptibility cannot be addressed by the conventional stabilizers that work 
well with PFSAs as the hydroxyl radical (HO•) reacts faster with the aromatic ring than it does 
with Ce3+ 33. 

 

Anhydrous Proton Conductors – Mid Term Challenge 
The potential benefits of operating fuel cells under hot and dry conditions for vehicular 
applications include i) the use of low purity hydrogen or liquid fuels, ii) smaller radiator size 
via better thermal management, and iii) no need for a humidifier and a simplified flow channel 
design via anhydrous fuel cell operation34. From the performance perspective, operating fuel 
cells under hot and dry conditions may enhance the catalytic activity, improve oxygen transfer 
via higher oxygen partial pressure by removing water in the MEA, and reduce Pt oxide 
formation in the absence of water (Figure 4A-C)35. The operation of sulfonated PEM-based 
fuel cells under hot and dry conditions is challenging because sulfonic acid groups require 
water for the necessary proton conduction. Phosphoric acid-doped PEMs such as phosphoric 
acid-doped benzimidazoles (PA-PBIs) have reasonably high proton conductivity (~ 0.1 S cm-

1) and the PA-PBI-based fuel cells exhibited stable operation for a long time (e.g., > 17,000 
hours at 160 °C36, and > 10,000 hours at 180 °C37) (Figure 4D)38. The bottleneck of the 
automotive fuel cells employing PA-PBI PEMs is the cell stability at low operating 
temperatures (< 140 °C). Figure 4E shows the cell voltage change of PEMFCs using a PA-
PBI PEM at three different operating temperatures (160, 120, and 80 °C). The fuel cell 
operating at 160 °C was stable with a low voltage decay rate (0.015 mV h-1). However, as the 
operating temperature decreased to 120 and 80 °C, the voltage decay rate increased to 0.266 
and 79.7 mV h-1, respectively. The performance loss overtime at the low operating temperature 
is primarily related to phosphoric acid loss in the presence of water.  

The phosphoric acid loss mechanism is related to the phosphoric acid equilibrium partition 
composition39. Because the interaction energy of phosphoric acid-benzimidazole is lower than 
that of phosphoric acid-benzimidazole-water, the phosphoric acids in the polymer are replaced 
with water when exposed to the doped membrane to water. This phosphoric acid loss 
mechanism provides a pathway to improving phosphoric acid retention by introducing stronger 
ion-pair interactions (Figure 5A). Instead of using basic functionality, cation functionality can 
increase the equilibrium composition of phosphoric acid, and thus, water exchanges phosphoric 
acid in the polymer at a higher water vapor pressure. Lee et al. prepared an ion-pair membrane 



 
 
 
that coordinated biphosphate anions and quaternary ammonium cations (PA-QAPOH)40. The 
high phosphoric acid retention of the ion pair PEM was confirmed by temperature-cycling AST 
(80 to 160 °C) with a water partial vapor pressure of 9.7 kPa (Figure 5B). Note that the voltage 
of the PA-PBI MEA decreased from 0.78 to ~0 V within only 70 cycles. In contrast, the 
performance of the ion-pair MEA was stable during 500 thermal-cycles, maintaining the initial 
performance throughout the AST. The high acid retention of ion-pair coordinated polymers 
measured by the AST enables stable operation at 80 °C under high current generating 
conditions (~ 2 A cm-2).  

 
One significant challenge of the ion pair PEM-based fuel cells is their performance. It is known 
that phosphoric acids can poison the catalysts with chemisorbed dihydrogen phosphate (H2PO4-) 
and hydrogen phosphate (HPO42-) ions41-42 as shown by a significantly lower oxygen reduction 
reaction (ORR) activity of Pt/C and Pt disk in phosphoric acid vs. perchloric acid (Figure 5C).  
Low oxygen permeability43 and electrode flooding44-45 further lowers the electrode 
performance. Phosphonated polymers that have lower acid content may improve the 
performance for ion-pair MEAs46. However, the performance of ion-pair MEAs in the kinetic 
region (> 0.7 V) is still substantially lower than a Nafion-based PEMFC (Figure 5D). Alloy 
catalysts that mediate the poisoning reaction, such as in typical phosphoric acid fuel cells, may 
improve the performance. Besides acid retention and fuel cell performance, start-up capability 
at low temperatures (-30 °C), development of high-temperature compatible non-functional 
materials (seals, gaskets, adhesives), and high-temperature corrosion and creep resistant 
materials require more attention to make the system suitable for HDV applications. However, 
many of these challenges, if not all, can be resolved by improving system design and control, 
including sealing strategies to eliminate the needs of polymer seals, carefully programmed 
startup and shutdown procedures to minimize the exposure to liquid water and stress from 
material thermal expansion/contraction and more efficient thermal management to reduce stack 
size. For example, operating HDVs at a rated power when over 100 °C enables the exploitation 
of latent heat systems (phase change of liquid coolant), which means many times greater heat 



 
 
 
capacity than the sensible heat of any typical cooling fluid, which promotes small radiators and 
lower wind drag designs. The benefits of HT-PEMFCs can be further strengthened by choosing 
a range extender type of hybrid system, of which a large battery pack provides the main power 
for driving the motor, while the HT-PEMFC stack operates under the highly efficient steady-
state condition to charge the batteries for extended driving distance. Such a hybrid platform not 
only helps overcome the inherent shortcoming of HT-PEMFC’s slow startup but also takes 
advantage of the long lifetimes that have already been demonstrated under constant currents.  

Proton Conductors for Liquid Fuels – Long Term Challenge 
The major advantages of fuel cell-powered vehicles over battery-powered vehicles are high 
range and fast fuel refill time. Regardless, the low energy density of hydrogen fuel remains a 
technical barrier for HDV fuel cells. The volume of fuel and fuel tanks for diesel internal 
combustion engine with 50,000 lbs. load is 795 liters, whereas the volume of fuel and fuel tanks 
for the compressed hydrogen storage system of the fuel cell is 7,800 liters, approximately ten 
times greater47. If the fuel is replaced by methanol, the volume of the fuel, fuel tanks and the 
reformer to store and convert the methanol to hydrogen through reforming is 2,460 liters 
(approximately 30% of the volume equivalent of compressed hydrogen). In addition to volume, 
working through these same metrics from a pure weight basis, a 50,000 lb. load would require 
1,950 lbs. of diesel and tankage, or 12,920 lbs. of compressed hydrogen and tankage, or 7,560 
lbs. of methanol, methanol tank, and a reformer capable of delivering less than 10 ppm CO. If 
a stack with HT PEM was employed, the weight and complexity of the reformer drops to the 
third stage, as typically 2 % CO is acceptable. Thus, liquid fuels as hydrogen carriers offer 
lower impact on load-carrying ability. Liquid fuels significantly reduce the hydrogen 
infrastructure problem as well. The global infrastructure cost for compressed hydrogen would 
be $15,000 billion assuming a modest automotive penetration of 200 vehicles per 1,000 
inhabitants, while the infrastructure cost for renewable liquid fuel only costs $50 billion, 0.3% 
of the compressed hydrogen infrastructure cost due to the ability to use or modify existing 
infrastructure48. The infrastructure cost for liquid fuel is even significantly lower than the 
battery infrastructure which would take $5,000 billion. 

A challenge for liquid fuel cells is the need for very fast reforming systems that can compete 
with hydrogen-based systems in overall specific and volumetric power density. Reformate 
hydrogen is problematic in LT-PEMFCs as the Pt electrocatalyst is very sensitive to CO 
poisoning. Pressure swing CO adsorption and gas-permeable membrane separation require 
very high pressures for separation and is therefore impractical for transportation applications49. 
One simple solution to resolve the CO issue is to operate fuel cells at high temperatures (> 200 
°C) under which electrode poisoning by CO can be minimized. Figure 6A shows the current 
density of a fuel cell at a constant voltage of 0.4 V at 240 °C in the presence of CO. The current 
density loss was 12% (1.14 to 1.0 A/cm2) with 25% CO, and the performance was completely 
recovered after pure hydrogen was reintroduced. Current reformer systems coupled with 
PEMFCs include water gas shift reactors to decrease the CO concentration to < 10 ppm.  

Ideally, the reforming is done at the cell/stack level, that is, internal reforming, thuse 
eliminating an external reformer. This also typically dictates a > 200 °C operational 
temperature. For example, Figure 6B shows a solid acid (e.g., CsH2PO4) fuel cell stack 
performance on various liquid and gaseous fuel reformates containing different CO 
concentrations. The MEAs used in the solid acid fuel cell stack incorporate a methanol steam 
reforming (MSR) catalyst in front of the hydrogen oxidation electrode. This allowed for direct 
MSR when running on methanol. The MSR layer also acts as a highly efficient CO water gas 
shift catalyst. As such, the externally reformed fuels, with a range of CO from 1 – 6%, have 
very similar performances with the net hydrogen concentrations (i.e., assuming full conversion 
of CO to hydrogen) being very similar, in the range of 41 – 60%.   
Three different types of proton conductors have the potential to allow fuel cell operation at > 
200 °C. The first are phosphoric acid-doped ion-pair PEMs. As explained in the previous 
section, these materials are composed of cation functionalized polymers doped with phosphoric 
acid. The advantage of these materials for fuel cells operating at 200 – 250 °C is their low 
ohmic resistance because acid-doped PEMs have high proton conductivity and can be produced 
as thin-film separators (~30 µm) (Figure 6C). Due to this resistance, the fuel cell power density 
is relatively high (910 mW/cm2) at 240 °C under H2/air conditions (Figure 6D). There are two 
technical challenges to utilizing these materials for liquid fuel operations. First, phosphoric 
acid loss due to acid evaporation causes cell performance loss overtime when the fuel cell 
operates at > 220 °C. Second, phosphate poisoning by free acids lower OCV and kinetic 
performance. Phosphonic acids with low vapor pressure and minimal poisoning to fuel cell 
electrodes may need to be developed.  



 
 
 

 
The second candidate material is a metal pyrophosphate (MP2O7, where M = Sn, Ti, Zr, W, Ce, 
Si, Ge). Indium doped tin pyrophosphate (Sn0.9In0.1P2O7) exhibited a proton conductivity of 
195 mS cm-1 at 250 °C50. Recent studies on metal-doped and undoped tin pyrophosphates have 
shown that the crystalline phase itself possesses negligible protonic conductivity. However the 
presence of an excess amorphous polyphosphate phase is key for achieving high proton 
conductivity51. The advantage of these materials is stability and high conductivity over a wide 
temperature range (100 – 250 °C). However, making a thin-film separator is problematic due 
to the brittle nature of the metal phosphate particles. Therefore, the electrolyte separator was 
prepared from a polymer composite with 90 wt% SnP2O7 and 10 wt% Nafion (< 100 µm-thick 
membrane separator). Although the proton conductivity of the composite membrane was 40% 
of the SnP2O7 pellets (80 mS cm-1 at 250 °C) (Figure 6C) 52, the cell resistance can be reduced 
by the thin composite membrane. Reasonably high H2/air performance (peak power density = 
440 mW cm-2 at 250 °C) was obtained (Figure 6D).  

The third candidate material is the solid acid electrolyte. The general formula of the solid acid 
is MxHy(XO4)z (M = Cs, Rb, K, NH4 and Ti, X = S, Se, P, As)53. At low temperatures (< 200 
°C), these materials are brittle, gas-permeable, water-soluble, and poor proton conductors. 
However, at high temperatures, these materials undergo a phase transition to possess plastic-
like/gas impermeability, water-insolubility, and a reasonably high proton conductivity (ca. 20 
mS cm-1 at 250 °C). Figure 6C shows the proton conductivity of CsH2PO4 as a function of 
temperature. As noted, the phase transition occurs ~ 230 °C above which proton conductivity 
jumped to > 10 mS cm-1 54. CsH2PO4 is thermodynamically stable as a solid at temperatures up 
to 300 °C, with proper hydration55. This enables electrocatalyst particles to be deposited 
directly on the surface of sub-micron CsH2PO4 particles in the electrodes. Such an electrode, 
with Pt-Pd alloy nanoparticle resting on CsH2PO4 electrolyte particles used as a cathode for 
ORR exhibits viable performance (Figure 6D)56-57. Combined with the high impurity 
tolerances of the anode Pt/C catalyst and the ability to incorporate internal chemical catalysts 
for various reactions (e.g., steam reforming, CO water gas shift, ammonia decomposition, 
dehydrogenation), solid acid stacks can run on a wide variety of liquid fuels and reformate 



 
 
 
streams with no or minimal reforming sub-system, greatly reducing system-level complexity 
and costs.  

It is interesting to note that while “hotter is better” is the generally accepted mantra for high-
temperature PEMs, there are additional challenges for running “hotter”. For example, while the 
possibility of directly oxidizing fuel at the anode has potential, this mode runs the risk of lower 
reaction yields compared to a more complete reforming and feeding reformate to the fuel cell. 
Therefore, highly active catalysts and electrode design of optimum mass transport architecture 
are needed. Furthermore, additional efficiency is gained by coupling the heat of the fuel cell 
with an external reformer. Another challenge of running too hot is finding the materials for 
MEA construction. Running over 260 °C eliminates most plastics and certainly, 300 °C 
restricts one of the most expensive gasket materials and questionable operation over 10,000 
hours. Similarly, if one bases their system on unbound conducting elements (such as 
phosphoric acid absorbed in a matrix), 250 °C could be difficult. However, for simple fuels 
such as methanol, 220 °C is a reasonable match to what is needed for the complete thermal 
integration of a reformer. Bipolar plates have additional challenges when enlisted to operate at 
higher temperatures. But, in a low water/no water environment, bipolar plates could be freed 
from other material constraints associated with the liquid water environments of LT-PEMFCs, 
thus, bipolar plates can be stamped with simple metal components. Polymer seal materials with 
sufficient lifetimes (i.e., > 5,000 hours) at > 200 °C become limited and typically expensive. 
Also, for ORR, typical carbon-supported Pt group metal (PGM) catalysts, which have allowed 
for low PGM loadings with high catalytic activity, are not sufficiently robust to withstand 
accelerated fast carbon corrosion. As such, all > 200 °C liquid-fuel fuel cells will need to search 
for corrosion-resistant cathode catalysts to enable lifetimes of > 5,000 hours at low PGM 
loadings.  

Outlook 
Table 1 summarizes the performance and durability of fuel cells employing current proton 
conductors. More advanced proton conductors may enable resolution of technical challenges 
of fuel cells for heavy-duty applications. Development of thin and stable PEMs for LT-
PEMFCs by immobilizing radical scavengers and mechanical reinforcement will enable fuel 
cell operation at high efficiency and with a longer lifetime. We expect < 20 µm thick 
electrochemically and mechanically stable PEMs will be developed in the next five years. The 
development of proton conductors having high conductivity under hot and dry conditions has 
shown notable progress over the last five years. Ion-pair PEMs have improved acid retention 
compared to conventional PA-PBI PEMs. Research towards increasing cell efficiency, 
improving start-stop durability, and developing other thermally-stable MEA components are 
encouraged. Prototype fuel cells that operate > 200 °C are attractive as future fuel cell 
technologies enable the use of liquid fuels through a direct in situ reformate process. Several 
proton conductors that have high proton conductivity have been developed. Thermal stability 
of stack and MEA components and cell durability remains a challenge to realize such fuel cells 
for automotive application.     

Table 1. Fuel cell performance and durability employing current proton conductors 
Approach LT-PEM13 HT-PEM Intermediate Temperature  

PA-PBI36,58 Ion-pair46 Metal P2O7
53 Solid acid 

Temperature range (°C) 65 - 95 140 - 200 80 - 240 200 - 240 220 - 260 
Water vapor pressure (kPa) 4 - 100 0 – 10 0 – 20 Not available 0 – 40 
Lifetime (hours) 20,000 a (80 °C) >17,000 b (160 °C) > 550 c (160 °C) Not available 900 d (220 °C) > 8,000 e (250 °C) 
Power  
density  
(mW/cm2) 

at 0.7 V 840 
at 

80 °C 

120 
at 

160 °C 

80 
at 

160 °C 

230 
at 

240 °C 

120 
at 

240 °C 

340 
at 

250 °C Rated 380 450 480 
910 430 440 

Peak 1,400 450 550 
a Projected from AST equivalent. 
b Demonstrated at a constant current density of 0.2 A cm2 with 5 µV h-1 voltage decay rate. 
c Demonstrated at a constant current density of 0.6 A cm-2 with 0.35 µV h-1 voltage decay rate. 
d Demonstrated at a constant voltage of 0.5 V. 

e Projected at a constant current density of 0.2 A cm-2 with 20% voltage degradation. 
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