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Proton conductors for heavy-duty
vehicle fuel cells

Craig S. Gittleman,1 Hongfei Jia,2 Emory S. De Castro,3 Calum R.I. Chisholm,4 and Yu Seung Kim5,*
Context & scale

Fuel cells are an attractive

technology to power zero-

emission vehicles. Compared with

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

challenging target being the

development of fuel cells with the

durability to return capital

investment over a longer lifetime.

Fuel cell operation under hot and

dry conditions enables simpler,

low-cost fuel cell systems through

better heat and water

management. Utilizing high

energy density liquid fuels can

also increase pay-load space and

eliminate the need for an

expensive hydrogen

infrastructure. Advanced proton

conductors that can resolve these

issues associated with heavy-duty

fuel cell applications are needed.

Here, we present the progress and

promising options 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 cell

vehicles.
SUMMARY

Fuel cells utilize the chemical energy of liquid or gaseous 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 need is
ensuring the chemical and mechanical stability of proton exchange
membranes to enable long lifetime vehicles. In the mid-term,
achieving stable conductivity of proton conductors under hot
(>100�C) and dynamic fuel cell operating conditions is desirable.
In the long term, targeting high thermal stability and tolerance to
water enables the utilization of high energy density liquid fuels
that will increase pay-load space for heavy-duty vehicles. This article
presents our perspective on these near-, mid-, and long-term tar-
gets for proton conductors of 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 transpor-

tation fuel and consequently started proton exchange membrane fuel cell (PEMFC)

research and development 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 Tech-

nologies Office (HFTO) initiated the H2@Scale concept for wide-scale hydrogen

production and utilization.1 HFTO also announced the Million Mile Fuel Cell Truck

Consortium (M2FCT) that supports early-stage R&D for widespread commercializa-

tion of heavy-duty vehicle (HDV) fuel cells. The 2025 target for M2FCT is to achieve

2.5 kW g�1
PGM power (1.07 A cm�2 current density) at 0.7 V after a 30,000 h-equiv-

alent of accelerated durability testing. In addition to hydrogen, interest in the utili-

zation of low carbon or carbon neutral liquid fuels is growing, as liquid fuels have

a higher energy density and require significantly less infrastructure investment.2

The US DOE EERE HFTO and Advanced Research Projects Agency-Energy (ARPA-

E) have supported fuel cell programs to implement various liquid fuels, including

methanol, dimethyl ether, hydrazine, and ammonia. A part of the motivation for

developing liquid fuels is the fact that large-scale distribution of hydrogen typically

involves compression and/or liquification at �253�C, and hence, storage and distri-

bution costs of hydrogen account for as much as 50% of the energy delivered. Aside

from production by reforming processes, high energy density liquid fuels can also be

made through greener pathways. One employs hydrogen generated from water

electrolysis via renewable electricity (e.g., wind or solar power), which is combined

with CO2 from either an emitter, such as a fossil fuel power plant, or a carbon capture

and utilization process.3 A second pathway involves the conversion of plant-based
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bio feed stocks into liquid hydrocarbon fuels.4 Through either of these two path-

ways, one can create and use hydrogen carriers that reduce emissions. While high

energy density liquid fuels are also used in internal combustion engines (ICEs),5

the high combustion temperatures of ICEs typically lead to other unwanted pollut-

ants such as NOx and SOx. Because fuel cells do not rely on combustion, they avoid

the generation of these pollutants.

Fuel cells convert chemical potential energy into electrical energy. At the anode, a

catalyst activates the hydrogen to undergo an oxidation reaction that generates

protons and electrons. The generated protons are transported through a proton-

conducting membrane to react with oxygen and electrons to produce water at the

cathode (Figure 1A). The industrial-standard proton-conducting materials are

perfluorosulfonic acids (PFSA), while other material options include functionalized

hydrocarbon polymers, metal-organic frameworks, metal phosphates, and their

composites with acids and ionic liquids. As fuel cells gain interest in HDV primary

powertrain applications, more stringent requirements for proton conductors have

been identified (Figure 1B). Improving electrochemical and mechanical stability of

low-temperature proton exchange membrane fuel cells (LT-PEMFCs) is the most

pressing priority in the near term. According to the US DOE’s multi-year research,

development, and demonstration plan, a 30,000 h lifetime, approximately four times

that of the light-duty vehicles (LDV target: 8,000 h), is required for HDV

applications.6

In the mid-term, simplification of fuel cell systems through better heat and water

management is imperative. Such a requirement is closely related to the automotive

heat rejection constraint.7 In the current LT-PEMFCs, the temperature difference be-

tween the fuel cell temperature (60�C–80�C) and the ambient temperature (up to

50�C in hot climates) is relatively small when compared with ICEs. This small temper-

ature difference between the fuel cell and ambient temperatures poses a significant

challenge for designing a small and lightweight cooling system. The current radiator

for fuel cells is much larger, more complicated, and more expensive than that of

ICEs. The low-temperature operation further causes a heat rejection constraint

when operating the fuel cell at high current densities. To achieve higher power for

HDV fuel cell applications, increasing the operating temperature to above 100�C
is desirable. Hot and dry fuel cell operating conditions also provide the benefit of

superior contaminant tolerance, which enhances the overall efficiency of reforming

energy systems.8 As sulfonated proton conductors used in LT-PEMFCs have poor

conductivity at low relative humidity (RH), it is critical to develop anhydrous proton

conductors that enable high operating temperature.

In the long-term, fuel cells that utilize high energy density liquid-fuel offer an attrac-

tive option due to the difficulties of transporting hydrogen over long distances and

the low volumetric energy density of hydrogen. Since the fuel-reforming tempera-

ture of a broad range of hydrocarbons or carbon-free fuels occurs above 200�C, a
further increase in the fuel cell operating temperature is desirable. Additionally,

these fuel cells should also have high tolerance to water and other fuel processing

by-products, which are problematic for polybenzimidazole/phosphoric acid mem-

branes. Therefore, the development of advanced high-temperature proton conduc-

tors is essential for liquid-fueled fuel cells. A further increase in fuel cell operating

temperatures to above 300�C, which is the preferred temperature range for liquid

fuels, can be achieved by using proton-conducting ceramics. However, the fast

and deep load changes of automotive fuel are extremely stressful at such high oper-

ating temperatures. Thus, the fuel cells that operate at >300�C normally require
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Figure 1. Proton conductors in fuel cells

(A) Schematic illustration of the cross-section of membrane electrode assembly in a fuel cell.

(B) Benefits of advanced proton conductors for HDV fuel cells.
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battery hybridization. In addition, the benefits of faster fuel cell kinetics and the

improved heat rejection at high operating temperatures are largely diminished by

accelerated corrosion and the limited material choices for cell components.

In this perspective, we present the progress of next-generation proton conductors in

meeting these requirements from the original equipment manufacturer’s view. Spe-

cifically, 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 (80�C–300�C) and utilizing high energy density liquid

fuels.

Near-term challenges: Chemically and mechanically stable membranes for LT-

PEMFCs

Early fuel cell developments in 1995 reported 60,000 h of durability during contin-

uous fuel cell operation at 43�C–82�C using a thick PFSA membrane (Nafion 120,

250 mm thick).9 However, the stability of PFSA membranes became an issue as

thinner membranes were employed for automotive fuel cells to increase power den-

sity. During the 2000s, the durability of fuel cells for bus applications was evaluated

by Ballard Power Systems. Their P5 stacks (2002) with 50 mm-thick PFSA membranes

lasted approximately 3,000 h, while an HD6module (2007) using a 25 mm-thick PFSA

membrane ran for 6,842 h.10 Since early 2010s, various accelerated stress tests

(ASTs) have been developed to evaluate the stability of membranes within a shorter

time frame.11 The ASTs were based on the fact that membrane degradation during

simultaneous chemical and mechanical stressors occurs much faster than when

exposed to individual stressors.12,13 Moreover, it has been found that a properly de-

signed, combined chemical and mechanical AST replicates the degradation and fail-

ure modes of field operation.14 In a combined open-circuit voltage (OCV) and RH

cycling AST protocol at 90�C, the PFSA membranes used for P5 and HD6 modules

failed after approximately 100 and 200 h, respectively, with observed failure modes

of cracking in both membranes as well as local thinning. A mechanically and chem-

ically stabilized PFSAmembrane (Nafion XL, 27.5 mm-thick) developed in 2010 failed

after�675 h in this combined AST protocol. The thinning rate of the Nafion XLmem-

brane was�3 times lower than the membrane used for the Ballard HD6 module. The

projected lifetime of a fuel cell using Nafion XL was �20,000 h, which is still lower

than the DOE 2025 HDV target (30,000 h). Even thinner membranes (10–15 mm thick)

are currently being used for LDV applications. A 12 mm-thick membrane with a me-

chanical support and a chemical stabilizer used as an M2FCT benchmark passed the

8,000 h LDV equivalent target in an AST.15 Compared with LDV applications,
Joule 5, 1–18, July 21, 2021 3



Figure 2. Impact of operating temperature on fuel cell durability

(A) Stack relative coolant outlet temperature as a function of relative percentage of maximum fuel cell power.

(B) Average operating temperatures for a common fuel cell system operating under various LDV and HDV drive cycles.

(C) Local H2 diffusive crossover as a function of time for the combined AST tests at 70�C, 80�C, and 90�C.
(D) H2 diffusive crossover maps toward the end of the combined AST tests at 70�C, 80�C, and 90�C. Crossover values are in mA/cm2. The data were

reproduced from Lai et al.16
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membranes for HDV applications require greater stability at higher operating tem-

peratures because HDV fuel cell systems run at a higher average percentage of

peak load. The stack temperature relative to its peak operating temperature for a

state-of-the-art fuel cell system as a function of its power relative to its maximum

load is shown in Figure 2A, which indicates that a stack runs hotter at a higher relative

power. Figure 2B shows the relative load and average stack temperature for typical

light-duty and several heavy-duty drive cycles for a fuel cell system with the load-

temperature curve shown in Figure 2A. The average operating temperature of

HDV fuel cells could be 5�C–15�C higher than an LDV system depending on the

duty cycle even if the peak operating temperature for both systems is the same.

Thus, while the target lifetimes for HDV applications are higher than LDVs, the ex-

pected higher operating temperatures makes meeting these targets even more

challenging.

Operating temperature is one of the most significant factors that impact the dura-

bility of LT-PEMFCs. Figure 2C shows the local hydrogen crossover current density

change of PFSA-based fuel cells during the General Motors’ (GM) combined stressor

highly accelerated stress test (HAST) as a function of temperature.16 A cell operated

at 70�C showed initial signs of hydrogen crossover at 4,700 h while a cell operated at

80�C failed to run after 1,600 h. The lifetime of the cell run at 90�C is less than 750 h.

This HAST result is consistent with the durability tests of an 80 kW fuel cell system in

which the cell lifetime decreases by about half with each 10�C temperature increase.
4 Joule 5, 1–18, July 21, 2021
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The degradation location for the HAST cells can be seen in the segmented hydrogen

diffusive crossover maps measured toward the end of the test in Figure 2D, where

the co-flow H2 and air gas inlets are at the top of the maps. The in situ diagnostic an-

alyses indicate that the degradation progression of these cells is identical at the

three temperatures with crossover developing toward the gas outlets. The postmor-

tem analyses suggested that membrane degradation is manifested as a thinning that

occurs where the synergistic effect between mechanical and chemical stress is high-

est. Such a thinning is indicative that chemical degradation is the primary failure

mode.

The chemical degradation of sulfonated membranes is mainly attributed to reactive

free radical species, such as OH,, which are generated in situ through electrochem-

ical pathways during fuel cell operation.17 The most common and efficient way to

improve the chemical stability of PFSAs is to use radical scavengers. Cerium, as

either an ion or an oxide,18 and heteropolyacids (HPAs),19 are radical scavengers

that have proven to be effective. A small amount of Ce incorporated into PFSAs

effectively quenches the reactive free radical species faster than they react with

the polymer with little impact on membrane performance and mechanical dura-

bility.12 A postmortem analysis of the membrane electrode assemblies (MEAs)

from the HAST results shown in Figure 2C, revealed Ce, which was used as a stabi-

lizer, was depleted from the cell outlet region. This suggests that migration of the

mobile Ce cations contributed to the relatively early failure in that region.16 Other

studies have also shown that Ce migration can lead to early membrane failure as sta-

bilization against reactive free radical species is reduced in Ce-depleted

regions.20,21

As Ce ions are mobile under fuel cell operating conditions, concepts to immobilize

the radical scavengers are being developed. One approach to immobilize Ce ions

is to use cerium oxide22,23 or mixed metal oxides such as cerium zirconium oxide

(CeZrxOy) nanoparticles or nanofibers.
24 Baker et al. have shown that the polymetal-

lic oxides exhibit better peroxide scavenging activity and dissolution resistance than

undoped ceria.25 Researchers at GM have demonstrated that an MEA using a

CeZrO4-incorporated PFSA membrane showed a significantly reduced fluoride

release rate (FRR) during an OCV test as compared with a non-stabilized membrane.

The FRR of the MEA using a CeZrO4-incorporated PFSA membrane approached the

FRR level when using the Ce nitrate salt (Figure 3A). With further optimization, we

hope that CeZrxOy nanoparticles will match the stabilization effect of the Ce salt.

They also showed negligible local Ce redistribution within the membrane after

85 h at 1.0 A cm�2, 80�C, and 100% RH (Figure 3B).15 HPAs, such as 11-silicotungstic

acid, have been used to enhance proton conductivity under dry conditions while also

improving chemical stability. However, the incorporation of sufficient HPA content

into membranes to meet conductivity targets makes the membranes brittle. A new

concept uses a PFSA for the primary proton-conducting medium combined with a

relatively small amount of HPA for chemical stabilization, thus getting around the

brittleness problem caused by high HPA content. To immobilize the HPA, sulfonyl

fluoride PFSA precursors with reactive anchor points were synthesized to tether

HPA particles to the polymer through covalent bonds (Figure 3C).15

Enhancing the mechanical stability of thin PFSA membranes is achieved mainly by

incorporating structural reinforcements26 and utilizing high molecular weight ion-

omers.27 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
Joule 5, 1–18, July 21, 2021 5



Figure 3. Approach to improve electrochemical stability of PEM

(A) Fluoride release rate (FRR) during 200 h-OCV tests at 95�C and 25% RH of PFSA membranes with

and without Ce stabilizers.

(B) Ce X-ray fluorescence map of Ce salt-stabilized PFSA membrane and CexZryO4 nanofiber

stabilized PFSA membrane after 85 h at 1.0 A/cm2, 80�C, and 100% RH in a 50 cm2 serpentine flow

field cell.

(C) Reaction scheme of immobilizing HPA into a PFSA polymer using a sulfonyl fluoride polymer

precursor. Reproduced from Ramaswamy15 with permission.
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simultaneously minimizing proton transport losses.28 Another approach to

improving the stability of membranes is to use sulfonated polyaromatics.29

Compared with the industrial-standard PFSA membranes, sulfonated polyaromatic

membranes have low reactant gas permeability that improves not only fuel cell effi-

ciency by reducing the hydrogen crossover current but also the chemical stability of

membranes. It is known that the crossover oxygen from the cathode forms hydrogen

peroxide at the anode potentials.30 The hydrogen peroxide is decomposed in the

presence of impurity cations to generate oxygen radicals and causes membrane

degradation. Sulfonated aromatic membranes also have higher mechanical strength

and modulus, which makes it possible to cast thin film without reinforcement. How-

ever, the practical uses of sulfonated polyaromatic membranes are limited by their

strong dependence on RH for proton conductivity, which requires a high level of hu-

midification. Low conductivity at low RH can be improved by increasing the concen-

tration of the sulfonic acid groups.31 However, the incorporation of a high concen-

tration of sulfonic acid groups in the polymers makes the membranes brittle in a

dry state and causes excessive swelling in a wet state.32,33 The brittleness of highly

sulfonated polyaromatics in a dry state makes it difficult to handle and subject to

cracking, while excessive swelling in the wet state increases mechanical stress.

This phenomena is particularly troubling at the edge of the MEA active area and re-

gions where the hydration level of the membrane significantly changes during oper-

ation.34 Additionally, the high modulus of sulfonated aromatic membranes, com-

bined with their relatively high swelling, leads to exorbitant stress during humidity

cycling, which in turn leads to poor mechanical durability. As a result, most sulfo-

nated polyaromatic membranes suffer premature failures and do not survive during

wet-dry cycling ASTs.35 More research efforts on improving the mechanical stability

of sulfonated polyaromatic membranes under wet-dry cycling conditions are neces-

sary. Intrinsic susceptibility to radical-induced chain degradation of sulfonated poly-

aromatics also needs further study. This issue cannot be addressed by the
6 Joule 5, 1–18, July 21, 2021



Figure 4. Effect of temperature on catalyst activity and durability of PA-PBI-based fuel cells

(A) Effect of catalytic activity of Pt on oxygen reduction reaction.

(B) Dependence of O2 partial pressure on temperatures at 100 kPaabs. Assume there is no back pressure.

(C) Pt oxide coverage as a function of water activity.37

(D) PA-PBI HT-PEMFC durability at 160�C.40 Membrane: meta/para-PBI (m/p-PBI (7:1)) or thermally cured meta-PBI (m-PBI).

(E) Impact of operating temperature of durability of HT-PEMFC under anhydrous conditions. The H2/air performance was measured at 0.6 A cm�2 under

anhydrous conditions.
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conventional stabilizers that work well with PFSAs as the hydroxyl radical reacts

faster with the aromatic ring than it does with Ce3+.36

Mid-term challenges: Acid retention in the presence of water for HT-PEMFCs

The primary benefit of operating fuel cells under hot and dry conditions for vehicular

applications is the simplification of the fuel cell system due to smaller radiator size via

better thermal management and humidifier elimination. These conditions may

enhance catalytic activity, improve oxygen transfer via higher oxygen partial pres-

sure by removing water in the MEA, and reduce Pt oxide formation in the absence

of water (Figures 4A–4C).37 The operation of sulfonated membrane-based fuel cells

under hot and dry conditions is challenging38,39 because sulfonic acid groups

require water for the necessary proton conduction. Moreover, reasonable durability

of fuel cells using sulfonated membranes (>1,000 h) has not been demonstrated un-

der these conditions. Phosphoric acid-doped membranes such as phosphoric acid-

doped benzimidazoles (PA-PBIs) have high proton conductivity (�0.1 S cm�1), and

the PA-PBI-based fuel cells have exhibited stable operation for long times (e.g.,

>17,000 h at 160�C,40 and >10,000 h at 180�C41) (Figure 4D).42 A key bottleneck

of the automotive fuel cells employing PA-PBI membranes is the cell stability at

low operating temperatures (<140�C). Figure 4E shows the cell voltage change of

PEMFCs using a PA-PBI membrane at three different operating temperatures

(160�C, 120�C, and 80�C). The fuel cell operating at 160�C was stable with a low
Joule 5, 1–18, July 21, 2021 7



Figure 5. Approach to improve acid retention of HT-PEMFCs

(A) Interaction energy comparison between acid-base and ion-pair.43

(B) Comparison of water tolerance between acid-base and ion-pair HT-PEMFC MEAs. HFR and voltage change of the MEAs during thermal cycles of

80�C–160�C at a constant water vapor pressure of 9.7 kPa. The cell was operated at 0.15 A cm�2. Reproduced with permission.41 Copyright 2016,

springer nature.

(C) The ORR current density of Pt catalyst in phosphoric acid and 0.1 M HClO4. For Pt/C activity in phosphoric acid (80�C, 100�C, 120�C, and 140�C), the
potentials of electrode were adjusted to 0.825, 0.810, 0.787, and 0.779 V versus RHE, respectively (0.2 V below the measured OCV). The Pt/C activity in

0.1 M HClO4 at 25
�C was measured at 0.9 V versus RHE.

(D) H2/O2 fuel cell performance at 120�C and 160�C under anhydrous conditions. Ion-pair MEA, PEM: PA-QAPOH (thickness: 40 mm), Anode catalyst:

PtRu/C (0.5 mgPt cm
�2), Cathode: Pt/C (0.6 mgPt cm

�2). The fuel cell performance obtained the H2/O2 (500/500 sccm) under 147.1 kPaabs backpressure

without humidification. Nafion MEA, PEM: Nafion (thickness: 25 mm), Anode catalyst Pt/C (0.6 mgPt cm
�2), Cathode: Pt/C (0.6 mgPt cm

�2). The fuel cell

performance obtained the H2/O2 (500/500 sccm) under 285 kPaabs backpressure with 100% RH. Reproduced with permission.49 Copyright 2021, springer

nature.
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voltage decay rate (0.015 mV h�1). However, as the operating temperature

decreased to 120�C and 80�C, the voltage decay rate increased to 0.266 and

79.7 mV h�1, respectively. The performance loss at the low operating temperature

is primarily related to the phosphoric acid loss in the presence of water. This limits

the operation temperature of PA-PBI based on fuel cells to above 150�C and also re-

quires a high-power battery system for fast fuel cell startup.

The phosphoric acid loss is related to the phosphoric acid equilibrium partition

composition.43 Because the interaction energy of phosphoric acid-benzimidazole

is lower than that of phosphoric acid-benzimidazole-water, the phosphoric acid in

the polymer is replaced with water and the acid content decreases upon hydration.

Understanding such a mechanism provides a pathway to improving phosphoric acid

retention by introducing stronger ion-pair interactions (Figure 5A). Instead of

using basic functionality, as in PBI, cation functionality can increase the

equilibrium composition of phosphoric acid, and thus, a higher water vapor pressure

is required to exchange for the phosphoric acid in the polymer. Lee et al. first pre-

pared an ion-pair membrane that coordinated biphosphate anions and quaternary
8 Joule 5, 1–18, July 21, 2021
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ammonium cations (PA-QAPOH).44 The high phosphoric acid retention of the ion-

pair membrane was confirmed in a temperature-cycling AST (80�C 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 per-

formance of the ion-pair MEA was stable over 500 thermal cycles, maintaining the

initial performance throughout the AST. The high acid retention of ion-pair coordi-

nated polymers enables stable operation at 80�C under high current generating

conditions (�2 A cm�2).

One technical challenge of the ion-pair membrane-based fuel cells is their perfor-

mance. It is known that phosphoric acids can poison the catalysts with chemisorbed

dihydrogen phosphate (H2PO4
�) and hydrogen phosphate (HPO4

2�) ions,45,46 as

shown by the significantly lower oxygen reduction reaction (ORR) activity of Pt/C

and Pt disk in phosphoric acid versus perchloric acid (Figure 5C). Low oxygen perme-

ability47 and electrode flooding48 further lowers electrode performance. Phospho-

nated polymers that have lower acid content may improve the performance of

ion-pair MEAs.49 However, the performance of ion-pair MEAs in the kinetic region

(>0.7 V) is still substantially lower than a Nafion-based LT-PEMFC (Figure 5D). Alloy

catalysts that mediate the poisoning reaction, such as in the case of typical phos-

phoric acid fuel cells, may improve performance. Besides acid retention and fuel

cell performance, startup 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 atten-

tion to make the system suitable for HDV applications due to longer lifetime require-

ments compared with LDV applications. However, many of these challenges, if not

all, can be resolved by improving system design and control, including sealing stra-

tegies to eliminate the needs of polymer seals, carefully programmed startup and

shutdown procedures to minimize the exposure to liquid water and stress from ma-

terial thermal expansion/contraction, and more efficient thermal management to

reduce stack size. For example, operating HDVs at a rated power of over 100�C en-

ables the exploitation of latent heat systems (phase change of liquid coolant), lead-

ing to a greater heat capacity than the sensible heat of any typical cooling fluid,

which promotes smaller radiators and lower wind drag designs. The benefits of

HT-PEMFCs can be further strengthened by choosing a range extender type of

hybrid system, which uses a large battery pack to provide the main power for driving

the motors. In this system configuration, the HT-PEMFC stack operates under the

highly efficient steady-state condition to charge the batteries for extended driving

distances. 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 current operation.

Long-term challenges: High-temperature (>200�C) proton conductors for

liquid-fueled fuel cells

Two major advantages of fuel cell-powered vehicles over battery-powered vehicles

are longer range and fast fuel refill time. Regardless, the low energy density of

hydrogen fuel remains a technical barrier for HDV fuel cells. If one were to consider

a typical heavy-duty Class 8 truck, the volume of the fuel and fuel tanks for a diesel

internal combustion engine with a 50,000 lbs. load is 795 L, whereas the volume of

the fuel and fuel tanks for a compressed hydrogen storage system of a fuel cell is

7,800 L—approximately ten times higher.50 If the fuel is replaced by methanol,

the volume of the fuel, fuel tanks, and the reformer to store and convert themethanol

to hydrogen through reforming is 2,460 L (approximately 30% of the volume equiv-

alent of compressed hydrogen). In addition to volume, working through these same
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metrics on the basis of weight, a 50,000 lb. load of cargo would require 1,950 lbs. of

diesel and a tank to contain the diesel, or 12,920 lbs. of compressed hydrogen and

high-pressure hydrogen tanks, or 7,560 lbs. of methanol, methanol tank, and a

reformer capable of producing hydrogen with less than 10 ppm CO. If an intermedi-

ate temperature fuel cell stack was employed, the weight and complexity of the

reformer drops due to the elimination of the third stage because 2% CO is typically

acceptable. Thus, liquid fuels as hydrogen carriers offer a lower impact on load-car-

rying ability. Liquid fuels significantly reduce the hydrogen infrastructure problem as

well. The global infrastructure cost for compressed hydrogen would be $15 trillion

assuming a modest automotive penetration of 200 vehicles per 1,000 inhabitants,

while the infrastructure cost for using a renewable liquid fuel such as methanol costs

only $50 billion, or 0.3% of the compressed hydrogen infrastructure cost due to the

ability to use or modify existing infrastructure.2 The infrastructure for liquid fuel is

significantly less expensive than the battery electric vehicle infrastructure that would

cost $5 trillion largely due to a significantly expanded grid capacity. These estimates

are based solely on storage and distribution of the fuel, not the cost to make the fuel

or electricity. On-board reforming has already been implemented for liquid fuels for

commercial systems ranging from tens to thousands of watts, whereby the ease and

availability of methanol as a fuel, low-cost reformation, and proven thermal and

physical integration with the high temperature fuel cell stack provides customer

value. Thus, there is a path to on-board reforming for HDVs.

A challenge for liquid-fueled 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 Pt-based catalysts are

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 applications.51 One simple solution to resolve the

CO issue is to operate fuel cells at high temperatures (>200�C) under which elec-

trode 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 cm�2) with 25% CO and the performance was

completely recovered after pure hydrogen was reintroduced. Current reformer sys-

tems coupled with fuel cells include water gas shift reactors to decrease the CO con-

centration to <10 ppm.

Ideally, the reforming is done at the cell/stack level, that is, internal reforming, thus

eliminating an external reformer. This also typically dictates >200�C operational

temperature. For example, Figure 6B shows a solid acid (i.e., 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 meth-

anol steam reforming (MSR) catalyst in front of the hydrogen oxidation electrode.

This allows 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 CO concentration range from 1%–6%, perform similarly due to nearly 100%

CO shifting to H2 and CO2 in the presence of water inside the cell.

Three different types of proton conductors have the potential to allow fuel cell oper-

ation at >200�C. The first type of candidate materials are ion-pair membranes. As

explained earlier, these materials are composed of cation functionalized polymers

doped with phosphoric or phosphonic acid. The advantage of thesematerials is their

low ohmic resistance because of their relatively high acid concentration and thin-film

separators (�40 mm) (Figure 6C). Due to their low resistance, the fuel cell power
10 Joule 5, 1–18, July 21, 2021



Figure 6. Performance of intermediate temperature fuel cells

(A) Fuel cell performance test using simulated reformate conditions (75% H2–25% CO) versus O2. Pt/C (0.6 mgPt cm
�2) and phosphoric acid-doped 90 wt

% metal pyrophosphate composite membrane (thickness: 100 mm) was used.

(B) Fuel flexibility of fuel cell stacks operate at 250�C. Stack: solid acid fuel cells (5 cell stack, cell active area: �100 cm2, 10 A or 100 mA cm�2), Gas flows:

cathode: 50% utilization, air with 30% H2O, Anode: 60%–80% utilization, -reformate 30%–50% H2O. Gas compositions (dry): CH3OH – 59% H2, 1% CO,

JP8 (no S) – 38% H2, 3% CO, BioSPK – 39% H2, 5% CO, NG – 47% H2, 6% CO.

(C) Proton conductivity of PA-QAPOH, metal pyrophosphate-based (Sn0.9In0.1P2O7, and SnP2O7/nafion composite) and solid acid (CsH2PO4)

electrolytes in the temperature range of 120�C–280�C. The data were taken from Kreller et al.53

(D) H2/air fuel cell performance of an MEA using an ion-pair polymer, metal pyrophosphate electrolyte and solid acid electrolyte. PEM, PA-QAPOH ion-

pair PEM (thickness: 40 mm); ionomer, phosphonated ionomer, anode catalyst, Pt/C (0.6 mgPt cm
�2); cathode catalyst, Pt/C (0.6 mgPt cm

�2), The

performance was measured at 240�C under backpressure of 147 kPaabs. PEM: phosphoric acid-doped SnP2O7/nafion (9:1) composite (thickness: 80 mm),

ionomer: ion-pair (phosphoric acid-doped quaternary ammonium polystyrene), Anode catalyst: Pt/C (0.6 mgPt cm
�2), cathode catalyst, Pt/C (0.6 mgPt

cm�2), The performance was measured at 250�C under backpressure of 285 kPaabs. MEA using the solid acid electrolyte. PEM: CsH2PO4, (thickness:

50 mm), Anode catalyst: Pt/C (0.6 mgPt cm
�2), Cathode catalyst: Pt-Pd alloy (1.3 mgPt cm

�2), The performance was measured at 250�C under

backpressure of 141 kPaabs and water vapor pressure of 30.4 kPa.
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density is relatively high (910mWcm�2) at 240�Cunder H2/air conditions (Figure 6D).

There are two technical challenges to utilizing these materials for liquid fuel opera-

tions. First, acid loss due to acid evaporation causes cell performance loss over time

when the fuel cell operates at >220�C. Second, phosphate poisoning by free acids

lowers 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 pro-

ton conductivity of 195 mS cm�1 at 250�C.52 Recent studies on metal-doped and un-

doped 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 conductivity.53 The advantage

of these materials is stability and high conductivity over a wide temperature range
Joule 5, 1–18, July 21, 2021 11
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(100�C–250�C). However, making a thin-film separator is challenging due to the brit-

tle nature of the metal pyrophosphate particles. Therefore, the electrolyte separator

was prepared from a polymer composite with 90 wt % SnP2O7 and 10 wt % Nafion

(<100 mm-thick membrane separator). Although the proton conductivity of the com-

posite membrane was 40% of the SnP2O7 pellets (80 mS cm�1 at 250�C) (Fig-
ure 6C),54 the cell’s resistance can be reduced by using a thin composite membrane.

Reasonably high H2/air performance (peak power density = 440 mW cm�2 at 250�C)
was reported (Figure 6D).

The third candidate material is a solid acid electrolyte. The general formula of the

solid acid is MxHy(XO4)z (M = Cs, Rb, K, NH4, X = S, Se, P, As).55–57 At low temper-

atures (<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 a higher symmetry ‘‘super-protonic’’ phase to possess plastic-

like properties leading to gas impermeable membranes and a reasonably high pro-

ton conductivity (ca. 20 mS cm�1 at 250�C). As the super-protonic phases of solid

acids are typically at 140�C–260�C, water solubility issues can be avoided, as water

will be in the form of steam and can easily be removed upon cooling down. Figure 6C

shows the proton conductivity of CsH2PO4 as a function of temperature. As noted,

the phase transition occurred at �230�C above which proton conductivity jumped

to >10 mS cm�1.58 CsH2PO4 is thermodynamically stable as a solid at temperatures

up to 300�C with proper hydration.59 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 par-

ticles used as a cathode for ORR exhibits viable performance (Figure 6D).60 Com-

bined 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 reform-

ing, 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 min-

imal reforming sub-system, greatly reducing system-level complexity and costs. The

drawback of CsH2PO4 proton conductors is their requirement for proper hydration

(from 0.2 atm at 230�C to 0.3 atm at 250�C to 0.6 atm at 280�C to 1 atm at 300�C)
to keep the solid acid from dehydrating to CsPO3. Thus, hydration sub-systems

for both the anode and cathode are normally needed. Also, the ‘‘plastic-like’’ nature

of the electrolyte particles, which is beneficial in the membrane as they sinter gas-

tight at operational temperatures, results in densification at the electrodes, causing

increased mass transport losses.
OUTLOOK

Table 1 summarizes the performance and durability of fuel cells employing current

proton conductors for HDV applications. Proton conductors for LT-PEMFCs are a

mature technology with near-term durability challenges. Proton conductors for

HT-PEMFCs are an emerging technology that provide the benefits of simpler heat

and water management for HDV fuel cells. Proton conductors for intermediate tem-

perature fuel cells provide an attractive solution with liquid-fuel utilization. In this

section, we discuss the most critical challenges, opportunities, and future research

directions of proton conductors for HDV fuel cell applications.
Proton conductors for LT-PEMFCs

Designing highly conductive and robust PFSAmembranes has been a central subject

for automotive LT-PEMFCs. Therefore, various strategies are available, including ad-

justing the length of side chains, incorporating inorganic fillers, polymer blends, and
12 Joule 5, 1–18, July 21, 2021



Table 1. Fuel cell performance and durability employing current proton conductors

Approach LT-PEMFC15

HT-PEMFC Intermediate temperature fuel cell

PA-PBI40,60 Ion-pair49 Metal P2O7
55 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
at 80�Ca

>17,000
at 160�Cb

>550 at 160�Cc not available 900�C at
220�Cd

>8,000 at
250�Ce

Power density
(mW cm�2)

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
aProjected from AST equivalent.
bDemonstrated at a constant current density of 0.2 A cm2 with voltage decay rate of 5 mV h�1.
cDemonstrated at a constant current density of 0.6 A cm�2 with voltage decay rate of 0.35 mV h�1.
dDemonstrated at a constant voltage of 0.5 V (Figure S1).
eProjected at a constant current density of 0.2 A cm�2 with 20% voltage degradation (Figure S2).

ll

Please cite this article in press as: Gittleman et al., Proton conductors for heavy-duty vehicle fuel cells, Joule (2021), https://doi.org/10.1016/
j.joule.2021.05.016

Perspective
multi-acid side chains.61 The current reinforcement technology is able to reduce the

membrane thickness to less than 10 mm. Today, membranes for LDV fuel cells are

typically less than 20 mm with the Toyota Mirai using a 10 mm thick PFSA membrane.

For HDV applications, these PFSA-technologies can be fully transferable as the cell

resistance requirement remains the same. However, further consideration regarding

a more stringent durability requirement needs to be addressed. Better mechanical

stability is obtainable by implementing thicker membranes (>20 mm), which can be

effectively produced with low cost by using melt extrusion processes.28 Enhancing

chemical stability by immobilizing radical scavengers is an on-going research sub-

ject. For alternative hydrocarbon membrane chemistries, improving mechanical

properties under wet-dry cycling conditions while simultaneously meeting perfor-

mance requirements is essential to enable these material systems for HDV applica-

tions. Sulfonated polyolefinic membranes may resolve the mechanical instability

issue, but other requirements such as thermal-oxidative stability and conductivity

at low RHs need to be verified.62 Mechanical reinforcement and introducing flexible

moieties for sulfonated polyaromatics are possible approaches.30,63
Proton conductors for HT-PEMFCs

The development of proton conductors having high conductivity under hot and dry

conditions has shown notable progress over the last five years and shows promise

in overcoming the limitations of LT-PEMFCs when operating in these environ-

ments. The field of HT-PEMFCs continues to progress in the United States, Europe,

and Asia. The European Space Agency (ESA) has funded several programs to take

HT-PEMFC stacks into space to power satellites and vehicles on the moon due to

their superior heat rejection, which is highly desired in a vacuum environment.64 In

China, PBI-based MEAs are being used in systems with on-board methanol reform-

ing to charge the batteries of small truck electric vehicles.65 To enable HT-PEMFCs

for HDV applications, a number of studies have been devoted to improving acid

retention in the presence of water by incorporating inorganic fillers,66 cross-link-

ing,67 and enhanced interaction with phosphoric acid dopants.68,69 Recently,

metal-organic frameworks70,71 and covalent organic frameworks72,73 with phos-

phoric acid proton carriers were proposed as anhydrous proton conductors. How-

ever, there are limited studies on the fuel cell’s performance and durability, both of

which are vital for advancing these materials for practical HDV fuel cell applica-

tions. The most promising approach for HDV applications that showed high acid

retention under automotive operating conditions is ion-pair membranes.74,75
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Stable performance of ion-pair-based HT-PEMFCs was demonstrated at a moder-

ate, steady current density (0.6 A cm�2), high stoichiometric flows (>10), and under

humidified conditions (PH2O = 10 kPa). Additional performance and durability vali-

dation at low operating temperatures (�80�C), on/off cycling, and dynamic load

conditions are required. There remain many opportunities to optimize ion-pair

membranes for HDV applications. Specifically, the correlations between different

types of ion-pairs, acid retention capability, and mechanical properties of acid

plasticized and ionically cross-linked membranes are largely unexplored. Ques-

tions regarding membrane stability under water-free, higher temperature, frequent

start/stop cycles, and radical-generating conditions require further investigation.

These questions present many technical challenges and opportunities for re-

searchers to develop affordable PEMs for HDV applications. Developing highly

performing ionomeric binders for HT-PEMFCs is another pressing technical chal-

lenge as most HT-PEMFCs show much lower fuel cell performance than PFSA-

based LT-PEMFCs. For PA-PBI-based HT-PEMFCs, only PTFE-type binders

perform well due to prevention of electrode flooding by phosphoric acid. Howev-

er, for ion-pair membrane-based HT-PEMFCs, electrode flooding is less worrisome

because the dopant level of phosphoric acid in membranes is lower, suggesting

that there is room for designing more advanced ionomers based on phosphonic

acids or other proton conductors. Fundamental studies on catalyst-ionomer inter-

actions, gas transport, and proton conductivity at the catalyst-ionomer interface

are essential to develop a well-performing HT-PEMFC system. Innovative ideas

to minimize phosphate anion poisoning of cathode catalysts are necessary to

achieve high kinetic performance. These efforts have been primarily relegated to

catalyst developers, but the design of the ionomeric binder plays a critical role

as well.

Proton conductors for liquid-fueled fuel cells

Fuel cells that operate >200�C are attractive as future technologies enable the use

of liquid fuels through direct in situ reformate processes. The intrinsic advantage of

intermediate temperature fuel cells that can operate with various high energy den-

sity liquid fuels is the flexibility to run in various geographical regions that may

have natural availability of one fuel over another. Several materials that have

high proton conductivity have been developed. The performance and durability

of these proton conductors still need to be demonstrated in MEA configurations

to enable commercially viable systems. Thermal stability of stack and MEA compo-

nents and cell durability remain challenges for HDV applications. While, ‘‘hotter is

better,’’ is the generally accepted belief in the case of high-temperature mem-

branes, there are additional challenges for running ‘‘hotter.’’ For example, while

the potential of directly oxidizing fuel at the anode has benefits, this mode runs

the risk of lower reaction yields compared with a more complete reforming in sys-

tems with independent reformers and fuel cells. Therefore, highly active catalysts

and electrode designs for optimum mass transport are needed.76 Another chal-

lenge of running too hot is finding appropriate materials for MEA and cell con-

struction. Running over a temperature of 260�C eliminates most polymers and

running at 300�C restricts options to the most expensive gasket materials with un-

proven operation over 10,000 h. Similarly, running at 250�C with unbound con-

ducting elements, such as phosphoric acid absorbed in a matrix, could be difficult

due to their volatility. However, for simple fuels such as methanol, 220�C is a

reasonable temperature to match is needed for the complete thermal integration

of the fuel cell and the reformer. Bipolar plates have additional challenges when

operating at higher temperatures. However, in a low/no water environment, bipo-

lar plates could be freed from other material constraints associated with the liquid
14 Joule 5, 1–18, July 21, 2021
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water environments of LT-PEMFCs, such as corrosion, thus potentially enabling

stamped metal bipolar plates. In addition, polymer seal material options at

>200�C are limited and typically expensive. Furthermore, typical carbon-sup-

ported Pt-group metal (PGM) ORR catalysts, which have allowed for low PGM

loadings with high catalytic activity, are not sufficiently robust to withstand carbon

corrosion above 200�C. As such, all >200�C liquid-fueled fuel cells will need to

search for corrosion-resistant cathode catalysts to enable lifetimes sufficient for

HDVs with low PGM loadings.

In conclusion, proton conductors play a pivotal role in HDV fuel cell applications.

PFSAs are a mature technology that need substantial improvement of chemical

and mechanical stability to meet the rigorous HDV durability requirements under

increased stress compared with LDVs. Phosphoric acid-doped polymer electrolytes

are emerging with better acid retention in the presence of water, although further

stability validation under dynamic automotive load and startup/shutdown cycles is

required. Proton conductors at the intermediate temperature range (200�C–
260�C) enable direct operation using hydrocarbon syngas, reformates, and simple

liquid fuels such as methanol, formic acid, and dimethyl ethers. Such fuel cells

require highly conductive membranes and low-cost electrodes as well as high

material stability at these operating conditions. Other types of fuel cells also have

potential for HDV applications, albeit with greater technical challenges. Alkaline

anion exchange membrane fuel cells have exhibited high performance,77–79 but

improvement in durability, particularly with PGM-free catalysts, remains a major

challenge.80 Protonic ceramic fuel cells have demonstrated high electrical efficiency

with direct feed of hydrocarbon fuels, but high operating temperatures (>500�C)
limit their use for primary electrical power systems for transportation applica-

tions.81,82 All the challenges discussed in this article incentivize more focused

research toward future heavy-duty electrification as fuel cells are perhaps the most

promising enabler for replacing current ICEs with high efficiency and environ-

mental-friendly systems.
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