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Fuel cells operating at above 100 °C under anhydrous conditions provide an ideal solution 27 

for the heat rejection problem of heavy-duty vehicle applications. Here, we report 28 

protonated phosphonic acid electrodes that remarkably improve fuel cell performance. The 29 

protonated phosphonic acids are comprised of tetrafluorostyrene phosphonic acid and 30 

perfluorosulfonic acid polymers in which a proton of the perfluorosulfonic acid is 31 

transferred to the phosphonic acid to enhance the anhydrous proton conduction of fuel cell 32 

electrodes. By implementing this material into fuel cell electrodes, we obtained a fuel cell 33 

exhibiting a rated power density of 780 milliwatts per square centimeter at 160 °C, with 34 

minimal degradation during 2,500 hours of operation, and 700 thermal cycles from 40 to 35 

160 °C under load. 36 

  37 
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Hydrogen fuel cells are attractive devices for automotive applications with benefits such as: 38 

extended driving range, swift refueling time of internal combustion engine vehicles, and 39 

environmental benefits1. While the commercialization of clean, high-efficiency fuel cell 40 

electric vehicles has been successfully launched, further technological innovations are 41 

needed for the next generation fuel cell platform to evolve for heavy-duty vehicles (HDVs) 42 

including trucks and buses, as well as marine, rail, and aviation applications2-4. One of the 43 

most significant technical challenges of HDV fuel cells is the issue of heat rejection as the 44 

average operating temperature of HDV fuel cells can be 5 – 15 °C higher than light-duty 45 

vehicle fuel cells5. There is an easy solution for heat rejection in diesel engines since much of 46 

the engine heat waste at high temperatures (250 °C at idle and up to 700 °C at full load) is 47 

simply removed by high temperature gases leaving the tail pipe. In current low-temperature 48 

polymer electrolyte membrane fuel cells (LT-PEMFCs), the heat rejection requirement is met 49 

by operating the fuel cell at a high cell voltage, ca. 0.76 V at 80 °C6, in which the power 50 

generated is < 0.45 W cm-2. To achieve an efficient fuel cell powered engine on par with a 51 

diesel engine, the operating temperature of fuel cell stacks must increase to the engine 52 

coolant temperature (100 °C) and ideally up to 160 °C so that the high power can be obtained 53 

at a reduced cell voltage (0.43 V). The high-temperature operation of fuel cells has further 54 

advantages. The cost of fuel cell systems can be reduced by downsizing the fuel cell cooling 55 

system, providing flexibility of aerodynamic vehicle design. Additionally, high-temperature 56 

and dry operation allows for the use of reformate hydrogen containing 2% carbon 57 

monoxide7 and enables operation of the system without a large humidifier or complex 58 

temperature/humidity controller unit8. However, increasing operating temperature for LT-59 

PEMFCs also has overwhelming challenges because perfluorosulfonic acid (PFSA) 60 

electrolytes require adequate hydration which is difficult when the cell operates at > 100 °C 61 

due to high water partial vapor pressure9. Therefore, extensive research efforts to develop 62 

polymer electrolytes for high-temperature polymer electrolyte membrane fuel cells (HT-63 

PEMFCs) have been undertaken over the last decade.  64 

The most popular HT-PEMFCs use a phosphoric acid-doped polybenzimidazole (PA-PBI)10,11. 65 

However, PA-PBI HT-PEMFCs have been considered only for stationary applications because 66 

these cells are difficult to operate below 140 °C without suffering from the loss of phosphoric 67 
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acid. For automotive fuel cells, a wide range of operating temperatures (80 – 200 °C) is 68 

desirable for dynamic operation and reduction of the battery size for fuel cell start-up. 69 

Furthermore, limited durability of PA-PBI HT-PEMFCs during start up-shutdown12 and 70 

normal vehicle drive cycles make it unsuitable for automotive applications. We reported that 71 

HT-PEMFCs based on a quaternary ammonium-biphosphate ion-pair coordination (ion-pair 72 

HT-PEMFCs) exhibited excellent phosphoric acid retention at 80 – 160 °C 13 by shifting the 73 

phosphoric acid partition composition through much stronger ionic interactions14. However, 74 

the performance of ion-pair HT-PEMFCs was poor because of electrode flooding by the high 75 

concentration of phosphoric acid in the ion-pair ionomer-bonded cathode. Phosphonated 76 

polymers are a potential candidate as the electrode binder as they do not have a liquid acid 77 

component. Early attempts to use phosphonated polymers in fuel cell electrodes were 78 

unsuccessful because the formation of a phosphonic acid anhydride which limited the 79 

anhydrous proton conductivity at > 100 °C15,16. Recently, we resolved this issue by 80 

implementing a highly electron-withdrawing fluorophenyl substituent that suppresses the 81 

undesirable phosphonic acid anhydride formation17. Improved fuel cell performance was 82 

obtained by a poly(2,3,5,6-tetrafluorostyrene-4-phosphonic acid) (PWN) ionomer. However, 83 

further performance improvement is required for the ion-pair HT-PEMFCs to be 84 

commercially viable for HDV applications as the ion-pair HT-PEMFCs achieved only marginal 85 

rated power improvement compared to state-of-the art LT-PEMFCs (Table 1). 86 

Table 1. Comparison of the H2/air performance of current polymer electrolyte fuel cells  87 

PEM 

(thickness) 

PEM component 
Electrode 

binder 

Cathode 

catalyst 

(mgPtcm-2) 

Operating 

conditions 
Power density a (W cm-2) 

Ref. 

Coordination Medium 
Temp. 

(°C) 

RH 

(%) 
@0.7 V Rated Peak 

Nafion  

(25 µm) 

SO3
−(anion) + 

H3O+(cation) 
H2O Nafion PtCo (0.1) 80  15 > 30 0.84 0.32 > 1 (18) 

PA-PBI  

(40 µm) 

C7H6N2(base) + 

H3PO4(acid) 
H3PO4 PTFE 

Pt/C 

(0.83) 
160  20 0 0.07 0.43 0.43 (19) 

Ion-pair 

(120 µm) NR4
+(cation) + 

H2PO4
−(anion) 

H3PO4 

Ion-pair Pt/C (0.6) 

160  60 0 

0.05 0.28 0.30 (13) 

Ion-pair  

(40 µm) 

Phosphona

-ted 
Pt/C (0.6) 0.12 0.48 0.48 (17) 

a H2/air performance measured at 80 °C for LT-PEMFC and 160 °C for PA-PBI and ion-pair HT-PEMFCs. 88 

Here, we report on the protonation of phosphonic acids that increase proton conductivity 89 

more than an order of magnitude compared to the previous non-protonated PWN ionomer. 90 

We show the experimental and theoretical evidence on the protonation of phosphonic acids 91 
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which is distinctive from the hydrogen-bonding interaction of phosphonic acids. Based on 92 

this concept, we designed protonated phosphonic acid electrodes that enable remarkable 93 

rated power density and are thus suitable for HDV fuel cells.  94 

Protonated phosphonic acid ionomer for ion-pair HT-PEMFCs 95 

To increase the performance of ion-pair HT-PEMFCs, we consider protonation of phosphonic 96 

acid by transferring a proton from perfluorosulfonic acid (PFSA) that has stronger acidic 97 

moiety (Fig. 1A). For example, the pKa of pentafluorophenylphosphonic acid (PFPA) 98 

decreases from 1.3 to -0.4 when a proton from PFSA (pKa = -14) is transferred to the 99 

phosphonic acid (Fig. S1A). The density functional theory (DFT) calculations indicate that 100 

the proton transfer from fluoroethanesulfonic acid to PFPA is a spontaneous process (ΔrG = 101 

-4.7 kJ mol-1) with a small kinetic barrier of 5.0 kJ mol-1 (Fig. 1B). To probe the protonation 102 

of phosphonic acid, we prepared a composite ionomer by blending PWN and Nafion (Fig. 103 

1C). The nature of interactions of the composite ionomer was investigated by 31P NMR (Fig. 104 

1D). As the composition of Nafion increased, the phosphorus peak broadened and four 105 

distinctive peaks evolved. Similarly, 31P NMR signal splitting was observed with gallium 106 

orthophosphate solutions20. The assignment of the 31P NMR peaks was made based on the 107 

calculation of the change in the 31P NMR chemical shift of PFPA when PFPA was coordinated 108 

with fluoroethanesulfonic acid (Fig. S1B). The DFT calculations show that the 31P NMR signal 109 

of PWN exhibits an upfield shift of 1.9 ppm when PWN is coordinated with one sulfonic acid 110 

equivalent of Nafion. In this case, the coordination is realized via a phosphonic oxygen of 111 

PWN and SO3H group of Nafion. When additional hydrogen bonds form between the 112 

phosphonic POH groups of PWN and sulfonic oxygen atoms in sulfonic acid of Nafion, the 31P 113 

NMR signal of PWN shifts downfield to +1.6 and +2.2 ppm (peaks P3 and P4). Note that the 114 

DFT calculation also shows that one sulfonic acid group can interact with multiple 115 

phosphonic acids as the sulfonic acid group has multiple coordination sites. First-principles 116 

calculations using the MP2/6-31 G(d) level of theory21 further show that the anhydride 117 

formation of the protonated PFPA is 13.5 kcal mol-1 more endergonic than that of the non-118 

protonated PFPA at 160 °C (Fig. 1E). The higher Gibbs free energy for anhydride formation 119 

of the protonated PFPA may be attributed to the smaller pKa which makes protonation of 120 
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this acid energetically more difficult as shown in the linear correlation between pKa of 121 

various phosphonic acids22 and the Gibbs free energy for acid anhydride formation (Fig. 1F). 122 

 123 

Figure 1 | Protonation of phosphonic acid. (A) Schematic illustration of protonation of phosphonic acid and 124 
the pKa value change of PFPA after protonation. (B) Energetics of proton transfer for PFPA from PFSA (DFT 125 
results). (C) Chemical structures and ion exchange capacity (IEC, mequiv. g-1) of PWN-1.8 and Nafion. (D) 31P 126 
NMR of Nafion/PWN mixture in dimethyl sulfoxide-d6 (DMSO-d6) as a function of Nafion content. (E) Gibbs 127 
free energy diagrams for the anhydride formation at 160 °C: protonated PFPA (green) and non-protonated 128 
PFPA (blue). (F) Correlation between the pKa values of various phosphonic acids and the Gibbs free energy of 129 
phosphonic acid anhydride formation. The error bar of ± 0.2 pKa units was determined as a root-mean-square 130 
error in the fit of the experimental pKa values to the DFT-calculated difference in the electronic energy of 131 
protonated and deprotonated forms of an acid. 132 
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Proton conductivity study on protonated phosphonic acid 133 

The increased acidity of protonated PFPA not only prevents undesirable phosphonic acid 134 

anhydride formation but also increases proton conductivity. Fig. 2A shows the proton 135 

conductivity of the PWN and Nafion/PWN composite in anhydrous N-methyl-2-pyrrolidone 136 

(NMP) dispersion measured as a function of IEC of PWN. The conductivity of the Nafion (dark 137 

grey bar) was 2.0 mS cm-1. The conductivity of the PWN (green bar) increased from 0.2 to 138 

2.9 mS cm-1 as the IEC of the phosphonated polymers increased from 0 to 3.0 mequiv. g-1. 139 

The non-zero proton conductivity of PWN-0 is probably due to residual water, ca. 0.1 % in 140 

the system. As the IEC of the PWN increased from 1.3 to 1.8 mequiv. g-1, the proton 141 

conductivity significantly increased which suggests that the concentration of the protons in 142 

the dispersion is high enough at the IEC to pass the percolation threshold and form 143 

statistically more channels that can transport protons. The proton conductivity of the 144 

composite polymers (purple bar) was lower than the average value of the individual Nafion 145 

and PWN (orange bar), when the IEC of the PWN was below 1.5 mequiv. g-1, but the 146 composites’ proton conductivity exceeded the average value of the individual components 147 

when the IEC of PWN was > 1.5 mequiv. g-1. This result shows that adding PFSA to PWN with 148 

a low IEC does not increase proton conductivity although adding PFSA to PWN with a high 149 

IEC effectively increases proton conductivity. The same behavior was observed in the 150 

dispersion conductivity using DMSO (Fig. S3). This result suggests that only the protonated 151 

phosphonic acid that corresponds to P1 of 31P NMR contributes to increased proton 152 

conductivity while the hydrogen-bonded phosphonic acid that corresponds to P2 and P3 in 153 

31P NMR plays a minor role in enhancing conductivity. This is because the P1 interaction 154 

(P=O··H-O-S) enhances the acidity of the phosphonic acid, while P2 and P3 interactions (P-155 

O-H··O=S) limit the proton mobility of the phosphonic acid by hydrogen-bonding interaction. 156 

The impact of IEC on the PWN of the Nafion/PWN composite ionomers on fuel cell 157 

performance was examined under H2/O2 conditions (Fig. 2B). High-angle annular dark field 158 

(HAADF)-scanning transmission electron microscope (STEM) images and corresponding 159 

energy-dispersive X-ray (EDS) elemental maps (Pt + F+ C) of the gas diffusion electrodes 160 

indicated that the composite ionomers are uniformly distributed within the electrodes with 161 

preferential ionomer distribution to the catalyst nanoparticles (Fig. S2). The MEA employing 162 

the Nafion/PWN-1.8 and 3.0 composite ionomers outperformed the MEAs using the 163 
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Nafion/PWN-0.9 ionomer that have a greater number of hydrogen-bonded phosphonic 164 

acids. Electrochemical impedance spectroscopy (EIS) analysis indicated that the charge 165 

transfer and mass transport resistance of the Nafion/PWN-0.9 ionomer-bonded electrodes 166 

substantially increased as the cell voltage decreased (Fig. S4). This result suggests that the 167 

Nafion/PWN-0.9 inhibits mass transport as well as proton conduction. 168 

We investigated the impact of the Nafion content on proton conductivity using a 169 

Nafion/PWN-1.8 composite ionomer. The proton conductivity of the composites increased 170 

as the content of the PWN increased, but deviated from the average value (blue dash line), 171 

which confirms the enhancement of proton conductivity by protonation (Fig. 2C). Note that 172 

the most significant conductivity deviation was observed at a Nafion content of ca. 0.35 173 

where the highest degree of protonated phosphonic acid is formed with P=O··H-O-S 174 

interactions (P1) as shown in 31P NMR in Fig. 1D. When compared with the conductivity of 175 

the non-protonated PWN (gray dash line), the conductivity of the Nafion/PWN-1.8 176 

composites was significantly higher. For example, at an IEC of 0.9 mequiv. g-1, the 177 

conductivity of the protonated phosphonic acid is 0.9 mS cm-1, ~50% higher than that of the 178 

non-protonated phosphonic acid (0.6 mS cm-1). The fuel cell performance using Nafion, non-179 

protonated phosphonic acid, and protonated phosphonated (Nafion content = 0.4) ionomers 180 

was evaluated at 160 °C under H2/O2 conditions (Fig. 2D). A significant performance 181 

improvement was observed when the electrode binder was changed from Nafion to the non-182 

protonated and protonated phosphonic acid ionomers. The peak power density (PPD) were 183 

0.96, 1.30 and 1.67 W cm-2 for the Nafion, non-protonated, and protonated phosphonic acid 184 

ionomer-bonded MEAs, respectively. The lower charge transfer resistance of the protonated 185 

ionomer-bonded electrode at 0.8 V (0.7 vs. 1.0 Ω cm2 for non-protonated electrode) confirms 186 

that the higher proton conductivity of the protonated phosphonic acid enhances electrode 187 

kinetic performance (Fig. S5). The Nafion-bonded MEA has much higher ohmic and mass 188 

transport resistance at 2.0 A cm-2. Between the four protonated phosphonated ionomers, the 189 

ionomer with the Nafion contents of 0.3 and 0.4 exhibited the best performance (Fig. S6) 190 

consistent with the Nafion to PWN ratio that showed the most pronounced effect of 191 

protonation shown in the 31P NMR and the dispersion conductivity measurements (Figures 192 

1D and 2C).  193 
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We investigate the proton conductivity of the dispersion-cast membranes cast from DMSO 194 

dispersion (details in the supplementary information; and Fig. S7). The conductivity of 195 

phosphonated membranes is known to be sensitive to humidification and phosphonic acid 196 

concentration, i.e., IEC. For example, the proton conductivity PWN-1.8 exposed at 35% RH at 197 

room temperature is 0.06 mS cm-1 at 80 °C, while the anhydrous conductivity of the same 198 

polymer is only 5  10-4 mS cm-1 at the same temperature17. Because water is generated in 199 

the cathode and phosphoric acid movement and redistribution under fuel cell operating 200 

conditions23, the ionomer conductivity in the fuel cell electrodes is better estimated with a 201 

phosphoric acid-doped ionomer. Fig. 2E shows that the proton conductivity of the 202 

protonated PWN (phosphoric acid-doped) membrane was more than an order of magnitude 203 

higher than the non-protonated phosphonic acid (phosphoric acid-doped) membrane. For 204 

example, the proton conductivity of the protonated PWN was 7.0 mS cm-1 at 160 °C, while 205 

the proton conductivity of the non-protonated PWN was only 0.2 mS cm-1. The un-doped 206 

PWN exhibited much lower conductivity (0.01 mS cm-1 at 160 °C) than the phosphoric acid-207 

doped PWN, suggesting that phosphoric acid redistribution plays a significant role in 208 

electrode performance that explains the synergistic effect of the use of phosphonated 209 

ionomers with ion-pair membranes. Fig. 2F shows the operating temperature effect on fuel 210 

cell performance of an MEA employing the Nafion/PWN-1.8 ionomer. As expected, the fuel 211 

cell performance increased with operating temperature with the PPD of the MEA increasing 212 

from 0.53 to 2.01 W cm-2 as the operating temperature increased from 80 to 200 °C. The 213 

change of the high frequency resistance (HFR) of the cell between 80 and 200 °C is relatively 214 small (e.g., 0.064 Ω cm2 for 80 °C vs. 0.045 Ω cm2 for 200 °C at 2 A cm-2) (Fig. S8) primarily 215 

because the proton conductivity of the ion-pair membrane has little dependence on 216 

temperature13. This result suggests that the significant performance improvement with 217 

temperature is mostly attributed to electrode performance. Considering the PPDs of a recent 218 

SnP2O7-based intermediate temperature fuel cell24 and a non-protonated phosphonic acid 219 

ionomer-doped HT-PEMFC17 at 200 °C which are 0.71 and 1.50 W cm-2, respectively, the 220 

performance improvement shown with the protonated phosphonated ionomer-bonded MEA 221 

is remarkable. 222 
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 223 

Figure 2 | Impact of protonation on proton conductivity and fuel cell performance.  (A) Proton 224 

conductivity of Nafion, PWN, and Nafion/PWN mixture in NMP (solid content: 5 wt%). The Nafion content 225 
(weight ratio) of the composite ionomers = 0.5. (B) H2/O2 fuel cell performance of MEAs employing 226 
Nafion/PWN composite ionomers as a function of IEC of PWN (Nafion content = 0.5). The MEA components: 227 
biphosphate quaternary ammonium ion-pair (QAPOH-PA) membrane (35 µm thickness), anode (Pt-Ru/C, 0.5 228 
mgPt cm-2) and cathode (Pt/C, 0.7 mgPt cm-2). (C) Proton conductivity of Nafion/PWN-1.8 in NMP (solid content: 229 
2.5 wt%) as a function of Nafion content. (D) H2/O2 fuel cell performance of MEAs employing Nafion/PWN-1.8 230 
as a function of Nafion content. The MEA components: biphosphate quaternary ammonium ion-pair (QAPOH-231 
PA) membrane (35 µm thickness), anode (Pt-Ru/C, 0.5 mgPt cm-2) and cathode (Pt/C, 0.7 mgPt cm-2). (E) 232 
Anhydrous proton conductivity comparison of protonated (Nafion/PWN-1.8, Nafion content: 0.4) and non-233 
protonated PWN (PWN-1.1) membranes after phosphoric acid doping as a function of temperature. The 234 
concentration of phosphonic acids in both membranes is the same (1.1 mequiv. g-1) for fair comparison. Proton 235 
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conductivity of non-protonated PWN membrane (IEC = 1.8 mequiv. g-1)17 was used for comparison purpose. 236 
(F) H2/O2 fuel cell performance of MEAs employing Nafion/PWN-1.8 (Nafion content = 0.4) as a function of 237 
temperature. The MEA components: biphosphate quaternary ammonium ion-pair (QAPOH-PA) membrane (35 238 
µm thickness), anode (Pt-Ru/C, 0.5 mgPt cm-2) and cathode (Pt/C, 0.7 mgPt cm-2). 239 

Fuel cell performance comparison 240 

We compare the performance of the ion-pair HT-PEMFC using a protonated phosphonic acid 241 

ionomer (Nafion/PWN-1.8) with a commercial PA-PBI HT-PEMFC, LT-PEMFC, and anion 242 

exchange membrane fuel cell (AEMFC) under H2/air conditions. The rated power density of 243 

these three fuel cell systems was calculated at their optimum operating temperatures (See 244 

materials and methods for the calculation details). The commercial PA-PBI HT-PEMFC 245 

showed a rated power density of 0.50 W cm-2 with a HFR of 0.064 Ω cm2 at 0.43 V and 160 246 

°C (Fig. 3A). The rated peak power density of the ion-pair HT-PEMFC was 0.78 W cm-2 with 247 a HFR of 0.048 Ω cm2 at 160 °C. The kinetic performance of the ion-pair HT-PEMFC was 248 

higher than that of the PA-PBI HT-PEMFC at high cell voltages although the difference is less 249 

significant. The rated power density of a commercial LT-PEMFC was 0.41 W cm-2 with a HFR 250 of 0.043 Ω cm2 at 0.76 V and 80 C under fully hydrated conditions (Fig. 3B). The rated power 251 

density of the LT-PEMFC at 80 C was ~53% of the ion-pair HT-PEMFC at 160 C. The rated 252 

power density of the LT-PEMFC at 100 C increased to 0.78 W cm-2 at 100% inlet RH but 253 

decreased to 0.29 W cm-2 at 40% inlet RH (Fig. S9). Besides the rated power, the current 254 

density of the ion-pair HT-PEMFC reached 2.7 A cm-2 under anhydrous conditions may have 255 

a cost benefit over the LT-PEMFC that need complicated and expensive bipolar plates and a 256 

microporous layer for the lower current density under fully hydrated conditions. The AEMFC 257 

using a quaternary ammonium functionalized poly(phenylene) membrane showed a similar 258 rated power with a higher HFR (0.62 Ω cm2) at 80 °C under fully hydrated conditions25. The 259 

kinetic performance of the LT-PEMFC and AEMFC is substantially higher than that of the ion-260 

pair HT-PEMFC, e.g., ~ 0.6  vs 0.2 W cm-2 (ion-pair HT-PEMFC) at 0.7 V suggesting a 261 

remaining task of further improving catalysts of the ion-pair HT-PEMFC.  262 

We also compare the effect of cathode Pt loading on the ion-pair HT-PEMFC performance 263 

(Fig. S10). We used three different commercial Pt/C catalysts (Pt on high surface area 264 

carbon) for this study, i.e., HiSPEC 9100 (Pt 60%), TEC10E40E (Pt 40%) and TEC10E20E (Pt 265 

20%). At a given catalyst loading, the Pt/C catalyst with a higher Pt content showed higher 266 
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performance. For the HiSPEC 9100 and TEC10E40E, the MEA with 0.3 mg cm-2 cathode Pt 267 

loading exhibited comparable performance to the MEAs with 0.6 mg cm-2 cathode Pt loading. 268 

The MEAs with 0.1 mg cm-2 cathode Pt loading showed notable performance loss. The 269 

TEC10E10E (Pt 20%) catalyzed MEA showed more significant performance loss as the 270 

cathode loading decreased to 0.1 mg cm-2. This result suggests that the use of a Pt catalyst 271 

with a high Pt to carbon ratio is beneficial to the protonated ionomer-bonded cathode. The 272 

effect of the reactant gas flow rate on performance was also investigated (Fig. S11). As 273 

expected, the fuel cell performance increased as the gas flow rate increased from 500 to 274 

2,000 standard cubic centimeters per minute (sccm). With 2,000 sccm, the peak power 275 

density of the ion-pair HT-PEMFC reached to 1 W cm-2 at 160 °C.  276 

Fig. 3C portrays the paradigm shift that emerges from the experiments involving ion-pair 277 

HT-PEMFCs. The rated power density of state-of-the-art LT-PEMFCs using advanced 278 

catalysts (blue bars)18,26,27 is ~0.4 W cm-2 at 80 C. When compared to the state-of-the-art 279 

LT-PEMFC, the rated power of the ion-pair HT-PEMFC (purple bar) at 160 °C is 280 

approximately two times higher. While the rated power density of the LT-PEMFCs could be 281 

increased to ~1.0 W cm-2 at 95 C, the durability of LT-PEMFCs at the operating temperature 282 

is a concern28. The rated power of ion-pair HT-PEMFCs also increased with temperature and 283 

could achieve the LT-PEMFC benchmark performance at ~200 C. AEMFCs (green bar) have 284 

a similar rated power density to LT-PEMFCs at 80 C yet with high Pt loading25,29,30. The PA-285 

PBI HT-PEMFCs (red bars) have a rated power density of 0.42 – 0.53 W cm-2 at 160 C19,31-33. 286 

However, the rated power density did not increase at 200 °C due to possible evaporation of 287 

phosphoric acid. At the intermediate temperature (120 C), all fuel cells suffered from 288 

relatively low performance. Nevertheless, the ion-pair HT-PEMFC exhibited the highest 289 

performance (PPD = 0.48 W cm-2 vs. 0.39 W cm-2 for PA-PBI HT-PEMFC and 0.35 W cm-2 for 290 

the LT-PEMFC at 80% inlet RH) (Fig. S12). 291 

 292 
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 293 

Figure 3 | H2/air fuel cell performance comparison. (A) i-V curve and power density of ion-pair and PA-PBI 294 

HT-PEMFCs at 160 C, 148 kPa (abs) backpressure and H2/air flows (500/500 sccm) under anhydrous 295 
conditions. Protonated ionomer-bonded MEA component: QAPOH-PA membrane (35 µm thickness), Nafion/ 296 
PWN-1.8 ionomer (Nafion content = 0.4), anode (Pt-Ru/C, 0.5 mgPt cm-2), and cathode (Pt/C, 0.7 mgPt cm-2). 297 
Commercial PA-PBI MEA component: PA-PBI membrane (50 µm thickness), PTFE binder, anode (Pt/C, 1.0 mgPt 298 
cm-2), and cathode (Pt-alloy, 0.75 mgPt cm-2). (B) i-V curve and power density of Nafion LT-PEMFC and AEMFC 299 
at 80 C and 148 kPa (abs) backpressure under fully hydrated conditions. LT-PEMFC MEA component: 300 
commercial Gore MEA with reinforced PFSA membrane (15 µm thickness), Nafion ionomer, anode (Pt/C, 0.1 301 
mgPt cm-2), and cathode (Pt/C, 0.4 mgPt cm-2). AEMFC MEA component: quaternized poly(phenylene) 302 
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membrane (30 µm thickness), quaternized poly(fluorene) ionomer, anode (PtRu/C, 0.5 mgPt cm-2), and cathode 303 
(Pt/C, 0.6 mgPt cm-2). (C) Comparison of rated power density for different fuel cell technologies, sample code: 304 
fuel cell type (institution, cathode catalyst loading); LT-PEMFC (LANL, Pt/C, 0.1 mgPt cm-2), LT-PEMFC (TU, 305 
Pt/N-KB, 0.105 mgPt cm-2) 25, LT-PEMFC (GM, PtCo/C, 0.1 mgPt cm-2)36, LT-PEMFC (NREL, PtCo/HSC, 0.078 mgPt 306 
cm-2)26, AEMFC (LANL, Pt/C, 0.6 mgPt cm-2)28, AEMFC (RPI, low loading Pt anode)29, AEMFC (UD, Ag, 1 mgAg cm-307 
2)30, HT-PEMFC (RPI, Pt/C, 1 mgPt cm-2)31, HT-PEMFC (Tianjin, 0.6 mgPt cm-2)32, HT-PEMFC (DPS, 0.6 mgPt cm-308 
2)19, HT-PEMFC (KIST, 1 mgPt cm-2)33, HT-PEMFC (LANL, 1 mgPt cm-2)17, This study (LANL, 0.6 mgPt cm-2). 309 

Durability of the ion-pair HT-PEMFC with the protonated phosphonic acid electrodes 310 

We evaluated the durability of the ion-pair HT-PEMFC under three operating conditions; (1) 311 

constant current density mode at 80 C; (2) constant voltage mode at 160 C; and (3) thermal 312 

cycling of 40 – 160 C at 0.5 V. The durability of HT-PEMFCs at 80 °C is critical to the rapid 313 

start-up for automotive applications. The performance of the ion-pair HT-PEMFC at 80 C 314 

and 0% inlet RH was reasonably high (PPD of 0.35 W cm-2 and HFR of ~0.15 Ω cm2) (Fig. 315 

S13). The low-temperature durability of the ion-pair HT-PEMFC was evaluated at a constant 316 

current density of 0.2 A cm-2 and under high H2/air stoichiometry of 72/30. In such high 317 

stoichiometry reactant flows, degradation of HT-PEMFCs is accelerated19. Under these 318 

conditions, no cell voltage loss or HFR decay for the ion-pair HT-PEMFC was measured 319 

during the 200 hours of operation (Fig. 4A). In contrast, the commercial PA-PBI HT-PEMFC 320 

exhibited a rapid cell voltage decay (10 mV h-1) accompanied by an HFR increase and the cell 321 

stopped working after 40 hours of operation. The HFR gain of the PA-PBI HT-PEMFC during 322 

the durability test suggests a continuous loss of phosphoric acid over time.  323 

The durability of the ion-pair HT-PEMFC was also evaluated at 160 C under a high current 324 

density of 0.6 A cm-2 and H2/air stoichiometry of 24/10 (Fig. 4B). The current density of the 325 

ion-pair HT-PEMFC gradually increased from 0.52 to 0.59 V during the first 1,000 hours, 326 

suggesting an electrode break-in process with phosphoric acid redistribution23,24. The 327 

voltage decay rate of the ion-pair HT-PEMFC after the first 1,000 hours was 3.3 µV h-1 and 328 the HFR increase rate of the cell was 4.7 µΩ cm2 h-1. The stable performance of the ion-pair 329 

HT-PEMFC is also shown in the polarization curves during the life test (Fig. S14). Under 330 

similar high stoichiometry accelerate stress test (AST) conditions, the voltage decay rate of 331 

the commercial PA-PBI HT-PEMFC was 257 µV h-1 23. Considering that the voltage decay rate 332 

of a typical PA-PBI HT-PEMFC and LT-PEMFC under their optimized operating conditions 333 

(0.67 µV h-1 for PA-PBI11 and 30−54 µV h-1 for LT-PEMFC34,35), the durability of the ion-pair 334 

HT-PEMFC under the AST conditions was excellent.  335 
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 336 

Figure 4 | Durability of ion-pair HT-PEMFC under H2/air conditions. (A) Low-temperature durability test 337 
for the ion-pair and commercial PA-PBI HT-PEMFCs. Continuous measurement of cell voltage and HFR at a 338 
constant cell current density of 0.2 A cm-2 under anhydrous conditions, 148 kPa of applied backpressure and 339 
high stoichiometry of H2/air (72/30) conditions. (B) High-temperature durability test for the ion-pair HT-340 
PEMFC. Continuous measurement of cell voltage and HFR at a constant cell current density of 0.6 A cm-2 under 341 
anhydrous, 148 kPa of applied backpressure, and high stoichiometry H2/air (24/10) conditions. For the life 342 
test at 160 °C, the cell was unintentionally stopped a few times including a major one due to hydrogen outage 343 
at ~800 hours. Ion-pair MEA: membrane: QAPOH-PA (40 µm thickness), ionomer: Nafion/PWN-1.8 (Nafion 344 
content = 0.5), anode (Pt-Ru/C, 0.5 mgPt cm-2), cathode (Pt/C, 0.6 mgPt cm-2). PA-PBI data was taken from 345 
literature23: cell temperature: 160 °C, H2/air stoichiometry: 11.8/14.5 constant current density of 0.6 A cm-2 346 
under anhydrous conditions. (C) Temperature cycling (40 – 160 C) test for the ion-pair HT-PEMFC. Continuous 347 
measurement of cell current density and HFR (open symbols) at a constant cell voltage of 0.5 V under 348 
anhydrous conditions. The HFR values were measured at 40 C (high number) and at 160 C (low number). 349 

We further evaluated the durability of the ion-pair HT-PEMFC using a thermal cycling AST 350 

protocol (Fig. S15A) to investigate the impact of thermal stress during the fuel cell startup-351 

stop stage36 as well as the impact of the dynamic current generation37 (Fig. 4C). During the 352 

first 310 cycles, the cell current density at 40 °C slightly decreased from 0.18 to 0.14 A cm-2 353 

while the current density at 160 °C increased from 0.77 to 1.05 A cm-2. This behavior is 354 

probably due to the break-in process where the catalytic activity was enhanced during initial 355 

fuel cell operation. After 310 thermal cycles, the cell stabilized until the test was finished. 356 

The current density decay rate during the 310 – 700 thermal cycles calculated from the 357 

average value of the ten consecutive current density was 9.7 µA cm-2 cycle-1. The 358 
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corresponding current density decay after 10,000 startup-stop cycles was < 100 mA cm-2. No 359 

notable HFR change was observed after the first 310 thermal cycles. For comparison, a 360 

commercial PA-PBI HT-PEMFC was subjected to the same AST and showed rapidly 361 

degrading behavior during the first 7 cycles and the cell became inoperable (Fig. S15B), 362 

confirming that the PA-PBI HT-PEMFC is difficult to run with frequent start up-stop cycles 363 

under load. Titration results revealed that the PA-PBI membrane lost 58% of initial 364 

phosphoric acid after 7 cycles, while the ion-pair membrane only exhibited a negligible 7% 365 

phosphoric acid loss after 700 cycles, reaffirming the superior phosphoric acid retention 366 

properties of the ion-pair HT-PEMFCs. 367 

The demonstration of excellent performance and durability for the ion-pair HT-PEMFC 368 

presents opportunities in HDV fuel cell applications that require high device power and 369 

robustness. Our material platform enables ion-pair HT-PEMFCs which operate not only with 370 

the same overall thermal balance of the internal combustion engine but also generates 371 

substantially higher rated power than state-of-the-art LT-PEMFC making it well-suited for 372 

the automotive fuel cell applications.  373 

Methods 374 

Materials. The PA-PBI membrane/PTFE-bonded electrode MEAs (Celtec® P1100) produced 375 

through the polyphosphoric acid process were supplied by BASF Fuel Cells Inc. (Somerset, 376 

NJ, USA). The notation for these commercial MEAs are PA-PBI throughout the manuscript. 377 

Catalyst information of the MEA is as follows: anode catalyst: Pt/C (Pt loading: 1.0 mgPt cm-378 

2); cathode catalyst: Pt-alloy/C (Pt loading: 0.75 mgPt cm-2)36. PA-PBI PEM thickness was 50 379 

µm.  380 

For LT-PEMFCs, Nafion® membranes (Nafion® NR-211, 25.4 µm thickness) and Nafion 381 

D2020 dispersions were purchased from Ion Power, Inc. (New Castle, DE, USA). TEC10E40E: 382 

Pt 35.5% on high surface area carbon (Tanaka, TEC10E40E) were used for the anode and 383 

cathode (0.1 mgPt cm-2). Carbon paper gas diffusion layers (SGL 29BC, GDLs) were used. We 384 

also used Gore MEA for comparison. For the fabrication of ion-pair MEAs, commercial 60% 385 

Pt/C (HiSPECTM 9100) and 75% Pt-Ru/C (Pt:Ru = 2:1, HiSPECTM 12100) were purchased 386 

from Alfa Aesar and Johnson Matthey, respectively. The Pt loading on the anode was 0.5 mgPt 387 

cm-2. The Pt loadings on the cathode ranged from 0.1 – 0.7 mgPt cm-2. For the ORR catalyst 388 
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type study, we also used Tanaka Pt/C catalysts. TEC10E40E: Pt 35.5% on high surface area 389 

carbon, TEC10E20E: Pt 19.4% on high surface area carbon. GDLs for HT-PEMFC electrodes 390 

were CeTech W1S1009. 391 

Preparation of QAPOH-PA ion-pair membranes. The QAPOH membranes were 392 synthesized by an irreversible Diels−Alder reaction between bis(cyclopentadienone) and 393 

1,4-diethynylbenzene38,39. This procedure produced a high molecular weight polymer (Mw 394 

= 450 kDA, polydispersity index = 5.3). This polymer was then acylated by attaching 395 

bromohexanoyl groups onto the poly(phenylene) backbone. The ketone group was removed 396 

by chemical reduction using triethylsilane and trifluoroacetic acid. The resultant 397 

functionalized polymer was then cast into films from chloroform. These films were then 398 

soaked in a 5 M solution of aqueous trimethyl amine to generate the QAPOH membranes. 399 

The QAPOH membranes were then soaked in a 1 M NaOH bath at room temperature 400 

overnight and subsequently washed thoroughly for over one hour with deionized water. 401 

After blotting excess water away, the nominally dry hydroxide form of the QAPOH 402 

membranes was soaked in an 85 wt% aqueous solution of phosphoric acid for 50 hours at 403 

room temperature. All phosphoric acid-doped QAPOH were used after removing the excess 404 

phosphoric acid on the membrane surface by blot drying.  405 

Synthesis of phosphonated polymer (PWN). PWN was synthesized following a literature 406 

report40. Briefly explained here for PWN-1.8, poly(pentafluorostyrene), PFS (100 g, 515 407 

mmol monomer units) was dispersed in dimethylacetamide, DMAc, (400 ml) and 408 

tris(trimethylsilsyl)phosphite, TMSP (200 g, 670 mmol) was added slowly. The reaction 409 

solution was then heated to 160 °C, and magnetically stirred overnight. After the reaction 410 

was completed, the warm mixture was precipitated in 2 L water and collected via filtration. 411 

The resulting white powder was refluxed in water three times for 30 min each, changing 412 

water each time, followed by boiling in a 2 wt% phosphoric acid solution. Washing with 413 

water until neutral and drying at 140 °C yielded the phosphonated polymer with 66% degree 414 

of phosphonation, PWN-1.8 (yield: 99%). The degree of phosphonation was controlled by 415 

the amount of tris(trimethylsilyl) phosphite phosphonating agent. The chemical structure of 416 

PWNs was characterized by an integral ratio between the resonances corresponding to the 417 

phosphonated (-134 ppm) and the non-phosphonated (-163 ppm) pentafluorophenyl rings 418 
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of PWNs in the 19F NMR. The IEC of PWNs obtained from the titration ranged from 0.9 to 3.0 419 

mequiv. g-1. The molecular weight of PWN was measured by a gel permeation 420 

chromatography (GPC eluent: water, standard: PSSNa, detector: Shodex RI 101). The number 421 

and weight average molecular weight of PWN-1.8 was 97 kDa and 136 kDa, respectively. The 422 

thermal decomposition temperature of the PWN, at which the first carbon monoxide 423 

evolvement in the Fourier transform infrared spectroscopy spectrum was observed, is 347 424 

°C. Minimal degradation occurred over 100 hours at 200 °C. Absence of any ammonium 425 

group in the polymer side chain and phenyl group in the polymer backbone minimized the 426 

risk of catalyst poisoning41,42. 427 

Spectroscopy. The proton nuclear magnetic resonance (1H NMR) spectra were recorded 428 

using a Bruker Avance 500 spectrometer (500 MHz) in deuterated dimethylsulfoxide 429 

(DMSO-d6). Chemical shifts of the 1H NMR spectra were referenced to tetramethylsilane 430 

(TMS) at 0 ppm as an internal reference.  431 

1H-NMR (400 MHz, DMSO-d6, ppm) δ=8.36 (s, H), 4.33 (s, H), 3.77 (m, H), 2.94 (s, H), 2.78 (s, 432 

H), 1.95 (s, H), 1.02 (s, H) 19F-NMR (250 MHz, DMSO-d6, ppm) δ= -133.43 (bp 2F), -142.76 433 

(bp, 2F), 31P-NMR (101.2 MHz, DMSO-d6, ppm) δ=-1.09 (bp,1P).  434 

31P NMR study. The samples of Nafion/PWN mixture for 31P NMR spectra as a function of 435 

Nafion content were prepared inside the glove box using anhydrous DMSO-d6 to avoid water 436 

contamination. A solution of 4 wt% PWN-1.8 in DMSO-d6 was mixed with a different ratio of 437 

the proton form Nafion 212 solution in DMSO-d6 in a vial, stirred at 60 °C for one hour and 438 

transferred into an NMR tube for the analysis.   439 

Titration. The IEC of PWNs were determined by acid-base titration through the following 440 

procedures. All samples were dried at 100 °C for 12 hours before titration to obtain dry mass. 441 

The sample (H+ form) was immersed to 1.0 M NaCl solution and stirred at room temperature 442 

for 24 hours, and the solution was titrated with 0.5 M NaOH solution using 2-3 drops of 443 

methyl orange  aqueous solution (0.1%) as the indicator. IEC was calculated from the dry 444 

mass and the amount of NaOH used in titration. 445 

The phosphoric acid-doping level of PEMs was determined by acid-base titration through 446 

the following procedure: i) PEM samples measuring 0.5 in. × 2 in. were weighed; ii) the PEM 447 
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samples were titrated with 0.1 M NaOH solution using phenolphthalein as an indicator; iii) 448 

the samples were washed with water and dried in a vacuum plate at 100 °C for 3 hours and 449 

weighed again. The number of phosphoric acid per repeat unit (X) was calculated from the 450 

following equation:  451 

 452 

                                                            𝑋 = 𝑉𝑁𝑎𝑂𝐻 ∙ 𝐶𝑁𝑎𝑂𝐻(𝐸𝑞𝑖𝑣𝑚𝑜𝑙×(𝑊𝑑𝑟𝑦𝑀𝑊 ))                                                          (1) 453 

 454 

where VNaOH (l): the volume of NaOH 455 

CNaOH (mol/l): the molar concentration of NaOH 456 

Equivmol: equivalent mole of titrant for PA which is 3; three moles of NaOH reacts with one 457 

more of phosphoric acid to produce trisodium phosphate. 458 

Wdry (g): dry polymer weight 459 

MW (g/mol): the molecular weight of the polymer repeat unit.  460 

The number of phosphoric acid per QA (or benzimidazole), (nPAQA) was calculated from the 461 

following equation: 462 

 463 

                                                             𝑛𝑃𝐴𝑄𝐴 = (𝑋∙1000)(𝐼𝐸𝐶∙𝑀𝑊)                                                             (2) 464 

 465 

where IEC (meq./g): ion exchange capacity of un-doped quaternized polymers.  466 

DFT calculations. The pKa value of pentafluorophenylphosphonic acid was calculated from 467 

a linear regression fit to deprotonation energies 468 

                                                         𝑝𝐾𝑎 = 𝑎(𝐸𝐴− − 𝐸𝐻𝐴) + 𝑏                                                           (3) 469 

where 𝐸𝐴− is the DFT calculated electronic energy of deprotonated acid and 𝐸𝐻𝐴 is the DFT 470 

calculated energy of the protonated acid22. As explained in our previous work, we derived a 471 

and b values using a data set of 9 experimental pKa values. For each of these acids, we 472 
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performed a full geometry optimization of both HA and the anion A- using a SMD solvation 473 

model43 with water as solvent at the M062X/6-311++G(d,p)44 level using Gaussian09 474 

program revision C.0121. Linear fitting of the data in Figure S1 results in the equation of line  475 

                                                  𝑝𝐾𝑎 = 0.108 ∗ (𝐸𝐴− − 𝐸𝐻𝐴) − 28.2                                                (4) 476 

with R2 of 0.90 and rms error of 0.2 pKa units. ∆𝐸 = (𝐸𝐴− − 𝐸𝐻𝐴)  for pentafluorophenyl 477 

phosphonic acid was calculated as 273.34 kcal/mol resulting in pKa=1.3 ± 0.2. 478 ∆𝐸 = (𝐸𝐴− − 𝐸𝐻𝐴)  for protonated pentafluorophenyl phosphonic acid was calculated as 479 

257.92 kcal/mol resulting in pKa=−0.4 ± 0.2.  480 

31P NMR chemical shifts were calculated using a gauge‐including-atomic-orbital 481 

(GIAO) method as implemented in Gaussian09 program revision C.0145. In this case, the 482 

M062X/6-311+G(2d,p) level of theory was used. The geometries of the pentafluorophenyl 483 

phosphonic acid and the pentafluorophenyl phosphonic acid in coordination with the 484 

increasing number of Nafion fragments were first optimized after which the 31P NMR 485 

chemical shifts were calculated.  486 

The change in the Gibbs free energy for the formation of the anhydride was calculated using 487 

the MP2/6-31G(d) level theory as implemented in Gaussian09 quantum chemistry program 488 

revision C.0122,40-43. In all of the cases, the structure of acids and anhydrides were optimized 489 

and the change in the Gibbs free energy was calculated by performing the frequency analysis 490 

at 160 C.  491 

Thermogravimetric analysis. Thermal oxidative stability of the phosphonated polymer 492 

(PWN-1.8) was measured by TGA-FTIR (STA 449 F3 Jupiter ASC with Perseus-Coupling 493 

System from Netzsch). The temperature scan was performed from 30 to 600 °C at a heating 494 

rate of 5 °C min-1 in synthetic air (O2: 70% and N2: 30%).  495 

Proton conductivity. The solution ionic conductivity48 of the PWN and Nafion/PWN 496 

composite ionomers were measured using a custom liquid cell with 1 cm diameter stainless 497 

steel electrode area that was distanced apart by 1 cm and encased in polypropylene casing. 498 

A Nafion solution was prepared by the direct dissolution method using the proton form 499 

Nafion 212 (Nafion water content: 6 wt%)46. All samples were prepared at 2.5 or 5 wt% 500 

concentrations in anhydrous DMSO or NMP to mitigate solvent effects. The solution 501 
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conductivity was measured using an AC impedance spectroscopy (Solartron 1260 gain phase 502 

analyser) over a frequency range from 1 Hz to 1 MHz.  503 

For the in-plane film conductivity measurement for PWN and Nafion/PWN composite 504 

membranes, we prepared the membranes by solution casting. First, PWN polymers were 505 

dissolved in DMSO at 5 wt% with the acid of sonication at 40 °C. For the composite 506 

membrane, a commercial Nafion dispersion (D520, 5 wt%) was added at a desired blend 507 

ratio. The composite solution was clear under mild shaking or brief sonication. The 508 

composite solution was poured onto a glass petri dish. The petri dish was covered with a 509 

larger petri dish and a vial filled with methanol was placed on a hot plate at 80 °C inside a 510 

well-ventilated fume hood. After slow evaporation of the solvent overnight, it was placed in 511 

a petri dish with the membrane in a vacuum oven at 80 °C overnight to evaporate the residual 512 

solvent completely (Fig. S7). On the other hand, PWN solution was directly poured onto a 513 

petri dish and dried at 80 °C overnight in a convection oven. After cooling to room 514 

temperature, we detached the membrane from the glass substrate in deionized water. The 515 

membranes were stored in water. For the conductivity measurement of the membrane, we 516 

used a small window cell (width of the window: 0.5 cm). Before conductivity measurements, 517 

membranes samples were immersed in 85% phosphoric acid for at least 90 min. The 518 

membrane was placed between two platinum-coated electrodes and clamped tight. The 519 

window cell was placed in a convection oven, and the oven temperature was slowly 520 

increased to 120 C for 30 minutes. The membrane's impedance was measured using an AC 521 

impedance spectroscopy (Solartron 1260 gain phase analyzer). The temperature was then 522 

increased to 240 C, and the conductivity was measured at every 20 C interval until the 523 

temperature reached 80 C.  524 

HAADF-STEM images and corresponding EDS elemental maps (Pt+F+C). Samples for the 525 

transmission electron microscopy (TEM) analysis were prepared by microtoming epoxy-526 

embedded small sections (1 cm× 0.5 cm) of the electrodes. Epoxy was prepared using a 1:1 527 

(weight) mixture of trimethylolpropane triglycidyl ether resin (Sigma-Aldrich, USA) and 528 4,4′-Methylenebis (2-methylcyclohexylamine, Sigma-Aldrich, USA) hardener, and embedded 529 

sections were polymerized overnight at 60 °C. The thin (~100 nm) electrode cross-sections 530 

were placed on 200 mesh Cu/Pd grids. A Talos 200kV transmission electron microscope 531 
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(Thermo Fisher Scientific, USA) with four Super-X silicon drift detectors for energy 532 

dispersive spectrometry (EDS) was used for the TEM and a high-angle annular dark-field 533 

scanning transmission electron microscopy (HAADF-STEM) imaging and EDS elemental 534 

mapping were used as well. The EDS mapping was performed at 5k and 79k 535 magnifications, with a 1000 μs dwell time for 1 cycle, and electron dose of 2.34x104 e-/nm2. 536 

The maps processing, elemental analysis and visualization was completed using ESPIRIT 1.9 537 

(Bruker, USA) analytical software.   538 

MEA fabrication. MEAs were fabricated from catalyst inks containing Pt/C catalysts or Pt-539 

Ru/C catalysts and single ionomer or composite ionomer dispersions (the solid content = 5 540 

wt%). For the PWN ionomer dispersion, we used NMP. For the Nafion dispersion, we used a 541 

water/isopropanol mixture (water content: 15 wt%). For the anode of the ion-pair HT-542 

PEMFC, a Pt-Ru/C catalyst (Pt:Ru 2:1, HiSPEC 12100) was used to minimize the adverse 543 

phenyl adsorption from the ionomer42. The composite ionomer dispersions were prepared 544 

by mixing the PWN and Nafion ionomer dispersions with a different ratio to obtain the 545 

Nafion content of 0, 0.3, 0.4, 0.5, 0.6 and 1.0. The catalyst ink was sonicated in an ultrasonic 546 

bath for an hour to make a uniform dispersion and painted on the GDLs (W1S1009, CeTech) 547 

by hand painting until the Pt loadings reached 0.5 mg cm-2 and 0.7 mg cm-2 for anode and 548 

cathode, respectively. Once the hand painting was finished, the gas diffusion electrodes 549 

(GDEs) were left on the vacuum plate for 10 min at 70 °C to remove the residual dispersion 550 

agent within the electrodes. The catalyst coated GDEs were sandwiched with a QAPOH-PA 551 

PEM (35 µm thick). The active area of each MEA was 5 cm2. For control, a Nafion-based LT-552 

PEMFC MEA, Nafion 211 membrane and Nafion D2020 (20 wt%) ionomer were purchased 553 

from Ion Power. The ionomer to carbon (I/C) ratio by mass was 0.9. The Pt/C catalyst and 554 

D2020 ionomer were dispersed in a deionized H2O and 1-propanol (4:3 volume ratio) 555 

mixture by stirring at 700 rpm for 4 hours, then under an ultrasonication bath for 20 556 

minutes. For the cathode, the Pt/C catalyst was deposited on the membrane via ultrasonic 557 

spray coating. For the anode, TEC10V20E Pt/VC (Vulcan XC-72 carbon) was used for all 558 

experiments and was also spray-coated on the membrane after the cathode was spray 559 

coated. Pt loading was fixed to be around 0.1 mgPt cm-2 (±10%) for both the cathode and 560 

anode (confirmed by XRF). The active area of the catalyst-coated membrane was 5 cm2. GDLs 561 
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for HT-PEMFC electrodes were CeTech W1S1009 and for LT-PEMFC MEAs, SGL 29BC carbon 562 

paper GDLs were used throughout all MEA tests. Reinforced PTFE gaskets were used for ion-563 

pair HT-PEMFCs. Polyurethane gaskets were used for Nafion-based LT-PEMFCs. 564 

Fuel cell performance and durability.  The fuel cell performance of the MEAs was 565 

measured using a fuel cell test station (Fuel Cell Technologies, Inc.). For HT-PEMFCs, 566 

polarization curves and the HFR of MEAs were obtained at temperatures ranging from 80 to 567 

200°C. H2 and air (pressure was set at 10 psig corresponding backpressure of 148 kPaabsolute) 568 

were supplied at a rate of 500 and 500 sccm, respectively, or otherwise noted within the 569 

manuscript. The cell current density and HFR were measured every minute without external 570 

humidification. For the test of Nafion-based LT-PEMFC control MEA, polarization curves and 571 

the HFR of the MEAs were obtained at temperature ranging from 80 to 100 °C. H2 and air 572 

(backpressure set at 148 kPa) were supplied at a rate of 500 and 500 sccm, respectively. 573 

After we found the best-performing ionomer and its composition, we further optimized the 574 

electrode formulation and reactant stoichiometry. Negligible change in the MEA 575 

performance was observed, reducing the cathode Pt loading to 0.3 mgPt cm-2 from 0.6 mgPt 576 

cm-2. Note that the MEA with 60 wt% Pt metal content catalyst (Johnson Matthey, HiSPECTM 577 

9100) performed better than the MEAs with lower Pt metal content catalysts (Tanaka 578 

Precious Metals, TEC10E40E and TEC10E20E), suggesting that highly active Pt/C catalysts 579 

for LT-PEMFCs may not work well for HT-PEMFCs, as the reaction environment of HT-580 

PEMFCs is different.  581 

The stability of ion-pair HT-PEMFCs was evaluated. Steady state H2/air durability tests were 582 

performed at 80 and 160 °C. For 80 °C conditions, cell voltage and HFR were measured for 583 

200 hours under constant current density of 0.2 A cm-2. The corresponding H2/air 584 

stoichiometry was 72/30. The backpressure was 148 kPa. For 160 °C conditions, cell voltage 585 

and HFR were measured for 2,000 hours under constant current density of 0.6 A cm-2. High 586 

gas flow was used (500 sccm/500 sccm for H2/air) to accelerate fuel cell degradation20. The 587 

corresponding H2/air stoichiometry was 24/10. The backpressure was 148 kPa. 588 

Two temperature cycling H2/air durability tests were performed.  For the first temperature 589 

cycling AST, a temperature cycling protocol consisting of triangular thermal cycles from 80 590 

to 160 °C with a ramp of 10 °C min-1 was performed at a constant current density of 0.15 A 591 
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cm-2. The anode and cathode inlet dew point was fixed to 40 °C and backpressure was set at 592 148 kPa (absolute). The cell’s HFR was measured each time the cell temperature reached 80 593 

or 160 °C.  The second thermal cycling AST consisted of deep triangle thermal cycles from 40 594 

to 160 °C with a ramp of 15 °C min-1 under anhydrous conditions to simulate cold start-up 595 

cycles. A constant voltage of 0.5 V was applied and the current density monitored as a 596 

function of time. The HFR was measured when the cell temperature reached either 40 or 160 597 

°C.  598 

Rated power calculation. The heat rejection requirement has been expressed as a 599 

constraint that a nominal 90-kWe fuel cell stack should have waste heat (Q)/ΔT less than 600 

1.45 kW °C-1, where ΔT is the initial temperature difference between the stack coolant outlet 601 

temperature (Tc) and the ambient temperature (Ta) and Q is defined as [stack power (90-602 

kWe)  (1.25 V – voltage at rated power)/(voltage at rated power)]6.  The rated power was 603 calculated to meet the (Q)/ ΔT = 1.45 kW °C-1 target at the cell voltage, i.e., 77.6 ⁄ ((22.1 +604 𝑇[°𝐶])). 605 

Electrochemical impedance spectroscopy. Electrochemical impedance spectroscopy 606 

(EIS) of the HT-PEMFC was evaluated by Biologic SP-200 after measuring the polarization 607 

curve and HFR. The spectra were recorded by sweeping frequencies over the range 1 MHz – 608 

0.1 Hz at a dc voltage of 0.8 and 0.6 V and constant current density of 1.2 A cm-2. The 609 

experimental spectra were fitted to equivalent circuits by employing EC-Lab software. The 610 

equivalent circuit applied here consists of ohmic resistance (Rohm) in series with two parallel 611 

constant phase elements, CPEct/Rct for charge transfer resistance and CPEmt/Rmt for the mass 612 

transport resistance47,48. 613 

 614 

  615 
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