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2 

 

Modern H2-based energy storage and conversion devices require a polymer electrolyte 22 

membrane (PEM) fuel cell–based integrated power system with synergistic heat 23 

integration. The key issue in integrated power systems is developing a PEM that can 24 

operate at 200–300 °C. However, currently used phosphoric-acid-based high-temperature 25 

PEM fuel cells limited stability at higher operating temperatures. Herein, we introduce a 26 

cerium hydrogen phosphate (CeHP) PEM that conducts protons above 200 °C through a 27 

self-assembled network (SAN). The SAN-CeHP-PBI reached maximum power densities 28 

of 2.4 W cm-2 and operate stably for over 7000 minute without any voltage decay at 250 °C 29 

under H2/O2 and anhydrous conditions. The developed fuel cell can be combined with an 30 

external hydrogen generator that uses a liquid hydrogen carrier such as N-ethylcarbazole 31 

and methanol as fuel, thus achieving a high energy efficiency. The thermal stability and 32 

fuel flexibility of these SAN-CeHP-PBI demonstrate potential for commercial 33 

applications. 34 

 35 

 36 
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 43 

 44 
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Climate change and growing environmental concerns have increased the demand for clean, 45 

renewable energy sources. hydrogen is considered as one of the most promising sources and 46 

hydrogen fuel cells efficiently convert chemical energy into electrical energy1. Particularly, 47 

low-temperature proton exchange membrane fuel cells (LT-PEMFCs) using perfluorosulfonic 48 

acid membranes are appealing alternative power devices for transportation applications 49 

because of their low noise, high power density, and long driving distance with a single charge 50 

of hydrogen. However, issues such as the demand for high-purity fuel (H2), cost, lack of 51 

membrane and electrode durability, and complicated water management in the electrochemical 52 

system hinder the commercialization of proton exchange membrane fuel cells (PEMFCs) 2,3.   53 

By contrast, high-temperature proton exchange membrane fuel cells (HT-PEMFC) can 54 

operate at 140-180 °C and offer several advantages such as significantly enhanced reaction 55 

kinetics, high power output, enhanced CO tolerance, and relatively simple water management4-
56 

6. However, the most promising HT-PEMFC based on a phosphoric acid (PA)-doped 57 

polybenzimidazole (PBI) membrane showed limited long-term stability up to 180 °C and 58 

exhibited unsatisfactory cell performance with a maximum power density of ~0.5 W∙cm-2 at 59 

160 °C7,8. As PA is used as an electrolyte, proton conduction is not possible owing to the 60 

leakage of PA or the formation of phosphoric anhydride at higher operating temperatures9,10. 61 

The suboptimal cell performance and limited operating temperature range make it difficult to 62 

adopt such cells for a variety of applications.  63 

The purpose of this study is to develop polymer electrolyte membranes that operate at 64 

temperature range of 200–250 °C. In this temperature range, extraction of hydrogen from liquid 65 

hydrogen carriers (LHCs) such as methanol and N-ehthylcarbazole is possible within the fuel 66 

cell, which improves fuel cell efficiency. These liquid hydrogen carriers lead to a high 67 
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volumetric energy density and are compatible with the current fuel storage and transport 68 

infrastructure11,12, solving problems of the physical hydrogen storage methods.   69 

We consider solid acids promising candidates for use as HT-PEMFC electrolytes working 70 

at an integrated high-temperature range (200–300 °C). Many research groups have tried to 71 

increase the operating temperature of PEMFCs. The majority of the groups have been 72 

developing composite membranes to reduce the evaporation of the electrolyte PA at high 73 

temperatures13-15. Another group has developed ion-pair-coordinated membrane electrode 74 

assemblies focusing on the binder rather than the electrolyte16-18. Nevertheless, the key 75 

challenge in attaining optimal and stable fuel cell performance is stabilizing the proton carrier 76 

at temperatures higher than 200 °C. Herein, we report a proton conductor, unique nanofibrous 77 

cerium hydrogen phosphate (CeHP, (HCe2(PO4)3(H2O))) immobilized in a PBI polymer 78 

electrolyte, which can overcome the limitations of the state-of-the-art PA-based PEM 79 

electrolytes, thereby enabling fuel cell operation over 250 °C. These PEMs can transfer protons 80 

through a nanofibrous CeHP network. Notably, the novel membranes have a nanofibrous CeHP 81 

network chemically bound to the PBI backbone, resulting in the formation of the hydrogen 82 

bond network through which the structural diffusion of protons becomes possible. We 83 

evaluated the performance and durability of the novel membrane in the temperature range 150–84 

250 °C. In particular, the significantly improved CO tolerance at high temperatures enables the 85 

use of low-purity hydrogen and reformate gases from hydrogen carriers such as methanol and 86 

dimethyl ether (DME) through external reforming19-22. Additionally, we have been developing 87 

couplings between the H2 extraction reaction and the electrochemical reaction of a fuel cell by 88 

utilizing fuels such as LHCs. As a proof of concept, we evaluated the performance of integrated 89 

fuel processor-fuel cells using H2 from the dehydrogenation of hydrogenated N-ethylcarbazole 90 

and methanol reforming. 91 
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Self-assembled network PBI membrane fabrication 92 

We synthesized a self-assembled network (SAN) polymer electrolyte membrane using 93 

nanofibrous CeHP as a proton conductor through an in-situ sol-gel process (the membranes are 94 

denoted as SAN-CeHP-PBI). The in-situ sol-gel process allows the simple one-pot and low-95 

cost fabrication of large-area membranes23. CeHP is a unique insoluble acid salt of a tetravalent 96 

metal that forms a nanofibrous structure when it is in the phosphate form 24-26 (Supplementary 97 

Discussion 1, Extended Data Fig. 1a and 1b). When CeHP powder is mixed with 98 

concentrated PA, it shows solvation behavior, similar to an ionomer (Supplementary 99 

Discussion 1, Extended data Figure 2). To synthesize SAN-CeHP-PBI, the CeHP (IV) 100 

precursor solution was added during the termination process of p-PBI polymer synthesis27 (Fig. 101 

1a). The Ce (IV) ions of the added Ce precursor were evenly dispersed in the polymer solution, 102 

serving as a nucleus for the formation of a crystal in the polymer. This mixed Ce precursor and 103 

p-PBI polymer solution were applied to a glass plate, and the electrolyte membrane was 104 

prepared by the doctor blade method. Subsequently, water was released during the hydrolysis 105 

of the mixed Ce precursor and p-PBI electrolyte membrane in the humidified chamber oven, 106 

converting polyphosphoric acid to PA and producing nanofibrous CeHP from Ce (IV) ions in 107 

the p-PBI polymer. Thus, as CeHP and p-PBI were synthesized simultaneously, the 108 

nanofibrous CeHP structure formed a SAN that stably bound to the p-PBI polymer. The results 109 

indicate that structural surface diffusion of the proton can be possible within the hydrogen bond 110 

network of the SAN-CeHP-PBI polymer.  111 

Working principle of PA-doped SAN-CeHP-PBI 112 

The excess PA-doped SAN-CeHP-PBI composite membranes dominantly follow the PA 113 

proton transfer mechanism: a Grotthuss-type hopping mechanism below 180 °C 10,28 (Fig. 1b). 114 

Above 200 °C, the SAN polymer electrolyte membrane becomes thinner due to the 115 
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condensation reaction and leaching of PA and water from the composite membranes doped with 116 

excess PA (Extended Data Fig. 3a, 3b). The elevated operating temperature results in forming 117 

an amorphous CeHxPO4(OH)y structure with a small amount of remaining PA and crystalline 118 

CeHP. Consequently, the CeHxPO4(OH)y generated between the hydrogen bond network of the 119 

SAN-CeHP-PBI polymer formed more closely connected SANs, and structural diffusion sites 120 

were created above 200 °C (Fig. 1c). The dominant proton conduction pathway changed from 121 

the PA electrolyte to surface/interfacial conduction in the SAN of the CeHP-PBI polymer, and 122 

the concentrated PA-CeHP mixtures held the PA molecules because of better adhesion at the 123 

acid/acid salt interface11,15 (see Extended Data Fig.4). We fabricated membrane electrode 124 

assemblies (MEAs) using the SAN-CeHP-PBI membrane, carbon-supported Pt catalysts, and 125 

PTFE binder. The single cell was operated at 150–250 °C using H2/O2, and it was found that 126 

the performance increased with increasing temperature, with the SAN polymer electrolyte 127 

membrane exhibiting a maximum peak power density of 2.4 W∙cm-2 at 250 °C (Fig. 1d and 128 

Extended Data Fig. 3c). This is the best performance obtained among the state-of-the-art fuel 129 

cells capable of operating at 200–300 °C , as shown in Fig. 1e and the Extended Data Table. 130 

12,13-16,29-39.   131 

Property comparison for three type of PA-doped PBI membranes 132 

We compare the properties of three types of PA-doped PBI membranes (p-PBI27: the pristine 133 

membrane that does not contain Ce, CeHP-PBI, and SAN-CeHP-PBI). The CeHP-PBI 134 

composite membrane was prepared by the conventional ex-situ method of adding a CeHP 135 

nanoparticle powder solution in the p-PBI polymer solution 40,41 (the membranes are denoted 136 

as CeHP-PBI). The CeHP nanoparticle powder in PA added during polymerization does not 137 

change significantly upon the chemical bonding of polymers even during hydrolysis10 138 

(Extended Data Fig. 5 and Table. 2), and CeHP nanoparticle are disparate in the PA-doped 139 
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PBI polymer (Fig. 2a). When the temperature is below 200 °C, fuel cells with composite 140 

membranes doped with excess PA showed higher performance than those prepared with PA-141 

doped pristine p-PBI. Further, protons are conducted by the Grotthuss mechanism through PA 142 

(Fig. 2a and 2b). However, the excess PA disappears at temperatures above 200 °C, and in 143 

the SAN-CeHP-PBI, proton conduction occurs by surface/interfacial conduction and 144 

structural diffusion through the SAN of CeHP caused by water molecules and PA bound to 145 

CeHP. By contrast, in CeHP-PBI, proton conduction is limited because protons are 146 

transported to the dispersed CeHP, which does not form a close network for proton conduction 147 

(Fig. 2c, 2d and Extended Data Fig. 4). As the operating temperature increases, PA is 148 

removed from the polymer, and SEM analysis confirmed the appearance of an amorphous 149 

CeHxPO4(OH)y and CeHP structure in the CeHP-PBI and SAN-CeHP-PBI membranes. 150 

Notably, SAN-CeHP-PBI shows more connected nanofibrous structures than those of CeHP-151 

PBI (Extended Data Fig. 2 and 5a-d).  152 

We compared the proton conductivities of three types of PA-dope PBI membranes under dry 153 

conditions as a function of temperature. The proton conductivity of p-PBI is unmeasurable 154 

above 200 °C  and does not change notably within the temperature range employed in this 155 

study. The proton conductivity of CeHP-PBI increased with increasing temperature up to 156 

200 °C  and then decreased with further temperature increase because of the absence of 157 

proton conducting channels11,42,43. Unlike the other two membranes, the proton conductivity 158 

of SAN-CeHP-PBI gradually increased with increasing temperature and reached 0.257 S∙cm-
159 

1 at 280 °C  (Fig. 2e). In addition, the trend of the high ionic conductivity of SAN-CeHP-160 

PBI can be confirmed with Raman analysis. The Raman spectra of bare SAN-CeHP-PBI 161 

displayed a peak at 911 cm-1 corresponding to free PA at 30 oC. In the PA-removed de-doped 162 

sample, SAN-CeHP-PBI demonstrated a peak at 1632 cm-1 at the γ part of the benzimidazole 163 
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ring of the polymer backbone part. This indicates that in the polymer benzimidazole ring, 164 

CeHP is attached to N-H through hydrogen bonding (Extended Data Fig. 5e-f and Table. 165 

2)10. Further, the combination of polymer-CeHP and CeHP-CeHP network channels in the 166 

SAN-CeHP-PBI composite membranes enhances the tensile toughness, which is ~2.5 times 167 

(SAN-CeHP-PBI: 3.5 Mpa and de-doped SAN-CeHP-PBI: 125 Mpa) higher than that of 168 

pristine p-PBI (p-PBI: 1.4 Mpa and de-doped p-PBI: 50 Mpa) (Extended Data Fig. 6).  169 

The single-cell performances of three different types of PA-doped membranes were 170 

compared under H2/air conditions without humidification at atmospheric pressure and 150–171 

250 °C , and the results are shown in Fig. 2f-h. These membrane electrode assemblies (MEAs) 172 

were fabricated by applying commercial BASF electrodes. The fuel cell containing the 173 

pristine p-PBI membrane could not operate above 200 °C , while the cell containing the CeHP-174 

PBI composite membrane exhibited the maximum power densities 0.93 W∙cm-2 and 0.91 175 

W∙cm-2 at 200 °C and 250 °C , respectively. The CeHP-PBI showed the highest performance 176 

at 200 °C. By contrast, the performance of the cell with the SAN-CeHP-PBI composite 177 

membrane improved with an increase in temperature to 250 °C. The SAN-CeHP-PBI 178 

composite membrane exhibited the best performance at 250 °C with the maximum power 179 

density of 1.2 W∙cm-2 (1.1 W∙cm-2 at 200 °C).  180 

NMR spectroscopic analysis can explain the difference in proton conduction behavior 181 

between p-PBI, CeHP-PBI, and SAN-CeHP-PBI membranes. The solid-state 31P NMR 182 

spectra of the three membranes enriched with excess PA exhibit peaks corresponding to 183 

H3PO4, HPO4
2-, and PO4

3- at 0, -14, and -28 ppm, respectively, at 150–280 °C  (Fig. 2i, 2j, 184 

and 2k)44-46. The samples show progressive peak broadening with increasing temperature, 185 

which is attributed to the exchange of H+ ions (or H+ hopping) among the three different 186 

phosphate phases. The three resonances would merge into a single resonance when the 187 
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hopping rate increases over the NMR observation time scale, which is of the order of 188 

milliseconds. For p-PBI and CeHP-PBI, peak broadening was observed until 200 °C, beyond 189 

which, interestingly, the peaks sharpened, indicating interference in proton conduction above 190 

200 °C (Fig. 2i and 2j). On the other hand, peak broadening continued until 280 °C only in 191 

SAN-CeHP-PBI as H+ ion hopping continued to rise at high temperatures (Fig. 2k). Moreover, 192 

we analyzed de-doped membranes by solid-state 31P NMR analysis, where excessive PA was 193 

discarded from the membrane to leave only PA units that are tied with the electrostatic 194 

bonding to the PBI polymer chains. The NMR analysis results indicate the proton transfer 195 

phenomenon for SAN-CeHP-PBI, from which PA was removed under high-temperature 196 

conditions. Typically, the removal of excess phosphoric acid results in the formation of 197 

pyrophosphoric acid, which interferes with proton conduction. Unlike in p-PBI and CeHP-198 

PBI, pyrophosphoric acid was not formed until 270 °C, and only the Ce(PO4)2 peak appeared 199 

in SAN-CeHP-PBI. This may be due to the mobility of the polymer matrix at high 200 

temperatures, which was beneficial to the transport of the H+ ions in the structure (Extended 201 

Data Fig. 7 Supplementary Discussion 2). The de-doped SAN-CeHP-PBI composite 202 

membrane was re-doped, and its single cell performance was tested to see the reversibility of 203 

PA doping. Although re-doped SAN-CeHP-PBI exhibited a lower performance due to the 204 

change in PA acid doping level (PA-doped 40 PA/PBI RU to re-doped 32 PA/PBI RU), the 205 

performance was stable for 5,000 min. The strong bond between the synthesized SAN-CeHP 206 

channel and PBI is not dissociated by PA leakage (Extended Data Fig. 8). 207 

Effect of Ce content for SAN-CeHP-PBI membranes 208 

We synthesized membranes with 0-90 wt% Ce content compared to the polymer monomer to 209 

optimize SAN channel formation. The CeHP structures and the degree of crystallinity depend 210 

on the concentration of solutions containing a Ce(IV) salt and the [PO4/Ce(IV) ratio]25,26. 211 
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Figure 3a shows SEM images of the networking morphology of SAN-CeHP-PBI membranes 212 

according to different contents of Ce. The larger the Ce content, the larger the crystal size due 213 

to the agglomeration of Ce molecules. However, if the amount of Ce is 70 wt% or more for the 214 

same PA solution, the proportion of PO4
3- that can react with the Ce(IV) precursor becomes 215 

relatively small. Therefore, as the amount of Ce exceeds 70 wt%, crystalline growth by 216 

nucleation becomes limited, and a non-fibrous morphology and smaller and widely distributed 217 

crystalline size are observed. At 35 wt% Ce content, a semi-crystalline polymer with a dense 218 

fibrous self-assembled network structure was formed by the growth of spherulites from the 219 

crystalline nuclei derived from the Ce precursor (Fig. 3a). The acid doping level of 35 wt% 220 

SAN-CeHP-PBI is 40 mol H3PO4/PBI repeat unit, which is 1.6 times higher than those of 221 

conventional PA-doped p-PBI and CeHP-PBI (27.7 and 26 PA/PBI RU). Additionally, NMR 222 

quantitation of 31P signals of the H3PO4, HPO4
2-, and PO4

3- phases normalized by the weight of 223 

all the samples was performed, and the highest NMR quantitation was obtained for the 224 

membrane with 35 wt% Ce content (Fig. 3b). The hopping effect of protons was the highest in 225 

15 wt% SAN-CeHP-PBI (Fig. 3c), but the mechanical strength of 35 wt% SAN-CeHP-PBI 226 

was superior to that of other composite membranes owing to the close interactions 227 

corresponding to crystalline CeHP (Fig. 3d and 3e).  228 

Fuel cell performances and durability 229 

The best H2/air fuel cell performance was achieved with 35 wt% SAN-CeHP-PBI at 250 °C, 230 

with a maximum power density of 1.16 W∙cm-2 (Extended Data Fig. 9a-c). This is attributed 231 

to the proton transfer channels formed by the dense fibrous morphology of CeHP. We prepared 232 

with MEAs using optimized 35 wt% SAN-CeHP-PBI membranes, carbon-supported Pt 233 

catalysts, and PTFE binder. CO tolerance tests were conducted by supplying H2/air or a mixture 234 

of 10% CO and H2/air to the anode at different temperatures, and the fuel cell voltage was 235 
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recorded at a constant current density of 0.2 A∙cm-2 for 2,250 min. As shown in Fig. 3f, the 236 

voltage slightly decreased from 0.78 at 250 °C to 0.71 V at 160 °C. This improved CO tolerance 237 

of the 35 wt% SAN-CeHP-PBI membranes allows the direct use of the reformation of liquid 238 

fuels. The long-term durability test of 35 wt% SAN-CeHP-PBI MEAs was performed at 0.2 239 

A∙cm-2 and 250 °C under H2/air conditions, showing a highly stable performance for 7,000 min 240 

at 250 °C  (Fig. 3g). Electrochemical impedance spectroscopy (EIS) was performed at 0.85 V 241 

and 0.6 V, respectively, to compare the performances of 35 wt% SAN-CeHP-PBI MEAs before 242 

and after the durability test. The ohmic resistances (0.013 Ω∙cm2 to 0.018 Ω∙cm2) at 0.85 V and 243 

0.6 V are similar before and after the durability test, whereas the charge transfer resistance is 244 

increased slightly after the durability test47 (Extended Data Fig. 10). This indicates that MEA 245 

degradation is caused by the electrode degradation (especially, Pt/C and PTFE binder) rather 246 

than the PEM at a high operating temperature of 250 °C over a long period48. Therefore, 247 

catalysts and binders that are stable in the operating temperature ranges must be developed for 248 

long-term HT-PEMFCs operating at 200–300 °C.  249 

Performance of HT-PEMFC integrated with H2 extraction system 250 

Integration of the as-developed fuel cell with an external H2 extraction system using LHCs 251 

demonstrated the viability of an ideal direct LHC fuel cell concept (see Supplementary 252 

Discussion 3). However, in a single cell, it is difficult to experimentally demonstrate the effects 253 

of heat and mass transfer integration, as heat loss is larger than exchanged heat. Therefore, 254 

external reforming was demonstrated by physically attaching the reforming unit to the single 255 

cell while maintaining the same temperature for the fuel cell and the reformer to simulate a 256 

heat-integrated configuration (Extended Data Fig. 11c and 11d). We compared the fuel cell 257 

performances of pure H2 and as-produced H2 from the reformer by varying the flow rate of a 258 

small-scale single cell. First, an N-ethylcarbazole (NEC) dehydrogenation external reformer 259 
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was built that was operated in conjunction with the single cell. No difference in performance 260 

(power density: 0.5 W∙cm-2) was observed, as expected. The result is encouraging with regards 261 

to the feasibility of heat management based on integration, and thus, the viability of a direct-262 

LHC fuel cell (Fig. 4a). Second, methanol was used to benchmark the performance of the fuel 263 

cell. The composition of the fuel provided to the anode was varied: 100% pure H2, 50% pure 264 

H2, and 50% off-gas, and 100% off-gas from the external reformer. The performances of the 265 

fuel cells using three different fuel compositions were almost the same (power density: 0.82 266 

W∙cm-2) (Fig. 4b), which shows the viability of external methanol reforms coupled with the 267 

developed fuel cell. Moreover, at 250 °C, high conversion of methanol (>90%) was achieved. 268 

Finally, long-term durability experiments were conducted to determine whether the external 269 

reforming of methanol is a viable option to provide H2-rich fuel containing CO. The results 270 

showed that the external reforming methanol fuel cell is stable under 3% CO and 0.5 A∙cm-2 271 

for 1200 min at 250 °C (Fig. 4c). The SAN-CeHP-PBI-based PEMFC combined with the 272 

reformed LHC fuel demonstrated exceptional CO tolerance and long-term durability at 250 °C. 273 

Moreover, it highlighted that this technology is promising and has the potential for commercial 274 

application. We suggest a conceptual direct LHC system, extending the range of heavy-duty 275 

trucks powered with integrated HT-PEMFC stacks fueled by LHCs, in contrast with fueling by 276 

H2 gas tanks. Based on the preliminary integration work presented in this paper, the combined 277 

fuel processor and fuel cell is expected to be a promising device for solving energy density and 278 

infrastructural problems related to compressed H2
49 (Fig. 4d). 279 

Conclusions  280 

In summary, we developed HT-PEMFCs based on a new type of proton carrier, SAN-CeHP-281 

PBI PEMs, in which proton conduction occurs through a self-assembled network of CeHP. At 282 

operating temperatures above 180 °C, the dominant proton conduction pathway changed from 283 
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the PA electrolyte to surface/interfacial conduction in the SAN CeHP-PBI polymer, thereby 284 

overcoming the limitations of PA-based PEM electrolytes and enabling operation at 250 °C. 285 

The SAN-CeHP-PBI membrane exhibited the best performance among all the excellent fuel 286 

cells operating at 250 °C reported so far, as well as excellent CO tolerance, thus showing great 287 

promise for high-performance integration energy applications at high temperatures (up to 288 

280 °C). The SAN-CeHP-PBI membranes afford an integrated fuel cell–internal reforming 289 

system that can be applied to mobility solutions. This shows the feasibility of heat integration 290 

and the viability of a direct-LHC fuel cell and its potential for commercial application. Other 291 

challenges are developing stable catalysts and binders to withstand long-term operation and 292 

exposure to temperatures above 250 °C. 293 

 294 
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 432 

Figure 1 ǀ Self-assembled network polymer electrolyte membrane 433 

a, The formation of self-assembled network polymer electrolyte membrane; Chemical structure 434 

of SAN-CeHP-PBI membrane and schematic diagram of the in-situ sol-gel process. (30 cm × 435 
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30 cm, 110 μm). b,c, Scheme for the operating principle of PA doped SAN-CeHP-PBI 436 

composite membranes; formation of cerium hydrogen phosphate proton pathway structures and 437 

its role in the stabilization of proton conduction (c) at below 180°C and (d) at elevated high 438 

temperature of over 200 °C. d, H2/O2 fuel cell performance, i-V curve with Pt/C (1.5 mgPt∙cm-
439 

2) and the PA doped SAN-CeHP-PBI composite membrane (t = 110µm) at 250 °C under 3 bar 440 

without humidification. e, Performance comparison of different types of fuel cells; filled 441 

symbol: H2/O2; unfilled: H2/Air. 442 

 443 
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 458 

Figure 2 ǀ Role of self-assembled network 459 

a-d, Scheme of proton conducting path in composite membrane: CeHP-PBI composite 460 

membrane at (a) 150°C and (b) 250°C in comparison with SAN-CeHP-PBI composite 461 
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membrane at (c) 150°C and (d) 250°C; formation of cerium hydrogen phosphate nanofibrous 462 

structure during polymerization to form the attached and stabilized self-assembled network 463 

channels anchored in PBI. e, Through-plane proton conductivity of SAN-CeHP-PBI composite 464 

membranes in comparison with p-PBI membrane, CeHP-PBI composite membrane, and 465 

Cerium hydrogen phosphate sheet under dry conditions as a function of temperature. f-h, 466 

H2/Air fuel cell performance, with Pt/C (2.0 mgPt∙cm-2, BASF commercial electrode) and the 467 

(f) p-PBI membrane (t = 110µm), (g) CeHP-PBI composite membrane (t = 110µm) and (h) 468 

SAN-CeHP-PBI composite membrane (t = 110µm) with no backpressure at 150-250 °C . i-k, 469 

31P solid-state MAS NMR spectra of (i) p-PBI membrane, (j) CeHP-PBI composite membrane, 470 

and (k) SAN-CeHP-PBI composite membrane shown for all three samples as T rises. 471 

 472 
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Figure 3 ǀ Optimization of cerium content for high performance and durability 483 

a, Scanning electron microscope images and EDX mapping images of Ce element; the various 484 

De-doped SAN-CeHP-PBI composite membranes with 15, 35, 70, and 90 wt% Cerium 485 

precursor. b, Acid doping level (mol H3PO4/unit of PBI) and NMR quantitation of 31P signals 486 

for H3PO4, HPO4, and PO4 phases normalized by the weight of all the samples: ADL, ◆; H3PO4, 487 

■; HPO4, ●; PO4, ▲. c, 31P solid-state MAS NMR spectra of the various PA-doped SAN-CeHP-488 

PBI composite membranes with 15, 35, 70 and 90 wt% Cerium precursor at 250°C. d-e, Tensile 489 

property comparison of the membrane with various cerium contents (d) PA-doped and (e) De-490 

doped SAN-CeHP-PBI composite membranes with 15, 35, 70, and 90 wt% Cerium precursor 491 

f, Fuel cell performance under the flow of H2 containing 10% CO versus air at different 492 

temperatures. The Pt/C electrodes (1.5 mgPt∙cm-2) and 35wt% SAN-CeHP-PBI composite 493 

membrane (t = 110 µm) were used. g, Long-term stability of the fuel cell with 35wt% SAN-494 

CeHP-PBI composite membrane (t = 110 µm) at a constant current density of 0.2 A∙cm-2 and 495 

250 °C under H2/air flow without humidification. The fuel cell was prepared with Pt/C 496 

electrode (1.5 mgPt∙cm-2). 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 
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Figure 4 ǀ Performance of HT-PEMFC integrated with H2 extraction unit 506 

a, i-V curve of the single cell with Pt/C electrodes (1.5 mgPt∙cm-2 ) and PA-doped 35 wt% SAN-507 

CeHP-PBI composite membrane using fuel with 100 sccm pure H2 and 100 sccm H2 from the 508 

dehydrogenation of hydrogenated N-ethylcarbazole. Both the fuel cell and the dehydrogenation 509 

unit attached directly to the fuel cell were maintained at 200 °C. b, i-V curve of the single-cell 510 

with Pt/C electrodes (1.5 mgPt∙cm-2 ) and PA-doped 35 wt% SAN-CeHP-PBI composite 511 

membrane using 200 sccm pure H2, 100 sccm pure H2 + 100 sccm H2-rich gas from methanol 512 

reforming, and 200 sccm H2-rich gas from methanol reforming. Both the fuel cell and the 513 

reforming unit attached directly to the fuel cell were maintained at 250 °C, and the CO content 514 

in the H2-rich gas before entering the fuel cell was 1–3 vol%. c, Long-term stability of the fuel 515 

cell with PA-doped 35 wt% SAN-CeHP-PBI composite membrane (t = 110 µm) using Pt/C 516 

electrodes (1.5 mgPt∙cm-2). The fuel cells were tested at a constant current density of 0.5 A∙cm-
517 

2 and 250 °C using H2-rich gas and air under anhydrous conditions, and the CO content in the 518 

H2-rich gas before entering the fuel cell was 1–3 vol%. d, Schematic diagram of integrated 519 

system application; Extended long-range heavy-duty trucks powered with HT-PEMFC stacks 520 

to which H2 is supplied from H2 gas tanks or by LHCs.521 
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Methods  522 

Materials. 3,3′-Diaminobenzidine (DAB, Alfa Aesar) and terephthalic acid (TPA, Sigma-523 

Aldrich) were dried at 60 °C for one day under a vacuum. Cerium (Ⅳ) sulphate tetrahydrate, 524 

PPA (115% phosphoric acid equivalent, Sigma-Aldrich), PA solution (85 wt% in H2O, Sigma-525 

Aldrich), and sulfuric acid (99.9%, Sigma-Aldrich) were purchased and used as received. Pt/C 526 

catalyst (46.2 wt%, TANAKA, Japan), gas diffusion electrodes (GDEs, 38BC, SGL), and 527 

polytetrafluoroethylene (60 wt% dispersion in H2O, Sigma-Aldrich) were used to fabricate the 528 

anodes. BASF commercial electrodes: Pt/C (Pt loading: 1.0 mgPt∙cm-2) were used as anodes, 529 

and Pt-alloy/C (Pt loading: 1.0 mgPt∙cm-2) were used as cathodes. 530 

 531 

Synthesis of cerium (Ⅳ) hydrogen phosphates (HCe2(PO4)3(H2O)). Cerium(Ⅳ) hydrogen 532 

phosphate was synthesized as described in a previous paper26. Cerium(Ⅳ) sulphate tetrahydrate 533 

(2.02 g) was dissolved in 100 mL of 0.5 M H2SO4. Then, 100 mL of 6 M H3PO4 was added 534 

dropwise to the solution under stirring at 80 °C. After complete addition, the mixture was allowed 535 

to digest at this temperature for 4 h. Subsequently, 1 L of distilled water (~60 °C) was added with 536 

stirring for 1 h. The yellow product was washed several times with distilled water, filtered, and 537 

dried at 50 °C for 24 h in a convection oven. 538 

 539 

Synthesis of SAN-CeHP-PBI polymer and membrane fabrication. An in-situ sol-gel process 540 

was employed to fabricate the SAN-CeHP-PBI polymer membranes27. DAB (3.0 g, 0.014 mol), 541 

TPA (2.3 g, 0.014 mol), and PPA (125 g) were mixed in a round-bottom flask and stirred using 542 

a mechanical overhead stirrer for 15 h at 150 °C under argon atmosphere. The reaction 543 

temperature was then increased to 220 °C, and the mixture was maintained at this temperature 544 
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for 1 h. During polymerization, the reaction mixture became viscous and turned dark brown. 545 

Then, 25 mL of PA solution was poured into the reaction mixture to terminate the reaction. 546 

Finally, cerium(Ⅳ) sulphate tetrahydrate (by mass ratio to the polymer monomer) was added, 547 

and the mixture was stirred for 2 h. Upon completion of the reaction, the polymerization solution 548 

was applied to a glass plate, and the electrolyte membrane with a uniform thickness was prepared 549 

by the doctor blade method. The electrolyte membrane was then placed in a temperature and 550 

humidity-controlled chamber (at 50 °C and 50% humidity) for one day to obtain PA-doped 551 

SAN-CeHP-PBI for MEA fabrication. 552 

 553 

Synthesis of CeHP-PBI and pristine p-PBI polymer and membrane fabrication. This 554 

synthesis is almost the same as the SAN-CeHP-PBI membrane fabrication described above. 555 

However, CeHP was added instead of the Ce precursor during the termination process. In the 556 

pristine p-PBI, the reaction was terminated by adding PA at the end of the reaction without adding 557 

any other additive. 558 

 559 

Proton conductivity measurement. The ionic conductivity of the membrane samples with 560 

dimensions of 1 cm × 4 cm was measured by four-point-probe-based alternating current 561 

impedance spectroscopy in the frequency range of 50 kHz to 1 MHz using a Bio-Logic SAS 562 

instrument with EC-lab software (Knoxville, TN, USA). The temperature was controlled by a 563 

fuel cell station (CNL, Seoul, Korea) under nitrogen flow. The relative humidity of the 564 

conductivity cell was maintained at 0%. The through-plane conductivity of all the membrane 565 

samples was measured, and the proton conductivity (σ) was calculated from the following 566 

equation: 567 
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σ =
𝐿𝐿𝑅𝑅𝑅𝑅 568 

where L is the distance between the counter electrode and working electrode, R is the impedance 569 

of the membrane, and S is the cross-sectional surface area of the membrane samples (cm2). 570 

 571 

Structure and morphology characterization. Field-emission scanning electron microscopy 572 

and EDX mapping (Teneo VS, FEI, USA) were performed to analyze the surface and cross-573 

sections of the PA-doped and de-doped membrane samples and CeHP sheets. X-ray 574 

diffractometer (D8 ADVANCE, LynxEye) patterns of the samples were obtained using 575 

monochromic CuKα radiation obtained at 40 kV and 200 mA with a scan rate of 1 s per step 576 

(0.05°). 577 

Mechanical properties. The mechanical properties of the prepared membranes were tested using 578 

a universal testing machine (UTM, AGS-J 500 N, Shimadzu, Kyoto, Japan) at a stretching rate 579 

of 10 mm/min. TGA was performed using a Q50 apparatus (TA Instruments). The thermal 580 

stabilities of the PBI membranes and the CeHP sheet were examined via TGA (Q500 581 

Thermobalance, TA Instruments, USA). Under ambient conditions, 10 mg of the PBI membranes 582 

and the CeHP sheet were heated at a rate of 10 °C/min to 800 °C 583 

In-situ high-temperature Raman spectroscopy. Raman measurements were performed with a 584 

Renishaw inVia Raman microscope. The Raman microscope was equipped with a red laser diode, 585 

for which λ = 785 nm and output power = 50 mW. The laser power was optimized to avoid any 586 

photobleaching or damages to the membranes by the excitation energy. The samples were kept 587 

in a dry chamber during data acquisition to prevent any interaction between the air humidity and 588 
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the phosphoric acid. Spectra were collected in the range of 700-2000 cm-1, and the spectral 589 

resolution was 9 cm-1.  590 

High-temperature solid-state NMR spectroscopy. 1H and 31P MAS NMR spectroscopy was 591 

performed using a Bruker DSX-500 spectrometer and a 4 mm Bruker MAS NMR probe. First, 592 

the PEM was loaded into a 4 mm rotor, which was evacuated at 130 °C for 1 h. Then, it was 593 

purged with Ar gas and closed with a tight-fitting Vespel cap for MAS at room temperature or a 594 

variable temperature for in-situ NMR measurements. The samples were spun at 8 kHz under a 595 

dry N2 atmosphere. All spectra were reported in ppm using TMS and H3PO4 as standard 596 

references for 1H and 31P NMR spectroscopy, respectively, calibrated at 0 ppm. 597 

Acid doping levels measurement. The PA-doping level of PEMs was determined by the weight 598 

analysis method through the following procedure. PEM samples measuring 3.8 cm x 3.8 cm were 599 

weighed, the water content of PEM samples were measured using moisture analyzers (MA.R 600 

series, RADWAG); the samples were immersed in water for 3 days and dried in a vacuum plate 601 

at 130 °C for 8 h and weighed again. The doping level was calculated from the following equation:  602 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
𝑃𝑃𝑃𝑃 𝑚𝑚𝐷𝐷𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑅𝑅𝑃𝑃 𝑚𝑚𝐷𝐷𝑙𝑙𝑙𝑙 =

𝑊𝑊𝑃𝑃𝑃𝑃/𝑀𝑀𝑃𝑃𝑃𝑃𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝/𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 603 

where WPA (g) is the PA weight in the polymer, MPA (g mol-1) is the molecular weight of the PA 604 

in the polymer, Wpolymer (g) is the dry polymer weight, and Mpolymer (g mol-1) is the molecular 605 

weight of the polymer repeat unit. 606 

The weight of PA (WPA) was calculated from the following equation:  607 

𝑊𝑊𝑃𝑃𝑃𝑃 = 𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝+𝑃𝑃𝑃𝑃 −𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 608 
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where WPBI+PA (g) is the weight of the polymer from which moisture has been removed.  609 

MEA fabrication. MEAs were prepared from catalyst inks containing Pt/C catalysts (TANAKA, 610 

Pt 46.2 wt.%) and a PTFE solution (Sigma Aldrich, 60 wt.% dispersion in H2O) as the binder, in 611 

addition to isopropyl alcohol (IPA) and deionized water (DIW). The catalyst ink composition 612 

was 4.3 wt% Pt/C, 2.3 wt% PTFE solution, 66 wt% IPA, and 26 wt% DIW. The catalyst slurry 613 

was then auto-spray coated onto the gas diffusion layer (38BC, SGL). Subsequently, heat 614 

treatment was performed at 350 °C for 5 min under an argon environment. The catalyst-coated 615 

GDLs (Pt 1.5 mg cm−2) were used as anodes, and BASF commercial electrodes (Pt 1.0 mg cm−2) 616 

were used as cathodes. In the experiment, to see the effect of the membrane, a BASF commercial 617 

electrode (Pt 1.0 mg cm−2) was used for the anode. Prior to assembly, the PEMs were heated at 618 

130 °C for 15 minutes. The MEAs were assembled in the single-cell by placing the PA-doped 619 

PBI membrane between the anode and the cathode using gaskets. Hot pressing of the MEA was 620 

not carried out. The active area of each MEA was 7.84 cm2. 621 

Fuel cell characterization. H2/O2 (or air) fuel cell performance of the MEAs was measured 622 

using a fuel cell test station (CNL, Seoul, Korea). The polarization curves of the MEAs were 623 

obtained at temperatures ranging from 150 to 250 °C. H2 and O2 (or air) were supplied at a rate 624 

of 400 and 800 (or 1200) sccm, respectively. The same conditions were used for electrochemical 625 

impedance spectroscopy (EIS), performed at an amplitude of 10 mA and frequencies of 10 kHz 626 

to 1 Hz in the cell voltage range of 0.85–0.6 V. For long-term stability tests, the voltage at a 627 

constant current density (0.2 A∙cm-2 or 0.5 A∙cm-2) was measured every minute. The CO tolerance 628 

test was performed using 25 cm2 fuel cell hardware by feeding 10 wt% CO in the H2 stream. The 629 

voltage at a constant current density of 0.2 A∙cm-2 was measured at 250 °C as a function of time. 630 
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Fuel cell operation with LHC dehydrogenation. To prepare a H2-rich LHC (LHC+), 631 

methanol (Samchun chemicals) was mixed with deionized water to obtain a S/C ratio of 1:1. 632 

N-ethylcarbazole (NEC, Sigma Aldrich) was hydrogenated to perhydro N-ethylcarbazole (12-633 

NEC, Sigma Aldrich) for the dehydrogenation experiments. For the catalyst, commercial Cu-634 

Ni on alumina (MDC-3, Süd-Chemie) was used for methanol reforming, and Pd/C (Riogen) 635 

was used for NEC dehydrogenation. The flowrates of the gases, N2 for purging and H2 for 636 

catalyst reduction or the direct operation of PEMFCs, were controlled using electrical mass 637 

flow controllers (MFCs, F-201C, Bronkhorst, High-Tech). A high-pressure liquid 638 

chromatography pump (Series II Legacy HPLC pump, TELEDYNI SSI) was used to feed the 639 

methanol or 12-NEC into the reactor. The reactor was heated by electrical heaters with 640 

temperatures being controlled. After the reaction, the product gas was fed to the liquid-gas 641 

separator. The flowrates of the produced gas mixtures containing H2 were measured using film 642 

flow meters (SF-1U, Horiba, Japan). For power generation experiments, the performances of 643 

the fuel cell using H2 from a gas cylinder and that using H2 produced by the reactor were 644 

evaluated and compared. The product gas was fed either to the GC (Agilent 7890, Agilent) for 645 

compositional analysis or to the PEMFC for the power generation experiments. 646 

 647 
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Extended Data Figure 1 ǀ Cerium hydrogen phosphate (CeHP). a, CeHP image. b, SEM 678 
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image of CeHP surface. c, XRD profiles of CeHP at different temperatures: (a) initial product, 679 

(b) heated at 130 °C, and (c) heated at 300 °C. d, Thermogravimetric analysis (TGA) profile 680 

of CeHP. 681 

 682 

Extended Data Figure 2 ǀ Solvation behavior of CeHP ionomer mixed with concentrated 683 

H3PO4. a–d, Solid-state 31P MAS NMR spectra of CeHP ionomer: (a) CeHP ionomer mixed 684 

with concentrated H3PO4, (b) after heating at 250 °C, (c) mixed for different times, and (d) 685 

mixed at different temperatures. 686 

 687 

Extended Data Figure 3 ǀ Fuel cell test of SAN-CeHP-PBI. a-b, Scanning electron 688 

microscope images of PA-doped SAN-CeHP-PBI composite membrane after 100h at (a) 150°C 689 

and (b) 250 °C of fuel cell testing. c-d, Fuel cell performance, i-V curve with Pt/C (1.5 mgPt∙cm-
690 

2) and the PA-doped SAN-CeHP-PBI composite membrane (t = 110µm) using (c) H2/O2 and 691 

(d) H2/Air at 150-250°C under 3 bar without humidification. 692 

 693 

Extended Data Figure 4 ǀ Proton conductivity mechanisms. a–b, (a) p-PBI; Grotthus-type 694 

hopping mechanism via benzimidazole ring between H3PO4 molecules at below 180 °C. (b) 695 

SAN-CeHP-PBI composite membrane; a surface/interfacial conduction via proton transfer 696 

between benzimidazole ring–cerium hydrogen phosphate and cerium hydrogen phosphate 697 

molecules at elevated high temperature of over 200 °C. 698 

 699 

Extended Data Figure 5 ǀ Structural change of PA-doped PBI membranes according to 700 

temperature. a, Membrane images of the p-PBI membrane, CeHP-PBI composite membrane, 701 

and SAN-CeHP-PBI composite membranes. b-c, Scanning electron microscope images of (b) 702 
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before and (c) after 100h of heating at 250 °C for all three samples. d, EDX mapping images 703 

after 100h of heating at 250 °C of Ce element for all three samples. e–g, Raman spectra of p-704 

PBI membrane, CeHP-PBI composite membrane, and SAN-CeHP-PBI composite membrane 705 

at (e) 30 °C and (f) after de-doped at 30 °C.  706 

 707 

Extended Data Figure 6 ǀ Mechanical stability property of PBI membranes. a-b, Tensile 708 

property comparison (a) PA-doped and (b) De-doped among p-PBI membrane, CeHP-PBI 709 

composite membrane, and SAN-CeHP-PBI composite membrane  710 

 711 

Extended Data Figure 7 ǀ Acidic proton mobility of the de-doped PBI membranes. a, NMR 712 

quantitation of total 31P signal among H3PO4, HPO4, PO4 phases normalized by weight of all 713 

three samples; filled symbol; PA-doped; unfilled: De-doped. b, XRD profiles of De-doped p-714 

PBI membrane, CeHP-PBI composite membrane, and SAN-CeHP-PBI composite membrane. 715 

c, Membrane images, scanning electron microscope images, and EDX mapping images of Ce 716 

element, the De-doped of p-PBI membrane, CeHP-PBI composite membrane, and SAN-CeHP-717 

PBI composite membrane. d-f, 31P solid-state MAS NMR spectra of De-doped (d) p-PBI 718 

membrane, (e) CeHP-PBI composite membrane, and (f) SAN-CeHP-PBI composite membrane 719 

shown for all four samples as T rises. h-j, 1H solid-state MAS NMR spectra of De-doped (h) 720 

p-PBI membrane, (g) CeHP-PBI composite membrane, and (i) SAN-CeHP-PBI composite 721 

membrane and CeHP powder shown for all four samples as temperature rises.  722 

 723 

Extended Data Figure 8 ǀ Reversible SAN-CeHP-PBI. a-b, i-V curve with Pt/C (1.5 mgPt∙cm-
724 

2) and (a) PA-doped SAN-CeHP-PBI composite membrane (t = 110 µm) and (b) Re-PA-doped 725 

SAN-CeHP-PBI composite membrane (t = 120 µm), soaked in water for 3 days and then 726 
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immersed in 85% PA for 1 day at 30 °C, using H2/air with no backpressure at 150–250 °C. c, 727 

Long-term stability of Re-PA-doped SAN-CeHP-PBI composite membrane (t = 120 µm) with 728 

Pt/C (1.5 mgPt∙cm-2). The fuel cells were tested at a constant current density of 0.2 A∙cm-2 at 729 

250 °C in H2/air under anhydrous conditions.  730 

 731 

Extended Data Figure 9 ǀ Effect of cerium content on the fuel cell performance of 732 

composite membranes. a-c, H2/Air fuel cell performance, i-V curve with the various PA-733 

doped SAN-CeHP-PBI composite membranes with 15, 35, 70 and 90 wt% Cerium precursor 734 

(t = 110µm), with Pt/C (2.0 mgPt∙cm-2, BASF commercial electrode) no backpressure at (a) 150, 735 

(b) 200 and (c) 250 °C.  736 

 737 

Extended Data Figure 10 ǀ Electrochemical analysis of 35wt% SAN-CeHP-PBI composite 738 

membranes a-b, Electrochemical impedance spectroscopy of PA-doped 35wt% SAN-CeHP-739 

PBI composite membranes before and after 7000min operation at a current density of 0.2 A∙cm-
740 

2 and measured (a) 0.85V and (b) 0.6V 741 

 742 

Extended Data Figure 11 ǀ Conceptual design of an integrated HT-PEMFC for power 743 

generation systems. a, Properties of representative hydrogen carriers applicable to the on-744 

board hydrogen storage system. Thermodynamic reaction temperature required for > 99% 745 

conversion with a reported range of kinetic reaction temperature range for > 60% conversion 746 

with varying catalysts in the literature and theoretical reaction enthalpy of hydrogen extraction 747 

reaction of the candidates with a proportion of extracted hydrogen required to provide the 748 

theoretical reaction heat. b, Theoretical energy efficiency comparison with low, high-749 

temperature polymer electrolyte membrane fuel cells and direct liquid hydrogen carrier fuel 750 
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cells as a source of liquid hydrogen carrier for electricity generation from fuel cells. c-d, (c) 751 

Schematic diagram, and (d) image of the experimental system LHC (methanol and N-752 

ethylcarbazole) reforming or dehydrogenation in conjunction with a unit cell using PA-doped 753 

35wt% SAN-CeHP-PBI composite membrane (t = 110 µm). 754 

 755 

Extended Data Table 1 ǀ Cell Performance of comparison of different types of fuel cells as 756 

reported in the literature.  757 

 758 

Extended Data Table 2 ǀ Assignment of Raman signals of PA-doped and de-doped SAN-759 

CeHP-PBI 760 

 761 

Extended Data Table 3 ǀ Properties of representative hydrogen carriers applicable to on-762 

board hydrogen storage system. Thermodynamic reaction temperatures required for > 99% 763 

and > 95% of the degree of dehydrogenation (DoDH) are estimated by either calculation or 764 

from the literature. Literature data on kinetic reaction temperatures for over 60% conversion of 765 

the reactant to hydrogen is listed, and the range denotes different DoDH with different catalysts. 766 

Moreover, the heat of reaction and reaction stoichiometry are listed. 767 
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