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There is growing international consensus that electro-
chemical energy conversion of clean hydrogen and 
high-energy-density fuel will be vital in the global tran-

sition towards a sustainable-energy future1. Operating proton 
exchange membrane fuel cells (PEMFCs) at temperatures higher 
than 100 °C offers several advantages, including co-generation of 
heat and power, high tolerance to fuel impurities and a simpler 
system design. The high-temperature PEMFCs (HT-PEMFCs) 
include the well established phosphoric-acid-doped polybenzimid-
azole (PA-PBI)-based HT-PEMFCs, which can operate within the 
temperature range 140−200 °C without humidification2. At pres-
ent, HT-PEMFCs show limited stability in the presence of water 
or at higher operating temperatures. To improve stability, we have 
developed ion-pair coordinated membranes with strong interac-
tion between biphosphate–ammonium ionic pairs that increase the 
water tolerance and reduce evaporation of phosphoric acid at high 
temperatures3. However, the performance was low compared to that 
of the state-of-the-art PA-PBI-based HT-PEMFCs.

Ionomeric binder materials play a critical part in the perfor-
mance of polymer-based fuel cells and electrolysers. For example, 
the Nafion ionomer enables the catalyst loading to be reduced by 20 
times with improved performance for low-temperature PEMFCs4. 
Quaternized poly(fluorene) and radiation-grafted ethylene tetra-
fluoroethylene binders have greatly improved the performance of 
alkaline membrane fuel cells in the past five years5,6. More recently, 
a highly quaternized polystyrene binder much improved the per-
formance of a noble-metal-free alkaline anion exchange membrane 
water electrolyser7. However, advanced ionomeric binders for 
HT-PEMFCs have not been thoroughly investigated.

We consider phosphonated polymers as promising candi-
dates for use as ionomeric binders. Several research groups have 

developed phosphonated polymers as a potential membrane for 
HT-PEMFCs8–18 because of their ability to conduct protons under 
both hydrated and anhydrous conditions19. One challenge of using 
phosphonated polymers originates from their poor mechanical 
properties, caused by strong intermolecular hydrogen bonding and 
dipole–dipole association20. Another challenge is the low anhy-
drous proton conductivity of phosphonated polymers (<1 mS cm−1) 
at 100−200 °C owing to the formation of phosphonic acid anhy-
dride21–23. It is known that phosphonic acid anhydrides have much 
lower proton conductivities than phosphonic acids owing to their 
lower degree of hydrogen-bond-network frustration24,25. Therefore, 
no high-performance HT-PEMFCs based on phosphonated poly-
mer membranes have been reported.

When a polymer is used as the ionomeric binder, the poor 
mechanical properties of phosphonated polymers may not sub-
stantially limit fuel cell performance and durability, given that the 
mechanical toughness of Nafion ionomers is three orders of magni-
tude lower than that of the Nafion membrane26. Owing to the rela-
tively thin coating of ionomer used in the catalyst layer (an ionomer 
a few nanometres thick versus a membrane 10−20 μm thick), high 
proton conductivity (>100 mS cm−1) is not an essential requirement 
for the ionomeric binder27. However, it is critical to prevent the for-
mation of phosphonic acid anhydride to maintain the proton con-
ductivity at a minimum level, about 0.1 mS cm−1.

Phosphonated polymers have two benefits over ion-pair poly-
mers for use as ionomeric binders. First, phosphonated polymers 
have immobilized phosphonic acid groups chemically bound to a 
polymer backbone, which results in no loss of acid functionality in 
the presence of water. Second, the low concentration of phosphonic 
acid (<4 milliequivalents per gram for phosphonated polymers 
versus 40 mequiv. g−1 for ion-pair polymers) mitigates the adverse 
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impact of phosphate poisoning at the cathode electrode and pre-
vents electrode flooding by liquid phosphoric acid at the cathode.

Here, we introduce a fluorophenyl group to phosphonic acid to 
produce a phosphonated polymer that does not undergo undesirable 

phosphonic acid anhydride formation. We use the phosphonated 
polymer as an ionomeric binder in fuel cell electrodes in combi-
nation with an ion-pair coordinated membrane in a membrane 
electrode assembly (MEA) and evaluate their performance and 

C
el

l v
ol

ta
ge

 (V
)

0.0

0.2

0.4

0.6

0.8

1.0
PVPA

PWN70

160 °C

Current density (A cm–2)

H
FR

 (O
hm

 c
m

2 )

0.0

0.1

0.2

0.3

pKa

G
ib

bs
 fr

ee
 e

ne
rg

y 
(k

ca
l m

ol
–1

)

0

2

4

6

8
Pentafluorophenyl
phosphonic acid

Methyl phosphonic acid

Phosphoric acid

ppm
152025303540

PVPA in DMSO-d6 Initial

4 h

24 h

ppm
–10051015

PWN70 in DMSO-d6 Initial

4 h

24 h

100 h

c d

e f

G
ib

bs
 fr

ee
 e

ne
rg

y 
(k

ca
l m

ol
–1

)

–2

0

2

4

6

8

T = 25 °C

T = 160 °C

–H2O

+6.9

+2.3

+4.8

–0.3

+2.0

–1.8

a b

Time (h)

0 1 2 3 4

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

–5

0 20 40 60 80 100

Pr
ot

on
 c

on
du

ct
iv

ity
 (m

S 
cm

–1
)

0.001

0.01

0.1

1

10

PWN70

PVPA

(i)

(ii)

HO
O

OHP

HO
O
P OH

F

F F

F F
F

F F

F

0.7 0.3

PVPA

(i) intramolecular

(ii) intermolecular

PO OH
OH

OH
HO OP

OHO O O
OH

P P

O O O
O

O O OH
O

*

OH
P P

P P

–H2O

Fig. 1 | Anhydride formation of phosphonic acid. a, Gibbs free energy diagrams for the anhydride formation at 25 °C and 160 °C: phosphoric (black), 
methylphosphonic (orange) and pentafluorophenylphosphonic (light blue) acids. b, Correlation between the pKa values of various phosphonic acids and 
the Gibbs free energy of phosphonic acid anhydride formation. The error bar of ± 0.2 pKa units was determined as a root-mean-square error in the fit of 
the experimental pKa values to the DFT-calculated difference in the electronic energy of protonated and deprotonated forms of an acid. c, Anhydrous 
proton conductivity of 5 wt% PWN70 and PVPA solution in DMSO during 160 °C thermal treatment. The proton conductivity was measured at 80 °C. 
d, The formation of phosphonic acid anhydride of PVPA. (i) intermolecular polycondensation (pseudo-stable solution), (ii) intermolecular crosslinking 
(irreversible precipitation). e, Change in the 31P NMR spectra of PWN70 (top) and PVPA (bottom), during 160 °C thermal treatment. f, H2/O2 fuel cell 
performance comparison between MEAs using PVPA and PWN70 ionomeric binder at 160 °C. Both MEAs used the same biphosphate-ammonium 
ion-pair membrane with same thickness. The performance was measured at H2/O2 (500/500 standard cubic centimetres per minute (sccm)) under Pabs = 
147.1 kPa backpressure without humidification.
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durability by comparing with those of state-of-the-art HT-PEMFCs 
at the temperature range 120 to 240 °C.

Phosphonic acid anhydride formation
We hypothesized that the formation of acid anhydrides might not 
take place when the reactivity of the hydroxyl group in the phos-
phonic acid is low. To prove this, the thermodynamics of anhydride 
formation of phosphoric, methylphosphonic and pentafluoro-
phenylphosphonic acids were examined by first-principles calcula-
tions using the MP2/6-31 G(d) level of theory28 (Fig. 1a). At 25 °C, 

the Gibbs free energy for acid anhydride formation decreases 
in the order pentafluorophenylphosphonic acid (6.9 kcal mol−1) 
> phosphoric acid (4.8 kcal mol−1) > methylphosphonic acid 
(2.0 kcal mol−1). These results indicate that the formation of the 
acid anhydrides is not a spontaneous process at room temperature 
due to the formation of high-energy P−O−P bonds29. However, at 
160 °C the formation of acid anhydride becomes exergonic in the 
case of methylphosphonic acid (−1.8 kcal mol−1) and slightly exer-
gonic in the case of phosphoric acid (−0.3 kcal mol−1). The anhy-
dride formation of pentafluorophenylphosphonic acid becomes 
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exergonic at a higher temperature, about 240 °C (Extended Data 
Fig. 1). First-principles calculations show that the pentafluoro-
phenylphosphonic acid anhydride is the least stable of all the stud-
ied anhydrides and therefore, the formation of the acid anhydride 
is endergonic even at 160 °C (2.3 kcal mol−1). We also studied the 
protonation of methylphosphonic and pentafluorophenylphos-
phonic acids as one of the key steps towards the formation of anhy-
drides. The first-principles calculations show that the formation of 
the protonated pentafluorophenylphosphonic acid (C6F5PO3H3

+) is 
5.6 kcal mol−1 more endergonic than the formation of the proton-
ated methylphosphonic acid (CH3PO3H3

+), which can be attributed 
to the difference in their acidity. Pentafluorophenylphosphonic acid 
has a smaller pKa (where Ka is the acid dissociation constant) than 
the methylphosphonic acid, which makes protonation of this acid 
energetically more difficult. To verify the fact that increased disso-
ciation of the proton suppresses phosphonic acid anhydride forma-
tion, we calculated the first pKa of the acid compound analogues 
from a linear regression fit to experimental deprotonation energies30. 
The pKa values of phosphoric, methylphosphonic and pentafluoro-
phenylphosphonic acids at 25 °C are 1.65, 2.2 and 1.3, respectively, 
and correlate well with the anhydride formation Gibbs-free energy 
of the acid compounds (Fig. 1b). This result confirms that the high 
dissociation of hydroxyl proton stabilizes phosphonic acid, thus 
mitigating anhydride formation.

Next, a poly(2,3,5,6-tetrafluorostyrene-4-phosphonic acid) 
with a 70% degree of phosphonation (PWN70)31, which has tet-
rafluorophenylphosphonic acid functional groups, was prepared 
and the proton conductivity of PWN70 was compared with that of 
poly(vinylphosphonic acid) (PVPA), which has methylphosphonic 
acid functional groups (Fig. 1c). The anhydrous solution proton 
conductivity of PWN70 was about 1 mS cm−1 and remained constant 
for 100 h after exposure of the polymer solution at 160 °C. The pro-
ton conductivity of PVPA was higher (4 mS cm−1) at the beginning 
of the test, primarily owing to the higher concentration of protonic 
charge carriers in the polymer (4.6 versus 2.0 mequiv. g−1). However, 
the conductivity of PVPA steadily decreased with time when the 
polymer solution was exposed to a temperature of 160 °C. During 
the first 40 h, the PVPA was soluble in dimethylsulfoxide (DMSO), 
suggesting intramolecular acid anhydride formation (i, Fig. 1d). 
After 40 h, the turbidity of the PVPA solution increased, indicating 
the start of intermolecular condensation (ii, Fig. 1d). The 31P nuclear 
magnetic resonance (NMR) spectra of PWN70 showed only one 
31P NMR signal at −1.9 parts per million (ppm), which remained 
unchanged after the completion of the 100-h test (Fig. 1e). For the 

PVPA solution, only one phosphorus peak at 29.3 ppm appeared 
at the beginning of the test. However, another peak evolved over 
time at 26.0 ppm, corresponding to the phosphorus ether (P−O−P) 
originating from the formation of the phosphonic acid anhydride. 
We further investigated the possible acid anhydride formation of 
PWN70 at higher temperatures by ageing the polymer in the air at 
200 °C and 240 °C. The proton conductivity of PWN70 remained 
stable at 200 °C (Extended Data Fig. 2a) for 100 h. The PWN70 
polymer aged at 240 °C shows a reduced solubility in DMSO owing 
to phosphonic acid anhydride formation (Extended Data Fig. 2b). 
These results indicate that the strong electron-withdrawing fluoro-
phenyl moiety of PWN70 provides electronic stabilization of the 
phosphonate anion.

We compared the fuel cell performance of MEAs using the PVPA 
and PWN70 ionomeric binders at 160 °C (Fig. 1f). The PWN70 
MEA exhibited a substantially higher performance than the PVPA 
MEA. The similar high-frequency resistance values for both MEAs 
suggests that the difference in performance does not originate from 
the membrane. Electrochemical impedance analysis for the PWN70 
and PVPA MEAs in the kinetic region, around 0.8 V, indicated that 
the charge transfer resistance of the PVPA MEA is 9.5 Ω cm2, which 
is more than three times greater than that of the PWN70 MEA 
(2.8 Ω cm2) (Extended Data Fig. 2c). This result suggests that the 
high proton transfer resistance of PVPA anhydride limits the per-
formance of the MEA.

Property comparison for high-temperature polymer 
electrolytes
In this section, we compare the properties of state-of-the-art 
HT-PEMFC polymer electrolytes (Fig. 2a). First, we compared the 
anhydrous proton conductivity of the proton conductors as a func-
tion of temperature (Fig. 2b). The proton conductivity of PWN70 
rapidly increased from 10−4 to 0.2 mS cm−1 as the temperature 
increased from 120 °C to 220 °C. The conductivity of PWN70 was 
slightly lower than that measured at 35% relative humidity (RH) 
(Extended Data Fig. 3). The proton conductivity of PA-PBI was at 
least three orders of magnitude higher than that of PWN70. The 
proton conductivity of PA-PBI increased with temperature and 
started to decrease at 190 °C, because of the evaporation of phos-
phoric acid. The proton conductivity of the ion-pair coordinated 
polymer (PA-QAPOH) was slightly higher than that of PA-PBI and 
kept increasing until a temperature of 220 °C was reached before 
decreasing. The maximum conductivity at the higher temperature 
for the ion-pair polymer may be due to the higher interaction of the 
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ion pair. The phosphoric-acid (PA)-doped tin pyrophosphate (TPP/
Nafion) composite membrane exhibited slightly lower conductivity 
values than those of PA-PBI and PA-QAPOH in the temperature 
range 120−200 °C, with no decrease in conductivity up to 300 °C.

Acid retention in the presence of water was evaluated by mea-
suring proton conductivity at 80 °C as a function of RH (Fig. 2c). 
The proton conductivity of PA-PBI showed the maximum value at 
7.5% RH. At higher RH values, the proton conductivity of PA-PBI 
decreased, owing to the loss of phosphoric acid in the presence of 
water. The proton conductivity of PA-QAPOH showed the maximum 
value at 40% RH, indicating that the acid retention of PA-QAPOH is 
much higher. The conductivity of PWN70 kept increasing with RH 
because no acid loss occurred in the presence of water. TPP/Nafion 
has lower conductivity than PA-PBI and PA-QAPOH at low RH val-
ues, around <40% RH, but the conductivity increased at higher RH 
values owing to the contribution of Nafion.

The thermal oxidative stability of the proton conductors was 
compared in oxygen-enriched synthetic air (70% O2, 30% N2) by 
thermogravimetric analysis coupled to Fourier transform infra-
red spectroscopy (TGA–FTIR) (Fig. 2d). All samples exhibited 
a substantial mass loss below 300 °C. The weight loss of PA-PBI, 
PA-QAPOH, PA-QASOH and TPP/Nafion below 300 °C is rela-
tively large, around 20%, owing to the evaporation of water and 
phosphoric acid. PA-PBI exhibits the highest thermal degradation 
temperature Td, with the onset of CO evolution starting at 417 °C 
(Fig. 2e). The thermal degradation of PWN70 starts at 365 °C and 
progresses very quickly, losing most of the weight around 550 °C. 
The trace of weight loss at 220−350 °C may be due to the resid-
ual solvent and small anhydride formation at >220 °C (ref. 32). 
Complete degradation of PWN70 and its precursor was examined 
with a continuous FTIR scanning of the evolved gases (Extended 
Data Fig. 4). The thermal degradation of TPP/Nafion took place at 
350 °C, where Nafion starts to degrade33. Similar degradation pro-
files were observed for PA-QAPOH and PA-QASOH with Td values 
of 251 °C and 299 °C, respectively. In both cases, the polymer degra-
dation was very slow up to 360−400 °C, followed by acceleration of 
CO evolution above this temperature. The slow rate of degradation 
can be attributed to the de-alkylation of their quaternary ammo-
nium side chains (Extended Data Fig. 5). The thermo-oxidative 
stability results indicated that the upper operating temperature of 
fuel cells would be limited by the evaporation of phosphoric acid 
(190−220 °C) before thermal degradation of the polymer (>250 °C) 
or anhydride acid formation of PWN70 (≥240 °C).

The mechanical properties of the proton conductors were evalu-
ated at 80 °C (Fig. 2f). The tensile stress of PA-PBI at 0% RH was 
less than 0.29 MPa at about 20% strain. By contrast, the PA-QAPOH 
ion-pair membrane showed robust mechanical behaviour. The 
mechanical properties of the PA-QAPOH membrane increased 
with humidification. The elongation of the PA-QAPOH mem-
brane increased due to the plasticization of the polymer by the 
absorbed water. The strength of the membrane also enhanced as the  

interaction energy of the ion-pair clusters in PA-QAPOH increased 
by the addition of water molecules34. The PWN70 membrane was 
found to be brittle owing to the strong hydrogen-bonding network 
of the phosphonic acid groups. The tensile strength of TPP/Nafion 
membrane was poor, whereas the elongation at the membrane break 
was high, owing to the high phosphate content in SnP2O7.

The liquid acid content of the proton conductors was measured 
by acid-base titration. Figure 2g shows that PA-PBI has the highest 
liquid acid fraction, followed by ion-pair polymers. TPP/Nafion has 
a relatively low phosphoric acid content. PWN70 has no liquid acid 
fraction as all phosphonic acid groups were covalently bound to the 
polymer.

Synergistic integration of polymer electrolytes in MEAs
Figure 3 shows spider charts of the six most critical parameters 
required to be a membrane or an electrode binder for candidate 
HT-PEMFCs. Whereas thermal stability, acid retention and anhy-
drous proton conductivity are required by both a membrane and 
electrode binder, film-formation ability is required only by the 
membrane, and hydrophobicity is required only by the electrode 
binder. For membrane candidates, the PA-QAPOH ion-pair mem-
brane is superior to those of PA-PBI except for thermo-oxidative 
stability. The TPP/Nafion membrane has higher acid retention at 
high temperature, but its other properties were inferior to those of 
PA-PBI and PA-QAPOH, in particular, its film formation ability 
which is borderline acceptable. For ionomeric binder candidates, 
the PTFE binder has extremely high hydrophobicity to prevent elec-
trode flooding. PWN70 has superior acid retention and hydropho-
bicity to those of PA-QASOH.

Fuel cell performance and durability
In this section, we compare the HT-PEMFC performance and dura-
bility of MEAs consisting of different combinations of membranes 
and electrode binders (Table 1). Figure 4a compares the fuel cell 
performance of the MEAs at 120 °C. For the PA-PBI MEAs, the 
PTFE binder (MEA1) exhibited a superior performance compared 
to that of the PWN70 binder (MEA2), consistent with previous 
findings that the PTFE binder performs well with a PA-PBI mem-
brane35,36. MEA3 (ion-pair membrane/ionomer) and MEA5 (metal 
phosphate membrane/ion-pair ionomer) showed a performance 
similar to that of MEA2. The performance of MEA4 (ion-pair mem-
brane/phosphonated ionomer) at low current density was compa-
rable to that of MEA1 but had substantially better performance at 
high current density. At the operating temperature of 160 °C, the 
performance of MEA3 became superior to MEA1 (Fig. 4b). MEA4 
exhibited improved high current density performance. As a result, 
the peak power density of MEA4 became about 1.5 times higher 
than that of the PA-PBI MEA (MEA1) (1,134 mW cm−2 for MEA4 
versus 730 mW cm−2 for MEA1). The performance of MEA5 was 
low owing to relatively high high-frequency resistance. The imped-
ance analysis at 0.2 V indicated that the gas diffusion resistance of 

Table 1 | MEA components and fuel cell performance comparison

MEA name Membrane PEM thickness 
(μm)

Ionomeric binder Anode catalyst  
(Pt loading)

Cathode catalyst  
(Pt loading)

Note and reference

MEA1 PA-PBI 50 PTFE Pt/C (1.0 mg cm−2) Pt-alloy/C (0.75 mg 
cm−2)

PA-PBI control39

MEA2 PA-PBI 50 PWN70 PtRu/C (0.5 mg 
cm−2)

Pt/C (0.6 mg cm−2) This study

MEA3 PA-QAPOH 40 PA-QASOH Ion-pair3

MEA4 PA-QAPOH 40 PWN70 This study

MEA5 PA-TPP/Nafion 80 PA-QASOH Metal phosphate40

PEM, polymer electrolyte membrane
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the PA-PBI MEA with the PTFE-bonded electrode (MEA1) was 
much higher (1.77 Ω cm2) than that of the ion-pair MEA with the 
phosphonated electrode (MEA4) (0.75 Ω cm2) (Extended Data Fig. 
6). Furthermore, the gas diffusion resistance of the PWN70 elec-
trode (MEA2 and MEA 4) did not increase much with the water 
vapour pressure, suggesting that the phosphonated ionomer can 
effectively handle additional water under higher-current-generating 
conditions. At the operating temperature of 200 °C, the difference 
in performance between the two best-performing MEAs (MEA4 
and MEA3) became even greater (Fig. 4c). The peak power den-
sity of MEA4 reached 1,503 mW cm−2, which was 1.5 times higher 
than that of MEA3 and 2.2 times higher than for a MEA based on 
a polycation-PBI blend membrane37. At the operating temperature 
of 240 °C, the peak power density of MEA4 reached 1,740 mW cm−2, 
which was 1.7 to 2 times higher than those of MEA3 and MEA5 
(Fig. 4d). The fuel cell performance of MEA5 was improved, but still 
lower than other MEAs because of the notably high ohmic resis-
tance. The performance demonstrated here with MEA4 is substan-
tially higher than that of the Nafion low-temperature (LT)-PEMFC 
using the same loading of Pt/C catalyst at 80 °C (Extended Data Fig. 
7). The peak power density of MEA4 ranged from 309 mW cm−2 to 

923 mW cm−2 at the operating temperature of 120–240 °C under H2/
air conditions, suggesting good mass transport at the PWN70 elec-
trode (Extended Data Fig. 8).

The short-term durability of the MEAs under a constant cell 
current density of 0.15 A cm−2 was compared as a function of 
operating temperature (Fig. 5a–d). At 120 °C, the cell voltage of 
MEA1 slowly decreased (with decay rate 0.30 mV h−1), accom-
panying a discernible increase in high-frequency resistance 
(0.48 mΩ cm2 h−1), suggesting that the performance loss is related 
to the loss of doped phosphoric acid in the MEA at 120 °C. Both 
MEA3 and MEA4 showed stable performance and high-frequency 
resistance. At 160 °C, all MEAs showed stable performance and 
high-frequency resistance over 100 h. At 200 °C, the cell voltage 
of MEA1 substantially decreased over time with a high decay rate 
(0.97 mV h−1) and a large increase in cell high-frequency resis-
tance (0.93 mΩ cm2 h−1). The performance of MEA3 also decreased 
(0.32 mV h−1), accompanied by an increase in high-frequency resis-
tance (0.28 mΩ cm2 h−1). At 240 °C, all tested MEAs were unstable. 
MEA1 and MEA2 degraded quickly and were unable to operate 
within 2 h. MEA3 and MEA5 could operate for about 18 h. MEA4 
had a slightly longer lifetime (around 30 h). We observed increases 
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in the values of high-frequency resistance for all MEAs during the 
extended-term test, suggesting that loss of phosphoric acid may be 
the primary cause of performance degradation. The slightly longer 
lifetime of MEA4 is probably due to the thermal stability of the 
ionomer. The results suggest that the hybrid MEA, consisting of 
the ion-pair membrane and PWN70 ionomer (MEA4), can extend 
both the low and high operating temperature limits from those of 
a conventional PA-PBI system (MEA1). The long-term durability 
of MEA4 at 160 °C was evaluated at a constant high current density 
of 0.6 A cm−2 (Fig. 5e). The cell performance was stable for >550 h 
until we stopped the test. The voltage decay was 0.35 μV h−1 and 
the rate of increase in high-frequency resistance was 0.12 μΩ h−1. 
The much smaller loss of performance than what was observed in 
short-term testing suggest that most structural change occurs at 
the beginning of the test. We note the excellent electro-oxidative 
stability of the poly(pentafluorostyrene)-based ionomer of MEA4, 
which is probably due to a complexation of a metal cation such as 
Fe2+ with OH radicals from the H2O2 intermediate formed at the 
fuel cell electrodes32,38.

In this study, we found that the phosphonated 
poly(pentafluorostyrene) (PWN70) did not undergo adverse anhy-
dride formation at <240 °C and could be successfully integrated into 
a hybrid MEA with an ion-pair membrane. The PWN70 enables 
excellent fuel cell performance and durability over the temperature 
range of 120–200 °C that outperforms those of other state-of-the-art 

HT-PEMFC MEAs. The results indicate that properly designed 
phosphonated polymers can be used as an ionomeric binder for 
HT-PEMFCs. The ability to conduct protons without acid loss of 
this material design concept is desirable for other electrochemical 
applications that require electrochemical reaction at 120–240 °C. 
Stable operation at >200 °C remains a challenge.
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Methods
Materials. All chemicals and solvents were purchased from Sigma-Aldrich unless 
specifically indicated. Commercial 60 wt% Pt/C (HiSPEC 9100) and 50% PtRu/C 
(Pt:Ru 2:1, HiSPEC 12100) catalysts were purchased from Johnson Matthey for 
the cathode and anode, respectively. PVPA was purchased from Sigma Aldrich 
in powder form and used as received. Single-sided ELAT gas diffusion layers 
were purchased from E-TEK. Commercial PBI membranes were purchased from 
Celazole. Commercial PA-PBI MEAs were kindly provided by Advent.

Synthesis of QAPOH. QAPOH was prepared as described by Hibbs41. First, 
brominated alkyl ketone functionalized Diels–Alder poly(phenylene) was 
synthesized by reacting Diels–Alder poly(phenylene) with 6-bromohexanoyl 
chloride in the presence of aluminum chloride. The ketone groups of the polymer 
were reduced to methylene groups by a reaction with trifluoroacetic acid and 
triethylsilane. The membrane was aminated by immersion in trimethylamine 
solution (45% w/w in water) for 48 h. For the non-aqueous process, bromoalkylated 
Diels–Alder poly(phenylene)42 was dissolved in N-methyl-2-pyrrolidone at a 
concentration of 5% by weight, followed by adding excess trimethylamine (10 
equivalents of amine to alkyl bromide) in anhydrous ethyl alcohol dropwise to 
prevent the polymer from precipitating from solution. The solution was heated to 
40 °C for 48 h and then quenched by pouring the solution into a 10% solution by 
weight of acetic acid. The polymer was then rinsed with deionized water until the 
pH was neutral and dried in a vacuum oven at 50 °C overnight.

Synthesis of SnP2O7 particles. The SnP2O7 particles were prepared as described 
in our previous paper40. 6.2 g of SnCl4 hydrate was dissolved in 30 g of alcohol, 
to which 10.1 g of diammonium phosphate dissolved in 12.2 g of hot water was 
quickly added with vigorous stirring. The mixture was heated and evaporated with 
continued stirring until thickening, then removed from heat. Cooling resulted in 
a thick ‘frosting’ that was dried at 60 °C. The foamy mass was fired in a covered 
crucible at 650 °C for 2.5 hours. The product was dry-milled with zirconia balls to 
form a fine powder.

Synthesis of QASOH. Poly(vinylbenzyl chloride) (500 mg) was dissolved  
in dimethyl sulfoxide (10 ml) in a 40 ml vial, and 6-(dimethylamino)-N,N,N- 
trimethyl-1-hexanaminium iodide (258 mg, synthesized from N,N,N′,N′- 
tetramethyl-1,6-hexanediamine and methyl iodide in tetrahydrofuran) was added 
to the solution. After stirring at 80 °C for 3 h, 4-fluorophenylamine (377 mg) was 
added, and the solution was stirred for 12 h at 80 °C. The solution was precipitated 
in diethyl ether and washed thoroughly to isolate the product as a light yellow 
powder. 1H NMR spectrum of QASOH is shown in (Extended Data Fig. 9a). 
The powder was treated with 1 M NaOH solution to exchange counter-ions into 
the hydroxide form, washed thoroughly with deionized water and dried under 
vacuum. QASOH (the OH− form) was then dissolved in the mixture of ethanol and 
isopropanol (1:1 v/v) to produce the 5 wt% ionomeric binder solution.

Synthesis of the phosphonated polymer PWN70. The degree of phosphonation 
of the PWN polymer was determined based on the properties of PWNs. PWNs 
have a reasonably high conductivity with <80% water uptake.31 PWN70 was 
synthesized following a literature report31. Briefly, polypentafluorostyrene (100 g, 
515 mmol monomer units, molecular weight Mw = 200 kDA, polydispersity 
index (PDI) = 3.4) was dispersed in N,N-dimethylacetamide (400 ml) and 
tris(trimethylsilyl)phosphite (200 g, 670 mmol) was added slowly. The reaction 
solution was then heated to 160 °C and magnetically stirred overnight. After the 
reaction was completed, the warm mixture was precipitated in 2 litres of water 
and collected via filtration. The resulting white powder was refluxed in water 
three times for 30 min each, exchanging water each time, followed by boiling in a 
2 wt% phosphoric acid solution. Washing with water until neutral and drying at 
140 °C yielded the phosphonated polymer with a 70% degree of phosphonation, 
PWN70. Yield 130 g (99%). The chemical structure and the molecular weight 
of PWN70 were analysed by 19F NMR and gel permeation chromatography, 
respectively (Extended Data Fig. 9b, c).

SnP2O7/Nafion composite PEM fabrication. The Nafion membrane was dispersed 
in 1,2-pentanediol at 140 °C for 2 h after converting precleaned Nafion212 (Ion 
Power) to sodium form using 2% NaOH solution for 1.5 h and subsequent rinsing 
with deionized water for 1 h (ref. 27). The prepared SnP2O7 particles were mixed to 
this Nafion dispersion. The SnP2O7/Nafion mixture was cast onto a clean glass plate 
at 120 °C for 3 h, dried under vacuum at 160 °C for 4 h, and finally heat-treated at 
190 °C for an additional 4 h under ambient pressure. The composite membrane was 
doped with phosphoric acid by immersing the membrane into 85% phosphoric 
acid for 3 h at room temperature.

General membrane doping procedure. In a glass bath, pre-cut membranes were 
completely submerged in 85 wt% phosphoric acid solution overnight at room 
temperature. After blotting away excess phosphoric acid on the surface of the 
membrane, the doped membrane was stored in a convection oven set at 80 °C to 
dehydrate the membrane for at least 2 h prior to fuel cell testing. Phosphoric acid 
doping levels were calculated using our previous method3.

Acid content measurement. The ion-exchange capacity (IEC) of PWN70 was 
determined by titration. The sample was immersed in a saturated sodium chloride 
solution for 24 h followed by a titration with 0.1 M NaOH to the equivalent point. 
Then a defined excess of NaOH was added, stirred for 24 h and the solution 
was back-titrated with 0.1 M HCl. The doping level of PA-PBI, PA-QAPOH 
and PA-QASOH were determined by acid-base titration through the following 
procedure: (i) dry membrane samples were weighed; (ii) the samples were titrated 
with 0.1 M NaOH solution using phenolphthalein as an indicator; and (iii) the 
samples were washed with water and dried in a vacuum plate at 100 °C for 3 h and 
weighted again. The number of phosphoric acid molecules per repeat unit (X) was 
calculated from the following equation: 

X ¼ VNaOHCNaOH

MolEquiv wdry

MW

� �� � ð1Þ

where VNaOH (in litres) is the volume of NaOH, CNaOH (in moles per litre) is the 
molar concentration of NaOH and MolEquiv is the equivalent number of moles of 
titrant for phosphoric acid, which is 3; three moles of NaOH reacts with one mole 
of phosphoric acid to produce trisodium phosphate.

The acid content of the membrane was determined gravimetrically. First, the 
undoped membrane was weighed and the weight was recorded as dry weight. 
Second, the phosphoric acid doped sample was weighed after drying at 80 °C for 
24 hours (wet weight). The weight fraction of phosphoric acid (x) was calculated 
from the following equation.

x ¼ wet weight minus dry weightð Þ
wet weight

ð2Þ

First principles calculations. Electronic structure calculations for the study of 
anhydride formation were performed using the MP2/6-31 G(d)43–47 level of theory 
as implemented in the Gaussian09 quantum chemistry program (revision C.01)28. 
In all cases the structure of acids and anhydrides were optimized and the change 
in the reaction Gibbs free energy was calculated at 25 °C, 160 °C and 240 °C by 
performing the frequency analysis at the corresponding temperatures.

The pKa values were calculated from a linear regression fit to experimental 
deprotonation energies using the equation pKa ¼ a E�

A � EHA
� �

þ b;
I

 where EA
− 

denotes the density functional theory (DFT)-calculated electronic energy of the 
deprotonated acid and EHA denotes the DFT-calculated energy of the protonated 
acid. This approach was extensively tested in ref. 48 In this case, we derived a and 
b values using a dataset of nine experimental pKa values: phenyl phosphonic acid 
(pKa = 1.83), 2-fluoro-phenyl phosphonic acid (pKa =1.64), 3-chloro-phenyl 
phosphonic acid (pKa = 1.53), phosphoric acid (pKa = 1.90), methyl phosphonic 
acid (pKa = 2.35), dichloromethyl phosphonic acid, (pKa = 1.14), chloromethyl 
phosphonic acid (pKa = 1.51), etidronic acid (pKa = 1.35) and phenyl dihydrogen 
phosphate (pKa = 1.46). A full geometry optimization of both undissociated and 
dissociated acids were performed using the SMD solvation model49 with water 
as solvent. For the calculation of pK values, the M06-2X/6-311++G(d,p)50 level 
of theory and the Gaussian09 program (revision C.01) was used. Linear fitting of 
the experimental pKa values to DFT calculated ΔE ¼ E�

A � EHA
� �

I
 values results 

in the equation of line pKa = 0.108 * (EA
− − EHA) − 28.2; with R2 of 0.90 and 

root-mean-square error of 0.2 pKa units. The ΔE for pentafluorophenyl phosphonic 
acid was calculated as 273.34 kcal mol–1 and therefore its pKa was determined to be 
1.3 ± 0.2.

Thermal oxidative stability. Thermal oxidative stability of the proton conductors 
was measured by TGA–FTIR (STA 449 F3 Jupiter ASC with Perseus-Coupling 
System from Netzsch). The temperature scan was performed from 30 °C to 600 °C 
at a heating rate of 5 °C min−1 in synthetic oxygen-enriched air (O2 70%; N2 30%). 
The thermal degradation temperatures (Td) of the proton conductor were defined 
as onset temperatures at which the first CO evolution in the corresponding 
temperature in the FTIR spectrum was observed.

Mechanical property measurements. The mechanical properties were 
conducted on a TA Q800-RH DMA instrument. Film samples of dimension 
1 cm × 4 cm × 30 µm were used. For humidity-controlled experiments, the 
temperature of the environmental chamber was increased to 80 °C at 2 °C min−1. 
After equilibrating the samples at a given RH for 1 h, the tensile measurement 
was performed at a load-ramp of 0.5 MPa min−1. For the PA-PBI membrane, 
we measured the mechanical properties only at 0% RH since the mechanical 
properties change at higher RH as the phosphoric acid is lost. For the PA-QAPOH 
ion-pair membrane and PWN70, the mechanical properties were measured up to 
40% RH.

Conductivity measurements. The conductivity of polymer electrolytes was 
measured either in a solution or with a stand-alone membrane. For the phosphonic 
acid anhydride formation study, the conductivity of PWN70 and PVPA was 
compared in solution form using a solution conductivity cell, owing to the 
brittle nature of the PVPA anhydride46. The cell used for liquid conductivity was 
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custom-made with stainless steel electrodes (electrode diameter 1 cm), that were 
1 cm apart, encased in polypropylene casing (Extended Data Fig. 10a). For the 
anhydride formation study, a 5 wt% solution of both PWN70 and PVPA in a 1:1 
mixture of anhydrous DMSO: DMSO-d6 was heat-treated at 160 °C. Aliquots 
from this solution (about 5 ml) were taken for measurements of conductivity 
and 31P NMR at various time intervals. The solution was filled with the solution 
conductivity cell and the whole solution conductivity cell was placed in a 
convection oven at 80 °C. After reaching the thermal equilibrium (about 1 h), the 
solution conductivity was measured by a National Instruments 1260 A Impedance/
Gain-Phase Analyzer over a frequency range of 1 Hz to 1 MHz. For the anhydride 
formation study at higher temperatures of about 200 °C and 240 °C, we aged the 
PWN70 at the given temperature up to 100 h. The aged PWN 70 samples were 
dissolved in DMSO (5 wt%), and the conductivity was measured using the solution 
conductivity cell and the same procedure.

For in-plane film conductivity measurement, we used window cells with two 
different dimensions (Extended Data Fig. 10b, c). For the polymer membrane 
with high conductivity (> 10 mS cm−1), we used a large window cell (width of the 
window 2 cm). For the polymer membrane with low conductivity (PWN70), we 
used a small window cell (width of the window 0.5 cm). For the large window 
cell, samples dimensions were 1 cm × 4 cm × 30 µm and custom-built PTFE blocks 
used to clamp the samples in place with stainless steel electrodes (2 cm apart), as 
described previously47. For temperatures 80 °C and with and without humidity, 
a humidity-controlled oven was used to control temperature and humidity and 
at least 12 h equilibrium time was given prior to measurement. For anhydrous 
measurements between the temperatures of 100 °C to 280 °C, a convection oven 
was used as the chamber. For temperatures 300 °C and above, the insulating 
PTFE blocks were substituted with commercial glass fibre filter paper (Whatman 
GF/A) without binder, which has a thickness of 0.26 mm and upper operating 
temperature of 550 °C, and the connecting metal cables were stripped of insulating 
materials and inserted in a Thermo Scientific tube furnace (Lindberg/Blue M) as 
the temperature control chamber. For the small window cell, sample dimensions 
were 1 cm × 2 cm × 100 µm. To prevent premature failure of the PWN70 membrane 
during the dehydration, we pre-dried the PWN70 membrane at 60 °C overnight. To 
reduce the electrode contact resistance, we clamped the PWN70 membrane with 
1 mm between the stainless steel electrodes. The whole window cell was placed in 
a convection oven at 160 °C for 20 min to dry further; then the conductivity of the 
membrane was measured on heating and cooling at 20 °C intervals between 80 °C 
and 220 °C. Instrumentation as above was used for the membrane conductivity 
measurements. We also measured the conductivity of the polymer membranes as a 
function of RH at 80 °C. For this measurement, the window cell fixture was placed 
in a temperature/humidity controlled oven. The RH changed from 95% to 5%. The 
conductivity was measured after reaching the RH equilibrium state (1 h) at the 
given RH.

Spider chart. The spider chart was generated for six properties: (i) proton 
conductivity at 160 °C, (ii) acid retention with water, (iii) thermo-oxidative stability, 
(iv) acid evaporation temperature, (v) film formability and (vi) hydrophobicity. 
The criterion of each property was scaled to 100. Below are the criteria and scaling 
for each property:

	i.	 Proton conductivity at 160 °C: 1,000 mS cm−1 (the highest conductivity from 
the compared proton conductors). The scale for the proton conductivity is 
logarithmic: 1,000 mS cm−1 (100), 100 mS cm-1 (80), 10 mS cm−1 (60), 1 mS 
cm−1 (40), 0.1 mS cm−1 (20) and 0.01 mS cm−1 (0).

	ii.	 Acid retention in the presence of water: %RH with the maximum conductiv-
ity at 80 °C.

	iii.	 Thermo-oxidative stability: 300 °C (the upper limit of operating temperature).
	iv.	 Acid evaporation temperature: 260 °C or higher (100); 240 °C (80); 220 °C 

(60); 200 °C (40), 180 °C (20) and 160 °C (10).
	v.	 Film formability in the dry state: solid film with tensile strength >20 MPa and 

elongation >30% (100); plasticized film with tensile strength > 2 MPa and 
elongation >30% (80), gel film with tensile strength >0.1 MPa and elonga-
tion >20% (60), fragile film with tensile strength > 0.01 MPa and elongation 
>20% (40), castable film with tensile strength > 0.01 MPa and elongation 
>2% (20), and the powder form (10).

	vi.	 Hydrophobicity: Teflon-like (100), Nafion-like (80), fluorinated hydrocarbon 
(60), liquid content <0.2 (40), liquid content <0.5 (20), liquid content  
<0.8 (10).

Electrode preparation. Catalyst inks were composed of 60 wt% Pt/C or 50 wt% 
PtRu/C, PWN70 5 wt% dispersion in N,N-dimethylacetamide or PA-QASOH 
5 wt% in ethanol, water and isopropyl alcohol, respectively. The ink compositions 
were 1.5 wt% of 60 wt% Pt/C catalyst, 3.5 wt% ionomer solution, 22 wt% deionized 
water and 77 wt% of isopropanol. The inks were sonicated via tip sonicator for 
90 seconds prior to brush painting on pre-cut 5 cm2 E-TEK carbon cloth gas 
diffusion layers set on a vacuum hot plate set at 80 °C. For the PA-QASOH ionomer 
electrodes, two small drops of 85 wt% phosphoric acid were dropped on top of the 
gas diffusion electrodes for 10 min and any excess phosphoric acid was blotted 
away immediately prior to fuel cell testing. Catalyst loadings (cathode: 0.6 mg of 

Pt per cm2; anode: 0.5 mg of Pt per cm2) were confirmed with X-ray fluorescence 
spectroscopy. Single cells were fabricated with serpentine graphite flow fields, 
Furon gaskets, and 5 cm2 active area gas diffusion electrodes sandwiched between 
the phosphoric acid-doped membranes.

Fuel cell testing and impedance analysis. The H2/O2 fuel cell performance of the 
MEAs was measured using a fuel cell test station (Fuel Cell Technologies). MEA1 
and MEA2 which use PA-PBI PEMs, were first heated to 120 °C under anhydrous 
N2 flow, at which point gases were switched to H2 and O2 and cell temperature 
was further increased to 160 °C. The current increase was monitored at constant 
voltage of 0.6 V until stabilization (12 h). For MEA3, MEA4 and MEA5, current 
increase was monitored at a constant voltage of 0.6 V as cell temperature was raised 
from room temperature to 160 °C. After stabilization at 160 °C for 4 h, the cell 
voltage was lowered to 0.5 V, at which the current density increased further. An 
additional stabilization time of >10 h was required for full activation. Polarization 
curves and high-frequency resistance values for the MEAs were obtained at cell 
temperatures of 160 °C and 240 °C. H2 and O2 were supplied at 500 sccm without 
humidification and 147.1 kPa absolute backpressure applied to both anode and 
cathode. Electrochemical impedance analysis experiments were carried out with a 
Biologic SP-200 potentiostat at 0.2 V with a frequency range of 100 mHz to 1 MHz. 
H2 and air were supplied at 500 sccm either without humidification or 19 kPa of 
water vapour pressure. The absolute backpressure of 147.1 kPa was applied to both 
anode and cathode. The impedance spectra were obtained at 0.8 V (kinetic region) 
and 0.2 V (mass transport region) at a frequency range of 0.1 Hz to 1 MHz.

Data availability
All the data represented in Figs. 1–5 and Extended Data Figs. 2–9 are provided 
with the paper as source data. All other data that support results in this Article are 
available from the corresponding author upon reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Anhydride formation of phosphonic acid. Gibbs free energy diagrams for the anhydride formation at 240 °C: phosphoric (black), 
methylphosphonic (orange), and pentafluorophenylphosphonic acid (light blue).
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Extended Data Fig. 2 | Property change of PWN70 during high-temperature treatment. a, The conductivity change of PWN70 after exposure at 200 °C. 
The proton conductivity was measured in 5 wt.% DMSO solution at 80 °C. b, The solubility change of PWN70 after exposing at 240 °C. c, Electrochemical 
impedance analysis of PWN70 and PVPA MEAs at 160 °C. The impedance spectra were obtained at 0.8 V and a frequency range of 0.1 Hz to 1 MHz.
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Extended Data Fig. 3 | Proton conductivity of PWN70 as a function of temperature. The conductivity was measured in an open system in ambient air 
(RH: ~35% at room temperature).
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Extended Data Fig. 4 | Thermal oxidative stability of PWN70 and polypentafluorostyrene. a, TGA profiles (solid lines) and Gram Schmidt 
profiles (dashed lines) of PWN70 (black) and polypentafluorostyrene (red). b,c, FTIR spectra at selected temperatures for PWN70 (b) and for 
polypentafluorostyrene (c).
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Extended Data Fig. 5 | FTIR spectra of proton conductors at selected temperatures. a, PWN70 (red), PA-QASOH (green), PA-QAPOH (black) and 
PA-PBI (blue) and b, TPP/Nafion composite as a function of temperature.
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Extended Data Fig. 6 | Electrochemical impedance analysis of MEAs at 160 °C as a function of partial water vapour pressure. The impedance spectra 
were obtained at a frequency range of 0.1 Hz to 1 MHz.
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Extended Data Fig. 7 | Comparison of H2/O2 fuel cell performance between Nafion-based LT-PEMFC and PWN70-based HT-PEMFC. Nafion LT-PEMFC: 
cell temperature: 80 °C, membrane: Nafion 211 (25 μm thickness), Anode: Pt/C (0.6 mgPt cm−2), Cathode: Pt/C (0.6 mgPt cm−2), absolute backpressure 
varied from 78 to 285 kPa; PWN70-based HT-PEMFC: cell temperature: 240 °C, membrane: QAPOH−PA ion pair (40 μm thickness), Anode: PtRu/C (0.5 
mgPt cm−2), Cathode: Pt/C (0.6 mgPt cm−2), absolute backpressure of 147 kPa.
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Extended Data Fig. 8 | H2/air fuel cell performance of MEA4. The performance measured at 160, 200 and 240 °C under backpressure of 147 kPa. 
Membrane: QAPOH-PA ion pair (40 μm thickness), Ionomeric binder: PWN70, Anode: PtRu/C (0.5 mgPt cm−2), Cathode: Pt/C (0.6 mgPt cm−2).
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Structural characterization of polymers. a, 1H NMR spectrum of QASOH in DMSO-d6. b, 19F NMR spectrum of PWN70 in 
DMSO-d6, RT. The phosphonation degree calculated from 19F NMR: 66–69 mol% and the phosphonation degree calculated from titration: 50 mol% 
(equivalent IEC = 2.21 mequiv. g-1). 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, H), 1.95 (s, H), 1.02 (s, 
H) 19F-NMR (250 MHz, DMSO-d6, ppm) δ = −133.10 (bp 2 F), −143.14 (bp, 2 F). 31P-NMR (101.2 MHz, DMSO-d6, ppm) δ = -1.09 (bp,1 P). c, GPC profile of 
PWN70. Eluent: water, standard: PSSNa, detector: Shodex RI 101. Mn 97 kg mol−1, Mw 136 kg mol−1, PDI 1.40.
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Extended Data Fig. 10 | Conductivity measurement cell. a, Liquid cell. b, Window cells for polymer film. Left: window opening: 2 cm; Right: window 
opening 0.5 cm.
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