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To further facilitate commercialization of automotive fuel cells, durability concerns need to be addressed. Currently the 

addition of a mechanical support in the membrane is able to adequately solve issues of mechanical degradation, but 

chemical degradation via. oxygenated radical attack remains an unsolved challenge. Typical mitigation strategies use 

cerium or manganese species to serve as radical scavengers, but these ions are able to migrate in the membrane and even 

leach out of the system. The approach used in this study is to covalently link and immobilize a heteropoly acid (HPA), more 

specifically 11-silicotungstic acid (HSiW11), a lacunary HPA of the Keggin structure to a fluoroelastomer, serving as both a 

radical decomposition catalyst and the proton conducting acid. This dual functionality allows for both high content of 

radical scavenging species and high ion exchange capacity. An efficient three step, high yield (77%), commercially viable 

synthesis for this polymer is reported. The synthesis route for making this new heteropoly acid functionalized polymer is 

confirmed using infrared (IR), nuclear magnetic resonance (NMR) spectroscopy, and thermogravimetric analysis (TGA). The 

material exhibits clustering of the HSiW11 moieties, resulting in a poorly connected proton conducting phase when dry, 

but excellent conductivity is achieved at elevated humidities (0.298 S cm-1 at 80°C and 95 %RH). The proton conductivity 

shows an enhancement above 60 °C due to a softening of the polymer, as shown by DSC. Under an aggressive chemical 

accelerated stress test (AST), 90 °C, 30 %RH, zero current, and pure O2, the PolyHPA losses only 0.05 V of open circuit 

voltage (OCV) after 500 h, greatly out performing any other material reported in literature. For comparison, the Nafion® 

N211 fuel cell drops below 0.8 V after only 76 h under the same conditions. In fuel cell testing the PolyHPAs have 

outstanding chemical stability and also possess very low in-situ high frequency resistance (HFR) leading to high 

performance (1.14 W cm-2 at 2 A cm-2), compared to 1.11 W cm-2 for the Nafion® N211 fuel cell at the same current. At 75 

wt% HSiW11 loading, the fuel cell HFR showed a 22% decrease over N211. 
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Introduction  

Fuel cells are electrochemical energy conversion devices, 

which can directly convert the energy stored in chemical bonds 

into electricity. The volumetric and gravimetric power and 

energy density of polymer electrolyte fuel cells are such that 

they represent a promising replacement to the internal 

combustion engine for automotive applications. Major 

improvements in fuel cell design have been made to simplify 

the overall system through adoption of thinner membranes, 

which allow for back diffusion of water and improved 

performance with dry inlet gasses.1, 2 Additional work to 

reduce catalyst loading has been successful, resulting in the 

projected stack cost dropping below $15 per kW when mass 

produced.3 These advances have enabled the beginning of 

commercialization of fuel cell electric vehicles (FCEV). 

Improved platinum utilization and increased power density 

would reduce fuel cell stack size and materials cost, further 

reducing the barriers to fuel cell technology. In addition to 

reducing the initial cost, durability should be improved. 

Polymer electrolyte membranes undergo two main types of 

degradation, chemical and mechanical, and the two 

degradation pathways have been proposed to have a 

synergistic effect on each other.4, 5, 6, 7 For longevity in real 

world devices, it is thus imperative to have both outstanding 

chemical and mechanical durability. Adding mechanical 

support to the membrane is able to satisfy the need for 

mechanical durability through decreasing swelling and 

improving strength, but chemical degradation mitigation 

techniques are still not satisfactory for the needs of a fuel cell 

system.8, 9 

Polymer electrolyte membranes need to have good ion-

transport, high electrical resistance, and provide a good barrier 

to reactant gasses for good performance and also need to be 

durable under conditions in which a real device will 

experience. Many new materials have been synthesized and 

studied, but none have been able to simultaneously meet all of 

the aforementioned criteria and provide enough benefit over 

the perfluoro sulfonic acids (PFSAs) for wide adoption.10, 11, 12, 

13 One potential factor is the reliance on the pendent sulfonic 

acid groups in a majority of these materials which require high 

water content, high concentration of protons, or both to result 

in ionic conductivity over 0.1 S cm-1. One notable advance in 

hydrocarbon membranes is the use of a coating containing 

nanocracks, which are able to act at a barrier to loss of water 

at elevated temperatures, and thus retain high proton 

conductivity under low humidity conditions.14 A large number 

of these materials are hydrocarbon based and chemical 

stability data is not available.  

A Preliminary effort to improve the chemical stability of the 

PFSA polymers was to treat the polymer with elemental 

fluorine to minimize the number of reactive carboxylic acid 

end groups, but once main chain scission occurs this method 

becomes ineffective.15, 16 Second generation efforts to improve 

the chemical stability of the PFSA materials were to add some 

radical decomposition catalyst, most notably CeO2 or MnO2.17, 

18, 9 These additives can be introduced as a composite material 

or the Ce3+ and Mn2+ ions can partially neutralize the H+ ions, 

effectively lowering the number of protons available for 

transport and therein reducing the cell performance. There is a 

trade-off where durability is greatly improved, but the 

performance is not greatly decreased, unfortunately, the Ce3+ 

and Mn2+ ions are still free to move in the electrolyte domain 

and accumulation of them in the cathode catalyst layer is 

cause for concern.19, 20, 21 More recently a composite approach 

has been demonstrated using zirconia doped ceria additives 

which show further reduction of open circuit voltage loss.22 

An alternative class of additives that have shown promise 

in mitigating chemical degradation are heteropoly acids 

(HPAs), a sub-class of the polyoxometalates. 23, 24, 25, 26 HPAs are 

a large class of super acids, which also may serve as radical 

decomposition catalysts. It is important to note here that 

phosphotungstic acid (H3PW12O40) will decompose in the 

presence of radicals forming the Ishii-Venturello catalyst, 

whereas silicotungstic acid (H4SiW12O40) is known to be stable 

under similar conditions.27, 28, 29 Phosphotungstic acid and its 

caesium salt have shown the ability to improve both the 

proton transport and chemical stability of sulfonated poly-

(ether ether ketone) (sPEEK), but using this approach has not 

yet been proven to result in performance and stability parity 

with Nafion® N211.30, 31 Past efforts to incorporate HPAs into 

membranes have been hindered due to the HPA migration, 

clustering, or leaching out due to their high solubility in 

water.32, 33 One potential solution to this challenge that has 

recently been investigated is encapsulating the HPA in carbon 

nanotubes.34, 35 In addition to the antioxidant properties of 

HPAs, they are also known to be very proton conductive even 

with limited hydration.36, 37 By acting as an ion conducting 

moiety and a radical scavenger, a win-win situation occurs 

where more HPA can theoretically increase the H+ transport 

and increase the chemical stability, bypassing the trade-offs 

associated with Ce and Mn doping. More recently our group 

has demonstrated a material with covalently immobilized 11-

silicotungstic acid (HSiW11) as the only ion-conducting group, 

resulting in a shift in the paradigm from previous HPA 

containing membranes. 38, 39 
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Herein, we report a three-step, highly efficient synthesis 

producing a membrane achieving the chemical durability 

breakthrough the community has been searching for. Using a 

novel ion-conducting material that contains HSiW11 hybrid 

moieties covalently bound to a commercial fluoroelastomer, 

resulted in a thin, conductive, and chemically robust 

membrane. We have demonstrated that this material has 

lower, in-situ transport resistance and vastly greater chemical 

stability than the state of the art polymer electrolyte. 

Experimental  

Materials 

Diethyl (4-hydroxyphenyl)phosphonate (DHPP) was purchased 

from Synquest (catalog number 6677-1-07) and a 

polyvinylidene-co-hexafluoropropylene (PVDF-HFP) 

fluoroelastomer (FC-2178) was supplied by 3M. Hydrochloric 

acid (HCl) (37%, ACS reagent grade) was purchased from 

Pharmco-Aaper. Sodium hydride (NaH) (60% dispersion in oil) 

and bromotrimethylsilane (TMSBr) (97%) were purchased from 

Sigma-Aldrich. All other reagents were purchased from Sigma-

Aldrich with >99% purity and were used as received.  

 

Preparation of PolyPPE 

FC-2178 (31.78 g) was washed with methanol, dried at 40°C 

under vacuum for two days, then dissolved in 150 mL 

anhydrous dimethylformamide (DMF). In a separate flask, 20.0 

g DHPP was added to 100 mL anhydrous DMF and allowed to 

dissolve at room temperature, followed by cooling to 0°C. 

Once cooled, NaH was added slowly to the DHPP solution, 

under a N2(g) flow, producing H2(g) bubbles. After 2 h, bubble 

formation subsided and the FC-2178 solution was slowly 

added over a period of 30 minutes. The combined solution was 

then heated to 50°C and allowed to react for 24 h, darkening 

with time, before precipitation in 1M HCl. The precipitate is 

then isolated, washed with water, and dried under vacuum for 

48 h, producing phenol phosphonic ester functionalized FC-

2178 (PolyPPE). 

 

Preparation of PolyPPA 

The PolyPPE was then dissolved in 450 mL acetonitrile 

overnight at room temperature. The following day, 32 mL 

bromotrimethylsilane (TMSBr) was added under a N2 

environment. The reaction was heated to 45°C and allowed to 

react overnight, producing a cloudy mixture. The reaction 

solution was filtered and the filtrate was dissolved in 600 mL 

MeOH with 20 mL concentrated HCl, quenching the reaction. 

The reaction solution was dried resulting in the phenol 

phosphonic acid functionalized FC-2178 (PolyPPA). The 

PolyPPA was subsequently washed with water, dried, and 

stored at room temperature, yield = 38.5g (77%). 

 

Preparation of PolyHPA 

4.50 g PolyPPA was added to 180 mL n,n- dimethylacetamide 

(DMAc) and allowed to dissolve overnight at 80°C. Next, 10.50 

g α-K8SiW11O39•13(H2O) (HSiW11), synthesized according to 

the protocol previously reported,27 was slowly added. The 

mixture was cloudy, but rapid stirring with a magnetic stir bar 

ensured no precipitate formed on the bottom. Next, 12 M HCl 

(1.356 mL) was added dropwise, turning the solution into a 

transparent amber. The reaction took place over 70 h at 80 °C, 

then the solution was filtered with a paper filter followed by a 

filtration using a medium porosity glass frit Büchner Funnel to 

remove potassium chloride crystals. The volume was then 

reduced to ca. 60 mL using a rotary evaporator. This solution 

was then cast on Kapton® using a doctor blade to control 

thickness and dried at room temperature over night (16 h).  

When dried, the films ranged from 20-80 µm. Next, thermal 

annealing under pressure (5 min, 26.7 kN, 160°C) was used to 

finish the attachment reaction and make the film more 

uniform. The resulting film was then soaked in 1 M H2SO4 to 

ion-exchange (3x) followed by rinsing in DI water (3x). Each 

rinse was more than 1 h. 

 

Materials Characterization  

 
Fourier Transform Infrared Spectroscopy (FT-IR).  FT-IR was 

collected using a Nicolet Nexus 470 FT-IR E.S.P equipped with a 

Specac Golden Gate attenuated total reflection (ATR) stage at 

ambient conditions. All spectra were collected with 512 scans 

and a resolution of 1 cm-1. All polymers were measured in the 

membrane form and the small molecules were measured as 

powders.   

 

Nuclear Magnetic Resonance Spectroscopy (NMR).  Liquid NMR 

spectra were recorded on a Joel ECA 500 MHz spectrometer in 

DMSO-d6 solvent. The chemical shifts for 1H, 19F, 31P were 

based on tetramethylsilane, trichlorofluoromethane, and 

phosphoric acid standards, respectively. The solid state 1H � 
31P CP/MAS measurements were performed on a 400 MHz 

Bruker spectrometer using triphenylphosphine (-6ppm) as a 

standard. 

 

Thermogravimetric Analysis (TGA). TGA experiments were 

performed using a TA instruments TGA Q 500 using a platinum 

pan. The ramp rate was 5 °C per minute up to 800 °C with a 

gas flow rate of 40 mL min-1. Samples were dried at 80 °C for 1 

h followed by equilibration at ambient conditions for an 

additional hour. Experiments were run using N2 or air.  

 

Differential Scanning Calorimetry (DSC). The DSC data was 

collected on a TA instruments DCS Q20 in TZero aluminum 

pans with hermetic lids. The heating scan rate was 10 °C min-1 

and the cooling rate was 40 °C min-1. Two cycles from -30 to 

130 °C were first conducted, followed by two cycles up to 200 

°C. 

 

Potentiostatic Electrochemical Impedance Spectroscopy 

(PEIS). PEIS experiments were performed in a TestEquity 

environmental chamber to accurately control the temperature 
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and relative humidity. The membranes were placed across four 

platinum electrodes in cells designed after Bekktek FC-BT-115 

conductivity cells and the PEIS measurements were performed 

using a BioLogic VMP3 potentiostat. Data were fit using a 

Randles circuit and the results were used to calculate an in-

plane conductivity.  

 

Focused Ion-Beam (FIB) milling and Transmission Electron 

Microscopy (TEM). The sample was milled with Gallium ions 

using a Helios NanoLab 600i focused ion beam and placed on a 

TEM grid. The transmission electron microscopy (TEM) was 

performed using a FEI TalosF200X. 

 

Small Angle X-ray Scattering (SAXS).  The SAXS data was 

collected on beamline 12-ID-B at the Advanced Photon Source, 

Argonne National Lab in a custom built environmental 

chamber, using 13.3 keV radiation. The chamber, described in 

detail elsewhere,40 is able to control temperature and 

humidity and the conditions are outlined below. A Pilatus 3M 

detector was used. 

 

Environmental Scanning Electron Microscopy (ESEM) and Energy 

Dispersive Spectroscopy (EDS).  The electron scanning 

microscope used was a FEI Quanta 600 operating under low 

vacuum. All SEM images shown were taken with a solid-state 

backscatter electron detector. The EDS was performed with an 

element EDAx at 20 keV. Standard parameters were used to 

quantify elements using EDAx Genesis software.   

 

Fuel Cell Testing. The Nafion standard membrane electrode 

assembly (MEA) was fabricated using a catalyst coated 

membrane (CCM), Nafion N211, with catalyst supplied by 

Tanaka Holdings Co. Ltd. The anode catalyst layer consisted of 

TEC10EA30E, 30% Pt/C, 0.055 mg cm-2 and a cathode catalyst 

layer consisted of TEC10E50EHT, 50% Pt/C, 0.35 mg cm-2 and 

had an active area of 2x5 cm2. The PolyHPA MEAs were 

fabricated using commercial gas diffusion electrodes (GDE)s 

for both the anode and cathode (Johnson Matthey Pt/C 

electrocatalyst, PFSA ionomer, 0.35 Pt mg cm-2). The PolyHPA-

70 (70 wt% theoretical HSiW11 loading) MEA had an active 

area of 2x5 cm2 and the PolyHPA-75 (75 wt% theoretical 

HSiW11 loading) MEA was 5 cm2. The 10 cm2 fuel cells were 

run using flow rates, 4 L min-1 at the anode and 8 L min-1 at the 

cathode while the 5 cm2 fuel cell was run using flow rates of 2 

L min-1 at the anode and 4 L min-1 at the cathode. 

 

Accelerated Stress Testing (AST). The mechanical AST was 

performed on an MEA in standard fuel cell hardware at 80 °C 

with N2 flow on both the anode and cathode and the humidity 

of each was switched from 100 %RH to 0 %RH holding for 30s 

on each, making a 1 min cycle. The test was stopped and 

hydrogen crossover was tested using linear sweep 

voltammetry with a scan rate of 1 mV s-1, after 5750, 10000 

and 22500 cycles. The chemical ASTs were performed on an 

MEA in standard fuel cell hardware by holding the fuel cell at 

open circuit voltage (OCV), 90°C, 30%RH anode and cathode, 

zero current, and H2/O2 flow.  

Results and Discussion 

Synthesis 

A four-step synthesis, reported elsewhere,41 was used to 

covalently attach HSiW11 to FC-2178, where 

hexafluoropropylene accounts for ca. 20 mol% of the 

polymer.42 This original synthesis method involved attachment 

of diethyl (4-hydroxyphenyl)phosphonate (DHPP) sidechains to 

FC-2178 utilizing K2CO3 as a reactant. The K2CO3 can ion-

exchange with the alcohol to form an alkoxide (-O-K+) and 

potassium bicarbonate (KHCO3). Both alkoxide and K2CO3 are 

then able to dehydrofluorinate the FC-2178, creating 

unsaturated bonds, and enabling attachment of the alkoxide. 

Because K2CO3 is a poor nucleophile, it will not attach to the 

polymer and only the alkoxide will become covalently 

attached. This chemistry is based on methods that have been 

used to cross-link PVDF-HFP.43, 44 The reaction resulted in 

excessive unsaturated bonds remaining in the final product 

and the films had extremely poor mechanical properties.  

To avoid the over dehydrofluorination, the reagent was 

changed to NaH, as the hydride is a stronger base than K2CO3, 

but still a weak nucleophile. This change allows for attachment 

of DHPP at much lower temperatures. The resulting phenol 

phosphonic acid functionalized FC-2178 (PolyPPA, see Scheme 

1), a transparent yellow film, was much lighter in color than 

the PolyPPA made using K2CO3, which was almost black. The 

work described here was done using the much stronger 

PolyPPA produced via. the process outlined in Scheme 1. 

 

Scheme 1: Full synthetic reaction scheme for the synthesis of PolyHPA (final product) 

from FC-2178 and DHPP 
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The method for functionalizing lacunary heteropoly acids with 

small organic molecules has been well documented,45, 46 but 

this work involves attaching HSiW11 to a preformed 

engineering polymer chosen for its strength and stability. 

Attachment of HSiW11 to a preformed polymer, to the authors 

knowledge, has not been previously reported in the peer-

reviewed literature. 

The final product is referred to as PolyHPA-x where x 

indicates the mass fraction of α-K8SiW11O39•13(H2O) (HSiW11), 

added to the reaction (Scheme 1, step 3), with the remaining 

mass consisting of PolyPPA. A majority of the studies were 

done on PolyHPA-70 and some data exist for the higher 

loading material, PolyHPA-75. Unfortunately at 75 wt% loading 

the mechanics of the film resulted in challenges for more 

comprehensive fuel cell testing, but what was achieved, see 

below, shows much potential for the future use of these films. 

For the fuel cell testing of the PolyHPA-75 material, a 10 cm2 

MEA could not be fabricated and the active area was 5 cm2. All 

films were thoroughly washed in acid followed by water at 

room temperature showing that the HSiW11 moiety was 

indeed covalently attached. IR and NMR characterization and 

discussion is available in the supplementary information (SI). 

  

Membrane Characterization (Ex-situ Evaluation) 

The thermal stability was investigated with TGA on the 

PolyPPA and PolyHPA-70, see data in Figure S3. The PolyPPA 

has several distinct decomposition regions. First, marginal 

weight loss occurs before 280 °C, all of which has been 

assigned to loss of water and has been previously observed in 

HPA containing materials.47, 48 Next, between 280 and 400°C 

there is a constant and substantial loss at 0.2% per °C. Finally, 

two inflection points exist at 420°C and 490°C where the latter 

only exists in the presence of air, a more oxidizing 

environment. PVDF-HFP has a thermal decomposition 

temperature near 450°C in N2,49, 42 but no significant mass loss 

occurs beforehand. This indicates that the decomposition 

event starting at 280 °C is likely due to the decomposition or 

loss of the sidechain. Data and more in depth discussion are 

available in the SI (Error! Reference source not found.). 

HPAs can undergo a loss of two H+ and a terminal oxygen 

to form water, thereby reducing the concentration of mobile 

H+ in the film. This decomposition is difficult to discern from 

loss of bound water and theoretically has a strong variance on 

partial pressure of water.50 With the high decomposition 

temperature of this material, it is mostly limited by loss of 

charge (not seen in TGA). In an oxidizing environment, HSiW11 

moieties are known to decompose into WO3 and SiO2, the 

most oxidized forms of W and Si.48 

HPAs are known to be unstable in alkaline conditions and 

therefore traditional titrations to measure ion-exchange 

capacity (IEC) are not possible and therefore the WO3 and SiO2 

residue mass was used to calculate the IEC. This calculation, 

available in the SI, suggests that a large portion of water stable 

inorganic material has been added to the polymer. The residue 

at 800 °C in air is ca. 4 % and 55 % for the PolyPPA and 

PolyHPA-70, respectively. The resulting IEC of 0.86 mmol H+/ g 

PolyHPA-70 indicates that nearly all of the added HSiW11 is 

stable to soaking in acid followed by water at room 

temperature, for more details, please see the SI. These films 

are stable to acidic and aqueous environments at room 

temperature and humidified air at elevated temperatures, but 

when the films are soaked in warm water (80 °C) some of the 

HSiW11 leaches out. 

The DSC data can be seen in Figure S4 and has two clear 

transitions. First, at 60°C there is a thermal transition in both 

the PolyPPA and PolyHPA-70. The Tαααα for PVDF-HFP with a 

similar monomer ratio is -13 °C and so we assign this new 

transition to the Tββββ of the sidechains.51 According to the 31P 

NMR data, some of the phenol phosphonic acid sidechains still 

exist in the final PolyHPA-70 film and therefore the Tββββ is still 

observed. In the first heating of the PolyHPA-70 (non-

annealed) there is an endothermic transition starting near 

160°C which could be a chemical reaction or crystallization. An 

in-situ SAXS annealing experiment was performed on PolyHPA-

70 (non-annealed) to observe the morphological changes 

when annealed, but no indication of change in the morphology 

was observed, (see Error! Reference source not found.). Using 

this knowledge, all films were processed at 160°C for 5 min to 

enhance crosslinking and avoid thermal decomposition.  

The proton conductivity, seen in Figure 1, is >0.1 S cm-1 at 

all of the temperatures measured (50-90 °C and 95 %RH) and 

exhibits two different regimes of transport that intersect near 

60 °C, the Tββββ of the hydrophilic sidechains. The values at 80 °C 

and 95 %RH are remarkably high, 0.228 and 0.298 S cm-1 for 

the PolyHPA-70 and PolyHPA-75, respectively. This high 

conductivity is achieved due the super acidic, and thus highly 

mobile, nature of the protons of silicotungstic acid. At lower 

temperatures, the energy barrier for transport is over 4 times 

greater than when compared to above 60 °C (ca. 8 kJ mol-1). 

This is much lower than the activation energy for Nafion 

under similar conditions, which has been reported to be 12.5 

kJ mol-1.52 This conductivity should enable high performance, 

practical devices and contributes to the low in-situ area 

specific resistances, discussed below.  

 

 

Figure 1: In-plane conductivity of PolyHPA-70 at 95 %RH and various temperatures with 

trend lines to guide the eye 
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The polymer’s morphology was investigated using FIB / 

TEM under vacuum and SAXS under conditions relevant to fuel 

cell operation (elevated temperature and humidity). We first 

consider the SAXS equilibrated in air. The SAXS data was 

recorded using hard synchrotron x-rays and is dominated by 

contributions from heavy elements, i.e. W. Two peaks appear 

in the SAXS, one at 0.097 Å-1 and another at 0.6 Å-1 

corresponding to d-spacing values of 6.5 and 1.0 nm (Figure 

2a). The 1.0 nm feature is likely the spacing between two 

adjacent HSiW11 molecules and the 6.5 nm feature is likely the 

spacing between HSiW11 rich and deficient domains. The 

underlying Porod slope is ca. -4, indicating that all features are 

likely spherical.  Examination of the high q peak, Figure 2b, 

shows a shift to lower q, or larger d-spacing that is highly 

dependent on RH. This is indicative of water moving towards 

the surface of the HSiW11 moieties and pushing them further 

apart. The peak at 6.5 nm is nearly unchanged with humidity, 

indicating that additional water is not affecting this feature. 

Interestingly with this system of HSiW11 and PolyPPA, this 

same SAXS pattern always occurs after the material is 

processed. This strongly implies that a thermodynamic 

minimum, with the processed film, is achieved with clusters of 

HSiW11 separated by a characteristic length of ca. 6.5 nm. 

Looking at the TEM (Figure 2c) it appears as if two levels of 

clustering exist. Bright spots in the TEM backscattered 

micrograph indicate regions with more heavy elements and 

from the EDS measurements (Error! Reference source not 

found.), it is clear that the heaviest element in high 

concentration is W, therefore the bright spots must represent 

a phases enriched in W. First, there are three large clusters, 

which are at an irregular distance from each other, and 

therefore no d-spacing is observed in the SAXS data. On 

further investigation, many 3-4 nm clusters appear which are 

separated by a darker phase. The center to center distance of 

these smaller clusters is assigned to the 6.5 nm peak seen in 

the SAXS data. A drastic change is noted in the scattering 

pattern of the liquid soaked film, Figure 2a.  

 

 

 

Figure 2: (a) SAXS at 80 °C in air at various humidities and in liquid water (b) High q region of the SAXS (c) TEM darkfield micrograph of PolyHPA-70 that was milled out from the 

bulk of the film using FIB (d) lambda vs. relative humidity for Nafion (Δ) and PolyHPA-70 (O) at 60°C 
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This change is likely a change from scattering dominated by 

structure factor scattering (as indicated by peaks) to a spectra 

dominated by form factor scattering (lower intensity and 

dominated my shoulders), as indicated by the loss in peaks and 

drop in intensity.53, 54, 55 We are now able to observe several 

radii of gyration (Rg) with values of 10, 4.2, and 1.3 nm. The 

feature with an Rg of 10 nm is assigned to the large bright 

clusters in Figure 2c while the feature with an Rg of 4.2 nm is 

assigned to the clusters that are separated by 6.5 nm. Lastly, 

the feature with a 1.3 nm Rg is assigned to the individual, 

solvated HSiW11 moieties. 

It is hypothesized that increasing the continuity of the 

HSiW11 phase could serve to further improve the transport 

properties of the PolyHPA material, which would make this 

material a better proton conductor under hotter and drier 

conditions. As compared to the Nafion® standard the water 

content in the film, more water per protogenic group is 

present at all humidities (See Figure 2d). The difference is most 

dramatic at low humidities where the highly hydroscopic 

nature of the HSiW11 causes retention of 3.79 H2O/H+ (15.1 

per HSiW) in dry N2 at 60 °C, as determined by TGA, compared 

to 1.55 for Nafion®.56 In liquid water the PolyHPA-70 has a 

similar λ as Nafion®, but its swelling behaviour is different. The 

dimensional swelling of Nafion® N211 was measured at Δz = 

2±2% and Δx-y = 32±7% in contrast, the PolyHPA-70 film 

dimensional swelling was Δz = 24±5% and Δx-y = 56±5%. 

As the film is humidified and the water content increases, 

the 1 nm peak shifts to lower q and thus higher d-spacing. This 

is not true for the 6.5 nm peak and is an indication that more 

water is not hydrating the HSiW11 in the 6.5 nm peak until the 

film is immersed in liquid water.  

 

Chemical and Mechanical Stability  

This material has been designed to solve the chemical stability 

issues discussed in the introduction through incorporation of a 

large amount of HSiW11 (a radical decomposition catalyst) 

into a polymer film. To probe the chemical and mechanical 

stability of these materials, accelerated stress tests (ASTs), 

based on U.S. Department of Energy (DOE) suggested 

protocols, were performed.57, 58, 59 Several PolyHPA-70 (80 µm) 

films were used for preliminary testing. The first film easily 

passed the mechanical AST with <1 mA cm-2 hydrogen 

crossover after 22,500 wet dry cycles (LSV can be seen in 

Figure 3a) which has been previously reported.41 This 

particular MEA was fabricated using a CCM and the fuel cell 

performance was rather poor given the high proton 

conductivity. The end of life fuel cell performance is shown in 

Error! Reference source not found.. The rest of the fuel cells 

were fabricated using commercial GDEs, which resulted in 

much greater performance, see below. While this is an 

achievement, films with mechanical support are often able to 

easily pass this AST and this problem is considered solved by 

many in the community. The challenge that motivated this 

research was making a film that was highly chemically stable. 

To test the hypothetical chemical stability of this material, a 

chemical AST was performed at 90 °C, 30 %RH, under an H2-O2 

environment at OCV. Under these conditions, standard 

polymer electrolyte membranes degrade rapidly, this is due to 

radical generation and subsequent attack by the radicals of the 

polymer film. It has been previously demonstrated that the 

decay is much more rapid under an O2 environment, as used 

here, as opposed to air, the standard DOE protocol.60 Under O2 

during this test Pt has been shown to dissolve and precipitate 

as a Pt band in the membrane, this phenomenon is also seen 

in real fuel cells that are cycled through OCV. The accelerated 

degradation, in the AST using O2, has been attributed to 

decomposition of the PFSA polymer near the Pt band, which is 

more prevalent in O2 environments.61 Below in Figure 3b is the 

OCV vs. time for two different batches of PolyHPA-70 (80 µm) 

and a Nafion® 211 control.  

 This remarkably low OCV decay (100 µV h-1), without OCV 

recovery, and under very harsh conditions represents the 

lowest rate reported to date in the literature.62 This 

accomplishment is particularly remarkable because the 

HSiW11 acts as both the proton conducting moiety and the 

radical decomposition catalyst allowing for high performance 

with a highly chemically and mechanically stable material.  
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Figure 3: (a) LSV for PolyHPA-70 (80 µm) after wet/dry cycling and beginning of life and 

end of life crossover targets (b) OCV hold test at 90 °C/ 30 %RH under H2-O2 flow and 

no current. Two different batches of PolyHPA-70 (80 µm) easily pass the test while 

Nafion N211 film for comparison (bottom trace). The typical target is 500 h while 

retaining a voltage above 0.8 V which is marked (x)  

 

Fuel Cell Performance (In-situ Evaluation) 

In addition to the chemical stability, this material was designed 

to have exceptional H+ transport properties, as HPAs are some 

of the most conductive solids known due to their highly 

delocalized negative charge, as stated in the introduction. A 48 

µm film of PolyHPA-70 and a 20 µm film of PolyHPA-75 were 

used to fabricate fuel cells where the films had 70 and 75 

theoretical wt% HSiW11 loadings, respectively. The 

performance under an H2-O2 or an H2-air environment were 

evaluated, and compared with an MEA constructed from 

Nafion N211 and standard electrodes optimized for Nafion 

N211. The PolyHPA fuel cells do not utilize optimized 

electrodes and the testing presented here is used solely to 

evaluate the PolyHPA membranes and are not to be taken as 

the performance of a future optimized fuel cell, using these 

materials. In fact, this is evident from the mass transfer 

limitations observed under H2-air operation.  

The I-V performance of the PolyHPA-75, PolyHPA-70 and 

Nafion N211 under saturated inlet gasses at 80 °C and 

different oxidants can be seen in Figure 4a. The performance 

of both PolyHPA-75 and PolyHPA-70 are very similar to the 

performance of Nafion N211, with the PolyHPA-75 fuel cell 

out performing Nafion N211 at higher current densities.  

Using a very simple fuel cell model, this data was fit to 

further analyse the contributions to the overpotential losses 

by kinetic, ohmic, and transport factors.63, 64 The equation used 

to for the model was: 

���� = ���	 − ��� � ���� − ���� + ��� �1 −
�
�����				[1] 

where V(i) is the voltage as a function of i (current), EOCV is the 

open circuit voltage, a and b are fitting parameters and i0, Rhf, 

and ilim are the exchange current density, HFR, and limiting 

current density, respectively. The kinetic, ohmic, and transport 

losses are the second, third, and forth terms on the right hand 

side of equation 1, respectively. The ohmic losses can be seen 

in Figure 4b. For PolyHPA-75, a 22 % reduction in HFR at 2 A 

cm-2 results in less ohmic losses than PolyHPA-70, which has 

nearly the same ohmic losses as the optimized Nafion N211 

cell. This is remarkable considering that the PolyHPA-70 fuel 

cell is 48 µm compared to the thinner Nafion N211 which is 

25 µm. The kinetic losses (see Figure 4c) are slightly better for 

the optimized Nafion N211 fuel cell made with a CCM than 

for the PolyHPA fuel cells fabricated using commercial GDEs. 

The last source of losses considered in this model is derived 

from transport losses (see Figure 4d) and is the cause of poor 

fuel cell performance in air. To fully take advantage of the 

PolyHPA, the membrane / electrode interface needs to be 

optimized and the transport losses in air need to be 

minimized. Next, the PolyHPA-70 fuel cell was evaluated under 

low humidity operation at 80 °C, see Figure 5. A drop in 

voltage and an increase in HFR is seen, as expected. At low 

current densities the HFR starts out near 1000 mΩ cm2, but 

drops to 141 mΩ cm2 at 2 A cm-2. 
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Figure 4: (a) I-V data for Nafion N211 (25 µm), PolyHPA-70 (48 µm), and PolyHPA-75 

(20 µm) at 80 °C and saturated inlet gases with both air (O) and O2 (X). Experimental 

data are markers and simulated data is the line, as indicated in the legend. The 

simulated ohmic (b), kinetic (c), and transport (d) voltage losses vs. current density.  

This HFR drop can be attributed to increase in water 

generation from increasing current densities. Looking at the 

HFR values at low current density, an order of magnitude 

increase occurs when the humidity is reduced from 100 to 50 

%RH, which is in agreement with the ex-situ PEIS data at lower 

humidities, as can be seen in Error! Reference source not 

found..  

The transport rate of H2 in the device are similar to Nafion 

N211. The H2 crossover, normalized for thickness, is slightly 

higher for PolyHPA-70 (0.69 µmol cm-2 h-1) than for Nafion 

N211 (0.56 µmol m-2 h-1) at 80 °C. Two routes for improving 

chemical stability are reducing the crossover of H2 and adding 

a radical decomposition catalyst. Due to the similar H2 

crossover values, it can be concluded that the HSiW11 is 

indeed acting as a radical decomposition catalyst. The H2O 

transport rate in PolyHPA-70 is double that of Nafion N211 

(0.55, and 1.10 µmol cm-1 h-1, respectively). All of the species 

transport data (see Figure 6) have been normalized for film 

thickness to provide a fair comparison.  

 

  

  

Figure 5: PolyHPA-75 voltage (a) and HFR (b) at different humidities vs. current at 80°C 

  

Figure 6: Species transport in MEA for N211, and two different PolyHPA-70 films. The 

H2 transport rates were measured at 100 %RH. All values are normalized by thickness 

The rapid water transport rate is important, allowing for rapid 

diffusion of water from the cathode to the anode even with 

thicker films, which reduces the need for external 

humidification. 

Conclusions 

This study has outlined the synthesis of a new material 

designed to have superior chemical stability and conductivity 

over PFSA polymer membranes, the current state of the art 

material. The PolyHPA material is made through attachment of 

phenol phosphonate ester sidechains to a commercial 

fluoroelastomer (FC-2178). These sidechains are subsequently 

converted into the phosphonic acid analogue through a 

hydrolysis step, yielding PolyPPA. Next, the PolyPPA is reacted 

with HSiW11 forming covalent bonds, immobilizing the 

HSiW11. 
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Both IR and NMR (1H, 19F, 31P) confirm the synthesis of a new 

material. SAXS and FIB/TEM indicate that the HSiW11 are 

clustering, which is hypothesized to be reducing the H+ 

transport under low water content due to the non-continuous 

nature of these clusters. Even so, we have achieved very high 

proton conductivities of 0.228 and 0.298 S cm-1 for the 

PolyHPA-70 and PolyHPA-75, respectively, when humidified 

(80 °C and 95 %RH). This material offers a true shift in 

paradigm on chemical degradation mitigation. All previous 

strategies have used radical scavenging moieties that are not 

covalently bound to the polymer backbone and are free to 

migrate or potentially leach out of the film. In addition to this 

huge shortcoming of other approaches, most additives do not 

contribute to proton conductivity and addition of too much 

will lead to performance losses. Our method overcomes these 

challenges and resulted in outstanding chemical stability under 

chemical ASTs with a demonstrated OCV decay rate of 100 µV 

h-1 under a H2-O2 environment. Additionally, the HFR is 22 % 

lower in our films than in Nafion. Future work is needed to 

fully understand the relationship between the morphology and 

proton transport as well as to develop optimized electrodes 

for this fuel cell system. Additionally, making thin (ca. 10 µm) 

composite films with mechanical support would further 

improve fuel cell performance. Incorporation of different HPA 

moieties into this polymer system is also being investigated. 

This initial study highlights the potential for this PolyHPA 

platform to be integrated into a durable, high performance 

fuel cell. 
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