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Exceptional durability enhancement of PA/PBI based polymer 

electrolyte membrane fuel cells for high temperature operation at 

200 oC 

David Aili,a Jin Zhang,b Mark Tonny Dalsgaard Jakobsen,a Haijin Zhu,c Tianyu Yang,d Jian Liu,b 

Maria Forsyth,c Chao Pan,a Jens Oluf Jensen,a Lars Nilausen Cleemann,a San Ping Jiangb,* and 

Qingfeng Lia,*

The incorporation of phosphotungstic acid functionalized 

mesoporous silica in phosphoric acid doped 

polybenzimidazole (PA/PBI) substantially enhances the 

durability of PA/PBI based polymer electrolyte membrane 

fuel cells for high temperature operation of 200 °C. 

 

High temperature operation of polymer electrolyte membrane (PEM) 

fuel cells allows for better fuel impurity tolerance and catalyst kinetics 

as well as simplified cooling systems.1 Membranes of phosphoric acid 

(PA) doped polybenzimidazole (PBI, Scheme S1, ESI†)2-4 or pyridine 

containing aromatic polyethers5 are among the most promising 

electrolyte systems in this connection, showing high proton 

conductivity at low water activity as well as good thermal and 

oxidative stability. Great progress has been achieved in this field and 

lifetimes of up to 18,000 h have been reported by several groups at 

constant current load as well as under dynamic operation at 

intermediate temperatures up to about 160 °C.6-11 While electrode 

related degradation seem to be most significant during idling12 or shut-

down/start-up,13 membrane degradation or acid redistribution 

predominate during operation at high current loads.14-16 In the higher 

end of the operating temperature regime (180-200 °C) the PA loss rate 

increases considerably, eventually leading to acid depletion and 

proton conductivity decay.6, 17 High water activities, i.e. operation at 

high current loads, further promote this mechanism,6, 18 due to 

suppressed pyrophosphate formation.19 For example, the PA leaching 

rate at the cathode at 190 °C has been found to be about an order of 

magnitude higher than at 160 °C.6, 20 As a result, the durability data 

reported in the literature at 190-200 °C do not extend to much more 

than a few hundred hours of operation.3, 6, 9 Increasing the operating 

temperature from 160 to 200 oC is, however, strongly  

beneficial due to further improved catalyst kinetics and fuel impurity 

tolerance in combination with better possibilities for thermal 

integration with fuel processing units.21-24 It is therefore of great 

interest to improve the long term stability under such challenging 

operating conditions, where the utilization of composite membranes 

has proven a successful approach.25-27 

 The proton conductivity and cell performance of composite 

membrane can be improved by incorporating functionalized 

nano- or mesoporous silica materials such as phosphorylated 

hollow mesoporous silica submicrospheres,28  PBI-

functionalized silica nanoparticles,29 ionic liquid-functionalized 

mesoporous silica,30 phosphotungstic acid functionalized 

mesoporous silica by gel-casting technique,31 and proton 

conducting groups functionalized mesoporous silica.32 We have 

previously reported that phosphotungstic acid 

(H3PW12O40·nH2O, PWA) functionalized mesoporous silica 

(PWA-meso-SiO2) shows high proton conductivity of 34 mS cm-

1 and encouraging fuel cell performance at 200 °C.33 Herein, we 

demonstrated that the introduction of PWA-meso-SiO2 into the 

PA/PBI matrix significantly improves the fuel cell durability in 

the high end of the operating temperature regime. Stable 

operation was achieved under dry conditions at 200 °C for 2,700 

h at a load of 200 mA cm-2, which is a significant milestone in 

the high temperature PEM fuel cell development. 
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Fig.1 (A) Bright field TEM, (B) HAADF STEM image and corresponding (C) Si and (D) W element mapping for the PWA-meso-SiO2; (E) large 
scale HAADF STEM image for PWA-meso-SiO2; (F) SAXS patterns and (G) N2 adsorption isotherm of meso-SiO2 and PWA-meso-SiO2. 

 

 

    PWA-meso-SiO2 fillers were character by the bright field 

transmission electron microscopy (TEM) and small angle X-ray 

scattering (SAXS). TEM image in Fig.1A shows (100) plane of 

PWA-meso-SiO2 particle. The corresponding high angle annular 

dark field (HAADF) scanning transmission electron microscopy 

(STEM) image clearly shows hexagonal mesoporous channels of 

the PWA-meso-SiO2 particle along [100] direction (Fig.1B). 

From the silicon (Fig. 1C) and tungsten (Fig. 1D) element 

mapping it can be seen that the mesoporous channels of meso-

SiO2 are filled with PWA, anchored to the mesoporous silica 

network through ionic interactions.34 The parallel white lines in 

the STEM image of PWA-meso-SiO2 (Fig. 1E) compliments 

Fig.1B by further confirming that the pores of meso-SiO2 are 

filled with PWA along the [001] direction in large scales. The 

small angle X-ray scattering (SAXS) of meso-SiO2 after PWA 

impregnation shows reduced intensity of the meso-SiO2 matrix 

(Fig.1F), indicating aggregation of PWA within the meso-SiO2 

structure.35  Moreover, the scattering peak position after PWA 

impregnation remains unchanged, suggesting structural 

integrity. The N2 adsorption/desorption isotherms of meso-SiO2 

and PWA-meso-SiO2 show type IV adsorption curves with 

capillary condensation effect for the mesoporous structure and H 

1 type hysteresis for cylindrical mesoporous structures (Fig. 1G). 

The Brunauer–Emmett–Teller surface area and Barrett-Joyner-

Halenda pore volume of meso-SiO2 are 507 m2 g-1 and 0.89 cm3 

g-1, respectively, while they are sharply reduced to 196 m2 g-1 and 

0.25 cm3 g-1 after PWA functionalization (Fig.1G), consistent 

with the STEM/TEM and SAXS results. 

After surface modification of PWA-meso-SiO2 with dequalinium 

chloride hydrate (Scheme S1, ESI† ) to improve the dispersion in the 

PBI solution, homogenous composite membranes were obtained in 

the low PWA-meso-SiO2 loading range up to 15 wt%, as evidenced 

from the cross-sectional scanning electron microscopy imaging (Fig. 

S1, ESI†). Loadings of PWA-meso-SiO2 higher than 15 wt% resulted 

in anisotropic structures and pore formation, likely due to 

agglomeration of the inorganic component at high concentrations. 

Thus, in this study, the up-limit of PWA-meso-SiO2 loading was 

15wt%. Thermogravimetric analysis (TGA) was employed to confirm 

the PWA-meso-SiO2 composition after casting and further 

demonstrated that the thermo-oxidative stability of the base materials 

was maintained (Fig. S2, ESI†). The composite membranes were 

subsequently equilibrated in 85 wt% PA at room temperature. The PA 

uptake was determined gravimetrically relative to the weight of the 

dry membrane, and was found to decrease gradually with increasing 

PWA-meso-SiO2 loading (Fig. 2A), which is consistent with the 

negative effect of silica materials on the PA uptake of PA/PBI 

composite membrane.29 The pristine composite membrane has a dry 

thickness of 40 μm. The PA uptake of the pristine PBI membrane was 

341 wt%, corresponding to about 10.5 PA per polymer repeat unit, as 

compared with 242 wt% for the composite with a PWA-meso-SiO2 

loading of 15 wt%. The elastic modulus and engineering tensile stress 

at break of the PA equilibrated composites was found to decrease with 

increasing PWA-meso-SiO2 (Fig. S3, ESI†), likely due to 

discontinuities in the polymer phase. For example, the elastic modulus 

of the phosphoric acid doped pure PBI membrane was 52 MPa as 

compared with 25 MPa for the membrane with a PWA-meso-SiO2 

loading of 40 wt%, which is still sufficient for processing and 

membrane electrode assembly (MEA) fabrication. 

    The in-situ cross-sectional proton conductivity of the composite 

membranes at 160, 180 and 200 °C was calculated from the fuel cell 

polarization data without humidification of the feed gases. The 

pristine PA/PBI membrane with PA uptake of 341 wt% showed 

proton conductivity in the range of 22 - 24 mS cm-1 at 160 - 200 °C 

(Fig. 2A), in consistence with the data in the literature.36 Although the 

PA uptake of the composite membranes significantly decreased with 

increasing PWA-meso-SiO2 loading, the conductivity was still in a 

practically useful range. For example, the membrane with a PWA-

meso-SiO2 loading of 40 wt%, showed PA uptake of 215 wt% and in-

situ cross-sectional proton conductivity of 14 and 17 mS cm-1 at 160 

°C and 200 °C, respectively. Moreover, the decrease in the  
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Fig.2 (A) In-situ proton conductivity at 160, 180 and 200 °C for the PA doped 
membranes with PWA-meso-SiO2 loadings ranging from 0-40 wt%; (B) 1H 

chemical shift of meso-SiO2 with different proton conductors at different 

temperatures; (C) Proton diffusion coefficient in PA-meso-SiO2 and PA-PWA-
meso-SiO2 at different temperatures. 

 

 

PA uptake significantly reduces the volume swelling. For the 

membrane with a PWA-meso-SiO2 loading of 15 wt%, the volume 

swelling  ratio  is  137%,  much  lower  than  203%  of  the  pristine 

PA/PBI  membrane   (Table S1, ESI†). The substantially   reduced 

volume swelling is critical for the long-term stable operation of 

PA/PBI membrane based fuel cells. 

In order to better understand the origin to the proton conductivity 

properties of the PWA-meso-SiO2 composite membranes, the proton 

mobility (Fig. 2B) and diffusion coefficients (Fig. 2C) of meso-SiO2 

with different proton conductors were examined by pulse field 

gradient nuclear magnetic resonance (PFG-NMR) spectroscopy. The 

1H chemical shifts were found to move downfield with increasing 

acidity. Similarly, the 1H resonance signals shifted downfield as the 

temperature was increased from 20 to 80 °C due to the weakening of 

the hydrogen bonding, which in turn indicates that increased 

temperature promotes the acid dissociation. In comparison with 

PWA-meso-SiO2, PA-meso-SiO2 shows higher 1H chemical shift at 

both 20 and 80 °C, suggesting that PA is more dissociated than PWA. 

It is known that the proton line of water or organic solvent in micro-

porous media is usually broad due to the restricted molecular motions, 

as well as the residual homonuclear dipolar couplings and 

susceptibility effect from the pore surfaces.37 Therefore, the proton 

line width is sensitive to the molecular motions, and faster motions 

would lead to a narrower line width. The PA-PWA-meso-SiO2 shows 

a slightly narrower proton line in comparison with PA-meso-SiO2, 

indicating that the proton in the former system is more mobile than 

the later one. In addition, the PA-PWA-meso-SiO2 shows 

systematically higher proton diffusion coefficients at all different 

temperatures measured than PA-meso-SiO2 (Fig. 2C) suggesting a 

higher proton translational mobility with addition of PA. Both 

experimental and theoretical modelling demonstrate that PWA-meso-

SiO2 has the capability of high proton conductivity and high water 

retention due to the stability of PWA within the confined and ordered 

mesoporous silica structure.34, 38 

Fuel cell durability studies were conducted at 200 °C and 200 mA 

cm-2, using the isotropic composite membranes with PWA-meso-SiO2 

loadings of 0, 5, and 15 wt%. The performance was evaluated from 

their steady state characteristics and from polarization curves, which 

were measured periodically during the test. From the representative 

polarization curves (Fig. 3A), it can be seen that the characteristics of 

the membrane-electrode assemblies (MEAs) are initially quite similar 

for the cells based on the composites with PWA-meso-SiO2 loadings 

of 0 and 5 wt%. The peak power density is 376 mW cm-2 and 386 mW 

cm-2 at 200 oC for 5 wt% and 15 wt% PWA-meso-silica added PA/PBI 

composite membranes, respectively, slightly lower than 408.6 mW 

cm-2 obtained on pristine PA/PBI composite membrane (Fig.3B). The 

slightly lower initial performance for the cell based on the composite 

with a PWA-meso-SiO2 is most likely due to interfacial contact 

limitations with the electrodes due to the stiffness of the composite 

membrane.  

For the cell based on the pure PA/PBI membrane the cell voltage at 

200 mA cm-2 decreased from 0.71 to 0.53 V during the first 1450 h, 

corresponding to a degradation rate of 129 μV h-1 (Fig.3C). It was 

followed by a rapid voltage drop of about 705 μV h-1. The impedance, 

as recorded on the pristine PA/PBI membrane cell operated in parallel, 

was measured every 8 hrs, showing a significant increase of the cell 

internal resistance of about 350 – 400 % after 320 h and a much 

smaller (about 40 – 50 %) increase of the electrode polarization 

resistance (Fig.S4, ESI†), likely a consequence of reduced proton 

conductivity due to the dehydration and out-leaching of the acid of 

pristine PA/PBI membrane cells at this high operational temperature 

(200 oC).17 By adding 5 wt% PWA-meso-SiO2 to the membrane, the 

degradation was significantly reduced to 82 μV h-1 during the first 

1660 h. Thereafter the cell voltage decay rate increased dramatically 

to 840 μV h-1. 

The performance degradation of PEM fuel cells via the dehydration 

and leaching of the acid17 can be substantially suppressed by 

increasing the PWA-meso-SiO2 concentration. By increasing the 

amount of PWA-meso-SiO2 in the membrane to 15 wt%, the 

durability was significantly improved as further supported by the 

stable in-situ conductivity (Fig.3D). Except for the initial reduction of 

performance, the cell voltage decay during 2700 h was found to be as 

low as 27 μV h-1, which is comparable and significantly better than 

the degradation rate of 25 μV h-1 at 160 oC,39 44 μV h-1 at 170 oC6 and 

60 μV h-1 at 190 oC.40 As shown in Fig.3E, the stability performance 

of the 15wt% PWA-meso-SiO2-PA/PBI membrane cell is exceptional 

as compared to those reported in the literature so far for PA/PBI 

membrane based cells at 190 and 200 oC. Oono et at tested a 

commercial PA/PBI membrane cell with Pt catalysts loading of 0.8 
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mg cm-2 for both anode and cathode at 190 oC and observed the sharp 

drop in performance stability after 1000 h operation.9 The rapid 

degradation in the cell performance was found to be caused by the 

significant increase of the internal resistance. In the case of p-PBI or 

commercial PA/PBI MEA (P-1000) based cells tested at 200 oC, the 

reported stability is very poor, no more than a few hundred hours.41, 42 

It should also be mentioned that the durability data for the cells in the 

present work were acquired at significantly higher gas-stoichiometry 

for both hydrogen and air, which is an additional stress-factor. 

Evidently, the stability of the PA/PBI composite membrane based fuel 

cell increases substantially with the addition of PWA-meso- silica 

fillers. This is also supported by the high stability of the open

 
Fig.3 (A) Polarization curves and (B) power output curves for fuel cells based on the composites with PWA-meso-SiO2 loadings of 0, 5 and 15 wt%; (C) Long-

term stability tests of corresponding fuel cell operated at 200 mA cm-2 and 200 °C; (D) Variation of the in-situ membrane conductivity with time; (E) Comparison 

of the 15 wt% PWA-meso-SiO2-PA/PBI membrane cell measured at 200 oC with those reported in the literature on PA/PBI membrane cells measured at 190 oC 
and  200 oC. Numbers in (E) are references cited.  

 

 

  

 
Fig.4 (A) XRD profiles of various PA/PBI composite membranes 

with 0, 5 and 15 wt% PWA-meso-SiO2 after durability test; (B) 

scheme of proton conduction paths through the attached and stabilized 

PA and PWA anchored inside the mesoporous channels of meso-silica 

at high temperatures.  
 

 

circuit voltage of PA/PBI composite membrane cells with addition of 

15wt% PWA-meso-silica (Fig. S5, ESI†).  

Fig.4A shows the X-ray diffraction patterns (XRD) of various 

PA/PBI membrane cells after the durability test at 200 oC, as shown 

in Figure 3C. In the case of pristine PA/PBI membrane cells, there is 

a significant formation of P2O5 and P2O7, an indication of the thermal 

instability of phosphoric acid, H2PO4 at 200oC. The decomposition of 

PA explains the high degradation of pristine PA/PBI membrane cells 

as shown in Fig.3A. However, after the addition of PWA-meso-silica, 

a new peak centered at 23.5o corresponding to the phosphosilicate 

phase, Si5O(PO4)6 was detected. And the intensity of the peak of 

Si5O(PO4)6 increased with the improvement of PWA-meso-silica 

loading. The peak intensity associated with P2O5 was obviously 

decreased, indicating the reduction in the formation of P2O5. 

Mesoporous silica maintains the mesoporous structure in the present 

of phosphoric acid because of its high thermal stability43. 

Phosphosilicate shows high proton conductivity and stability at 

medium temperature44, similar as the effect of Al2O3
45 and TiO2

46 in 

phosphoric acid based high temperature PEMs on the reduction of the 

acid loss and the cell resistance. Thus, the presence of mesoporous 

silica in the PA/PBI composite membranes could stabilize phosphoric 

acid in the form of phosphosilicate, significantly increasing the 

thermal stability and decreasing PA loss during the fuel cell operation 

at 200 oC. On the other hand, the facile and high proton diffusion 

ability of PWA confined in the mesopores of silica facilitates and 

maintains the high conductivity of the composite membranes,43 

despite the reduction of PA uptake (Fig.2A). Proton conductivity can 

occur simultaneously through stabilized PA and PWA in the 

mesoporous silica, as shown schematically in Fig.4B. Consequently, 

the results demonstrate that inclusion of PWA-meso-SiO2 fillers 

inhibits the leaching and decomposition of the acid, resulting in the 

formation of a composite membrane with high proton conductivity 

and excellent stability at 200 oC. Optimization of the catalyst and 

membrane interface should be able to significantly reduce the initial 

performance loss and further improve the cell performance and power 

output. 

Conclusions 



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

    In this work, we developed a novel type of composite membranes 

based on phosphotungstic acid impregnated mesoporous silica 

functionalized phosphoric acid doped polybenzimidazole, PWA-

meso-SiO2-PA/PBI. The composite membranes with 15 wt% of the 

PWA-meso-silica showed high proton conductivity and exceptional 

performance durability at significantly reduced phosphoric acid 

uptake and thus low volume swelling but with sufficient mechanical 

robustness. As a result of the stabilization of phosphoric acid by the 

PWA-meso-SiO2 filler, a fuel cell voltage decay rate of as low as 27 

μV h-1 was achieved during operation at 200 °C and 200 mA cm-2 for 

2,700 h. The fundamental reason for the exceptional durability of 

PWA-meso-SiO2-PA/PBI membrane is most likely due to the 

formation of phosphosilicate phase between the phosphoric acid and 

mesoporous silica. 
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