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A B S T R A C T   

One of the effective strategies to pursue the highly durable high-temperature polymer electrolyte membrane fuel 
cells (HT-PEMFCs) is to introduce inorganic fillers to the phosphoric acid-doped polybenzimidazole (PA/PBI) 
membranes. Among the inorganic fillers, phosphates such as phosphosilicate are effective in mitigating acid loss 
at elevated temperatures (200–300 ◦C). In this paper, the effect of in situ formed phosphosilicate on the per
formance and stability of SiO2/PA/PBI composite membranes is studied in detail. The mechanical properties and 
electrochemical performances of the in situ formed SiO2/PA/PBI membranes depend strongly on the content of in 
situ formed Si5P6O25 fillers and its distribution and microstructure in the membrane. Such in situ formed SiO2/ 
PA/PBI composite membranes show a high conductivity of 53.5 mS cm− 1 at 220 ◦C. The assembled single cell 
shows a maximum peak power density (PPD) of 530.6 mW cm− 2 and excellent stability at elevated temperature 
of 220 ◦C for over 130 h. The exceptional stability at 220 ◦C is most likely due to the existence of predominant 
amorphous phosphosilicate phases in the in situ formed SiO2/PA/PBI composite membranes, which inhibits the 
evaporation and leaching of PA at elevated temperatures. The results indicate the practical application of in situ 
formed SiO2/PA/PBI composite membranes for HT-PEMFCs.   

1. Introduction 

The operation of polymer electrolyte membrane fuel cells (PEMFCs) 
at elevated temperatures or high temperature PEMFCs (HT-PEMFCs) is 
critical to enhance the tolerance of Pt-based electrocatalysts towards CO 
and SO2 pollutants in reformat H2 fuels and to increase the kinetics for 
both fuel oxidation reaction and oxygen reduction reactions [1–3]. 
Among polymer electrolyte membranes for HT-PEMFCs, phosphoric 
acid-doped polybenzimidazole (PA/PBI) is probably the most successful 
membrane for application at elevated temperatures [4–6]. PA/PBI 
membranes can achieve sufficiently high proton conductivity, ranging 
from 50 to 240 mS cm− 1 at 160 ◦C with the acid doping level (ADL) of 
6–30 PA molecules per PBI repeat unit [7,8]. There has been significant 
development in the PA/PBI membrane technologies and the 
state-of-the-art HT-PEMFC exhibits stable performance for ~18000 h 
with average voltage loss rates of about 0.7 μV h− 1 at 160 ◦C [9,10]. 

However, PA/PBI membranes still suffer from stability and performance 
limitations particularly at elevated temperatures due to the inevitable 
evaporation and dehydration of PA at temperatures greater than 180 ◦C 
[11]. Meanwhile, the doped PA molecules are mobile within the PBI 
matrix, which rearranges from membranes to catalyst layers (CLs) 
driven by extrusion and electroosmotic drag during the cell operation. 
The uncontrollable acid distribution and migration would cause PA 
flooding in anodic CLs, reducing the fuel cell lifetime [11,12]. As shown 
by Søndergaard and Li et al., the leaching and evaporation of PA dom
inates the performance deterioration of PA/PBI membranes based 
HT-PEMFCs, which is accelerated by high current loads, elevated tem
peratures, and gas flow rates [13]. The acid loss in the membrane will 
lead to the increase of area-specific resistance and thereby the decrease 
in the output power density of PEMFCs. 

Recent progress in HT-PEMFCs has focused on diverse strategies for 
increasing the operation temperatures and alleviating the acid leaching 
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at elevated temperatures and high current load, including designing an 
encapsulating structure in membranes and introducing strong interac
tion between polymer matrix and PA [14]. For instance, Kannan et al. 
designed a three-layers PBI membrane, in which the middle acid reser
voir layer was coated by two dense PBI layers and reported a superior 
stability of 10000 h at 180 ◦C [15]. Quaternary ammonium (QA) groups 
were introduced into the PBI backbone and successfully reduced the acid 
leaching due to the strong interaction of basic QA groups and PA mol
ecules [16]. Another approach is to add inorganic fillers such as hy
drophilic SiO2 [17], TiO2 [18], and TiP2O7 [19] into the PBI matrix to 
form composite membranes. Those inorganic materials contain abun
dant functional groups on their surface to form hydrogen bonds with PA, 
thus improving the PA retention ability [17,20]. However, the intro
duced inorganic fillers would also alter the acid absorption capability 
and tend to aggregate during the casting process, negatively affecting 
overall electrochemical performances and mechanical properties of the 
composite membranes [4]. It has been shown that in situ introduced 
inorganic fillers after membrane casting can increase the dispersion of 
fillers and enhance the performance [17,21–23]. For example, Chiang 
et al. reported a one-pot doping method to prepare metal phosphates 
doped poly(2,5-benzimidazole) composite membranes and showed 
improved proton conductivity and mechanical property [21]. In recent 
years, we found that the in situ formed phosphosilicate nanoclusters in 
phosphotungstic acid impregnated mesoporous silica/PBI composite 
membranes can immobilize PA and significantly reduce the acid leach
ing, achieving an excellent performance and stability over 2700 h at 
operating temperature of 200 ◦C [24]. Further studies showed that 
operating of phosphosilicate/PA/PBI composite membranes based 
HT-PEMFCs at elevated temperature of 240 ◦C substantially increased 
the stability and CO tolerance in 6.3 % CO-containing H2 for 100 h under 
a cell voltage of 0.6 V [25]. 

The formation process of phosphosilicate by the condensation of 
silica/alkoxysilane and PA at the temperature range of 150–300 ◦C is 
complicated. In early research, Poojary et al. confirmed the existence of 
Si5P6O25 crystals with a P/Si ratio of 1.2 [26], while Matsuda et al. re
ported a SiO2–P2O5 gel using similar synthetic methods, which contains 
complicated phases of silica, phosphate, water and PA [27]. A high 
proton conductivity of phosphosilicate was reported as 1.5 × 10− 2 S 
cm− 1 at 150 ◦C under 0.4 % RH [28]. Nevertheless, the high proton 
conductivity of the generated phosphosilicate is related to the enhanced 
retention of water and PA molecules, which forms Si–O–P–OH groups 
and therefore facilitates the proton transfer [27–29]. Moreover, its 
proton conductivity decreases at elevated temperatures and prolonged 
operation due to the formation of Si5P6O25 crystals and the loss of 
absorbed PA and water molecule [30]. On the other hand, there are little 
studies in the intrinsic relationships between stability and performance 
of SiO2/PA/PBI composite membrane cells and the variation and prop
erties of in situ formed phosphosilicate in the composite membranes. 

Herein, we conducted detailed studies on microstructure and prop
erties of phosphosilicate derived from SiO2 precursors at elevated tem
peratures, and the impact of in situ formed phosphosilicates on 
mechanical, electrical and electrochemical properties and performances 
of in situ formed SiO2/PA/PBI-based composite membranes. The best 
results were obtained on in situ formed SiO2/PA/PBI composite mem
branes with SiO2 loading level of 5 wt%, showing the critical role of in 
situ formed phosphosilicate phase in the composite membranes in the 
microstructure, mechanical properties and performance and stability of 
SiO2/PA/PBI composite membranes based HT-PEMFCs at temperatures 
higher than 200 ◦C. 

2. Experimental 

2.1. Materials 

SiO2 nanoparticles (diameter of ~20 nm) were purchased from 
Macklin reagent, China. Phosphoric acid (PA, 85 %), dimethylacetamide 

(DMAC), and ethanol were bought from Peking reagent CO., LTD., 
China. Pt/C (40 wt%) catalyst was supplied from Premetek CO., USA. 
Pure O-PBI powder was obtained from Shanghai ShengJun CO., China. 
The gas diffusion layers (GDLs) were purchased from Freudenberg 
Group, Germany. 

2.2. Sample preparation 

Phosphosilicate samples were synthesized through the calcination 
method. Firstly, SiO2 nanoparticles and PA with a molar ratio of 1/4 
were mixed in an agate mortar and then continuously ground to form a 
white gel. Then, the as-prepared gel was transferred to a lid-covered 
PTFE beaker and calcined in the furnace in the heating temperature 
range of 180 and 260 ◦C for different periods. Samples calcined at 220 ◦C 
for 24 and 48 h were denoted as SP-24 and SP-48, respectively. To 
remove residual PA, the collected gray powder was washed several times 
with DI water and ethanol until the pH of the solution was close to 
neutral, followed by drying at 80 ◦C under vacuum for 12 h. 

SiO2-PA gels were prepared by mixing SiO2 nanoparticles with PA in 
different Si/P molar ratios of 1/1.2, 1/2 and 1/4. Meanwhile, Si5P6O25- 
PA mixtures were fabricated by mixing the completely washed SP-48 
sample with 85 wt% PA solution in the mass ratios of 1/2, 1/1 and 2/1. 

Pristine PBI membrane was fabricated by solution casting. Typically, 
O-PBI powder was first dissolved in DMAC with vigorous stirring, 
forming a viscous dark-brown liquor. After that, the PBI solution was 
filtered to remove any impurities, followed by placing it in an ultrasonic 
cleaner for several hours to remove bubbles. The weight concentration 
of PBI in DMAC is controlled at around 10 %. Finally, a certain amount 
of solution taken from the liquor was cast in a glass plate and placed it in 
a vacuum oven under 60 ◦C for 24 h to form a pristine PBI membrane. 

The preparation of SiO2/PBI composite membranes was similar to 
that of pristine PBI membranes. Firstly, SiO2 nanoparticles were stirred 
in DMAC solution, following mixed with PBI solution (10 wt% in 
DMAC). The SiO2 loading was controlled at 5, 10 and 15 wt% in PBI 
matrix, denoted as 5%-SP, 10%-SP and 15%-SP, respectively. The 
thickness of obtained membranes was controlled at around 40 μm. The 
PA-doped SiO2/PA/PBI composite and pristine PA/PBI membranes were 
obtained by immersing the prepared membranes into the 85 wt% PA 
solution at 80 ◦C for 3 days. 

2.3. Structural characterization 

The physical details and microstructure of as-prepared phosphosili
cate samples and composite membranes were measured by using pow
der X-ray diffraction (XRD, D8 Advance diffractometer, Bruker), 
scanning electron microscopy (SEM, Sigma 300, Zeiss) and the high- 
resolution transmission electron microscopy (HR-TEM, JEM 2100F, 
JEOL), respectively. The elemental composition and chemical state of 
phosphosilicate samples were examined by X-ray photoelectron spec
troscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific), and its 
thermal stability in the air was studied through the thermogravimetric 
analysis (TGA) method. The attenuated total reflection Fourier trans
form infrared (ATR-FTIR) spectra were obtained in a Nicolet 510 
spectrometer. 

2.4. Cells assembly and electrochemical measurement 

The Pt/C catalyst ink was prepared by mixing the Pt/C catalyst and 
PTFE solution (20 wt%, DuPont) into the isopropyl alcohol and water 
solution (v/v = 6/4), followed by dispersing with a high-speed ho
mogenizer. The catalyst ink was dispersed on the surface of the GDLs by 
ultrasonic spraying method, and the Pt loading was approximately 1.0 
mg cm− 2 for both the cathode and anode. The membrane electrode as
semblies (MEAs) were obtained by sandwiching a SiO2/PA/PBI mem
brane between two Pt/C coated GDLs with an active area of 4 cm− 2 

without hot-pressing. Then, the MEAS was assembled in a homemade 
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fuel cell hardware under the torque of 2.5 Nm. To test the cell, dry H2 
and O2 with a gas flow rate of 150 mL min− 1 were fed constantly into the 
anode and cathode side of the cell. 

The electrochemical performances of as-prepared fuel cells were 
collected through a battery testing system (CT-4008, Neware). The 
electrochemical impedance spectroscopy (EIS) data of all membranes 
was measured at a current density of 0.2 mA cm− 2 between 100 kHz and 
0.1 Hz (Parstat 2273, Princeton Applied Research, USA). The through- 
plane conductivity (σ, S cm− 1) of composite membranes was calcu
lated based on the EIS results, in which the first intercept at high fre
quency (HFR) represents the total ohmic resistance of the fuel cell 
including the summation of the test configuration resistance (52.1 mΩ 
cm2 measured in our previous work [22]). Therefore, the through-plane 
conductivity was obtained from the following equation: 

σ =
l

HFR ⋅ S − 52.1
(1)  

where l associates the thickness of the membrane, S represents the active 
area of cells and HFR is the measured total ohmic resistance in the high 
frequency. 

3. Results and discussion 

3.1. Formation and characteristics of phosphosilicate 

To understand the in-situ formation process of phosphosilicate within 
the SiO2/PA/PBI membrane during the cell operation, the interaction 
between SiO2 nanoparticles and PA solution was studied at the tem
perature range of 180–260 ◦C in the absence of PBI polymer. Fig. 1 
exhibits XRD patterns of synthesized SiO2/PA samples by calcinating at 
different conditions. Samples calcined at temperatures below 200 ◦C 
show a broad peak at around 23◦ associated with the unreacted amor
phous SiO2 (Fig. 1a), in good agreement with the data reported by 
Matsuda and Tadanaga et al. on SiO2–P2O5 gel samples [28,30]. As the 
calcination temperature increased to 220 ◦C, the XRD patterns shows the 
well-matched several small peaks with the Si5P6O25 crystals (JCPDS: 
40–0457) [24,30] and the intensities of peaks increased with the in
crease of the calcination temperature. This indicates that the phospho
silicate phase starts to form at the temperature of 220 ◦C. At this phase 
formation temperature, the XRD pattern of the formed phsphosilicates 
also increases with the heat treatment time (Fig. 1b), suggesting the 
growth of Si5P6O25 particles. However, the reduced peak intensity of the 
mixed SiO2/PA sample calcined for 48 h, SP-48, may be caused by the 

Fig. 1. The XRD patterns of mixed SiO2+PA samples calcined (a) at the temperatures for 4h and (b) at 220 ◦C from 2 to 48 h, (c) XRD patterns of SiO2+PA sample, 
PA/5%-SP membrane and pristine PA/PBI membrane after the heat treatment at 220 ◦C for 48 h, and (d) enlarged area of XRD patterns of PA/5%-SP membrane and 
pristine PA/PBI membrane after the heat treatment at 220 ◦C for 48 h. 
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fragmentation of Si5P6O25 due to the prolonged heat treatment. Crys
tallographic studies revealed that Si5P6O25 crystallizes in the trigonal R3 
space group, which contains three inequivalent Si⁴⁺ sites to form SiO₆ 
octahedral and SiO4 tetrahedral simultaneously [31]. Moreover, the PO4 
tetrahedral that shares corners with SiO6 octahedral and SiO4 tetrahe
dral is derived from the coordination of unique P⁵⁺ and O2⁻ atoms [26, 
31]. Although the proton conductivity of pure Si5P6O25 phase is negli
gible, abundant terminal oxygen in Si5P6O25 facilitates the formation of 
Si–O–P–OH groups by absorbing water or PA molecules; therefore, 
leading to a good protonic conductivity at around 160 ◦C [30,32]. 

The phase of the pristine PA/PBI and SiO2/PA/PBI composite 
membrane with 5 % SiO2 (PA/5%-SP) after heat-treatment at 220 ◦C for 
48 h was also examined and the results are shown in Fig. 1c and d. Two 
broad peaks at around 19◦ and 27◦ are shown in both pristine and 
composite membranes (Fig. 1d), which is associated with P2O7 and P2O5 
phases decomposed from PA at elevated temperatures [24]. In the case 
of PA/5%-SP composite membrane, two broad peaks located at 23◦ and 
25◦ were detected, well matching with the Si5P6O25 phase as in the case 
of SiO2+PA sample calcined at 220 ◦C for 48 h (Fig. 1c). In comparison 
with the sharp and well-defined XRD patterns of Si5P6O25 phase formed 
in the mixed SiO2+PA samples, the significantly depressed and broad 
characteristic peaks associated with Si5P6O25 phase indicate that phos
phosilicate phases in situ formed within SiO2/PA/PBI composite mem
branes after heat-treatment at 220 ◦C are dominantly amorphous with 
small content of crystalline phase (Fig. 1d), very different from the fully 
crystalline Si5P6O25 phase formed in the mixed SiO2+PA samples 
heat-treated under identical conditions. The existence of such dominant 
amorphous Si5P6O25 phase in situ formed within SiO2/PA/PBI composite 
membranes is most likely related to the inhibition effect of PBI matrix in 
the crystallization of Si5P6O25 phase during the heat-treatment. As will 
be shown in following sections, the formation of such predominant 
amorphous phosphosilicate phases plays critical role in the significantly 
enhanced electrical and electrochemical performance and stability of 

SiO2/PA/PBI composite membranes at elevated temperatures. 
The morphologies of SiO2 precursors and as-prepared phosphosili

cate samples were observed by SEM and the results are shown in Fig. 2. 
The average diameter of SiO2 precursors is typically 20 nm and uni
formly distributed (Fig. 2a and b). After calcining SiO2/PA mixture at 
220 ◦C for 4 h, the morphology of the calcined sample remains un
changed, similar to the SiO2 precursors (Fig. 2c). The relatively weak 
XRD characteristic peaks associated with Si5P6O25 (see Fig. 1a) indicates 
the presence of amorphous SiO2 nanoparticles with the formation of 
Si5P6O25 phase [28]. The contents of nanoparticles decreased signifi
cantly when the calcination time was extended to 24 h (SP-24), see the 
orange circle in Fig. 2d. At the same time, there appear large number of 
plate-like particles with typical size of about 500 nm to 2 μm. Nano
particles are generally attached to the edge of large plate-like particles 
(Fig. 2f). In comparison with that calcined at 220 ◦C for 48 h, the sample 
only showed irregular and plate-like particles with no nanoparticles 
(Fig. 2g). Those results indicate that the SiO2 nanoparticles gradually 
transferred into Si5P6O25 phase with the characteristic plate-like struc
ture under calcination at 220 ◦C. After calcined at 220 ◦C for 48 h 
(SP-48), the as-prepared Si5P6O25 phase shows a dense and smooth 
surface, indicating the complete formation of Si5P6O25, consistent with 
the XRD data (Fig. 1b). Interestingly, the surface of as-prepared Si5P6O25 
particles contains an amorphous layer with an average thickness of 20 
nm (Fig. 2i), similar to the reported pyrophosphate materials that have 
been considered as the phosphorus-rich layer for proton transfer [33]. 

Fig. 3 shows the XPS curves of mixed SiO2/PA samples calcined at 
220 ◦C for 24 and 48 h (SP-24 and SP-48), revealing the composition and 
valence state of Si, P and O elements on the surface of obtained Si5P6O25 
phase. The high-resolution spectra of Si 2p in the SP-24 and SP-48 
samples exhibited a single peak closely located at 130 eV and 130.4 
eV, respectively, which can be further divided into two peaks of Si 2p1/2 
and 2p3/2 by the Gaussian fitting method [29]. Note that the 2p peak of 
the Si–O bond in the SP-24 sample shifted to a lower binding energy, 

Fig. 2. The morphologies of SiO2 precursors measured by (a) SEM and (b) TEM, (c) SEM image of mixed SiO2/PA sample heat-treated at 220 ◦C for 4h, SEM and HR- 
TEM images of mixed SiO2/PA sample heat-treated at 220 ◦C for (d–f) 24h and (g–i) 48h. Samples were completely washed with DI water to remove residual acid 
before the examination. 
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suggesting the existence of SiO2 as the SiO6 octahedral and SiO4 tetra
hedral in Si5P6O25 process more electrons than SiO2 [34]. The O 1s 
spectra of the samples can be deconvoluted into two distinct peaks 
centered at about 531 and 533 eV, respectively (Fig. 3b and e). A small 
peak at 531.76 eV in SP-24 can be ascribed to the P–O bond while the 
sharp peak at 533.15 eV is associated with the Si–O bond [29,34]. In 
comparison, the peak of the P–O bond located at 531.24 eV in SP-48 
sample occupied a dominant position than that of the Si–O bond at 
532.65 eV, confirming that nanoparticles on the surface of SP-24 sample 
are unreacted amorphous SiO2. Additionally, the P 2p spectra shown in 
Fig. 3c and f exhibit a sharp peak at approximately 134 eV for both SP-24 
and SP-48 samples, which is consistent with the P–O bond of PO4 

tetrahedral. 
Fig. 4 shows the phase change and characteristics of SiO2/PA sample 

after calcined at 220 ◦C for 48 h (SP-48) before and after the washing 
procedure. It is clear that the characteristic peaks of the Si5P6O25 phase 
became sharper after washing owing to the removal of residual PA on 
the surface of the Si5P6O25 (Fig. 4a). After the complete removal of PA, 
the sample represents the pristine Si5P6O25 phase, as shown by the 
substantially increased peak intensities. This is also confirmed by the 
TGA data (Fig. 4b). The first weight loss (25–200 ◦C) for the samples 
before and after the washing is assigned to be the desorption of bounded 
water molecules. In comparison, the as-washed SP-48 sample shows a 
stable platform in the temperature range of 200–800 ◦C, while the as- 

Fig. 3. XPS spectra of Si, O and P elements of mixed SiO2/PA samples calcined at 220 ◦C for (a, b and c) 24 h (SP-24) and (d, e and f) 48 h (SP-48).  

Fig. 4. (a) XRD patterns, (b) TGA curves and (c and d) The FT-IR spectra of SiO2/PA sample after calcined at 220 ◦C for 48 h (SP-48) before and after washing 
treatment. The FT-IR spectrum of SiO2 nanoparticles is also displayed in c and d. 
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prepared sample exhibited a slow weight loss when the temperature 
increased to about 500 ◦C, indicating that bounded PA on Si5P6O25 
surface is stable [35]. Nevertheless, further increasing the temperature 
to about 650 ◦C would cause rapid weight loss, which can be assigned to 
the evaporation of PA at elevated temperatures [35,36]. In the FT-IR 
spectrum of as-prepared SP-48 sample before washing, several peaks 
at 1160 and 1008 cm− 1 can be assigned to the existence of Si–O–P bond 
in Si5P6O25, while small peaks at 545, 640 and 715 cm− 1 are derived 
from the crystallization of Si5P6O25 [34] (Fig. 4c and d). Evidence peaks 
at approximately 934 cm− 1 and 3400 cm− 1 can be found, related to the 
stretching mode of surface –OH groups [34,37]. Besides this, the broad 
peak at around 2500 cm− 1 suggests the existence of rich phosphate 
groups terminated with a hydroxyl group on the surface of Si5P6O25 [34, 
37]. 

3.2. Characteristics of the in-situ formed SiO2/PA/PBI composite 
membranes 

As the dispersion of inorganic fillers in PBI membranes is critical to 
the mechanical properties and electrochemical performances, micro
structures of SiO2/PBI composite membranes were studied in detail. 
Fig. 5 shows the cross-section SEM images of pristine PBI and SiO2/PBI 
composite membranes. Pristine PBI membrane exhibits a smooth and 
dense structure (Fig. 5a), while the microstructure of composite mem
branes depends strongly on the content of SiO2 fillers. Homogeneous 
morphology without isolated pores was observed when the SiO2 loading 
level was 10 wt% (10%-SP, see Fig. 5b and c), confirming good 

compatibility of SiO2 fillers with the PBI matrix. Fig. 5f–h exhibits the 
elemental mapping images of carbon, oxygen and silicon in the 10%-SP 
composite membrane, which also indicates a uniform distribution of 
SiO2 in the PBI matrix. However, aggregated particles were observed in 
the composite membrane when the SiO2 loading reached 15 wt% 
(Fig. 5d), generating cracks and voids within the composite membrane. 
Although more SiO2 loading positively affects the proton conductivity 
and PA retention of SiO2/PA/PBI composite membranes, the resulting 
defects would damage their mechanical properties [17]. Since the PA 
amount significantly influences the proton conductivity of PBI-based 
membranes, we also compared the acid doping level (ADL) of pristine 
PBI, 5%-SP and 10%-SP membranes, exhibiting slightly increased PA 
absorption ability of around 6.8, 6.9 and 7.1 PA molecules per PBI repeat 
unit, respectively. Certainly, the facilitated acid adsorption ability of 
composite membranes is attributed to the hygroscopicity of SiO2. 

The hydrogen penetration through the membrane is one of key fac
tors affect the cell durability, which is related to structural defects in the 
composite membranes derived from the aggregation of inorganic fillers 
[38]. The surface and cross-section SEM images of heat-treated 5%-SP 
and 10%-SP composite membranes are displayed in Fig. 5i–l. The sur
face of 5%-SP was smooth and homogeneous after heat-treatment at 
220 ◦C for 48 h (Fig. 5i). By contrast, the 10%-SP treated under the same 
condition had a rough surface with cracks and holes (Fig. 5j). The 
backscattering electron images shown in Fig. 5k and l confirmed that in 
situ generated Si5P6O25 particles concentrated on the surface of 10%-SP, 
while uniformly distributed in 5%-SP composite membrane. The me
chanical properties of the membranes were also measured to further 

Fig. 5. The cross-section SEM images of (a) pristine PBI membrane, SiO2/PBI composite membranes with the SiO2 loadings of (b) 5 wt%, (c) 10 wt% and (d) 15 wt%. 
Image (e) is an enlarged image of the blue regions within the 15%-SP composite membrane. The elemental mappings of (f) carbon, (g) oxygen and (h) silicon el
ements in the 10%-SP composite membrane. The surface and cross-section SEM images of (i, k) 5%-SP and (g, h) 10%-SP composite membranes after heat-treatment 
at 220 ◦C for 48 h, where bright particles represent inorganic fillers within the PBI matrix. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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explore the in situ formed phosphosilicate on the stability of composite 
membranes, as shown in Fig. S1 and Table S1. After the heat-treatment 
at 220 ◦C for 48 h, the pristine PA/PBI membrane exhibits the high 
elongation of 86.9 % and tensile stress of 17.1 MPa. In contrast, the 
elongation of heat-treated 5%-SP and 15%-SP composite membranes 
decreased to 63.1 and 33.9 % and their tensile stress also declined to 
13.8 and 11.3 MPa, respectively, indicating that the aggregation of 
Si5P6O25 particles in PBI is responsible for the decreased mechanical 
strength of composite membranes. Fig. 1d exhibits the XRD pattern of 
the pristine PA/PBI and 5%-SP composite membrane after the 
heat-treatment at 220 ◦C for 48 h. Obviously, two broad peaks at around 
19 and 27◦ are shown in both membranes, corresponding to P2O7 and 
P2O5 phases decomposed from PA at elevated temperatures [24]. 
Moreover, two small and broad peaks located at 23 and 25◦ in the 5%-SP 
composite membrane were detected, well matching with the Si5P6O25 
phase [24]. In comparison with the sharp and well-defined XRD patterns 
of Si5P6O25 phase formed in the mixed SiO2/PA samples after 
heat-treatment at identical 220 ◦C (see Fig. 1), the small and broad 
characteristic peaks associated with Si5P6O25 phase indicate the exis
tence of mixed crystalline and amorphous phosphosilicate phases in situ 
formed within SiO2/PA/PBI composite membranes after heat-treatment 
at 220 ◦C. Thus, considering the balance between the microstructure and 
mechanical properties, the 5%-SP and 10%-SP composite membranes 
may offer the best potential for the conductivity and performance of 
HT-PEMFCs. 

3.3. Conductivity and performance of the SiO2/PA/PBI composite 
membranes 

Fig. 6a shows the conductivities of SiO2/PA gels with different SiO2/ 
PA ratios measured at 220 ◦C within 100 h. Obviously, their conduc
tivities highly depend on the amount of introduced PA, i.e., the Si/P 
ratios. The initial conductivity was 194.3, 165.5 and 25.4 mS cm− 1 for 
samples with Si/P molar ratios of 1/4, 1/1 and 1/1.2, respectively. The 
conductivity of SiO2/PA samples decreases with the decrease in the PA 
content and their conductivity decrease rather rapidly in the early stage 

of measurements. For example, in the case of the sample with the highest 
Si/P molar ratio of 1/4, its conductivity dramatically dropped from 
194.3 mS cm− 1 to 74.7 mS cm− 1 during the initial 12 h, reaching a stable 
value of around 60 mS cm− 1 throughout the subsequent 100 h test. 
Although a portion of PA molecules were consumed during the Si5P6O25 
generation and thus led to a decrease in conductivity, the remaining PA 
could be adsorbed and bounded to the phosphosilicate phase, exhibiting 
a stable conductivity at the temperature higher than the boiling point of 
PA [39]. In addition, the conductivity of the as-prepared SP-48 sample 
varied between 42.5 and 97.4 mS cm− 1 at the temperature range of 160 
and 260 ◦C (Fig. 6b), while the conductivity of SP-48 after one washing 
(pH = 3.7) and after complete washing (pH = 6.8) decreased sharply 
and is 5 orders of magnitudes lower than that of as-prepared SP-48 
sample (Fig. 6c). This indicates that the proton conductivity of pristine 
Si5P6O25 phase is very low and negligible. 

For the purpose of comparison, the pure Si5P6O25 obtained from the 
completely washed SP-48 sample was re-mixed with PA and their con
ductivity was then measured at 220 ◦C. As shown in Fig. 6d, the mixture 
with the high Si5P6O25/PA mass ratio of 1/2 has a high conductivity of 
327.1 mS cm− 1, and decreased to 207.4 and 89.7 mS cm− 1 for the 
samples with a lower Si5P6O25/PA mass ratio of 1/1 and 2/1, respec
tively. However, all samples showed a downward trend throughout the 
stability test, especially in the initial 10 h. This is probably due to the 
rapid loss of PA content as the mixed Si5P6O25/PA samples have a poor 
ability to retain PA in the mixture. 

Fig. 7 shows the EIS spectra of pristine PA/PBI and SiO2/PA/PBI 
composite membranes during the heat-treatment process. In the case of 
pristine PA/PBI membrane, its ohmic resistance (Rohm) increased 
significantly from 0.14 Ω cm2 at 160 ◦C to 0.39 Ω cm2 at 250 ◦C, an 
increase of 0.25 Ω cm2. The significantly increased membrane resistance 
is evidently due to the loss of PA at elevated temperatures. It has been 
reported that the acid leaching is promoted at high current densities or 
humidified conditions via the movement of water molecules, leading to 
the serious acid flooding in anodic GDLs and flow fields [11,13]. 
Interestingly, 5%-SP and 10%-SP SiO2/PA/PBI composite membrane 
cells show a much stable cell resistance at elevated temperatures. For 

Fig. 6. The proton conductivity curves of (a) SiO2/PA gels with the different Si/P molar ratio measured at 220 ◦C as function of time, (b) as-prepared SP-48 sample at 
the temperature range of 160–260 ◦C, (c) SP-48 sample before and after washing treatment and (d) proton conductivity stability of the Si5P6O25/PA mixture with 
different mass ratios measured at 220 ◦C as a function of time, in which the pure Si5P6O25 was prepared by completely washing the SP-48 sample. 
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example, in the case of 5%-SP SiO2/PA/PBI composite membrane cells, 
Rohm changes from 0.11 Ω cm2 at 160 ◦C to 0.14 Ω cm2 at 250 ◦C, an 
increase of 0.03 Ωcm2, much lower than that in the case of pristine 
PA/PBI membrane cell. This clearly indicates that the in situ introduced 
SiO2 nanoparticles can effectively retain PA, thus alleviating the Rohm 
increase for the composite membranes at elevated temperatures [17, 
40]. Interestingly, 5%-SP and 10%-SP composite membrane single cells 
show two distinct semicircles at elevated temperature of 250 ◦C (see 
Fig. 7b and c). This is very different to the single overlapped arc 
observed for the reactions in HT-PEMFCs reaction at lower temperature 
range of 160–220 ◦C (see Fig. 7b and c). This is most likely due to the 
sluggish kinetic of the oxygen reduction reaction in cathode, which 
dominates the area specific resistance for HT-PEMFCs [41]. The 
appearance of two semicircles indicates the significantly enhanced ki
netics of the ORR at elevated temperatures, in consistence with the re
ported significantly enhanced kinetics of the methanol oxidation 
reaction at elevated high temperatures [42]. 

The in situ formed predominantly amorphous phosphosilicate phase 
in PA/PBI membranes is beneficial to maintain the cell stability. After 
testing at 220 ◦C for 33h, the Rohm and electrode polarization resistance, 
Rp for the pristine PA/PBI cell increased from 0.25 to 0.20 Ω cm2 to 1.1 
Ω cm2 and 1.4 Ω cm2, respectively. This is substantially higher than that 
observed on the 10%-SP composite membrane cell, which changes from 
0.16 to 0.4 Ω cm2 to 0.3 Ω cm2 and 0.6 Ω cm2, respectively, measured 
after testing at 220 ◦C for 48 h. Moreover, there is no noticeable increase 
in Rohm for the 5%-SP composite membrane cell, while its Rp slightly 
increased from 0.15 Ω cm2 to 0.21 Ω cm2 after testing for 48 h. In Fig. 7d, 
the proton conductivity of pristine and composite cells is given as a 
function of the temperature. For the pristine PA/PBI membrane cell, a 
maximum conductivity of 47.4 mS cm− 1 is achieved at 200 ◦C, followed 
by sharp decrease with increase in temperature and reaching 17.2 mS 
cm− 1 at 250 ◦C. This is evidently caused by the acid evaporation and 
dehydration at elevated temperatures [13]. In comparison, introducing 
in situ formed predominantly amorphous phosphosilicate phase in
creases the conductivity of the composite membrane cells and in both 

cases, the maximum conductivity was observed at 220 ◦C, exhibiting 
53.5 mS cm− 1 for the 5%-SP membrane cell and 59.6 mS cm− 1 for the 
10%-SP membrane cell, respectively. Moreover, the in situ formed pre
dominantly amorphous phosphosilicate is shown to alleviate the con
ductivity decreases, particularly in the case of 5%-SP composite 
membrane cell, achieving 48.1 mS cm− 1 at 250 ◦C, much higher than 
17.2 mS cm− 1 measured on pristine PA/PBI membrane cell. This is 
attributed to the favorable acid retention ability of in situ formed hy
groscopic and also predominantly amorphous phosphosilicate phase 
[24]. 

The distribution of relaxation times (DRT) was applied to analyze the 
measured EIS spectra of PA/PBI-based cells. Prior to the DRT fitting, all 
data were verified to have good reliability by the Kramers-Kronig re
lations (See Fig. S2) [43]. As shown in Fig. 8, several peaks located at 
high frequencies (above about 500 Hz) can be assigned to the hydrogen 
oxidation reaction (HOR) in the anode and proton transfer processes; the 
main peak between 10 and 500 Hz is attributed to the oxygen reduction 
reaction (ORR) in the cathode [44,45]. Typically, features related to the 
oxygen mass transfer should be distinguished below 10 Hz; however, no 
obvious peaks were shown in all EIS spectra as pure oxygen was intro
duced during the testing; namely, the oxygen transfer limitation affected 
by mass transfer process is negligible [44]. In pristine PA/PBI cells 
shown in Fig. 8a, the peak related to ORR process exhibits a growing 
tendency accompanied by the temperature increase, which is related to 
the variation or changes of three-phase boundaries in the cathode [24]. 
By contrast, all peak intensity of 5%-SP membrane cell decreased 
gradually when the operating temperature increased to 220 ◦C, sug
gesting that in situ formed phosphosilicate in membranes facilitates both 
of the proton transfer and ORR process. In the case of 10%-SP membrane 
cell, a series of increased peaks located at high frequency was observed 
at elevated temperatures (see Fig. 8c), revealing that the proton trans
port in anodic electrode was restricted. Although the immigrated PA 
driven by water molecules promotes the proton transfer and overall 
conductivity of HT-PEMFCs [46], excessive acid accumulation would 
reduce the H2 partial pressure in anode, resulting in increased mass 

Fig. 7. EIS curves of (a) pristine PA/PBI, (b) 5%-SP and (c) 10%-SP composite membrane fuel cells, measured at the temperature range of 160–250 ◦C and a current 
density of 0.2 A cm− 2. All cells were kept at selected temperatures for 4h to stabilize the performance. (d) The proton conductivity of pristine PA/PBI, heat-treated 
5%-SP and 10%-SP cells at the temperature range of 160–250 ◦C. 
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transfer resistance and limited performance [47]. In addition, adjacent 
peaks at around 100 Hz slightly shifted toward lower frequencies, which 
could be explained by the enhanced ORR resistance at elevated tem
peratures [48]. 

Fig. 9 gives the polarization curves of pristine PA/PBI, 5%-SP and 
10%-SP composite membrane single cells, measured at the temperature 
range of 160–250 ◦C with the constant H2/O2 flow of 150 mL min− 1. The 
peak power density (PPD) for pristine PA/PBI cell increased from 317.7 
mW cm− 2 at 160 ◦C to 407.3 mW cm− 2 at 220 ◦C, while dropped 
catastrophically to 119.3 mW cm− 2 at 250 ◦C. The sharp decrease in PPD 
of pristine PA/PBI membrane cell at elevated temperatures is consistent 

with its proton conductivity behavior as shown in Fig. 7a. The perfor
mance of the10%-SP composite membrane cell showed a similar ten
dency, which reached 457.2 mW cm− 2 at 200 ◦C and declined to 226.2 
mW cm− 2 at 250 ◦C. By contrast, the 5%-SP composite membrane cell 
has a much better polarization behavior at elevated temperatures, 
showing a PPD of 530.6 mW cm− 2 at 220 ◦C and 450 mW cm− 2 at 250 ◦C 
(Fig. 9b). The power performance of 5%-SP composite membrane cell at 
250 ◦C is substantially better than pristine and 10%-SP composite 
membrane cells, which is also superior than most HT-PEMFC perfor
mances based on composite membranes under identical test conditions 
(Table .1). 

Fig. 8. Comparison of DRT plots at different operating temperatures for (a) pristine PA/PBI, (b) 5%-SP and (c) 10%-SP composite membrane cells.  

Fig. 9. Fuel cell polarization curves of (a) pristine PA/PBI, (b) 5%-SP and (c) 10%-SP composite membrane cells, measured at the temperature range of 160–250 ◦C. 
The composite membranes were pretreated at 220 ◦C for 48h. All cells were maintained at tested temperatures for 4 h with the constant H2/O2 of 150 mL min− 1. (d) 
The stability curves for pristine PA/PBI, 5%-SP and 10%-SP composite membrane cells, measured at 220 ◦C under a polarization current of 200 mA cm− 2. 
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Stability is the most important parameter of HT-PEMFCs at elevated 
temperatures. Fig. 9d exhibits the stability of assembled cells at 220 ◦C 
with a constant current of 200 mA cm− 2. The pristine PA/PBI membrane 
cell shows a fast degradation and the voltage drops from initial 0.54 
V–0.37 V within 50 h, a degradation rate of 5.7 mV h− 1. The 10%-SP 
composite membrane cell shows a much better performance stability 
and the cell voltage decreases from initial 0.59 V–0.40 V within 120 h, a 
degradation rate of 1.6 mV h− 1. In contrast, a very stable performance 
was observed on the 5%-SP composite membrane cell. The initial cell 
voltage was 0.61 V and increased slightly to 0.63 V, essentially stable 
over 130 h at 220 ◦C and 200 mA cm− 2. To further understand the 
voltage loss of the 10%-SP membrane cell, the hydrogen crossover 
investigation was performed and results are shown in Fig. S3. Obviously, 
the 10%-SP composite membrane cell displayed a much higher H2 
crossover current density, indicating that aggregated Si5P6O25 particles 
and inevitably formed structure defects in the composite membranes 
(see Fig. 6g) are responsible for the performance degradation. On the 
other hand, the hydrogen crossover current of 5%-SP membrane cell is 
very similar to the pristine PA/PBI membrane cell. This clearly shows 
that introducing 5 % SiO2 in the composite SiO2/PA/PBI composite 
membrane via the in situ formed predominantly amorphous phosphosi
licate phase does not have detrimental effect on the microstructure of 
PA/PBI membranes, supported by the microstructure data (see Fig. 5). 

This study clearly demonstrated that the in situ formed predomi
nantly amorphous phosphosilicate phase in the SiO2/PA/PBI composite 
membranes substantially enhanced the proton conductivity of the 
membrane, the cell performance and stability at elevated high temper
ature of 220 ◦C, and the best performance was obtained on SiO2/PA/PBI 
composite membranes with 5 % SiO2 addition. As shown in this study, in 
situ formed predominant amorphous phosphosilicate phase in 5%-SP 
composite membrane is uniformly distributed with no detrimental effect 
on the microstructure of the PBI polymeric matrix. Most important, the 
existence of predominant amorphous phase of phosphosilicates formed 
via the in situ generation process [40] effectively acts as an anchor for 
holding PA, alleviating the evaporation and leaching of PA and 
contributing to the excellent performance and stability of the composite 
membrane cells (see Fig. 9). However, excessive SiO2 in the composite 
membrane leads to the agglomeration of formed phosphosilicates and 
thus affects its microstructure, mechanical strength, electrical conduc
tivity and cell performance. This is evidently supported by the high 
power performance but relatively low stability of 10%-SP composite 
membrane cells. 

4. Conclusion 

In this work, the microstructure and conductivity properties of 
phosphosilicate phases derived from SiO2 and PA precursors were 
investigated at different temperatures. The results indicate that the re
action of SiO2 with PA occurs at 220 ◦C, forming well defined Si5P6O25 
crystalline phase. In comparison with the sharp and well-defined XRD 
patterns in the mixed SiO2/PA samples after heat-treatment at identical 
220 ◦C, the XRD patterns of the in situ formed SiO2/PA/PBI composite 
membranes are characterized by the small and depressed peaks associ
ated with Si5P6O25 phase, indicating the existence of predominant 
amorphous phosphosilicate phases formed. Homogeneous SiO2/PBI 
composite membranes can be prepared at the SiO2 loading level of 10 wt 
%, however, in situ formed Si5P6O25 particles trend to aggregate on 
membrane surfaces during the heat-treatment, which has negative im
pacts on not only mechanical strength of composite membranes but also 
the cell stability. The EIS and DRT analysis data illustrated that the 
distribution and aggregation of in situ formed amorphous phosphosili
cate are responsible for the variation in performance and stability. The 
best results were obtained on the SiO2/PA/PBI composite membranes 
with 5 wt% SiO2 and with in situ formed amorphous phosphosilicate 
phases at 220 ◦C, exhibiting the high conductivity of 53.5 mS cm− 1, PPD 
of 530.6 mW cm− 1, and excellent stability at 220 ◦C for over 130 h. In 
conclusion, this study provides a simple but effective way to fabricate 
SiO2/PA/PBI composite membranes with the in situ formed phosphosi
licate phases for HT-PEMFCs to apply at elevated operating tempera
tures of 200 ◦C. 
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