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ABSTRACT: Based on CsH5(PO4)2, sulfonated poly(ether ether ketone) (SPEEK), and 

phosphosilicate sol, proton-conducting CsH5(PO4)2/phosphosilicate/SPEEK composite 

electrolyte membranes have been prepared by a sol–gel method followed by mechanical 

ball-milling. The chemical structures, morphologies, thermal performances, stability, and 
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proton conductivities of the composite electrolyte membranes were investigated. After 

incorporating the SPEEK polymer, these composite membranes exhibited adequate flexibility 

and mechanical performance; despite inorganic content of up to 80 wt%, a tensile strength of 

6.2 MPa was maintained. Specifically, the composite electrolyte membrane displays a high 

proton conductivity of 14.6 mS cm–1 at 250°C under 47% H2O/N2 atmosphere. A fuel cell 

equipped with the composite electrolyte membrane showed a stable output voltage over the 

continuous measurement of 50 h under a constant output current density of 40 mA cm–2. 

Keywords: Cesium pentahydrogen diphosphate; Intermediate-temperature fuel cells; 

Phosphosilicate sol; Solid acids; Sulfonated poly (ether ether ketone). 

1. Introduction 

Fuel cells are electrochemical devices that directly convert chemical energy (e.g., hydrogen 

and methanol) into electrical energy [1,2]. Intermediate-temperature fuel cells (ITFCs), which 

operate at 200–600°C, are superior to low- and high-temperature fuel cells in many aspects 

[3-7]. For example, they offer reduced electrode catalyst poisoning by carbon monoxide [7,8], 

lower Pt electrode material requirements [9], less complicated water management, and more 

responsive kinetics and diffusion rates [7,10,11]. ITFCs broaden the range of applicable 

materials and extend material lifespans compared to high-temperature fuel cell. 

Due to their stability at high temperatures (between 100 and 250°C) and their high protonic 

conductivity, solid acids can be used as ITFC electrolyte application material. CsHSO4 and 

CsH2PO4 are solid acid compounds that can be used as electrolytes at intermediate 

temperatures. As these materials heat, a phase transition occurs, accompanied by an increase 

of several orders of magnitude in their ionic conductivity. This change is referred to as the 
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superprotonic phase transition. CsHSO4 displays a superprotonic phase transition at 141°C 

and its decomposition/melting at approximately 200–230°C, having proton conductivity of 

8×10–3 S cm–1 at 160°C [12]. CsH2PO4 experiences a superprotonic phase transition at around 

230°C, having a proton conductivity of 2.2 × 10–2 S cm–1 at 240C [13]. 

Cesium pentahydrogen diphosphate, CsH5(PO4)2, melts at around 154C and has a broader 

operating temperature range, making it a promising alternative solid acid electrolyte for use at 

intermediate temperatures. Its melting facilitates anhydrous proton transport and its proton 

conductivity increases rapidly up to 200 mS cm–1 above 160°C under 30% H2O/Ar 

atmosphere [14]. To maintain high proton conductivity and prevent CsH5(PO4)2 from 

dehydrating, humidified conditions are necessary [15]. Since chemical bonds do not exist 

between the matrix particles in CsH5(PO4)2-based electrolytes, CsH5(PO4)2 offers 

unsatisfactory mechanical integrity at temperatures higher than 154°C [16]. The thicknesses 

of these pellet electrolytes normally exceed 1 mm [15], which is necessary to maintain an 

acceptable mechanical strength [17] as well as to prevent gas leakage [18]. As is well known, 

the area-specific resistance (ASR) of an electrolyte membrane is given by t/, where t is the 

electrolyte thickness and  is the conductivity. Area-specific resistance of pellet-form 

electrolytes is very high, hindering their application in ITFCs [15]. Hibino et al. reported 

several works on the topic of inorganic/organic composite electrolytes using metal phosphates 

as the proton conductor for ITFCs [7,19-22]. By adding organic binders, they prepared 

Sn0.9In0.1P2O7 composite membranes with a thickness of less than 150 μm, having a relatively 

low ASR of 0.24 Ω cm2 [7]. Therefore, the reduction of electrolyte thickness and the 

development of a new matrix that offers an interconnected network and stability at 
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intermediate temperatures is necessary for the practical application of CsH5(PO4)2 in ITFCs. 

Many polymers are regarded as promising matrices that can be cast from organic solutions 

in a convenient and inexpensive process. Qing et al. [23] reported an organic/inorganic 

composite electrolyte with conductivity up to 10 mS cm–1 that was based on polyvinylidene 

fluoride and CsH2PO4. Boysen et al. [24] reported composite electrolytes composed of 

CsHSO4 and polyvinylidene fluoride that showed conductivities up to 3 mS cm–1. The 

superprotonic transition temperatures of these composite electrolytes proved to be unaffected 

by the presence of the polymer, and these materials exhibited a certain degree of flexibility. 

Due to its excellent mechanical properties, acceptable proton conductivity, and thermal 

stability up to 250°C, SPEEK was used as the polymer matrix in this work [25-27]. 

Additionally, SPEEK is soluble in several polar solvents, such as DMF [26], resulting in good 

membrane-forming ability, and thus it can be used to prepare composite electrolyte 

membranes by a solution-casting method. In the present work, composite electrolyte 

membranes have been fabricated by combining CsH5(PO4)2, SPEEK, and phosphosilicate sol 

in a mechanical ball-milling process followed by casting from solution. In these composite 

electrolyte membranes, CsH5(PO4)2 serves as the proton conductor, SPEEK as the supporting 

polymer matrix, and phosphosilicate sol as a binder. 

2. Experimental 

2.1. Materials 

Si(OC2H5)4 (TEOS, >96.0%, Shanghai Sinopharm Chemical Reagent Co. Ltd., 

Shanghai, China), H2SO4 (95–98 wt%, Shanghai Sinopharm Chemical Reagent Co. 

Ltd.), H3PO4 (85 wt% in water, Shanghai Sinopharm Chemical Reagent Co. Ltd.), N, 
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N-dimethylacetamide (DAMc, Shanghai Lingfeng Chemical Reagent Co. Ltd., 

Shanghai, China), Cs2CO3 (99.9% trace metals basis, Aladdin, CA, USA), poly(ether 

ether ketone) (PEEK, Grade 450-P, Victrex Inc., UK), and silver paste (DAD-40, 

Shanghai Research Institute of Synthetic Resins of China, Shanghai, China) were used 

as received without further purification. 

2.2. Preparation  

CsH5(PO4)2 was synthesized from Cs2CO3 and H3PO4 as starting materials. An 

aqueous solution of Cs2CO3/H3PO4 in a molar ratio of 1:4 was concentrated to dryness 

overnight at 100°C and the residue was protected from moisture prior to use. SPEEK 

with a degree of sulfonation (DS) of 69.3% was obtained by sulfonating PEEK 

according to a procedure described in detail elsewhere [28]. A phosphosilicate sol was 

prepared by a sol–gel method as described in our previous publication [29]. Briefly, 

the requisite amounts of TEOS, hydrochloric acid, and deionized water were mixed 

and stirred for 1 h in an ice-bath until the solution became transparent. The requisite 

amount of H3PO4 was then added to the transparent solution in a molar ratio of 3:7 

(H3PO4: TEOS), and stirring was continued for 30 min in an ice-bath to form the 

phosphosilicate sol. 

To obtain the composite electrolyte membranes, SPEEK was dissolved in DMAc to 

produce a 12.5 wt% solution. The phosphosilicate sol was then added to batches of this 

solution and the mixtures were stirred for 1 h at room temperature. The requisite 

amounts of CsH5(PO4)2 were then combined with the mixed solutions of SPEEK and 

phosphosilicate sol. The resulting mixture was stirred magnetically for 20 min at room 
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temperature, and then milled in a planetary ball-milling apparatus (QM-3SP2, NanDa 

Instrument Plant) for 72 h at 580 rpm. Next, the resulting slurries were cast onto 

cleaned glass plates using a casting knife and dried at 70°C for 5 h to form membranes. 

After detaching the membranes from the glass plates, the membranes were subjected to 

hydrothermal treatment at 155°C for 5 h to produce the final composite electrolyte 

membranes. (See Figure 1 for a flowchart of this procedure.) Phosphosilicate sol (PSi) 

composition was calculated in terms of P2O5 (from H3PO4) and SiO2 (from TEOS). 

Membranes prepared with different amounts of CsH5(PO4)2 and PSi are denoted as 

(xCs/(10–x)PSi)/SPEEK; the total weight ratio of inorganics (PSi and CsH5(PO4)2) to 

organics (SPEEK) was kept fixed at 8:2, while, among the inorganics, the amounts of 

CsH5(PO4)2 and PSi were varied. The values of x are listed in Table 1. 

Other samples mentioned in the characterization and discussion sections were also 

prepared. (1) Pure SPEEK membrane: To form a membrane, SPEEK was dissolved in 

DMAc to form a 15 wt% solution, and then cast onto a glass plate and dried at 70°C 

for 8 h. (2) Composite membrane of phosphosilicate sol and SPEEK (designated as 

PSi/SPEEK): SPEEK was dissolved in DMAc to form a 15 wt% solution, and then the 

phosphosilicate sol was mixed with this solution in a weight ratio of SPEEK: PSi = 7:3. 

The mixture was agitated for 1 h at room temperature, and then milled in a planetary 

ball-milling apparatus for 72 h at 580 rpm. Finally, the slurry was cast onto a cleaned 

glass plate using a doctor blade and dried at 70°C for 7 h to form the membrane. 
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2.3. Characterization 

The crystalline structures of the various samples were characterized by XRD 

(Bruker D8 Advance, Cu-Kα, 6º min−1). FTIR spectra of the respective samples were 

recorded in the range 4000–400 cm−1 on a Nicolet 6700 FTIR spectrometer using KBr 

pellets composed of 3 wt% samples and 97 wt% KBr. Thermogravimetry analysis 

(TGA) and differential scanning calorimetry (DSC) were performed on a simultaneous 

DSC-TGA apparatus (TA Q600). All samples were pre-heated to 150°C, cooled to 

90°C, and then heated to 500°C at a rate of 10°C min−1 in a flow of air of 100 mL 

min−1. The mechanical properties of the composite membranes were assessed on a 

Perkin-Elmer dynamic mechanical analyzer (DMA 8000) using a DMA-controlled 

force module with a stretching speed of 0.3 N min−1 at room temperature. Composite 

membrane samples, with a surface size of 25 × 5 mm2, were used for the tests. The 

elemental compositions of the composite membranes were analyzed by means of a 

scanning electron microscopy (SEM, JSM-7800F) equipped with an energy-dispersive 

X-ray detector (EDS, Thermo Scientific). The method of liquid nitrogen brittle fracture 

was used to acquire cross-sections of the membranes.  

The conductivities of composite electrolyte membranes were determined by means 

of an impedance/gain phase analyzer (SI 1260, Solartron) controlled by Z-plot 

electrochemical impedance software over the frequency range from 10-1 to 107 Hz with 

a voltage amplitude of 20 mV. Measurements were carried out over the temperature 

range from 100°C to 250°C under a 47% H2O/N2 atmosphere generated by bubbling 

dry N2 through water held at 80°C. A two-electrode a.c. method described in a 
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previous study [30] was applied to the measurement. Two parallel silver stripe 

electrodes connected with gold wires were obtained by painting silver paste on the 

composite electrolyte membrane. To obtain a steady state, a time interval of 1 h 

between adjacent temperatures (testing temperature elevated by 10°C) was selected. 

The electrolyte resistance was approximated from the intercept on the real axis at the 

high-frequency end in the impedance spectra. The electrolyte conductivity was 

determined according to the following equation: 

σ=a/tLR               (1) 

where σ is the conductivity, a is the distance between the two parallel electrodes, L is 

the length of the silver stripe electrodes, t is the thickness of the composite membrane, 

and R is the known resistance of the composite membrane. 

A single fuel cell was fabricated by using the (9Cs/1PSi)/SPEEK composite 

electrolyte membrane. The composite electrolyte membrane was sandwiched between 

two gas diffusion electrode (GDEs) with Pt loading of 0.5 mg cm–2 (S10CC, SGL 

Group) without hot-pressing procedure to form a membrane-electrode assembly (MEA) 

with an active area of 5 cm2. 

The fuel cell was fuelled with humidified hydrogen at the anode and dry oxygen at 

the cathode, respectively. The gas flow rates of H2 and O2 were both set to 60 cm3 

min–1. Humidification of H2 at the anode was obtained by feeding water with a flow 

rate of 0.026 ml min–1 into the gas flow. The durability test of the fuel cell was 

conducted by operating under a constant output current density of 40 mA cm–2 at 

180°C. 
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3. Results and discussion 

3.1. Crystalline and chemical structures of the composite electrolyte membranes 

XRD was employed to investigate the crystalline structures of the composite 

electrolyte membranes. Figure 2 shows the XRD patterns of the various membranes 

and CsH5(PO4)2 powder. The XRD pattern of the CsH5(PO4)2 powder is in good 

agreement with that in a previous report [15], and no signals due to any by-products 

can be observed. The patterns of the pure SPEEK and PSi/SPEEK membranes showed 

these samples to be amorphous. For the composite electrolyte membranes with different 

amounts of CsH5(PO4)2, the peaks assigned to CsH5(PO4)2 bore a striking resemblance to 

those of CsH5(PO4)2 powder. This implies that the crystalline structure of CsH5(PO4)2 

in the composite electrolyte membranes was not affected by the membrane-forming 

process or the amount of phosphosilicate. 

FTIR was used to characterize the functional groups present in the different solid 

acid materials. As shown in Figure 3, the infrared spectrum of CsH5(PO4)2 powder 

features broad absorption bands at  = 2800, 2348, and 1644 cm−1, which indicate 

strongly hydrogen-bonded systems at the corresponding positions [31-33]. CsH5(PO4)2 

has five robust hydrogen bonds per formula unit; while the fifth is shorter, four are 

nearly identical, such that the salt formula might be written as CsH(H2PO4)2 [32]. The 

intense absorption bands observed at  = 1286, 1213, 1128 (with a shoulder at 1086), 

982, and 870 cm−1 correspond to the stretching vibrations of the acid phosphate 

(H2PO4
−) ions, while the bands at  = 580, 546, 522, 496, 469, and 421cm−1 correspond 
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to their bending vibrations. For the pure SPEEK membrane, the absorption peaks at  = 

1079, 1030, and 688 cm–1 can be assigned to the O=S=O stretching vibrations of the 

sulfonic acid group, confirming successful sulfonation [32,34,35]. The band at  = 

1642 cm–1 corresponds to the carbonyl group of SPEEK [36], and the broad band at 

around  = 3439 cm–1 can be allocated to the O–H vibration of sulfonic acid groups 

engaging with water molecules [34,37]. Aside from the bands assigned to sulfonic acid 

groups and O–H vibration, other bands types can also be observed in the spectra of the 

PSi/SPEEK membranes. The bands at around  = 480 and 848 cm–1 can be assigned to 

the characteristic peaks of Si–O–Si, and that at around  = 974 cm–1 can be ascribed to 

the stretching of Si–OH. These features provide evidence for the formation of a silicate 

network during the gelation. Furthermore, the bands at around  = 1259 and 1333 cm–1 

can be assigned to P=O stretching originating from the introduction of H3PO4 [38-41]. 

The spectrum of the composite electrolyte membranes is much more complex than 

those of its components; however, identifying each band characteristic type of the 

bonds discussed above is still effortless. In addition, bands at  = 1083 and 1115 cm–1 

can be ascribed to P–O–Si bonds. 

3.2. Morphology of the composite electrolyte membranes 

The morphologies of the composite electrolyte membranes were observed by 

SEM/EDS. Figure 4 shows the SEM results of all the investigated samples. Figure 4 

(a), (c), and (e) show the cross-sectional morphologies of (7Cs/3PSi)/SPEEK, 

(8Cs/2PSi)/SPEEK, and (9Cs/1PSi)/SPEEK composite electrolyte membranes before 

the conductivity tests. Figure 4 (b), (d), and (f) show the cross-sectional morphologies 



11 
 

of the respective composite electrolyte membranes after the conductivity tests (from 

100 to 250°C; test time 11 h). From Figure 4 (a), (c), and (e), we can easily see many 

block-like particles embedded within the composite membranes, and their numbers 

increase notably with the increase of the amount of added CsH5(PO4)2. Figure 4 (g) and 

(h) are high-magnification SEM images at different scales of (7Cs/3PSi)/SPEEK 

membrane. Figure 4 (g) shows that block-like particles were entangled within the 

matrix, in which no accumulation of the glass particles was determined, and Figure 4 

(h), at higher magnification, shows that the matrix consisted of a net-like structure with 

globular structures embedded therein. 

In order to investigate the chemical compositions of the three structures (block-like, 

net-like, and globular), EDS analysis was conducted. Figure 5(a) is the SEM image of 

(7Cs/3PSi)/SPEEK composite electrolyte membrane. Figure 5 (b), (c), and (d) show the 

EDS results at the selected sites: Area1, Area2, and Point1 in Figure 5 (a). From the 

EDS results in Figure 5 (b) and the XRD patterns in Figure 2, we have determined that 

the block-like structure was composed of CsH5(PO4)2, and the small amounts of C and 

Si may be due to the slight quantity of phosphosilicate containing unhydrolyzed TEOS, 

which frequently happens in a typical sol–gel process. The small amount of 

phosphosilicate may attach to the surfaces of the CsH5(PO4)2 blocks. From Figure 5 (c), 

the net-like structure evidently contained quite a lot of C and S. The net-like structure 

may have been formed as follows: SPEEK may have been covered or wrapped by the 

incorporated phosphosilicate sol. During the mixing and milling processes, some fine 

powder of CsH5(PO4)2 may have become attached on the SPEEK skeleton with the 
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help of the adhesiveness of the phosphosilicate sol. Such a continuous net-like matrix 

containing dispersed block-like CsH5(PO4)2 particles could provide the composite 

membrane with sufficient mechanical flexibility, which is essential for membrane 

electrode assembly (MEA) for fuel cells, and with potential intermediate-temperature 

proton conducting ability. Figure 5 (d) shows that the globular structure contained Si, P, 

and Cs as well as trace amounts of C and S. It is deduced that the globular structure 

may have stemmed from the aggregated phosphosilicate particles, which were bound 

by small amounts of CsH5(PO4)2 and SPEEK. 

By comparison of SEM images before (Figure 4 (a), (c) and (e)) and after (Figure 4 

(b), (d) and (f)) the conductivity tests, it is evident that the CsH5(PO4)2 blocks became 

more connected. This may be due to the melting and agglomeration of CsH5(PO4)2 

during the conductivity test. The sizes of CsH5(PO4)2 particles shown in Figure 4 (a)–(f) 

are considerably smaller than those in Figure 4 (i). This implies that the ball-milling 

process was very helpful for reducing the size of CsH5(PO4)2 particles. In the 

composite electrolyte membranes, a high content of CsH5(PO4)2 should be beneficial 

for improving the conductivity, but it could also lead to excessive agglomeration of 

CsH5(PO4)2 particles, making the membrane more fragile. 

3.3. Thermal and Mechanical Properties of the Membranes and CsH5(PO4)2 

Powder 

Figure 6 (a) and (b) show normal TGA and DSC curves of SPEEK, PSi/SPEEK, 

CsH5(PO4)2, and the composite membranes with varying amounts of CsH5(PO4)2. The 

TGA curve of the SPEEK membrane displays two typical degradation stages that 
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correspond to the degradation of the sulfonic acid groups and thermal oxidation of the 

polymer main chain. The first weight loss step is mainly associated with loss of the 

sulfonic groups in the range of 180–300C. The second weight loss step is attributable 

to thermal degradation of the main SPEEK chain beyond 300C. In contrast to pure 

SPEEK, the degradation of the PSi/SPEEK membrane was considerably delayed due 

to the incorporation of the phosphosilicate component. For CsH5(PO4)2, weight loss 

commenced at 165C, and only one degradation step was observed, which presumably 

corresponded to its dehydration. For the composite electrolyte membranes with various 

contents of CsH5(PO4)2, the three curves show similar trends, and resemble that of the 

SPEEK membrane. Therefore, their degradations are likely caused in large part by 

degradation of the SPEEK membrane, combined with the dehydration CsH5(PO4)2. 

As shown in Figure 6 (b), in the DSC curves of SPEEK and PSi/SPEEK membranes, 

the peaks at around 310°C were in accordance with decomposition of the PEEK main 

chain. For CsH5(PO4)2, a large endothermic peak appeared at 150°C, attributable to its 

melting [32,42]. The endothermic peak of (9Cs/1PSi)/SPEEK was noted at 143°C, 

which was lower than that of CsH5(PO4)2; this indicates a lower melting point than that 

of pure CsH5(PO4)2. Furthermore, the corresponding endothermic peaks of 

(8Cs/2PSi)/SPEEK and (7Cs/3PSi)/ SPEEK almost disappeared. Melting point 

depression has also been viewed in a CsH5(PO4)2-doped glass membrane [10], pellet 

electrolytes of CsH5(PO4)2/SiO2 [15,43,44], CsH5(PO4)2/SiP2O7 [45], and CsHSO4/SiO2 

[46]. In these structures, CsH5(PO4)2 and CsHSO4 are the proton conductors, while 

SiO2 and SiP2O7 are the matrices. Interaction between two components at the 
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contacting interface is normally the cause of melting point depression [43,44,46]. In 

this work, the CsH5(PO4)2/PSi/SPEEK composite electrolyte membranes contained 

CsH5(PO4)2 and phosphosilicate. As confirmed by SEM and EDS studies, these 

components were in contact, with an extensive interface between them. As a result, the 

interfacial interaction between CsH5(PO4)2 and phosphosilicate leads to melting point 

depression. 

Figure 7 depicts the stress–strain curve measurement of the composite electrolyte 

membranes at room temperature. As can be seen, the (7Cs/3PSi)/SPEEK membrane 

displayed the best mechanical properties, with a maximum tensile strength of 6.2 MPa 

and a maximum elongation of 4.8%, despite the fact that the inorganic content in this 

composite electrolyte membrane was as high as 80 wt%; the total weight ratio of 

inorganics (PSi and CsH5(PO4)2) to organics (SPEEK) was kept fixed at 8:2. This 

indicates that the mechanical properties of the composite electrolyte membrane is 

capable of satisfying the needs of MEA fabrication in fuel cells. 

3.4. Proton conductivity of the composite electrolyte membranes 

Figure 8 depicts the proton conductivities of the composite electrolyte membranes 

with various quantities of CsH5(PO4)2, the pure SPEEK membrane, and a PSi/SPEEK 

membrane measured under humidified 47% H2O/N2 conditions.  

The conductivity of the pure SPEEK membrane first increased and then decreased 

with increasing temperature, and a maximum conductivity of 5.32 × 10–6 S cm–1 was 

obtained at 200C. The decrease in the conductivity of the pure SPEEK membrane 

may be related to the loss of chemically bound water molecules and degradation of the 
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pure SPEEK. The conductivity of the PSi/SPEEK membrane showed a slow increase 

from 100 to 190C, then a rapid increase from 190 to 240C, and finally a slight 

decrease between 240 and 250C. The maximum conductivity at 240C was 1.7 × 10–4 

S cm–1. Comparison of the conductivities of PSi/SPEEK and pure SPEEK membranes 

shows that the incorporation of phosphosilicate greatly increases the conductivity. This 

is because phosphosilicate is strongly hygroscopic, resulting in the absorption of more 

water molecules under the same conditions; it also contributes additional functional 

groups (i.e., SiOH and POH, which can furnish pathways for proton transfer) [29]. The 

decrease in conductivity of the PSi/SPEEK membrane above 240C may be attributed 

to the desroption of chemical bound water molecules, which are important for 

water-mediated proton conduction. 

Unlike for the pure SPEEK and PSi/SPEEK membranes, the conductivities of the 

composite electrolyte membranes with various contents of CsH5(PO4)2 showed rapid 

increases in the low temperature range, and then showed slow and sustained increases 

in the high temperature range. Furthermore, their conductivities were higher in the 

high temperature range but lower in the low temperature range with increasing 

CsH5(PO4)2 content. This led to the appearance of feature points in each of these 

curves, and the temperatures of these feature points for the (9Cs/1PSi)/SPEEK, 

(8Cs/2PSi)/SPEEK, and (7Cs/3PSi)/SPEEK composite electrolyte membranes were 

140, 130, and 120C, respectively. These feature points should correspond to the 

melting point of CsH5(PO4)2, which was confirmed by the DSC curves in Figure 6 (b). 

In the low temperature range below the melting point, CsH5(PO4)2 is in the solid state 
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and has low proton-conducting capability, but phosphosilicate possesses high proton 

conductivity under humidified conditions [47,48]. Consequently, the predominant 

proton-conducting carriers should be derived from phosphosilicate, rather than from 

CsH5(PO4)2, so that the conductivities of the CsH5(PO4)2/PSi/SPEEK composite 

electrolyte membranes increase with increasing phosphosilicate content. In the high 

temperature range above the melting point, CsH5(PO4)2 is in the liquid state, resulting 

in a high proton conductivity [42,43]. Consequently, CsH5(PO4)2 is primarily 

accountable for the proton conduction of the composite electrolyte membranes; thus, 

their conductivities increase relative to the increasing of CsH5(PO4)2 content. Among 

the prepared composite electrolyte membranes, (9Cs/1PSi)/SPEEK showed the highest 

conductivity of 14.6 mS cm–1 at 250C. It is worth noting that the composite 

electrolyte membranes showed no decrease in conductivity up to 250C in the 

measured temperature range. However, at temperatures higher than 250C, they 

softened and became deformed. 

The ASR value is more important than proton conductivity itself in evaluating the 

practical performance of fuel cells [49]. The cross-section SEM image in Fig. 4(e) 

show that the (9Cs/1PSi)/SPEEK composite membrane has thickness of 97 μm. From 

the proton conductivity data in Figure 8, the ASR values of the composite electrolytes 

at 250C can be calculated to be 0.664Ω cm2. The ASR value is lower than that of 

CsH5(PO4)2/SiP2O7 pellets of thickness 1–2 mm with a conductivity of 116 mS cm−1 at 

230C [15], but higher than 0.37 Ω cm2 of solid acid/phosphate (CsH5(PO4)2/Si–P–O 
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matrix) thin film with a thickness of 106 μm, which was prepared by utilizing 

electrostatic spray deposition [16]. 

3.5. The stability of the composite electrolyte membranes 

As shown in Figure 9, reproduction of the conductivity for (9Cs/1PSi)/SPEEK 

composite electrolyte membrane was evaluated in heating–cooling cycles under 

humidified 47% H2O/N2 conditions. The interval time between both heating–cooling 

cycles was 24 h. Upon heating for a first time, the conductivity showed a steep 

increase by 3 orders of magnitude in the low temperature range of 100–140°C, and a 

slow increase in the high temperature range of 140–250°C. In the cooling process, the 

composite electrolyte membrane kept relatively high conductivity with a slight 

decrease. It is reasonable that, during heating CsH5(PO4)2 is in the liquid state in 

temperatures above the melting point, resulting in a high proton conductivity, and 

during cooling CsH5(PO4)2 exists as supercooled liquid, keeping the high conductivity 

[50]. In the second heating–cooling cycle, the conductivity was slightly lower than 

those in the first cycle, due to the degradation of SPEEK, which was associated with 

loss of the sulfonic groups. It is confirmed that the conductivity of the composite 

electrolyte membrane was reproducible upon heating–cooling cycles. 

In order to evaluate the stability of the composite electrolyte membrane operating in 

a fuel cell, a longevity experiment was conducted. The fuel cell was assembled by 

using (9Cs/1PSi)/SPEEK composite electrolyte membrane. Figure 10 shows the 

stability of the output voltage with time under a constant output current density of 40 

mA cm–2. After an initial increase from ca. 0.37 to 0.45 V, during the continuous 
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measurement up to 50 h, the fuel cell equipped with (9Cs/1PSi)/SPEEK composite 

electrolyte membrane showed a good stability at around 0.45 V. This result 

demonstrates the high stability of the composite electrolyte membrane under fuel cell 

conditions. 

4. Conclusions 

Composite electrolyte membranes were constructed by combining CsH5(PO4)2, 

SPEEK, and phosphosilicate sol in a simple sol–gel method, followed by mechanical 

ball-milling. These membranes exhibited outstanding mechanical, thermal, and 

conductivity achievement, making them favorable electrolytes for ITFCs. Moreover, 

they were macroscopically flexible, meeting the requirements of MEA fabrication. 

Namely, the composite electrolyte membranes were in the solid state at temperatures 

above 150°C, the melting point of pure CsH5(PO4)2, likely because SPEEK with 

phosphosilicate matrices fostered the melt. The (9Cs/1PSi)/SPEEK membrane showed 

a high conductivity of 14.6 mS cm–1 at 250°C under 47% H2O/N2 atmosphere. The fuel 

cell equipped with a composite electrolyte membrane showed a stable output voltage 

over the continuous measurement of 50 h under a constant output current density of 40 

mA cm–2. These composite electrolyte membranes with high conductivities above 10–3 S 

cm–1 over broad temperature range of 120–250°C provide a comprehensive temperature range 

for ITFCs. 
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Table 1. Composite electrolyte membranes with various amounts of CsH5(PO4)2. 

 Sample x 

 CsH5(PO4)2 

(wt %) 

P2O5-SiO2 

(wt %) 

the molar 

ratio of P: Si 

(9CsH5(PO4)2/1PSi)/SPEEK 9 90 10 3:7 

(8CsH5(PO4)2/2PSi)/SPEEK 8 80 20 3:7 

(7CsH5(PO4)2/3PSi)/SPEEK 7 70 30 3:7 
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Figure Captions 

Figure 1. Flow chart of the preparation of the composite electrolyte membranes. 

Figure 2. XRD patterns of pure SPEEK, CsH5(PO4)2, PSi/SPEEK, and the composite 

electrolyte membranes with different amounts of CsH5(PO4)2. 

Figure 3. FTIR spectra of CsH5(PO4)2 powder and SPEEK, PSi/SPEEK, and the composite 

electrolyte membranes with different amounts of CsH5(PO4)2. 

Figure 4. SEM cross-sectional morphologies of (a) (7Cs/3PSi)/SPEEK, (c) 

(8Cs/2PSi)/SPEEK, and (e) (9Cs/1PSi)/SPEEK membranes before the conductivity tests, and 

(b), (d), and (f) the corresponding membranes after the conductivity tests; (g) and (h) are 

partially enlarged images of (a), and (i) is an image of CsH5(PO4)2 powder. 

Figure 5. SEM image (a) and EDS results of the (7Cs/3PSi)/SPEEK composite electrolyte 

membrane; (b) corresponds to Area 1, (c) to Area 2, and (d) to point 1 in SEM image (a). 

Figure 6. Typical TGA and DSC curves of SPEEK, PSi/SPEEK, CsH5(PO4)2, and the 

composite electrolyte membranes with different amounts of CsH5(PO4)2. 

Figure 7. Stress–strain curves of the composite electrolyte membranes with different amounts 

of CsH5(PO4)2. 

Figure 8. Temperature dependences of the conductivities of SPEEK, PSi/SPEEK, and 

(9Cs/1PSi)/SPEEK, (8Cs/2PSi)/SPEEK, and (7Cs/3PSi)/SPEEK composite electrolyte 

membranes, under 47% H2O/N2 atmosphere. 

Figure 9. Temperature dependence of proton conductivity of (9Cs/1PSi)/SPEEK composite 

electrolyte membrane upon two heating and cooling cycles. 
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Figure 10. Output voltage of a fuel cell with the (9Cs/1PSi)/SPEEK composite 

electrolyte membrane as a function of time for 50 h under an output current density of 

40 mA cm–2. The fuel cell was operated at 180°C under humidified H2 and dry O2 

gases at the anode and the cathode, respectively. 


