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Introduction 

In recent years, the necessity for reducing the pollution, 

especially in large cities, has attracted more interests on 

the proton exchange membrane fuel cells (PEMFCs). The 

main obstacles to commercialization of PEMFCs are 

largely related to the proton-conducting materials, 

typically solid polymer electrolytes such as Nafion. This is 

due to the combined chemical, electrochemical, and 

mechanical stabilities with high proton conductivity (0.1 

S/cm) at ambient temperature of this material [1,2]. 

However, a profound drawback of Nafion is the low water 

retention at temperatures above 80 °C. Moreover, these 

membranes are expensive. A variety of membranes have 

been developed as alternatives to perfluorosulfonic 

polymers, such as composites of Nafion and metal oxides 

[3], sulfonated polymers based on aromatic hydrocarbons 

[7] and organosiloxane- based inorganic–organic hybrids 

with various acid species [4]. 

 Organic‒inorganic composites have been investigated 

for PEMFCs with the main objective of increasing the 

proton conductivity of the membrane [5,6]. The 

incorporation of highly conductive (0.02 ‒ 0.1 S/cm  

at room temperature) heteropolyacids such as 

phosphotungstic acid (PWA) and silicotungstic acid 

(SiWA) [7] in such composites has shown encouraging 

results. The inclusion of phosphates into the Nafion 

membrane has also exhibited good results. For instance, 

the addition of zirconium phosphates to Nafion enhanced 

the water retention characteristics of the membrane at 

elevated temperatures [8]. 

 Organic‒inorganic hybrid materials have shown 

enhanced stabilities at elevated temperatures and provided 

high conductivities [9]. Recently, cross-linking between 

polymer chains containing sulfonic acid was reported to 

provide proton conductivities three times as large as that 

of Nafion and to enhance the mechanical stability [10]. 

Certain studies have been conducted on the research of 

electrolytes for use at 150–300 ºC, and are mainly focused 

on sulfates, cesium dihydrogen phosphate (CsH2PO4), and 

ammonium polyphosphate [11]. It was been found that the 

large conductivity of CsH2PO4 is only achieved in the 

narrow temperature range between 230 ºC and 260 ºC. 

Furthermore, the decrease of the conductivity at 260 °C 

with an increase of time was also observed [12].  

 PWA, with a high proton conductivity of about 2×10‒

1 S/cm at 25 ºC [13], was incorporated as a proton source 

in a silicophosphate amorphous gel structure. According 

to a study by Park and Nagai [1]. The effect of the acid 

concentration on glass with PWA or phosphomolybdic 

acid (PMA) was to yield a high proton conductivity. PWA 

was successfully used as an electrolyte in H2/O2 fuel cells 

[14]. Considerable efforts have recently been devoted to 

NH4PO3-based electrolytes to enhance conductivity and 

stability by adding a crystallized supporting matrix, such 

as SiO2, (NH4)2SiP4O13, and (NH4)2Mn(PO3) [15]. 

 Recently, Ramya et. al. reported on the proton-

conducting polymer electrolytes based on 

poly(vinylpyrrolidone) (PVP)/ammonium thiocyanate 

(NH4SCN) with good thermal and electrical properties 

[16]. An ammonium polyphosphate (NH4PO3, APP) 

composite has recently been intorduced to exhibit good 

conductivities at temperatures of 200‒300 ºC, especially 

under wet atmospheres [17,18]. In this composite, APP 
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was responsible for the high ionic conductivity, whereas 

(NH4)2SiP4O13 served as the supporting matrix. At 250 ºC, 

the conductivity of APP/(NH4)2SiP4O13 was found to be 

0.018 S/cm in dry hydrogen and 0.080 S/cm in humidified 

hydrogen. Stimming et. al. [19] announced conductivity 

values of APP composites up to 0.1 S/cm at 300 ºC in a 

water-rich environment. Moreover, a fuel cell with 

APP/(NH4)2SiP4O13 as an electrolyte showed a power 

density of 6.6 mW/cm at 250 ºC.  These results indicate 

that the increase in conductivity under humidified 

conditions may originate from the water that is absorbed 

into the composite, which participates in the proton 

conducting by hydrogen bond formation between water 

and [PO4] tetrahedron [20]. 

 As a water-soluble polymer, PVP has a beneficial 

effect on protection, viscosity, absorbency, and 

solubilization, with its most significant features being 

excellent solubility and biocompatibility. Recently, a great 

interest has been devoted to the synthesis, characterization 

and swelling studies of PVP-based hydrogels [21]. 

Considering the film-forming property of PVP, it was 

blended with pectin to improve its mechanical properties. 

PVP is one of the ideal prepolymerized materials owing to 

its solubility in polar solvents and thermal cross-linking 

characteristics. Some studies have focused on PVP‒based 

electrolytes for their possible applications in the 

electrochemical devices [22]. The ionic conduction in 

polymer electrolytes is dominated by the amorphous rather 

than the crystalline phase. To enhance the conductivity, 

several approaches have been suggested [23]. 

 The sol‒gel process involves two principal reactions 

consisting of (i) the hydrolysis of alkoxide groups to form 

silanol groups, and (ii) the subsequent condensation of 

silanol groups to produce siloxane bonds in alcohol/water 

solutions [24]. Hybrid membranes are highly homogenous 

sols that are usually prepared by the sol‒gel process. 

Many hybrid materials synthesis procedures are based on 

hydrolysis and condensation reactions of silanes by the 

sol‒gel route [25]. The organically modified silicates 

present different physical characteristics depending on 

their chemical composition and the synthetic conditions 

[26]. The sol–gel technology makes it possible to 

incorporate organic molecules into an inorganic network, 

so that they can be combined virtually at any ratio on the 

molecular level with the formation of hybrid organic–

inorganic nanocomposite materials [27]. 

 In this work, hybrid materials were synthesized 

through sol–gel processes with both commercially and 

scientifically interest because of their unique properties 

originating from their hybrid nature. Large proton 

conductivity was found at room temperature. The 

investigation enhanced our understanding of non-

perfluorinated polymer blended materials and the high 

ionic conductivity of ammoniumphosphate in the hybrid 

networks. The properties of this new class of hybrid 

composite membrane were characterized and compared 

with those of P2O5 mixed with ammoniumphosphate and 

PVP/SiO2 membranes. 

Experimental 

All chemicals were obtained from Japan and used as 

received. Si(OC2H5)4 (TEOS, 99.9%, Colcote, Japan), 

phosphoric acid (Nacalai Tesque, Japan), 

poly(vinylpyrrolidone) with a molecular weight of 

100,000 g/mol (Nacalai Tesque, Japan), and triammonium 

phosphate trihydrate ((NH4)3PO4.3H2O) (Cica-reagent, 

Kanto Chemical Co, Japan) were used. 

 The hybrid composites were prepared in 2 stages: 

Initially, the starting material of TEOS was hydrolyzed in 

an acid mixture of ethanol and water (C2H5OH:H2O, 1M 

HCl, 1:5 ratio) under magnetic stirring at room 

temperature. Then, trimethyl phosphate was added 

dropwise to the mixed solution. Next, triammonium 

phosphate was added to the solution and continuously 

stirred for 1 h. The total solution was stirred for 8 h under 

the slow speed of the reaction. In the second stage, PVP 

was dissolved in water at room temperature and then 

added to the above mixed solution. The organic part of 

composite (PVP) was mixed smoothly under stirring and a 

transparent solution was obtained. This solution was 

stirred for 24 h at room temperature, which led to the 

production of a homogenous transparent solution. A 

homogeneous solution has necessarily a uniform 

composition with a low scattering loss. The final solution 

was allowed to dry at room temperature to form a 

composite, after which the water and heat treatments at 

150 and 120 ºC were applied for 24 and 12 h, respectively. 

Subsequently, the final composite membranes were 

ground to prepare a fine powder for the characterizations 

with XRD, 1H NMR, TGA and conductivity examinations. 

The thickness of the membrane was in the range of 0.08 ‒ 

0.3 mm for the conductivity measurement. Gold electrodes 

with a 0.2 mm diameter were sputtered onto the composite 

membranes before the measurements. 

 The structures of the hybrid composites were 

characterized using XRD with an X-ray diffraction 

machine (Rigaku, Multiflex, Japan) with CuK radiation. 

The range of the diffraction angle 2 was 5‒60º. 1H MAS 

NMR spectra were recorded on a Varian UNITYI 

NOVA300 FT‒NMR (Fourier-transform NMR) 

spectrometer. The thermal stabiliites of the hybrid 

composites were characterized using of thermogravimetric 

analysis (TGA) techniques. It was carried out on a DTG‒

50, Shimadzu instrument, performing simultaneous DTA‒

TG from room temperature to 600 ºC at a heating rate of 

10 ºC/min under nitrogen. The sample masses were kept 

between 2 and 3 mg. The onset of degradation and the 

weight loss at 600 ºC were evaluated. Impedance 

spectroscopy studies were carried out on a Solartron, SI‒

1260 (impedance analyzer), where evaporated-platinum 

electrodes were used. The conductivity of the membranes 

was calculated from complex impedance plots in the 

frequency range from 1 Hz to 1 MHz. The samples were 

kept in open atmosphere at room temperature during the 

impedance measurements. 



  

Results and discussion 

The XRD patterns of the composites show the phase 

information of pure PVP, SiO2/P2O5/(NH4)3PO4/PVP and 

SiO2/(NH4)3PO4/PVP hybrid composite membranes  

(Fig. 1(I)). The broad peaks between 2 =12º and 22º can 

be associated with the amorphous nature of pure PVP 

(Fig. 1(II)) [28]. Similarly, the broad peaks between 17º ‒ 

28º can be associated with the amorphous nature of the 

composites (Fig. 1(IIa‒d)). When compared with the pure 

PVP, a decrease    in    the    relative    intensity    with    

broadening    of    the    apparent    peak    of    the 

SiO2/P2O5/(NH4)3PO4/PVP hybrid composites was 

observed.  This result can be interpreted by considering 

the reported criterion [29], which establishes a correlation 

between the intensity of the peak and the degree of 

crystallinity.  However, the phosphosilicate-doped 

polymer membranes showed the formation of an 

amorphous phase. The interaction between the salt and 

polymer caused a decreasing of the crystallinity leading to 

an amorphous-rich phase, which was manifested by the 

broad diffraction peak centered at 2θ = 18º‒25º. 

 From Fig. 1(III), one can observe the intensity of the 

peaks at 16º, 24º, 29º, 33º, and 45º in the 

SiO2/(NH4)3PO4/PVP hybrid composite membrane. The 

intensity of peaks at 33º and 45º disappeared with the 

increase of SiO2 (90%) concentration in the composite. 

Furthermore, the intensity of the main sharp peaks 2 = 

16º, 24º, and 29º decreased as the concentration of SiO2 

increased (60 ‒ 90 mol%) and as the amount of (NH4)3PO4 

decreased (40‒10 mol%) in the SiO2/NH4)3PO4/PVP 

composite membranes (Fig. 1(IIIa‒d)). From the above 

observations, the presence of P2O5 with SiO2 in the hybrid 

composites was demonstrated by the presence of an 

amorphous phase (Fig. 1(II)), whereas without P2O5 in the 

hybrid composite, there existed the crystalline peaks. 

 

Fig. 1. XRD patterns of the (I) pure PVP; (II) SiO2/P2O5/(NH4)3PO4/PVP 
hybrid composite: (a) 90/2/8 (mol%)/1 g, (b) 90/4/6 (mol%)/1 g, (c) 

90/6/4 (mol%)/1 g and (d) 90/8/2 (mol%)/1 g; (III) the 

SiO2/(NH4)3PO4/PVP hybrid composite: (a) 60/40 (mol%)/1 g, (b) 70/30 
(mol%)/1 g, (c) 80/20 (mol%)/1 g, and (d) 90/10 (mol%)/1 g. 

 

Fig.  2.  1H NMR spectra of the (I) SiO2/P2O5/(NH4)3PO4/PVP hybrid 

composite: (a) 90/2/8 (mol%)/1 g, (b) 90/4/6 (mol%)/1 g, (c) 90/6/4 
(mol%)/1 g, (d) 90/8/2 (mol%)/1 g; (II) SiO2/(NH4)3PO4/PVP hybrid 

composite: (a) 60/40 (mol%)/1 g, (b) 70/30 (mol%)/1 g, (c) 80/20 

(mol%)/1 g, (d) 90/10 (mol%)/1 g. 

 

 Fig. 2 displays the 1H NMR spectra for the 

SiO2/P2O5/(NH4)3PO4/PVP and SiO2/(NH4)3PO4/PVP 

hybrid composite membranes. In Fig. 2(I and II), the peak 

resonance positions had the same chemical shift 

anisotropies as observed in the composites, mainly for the 

peaks at 8.1, 5.1, and 1.1 ppm (Fig. 2(I)); and at 7.1, 4, 

and 1.1 ppm (Fig. 2(II)). The chain length dramatically 

decreased to 8.1 and 7.1 ppm; the center peaks at 5.1 and  

4 ppm did not go through any changes even after altering 

the chemical concentration. The PVP/SiO2 hybrid material 

had C=O absorption peaks at 8.1 and 7.1 ppm as shown in 

Fig. 2(I and II). 

 It was clearly noted that three units decreased or 

increased, and these changes depended on the amounts of 

P2O5 (2, 4, 6, and 8 mol%) and (NH4)3PO4 (8, 6, 4, and  

2 mol%) in the SiO2/P2O5/(NH4)3PO4/PVP hybrid 

composite membrane. When the concentration of P2O5 

increased and the amount of (NH4)3PO4 decreased, the 

peaks at 8.1 and 1.1 ppm decreased and no significant 

changes were noted for the center peak at 5.1 ppm  

(Fig. 2(I)). In the 1H NMR spectra of the 

SiO2/(NH4)3PO4/PVP hybrid composite membranes, the 

center peak at 4 ppm did not show significant changes for 

any of the samples, and the peak at 1.1 ppm decreased as 

the amount of SiO2 increased and the amount of 

(NH4)3PO4 decreased. 

 This result indicates that there were hydrogen bonds 

between the >C=O group in PVP and SiO2 in the 

inorganic phase. Furthermore, the greater the amount of 

TEOS, the more the peak shifted up field, although this 

may be not sufficient to indicate the presence of a 

hydrogen bond between PVP and SiO2. However, some 

studies have reported that hydrogen bonding does take 

place between the C=O in PVP and the OH in SiO2 [30]. 

 The TGA thermograms of the 

SiO2/P2O5/(NH4)3PO4/PVP and SiO2/(NH4)3PO4/PVP 

hybrid composite membranes are shown in Fig. 3.  

The first weight loss started at 30ºC for the 

SiO2/P2O5/(NH4)3PO4/PVP composites (Fig. 3(I)), which 

was attributed to the loss of water contained in the 

composites. The second weight loss started at around  

200‒250 ºC and continued up to 450‒500 ºC. Above  

500 ºC, there was no dehydration for any of the samples. 

In Fig. 3(II), the first weight loss took place at 35 ºC and 



  

the second weight loss at 190 ºC. The latter one was 

attributed to the decomposition of C=O groups in the PVP 

main chain. The decomposition temperature shifted by  

35 ºC as a result of strengthened hydrogen-bonding 

interactions between PVP and the SiO2 matrix. Above 350 

ºC, degradation took place for the SiO2/(NH4)3PO4/PVP 

composite, confirming that this composite was thermally 

stable up to 200 ºC. 

 

Fig. 3. TGA traces for the (I) SiO2/P2O5/(NH4)3PO4/PVP hybrid 
composite: (a) 90/2/8 (mol%)/1 g, (b) 90/4/6 (mol%)/1 g, (c) 90/6/4 

(mol%)/1 g, (d) 90/8/2 (mol%)/1 g; (II) SiO2/(NH4)3PO4/PVP hybrid 

composite: (a) 60/40 (mol%)/1 g, (b) 70/30 (mol%)/1 g, (c) 80/20 
(mol%)/1 g, (d) 90/10 (mol%)/1 g. 

 

 The initial decomposition temperature and rate 

decreased as the quantity of TEOS increased. The reason 

for this phenomenon was that during hydrolysis, Si(OH)4  

was formed by TEOS in the hybrid materials. Later, 

polymerization took place and SiO2 was formed, but some 

of the Si(OH)4 did not totally complete the process, a 

phenomenon that becomes more apparent with increasing 

the amount of TEOS. However, after decomposition of 

Si(OH)4, what remained in the hybrid material was the 

lattice structure formed by PVP and SiO2, causing the 

decomposition rate to decrease. This also means that the 

heat resistance of the hybrid material was improved. The 

thermal analysis confirmed the thermal stability of the 

SiO2/P2O5/(NH4)3PO4/PVP and SiO2/(NH4)3PO4/PVP 

hybrid composite membranes up to 450 and 200 ºC, 

respectively. 

 The impedance spectra of the SiO2/P2O5/ 

(NH4)3PO4/PVP hybrid composite membranes are 

presented in Figs. 4 and 5. The conductivities for all the 

composites were measured at room temperature under an 

open atmosphere. Before the measurements, all the 

samples were heated to 100 ºC for 1 h in an oven. The 

impedance spectra at room temperature presented a 

semicircle and a line, related to the bulk resistance-high 

frequency arc plus low frequency arc and electrode 

resistance. The Cole- Cole plot consisted of a single 

semicircle and the conductivity was obtained from the 

intersecting point of the semicircle with the real axis. The 

total resistance of the hybrid membrane, R, is thus the sum 

of R1 and R2 [cf: inside Figs. 4 and 5: equivalent circuit]. 

The impedance consists of well-defined parts (low and 

high frequency arcs). This semi-circle represents a typical 

equivalent circuit of a resistor and a capacitor connected in 

parallel and corresponds to the bulk electrical properties. 

The resistance R was obtained from the intersection of the 

semicircle with the Re (Z′) axis calculated using fitting 

software. 

 The experimental impedance data for the hybrid 

membranes were analyzed by fitting of the corresponding 

equivalent circuit. The semicircle can be represented by a 

parallel combination of a capacitor, which was due to the 

immobile polymer chain and a resistor due to the 

resistance offered by the polymer/SiO2 matrix to the 

mobile ion. The low frequency arc can be attributed to the 

effect of blocking electrodes. The low frequency response 

appearing as an inclined arc was distinctly vertical to both 

axes. 

 As expected, a high conductivity from 1.8 × 10‒2 to  

3.4 × 10‒2 S/cm was obtained at room temperature for  

all composites [Fig. 4]. The SiO2/P2O5/(NH4)3PO4/PVP 

(90/8/2 mol%/1g) composite exhibited the largest 

conductivity of 3.4 × 10‒2 S/cm, and it was clear that the 

contents of P2O5 (8 mol%) and (NH4)3PO4 (2 mol%) and 

their distribution in the SiO2/P2O5/(NH4)3PO4/PVP hybrid 

matrix of the membrane played key roles in the proton 

conduction. The POH group was strongly hydrogen-

bonded with the water molecules as opposed to that of the 

Si‒OH groups [31]. Moreover, the proton conductivity of 

the composite could be enhanced by enriching the 

concentration of P‒OH groups in the PVP/SiO2 hybrids. 

As a result of the distribution of triammonium phosphate 

in the hybrid matrix, the conductivity and stability 

enhanced. The crystallized supporting matrix, such as 

SiO2 and P2O5, were also responsible for the enhancement 

[32]. The presence of these phosphorous species was 

fundamental to the proton conduction process providing 

protons which could be exchanged by neighboring groups, 

hydroxyl groups, and adsorbed water to facilitate a 

Grotthuss proton transport [33]. For the conductivity, both 

triammonium phosphate and P2O5 were main contributors 

to the hybrid composite membranes and helped to increase 

the thermal stability and proton conductivity. According to 

this study, the presence of P2O5 and (NH4)3PO4 in the 

hybrid composition played a significant role for providing 

high proton conduction. This topic will be investigated 

further in the near future. 

 
Fig. 4. Impedance spectra of SiO2/P2O5/(NH4)3PO4/PVP hybrid 

composite: (a) 90/2/8 (mol%)/1 g, (b) 90/4/6 (mol%)/1 g, (c) 90/6/4 

(mol%)/1 g, (d) 90/8/2 (mol%)/1 g. 



  

 Fig. 5  illustrates  the  proton  conductivity  of  the  

SiO2/(NH4)3PO4/PVP  hybrid  composite membrane, 

which was found in the range from 1.4 × 10‒2  to  2.3 × 

10‒2 S/cm at room temperature. Such values were 

somewhat lower than those mentioned above (Fig. 4) but 

remained in the same order of magnitude (i.e., 10‒2 S/cm). 

The content of (NH4)3PO4 was the reason for the larger 

conductivity illustrated in Fig. 5(d) as opposed to the 

other composites. The semicircle that was observed for 

these hybrid membranes at high frequencies was no longer 

present. This behavior suggests a fast ionic transport 

through the hydrophilic network [34]. 

 
Fig. 5. Impedance spectra of SiO2/(NH4)3PO4/PVP hybrid composite:  

(a) 60/40 (mol%)/1 g, (b) 70/30 (mol%)/1 g, (c) 80/20 (mol%)/1 g,  
(d) 90/10 (mol%)/1 g. 

 

 At low temperature the translational modes are 

usually excluded from such dynamics, and the 

conductivity is of Grotthuss-type [35]. The ‒OH groups 

on the surface co-ordinated the water molecules, providing 

alternative hopping paths in the case of a Grotthuss-like 

transport mechanism [36]. Grotthuss-type mechanisms are 

more likely to occur than the migration of hydroxyl ions 

for simple structural reasons [37]. The principal proton 

conduction mechanism involves proton transfer between 

adjacent OH‒ and O2
‒ and OH reorientation (Grotthuss 

mechanism) rather than OH diffusion, as sometimes is 

emphasized [38]. There are two possible mechanisms that 

govern the proton transport in the proton-conducting 

membrane, one involving structural diffusion, known as 

the Grotthuss mechanism and the other one involving a 

vehicle-style migration [39]. In the Grotthuss mechanism, 

proton transfer occurs between protogenic groups 

followed by a reorganization of hydrogen bonds. In the 

vehicle mechanism, the protons are transported in a 

diffusion-style process with the aid of carriers such as 

water in the form of H3O+. The most trivial case of proton 

migration requires the translational dynamics of bigger 

species, which is the vehicle mechanism [40]. In this 

mechanism the proton diffuses through the medium 

together with a vehicle (for example, with H2O as H3O+). 

The counter diffusion of unprotonated vehicles (H2O) 

allows the net transport of protons. 

 The conductivity values mentioned above were 

greater than those recently reported for a 

NH4PO3/SiO2/P2O5 glass proton conductor, which showed 

a total conductivity of 6.0‒19 mS/cm in the temperature 

range of 150‒250 ºC, for intermediate temperature fuel 

cells. Furthermore, the proton conductivities of the present 

hybrid composite membranes were also compared with the 

results from a similar study of proton conductivity on 

hybrid membranes for low and high temperature fuel cells 

[41]. 

Conclusions 

High proton-conducting hybrid composite membranes 

were successfully fabricated and their structural and 

proton conductivity properties were studied. Analysis by 

XRD, 1H NMR, and TGA confirmed that the composites 

were homogenously formed by the sol‒gel method.  The 

XRD patterns of both the hybrid composite membranes 

indicated that the amorphous phase of the polymer 

increased as the SiO2 concentration was raised. From the 

TGA examinations, it was found that the presence of SiO2 

network was responsible for the greater thermal  

stability of these hybrid membranes. High proton 

conductivities of 3.4 × 10‒2 S/cm and 2.3 × 10‒2 S/cm  

were obtained for the SiO2/P2O5/(NH4)3PO4/PVP  

(90/8/2 mol%/1g) and SiO2/(NH4)3PO4/PVP (90/10  

mol%/1g) hybrid composite membranes at room 

temperature, respectively. The studies revealed promising 

materials for applications in fuel cells and suitable 

electrolytes for low/intermediate temperature fuel cells. 
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