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Abstract 

Nafion based composites are promising materials to improve the performance of 

direct ethanol fuel cells. In this work, composite membranes of Nafion and titanate 

nanotubes functionalized with sulfonic acid groups were prepared by melt-extrusion and 

tested in a direct ethanol fuel cell. Far and mid infrared spectroscopies evidenced the 

formation of ionic bridges between the sulfonic acid groups of both functionalized 

nanoparticles and the ionomer. Small angle X-ray scattering measurements revealed that 

the melt - extrusion method leads to an uniform distribution of the inorganic phase in 

the ionomer matrix. Such structural analysis indicated that the improved the proton 

conduction properties of the composites, even with the addition of a high concentration 

of functionalized nanoparticles, are an outcome of the synergistic ionic network due to 

the hydrid organic/inorganic proton conducting phases. However, an improvement of 

the fuel cell performance is observed for 2.5 wt% of functionalized titanate nanotubes, 

which is a result of the lower ethanol crossover and the plasticizing effect of the 

aliphatic segments of the organic moieties grafted at the surface of the titanate 

nanoparticles. 
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Introduction 

 Composite electrolyte membranes based on the incorporation of an inorganic 

phase into ionomer matrices often show enhanced properties, such as high mechanical 

resistance and low permeability to solvents compared to the pristine ionomer 

membranes [1,2,3,4,5]. These properties are of paramount importance in direct alcohol 

fuel cells (DAFC), in which high mechanical resistance is required for reducing the 

plasticization of the solid electrolyte by the liquid fuel, and the low fuel crossover is 

necessary to minimize the depolarization of the cell [1,2]. However, one of the main 

drawbacks associated with composite membranes is the low proton conductivity of the 

electrolyte, since the nanoparticles are usually poor proton conductors. Another 

challenge, specific to DAFCs, is the poor proton conduction in alcoholic media [4]. 

The most commonly used nanoparticles are based on metal oxide materials such 

as SiO2, TiO2, ZrO2, etc. [5,6,7]. Such particles possess high specific surface area and 

high hydrophilicity, but are characterized by a lower proton conductivity 

(σ ~ 10-4 Scm-1) compared to Nafion (σ ~ 10-1 Scm-1) [5]. In alternative, some efforts 

have been dedicated to the development of Nafion composite membranes containing 

proton conducting inorganic phases such as titanate nanotubes (H2Ti3O7.nH2O), 

zirconium phosphate (Zr(HPO)4), and functionalized metal oxide nanoparticles 

[8,9,10,11]. It was reported that surface functionalized titanate nanotubes display a 

proton conductivity of σ ~ 10-2 Scm-1, which is attractive for fuel cell applications.  

Another important strategy is the addition of fiber-like nanoparticles into 

polymer matrices, which are known to enhance the water retention properties and the 

ion conductivity [4]. In addition, nanoparticles with a high aspect ratio increase 

substantially the mechanical properties of the polymer composites [9,12]. Furthermore, 

fiber-like mineral nanoparticles, in analogy with the titanate nanotubes, were shown to 
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boost the proton conductivity by increasing the connectivity within the inorganic phase 

into the composite membranes [13]. 

 The distribution of the nanoparticles in the ionomer matrix affects directly the 

direct ethanol fuel cell (DEFC) performance using the composites. For example, 

Nafion-Titanate nanotubes have been prepared by casting and hydrothermal 

methodologies [9]. The former produces composite membranes with a poor distribution 

of the inorganic phase, whereas in the latter a fine dispersion of the nanotubes in the 

ionomer matrix is obtained. When uniformly dispersed in the matrix, the inorganic 

particles form an extended interface with the nanometric ionic domains of Nafion, 

leading to a higher connectivity of the ionic domains and creating new conduction 

pathways for proton migration [14]. In addition, a substantial enhancement of the 

mechanical properties and reduction of the alcohol crossover of the Nafion-Titanate 

prepared by hydrothermal method was observed compared to commercial Nafion 

membranes and to the Nafion-titanate prepared by casting. 

Nonetheless, the casting methodology has the advantage of allowing the use of 

nanoparticles with distinct morphologies and functionalization prior to the fabrication of 

the composite solid electrolyte [9,14]. A preparation methodology that has been poorly 

explored for the preparation of composite ionomer membranes for fuel cells is the 

extrusion technique [15,16,17,18]. Twin melt-extrusion method consists of 

compounding mixtures of organic-inorganic phases in a broad range of compositions 

prior to passing matter through a orifice of well-defined shape. Twin extrusion offers a 

higher degree of dispersion of the nanoparticles within the polymer matrix, since both 

organic and inorganic phases are mixed at the melting point of the polymer by the 

extrusion screws [14,15]. The extrusion technique has attracted increasing importance 

for the preparation of electrolyte films for DAFC as being a cheaper production method 
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of composite materials compared to traditional solution-casting [15]. Furthermore, the 

use of extrusion brings several beneficial aspects for the DAFC performance, for 

example: i) it also allows the use particles of different morphologies and surface 

chemistries; ii) extruded materials display higher degree of crystallinity, which may 

increase the mechanical robustness of the film, and more importantly, lower methanol 

crossover [15-18].  

 Herein, composite membranes based on Nafion and titanate nanotubes 

functionalized with sulfonic acid groups were prepared by melt-extrusion. The 

composites were characterized by far and mid infrared spectroscopy (FIR and MIR), 

small angle X-ray scattering (SAXS), impedance spectroscopy (IS) and were tested in 

direct ethanol fuel cell. The new Nafion-titanate composites display a high degree 

dispersion of the inorganic phase within the ionomer matrix, and the functionalization 

of the titanate nanotubes resulted in a strong interaction between the nanoparticles and 

Nafion’s ionic aggregates. Such features promoted an increase of the proton 

conductivity with increasing inorganic phase content and an improvement of the DEFC 

performance. 

 

Experimental 

Functionalization of the titanate nanotubes (TNTf) 

The titanate nanotubes were prepared by an alkaline hydrothermal process by 

autoclaving a NaOH solution (10 mol L-1) containing titania anatase nanoparticles 

(Degussa) at 110 °C for 24h, as described elsewhere [21]. The functionalization of the 

titanate nanotubes was performed by dispersing the titanate nanotubes in anhydrous 

toluene containing 3-mercaptopropyltrimetoxysilane (3-MPTMS / 95% solution, Alfa 

Aesar) under continuous stirring. The grafting reaction was carried out under stirring at 
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60 °C for 6 h in a balloon bottle, and the MPTMS/TNT ratio varied from 10 to 60 wt%. 

The samples were filtered and washed with toluene twice and dried at 50°C in vacuum 

for 2h. Details on the preparation and characterization of the titanate nanotubes can be 

found in previous publications [9,10,11]. 

The titanate nanotubes grafted with 3-MPTMS were used to prepare the Nafion 

composites, since the extrusion process is more difficult when the materials are in the 

ionic form because ionic crosslinks exist in the molten state [22]. Therefore, the 

oxidation of the silane moieties grafted at the titanate nanotubes surface to sulfonic acid 

groups (RSH → RSO3H) was performed after the extrusion process along with the 

standard cleaning and activation of the composite membrane.  

 

Preparation of the Nafion – Functionalized titanate nanotubes composite membranes 

The Nafion - functionalized titanate nanotubes (TNTf) composites were prepared 

by extrusion using a XPlore Conic Twin-Screw Micro-Compounder (~ 5 mL of 

capacity). The extruded composite cords were fabricated under co-rotation at 300 rpm 

and T = 230 °C, using mixtures of Nafion precursor (sulfonyl fluoride form / 

1100 gmol-1, Ion Power®) and different concentrations of TNTf ranging from 0 to 15 

wt% (ex.: N-TNTf-0, N-TNTf-2.5, N-TNTf-5, N-TNTf-10 and N-TNTf-15). The 

segments of the extruded cords were hot-pressed at T = 200 °C (polymer only) and at 

T = 230 °C (composites) and a pressure of 200 kgfcm-2 for 2 min. Right after the hot-

pressing, the films underwent quenching by immersing them for 2 min in liquid N2 to 

suppress the samples’ recrystallization. The presence of a high degree of crystallinity in 

Nafion was reported to reduce the degree of ionic conversion in the sample bulk with 

respect to the surface [23]. 
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At this stage, both the polymer and the grafted titanate nanotubes must undergo 

the conversion of their functional groups into the sulfonic acid form. First, the SO2F 

groups of Nafion were converted into SO3Na. This reaction was carried out by placing 

the Nafion and the composite films in a water/DMSO/NaOH solution (50/35/15 vol%) 

for 6 h at 80 °C. The membranes were cleaned 3 times with deionized water for 1 h at 

80 °C. Next, the mercapto groups of the titanate nanotubes were oxidized to SO3H 

groups by placing the composite membranes in a H2O2 (3 vol%) solution for 1 h at 

80 °C. The acidification of Nafion composites was performed in three steps: two 

treatments in HCl solution (0.1 molL-1) and one last one at H2SO4 (0.5 molL-1) at 80 °C 

for 1 h. All these steps were intermediated by washing with deionized water at 80 °C for 

1 h to remove the excess of chemicals. 

 

Physicochemical characterization of the functionalized nanotubes and composite 

membranes 

The morphology of the titanate nanotubes was studied by field-emission 

scanning electron microscopy (FE-SEM, JEOL model JSM-6701F). Transmission 

electron microscopy (TEM) images of the titanate nanotubes were recorded using a 

JEOL-2100F instrument with 200 kV of applied voltage. 

The CHNS analysis, also known as dynamic flash combustion method, was 

carried out on the functionalized samples in order to quantify the amount of grafted 

silane from the percentage of S. CHNS elemental analyses of the functionalized 

nanotubes were performed in the Elemental Analysis Laboratory of the University of 

Montreal, using an analyzer EAS1108, Fisons Instruments S.p.A. Specifically, the 

sample (~ 2 mg) is weighed and put in a tin capsule, and introduced in to a quartz tube 

reactor under a flow of He enriched with O2. The sample and the tin capsule react with 
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oxygen at 1700-1800 °C, and are broken into their elemental components, N2, CO2, H2O 

and SO2. The gas composition is analyzed by a thermal conductivity detector, and a 

signal proportional to the amount of each element in the sample is generated. The 

elemental peaks are compared to a known standard and the elemental wt% quantified. 

The accuracy of the results is ± 5% for each element. 

N2 sorption isotherms of the functionalized titanate nanotubes were measured at 

-196 ºC down to relative pressure P/Po 5x10-7 with Quantachrome Instrument Autosorb. 

The samples were weighed and placed on the analysis port. Before the sorption 

measurement, each sample was heated at 60˚C for 2h under vacuum. The specific 

surface area was obtained by the BET method, while the micropore and the mesopores 

volumes were determined by applying the t-plot de Boer and the BJH methods, 

respectively. The sorption data were analysed using Autosorb Software from 

Quantachrome Instrument. 

The equivalent weight (EW) of the composite membranes was determined by 

acid-base titration using the relation EW = m/M v; where m is the dry mass of the 

composite recorded after acidification treatment; M is the solution molarity; and v is the 

titrated volume. The membranes in the H+ form were placed in a 1 M NaCl solution for 

30 min and the proton concentration back titrated with a 0.01 M NaOH solution, 

standardized with potassium biphtalate. The water uptake (WU) was obtained as the 

ratio between the mass of the absorbed water by the mass of dry polymer. 

Mid infrared (MIR) Fourier Transform (FT) spectroscopy measurements were 

performed with a Nicolet 6700 spectrometer in the attenuated total reflectance (ATR) 

mode using a ZnSe crystal. Each spectrum is an average of a total of 96 scans with a 

spectral resolution of 4 cm-1 in the 4000 to 600 cm-1 range at room T (25 °C) and RH 

(40%). For these measurements, the composite samples were previously dried in a 
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vacuum oven for 1 h at room T and immediately placed at the spectrometer to avoid 

extensive absorption of water from the environment. 

Far infrared (FIR) and MIR FT spectra were also measured at the IRIS beamline 

at the electron storage ring BESSY II of Helmholtz Zentrum Berlin [24]. The 

measurements for both FIR and MIR were done in transmission mode in vacuum (< 0.1 

mbar) in the sample compartment of a Bruker Vertex 70/v spectrometer. FIR spectra in 

spectral region between 600 and 30 cm-1 were measured with 2 cm-1 resolution using 

infrared synchrotron radiation as a source together with a liquid helium cooled silicon 

bolometer and a silicon beamsplitter. For these measurements 128 scans were co-added. 

For the MIR transmission measurements the internal globar source was employed 

together with a DLaTGS detector and a KBr beamsplitter. The spectra were taken at 

4 cm-1 resolution and 32 scans were co-added. For both the spectral regions 

investigated, references were taken through the empty channel inside the spectrometer 

sample compartment under vacuum. The data acquisition started when no more changes 

in the water related features were observed spectroscopically.  

SAXS experiments were carried out using synchrotron radiation at the SAXS 

beamline of the Brazilian National Synchrotron Light Laboratory (LNLS). The 

experiments were conducted with an incident wavelength λ = 1.488 Ǻ in the range of 

the scattering vector q ∼ 0.02–0.35 Ǻ−1 (q = 4π sin θ/λ, with 2θ being the scattering 

angle). Scattering patterns were collected with MarCCD detector and the intensity 

curves corrected for parasitic scattering, integral intensity, and sample absorption. 

Impedance spectroscopy (IS) data were collected in an especially designed air-

tight sample holder able to measure the proton conductivity in the range T = 30 - 200 °C 

with RH = 100% [19]. A Solartron 1260 frequency response analyzer was used for IS 

measurements in 4 mHz to 3 MHz frequency (f) range with 100 mV ac amplitude. The 
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resistance of the samples was obtained from the intercept of the impedance semicircle at 

high frequencies (f ~ 106 Hz) with the real axis of the complex plane [25]. The 

measurements were performed in triplicates, and the associate experimental error is 

10%.  

Differential scanning calorimetry (DSC) was performed on dry Nafion with 

DSC Q200 – TA instruments under nitrogen flow in two successive heating scans from 

-50 to 250 °C at a heating rate of 20 °C min1 under nitrogen flow. A fast cooling step 

(50 °C min-1) was used between the heating steps. The thermal event observed in the 

first heating associated with the order-disorder transition of the sulfonic groups is absent 

in the second heating (not shown), following the typical behavior observed for Nafion 

[31].  

 

Direct Ethanol Fuel Cell tests 

Extruded Nafion and the composite membranes were evaluated in 5 cm2 single 

fuel cells. MEAs were fabricated by hot pressing both electrodes to the fabricated 

membranes at 125°C and 1000 kgf cm−2 for 2 min. The anode catalyst layer was 

composed of 1.0 mg cm-2 PtSn/C (Pt:Sn of 75:25 Etek) and 30 wt% of dry Nafion 

(Dupont). The cathode catalyst layer contained 1.0 mg cm-2 Pt/C (20%, Etek) and 30 wt% 

Nafion. The thicknesses of the hydrated membranes were ~ 160 μm. The single cell was 

fed at the anode with 1.0 mol L-1 ethanol solution and 5.0 mL min-1 flux at 1 atm, and at 

the cathode with pure oxygen at 3 atm absolute pressure. Fuel cell and oxygen 

humidifier temperatures were varied from 80 °C to 110 °C and polarization curves were 

obtained in duplicate experiments with estimated error of ~10% between 80 °C and 

110 °C. For each measuring temperature, after temperature stabilization the system was 
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conditioned by draining electrical current at a fixed voltage of 0.7 V for 2 h before data 

collection in order to reach steady state. 

 

Results and Discussion 

  

 Figure 1a shows the SEM images of the titanate nanotubes, and the 

corresponding high magnification image obtained by TEM is shown in Fig. 1b. 

  
Figure 1. SEM (a) and TEM (b) images of the titanate nanotubes in the proton form. 

 

The images of the titanate nanotubes show a distribution of a relatively large 

volume fraction of nanoparticles with an average diameter of ~10 nm and length of 

~ 100 nm, in good agreement with reported typical nanotube dimensions [9,21]. The 

titanate nanotubes consist typically of 3-5 multiple layers tubes with internal and 

external diameters ranging between 3-5 and 7-10 nm, respectively, and characteristic 

length of hundreds of nanometers (100-300 nm) [9,21]. Fig. 1b evidences the tubular 

nanostructures with characteristic dimensions compatible to the ones usually reported 

for titanate nanotubes in the powder form, confirming the exit in the preparation of the 

inorganic phase. 
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Figure 2. (a) Sulfur content of the modified titanate nanotubes (left axis) and 

sulfur/carbon percentage ratio (right axis) with the 3-MPTMS/TNT ratio, before and 

after the oxidation of the thiol groups. (b) Specific surface area of the grafted titanate 

nanotubes with the 3-MPTMS/TNT ratio.  

 

 Fig. 2a shows the variation of sulfur content in the modified titanate nanotubes 

with the MPTMS/TNT ratio before and after the oxidation of the thiol groups. Prior to 

the silane oxidation, the sulfur content on the titanate nanotubes increases with the 

MPTMS concentration in the grafting solution. A plateau is nevertheless observed for 

MPTMS/TNT ratio > 40 suggesting that at high silane concentration, a fully coverage 
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of the surface of the titanate nanotubes takes place [26]. Such hypothesis is confirmed 

by the ratio S/C which increases with increasing MPTMS/TNT in a similar trend. In 

contrast, after the conversion of the thiol groups into sulfonic acid groups, the amount 

of sulfur is fairly constant among all samples. However, the S/C ratio decreases with 

increasing MPTMS/TNT ratio in the entire range investigated. Such trends indicate that 

the self-polymerization of the mercapto – precursor competed with the grafting reaction 

on the surface of the nanotubes, and that the non-grafted MPTMS is washed away 

during the washing and oxidation steps [3,26].  

In Fig. 2b it is shown that the specific surface area of the nanotubes decreases 

from 340 m2g-1 for the non-modified TNT to 240 m2g-1 (40wt%), which is consistent 

with an increase of the extent of grafting, and possibly a reduced porosity of the grafted 

nanotube surface [3,26]. Considering both the sulfur content and the specific surface 

area of the functionalized nanotubes, nanotubes obtained from 40 wt% MPTMS/TNT 

were chosen for preparing the composite samples. 

FTIR spectroscopy was used to investigate the conversion of the Nafion 

precursor into its ionic form, and of the –SH into SO3H groups in the composite 

membranes. Representative spectra are shown in Fig. 3.  The spectrum of Nafions’ non-

ionic form contains a band at 1470 cm-2 assigned to the SO2 stretching in SO2F [27]. 

After the conversion, the typical vibrational bands of Nafion can be observed in the 

FTIR spectra (Fig. 3a and 3b). The band at 1060 cm-1 is assigned to the symmetric S-O 

stretching vibrations from the SO3
- groups. The bands at 1220 and 1150 cm-1 are 

attributed to the symmetric and asymmetric stretching of CF2, respectively. And the 

bands at 980 and 960 cm-1 are assigned to the symmetric vibrations from two C-O-C 

linkages residing in two distinct chemical environments [22,24,28]. 
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Figure 3. FTIR-ATR spectra of (a) Nafion precursor (SO2F form) and converted into 

the SO3H from; and (b) melt extruded Nafion (N-TNT-0) and composite Nafion-titanate 

nanotubes (N-TNTf-15) membranes. 

  

 In Fig. 3b, the spectrum of Nafion containing functionalized titanate nanotubes 

(N-TNTf-15) displays additional peaks at 2918 and 2844 cm-1, assigned to the grafted 

C-H moieties in the inorganic phase [29,30]. The transmittance spectrum of N-TNTf-15 

displays no noticeable band in the 2550 – 2620 cm-1 range, which is consistent with the 

conversion of the anchored thiol groups [29,30]. The conversion of the thiol groups 

originating from the sulfonyl fluoride matrix and from the anchored thiol groups can 

also be attested by ion exchange capacity measurements. According to these 

measurements, the functionalization of the titanate nanotubes contributed the ion 

exchange capacity of the composites, which increased with the content of the inorganic 
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phase: N-TNTf-2.5 (~ 0.92 mEqg-1), N-TNTf-5 (~ 0.95 mEqg-1), N-TNTf-10 

(~ 1.00 mEqg-1), N-TNTf-15 (~ 1.07 mEqg-1). These values are very close to the 

expected value of ion exchange capacity (~ 0.90 mEqg-1). The water uptake of the all 

composites is nearly constant (30 wt%), but is higher than that of the melt-extruded 

Nafion membrane (NTNTf-0, 24wt%) in excellent agreement with the higher amount of 

acidic groups in the composites. 

Evidence the cation motion of the translational motion of protons along the ionic 

clusters in Nafion can be given by Far infrared measurements [22,24]. Yet, to first 

characterize the state of aggregation of the sulfonic acid groups in the functionalized 

TNTs, Nafion sulfonyl fluoride composites were treated with H2O2 and H2SO4 only. As 

expected, the FIR spectrum of pristine polymer films that underwent such treatment 

displays only the characteristic bands of the nonionic form [22]. Figures 4a and 4b 

show in addition the far (500 – 20 cm-1) and mid infrared spectra (4000 – 1250 cm-1) 

respectively, of N-TNTf in the SO2F form.  
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Figure 4. (a) Far (500 – 20 cm-1) and (b) mid (4000 – 1300 cm-1) infrared spectra 

recorded under vacuum and in the transmission mode of composite films formed by N-

TNTf and Nafion in the SO2F. The spectra of Nafion in the ionic and non-ionic forms 

are shown for comparison. 

 

 The spectrum of N-TNTf (SO2F) differs from that of Nafion-SO2F by the 

presence of a broad band in the 350 – 50 cm-1 range, peaking at ~ 250 cm-1. This band is 

clearly identified in the N-TNTf-15 spectrum, and is attributed to a convolution of 

bands associated with the cation motion within SO3H clusters (240 cm-1) and the typical 

bands of Ti-O vibrations in titanate nanotubes lattice (181 and 270 cm-1). Nafion’s 

typical CF2 rocking band is seen at 204 cm−1. The spectrum of Nafion in the proton 

form also shows three bands at ∼ 240, 335, and 375 cm−1 which are assigned to H-bond 
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stretching involving the hydronium ion in RSO3H [22,24]. Since the FTIR 

measurements were performed under vacuum, the water sorption by these samples is 

negligible, resulting in the absence of the 335 and 375 cm−1 bands (Fig. 4a). The band 

associated with the hydrogen bonding within SO3H groups (3200 cm-1) is present in the 

spectra of the composites with concentrations of the inorganic phase above > 2.5wt%, 

Fig. 4b. The observed OH stretching band may be due to the hydrogen bonding among 

titanate nanotube particles and among sulfonic acid groups. It is important to stress that 

the presence of ionic clusters in the nanoparticles can help improving the connectivity 

of the conduction pathway for proton transport in the ionomer matrix. 

SAXS measurements were performed to evaluate the distribution of the 

nanoparticles in the Nafion matrix. Fig. 5a displays a comparison of the SAXS patterns 

of the N-TNT composites in the SO3H form prepared by different methods: casting, sol-

gel and extrusion (N-TNTf-2.5). Fig. 5b shows the SAXS patterns of N-TNTf 

composites and of Nafion in the SO2F form. 
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Figure 5. Comparison of SAXS patterns from (a) N-TNT composites in the SO3H form 

prepared by different methods: casting, sol-gel and extrusion (N-TNTf-2.5); (b) melt - 

extruded composites in the sulfonyl fluoride form with different amounts of 

functionalized titanate nanotubes. 
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As illustrated in the figure, Nafion’s SAXS pattern displays the matrix peak at 

q ~ 0.6 nm-1 and the ionomer peak at q ~ 2 nm-1 [23]. Instead, the SAXS plots of the 

composites display only the ionomer peak, because the matrix peak is superposed with 

the X-ray scattering from the nanoparticles at q < 2 nm-1. The differences between the 

scattering patterns of the composites at low q are the result of difference in the 

distribution of the inorganic phase in the ionomer matrix. The casting method produces 

composite membranes with a poor distribution of the titanate nanotubes, as indicated by 

the upturn in scattering intensity at q < 0.6 nm-1, which is mostly due to the correlation 

length among the nanoparticles, and indicates a higher degree of aggregation of 

nanoparticles of the composites prepared by casting. On the other hand, the SAXS 

curves of Nafion-titanate samples prepared by sol-gel and melt-extrusion exhibit 

scattering patterns forming a plateau for q < 0.3 nm-1, which suggests that such 

scattering is associated with the shape of the nanoparticles, and an absence of 

interparticle correlation. This feature indicates a low degree of aggregation among the 

nanoparticles. Still, the SAXS measurements of the N-TNTf in the nonionic form 

(Fig. 5b) display a linear dependence for q < 0.3 nm-1 indicating some agglomeration of 

nanoparticles. The differences between the SAXS curves at low q (q < 0.3 nm-1) for 

N-TNT in the nonionic and ionic forms (Figs. 5a and b) may be also due to scattering 

differences in the ionomer matrix due to ionic conversion [22]. However, compared 

with the composites prepared by casting, the melt-extruded composites do not exhibit an 

increase of the particle aggregation with increasing the inorganic phase content, as 

shown in Fig. 5b. Such feature evidences the ability of preparing composites with a 

wide range of composition displaying a high degree of homogeneity. 
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Figure 6 shows the Arrhenius plots for the proton conductivity of Nafion and 

the N-TNTf composites. The Arrhenius plots were built using the proton conductivity 

values obtained from the high frequency intercept in the impedance spectra (Z” → 0 at 

f ~ 106 Hz) of fully hydrated membranes. It was previously shown that at such 

frequency range, the motion of protons corresponds to forward-backward fluctuations of 

high mobility protons across a nanometer length-scale (~ 10-1 to 101 nm) in hydrated 

domains of Nafion [25].  
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Figure 6. Arrhenius plots for the proton conductivity of Nafion and the N-TNTf 

composites. Impedance spectroscopy measurements were done at 100% RH. 

 

 The proton conductivity of the composites is lower than the one observed for 

melt - extruded Nafion. The lower conductivity of the composites with respect to the 

pristine Nafion is probably due to the lower proton conductivity of functionalized 

titanate nanotubes (10-2 Scm-1) [21]. Still, an important aspect of the N-TNTf 

composites, and not found in the ones prepared by the other methods [9,10,11], is the 

higher proton conductivity of N-TNTf-15 compared to that of the composites with 

lower fractions of TNTf. In addition, the drop of conductivity is much smaller in the 
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N-TNTf composites compared to the those usually observed for composite membranes 

prepared with titania or silica nanoparticles [5,9,29].  

 Nafion displays an upturn of the proton conductivity for T > 90 oC, which is 

due to a crossover from the Arrhenius-like to the Vogel-Tamman-Fulcher (VFT) 

temperature dependence of the proton conductivity [19]. Such upturn is not observed in 

the composite samples. In fact, the proton conductivity for the composites at T > 90 oC 

does not follow the VTF behavior which has been related to the modulation of the 

proton transport by thermally activated correlated motion of the main and side chains. 

The different conductivity – temperature behavior of the composite membranes is an 

evidence that the hydrocarbon grafted chains are contributing to the proton transport in 

the sample. Such feature is in good agreement with the FTIR data and may be the 

reason for the higher proton conductivity for the composites with high concentration of 

nanoparticles (N-TNTf-15). Specifically, the addition of grafted titanate nanotubes 

improves the phase separation into the ionic and nonionic domains, increasing the mean 

free path for proton migration. Moreover, according to the Vogel-Tamman-Fulcher 

empirical law, the nonlinear increase of the proton conductivity with increasing T is 

associated with a temperature dependent reduction of the viscosity of the medium for 

glass-like materials [32]. In polymer systems, such phenomenon is associated with a 

cooperative motion between the proton transport and the mobility of the main and side 

chains. The higher flexibility of the polymer chains due to the plasticizing effect of the 

grafted moieties may contribute positively to the proton conductivity of the composite 

membranes. 
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Figure 7. DEFC polarization curves and power densities recorded obtained at 110 °C 

with the composite electrolytes. The fuel cell is fed with 1M ethanol solution at 

5 mL min-1 rate (1atm) at the anode and with O2 at 3 atm at the cathode.  

 

 Figure 7 shows that the DEFC performance of the N-TNTf-2.5 composite is 

higher than that of Nafion. The addition of a small amount of functionalized 

nanoparticles into Nafion, resulting in composite membranes with higher water sorption 

capacity and higher proton conductivity compared to composite membranes prepared 

from non-functionalized ones, is indeed a promising strategy to improve the fuel cell 

efficiency. However, the performances of composites with higher content of 

nanoparticles are significantly lower. In particular, the DEFCs show a lower open 

circuit voltage, which is usually associated with a high fuel crossover across the 

membrane. Besides, no substantial changes of the slope in the ohmic region of the 

polarization curve are observed, in good agreement with the proton conductivity 

measurements.  

In fact, the N-TNTf composites exhibit higher macroscopic flexibility than the 

composites prepared with non-functionalized nanoparticles. As a result, composites 

with high nanoparticles content could not be tested at T above 130 °C due to the 
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formation of pinholes, pointing for a low thermomechanical property of these films. In 

order to evaluate the thermal behavior of the composite membranes, DSC measurements 

were carried out and the results are shown in Fig. 8.  
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Figure 8. DSC scans of the melt-extruded N-TNTf composite membranes. 

 

 The DSC scan of N115 displays an endothermic minimum centered at 145 oC, 

which is characterized as the relaxation of the hydrogen bonding among sulfonic acid 

groups, usually termed as α-transition [33]. The DSC scans of the composite 

membranes exhibit a marked shift of such minimum from 145 to 97 oC for N-TNTf-2.5 

indicating that the addition of TNT functionalized with sulfonic groups contributed to 

the weakening of the electrostatic interactions among sulfonic groups into the 

composite. However, with increasing of the fraction of TNTf from 2.5 to 15%, the 

endothermic minima shifted from 97 to 112 oC and a second endothermic peak appears 

around 150 oC for TNTf ≥ 10wt%. These results suggest that higher loadings of the 

TNTf may bring beneficial effects to the thermomechanical properties of the Nafion- 

TNTf composites. It has been previously reported that the neutralization of Nafion with 

alkylammonium counterions with different lengths of the hydrophobic moieties 

promoted a plasticization of the hydrophobic parts of Nafion chains and reduced 
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significantly (~ 50 oC) the α-transition temperature [28,31]. The DSC results raise a 

question on the effect of the length of the C-H moieties of the TNTf on the mechanical 

and electrical properties of functionalized composites. Possibly, the self-polymerization 

of the silane precursor results in longer hydrocarbon chains that will favor interactions 

between the functionalized nanoparticles and the hydrophobic domains of Nafion. Since 

the ethanol molecules display affinity for both hydrophilic and hydrophobic phases of 

Nafion, the existence of higher fractions of flexible hydrophobic phase and higher water 

uptake into Nafion-Titanate composites may contribute to the increase of the 

permeability to ethanol in the membranes. Such investigation is a topic of further 

communication and is out of the scope of this work.  

 

Conclusions 

 

The use of melt-extrusion technique allowed producing composite membranes of 

Nafion-titanate nanotubes aggregating several important synergistic features that are 

known to maximize the proton conductivity. The extrusion method used permitted 

preparing Nafion with addition of high surface specific area and acid sulfonic 

functionalized titanate nanotubes with a higher degree of distribution of the inorganic 

phase into the ionomer matrix, even for high-load composites as revealed by SAXS. 

Moreover, FIR measurements allowed discerning that the additional ionic groups 

contained in the inorganic phase are interacting with the ionic domains of Nafion. The 

intimate supramolecular interactions of the organic and inorganic phases contributed to 

increase the composite water content and, more importantly, to increase the proton 

conductivity with increasing inorganic phase. The DEFC performance was improved for 
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composites with 2.5wt% titanate nanotubes content, indicating that melt-extruded 

composites are promising materials for DEFC electrolytes.  
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