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ABSTRACT: Membrane electrode assemblies with Nafion/nanosize titanium dioxide (TiO2) composite membranes were manufactured

with a novel ultrasonic-spray technique (UST) and tested in proton exchange membrane fuel cell (PEMFC). The structures of the

membranes were investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD), and thermogravimetric analysis. The

composite membranes gained good thermal resistance with insertion of TiO2. The SEM and XRD techniques have proved the

uniform and homogeneous distribution of TiO2 and the consequent enhancement of crystalline character of these membranes.

The existence of nanometer size TiO2 has improved the thermal resistance, water uptake, and proton conductivity of composite mem-

branes. Gas diffusion electrodes were fabricated by UST. Catalyst loading was 0.4 (mg Pt) cm22 for both anode and cathode sides.

The membranes were tested in a single cell with a 5 cm2 active area operating at the temperature range of 70�C to 110�C and in

humidified under 50% relative humidity (RH) conditions. Single PEMFC tests performed at different operating temperatures indi-

cated that Nafion/TiO2 composite membrane is more stable and also performed better than Nafion membranes. The results show

that Nafion/TiO2 is a promising membrane material for possible use in PEMFC at higher temperature. VC 2014 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2014, 131, 40541.
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INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are receiving

attention as the most practical fuel cell candidate due to their

low operating temperature, non-production of CO and suitabil-

ity for electric vehicles.1 Proton exchange membrane is the key

component of the PEMFC for transferring protons from the

anode to cathode as well as providing a barrier to the fuel gas

crossleaks between the electrodes.2

Dupont’s Nafion is the PEM material most frequently used for

this type of application because of its high proton conductivity,

excellent mechanical properties, good chemical stability, and

commercial availability.3 However, the high cost, low stability at

high temperatures, and low conductivity at low humidity or

high temperature limits the extent of its further application and

commercialization Therefore, it is necessary to develop an alter-

native membrane which is less expensive and has high

performance.4,5

Over the last decade, efforts to overcome the drawbacks of Nafion

membranes have proposed various studies.6–9 A useful approach

to develop this type of membrane is to modify Nafion mem-

branes with micron or submicron inorganic/organic additives

such as SiO2,10 TiO2,11 and ZrO2.12 Such composite mem-

branes have exhibited improvements in water retention and

fuel cell performance at elevated temperatures. Adjemian

et al.13,14 reported on the performance and characterization of

several metal oxide composites recast with Nafion. Membranes

were made using SiO2, TiO2, Al2O3, and ZrO2 improved fuel

cell performance at elevated temperature and reduced humid-

ity. The authors attributed the improvement in performance to

a specific chemical interaction between the inorganic particles

and the sulfonate groups in Nafion. It has been reported that

inorganic fillers in polymer inorganic composite membranes

are to retain water inside the membrane to improve proton

conductivity.15 The addition of an inorganic material into

polymer membrane can alter and improve physical and chemi-

cal polymer properties of interest (such as elastic modulus,

solvent permeation rate, tensile strength, hydrophilicity, and

glass transition temperature) while retaining its important

polymer properties to enable operation in the fuel cell.16,17

The effects of composition, methods, and conditions of prepa-

ration of the composite membranes on the related perform-

ance are known; however, still additional research needs to be

done in this field.
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Among the inorganic materials used in this field, TiO2 is a

good candidate as hydrophilic filler for the polymer membranes

because it helps to maintain a suitable hydration of the mem-

brane under fuel cell operating conditions, and the mechanical

properties are improved.18 Watanabe et al.19 reported the modi-

fication of Nafion PEM by incorporating nanoparticles of TiO2

decrease the humidification requirements.

The fabrication technique of Membrane Electrode Assembly

(MEA) may affect the performance and durability of PEM fuel

cell. The most common gas diffusion electrode preparation

techniques are sputter deposition, ion-beam assisted deposition,

doctor blade, screen printing, inkjet printing, spraying, electro-

spraying,20 and ultrasonic spraying. A MEA fabricated by ultra-

sonic spray demonstrated high performance at low Pt loading.

Ultrasonic spray coating technique is replacing air spray coating

technique in a wide range of industrial and R&D applications,

such as photo resistor coating, solar cell industry, and fuel cell

industry. Ultrasonic spray coating is a technology that is more

precise, more controllable, and tighter of drop distribution.

Tight drop distribution and non-clogging ultrasonic create very

uniform thin films.21

In this article, preparation of the Nafion/TiO2 composite mem-

branes with TiO2 ranging from 0 to 10 wt % were reported.

The composite membranes containing nanometer sized TiO2

were prepared by solvent casting procedure. The membranes

were characterized by using X-ray diffraction (XRD), thermog-

ravimetric analysis (TGA), water uptake, and proton conductiv-

ity measurements. Ultrasonic coating technique has been used

for the fabrication of MEAs. In addition, it is the first study to

use ultrasonic coating for preparing nanocomposite MEAs with

different TiO2 loading. The performance of the Nafion/TiO2

nanocomposite membranes were compared with the Nafion in a

single cell H2–air/PEMFC at 70�C to 110�C. Compared with the

commercial Nafion membrane, the obtained results have shown,

on introduction of the inorganic filler, improvements in thermal

stability and electrochemical performance of membranes.

EXPERIMENTAL

Materials

The commercially available 15 wt % Nafion solution (equivalent

weight 5 1100 g mol21 SO3H) was obtained from Ion Power. A

total of 21-nm TiO2 (anatase) was obtained from Degussa

(P25) was used as received. N-N dimethylacetamide

(CH3C(O)N(CH3)2 DMAc) was used as received. All solvents

were used high-grade reagents and without further purification.

Composite Membrane Preparation

Nafion/TiO2 composite membranes were prepared using the

recasting method. A total of 15 wt % Nafion solution was

evaporated at 60�C until a dry residue was obtained. The resid-

ual Nafion resin was redissolved in a desired amount of DMAc

to form a solution containing 5 wt % of Nafion. An appropriate

amount of TiO2 powder was added and to achieve good disper-

sion of particles sonicated for at least an hour. The resulting

mixture was cast onto petri dishes and was slowly evaporated at

80�C to remove most of the solvent. The membrane was

removed from the Petri dish by wetting with de-ionized water.

The composites provided an opaque white membrane. The

membrane thickness around 80 mm was obtained from 2.5, 5,

and 10 wt % TiO2 loading. The composite membranes contain-

ing 2.5, 5, and 10 wt % TiO2 are classified NT-2.5, NT-5, and

NT-10, respectively. TiO2 loading was limited to 10 wt % as

higher loadings produced a membrane that was subject to

cracking. A recast Nafion membrane was also prepared with the

same procedure for comparative study. All membranes were

stored in deionized water before any test was performed.

Membrane Characterization

Thermal stability of the composite membrane was examined for

the temperature range of 25�C–700�C at a heating rate of 10�C
min21 under nitrogen atmosphere using a Thermal Analyzer

(DuPont TA 951). The XRD analysis was performed using an

X-ray diffractometer (Rigaku D-MAX 2200, Japan) with CuKa

(k 5 1.5406 Å) radiation over the range 5� � 2h� 100�.

Water uptake is regarded as one of the most important charac-

teristic properties for the proton exchange membranes, which

confirm the successful incorporation of hydrophilic group inside

the membrane. The membranes were soaked in water at 80�C
for 24 h. The excess water was wiped off gently with a foam fil-

ter, and they were then weighed immediately. Subsequently, the

membrane samples were dried at 100�C in vacuum to constant

weight. The water uptake was calculated using the following

equation;22

Water Uptake 5½ðWwet 2Wdry Þ=Wdry �3100 %ð Þ (1)

where Wwet and Wdry are the weights of the water-swollen and

dry membrane sample, respectively.

The surface morphology of nanocomposite membranes were

examined in QUANTA 400F Field Emission Scanning Electron

Microscope (SEM) system equipped with an energy dispersive

X-ray (EDX) spectrometer. Before measurements, the samples

were coated with a layer of gold to enhance electrical

conduction.

Proton Conductivity Analysis. The proton conductivity of the

membranes was measured by AC electrochemical impedance spec-

troscopy (EIS) technique over a frequency range of 1–300 kHz

with an oscillating voltage using the potentiostat system (GAMRY

PCL40). All measurements were performed in longitudinal direc-

tion; in air/water vapor atmosphere at 100% relative humidity

(RH) with four probe EIS as a function of temperature. The

specimens were prepared as 1 cm 3 5 cm membrane strips and

sandwiched into Pt electrode lined Teflon conductivity cell. The

specimen and the electrodes were fixed by nuts and bolts. The

specific conductivity [r, (X cm21)] was calculated on the basis of

the measured resistance according to the following equation;23

r5 1=Rð Þ3 l=Að Þ (2)

where l is the distance between the two electrodes (cm), R is the

membrane resistance (X), and A is the cross-sectional area of the

membrane (cm2). Proton conductivity experiments were repeated

three to four times to confirm reproducibility in results.

Accelerated Chemical Degradation. The composite membrane

degradation was studied by immersion in Fenton reagent

(4 ppm Fe21, 3% H2O2) at 80�C. The initial sample weight was
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measured, and the samples were put into a solution of iron (II)

sulfate heptahydrate in MilliQ water (45 mL) and heated to

80�C, after which 5 mL of 30% H2O2 was added to the solu-

tion. The membrane samples were taken out regularly during

the experiment for weighing. Washing the sample in distilled

water quenched the degradation reaction, and the exposed

membranes were dried before the final weight was determined.

The dimensional change was investigated by immersing the mem-

brane into water at room temperature and 80�C for 24 h, and the

changes in thickness and length were calculated from the equation,

Dt5
ðt2toÞ

to

(3)

Dl5
ðl2loÞ

lo
(4)

where to and lo are the thickness and length of the dried mem-

brane, respectively; and t and l refer to these same parameters

after the membrane is immersed in water for 24 h.

The titration method was used to determine the Ion Exchange

Capacity (IEC) of the membranes. The membranes in the acid

form (H1) were converted to the sodium salt form by immers-

ing the membranes in a 1.0 M NaCl solution for 24 h to

exchange the H1 ions with Na1 ions. Then, the exchanged H1

ions within the solutions were titrated with a 0.01 N NaOH

solution.24,25 The procedure was performed three times and the

results averaged.

MEA Preparation

MEAs were fabricated by Ultrasonic Coating Technique, which

was used by Devrim. The catalyst ink was prepared using the

method reported in a previous article. The catalyst ink was

composed of 70 wt % catalyst (the catalyst is 70 Pt wt % on

Vulcan) and 30 wt % Nafion (on dry basis) in a solution of 1 : 7

ratio of water/2-propanol.26

The catalyst ink was ultrasonic-sprayed onto the GDLs by the

Sono-Tek “Exacta-coat” ultrasonic spray instrument. The Sono-

Tek “Exacta-coat” ultrasonic spray incorporate an ultrasonic

atomizing nozzle, vibrating at high frequency ultrasound (120

kHz) created by piezoelectric transducers inside the nozzles’ tita-

nium housing. Liquid traveling down the center of the nozzle

forms capillary waves as a result of this vibrational energy. The

ultrasonic nozzles’ large orifice and ultrasonic vibration make it

possible to atomize high solids materials without clogging. There-

fore, the dispersion of particles in solution is highly uniform

throughout the entire coating process, providing the most homog-

enous coatings possible.27 Coating process is fully computer con-

trolled and can be programmed according to the coating area.

The catalyst ink (15 mL) was inserted in a syringe pump before

atomization in the nozzle (Accumist) and sprayed at a flow rate

up to 0.5 mL min21. Various passes were performed in views of

obtaining the appropriate loading. After spraying the catalyst ink

onto the GDLs, MEA was prepared by pressing GDLs onto the

treated membrane at 130�C and 688 N cm22 for 3 min.

PEMFC Performance Tests

Performances of fabricated MEAs were measured via the

PEMFC test station (TECHYS HYGO FCTS-H2ME 500). A

single cell PEMFC (Electrochem) with a 5 cm2 active area was

used in the experiments. The test cell was tightened with a tor-

que of 1.7 Nm applied to each bolt. The external load was

applied by means of an electronic load (B&K Precision), which

can be controlled either manually or by the computer. The cur-

rent and voltage of the cell were monitored and logged through-

out the operation of the cell by the fuel cell test software

(TECHYS-HYGO). The fabricated MEA was placed in the test

cell, and the bolts were tightened with a torque of 1.7 Nm on

each bolt. The cell temperature was adjusted and the tempera-

tures of the humidifiers and gas transfer lines were set 10�C
above the cell temperature. After the preset temperatures were

reached, hydrogen and oxygen are supplied to the cell at a rate

of 0.1 slpm. The cell was operated at 0.5 V until it came to

steady state. After steady state was achieved, starting with the

open circuit voltage (OCV) value, the current-voltage data was

logged by changing the load.27

RESULTS AND DISCUSSION

Structural Analysis

The XRD patterns of Nafion, Nafion/TiO2 composite mem-

branes, and TiO2 were illustrated in Figure 1. The pattern of

TiO2 crystal powders has three crystalline characteristic peaks at

2h of 25.34�, 37.72�, and 48.02�, as reported in the litera-

ture.28,29 The Nafion membrane shows two main peaks at 17.5�

(2h) and 38.3� (2h), which were consistent with those reported

in literature.30 The broad peak at 17.5� (2h) was related to the

crystalline scattering of the polyfluorocarbon chains in Nafion

membranes, which overlapped the X-ray scattering from the

amorphous region of the membrane at lower Bragg angles.31

The pattern of Nafion/TiO2 composite membranes have three

crystalline characteristic peaks at 2h of 25.42�, 37.66�, and

48.06� that is analogous with the characteristic peaks of TiO2

crystal powders in addition to the dispersion peak of Nafion.

This shift of characteristic peaks of TiO2 in the Nafion/TiO2

composite membrane indicates that there may be interactions

between polymer and TiO2. The specific molecular interaction

between the inorganic particles and the polymer matrix was

found with mass spectroscopic detection (TG-MS).32 The inter-

action of Nafion in solution with the various inorganic oxides

plays a vital first step in making a successful composite mem-

brane. In the recasting process, the Nafion rods are expected to

orient themselves around the metal oxide particles because of

the electrostatic and chemical interactions and, after evaporation

of the solvent, form a homogeneous composite membrane.

Thermal analysis

TGA results of Nafion and Nafion/TiO2 composite membranes

were reported in Figure 2. It was observed that all the mem-

branes retain more than 90% of its weight up to a temperature

of about 300�C. The results of the thermal degradation studies

of Nafion membranes agree well with the results reported in the

literature.33 TGA analysis of the Nafion membrane showed three

regions of weight loss. The first weight loss, between 50�C and

200�C, corresponds to the removal of moisture from the mate-

rial. The TGA curve revealed a second weight-loss region

between 200�C and 400�C; this corresponds to the decomposi-

tion of the –SO3H groups. The weight loss observed in the
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perfluorocarbon region (from 400�C to 550�C) was due to the

decomposition of Nafion. The thermal decomposition behavior

of Nafion/TiO2 composite membrane was similar to that of

Nafion, but the major decomposition temperature of the polymer

main chain shifted to a much higher temperature region. This

could be attributed to the strong interaction between hydropho-

bic Nafion backbones and TiO2 particles. Similar observations

were made for other Nafion/TiO2 composite membrane stud-

ies.15,34,35 TGA results also suggest that the Nafion/TiO2 compo-

sites have slightly higher thermal stability than Nafion.

Tg values of Nafion/TiO2 composite membranes were obtained

by Differential Scanning Calorimetry (DSC) analysis. As seen

from Table I, the addition of the TiO2 nanoparticles increased

the glass transition temperature from Tg � 105�C, for the

Nafion to Tg � 134�C for the composites. Incorporation of

TiO2 particles in Nafion polymer matrix would fill these free

volumes and would cause need to more energy for starting seg-

mental motions, which would make Tg to increase. Also Deng

et al. reported that the TiO2 particles act to crosslink the Nafion

polymer chains. One consequence of this type of chemical inter-

action would be an increase in the glass-transition of the com-

posite membrane.36 These increases of Tg values suggest

improved thermal stability and hence provide potential advan-

tages during the PEM fuel cell operation at high temperatures.

Water uptake, IEC, and Proton Conductivity

Water uptake plays an essential role in the PEMFC perform-

ance.37 To investigate the effect of fillers on the water retention

ability of the composite membrane, the water uptakes were

measured for composite membranes. Water uptake data for

Nafion and Nafion/TiO2 nanocomposite membranes in the tem-

perature range 30�C–90�C are presented in Figure 3. The hydro-

philic TiO2 nanoparticles existed in hydrophilic domains of

composite membranes decrease the water uptake of membrane.

Water uptake decreases with the increase of the doping level of

TiO2 particles up to 10 wt %. This may be attributed to the dis-

tribution of TiO2 and the availability of active sites (OH

attached with TiO2) on the surface of the composite membrane

for hydrogen bonding with water. Because of the masking of

hydrophilic SO3H groups in the Nafion clusters, further increase

in doping amount leads to the decrease in water uptake.35

Water uptakes of the nanocomposite membranes were increased

with temperature. This variation in water uptake was attributed

to the swelling of membrane and easy penetration of water mol-

ecule in the swelled bulk matrix.38

Proton conductivity is an important parameter for PEMFC to

assess the contribution of functional groups and structural fea-

tures of polymer matrix such as water content and interaction

between ionic groups towards proton conduction. The proton

conductivity measurements were performed in longitudinal

direction; in air/water vapor atmosphere at 100% RH with four

probe EIS as a function of temperature. The proton

Figure 2. TGA curves of Nafion and Nafion/TiO2 composite membranes

with different TiO2 loading.

Figure 1. XRD patterns of (a) TiO2 nanoparticle, (b) Nafion, (c) NT-2.5,

(d) NT-5, and (e) NT-10 composite membranes.
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conductivity of the Nafion/TiO2 nanocomposite membranes are

shown in the Table I. As temperature plays a vital role in the

kinetics of proton motion in the polymeric membrane and the

mobility of polymer chains, all the membranes exhibited an

increase in conductivity with temperature. At high temperature,

the dissociation of hydrogen is promoted causing an increase of

proton conductivity. However, at temperatures above 80�C,

which are close to the boiling point of water, the adsorbed

water inside the membrane vaporized rapidly.30

It is clear from the data that the proton conductivity of the

composite membranes has been decreased with increasing of

the TiO2 content in composite membranes at room tempera-

ture. On the other hand, the proton conductivity of the com-

posite membranes is higher than Nafion membrane with

increasing temperature. The maximum proton conductivity at

70�C is ordered amongst the samples as follows: NT-2.5>NT-

5>NT-10> Nafion. The highest proton conductivity of the

NT-2.5 nanocomposite membrane was 0.282 S cm21, 24%

higher than that of the unmodified Nafion membrane at 90�C.

The improved proton conductivity could be explained by the

hydrophilic nature of well-dispersed TiO2 nanoparticles. From

the conductivity data, the performance of water retention by

TiO2 nanoparticles is more effective at higher temperatures.38

The decrease of the proton conductivity with the increase in

TiO2 content may be attributed to barrier properties of TiO2

particles due to the non-homogenous dispersed inorganic fillers

disrupt the continuum of sulfonic group clusters that are

responsible for the proton motion in the Nafion membrane.39

It can be seen from Table II that the IEC of composite mem-

brane have slight changes compared with that of the Nafion

membrane. The IECs of NT-2.5, NT-5, and NT-10 were 0.905,

0.89, and 0.87 meq g21, whereas the IEC of the Nafion 211VR

was 0.915 meq g21, respectively. The IEC did not change signif-

icantly with increase in TiO2 loading. The IEC of nanocompo-

site membranes is slightly lower than the Nafion. Similar to

water uptake, the addition of TiO2 into the Nafion slightly

decreases the IEC of the composite membrane due to covering

the Nafion active sites (sulfonic groups) and decreasing the

effective number of replaceable ion exchange sites by the

salts.40,41 The greater IEC of the NT-2.5 membrane than the

NT-10 membrane may be associated with the free sulfonic

group of Nafion matrix in the NT-2.5 than the NT-10.

Dimensional Stability

Table II summarizes the accelerated test results of the Nafion/

TiO2 composite membranes with TiO2 concentration of

0, 2.5, 5, and 10 wt %. Membrane durability is an important

factor to achieve a long working lifetime of fuel cell. The oxi-

dative stability of membranes was investigated using Fenton’s

reagent to evaluate the stability of membranes against the

attack of radical species. The accelerated tests were evaluated

in hot Fenton reagent for 12 and 24 h as an accelerated chem-

ical degradation test of the membranes. The weight loss of the

membranes after the testing is presented in Table II. All mem-

branes have strong stability in oxidative media due to the

structure of the polytetrafluoroethylene backbone. It can be

found that all the composite membranes show slightly better

performance than that of Nafion membrane after the Fenton

tests. The results show that the Nafion/TiO2 composite mem-

brane has slightly higher stability against oxidative agents. The

reason may be the role of TiO2 in the interaction of sulfonic

acid against the diffusion of H2O2.

The through-plane (Dt) and in-plane (Dl) dimensional changes

of nanocomposite membranes were evaluated by comparing

their hydrated state with the dry state. The dimensional stability

of the Nafion composite membranes were increased when the

inorganic content was increased. The presence of TiO2 as inor-

ganic fillers in the ionic clusters of Nafion matrix provides good

dimensional stability. The interactions between the TiO2 nano-

filler and the Nafion host polymer are expected to give rise to

dynamic crosslink, as witnessed by the improved dimensional

stability of Nafion/TiO2 membranes in comparison with the

pristine Nafion. It is assumed that dynamic crosslinks are

formed between the –SO3H groups of Nafion and the particles

of the TiO2 nanofiller and arise mainly from dipolar interac-

tions.42 A small change in the through and in-plane dimensions

is desirable behavior for maintaining dimensional stability dur-

ing the operation of a PEMFC.

Table I. Thermal Properties and Proton Conductivities of Nafion and Nafion/TiO2 Composite Membranes

Membrane TiO2 loading (wt)

Thermal properties Proton conductivity (S cm21)

Td,1 (�C) Td,2 (�C) Tg (�C) 25�C 50�C 70�C 90�C

Nafion 0 355 465 105 0.130 0.185 0.208 0.227

NT-2.5 2.5 352 487 122 0.115 0.198 0.251 0.282

NT-5.0 5.0 354 494 127 0.109 0.194 0.248 0.279

NT-10 10.0 353 491 134 0.099 0.188 0.233 0.264

Figure 3. Effect of TiO2 loading and temperature on water uptake of

Nafion/TiO2 composite membranes.
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SEM Analysis

The morphology of the Nafion/TiO2 composite membranes was

investigated by SEM analysis. Figure 4 shows the SEM images of

the Nafion/TiO2 nanocomposite membranes prepared with

different TiO2 doping levels. The composite membranes did not

contain any voids or pores thus they were adequate to be used

in PEM fuel cells Figure 4(a) indicates that the TiO2 nanopar-

ticles in the Nafion polymeric matrix have homogeneously dis-

persed in nanocomposite membrane with 2.5 wt % of TiO2

loading. Significant agglomerations of titanium particles were

Table II. IEC and Accelerated Test Results of Composite Membranes

Membrane IEC (meq g21)

Fenton testa Dimensional stabilityb (%)

Retained
weight (%)

Retained
weight (%) Dt Dt Dl Dl

12 h 24 h 25�C 80�C 25�C 80�C

Nafion 212 0.915 97.2 94.5 15.51 15.8 11.93 13.76

NT-2.5 0.905 97.8 95.2 13.32 13.91 10.84 12.71

NT-5.0 0.89 98.5 96.3 12.94 13.52 10.15 11.78

NT-10 0.87 98.8 96.7 12.63 12.85 10.05 11.62

a Weights retained after treating the membrane in Fenton’s reagent at 80�C.
b The dimensional change was observed by immersing the membrane into water at 25�C and 80�C.

Figure 4. SEM image of (a) NT-2.5, (b) NT-5, (c) NT-10 composite membranes, and (d) EDXA mapping images of NT-2.5 composite membrane.
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clearly visible in the Nafion/TiO2 (10 wt %) composite mem-

brane [Figure 4(c)]. These images show that the aggregation of

TiO2 particles is occurred at higher inorganic doping levels. The

low amount of TiO2 particles decreases the particle aggregation

and formation of large particles. This observation is in compli-

ance with the result of Amjadi et al.7 Dispersion of the TiO2

particles in the NT-2.5 composite membrane was studied by the

EDXA mapping image. In Figure 4(d), bright dots manifest the

high concentration of the TiO2 particles. According to Figure 5,

existence of the TiO2 peak in the EDXA spectra proved the

TiO2 particles in the membrane.

SEM images of cross sections of the nanocomposite MEAs were

examined before and after testing in PEM fuel cell are shown in

Figure 6. Figure 6(a) shows the cross-sectional view of the MEA

before fuel cell testing. The catalyst layer can be seen as narrow

bright bands on both sides of the membrane. The cross section

of both catalyst layers indicates that Pt catalyst was uniformly

distributed. The interfaces between the nanocomposite mem-

brane and the electrodes can be observed in the image. No gaps

between the membrane and electrodes are observed. Deforma-

tion on the catalyst layer and the membrane cross section are

seen clearly in Figure 6(b). Catalyst layer deformations may

occur due to carbon corrosion which is prone to oxidation in

the presence of Pt.43 On the other hand it is known that the

attack of HO• and HO2• radicals produced by the incomplete

reduction of oxygen on the cathode side is the main factor for

the oxidative degradation of the membrane.44

Fuel Cell Performances

The polarization curves obtained at different TiO2 loading for

the MEAs prepared with Nafion/TiO2 composite membrane

Figure 5. EDXA spectra of NT-2.5 composite membrane.

Figure 6. SEM images of the cross sections of the (a) unused MEA (b) deformation occurred on the catalyst layer after testing MEA in PEMFC.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4054140541 (7 of 10)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


are shown in Figure 7. In this study, MEAs have the same

electrode structure, and the observed features can only be

attributed to modifications of the membrane by the addition

of TiO2 particles. The performance efficiencies of the NT-2.5

are higher than those with 10 and 5 wt % loading of the cor-

responding TiO2 fillers at 80�C. This effect is mainly due to a

significantly better water retention than the bare perfluoro-

sulfonic membrane. The current density delivered at a cell

voltage of 0.6 V and the corresponding power density at 80�C
for Nafion, NT-2.5, NT-5, NT-10 composite membranes and

Nafion are 0.4, 0.572, 0.43, and 0.42 A cm22, and 0.16, 0.343,

0.26, and 0.25 W cm22, respectively. The further increase of

the electrochemical performance may thus be achieved by

appropriate tailoring of the surface characteristics of the inor-

ganic filler. This result suggested that the higher loading of

the TiO2 particles did not lead to a higher effect on PEMFC

performance as expected and is ascribed to the possible

aggregation of the TiO2 filler in the composite

membranes.11,45

The polarization curves obtained at different cell temperatures

for the MEAs prepared with NT-2.5 composite membranes are

shown in Figure 8. Due to water flooding and drainage issues,

it was difficult to analyze the fuel cell performance under high

current loads. The effect of temperature on the OCV of the NT-

2.5 composite membrane can be seen in Figure 9. The decrease

in OCV values could be explained by change in entropy.

Because the change in entropy is negative, the open-circuit volt-

age output decreases with increasing temperature; the fuel cell is

theoretically more efficient at low temperatures. However, other

effects like mass transport and ionic conduction are faster at

higher temperatures and this more than offsets the drop in

open-circuit voltage.46

The polarization curves obtained at different TiO2 loading for

the MEAs prepared with Nafion/TiO2 composite membranes

and Nafion at 50% RH are shown in Figure 10. It can be con-

cluded from the results that nanoparticles in both 100% and

Figure 7. Effect of TiO2 content on the PEMFC performance of compos-

ite membranes at 80�C.

Figure 8. Effect of temperature on the PEMFC performance of NT-2.5

composite membrane.

Figure 9. Effect of temperature on the OCV values of the NT-2.5 compos-

ite membrane.

Figure 10. Effect of TiO2 content on the PEMFC performance of compos-

ite membranes at 80�C under 50% RH.
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50% RH had better performances in comparison with Nafion.

This may be attributed to the hydrophilic property and enhance

proton conductivity of TiO2 nanoparticles.

CONCLUSIONS

In this work, MEAs with Nafion/TiO2 composite membranes

were successfully prepared and characterized for H2-Air PEM

fuel cell application. Nafion/TiO2 nanocomposite membranes

were characterized using XRD, TGA, SEM, water uptake, proton

conductivity, Fenton test, dimensional stability test, and PEMFC

single cell performance. The introduction of TiO2 particles into

the membranes increased the proton conductivity; moreover, it

caused the higher proton conductivity at higher temperatures.

The dimensional test results show that the Nafion/TiO2 com-

posite membrane has slightly higher stability against oxidative

agents. The morphology of the composite membranes was

investigated by SEM analysis. SEM images of the Nafion/TiO2

nanocomposite membranes indicate that the TiO2 nanoparticles

in the Nafion polymeric matrix have homogeneously dispersed

in membrane with 2.5 wt % of TiO2 loading. The aggregation

of TiO2 particles is occurred at higher inorganic doping levels.

The MEA fabricated with the Nafion/TiO2 by ultrasonic coating

technique shows a significant enhancement in cell performance

at high temperature. From Fenton test, it can be found that the

nanocomposite membranes have better chemical stability than

that of Nafion.

The membranes were tested in a single cell with a 5 cm2

active area operating at 70�C to 110�C. Single cell PEMFC

tests performed at different operating temperatures showed

that Nafion/TiO2 composite membrane is performed better

than Nafion membranes. The highest performance of 0.572 A

cm22 was obtained for NT-2.5 membrane at 0.6 V for a

H2–air/PEMFC working at 80�C. As a result, Nafion/TiO2

composite membranes are good alternative materials for

PEMFC.
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