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Direct methanol fuel cells(DMFCs) are receiving significant attention in the portable power source

and electric vehicular transportation because of its high energy efficiency as liquid fuel, low cost,

and no requirement of fuel reforming process. In this study, we synthesized the Sulfonated

poly(ether ether ketone) (SPEEK) to evaluate the possibility of use as a proton exchange mem-

brane for DMFC. And poly(vinylidienedifluoride) (PVDF) was used to increase proton conductivity

in SPEEK and simultaneously to prevent methanol transport through the cross linked mem-

brane. Furthermore, in order to improve the electrical composite properties for DMFC applications.
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1. Introduction

Today, the protecting of the global environment

becomes an emergent matter and will give great benefit

to human being in the future. Thus, research on fuel

cells as emission free devices has hereby gained more

and more concern. The direct methanol fuel cell

(DMFC,) a kind of fuel cells using polymer electro-

lytes, converts the chemical energy of liquid fuels

directly into electrical energy. Currently it is consid-

ered as one of the most promising candidate power

sources for vehicular and portable applications.

However, DMFC development still provides con-

siderable technical challenges, such as poor kinetics

of methanol electro-oxidation and methanol crossover

through the polymer electrolyte. Membrane methanol

crossover from the anode to the cathode not only lowers

fuel utilization, but also causes cathode depolarization.

Hydrated perfluorosulfonic acid membranes, such as

Nafion®, are typically used as the electrolyte in fuel

cells because of their excellent chemical, mechanical

and in addition to their high conductivities.

The Nafion® membrane is suitable for fully humid-

ified hydrogen fuel cells, but has an unacceptably high

rate of methanol crossover for DMFC application. Thus, a

less methanol-permeable membrane is desired to im-

prove fuel utilization and electrochemical performance.1,2)

In order to reduce the methanol crossover, several new

membranes materials have been proposed. (a) synthesis

of new polymers, including sulfonated poly(ether ether

ketone),3) polysulfone,4) and polyimide,5) and (b) modifi-

cation of existing polymers by introductionof a methanol

barrier component. These modifications include

incorporation of inorganic particles (e.g., silicon

oxide,6) titanium oxide,7) zeolites8) and montmorillonite

clay9)) intoNafion®, and blending poly (vinylidene fluo-

ride),10) poly(vinyl alcohol),11) poly (1-vinylimida-

zole),12) polypyrrole,13) and poly-benzimidazile14)

with Nafion®. Among them membranes based on the

aromatic poly(ether ether ketone) (PEEK) are promis-

ing for DMFC applications as they possess good ther-

mal stability and mechanical properties, and the proton

conductivity can be controlled by the degree of sulfona-

tion. According to the work of Kreuer, membranes

based on SPEEK may help to alleviate the problems

associated with high methanol crossover in DMFCs.15)
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   2. Experimental

2.1. Chemicals and Materials

PEEK 450PF was purchased from Victrex®, sulfuric

acid (95-98% pure), 5 wt.% Nafion Solution was

supplied by Sigma Aldrich, PVDF-CO-HFP was

supplied by Kynar Flex Dimethylformamide (DMF)

was supplied by Banbury, Oxon.

2.2. Preparation of composite Membranes

2.2.1. Preparation of sulfonated PEEK

Earlier reports by Lei et al. Ref. indicate that a

SPEEK polymer, with a degree of sulfonation above

60% is not suitable for DMFC application. Therefore,

Poly(ether ether ketone)(SPEEK) was sulfonated up to

a degree of 57% according to the procedure reported

elsewhere Reference. The PEEK to be sulfonated is

the PEEK 450PF supplied by Victrex in powder form.

It was dried in a vacuum oven at 100oC overnight.

Concentrated sulfuric acid (98% extra pure, as

received) was heated to 55oC. An amount of 60 g of

PEEK powder was dissolved carefully by adding small

portions to one liter of the stirred acid. The reaction

mixture was stirred for up to 7 hours at controlled

temperature to achieve the desired conversion.  Then

the reaction ressel was immersing in an ice bath to stop

the reaction. The polymer is precipitated in deionized

water of at 5oC and washed until the pH was nearly

7. Then the polymer was subsequently dried on the lab

table and in an oven at 100oC. The degree of sulfonation

(the fraction of repeat units bearing −SO3H groups)

of SPEEK was determined by titration: 1-2 grams

of SPEEK was kept in 0.5 M aqueous NaOH for 1

day and then was back titrated with 1M HCl using

phenolphthalene as an indicator.

2.2.2. Preparation of Nafion Resin

Evaporation of the Nafin solution at 60oC for 12 h

till the Nafion solution became solid resin, and re-

dissolve the Nafion resin with a desired volume of

DMF(the volume ratio of DMF/Nafion is approxi-

mately 15~25).16)

2.2.3. Membrane Preparation

Dried SPEEK powder was mixed with DMF to make

a 10 wt.% solution in an ultrasonic bath to which a

Nafion DMF solution were mixed and under ultra-

sonicate processing for 20 min to ensure complete

mixing. And 5 wt.% of Poly(vinylidene fluoride)

(PVDF) powder was added, the slurry was cast over

a glass substrate heated to 70oC for solvent evaporation.

Then, the membranes were stored in a vacuum oven

for 7 h at 100oC and 24 hr at 140oC. The thickness

of the prepared membranes was 100 μm.

2.3. Characterization Methods

2.3.1. FT-IR spectroscopy and TG analysis 

The FT-IR spectra were recorded using a BRUKER

IFS-66 FT-IR spectrometer with membrane samples.

A TA Instrument simultaneous Thermal Analyzer was

employed to study the thermal stabilities of Nafion,

SPEEK, Nafion-SPEEK and Nafion-SPEEK/PVDF

samples. All the samples were heated from room

temperature to 800oC under oxygen atmosphere at

5oC/min.17)

2.3.2. Membrane Morphology

The membrane morphology was investigated by field

emission scanning electron microscopy using JEOL

6400F equipment. The samples were coated with

carbon for observation under a microscope.

2.3.3. Liquid Uptake measurements

Liquid uptake measurements were performed in batch

process at room temperature. Before measurements,

the membranes were dried in a vacuum oven at 120oC

for 24 h. Weighed films with an area of 10 mm ×

10 mm were immersed in deionized water and methanol

(0.5~1.5 M) at room temperature for 24 h. The

membranes were saturated with moisture until no

further weight gain was observed. The liquid on the

surface of wetted membranes was removed using

tissue paper before weighing. The change in the

weight of films was recorded. The percentage weight

gain with respect to the original membrane weight was

taken as liquid uptake. Each sample was tested with three

specimens, omit taking the average of three tabulated

test results.

2.3.4. Conductivity Measurement

The proton conductivities of the samples were

measured by AC impedance spectroscopy over a

frequency range of 10-107 Hz with a 50-500 mV

oscillating voltage, using an Impedance analyzer. Films

having a 10 mm × 20 mm, sandwiched between two

stainless steel electrodes with a contacting area of

100 mm2, connected from the FRA, were horizontally
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to press the membrane to be tested.? The measured

temperature was controlled from room temperature.

The conductivity was calculated from the impedance

data, using the relation

σ = l/RS (1)

where l and S are the thickness and area of the

membrane, respectively, and R was derived from the

low intersect of the high frequency semi circle on a

complex impedance plane with the Re(z) axis.

2.3.5. Methanol Permeability Measurements 

Methanol permeability coefficients were evaluated

from measurements using a differential refractometer

at room temperature with a 1 M methanol solution.

The permeability P was calculated from the slope of the

straight-line plot of methanol concentration vs. permeation

time. The water methanol selectivity of the composite

membranes was obtained as the ratio between water

and methanol permeability coefficients. Prior to all meas-

urements, samples were immersed in deionized water

at room temperature for 3 days.

3. Results and discussion

3.1. FT-IR spectroscopy and TG analysis

characterization

Fig. 1 shows the FT-IR spectra of Nafion, Nafion-

SPEEK and Nafion-SPEEK/PVDF composite mem-

brane. The brands at 1204, 1129, 1052 and 980 cm−1

are ascribed to characteristic functional groups in

Nafion.18) The brands 1595 cm−1(v(C = C)), 1432 cm−1

(δ(CH2)), 739 cm−1(γ(= CH)) are attributed to char-

acteristic vibrations of the benzene group(4). Fig. 2

shows the TGA curve of Nafion, SPEEK, Nafion-

SPEEK and Nafion-SPEEK/PVDF samples. The initial

weight loss around 100oC for all sample was due to the

evaporation of water molecules absorbed in the samples.

The first weight loss occurring at 260oC or higher

which is associated mainly with the loss of sulfonic

acid groups and the second weight loss step starting

at about 400oC, which is related to decomposition

of the main chain. All sodium salt form SPEEK

showed higher thermal stability (Td>400oC).19)

3.2. Membrane Morphology

The membranes representative cross-sectional images

of the samples are shown in Fig. 3, where in Fig. 3(a)

shows Nafion 112, Fig 3(b) and 3(c) shows the

composite membrane Nafion-SPEEK and Nafion-

SPEEK/PVDF. From the SEM images, the PVDF

particles can be considered as homogeneous and dense.

Higher magnification electron microscope shows good

adhesion between organic fillers and polymer matrix

in lower levels of filler and agglomeration of particles

in higher levels of filler contact in polymer.

3.3 Liquid uptake Measurement

The water and methanol content of the SPEEK

composite membranes and the Nafion membranes

are shown in Fig. 4. The water content of the Nafion

membrane in our experiments was 15.24%. The sul-

fonated composite membranes showed higher water and

methanol content than the Nafion membrane, pre-

sumably due to the higher sulfonic acid content with

its strong affinity to water and methanol. The water and

methanol content of the composite membranes decreased
Fig. 1. FT-IR spectra of SPEEK composite Membrane.

(a) Nafion 112, (b) Nafion-SPEEK, (c) Nafion-SPEEK/PVDF.

Fig. 2. Thermal-gravimetric analysis (TGA) of SPEEK

composite membrane and Nafion.
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with PVDF particles incorporation, because organic

particles reduces the membrane free volume and the

swelling ability These results indicate that the water

content, which greatly influences the methanol cross-

over, can be controlled by the addition of PVDF

particles. The uptake of SPEEK shows a decrease in

methanol solution and an increase in water upon the

sulfonation degree. Another phenomenon interesting

us is that the uptake decreased in methanol solution when

the methanol concentration increased; the adsorptions

of SPEEK in methanol solution were all higher than

that in water. The particular investigations on this phe-

nomenon are being conducted in our following research.

Comparing the liquid uptake studies and the cor-

responding proton conductivity (Fig. 5), higher liquid

uptake leads to higher proton conductivity, showing the

importance of absorbed water in the proton conduc-

tivity of sulfonated membranes.

3.4. Proton conductivity Measurement

Fig. 5 shows the effects of the PVDF particles in the

SPEEK polymer. The conductivity of the composite

membranes decreases with organic content, it can be

observed that proton transport resistance increases with

Fig. 3. SEM image of SPEEK composite Membrane, (a) Nafion 112, (b) Nafion-SPEEK, (c) Nafion-SPEEK/PVDF.

Fig. 4. Liquid uptake of SPEEK composite membrane as

a function of methanol concentration.

Table 1. Liquid uptake of SPEEK composite membrane

as a function of methanol concentration

Con

(M)

Nafion 112 Nafion-SPEEK Nafion-SPEEK

/PVDF

0.0 18.54 30.99 10.65

0.5 18.70 28.45 10.87

1.0 20.05 27.53 10.05

1.5 22.19 25.21 10.93
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the amount of organic filler. It is worth noting that for

the membrane with the highest content of organic

incorporation the resistance becomes very high. It

would thus, be useful to explore experimentally how

much each membranes can absorb water and how the

proton conductivity in the composite membranes is

affected by the amount of liquid uptake. It was reported

that the proton conductivity is related to the ion cluster

formation and liquid uptake content.20) However, lower

liquid uptake content in composite membranes can also

decrease methanol crossover. And the decrease of the

proton conductivity with increase in filler content, is

believed to derive mainly from the increased barrier

properties of the membranes due to the incorporation

of organic fillers.

3.5. Methanol permeability measurement

Permeability measurements at room temperature

showed previously that the membranes for the liquid

uptake and proton conductivity properties, at PVDF

particles the effects in the permeability coefficients of

methanol are much more pronounced. Consequently, the

barrier properties increases with the PVDF particles,

which can be assumed as an advantage for DMFC

applications because it reduces the reactant loss and

increases the overall fuel cell efficiency. Nevertheless,

the verified proton conductivity decreases with the

increase in the organic content should also be taken in

account. The measured methanol permeability of

Nafion® 112 membrane is 0.19 × 10−6 cm2/s at 2 h,

It is important to note that the methanol permeability

of composite membranes is in between

0.092 × 10−7 to 0.17 × 10−6 cm2/s, which is considerably

smaller than that of Nafion® 112 membrane.

4. Conclusion

The results showed that adding the PVDF particles

in the SPEEK composite membranes leads to a decrease

of the reactants permeability coefficients. The reason

for these results is related with the increasing amount

of organic filler in the membranes, which increases the

membranes barrier properties in terms of mass transport.

These features are advantages for the direct methanol

fuel cell performance because they prevent reactants

loss and increase the PEM long-term stability. However,

the results showed that the PVDF particles incorpo-

ration has the detrimental effect of decreasing the proton

Fig. 5. Proton conductivity of SPEEK composite membrane

as a function of temperature.

Table 2. Proton conductivity of SPEEK composite membrane

as a function of temperature

Tem

(oC)

Nafion 112 Nafion-SPEEK Nafion-SPEEK

/PVDF

25 17 7.8 16

40 15.7 8.2 14.9

60 13 7.8 12

Fig. 6. Methanol permeability of SPEEK composite Membrane

as a function of methanol concentration.

Table 3. Methanol permeability of SPEEK composite

Membrane as a function of methanol concentration

Time

(hr)

Nafion 112 Nafion-SPEEK Nafion-SPEEK

/PVDF

1 0.1 0.23 0.092

2 0.19 0.57 0.099

3 0.59 0.91 0.12

4 1.2 1.35 0.17
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conductivity. The micrographs obtained by scanning

electron microscopy showed a good adhesion between

inorganic particles domains and the polymer matrix.

Furthermore, the different contents of PVDF particle

in the SPEEK polymer inorganic matrix enabled the

preparation of composite membranes with a wide

range of properties concerning proton conductivity,

liquid uptake and methanol and water permeation.
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