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Abstract

Sulfonated poly(phthalazinone ether ketone) (SPPEK) membranes were cast from N,N-dimethylacetamide (DMAc) solution and tested for

their application as proton exchange membranes (PEMs) in direct methanol fuel cells (DMFCs). The methanol and water swelling uptake and

several permeation tests indicated that SPPEK had a lower affinity to methanol than Nafion and was less permeable than Nafion. In a single

cell DMFC test at 70 ◦C with the membrane electrode assembly (MEA) made of SPPEK, the maximum power density was 55 mW/cm2 as the

current density was 276 mA/cm2 and the ultimate (limiting) current density was 360 mA/cm2. The lower permeability of SPPEK compared

with Nafion resulted in lower methanol crossover. Consequently, the optimal concentration of aqueous feed methanol (3 M) for the SPPEK

MEA was higher than that of Nafion (2 M) under the same operation conditions.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Direct methanol fuel cell (DMFC) is one of the most attrac-

tive future power sources for use in such vast application

areas as road transportation, power generation and portable

electronics. DMFCs are particularly attractive for their use

in road transportation because their low operating tempera-

tures allow short start-up times and the infrastructure of the

fuelling stations already exist if methanol is used as fuel [1,2].

Other areas of significant DMFC application interests are

portable and micro-fuel cells for consumer electronics, such

as laptop computers and cell phones. In these applications,

FCs offer outstanding advantages over existing technology,

such as high efficiencies, long user-times and refuelling in the

∗ Corresponding author. Tel.: +886 3 4638800x2558; fax: +886 3 4559373.

E-mail address: cesunym@saturn.yzu.edu.tw (Y.-M. Sun).

order of a few minutes or less. For example, a FC powered

cellular phone is expected to have a standby time of 50–100

days rather than 5–10 days, and a refuel time of a few seconds.

PEMs are one of the key components for successful DMFC

fabrication. The required properties for PEMs are high proton

conductivity, low methanol crossover, long-term stability and

low cost. So far Nafion is the dominant material in the PEMs

for the hydrogen FC because of its high proton conductivity

and superb chemical stability. However, its practical applica-

tion in DMFC is limited due to its high methanol permeability

[3–6]. In addition, the current cost of Nafion membrane is

high due to its perfluorinated nature. The search for a non-

fluorinated PEM with low methanol permeability and high

proton conductivity to replace Nafion is a most intensely stud-

ied research area in FC [2,3].

In our previous work, sulfonated derivatives of poly-

(phthalazinone ether ketone) (PPEK) thermoplastics were

0376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Scheme 1.

developed as the base materials for PEM fabrication. Our

preliminary results on this polymer for PEM-FCs suggest

this class of thermoplastics to be promising. For example,

PPEK has a very high Tg of 263 ◦C (∼120 ◦C more than

PEEK), excellent thermal stability and many other favorable

physical properties. A method of controlled sulfonation of

PPEK to produce SPPEK (Scheme 1) was developed and

an initial series of polymers with different degree of sul-

fonation (DS) were produced and several physical properties

determined. Initial proton conductivity measurements of the

higher DS derivatives showed room-temperature conductiv-

ities >10−2 S/cm, i.e., well in the acceptable range. Detailed

information about the synthesis, chemical structure identi-

fication, thermal stability and proton conductivity measure-

ment can be found elsewhere [7].

In this communication, the characterization of the swelling

and permeation properties of a SPPEK membrane with a DS

of 1.09 is reported. Furthermore, a single cell DMFC test

with a MEA made from SPPEK PEM has been conducted.

The results are compared with those obtained with a Nafion

membrane.

2. Experimental

2.1. Materials

Poly(phthalazinone ether ketone) (PPEK) was obtained

from the Dalian Polymer New Material Co., PR China [8,9].

Sulfonated PPEK (SPPEK) was prepared according to a

procedure reported previously [7]. The DS of SPPEK was

determined by 1H NMR, and the one used in this study

was 1.09. All other chemicals obtained commercially were

reagent-grade and were used as received. Nafion-117 mem-

branes were obtained from Du Pont and used directly.

2.2. SPPEK membrane preparation

A sample of SPPEK (1 g) was dissolved in 16 g of

N,N-dimethylacetamide (DMAc). The polymer solution was

degassed and filtered, and then poured on a glass plate. The

thickness of the solution was controlled with a casting knife.

The cast membrane was dried at 40 ◦C for about 2 days. The

residual solvent was further evaporated at 120 ◦C in vacuum

for 2 days. The membrane was removed from the glass plate

by soaking it in water. A tough and flexible yellowish mem-

brane was obtained after air-dried at ambient temperature.

The thickness was determined from a 10-point measurement

by a digital micrometer (Mitutoyo, IDF-112).

2.3. Measurement of water and methanol uptake

The membrane samples were vacuum-dried at 120 ◦C

before the testing. The sample films were soaked in deionized

water until swelling equilibrium was attained at predeter-

mined temperatures. The dry weight and the equilibrated

swollen weight of the membranes were determined. Swollen

membranes were blotted dry with tissue paper before weight

measurements. The water or methanol uptake content was

determined as follows:

uptake (%) =

Ws − Wd

Wd
× 100% (1)

where Ws and Wd are the weights of swollen and dried sam-

ples, respectively.

2.4. Gas and vapor permeation studies

The permeabilities of oxygen, hydrogen, and methanol

vapor through SPPEK or Nafion membranes were determined

by a classical constant-volume variable-pressure permeation

method. A detailed description of the procedures has been

reported previously [10]. The permeation apparatus is com-

prised of a membrane cell, an upstream gas or vapor supply

and a downstream buffer volume. Initially, the downstream

volume was evacuated. When the upstream volume was filled

with gas or vapor and maintained at a constant pressure, the

gas or vapor permeated through the membrane and the down-

stream pressure increased. By taking a mass balance over the

downstream volume, we have

J =

22400V

ART

dp2

dt
= P

p1 − p2

l
(2)

where J is the volumetric flux of the gas or vapor though

the membrane (cm3 (STP)/(cm2 s)), V the downstream vol-

ume (cm3), A the membrane area (cm2), R the gas constant,

T the experimental temperature (K), p1 and p2 the pressures

of the upstream and the downstream (Pa or cmHg), respec-

tively, l the membrane thickness (cm) and P is the perme-

ability coefficient (barrer = 10−10 cm3 (STP)/(cm2 s cmHg)



110 Y.-M. Sun et al. / Journal of Membrane Science 265 (2005) 108–114

or 7.5005 × 10−18 m2 s−1 Pa−1). The permeation apparatus

was enclosed in a constant temperature chamber. Baratron-

type pressure transducers (1.333 kPa (10 Torr) range, MKS

121A and 122A) were used to monitor the pressure varia-

tion. The upstream pressure (p1) was maintained at 101.3 kPa

(76 cmHg) for permanent gas and maintained at the saturated

vapor pressure for methanol or water at test temperature. The

measuring range of the downstream pressure (p2) was from 0

to 1.333 kPa (1 cmHg). By integrating Eq. (2), the following

equation can be obtained:

ln

(

p1

p1 − p2

)

= P
ART

22400Vl
t (3)

In each run, the permeability can be calculated from the

quasi-steady state slope in a plot of ln
(

p1
p1−p2

)

versus time.

2.5. Membrane pervaporation with aqueous methanol

solution

Standard pervaporation experiments were carried out to

study the simultaneous permeation of methanol and water

through SPPEK or Nafion membranes. The concentration of

methanol was varied from 1 to 5 M and the experimental

temperature was at 70 ◦C. The feed solution was circulated

using a reciprocating piston pump. The permeate stream was

evacuated by a vacuum pump and the permeate mixture was

collected alternately by two liquid nitrogen traps. The effec-

tive area of the membrane in contact with the feed stream was

12.56 × 10−4 m2. The total flux was determined by weighing

the trapped permeate at predetermined time intervals and the

composition of permeate was analyzer by GC.

2.6. Side-by-side permeation study

The methanol permeation through SPPEK or Nafion mem-

branes was studied using a side-by-side two-compartment

device [11,12]. A membrane clamped between two com-

partments had an effective membrane area available for per-

meation of 4.91 × 10−4 m2. Each compartment had a 30 ml

capacity for solution, which was stirred magnetically to pro-

vide agitation. The stirring speed was maintained at 8.33 Hz

(500 rpm) so that the boundary layer mass transfer resistance

could be considered negligible [12] according to a proce-

dure proposed by Smith et al. [13] and Tojo et al. [14]. The

experimental temperature was maintained at 70 ◦C by circu-

lating thermostated fluid through the outside water jackets.

A membrane was preswollen in pure water for 2 days. At

the beginning of each experiment, 30 ml of pure water was

poured into the receptor compartment, and 30 ml of aqueous

methanol solution (1, 3 and 5 M) was added to the donor com-

ponent. Methanol can permeate through the membrane due

to the concentration difference. The solution in the receptor

compartment was sampled at various time intervals to deter-

mine the methanol concentration using GC.

2.7. Single cell DMFC test

DMFC tests on SPPEK and Nafion membranes were car-

ried out in a 25 cm2 single cell (EFC25-01SP, ElectroChem)

at 70 ◦C. Membrane samples were thermal pressed with E-

tek electrodes (anode: 2 mg/cm2 PtRu on carbon; cathode:

1 mg/cm2 Pt on carbon). Membrane electrode assemblies

were tested with various concentrations of MeOH feed solu-

tion (2 ml/min) on the anode and humidified O2 (150 ml/min)

on the cathode side. The single cell performance of MEAs

was evaluated by using a fuel cell test station (FCT-2000,

ElectoChem). The electrical characteristics of the MEAs and

the operating conditions were monitored with software pro-

vided by Scribner Assoc. Co.

3. Results and discussion

The swelling properties of the PEM directly affect the pro-

ton conductivity as well as gas permeability. On the one hand,

the swelling should be minimized to maintain the membrane

mechanical and dimensional stability; on the other hand, an

adequate degree water uptake is desired to maintain good pro-

ton conductivity. Fig. 1a shows the water uptake in SPPEK

and Nafion membranes as a function of temperature. The

uptake of water in Nafion is relatively stable and less depen-

dent of temperature. The uptake of water in SPPEK is higher

than that in Nafion and it increases with temperature. There

is a sharp increase for the water uptake in SPPEK between 60

and 80 ◦C. This indicates that the DS of 1.09 of the SPPEK

sample studied may be too high, such that at elevated tem-

peratures, a continuous percolation structure is formed when

the PEM is immersed in water. In this case, the hydrophobic

domains cannot provide adequate mechanical strength due

to the excessive water uptake. Fig. 1b shows the uptake of

methanol in SPPEK and Nafion membranes as a function

of temperature. Both of the uptakes increase with tempera-

ture and the uptake of methanol in Nafion is higher than that

in SPPEK. The results suggest that SPPEK has less affinity

to methanol than Nafion and it may be advantageous to use

SPPEK to reduce methanol crossover.

Permeability of fuel or gas through the PEM, which is

related to the physical properties of the material, will affect

the performance of a DMFC. A membrane with higher per-

meability to fuel will result in problems of crossover. It is

presumed that lower fuel or gas permeability will favor the

reduction of crossover. Several methods were used to identify

the permeation properties of the membranes for gases, vapors

and liquids. Although none of these measurement methods

operate in exactly the same way as that in a DMFC operation,

the results provide an insight and an indication of the mem-

brane permeation properties toward fuel or oxygen during

use in practical DMFC applications.

A classical constant-volume variable-pressure permeation

method was adopted for pure gas permeability determina-

tion. The hydrogen, oxygen, methanol vapor and water vapor
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Fig. 1. The swelling ratios of SPPEK and Nafion membranes in (a) water

and (b) methanol at various temperatures; (+) SPPEK, (�) Nafion.

permeability are shown in Table 1. The results indicate that

Nafion is much more permeable toward hydrogen, oxygen,

methanol and water than SPPEK. From this data, SPPEK

appears to perform better as a gas barrier for retardation of

fuel crossover.

The pervaporation permeation test probably bears the clos-

est similarity to a practical DMFC operation. An aqueous

methanol solution was fed on the upstream of a permeation

Table 1

Gas or vapor permeability (×7.5005 × 10−18 m2 s−1 Pa−1 (barrer)) through

SPPEK or Nafion membrane

Gas or vapor Permeability (×7.5005 × 10−18 m2 s−1 Pa−1 (barrer))

SPPEK Nafion

Oxygena 0.37 1.96

Hydrogena 2.18 9.30

Methanolb 10.3 70

Waterb 18.7 57

a 25 ◦C.
b 40 ◦C.

Fig. 2. Pervaporation of aqueous methanol solution through the SPPEK and

Nafion membranes at 70 ◦C. (a) Flux as a function of feed composition and

(b) methanol concentration in permeate as a function of feed composition;

(+) SPPEK, (�) Nafion. The membrane thickness is 19 and 187 �m for

SPPEK and Nafion, respectively.

cell, and permeated vapor was removed by vacuum from

the downstream. The situation closely resembles the case in

DMFC except no vacuum is applied there. Fig. 2 shows the

results. Although the thickness of the SPPEK membrane was

only about one-tenth of that of a Nafion membrane, the flux of

permeate through the SPPEK membrane was only twice that

of the Nafion membrane (Fig. 2a). If the flux is normalized to

thickness, the barrier property of SPPEK is much superior to

that of Nafion. The composition of the permeate was about

the same as that of the feed (Fig. 2b). It is possibly due to the

high degree of swelling (uptake of MeOH solutions) of both

kinds of membranes. The net flux through the membrane is

very high in comparison with a lot of membranes for sepa-

ration purpose. The solution of both methanol and water can

easily permeate through the membrane without much resis-

tance; therefore, no significant permselectivity was observed.

A side-by-side methanol permeation test has been applied

to characterize the net flux of methanol through the PEM.
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Fig. 3. Side-by-side permeation test, the donor contains MeOH aqueous

solution and the receptor initially contains pure water only: (a) SPPEK and

(b) Nafion. Membrane thickness: SPPEK, 30 �m; Nafion, 187 �m; temper-

ature, 70 ◦C. The results shown here are normalized to membrane thickness

of 100 �m for comparison purpose.

Fig. 3 shows the accumulated concentration of methanol

in the receptor during tests with various methanol concen-

trations in the donor. The results were normalized to an

equivalent thickness of 100 �m for both SPPEK and Nafion

membranes. It is clear that methanol has a lower permeation

rate through the SPPEK membrane than through the Nafion

membrane. Based on these results and the results from gas

and vapor permeability measurement and pervaporation test,

SPPEK is a less permeable membrane material than Nafion

so that crossover can be largely reduced.

Single cell DMFC tests with various methanol concentra-

tions in feed were performed with SPPEK fabricated mem-

brane electrode assembly (MEA). The cell potential versus

current density gives the cell polarization curve at each feed

concentration as shown in Fig. 4. There are clear regions of

activation polarization, Ohmic polarization and concentra-

Fig. 4. The polarization curves of single cell DMFC tests for SPPEK MEA

with various methanol concentrations in feed: (�) 1 M, (�) 2 M, (�) 2.5 M,

(�) 3 M and (▽) 4 M 70 ◦C; MeOH(aq) feeding rate, 2 ml/min; rate of humid-

ified O2, 150 ml/min.

tion polarization on those curves. Concentration polarization

is quite significant at lower methanol concentrations and

becomes weaker as the methanol concentration increases. It

indicates that fuel (methanol) supply is insufficient at the

anode and thus a lower ultimate (limiting) current density

is resulted at lower methanol concentration. The single cell

performance was improved as the methanol concentration

increased up to 3 M [15–17]. The ultimate current density

increased with the concentration of methanol in feed, reached

a maximum of 361 mA/cm2 when the methanol in feed was

3 M, and then decreased again when methanol concentra-

tion increased. This suggests that the methanol concentration

is high enough to create a high driving force for methanol

permeation and results in significant fuel crossover, and the

performance of DMFC cannot be further improved with

increasing of methanol concentration in feed [15–19]. There-

fore, there is an optimal methanol concentration in feed in a

DMFC operation. The optimal concentration is around 3 M

in the present case of SPPEK.

The open cell voltage (OCV) decreased with the concen-

tration of methanol in feed as shown in Fig. 5. The results

are similar to those reported previously for a Nafion PEM

in DMFC operation [15,16]. It has been interpreted that the

open cell potential of the DMFC at higher methanol concen-

trations is attributed to the higher methanol crossover than

that at the lower methanol concentration.

The power density is also another criterion to evaluate

the performance of a DMFC cell. Since the cell potential

always decreases with current density, the power density will

increase with current density first, reach a maximum and then

decrease with current density. The power density curve is

related to the methanol concentration in feed. The best perfor-

mance also occurred at the optimal methanol concentration

(3 M). The maximum power density was 55 mW/cm2 when

the current density was 276 mA/cm2 (Fig. 6).



Y.-M. Sun et al. / Journal of Membrane Science 265 (2005) 108–114 113

Fig. 5. The open cell potential as a function of the methanol concentration in

feed in single cell DMFC tests for SPPEK MEA: 70 ◦C; MeOH(aq) feeding

rate, 2 ml/min; rate of humidified O2, 150 ml/min.

The performance of the single cell tests with MEA made

of SPPEK was compared with that of Nafion-117 (Fig. 7). A

MEA with Nafion-117 as the PEM was fabricated under the

same conditions as the MEA with SPPEK. The performance

of Nafion MEA was similar to that of SPPEK MEA except

that the optimum methanol concentration occurred at 2 M.

This result is consistent with the result reported in literature

(e.g., [17–18]).

It is noted that the OCV of Nafion MEA has a much higher

value (0.77 V) than that of SPPEK MEA. However, the cell

voltage of Nafion MEA dropped sharply when the current

density increased due to the activation polarization. Similar

results were found in literature [19]. The measurement of

Fig. 6. The relationship of power density and current density in single cell

DMFC tests for SPPEK MEA with various methanol concentrations in feed:

(�) 1 M, (�) 2 M, (�) 2.5 M, (�) 3 M and (▽) 4 M; 70 ◦C; MeOH(aq) feeding

rate, 2 ml/min; rate of humidified O2, 150 ml/min.

Fig. 7. A comparison of the optimal single cell performance with SPPEK

and Nafion as the proton exchange membrane: (�) MeOH at 3 M for SPPEK

(membrane thickness = 30 �m) cell and (�) MeOH at 2 M for Nafion (mem-

brane thickness = 187 �m) cell; 70 ◦C; MeOH(aq) feeding rate, 2 ml/min; rate

of humidified O2, 150 ml/min.

exact OCV could be very different in such a pre-stabilized

region for a different system. Scattered OCV data may be

resulted. The comparison of OCV data may not be meaning-

ful for two different systems. Our comparison is based on

the more stabilized region (Ohmic polarization region) of the

V–I curves.

For the Nafion MEA, the ultimate current density

was 287 mA/cm2 and the maximum power density was

52 mW/cm2 when the current density was 175 mA/cm2

(Fig. 7). At a higher methanol concentration, the single cell

with Nafion may encounter the problem of fuel crossover.

The optimum methanol concentration for Nafion MEA is

lower than that for SPPEK MEA probably due to the higher

methanol permeability in Nafion than that in SPPEK. The

single cell with SPPEK at 2 M methanol concentration had

slightly inferior performance than the single cell with Nafion

at 2 M. However, the best performance of SPPEK cell

(methanol concentration at 3 M) is superior to that of Nafion

cell (methanol concentration at 2 M) (Fig. 7). The results indi-

cated that DMFC with SPPEK could be operated at higher

feed methanol concentration than DMFC with Nafion. The

higher the methanol concentration is, the higher the energy

density is in the feed solution. The utilization of the energy

from fuel to create electricity is more efficient with fuel of

higher energy density. SPPEK may be a preferred material

than Nafion in fabrication of MEA for the application in

DMFC. However, it is likely that the DS of SPPEK needs

to be optimized.

4. Conclusion

Sulfonated poly(phthalazinone ether ketone) (SPPEK) is a

non-fluorinated polyelectrolyte material. Its non-fluorinated

nature, good thermal stability, reasonable proton conductiv-
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ity and potentially low cost make it attractive to be used as

the proton exchange membranes (PEMs) in the fabrication

of membrane electrode assemblies for DMFC. The single

cell test results indicated that SPPEK performed better than

Nafion in terms of higher power density, higher ultimate cur-

rent density and higher optimal operating concentration of

methanol in feed. The lower permeability of SPPEK com-

pared with Nafion limited the crossover of methanol; there-

fore, the optimal feed methanol concentration in SPPEK cell

was higher than that in Nafion cell. However, a long-term

stability of SPPEK in DMFC operation should be evalu-

ated since the methanol and water uptake tests indicated that

the particular DS 1.09 of SPPEK membrane used in this

study might swell excessively at higher temperatures. An

optimization of DS is necessary to balance adequate proton

conductivity with water and methanol uptake.
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