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ABSTRACT: A new type of proton-exchange membrane based on poly(vinyl alcohol) (PVA) modified KE reactive dyes (KE-4BD) was

prepared and evaluated as H1-conducting polymer electrolytes. The effects of the content of KE-4BD on the membrane H1 conduc-

tivity and water uptake were studied with an alternating-current impedance technique and the method of weighing, respectively. Fou-

rier transform infrared and scanning electron microscopy were used for the chemical and structural characterization of these

membranes. With all of these properties, the optimal mass ratio between PVA and KE-4BD was 1:0.5, and the resulting membrane

exhibited a high proton conductivity (0.109 S/cm) at room temperature; this afforded a power density of 83.9 mW/cm2 at 210.4 mA/

cm2 and an open-circuit voltage of 810.8 mV. The PVA/KE-4BD membranes showed a high oxidative stability in Fenton’s reagent

(3% H2O2 v/v, 2 ppm FeSO4). Thermal analysis also showed that the membranes exhibited a significant improvement in thermal sta-

bility. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43019.
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INTRODUCTION

In recent years, a high energy demand and an urgent need for

environmental protection have become two of the most impor-

tant topics in the sustainable development of mankind. Efforts

to reduce dependency on fossil fuels and to explore environ-

mentally friendly, clean, and sustainable energy sources have

become more extensive in the last 2 decades. Fuel cells, partic-

ularly polymer electrolyte membrane fuel cells using proton-

exchange membranes (PEMs), have been considered one of the

most promising technologies because of their high energy effi-

ciency, high energy/power densities, low/zero emissions, and

wide application areas in portable, stationary, and automobile

powers.1,2 Among the membranes used in fuel cells, Nafion

membranes have been most widely used because of their high

chemical, electrochemical, and mechanical stabilities and high

proton conductivity (ca. 1021 S/cm) at ambient temperature.3

However, some challenges still hinder their real commercializa-

tion, for example, their high cost, which is due to their com-

plex synthesis and processing; high methanol permeability;

potential health and environmental issues; and instable proton

conductivity.4,5

Recently, great interest has been shown in the search for new

nonfluorinated membrane materials with low cost and their

required electrochemical characteristics. Novel PEMs, such as

polymeric membranes, ceramic membranes, and inorganic–

organic membranes, have been greatly developed.6 In all of these

novel membranes, the development of hydrocarbon polymeric

PEMs has increasingly become a very important research direc-

tion. Generally, this type of PEM is built from two parts: the

polymer, which acts as a matrix, and many proton-conductive

functional groups, such as sulfonic acid7,8 or phosphonic acid,9

which are introduced to the main chain or side chains of the

polymer to transfer protons from one group to another. Many

polymers, including poly(p-phenylene),7,10 poly(arylene ether

ketone),8,11 polysulfone,12 poly(arylene ether sulfone),13–15 poly

(aryl ether ether nitrile),16,17 poly(sulfide ketone),18 polyi-

mide,19,20 poly(2,6-dimethyl-1,4-phenylene oxide),21 and polyben-

zimidazole,22–24 have been applied the preparation of

membranes. The basic requirements of a PEM for use in fuel

cells are that it should have good mechanical properties, thermal

stability, a high performance–price ratio, and a high H1 conduc-

tivity. However, these membranes have shortcomings, including a

high price,22–24 difficulty in the synthesis process,11 and easy sol-

ubility in hot water.8,13 Therefore, rational molecular and mem-

brane design is still a big challenge for PEMs in fuel-cell

technology.

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4301943019 (1 of 10)

http://www.materialsviews.com/


Poly(vinyl alcohol) (PVA)-based membranes are one of the

main research objects because of the following advantages: easy

preparation, biodegradability, chemical stability, hydrophilic

properties, low cost, reduced ethanol permeability, good

mechanical properties, reactive chemical functions favorable for

crosslinking or grafting, and excellent film-forming proper-

ties.25–28 However, pristine PVA does not have the ability to

conduct H1 for the absence of specific functional groups;

hence, it must be used in conjunction with other materials by

means of blending, chemical modification, doping with inor-

ganic fillers, or forming hybrid structures.29–34 Thanganathan

and Nogami33 prepared PVA-based hybrid membranes incorpo-

rating inorganic fillers and ionic liquids. The thermal stability

of both membranes was present up to 3708C, but the ionic con-

ductivity was only 0.83 3 1023 and 0.58 3 1023 S/cm, respec-

tively, at 60�C. Qiao et al.32 reported a series of proton-

conducting membranes based on chemically crosslinked PVA–

poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS);

these showed high proton conductivities up to 0.06–0.1 S/cm,

where PAMPS was successfully retained in the membrane by the

formation of a semi-interpenetrating polymer network. How-

ever, PAMPS is a water-soluble polymer and can be gradually

lost during the period of use. Gomes and Filho34 constructed

hybrid PVA-based membranes with phosphotungstic acid to

dope into the PVA matrix; this provided proton conductivity,

and PVA was crosslinked by (diethylenetriamine)pentaacetic

acid, but the proton conductivity of the membrane was also on

the order of 1023 S/cm.

Polyfunctional reactive dyes were developed for cotton dyeing

in the early 1950s. These dyes contained more than two reactive

sites to form covalent bonds with nucleophilic sites in the sub-

strates and also contained several sulfonic groups to provide

water-soluble properties. In this study, a novel PEM system was

designed, in which PVA [Figure 1(b)] was selected as the host

polymer and a bifunctional reactive dye, KE-4BD [Figure 1(a)],

containing sulfonic groups, was chosen to provide charge-

carrier-conducting protons. By the way of blending and dyeing,

KE-4BD was firmly fixed on the PVA matrix by the substitution

reaction of nucleophilic SN2 as described:

Furthermore, compared to polymers that get sulfonic groups

via sulfonation in sulfuric acid (which may cause side reactions

that result in a decrease in the proton conductivity)35,36 or radi-

ation grafting methods (which may lead to considerable deterio-

ration in the mechanical properties),37,38 the original

performance of the matrix with this method was less affected

because of the moderate chemical modifications.

The membranes prepared in this study were examined with

Fourier transform infrared (FTIR) spectroscopy and scanning

electron microscopy (SEM) to analyze their chemical structure

and morphological microstructure. Thermogravimetric analysis

was adopted to study the thermal stability. The membrane char-

acteristics, including the H1 conductivity, water uptake, and

oxidative stability, were studied to evaluate their application

performances. Finally, these membranes were used to fabricate

membrane electrode assemblies (MEAs) for actual H2/O2 single

fuel cells.

EXPERIMENTAL

Materials and Membrane Preparation

A stock 6% PVA (99% hydrolyzed, weight-average molecular

weight 5 86,000–89,000, Aldrich) aqueous solution was prepared

by the dissolution of PVA in distilled water at 808C. The reac-

tive dye KE-4BD (Wujiang Taoyuan Dyestuff Co., Ltd., China)

was purified by a dimethylformamide–acetone method before it

was separately made into solutions with different concentrations

and then mixed with the previous PVA solution under stirring

for at least 60 min to ensure that the new solution was com-

pletely homogeneous. After completed mixing, the solution was

heated to 808C and stirred at this temperature for 2 h in a water

Figure 1. Chemical structures of the (a) reactive dye KE-4BD and (b) PVA.
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bath so that the chemical reaction, as shown in Figure 2, could

be fully carried out. Then, the solution was degassed in a vac-

uum chamber, poured into plastic dishes, and dried under

ambient conditions. Then, the membrane (Figure 3) was peeled

away from the plastic dish and subsequently washed with soap-

ing water (5 g/L soap flakes at room temperature); it was then

thoroughly rinsed in tap water to remove unstable color before

it was dried naturally.

To further reduce membrane swelling and improve the mechan-

ical stability, we modified the membrane by crosslinking the

PVA main chain with glutaraldehyde (GA) in the presence of a

strong acid, as proposed by Qiao and coworkers.39–42 Square

samples of the membranes (ca. 1.5 3 1 cm2) were soaked in a

reaction solution consisting of 10 wt % GA and a small amount

of HCl in acetone at 308C for 30 min for chemical crosslink-

ing.39–42 Crosslinking proceeded between the AOH of PVA and

the ACHO of GA in the polymer because of an acid-catalyzed

reaction. Then, the membrane was soaked in 10 mL of a 1.0M

HCl solution to convert the SO3Na form into the SO3H form.

Before use, the membrane was washed with deionized water

several times to remove excess HCl and was finally stored in a

plastic sealed bag for measurements. Flat membranes were

obtained with a thickness of about several tens of micrometers

(50–70 lm), as measured by a micrometer. The inner chemical

structure of the PVA/KE-4BD system is illustrated in Figure 4.

Characterization of the PVA/KE-4BD Membranes

FTIR spectra were recorded on an FTIR-4200 spectrometer (Shi-

madzu, Japan) equipped with attenuated total reflectance

instrument, which was used to obtain the spectrogram in the

range from 4000 to 600 cm21. Air was used as a background

reference.

A Quanta 200 SEM analyzer (FEI) was used to observe the

cross-profile morphology of the membranes. Before observa-

tions, the membrane samples were sputtered with gold and then

examined at 10,0003 magnification.

Thermogravimetric analysis of the membrane was performed

with an STA449C apparatus (Netzsch, Germany). Samples of

about 10 mg were loaded into an aluminum pan and then

heated from 30 to 6508C at a rate of 108C/min under an air

atmosphere. The vacant aluminum pan was used as a reference

throughout the whole experiment.

Ion-Exchange Capacity (IEC)

The IEC (mequiv/g of the PVA/KE-4BD membranes) was deter-

mined by a titration method. Square pieces of the membranes

were set in 20 mL of a 1M NaCl solution at room temperature

for 24 h to replace the protons with sodium ions. The H1 ions

released from the membranes were then titrated to the end

point with a 0.1M NaOH solution with phenolphthalein as the

indicator. The IEC (mequiv/g) was calculated as the ratio of

exchangeable protons to the weight of dried sample via the fol-

lowing formula:

IEC 5VNaOHCNaOH=Wdry

where VNaOH is the consumed volume of NaOH, CNaOH is the

molar concentration of NaOH, and Wdry is the weight of the

dried membrane.

Figure 2. Reaction equation of the PVA by modified KE-4BD.

Figure 3. Picture of the PVA/KE-4BD PEM prepared by solution-casting

technology with a plastic Petri dish as a container. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Water Uptake

The swelling of the membranes was evaluated by the water

uptake of the membranes (g/g), which was estimated from the

mass change before and after the complete drying of the mem-

brane. The dry membrane was swollen in deionized water at

208C for a day, then the surface water was wiped carefully with

a filter paper, and the membrane was weighed immediately.

After the sample was dried overnight in a vacuum oven at

608C, the water uptake was calculated with the following

expression:

Water uptake 5 Wwet2Wdry

� �
=Wdry (1)

where Wwet is the mass of the fully hydrated membrane.

Proton Conductivity

The proton (H1) conductivity of the formed membrane was

measured by an alternating-current impedance technique with a

Zahner Zennium electrochemical impedance analyzer, where the

alternating-current frequency was scanned from 1 MHz to 0.1

Hz at a voltage amplitude of 50 mV. Fully hydrated membranes

were sandwiched in a Teflon conductivity cell equipped with Pt

foil contacts on which Pt black was plated (Figure 5). The

membrane was in contact with water throughout the measure-

ment. The impedance was measured at room temperature. The

ionic conductivity (r; S/cm) was calculated according to the fol-

lowing equation:

r5l= RAð Þ (2)

where l and A are the thickness and contact area of the mem-

brane sample, respectively, and R is the membrane resistance.

Membrane Stability

The oxidative stability of PVA/KE-4BD was tested by a Fenton

reagent in an aqueous solution of H2O2 (3%)/FeSO4 (2 ppm)

and was tracked by the measurement of the weight loss as a

function of the immersion time at a fixed treatment tempera-

ture of 60�C.

Single-Cell Performance Measurement

The catalyst slurry was prepared by the mixture of 40%Pt/C (E-

TEK) with a 5 wt % Nafion solution (DuPont) for the ink. For

fabrication of the MEA, the catalyst slurry was coated on car-

bon paper (Toray TGP-H-090) to give a metal loading of 2 mg/

cm2 on the anode. The catalyst loading on the cathode was

1 mg (Pt)/cm2. The binder loadings on both electrodes were

0.6–1.0 mg/cm2. MEA was prepared by the hot pressing of the

anode and cathode to the prepared membrane at a pressure of

100 kg/cm2 at 1108C for 5 min. The active area for a single-cell

test was 4 cm2.

The MEA was inserted into single-fuel-cell hardware, which

consisted of a graphite block with an active electrode area of

4 cm2, a machined serpentine flow channel, and golden current

collectors. Pure hydrogen and oxygen were supplied to enter the

anode and cathode channels under atmospheric pressure at flow

rates of 100 and 70 mL/min, respectively, through a humidifier

maintained at 258C under ambient pressure. Polarization curves

were obtained with a fuel-cell evaluation system (GE/FC1-100).

RESULTS AND DISCUSSION

FTIR Studies

The IR spectra of the pristine PVA and PVA/KE-4BD mem-

branes (1:0.5 mass ratio) are shown in Figure 6. It was clear

that the absorption peaks between 3300 and 3400 cm21 in both

spectra were due to the stretching vibrations of the AOH

groups from PVA and the ANHA groups from KE-4BD. The

bands between 2840 and 2950 cm21 arose from the stretching

of saturated CAH groups. The peak at 1716 cm21 in the curve

of PVA/KE-4BD was due to the stretching of carbonyl groups

from crosslinked PVA/KE-4BD because of the free ACHO of

GA.39–42 The appearance of the peaks centered at 1639 and

1432 cm21 corresponded to the vibrations of C@N and C@C

of KE-4BD; they indicated that KE-4BD was successfully incor-

porated into the polymer matrix. The appearance of the sulfo-

nate stretching peak at 1044 cm21 also clearly demonstrated the

effective incorporation of the dye into the PVA membranes. The

Figure 4. Inner structure of a chemically crosslinked PVA/KE-4BD PEM: (a) hydrogen bonds, (b) grafting, (c) van der Waals forces, (d) aldol condensa-

tion, (e) crosslinking, (f) hydrogen bonds, and (g) doping.

Figure 5. Schematic diagram for ionic conductivity measurement.
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peak at 1137 cm21 might have arisen from CAOAC groups,

and the peak at 998 cm21 might have been related to

@CAOAC in the PVA/KE-4BD membrane. These two peaks

might have been caused by the SN2 reaction between the AOH

of PVA and the bichloro-s-triazine groups of KE-4BD. The pre-

vious results show that because of the successful incorporation

of KE-4BD in the PVA matrix, the as-prepared membrane pro-

vided good H1 conductivity, as discussed later.

SEM Images of the PVA/KE-4BD Membranes

Figure 7 shows the cross-sectional SEM pictures of the PVA/KE-

4BD PEMs with different mass ratios. The dye molecules could

be adopted into the PVA polymer matrix because of the various

forms of bonding forces. We observed clearly that for PVA/KE-

4BD at a low mass ratio of 1:0.25, the membrane was homoge-

neous without the formation of any microvoids, which are typi-

cally observed in many polymer films.43,44 Obviously, this was

attributed to the uniform distribution of KE-4BD dyes, which

had adequate reactions with PVA and GA. However, the cross-

profile became rough with increasing KE-4BD content in the

polymer, particular in PVA/KE-4BD with a mass ratio of 1:0.5.

The high KE-4BD content meant a high content of activate sul-

fonate groups in the neutral polymer matrix; this could improve

the electric conduction function but, at the same time, resulted

in aggregation in the membranes because of more unreacted

dyes and more residual impurities, which were not removed

completely in the purification step. In addition, the microstruc-

ture of the membrane changed after the dyeing and crosslinking

process. On the basis of previous observations, the uniform and

density network structure could not be formed, and the struc-

ture of the membrane (1:0.5 mass ratio) became relatively loose,

and this was beneficial for improving the membrane’s

conductivity.

Thermal Analysis

Figure 8 shows the thermogravimetric profiles of the PVA/KE-

4BD acid PEMs at different contents of KE-4BD in the polymer

under air conditions. Thermal analysis in most studies is always

Figure 6. FTIR spectra of the pristine PVA and PVA/KE-4BD membrane. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]

Figure 7. Cross-profile SEM pictures of the PVA/KE-4BD acid PEMs. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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performed under nitrogen,45–47 but in this study, air was

adopted as the atmosphere to carry out the measurement

because the membrane contacted oxygen during the working

process. All of the samples displayed three major weight loss

stages around 80–200, 220–380, and 400–480�C. The initial

weight loss of the membranes (80–200�C) mainly belonged to

the expulsion of water molecules or the moisture absorbed

from the air from the polymer matrix. The second region (220–

380�C) was the main thermal degradation process of the mem-

branes, including the oxidative cleavage of the CAC backbone

of the PVA main chain, the destruction of the crosslinking

bridge, the decomposition of the reactive dye KE-4BD, and its

partial separation from the PVA main chain. The third region

(400–480�C) was attributed to the further oxidative decomposi-

tion and the char oxidation processes.48–51

As shown in Figure 8, the pristine PVA remained stable up to

210�C. After modification by KE-4BD and GA, the membranes

were thermally stable up to 320�C, and we observed that an

increased content of KE-4BD in the polymer led to an increase in

the thermal onset degradation temperature. This could be

explained by the fact that the crosslinking and strong hydrogen

bonding were formed among PVA, GA, and KE-4BD; this pro-

vided the membrane with a high thermal stability. The PVA/KE-

4BD membranes showed a much higher thermal onset degrada-

tion temperature above 210�C; this indicated a sufficient thermal

stability for general fuel-cell operation temperatures under 100�C.

This effect was confirmed in the second region (220–380�C),

where the weight loss curve for the pristine PVA dropped dra-

matically, whereas the decomposition of the modified membranes

was slower. This indicated that the heat release was markedly

reduced. Furthermore, the temperatures of 50% weight loss (TG-

50%) were 380�C (PVA/KE-4BD 5 1:0.25), 385�C (PVA/KE-

4BD 5 1:0.5), and 408�C (PVA/KE-4BD 5 1:0.75); they were all

higher than the 260�C of pristine PVA. The percentage of

remaining residues of the modified membranes were about

23.85% (PVA/KE-4BD 5 1:0.5) and 23.90% (PVA/KE-

4BD 5 1:0.75) compared to 14.02% for the pristine PVA mem-

brane at 650�C. All of these data indicate that the thermal stabil-

ity of these modified membranes showed good improvement.

IEC, Water Uptake, and Ionic Conductivity

As an indicator of a polymer membrane’s capacity to exchange

ions, the IEC is closely related to the proton conductivity and,

thus, has a major effect on membrane performance. From the

data in Table I, one can see the IEC values of the prepared

PVA/KE-4BD membranes from the titration test were in the

range 0.44–1.61 mequiv/g. With mass ratios from 1:0.125 to 1:1,

the IEC values increased with increasing KE-4BD content. The

increased IEC values could be explained by the following two

facts. One was that because of the increased sulfonic groups

with increasing content of KE-4BD in the membrane, the

charge carriers were increased because the number of exchange-

able H1 increased. The other reason may have been the fact

that the structure of the membrane became relatively loose with

increasing content of KE-4BD in the membrane. This may have

provided more H1 groups entering into the internal structure

of the membrane during the ion-exchange process.

As we all know, proton transport and diffusion in the mem-

brane always obey two mechanisms: the Grotthuss model and

the vehicle mechanism. Possibly, the former is performed by

bound water, and the latter is done by free water,52 so water

uptake is one of the essential features of membranes. Generally

speaking, the ionic conductivity will increase with increasing

water uptake because water clusters can offer transport channels

for H1 inside the membrane. However, if the membrane is too

hydrophilic, excess water inside the membrane can dilute the

charge carrier and has negative effects on the H1 conductivity.53

Furthermore, an excessively high water uptake can increase the

membrane’s fragility; this makes it less durable when used in

fuel cells. To obtain long-term stability, a membrane’s water

uptake should be optimized with respect to the ionic conductiv-

ity and flexibility performance. Chemical crosslinking is an

effective means of limiting the swelling; this is of great impor-

tance for proton-conducting polymer membranes.

Figure 9 shows the Nyquist plot of the PVA/KE-4BD mem-

branes with different mass ratios. Table I shows the typical

effects of different contents of KE-4BD on both the water

uptake and H1 conductivity of the PVA/KE-4BD membranes.

The related data of Nafion 212 are also listed in the table for

comparison. We found that the ionic conductivity of the

Figure 8. Thermogravimetric analysis profiles of the PVA/KE-4BD acid

PEMs.

Table I. Proton Conductivity, IEC, Water Uptake, and Membrane Flexibil-

ity of the PVA/KE-4BD and Nafion 212 Membranes

PVA/KE-4BD
(mass ratio)

Water
uptake
(g/g)

IEC
(mequiv/g) r (S/cm)

Membrane
flexibility

1:0.125 0.92 0.44 0.028 �

1:0.25 1.29 0.81 0.074 �

1:0.50 1.76 1.35 0.109 �

1:0.75 2.05 1.52 0.127 �

1:1 2.54 1.61 0.123 3

Nafion 212 0.34 0.92 0.0972 �

�, flexible and tough; �, little e, brittle, and phase-separated; 3, very
brittle and partially dissolved in water.
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membranes strongly depended on the KE-4BD content and that

the conductivity of the PVA/KE-4BD membranes with high KE-

4BD content surpassed that of Nafion 212. The proton conduc-

tivity increased from 0.028 S/cm for PVA/KE-4BD with a mass

ratio of 1:0.125 to 0.127 S/cm for PVA/KE-4BD with a mass

ratio of 1:0.75. Such a conductivity increase was attributed to

two factors: the high sulfonate content in the KE-4BD could

have contributed to the proton conduction of the membranes,

and the high water uptake, due to the presence of sulfonic acid

groups with the water uptake being in excess of 2 g/g, could

have contributed to the mobility of the ions. The proton con-

ductivity initially increased quickly at first with increasing KE-

4BD content and then slowed down. This could be explained by

the fact that a further increase in the amount of water did not

simply make an additional contribution to the conductivity but

also led to a dilution of the charge carriers. Furthermore, too

much KE-4BD could not be retained in the membrane because

of the limited active points, and a high water uptake led to the

extreme swelling of the membranes; this caused losses in the

mechanical properties and dimensional stability. Moreover,

excessive dyes may have gone out of the membrane with the

flow of water, accumulated in the membrane’s surface during the

evaporation process, and could not contribute to the mem-

brane’s conductivity. Therefore, a PVA/KE-4BD mass ratio of

1:0.5 was seemingly optimal for practical fuel-cell usage. The

proton conductivity of the PVA/KE-4BD membranes was com-

parable to those of some membranes, such as Nafion 212 mem-

branes (0.0972S/cm at room temperature in our measurement),

sulfonated poly(p-phenylene) derivative membranes (0.06–0.11S/

cm at 30�C),7 sulfonated naphthalene dianhydride based polyi-

mide copolymer membranes (close to 0.1S/cm at 30�C),54 side-

chain poly(arylene ether ketone) functionalized with 1,4-butane-

sultone (SQNPAEK-x, “x” refers to the number of the attaching

sulfobutyl groups in one unit) membranes (0.077–0.151 S/cm at

25�C),11 sulfonated poly(arylene ether sulfone)s (0.02–0.1 S/cm

at 30�C),15 and PVA/PAMPS (0.075–0.16 S/cm at 25�C),32 and

was higher than those of some other membranes, such as pend-

ant-sulfonated poly(arylene ether ketone) (PSPAEK)/organosi-

loxane polymer network (OSPN) semi-interpenetrating polymer

network membranes (0.025–0.037S/cm at 40�C),8 sulfonated

copolyimide membranes (0.01–0.07 S/cm at 30�C),20 PVA/SiO2

hybrid membranes containing sulfonic acid groups (1023 to

1022 S/cm at 25�C),30 sulfonated poly(ether ether ketone) mem-

branes (0.0168S/cm at 80�C),55 and polystyrene sulfonic acid

(PSSA)/polyvinylidene fluoride (PVDF)/polyvinylpyrrolidone

(PVP) membranes (�1022 S/cm at room temperature),45 but

the water uptake of the PVA/KE-4BD membranes was relatively

high and will need to be adjusted in the future.

It is worth mentioning that crosslinking can affect the mem-

brane’s degree of swelling and structural density; these, in turn,

affect the mechanical properties, stability in fuel cells, and

mobility of the ions in the membrane. Generally speaking,

because of the increased tortuosity in the membrane and the

decreased hydrophilic groups with increasing crosslinking den-

sity, the proton mobility will be impeded, and the proton con-

ductivity will suffer a corresponding decrease. Figure 10 shows

the effect of different crosslinking times on both the water

uptake and H1 conductivity of the PVA/KE-4BD membranes.

The crosslinking density could be elucidated by water uptake,

and the experimental results indicate that the crosslinking den-

sity was closely correlated with crosslinking time. From the data

listed in Figure 10, we observed that the water uptake value

declined dramatically within the first hour of the crosslinking

reaction; this indicated that as the number of hydrophilic

hydroxyl groups continued to fall, the crosslinking density con-

tinued to increase, and the membrane was more hydrophobic as

the reaction progressed. With extended crosslinking times, the

decline tended to become slow and approached a plateau; this

showed that the crosslinking reaction was finished completely.

In addition, as shown in Figure 10, with the increasing cross-

linking time, the conductivity of the membrane also declined

sharply and then tended to gradually level off. Thus, with the

consideration of the performance of water uptake, conductivity,

and flexibility, the optimal crosslinking time was 30 min.

From Figure 11, it is clear that the contact angle of the PVA/

KE-4BD membrane (1:0.5 mass ratio) before crosslinking was

much bigger than that of the PVA/KE-4BD membrane after

Figure 9. Nyquist plot of the PVA/KE-4BD membranes with different

mass ratios. Z' and Z" are the real part and the imaginary part of imped-

ance, respectively.

Figure 10. Effects of different crosslinking times on the proton conductiv-

ity and water uptake of the PVA/KE-4BD membranes.
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crosslinking; this indicated further that the crosslinking step

could effectively reduce the hydrophilic properties of the

membranes.

Chemical Stability

The problem of a membrane’s chemical stability is a big barrier

that affects PEM fuel-cell performances. However, in many

reports, the swelling behavior, proton conductivity, and MEA

preparation have been the focus, but studies on oxidative stabil-

ity have been relatively few.34,35,56 To investigate whether the

PVA/KE-4BD membranes had good antioxidant ability, the

chemical stability of the PVA/KE-4BD membrane (1:0.5 mass

ratio) was tested in Fenton reagent, that is, an aqueous solution

of H2O2 (3%)/FeSO4 (2 ppm), through the measurement of the

weight loss as a function of the immersion time at a fixed treat-

ment temperature of 60�C. As shown in Figure 12, the weight

of the sample decreased slowly within the measuring period;

this indicated that the membrane showed excellent oxidative

longevity. An initial sharp decrease in the weight percentage

(22.5%) was observed within 4 h, and then, the sample weight

tended to remain about 70–75 wt % of the original up to 30 h,

and the membrane still held about 70 wt % of its mass finally.

The result shows that the performance of the PVA/KE-4BD

membrane was significantly superior to those of hydrocarbon

membranes with aromatic skeletons,54,57,58 which were just sub-

jected to treatment with deionized water at 80�C50 or dissolved

after being immersed in Fenton ’s reagent at 80�C for 40–120

min.11,57,58 Also, the membrane acquired very promising oxida-

tion stability for application in fuel cell as a nonfluorinated

hydrocarbon PEM.

Single-Cell Performance

The MEA is one of the most important components impacting

the overall performance of PEM fuel cells. Cell performances with

PVA/KE-4BD (1:0.5 mass ratio)-fabricated MEA in H2/O2 mode

were measured at room temperature. The anode stream was

hydrogen with a flow rate of 100 mL/min, and the cathode

stream was oxygen with a flow rate of 70 mL/min. As shown in

Figure 13, the PVA/KE-4BD membrane showed that the open-

circuit voltage was about 810.8 mV, and the peak power density

was around 83.9 mW/cm2 at 210.4 mA/cm2. These values were

comparable to those of the Nafion 212 membranes (95.1 mW/

cm22 at room temperature by our measurement). However, com-

pared to some other membranes, such as membranes of sulfo-

nated poly(arylene ether sulfone)s containing fluorophenyl

pendant groups15 (120.6 mW/cm22 at 30�C) and chitosan/phos-

photungstic acid polyelectrolyte membranes59 (350 mW/cm2 at

25�C), the PVA/KE-4BD membranes showed a lower cell per-

formance. This was because, in addition to the PEM’s properties,

the cell behavior was also affected by the catalyst and the MEA

fabrication procedures. The PVA/KE-4BD membrane may not

Figure 11. Contact angles of the PVA/KE-4BD membrane before and after

crosslinking.

Figure 12. Time course of the PVA/KE-4BD membrane in H2O2 (3%)/

FeSO4 (2 ppm) at 608C. The polymer mass ratio was 1:0.5 PVA/KE-4BD.

Figure 13. Polarization curves and power densities of the Nafion 212 and

PVA/KE-4BD membranes (1:0.5 mass ratio) in the H2/O2 mode at room

temperature.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4301943019 (8 of 10)

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


have formed good contacts with both the catalyst and the gas-

diffusion electrode; this, thereby, affected proton transfer between

the membrane and Nafion-based catalyst layers. Further improve-

ments in the performance of MEA testing are expected through

optimization of new MEA fabrication techniques, new binders for

the membranes, and the amount of catalyst loading.

CONCLUSIONS

In this study, novel PEMs from PVA/KE-4BD composites were

prepared with combined blending and chemical crosslinking

procedures. The resulting membranes exhibited high H1 con-

ductivities of 0.028, 0.074, 0.109, 0.127, and 0.123 S/cm at

room temperature with increasing content of KE-4BD. After a

consideration of all of the properties, the optimal mass ratio

between PVA and KE-4BD was found to be 1:0.5, and the mem-

brane showed a peak power density of 83.9 mW/cm2 at 210.4

mA/cm2 and open-circuit voltage of 810.8 mV at room temper-

ature. Moreover, the membranes’ chemical and micromorphol-

ogy, as characterized by FTIR spectroscopy and SEM, proved

that the membranes possessed the power to conduct H1.

Because of the compact and dense network structure among

PVA, KE-4BD, and GA, the membranes showed excellent ther-

mal stability. Meanwhile, the PVA/KE-4BD membranes also dis-

played a relatively high oxidative durability in an aqueous

solution of H2O2 (3%)/FeSO4 (2 ppm) at 60�C. All of the good

properties suggested that the PVA/KE-4BD membranes could be

new prospects for use in PEM fuel cells.
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