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Novel fluorinated anion exchange membranes with pyridinium salt functionalized groups

for alkaline anion exchange membrane fuel cells have been prepared and characterized.

These membranes have shown a combination of good thermal stabilities, high ionic con-

ductivities, and excellent chemical stabilities. The ionic conductivity of the membranes

can be as high as 2.7 � 10�2 S cm�1 in deionized water at 30 �C. An alkaline H2/O2 fuel cell

employing the resulting membrane was assembled and revealed a maximum power

density of 124.8 mW cm�2 at 60 �C. The preliminary performances have demonstrated their

potential as electrolytes for alkaline anion exchange membrane fuel cells.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Fuel cell power generation technology is now widely regar-

ded as a potential approach to solve the energy crisis owing

to its high energy conversion efficiency and lower pollution

[1e3]. The development of polymer electrolyte membrane is

very important in the present energy field, not only fuel cell

but also other devices [4e6]. Although the proton exchange

membrane fuel cell (PEMFC) has significant performance and

promising prospects, its commercialization has been

hampered by several problems, such as prohibitive cost,

sluggish reaction kinetics in acidic condition, fuel (e.g.

methanol, ethanol, etc.) crossover and complex water man-

agement [7e9]. Unlike PEMFC, the alkaline anion exchange
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membrane fuel cell (AEMFC) using anion exchange mem-

brane (AEM) as the polymer electrolyte membrane operates

under alkaline condition, which has many merits in cathode

kinetics, ohmic polarization and water management [10,11].

The development of AEMFC can lead to higher efficiencies

and enable the use of non-noble metal catalysts, such as

silver, nickel and palladium, considerably reducing the cost

of the cell. In an AEMFC, water is produced at the anode and

consumed at the cathode (that is, the consumption and

production of water in the reaction processes are signifi-

cantly different from PEMFC), thus water management can

be potentially simplified [12]. Therefore, alkaline anion ex-

change membrane fuel cell exhibits unpredictable devel-

oping potential and has been extensively attracting

researchers' interest [13e15].
ished by Elsevier Ltd. All rights reserved.
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The polymer electrolyte membrane is very important in

the present energy field, as one of the key components of

an AEMFC system, anion exchange membrane (AEM) has

been actively studied and a lot of research achievements

have been made. Hong et al. obtained PEI-CPP membrane

by amination reaction [16]. Zhou et al. synthesized cross-

linked anion conductive polysulfone membranes via epoxy

functionalities with good physical and chemical stability

[17]. The research team of Tongwen Xu developed the

organiceinorganic hybrid alkaline membranes based on

poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) [18]. Abuin

et al. prepared a quaternary ammonium polymer by chlor-

omethylation and amination of a commercial polysulfone

which exhibits excellent mechanical properties [19]. In our

laboratory, a series of anion exchange membranes based on

alkyl quaternary ammonium salts and imidazolium salts

have been synthesized and characterized [20e22]. Despite

considerable progress has been made by the international

scholars over the past five years, still many problems need to

be solved before the AEMs can be successfully applied to the

fuel cell. Development of novel AEMs with high performance

is urgently needed.

Aiming to explore AEMs with sufficient mechanical

strength, good stability, suitable ionic conductivity, as well

as high cell performance, polymerizable 4-Vinyl pyridine and

fluoroacrylate have been using as monomers for polymeri-

zation in our works. Different from conventional quaternary

ammonium compound, the big p bond conjugated system of

the pyridine makes the pyridinium salt possess better ther-

mal and chemical stabilities. Due to the strong water affinity

of pyridine group, fluoroacrylate was introduced to tune the

hydrophilicelipophilic balance of the polymers. Further-

more, introduction of fluorine into polymer backbone has

been one of the most widely adopted techniques for struc-

ture modification leading to substantial property enhance-

ment [23,24]. In order to improve the film forming properties,

a small percentage of acrylate was also used as the third

monomer. In this paper, we originally report the synthesis

and characterization of novel anion exchange membranes

based on the copolymer of hexafluorobutyl methacrylate

(HFMA), 4-vinyl pyridine (4-VP) and butyl methacrylate

(BMA). The copolymer with pendant pyridinium groups has

been prepared by free radical copolymerization which is an

effective method to control the properties of the reaction

products by adjusting mole ratio of the monomers. The

chemical structures and the some physicochemical proper-

ties of the membranes, such as thermal stability, water up-

take, IEC, ion conductivity and chemical stability were also

investigated. The single fuel cell using the synthesized

membrane was tested at 60 �C and achieved a peak power

density of 124.8 mW cm�2.
Fig. 1 e Copolymerization of HFMA, 4-VP and BMA.
Experimental

Materials

Hexafluorobutyl methacrylate (HFMA) (�96%) was pur-

chased from Harbin XEOGIA Fluorine-silicon Chemical Co.,

Ltd. (China). 4-vinyl pyridine (4-VP) (�96%) was commercial
supplied by Alfa Aesar Company (USA). Butyl methacrylate

(BMA) and azobisisbutyronitrile (AIBN) of analytical grade

were procured from Chemical Reagent Co., Ltd. (China).

HFMA, 4-VP and BMA were washed with 1 mol L�1 NaOH and

then distilled under reduced pressure before use. Azobi-

sisbutyronitrile (AIBN) was recrystallized in boiling alcohol

then dried in a vacuum oven at room temperature. The

other reagents were used as received without further

purification.
Synthesis of copolymer with pendant pyridinium groups

The copolymer, poly(HFMA-co-4VP-co-BMA) (PHVB) was

synthesized via free radical copolymerization of 4-vinyl pyr-

idine with hexafluorobutyl methacrylate and butyl methac-

rylate using AIBN as an initiator and N,N-dimethylformamide

(DMF) as a solvent, and the reaction process is shown in Fig. 1.

The reactant mole ratio of HFMA, 4-VP and BMA was 6:3:1.

The copolymerization was carried out in a three-necked

round-bottomed flask with magnetic stirrer at 65 �C for 24 h

under a nitrogen atmosphere. After precipitating and

washing with deionized water, the copolymer was dried in a

vacuum oven at 80 �C.
Membrane preparation

The membranes were prepared by a phase-transfer method.

The synthesized copolymers were dissolved in DMF to form

5 wt% solutions. The copolymer solutions were cast onto

glass plates and dried in a vacuum oven at 80 �C for 12 h.

Then, the membranes were peeled off from the glass plates.

The fabrication of the OH� form membranes were performed

according to Fig. 2. To obtain membrane 1#, the membranes

were soaked in 1mol L�1 HCl for 48 h, then soaked in 1mol L�1

NaOH overnight at room temperature. And to gainmembrane

2#, the membranes were soaked in butyl bromide solution

(1 mol L�1, dissolve in cyclohexane) for 24 h at 60 �C, subse-
quently soaked in 1 mol L�1 NaOH overnight at room tem-

perature. Finally, the obtained OH� form membranes were

washed with deionized water thoroughly and preserved in

deionized water for further use.

http://dx.doi.org/10.1016/j.ijhydene.2015.07.074
http://dx.doi.org/10.1016/j.ijhydene.2015.07.074


Fig. 2 e Preparation processes of the OH¡ form membranes.
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Characterization of the copolymer and the membranes

The Fourier Transform Infrared spectroscopy (FT-IR) spectra

of the resulting copolymer and membranes were measured

using a Nicolet FT-IR740SX spectrophotometer (Thermo Elec-

tron Corporation, USA) with a resolution 4 cm�1. The

elementary analysis was performed on a Vario ELⅢ Elemental

analyzer (Elementar Analysen Syetem GmbH, Germany).

Thermal Gravimetric Analysis (TGA) was carried out using a

TG209F1 system (NETZSCH, Germany) under a nitrogen at-

mosphere at a heating rate of 10 �C min�1 from 30 to 600 �C.
Water uptake

Thewater uptakewasmeasured to study the hydrophilicity of

themembranes. The OH� formmembranes were preserved in

deionized water at room temperature before the test. After

removing the free water on the membrane surface, the
membrane was weighed immediately. Then the wet mem-

brane was dried in a vacuum oven at 60 �C to achieve constant

weight. The water uptake was calculated according to equa-

tion (1):

Wuð%Þ ¼ Wwet �Wdry

Wdry
� 100% (1)

where Wu is the water uptake of the membrane; Wwet is the

mass of the moist membrane; Wdry is the mass of the dry

membrane.
Ion exchange capacity (IEC)

Ion exchange capacity (IEC) was measured using a standard

back titration method. The OH� form membranes which

preserved in deionized water were soaked in 0.1 mol L�1 HCl

(VHCl: 25 ml) for 48 h at room temperature to exchange to Cl�

form membranes. The Cl� form membranes were dried in a
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Fig. 3 e FT-IR spectra of the PHVB, membrane 1# and

membrane 2#.
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vacuum oven at 60 �C until the constant weight was obtained.

The solutionswere then titratedwith standardized 0.1mol L�1

NaOH solution (VNaOH). The IEC was calculated by the

following formula:

IEC ¼ ðVHCl � VNaOHÞ � C
Wdry

(2)

where C (mmol L�1) is the concentration of HCl and NaOH

solutions, Wdry (g) is the mass of Cl� form membrane.

Ion conductivity

The hydroxide conductivities of the OH� form membranes

were measured by a two-electrode AC impedance method

[25]. All the samples were soaked in deionized water for at

least 48 h before the test. The membranes and the electrodes

were set in a homemade cell and the cell was placed in a

thermo-controlled chamber in deionized water. The imped-

ance spectra were recorded by a Parstat 263 electrochemical

equipment (Princeton Advanced Technology, USA) in the fre-

quency range from 0.1 Hz to 100 KHz. The impedance mea-

surements were performed from 30 �C to 90 �C under 100%

relative humidity (RH). The hydroxide conductivity was

calculated by following equation:

s ¼ l
RA

(3)

where s(S cm�1) is the ion conductivity, l(cm) is the distance

between two potential sensing stainless electrodes, R(U) is the

membrane resistance and A (cm2) is the surface area of the

membrane exposed to the electric field.

Chemical stability

The alkali resistance of the obtained anion exchange mem-

brane was evaluated by measuring the changes in weight

before and after the OH� form membranes were immersed

into NaOH solution (6mol L�1) at 60 �C for a certain period. The

membraneswere quicklyweighed after removing the solution

from the surface.

The oxidative stability was evaluated by measuring the

changes in weight before and after the OH� form membranes

were immersed into Fenton's reagent (4 ppm FeSO4 in 3%

H2O2) at 60 �C for a certain period. The sample was quickly

weighed after removing the surface liquid with filter paper.

Fabrication of MEA and fuel cell test

Themembrane electrode assembly (MEA) consisted of an AEM

(Membrane 1#), anode/cathode catalyst layers (Pt/C, 40/60 wt

%, Johnson Matthey) and diffusion layers (Toray-250). Mem-

brane 1# was dissolved in DMF to form a 5 wt% ionomer so-

lution (solution A). The catalyst ink for the electrode was

prepared by mixing ionomer solution, Pt/C catalyst powder

and propanetriol. To gain well-proportioned and stable solu-

tions, the inks were first stirred with a magnetic stirrer for an

hour and then dispersed by an ultrasonicator. After that, the

catalyst ink was brushed onto the surface of diffusion layers

to get an active area of 4 cm2 with the catalyst loading of

1 mg cm�2. The AEM and the electrodes were sandwiched
together and then hot-pressed under 2 MPa for 5 min at 135 �C
to obtain MEA for single fuel cell test.

The MEA was secured between two graphite plates with

serpentine flow channels to assemble a single fuel cell.

Hydrogen and pure oxygenwas used as the fuel and oxidant in

the test, respectively. The flow rate of H2/O2 was

100 mL min�1. The single fuel cell test was performed under

100% humidity, ambient pressure at 60 �C using a fuel cell test

equipment GEFC-10 (Guangdong Electronic Technology

Research Institute, Guangzhou, China).
Results and discussion

FT-IR spectra

Fig. 3 shows the FT-IR spectra of PHVB and the resulting OH�

form membranes. For PHVB sample, the peak appearing

at 1744.16 cm�1 is the C]O stretching vibrations absorption

of alkyl methacrylate groups. PHVB sample exhibits several

characteristic peaks at 1598.40 cm�1, 1558.48 cm�1 and

1406.85 cm�1, which can be assigned to the ring vibration

of pyridine ring of the polymer [26]. The absorption at

683.73 cm�1 corresponds to stretching of eCF linkage of the

polymer [24]. These bonds are the characteristic structural

features of PHVB and confirm that the PHVB is successfully

synthesized. For OH� form membrane 1# and membrane 2#,

the broad and strong absorption band around 3425 cm�1 is

assigned to the stretch vibration of OeH groups. For mem-

brane 2#, this band is much stronger, because the quaternary

ammonium group is a stronger basicity. Comparatively, there

are no distinct changes between the spectra of PHVB and

membrane 1# from3250 to 500 cm�1 because they have almost

the same chemical structure. For membrane 2#, the absorp-

tion at 1598.40 cm�1 shifted to 1638.82 cm�1, and the absorp-

tion at 1558.48 cm�1 shifted to 1568.53 cm�1, compared to the

spectrum of PHVB. This may be due to the effect of the qua-

ternization process. The above results indicate that the anion

http://dx.doi.org/10.1016/j.ijhydene.2015.07.074
http://dx.doi.org/10.1016/j.ijhydene.2015.07.074


Fig. 4 e TGA curves of PHVB, membrane 1# and membrane

2#.
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exchange membranes based on 4-vinyl pyridine and fluo-

roacrylate were successfully prepared.
Thermal stability

Fig. 4 presents the thermo-gravimetric analysis (TGA) curves

of PHVB, membrane 1# and membrane 2#. Both membrane 1#

and membrane 2# are in OH� form. All the samples show

slight weight loss (less than 2 wt%) below 100 �C which

ascribed to the loss of residual water or solvent (such as DMF)

in the samples. It can be observed that the PHVB is stable until

280 �C, when decomposition of the pyridine groups occurs.

However, after alkalizing, thermal stabilities of the polymers

decrease. For membrane 1# and membrane 2#, the second

weight loss appears at 120 �C and 230 �C, respectively. Mem-

brane 2# is more stable at elevated temperatures than mem-

brane 1# due to quaternarization. These curves indicate that

the obtained membrane 1# and 2# have appropriate thermal

stability and they are suitable for being used in low temper-

ature AEMFCs.
Water uptake and ion exchange capacity (IEC)

Table 1 listed the water uptake and ion exchange capacity of

membrane 1# andmembrane 2#.Water uptakes ofmembrane
Table 1 e Water uptake and IEC of the membranes.

Sample Water uptake (wt%) IEC1 (mmo

Membrane 1# 34.07 1.71

Membrane 2# 56.38 1.63

IEC1: IEC values obtained by back-titration method.

IEC2: IEC values calculated from N content.
1# and membrane 2# are 34.07 wt% and 56.38 wt%, respec-

tively. The quaternization process modifies the polarity and

hydrophobicity of the polymer, making the membrane more

hydrophilic and subsequently absorbing more water, so the

water uptake of membrane 2# is higher than that of mem-

brane 1#. However, the ion exchange capacity (IEC1) of

membrane 1# is higher than that of membrane 2#. This may

be due to the larger steric hindrance of membrane 2#, which

influences themobility of the exchangeable ion. IEC2 is the ion

exchange capacity calculated from the N content (shown in

Table 2). The N content of membrane 2# is less than that of

membrane 1# due to the incorporation of n-butyl inside the

polymer matrix.
Ionic conductivity

Ionic conductivity is one of the important factors of ion ex-

changemembrane for AEMFCs. Fig. 5 is the dependence of ion

conductivity on temperature. The ion conductivity of mem-

brane 1# and membrane 2# are 2.7 � 10�2 S cm�1 and

0.47 � 10�2 S cm�1 at 30 �C under 100% relative humidity,

respectively. The ion conductivities of both membranes

dramatically increase with increasing temperature. For

example, the conductivity of the membrane 1# increases

from 0.027 to 0.0545 S cm�1 as the temperature goes up from

30 to 90 �C. This trend is in accordance with our previous

studies [20e22]. The ion conductivity of membrane 1# is

higher than that of membrane 2#, which is benefited from the

higher ion exchange capacity of membrane 1#. The results

show that the ion conductivities of both membranes can

fulfill the basic conductivity requirement of AEMFCs. Fig. 6 is

the relationship between ln (s) and 1/T. From Fig. 6, it is also

found that the temperature dependence of hydroxide con-

ductivity follows the Arrhenius equation. According to the

Arrhenius law, the apparent activation energy (Ea) of the

membrane was calculated. The Ea value of membrane 1# and

membrane 2# are 10.401 kJ mol�1 and 18.998 kJ mol�1,

respectively. It shows that the membrane 1# has a lower Ea

value. The steric hindrance of membrane 2# is larger, so that

the mobility of anion exchange groups of membrane 2# lower

is lower than that of membrane 1#.
Chemical stabilities

Chemical stability of anion exchange membrane is the key

factor affecting the lifetime of fuel cells. It's greatly desirable
l/g) IEC2 (mmol/g) First weight loss
(quaternized pyridine
degradation) of TGA

(%)

Theor. Expt.

1.73 16.79 12.65

1.65 31.50 39.83
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Fig. 6 e Arrhenius plots of ionic conductivities for the OH¡

form membranes.

Table 2 e N content of the membranes.

Sample N content (wt%)

PHVB 2.535

Membrane 1# 2.422

Membrane 2# 2.305
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to develop the anion exchange membrane with both high ion

conductivity and excellent chemical stability. To investigate

the alkali resistance, the wet membranes were immersed into

6 mol L�1 NaOH solutions at 60 �C for 120 h and weighed every

24 h. The results are shown in Fig. 7. In the first 24 h, both

membranes had a slight mass increase which is due to the

incremental water uptake at higher temperature. No obvious

changes can be observed in weight and appearance after the

membranes were treated with NaOH solutions. The weight

fluctuation range of membrane 1# is less than 1%, while the

fluctuation range of membrane 2# is less than 3%. The small

decline in weight of membrane 2# which introduced butyl

groups may be due to the degradation of trace amounts of

pyridinium salt groups. Membrane 1# is more stable than

membrane 2#, because there is no b-H in the membrane 1#,

thus, the Hofmann elimination reaction can be avoided [27].

These results manifest that the obtained membranes are

stable in 6 mol L�1 NaOH solutions at 60 �C.
To study the oxidative stability, the membranes were

immersed into Fenton's reagent (4 ppm FeSO4 in 3% H2O2) at

60 �C for 120 h and weighed every 24 h. The Fenton's reagent

test results in terms of weight losses of the membranes are

shown in Fig. 8. It is found that the weights of the membrane

1# and membrane 2# almost remain constant during 120 h

tests. No visible changes can be discovered in weight and

appearance of the membranes.

The excellent oxidative stabilities of themembranes can be

attributed to the introduction of fluoroacrylate. Fluorine is

the most electronegative element, so negative charges gather

around fluorine atoms and electron clouds cover densely in

fluorinated polymers [23,24]. Introduction of fluorine into

polymer backbone has become one of research hotspots
Fig. 5 e Ion conductivity of membrane 1# and membrane

2# as a function of temperature.
because it often gives rise to dramatic improvements in

several properties of the polymer [28e30]. The fluo-

rineecarbon bond is short and the bond energy is very strong,

leading to high chemical stabilities of fluorinated polymer.

Polymers containing fluorinated groups can be endowed with

higher oxidative stabilities comparing to their non-fluorinated

counterparts.

The experiment results reveal that bothmembranes 1# and

Membrane 2# possess high oxidative resistance, rendering

them suitable for application in alkaline anion exchange

membrane fuel cell.
Fuel cell test

Due to the higher ion conductivity and better chemical sta-

bility ofmembrane 1#, a single fuel cell was assembled using a

50 mm thick membrane 1# as the electrolyte membrane, and
Fig. 7 e Weight changes of the membranes after treated

with 6 mol/L NaOH solution.
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Fig. 8 e Weight changes of the membranes after treated

with Fenton's reagent solution.
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membrane 1# in DMF solution as ionomer solution. Pt/C was

used as a catalyst with a loading of 1 mg cm�2. The perfor-

mance of the H2/O2 cell was tested under 100% relative hu-

midity (RH) at 60 �C. Fig. 9 shows the polarization and power

density curves for MEA equipped with membrane 1#. As can

be seen, the open circuit voltage (OCV) of the H2/O2 fuel cell

was 1.08 V, indicating that the membrane 1# was a good

barrier between H2 and O2 gases [31,32]. However, the cell

voltage dropped sharply after an initial increase in current

density due to an activation loss of the interfacial electro-

chemical chargeetransfer reaction in the catalyst layer of the

MEA [33]. After the initial activation loss, the fuel cell voltage

deceased gradually with an increase in current densitymainly

owing to the ohmic polarization. The fuel cell could deliver a

peak power density of 124.8 mW cm�2 at a current density of

240 mA cm�2.

In this article, we focused on the synthesis and charac-

terization of the membrane. The preliminary results of the

single fuel cell test were not the optimal. Method of MEA

fabrication and the operating conditions, such as flow rate and
Fig. 9 e Polarization and power density curves of AEMFC

with membrane 1#.
concentration of the fuel, temperature of testing, still need

further improvement and optimization.
Conclusions

Novel anion exchange membranes for alkaline anion ex-

changemembrane fuel cells based on the copolymer of HFMA,

BMA and 4-VP were prepared. The structure of the resulting

copolymer and OH� form membranes were verified by FT-IR.

The TGA curves show good thermal stability of these mem-

branes and the onset decomposition temperatures are above

120 �C, rendering them good candidates for low-temperature

fuel cell applications. These membranes exhibit high hy-

droxide ion conductivities at room temperature, while

retaining good stabilities after immersed in NaOH concen-

tration at 60 �C for 120 h. A H2/O2 fuel cell employed mem-

brane 1# was assembled and evaluated under 100% relative

humidity (RH) at 60 �C. The maximum power density of the

single fuel cell was 124.8 mW cm�2 at a current density of

240 mA cm�2. Future work will be committed to MEA archi-

tectures and optimization of the fuel cell operating conditions.
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