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� The swelling properties of the A201 membrane are investigated at different temperatures.
� Water sorption of the A201 membrane occurs with negative excess volume of mixing.
� Percolative nature of the ion transport has been identified in the A201 membrane.
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a b s t r a c t

Water uptake, ionic conductivity and dimensional change of the anion-exchange membrane made by
Tokuyama Corporation (A201 membrane) are investigated at different temperatures and water activities.
Specifically, the amount of water taken up by membranes exposed to water vapor and membranes
soaked in liquid water is determined. The water uptake of the A201 membrane increases with water
content as well as temperature. In addition, water sorption data shows Schroeder’s paradox for the AEMs
investigated. The swelling properties of the A201 membrane exhibit improved dimensional stability
compared with Nafion membrane. Water sorption of the A201 membrane occurs with a substantial
negative excess volume of mixing. The threshold value of hydrophilic fraction in the A201 membrane for
ionic conductivity is around 0.34, above which, the conductivity begins to rise quickly. This indicates that
a change in the connectivity of the hydrophilic domains occurs when hydrophilic fraction approaches
0.34.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

With the advantages of using non-precious electrocatalysts and
reduced corrosion problems, anion-exchange membrane fuel cells
(AEMFCs) have become a very promising energy conversion tech-
nology, and are expected to be an alternative to proton exchange
membrane fuel cells (PEMFCs). The chemical reactions in hydrogen
fueled traditional AEMFCs are presented below:

Anode : 2H2 þ 4OH�/4H2Oþ 4e�; Eanode ¼ �0:828V (1)

Cathode : O2 þ 2H2Oþ 4e�/4OH�; Ecathode ¼ 0:401V (2)
All rights reserved.
Overall : 2H2 þ O2/2H2O; Ecell ¼ 1:229V (3)

Oxygen is reduced at the cathode to produce OH�, which
transports through the anion-exchange membrane (AEM) to the
anode side and combines with the hydrogen to generate water [1].

At the heart of the AEMFC, the AEM is one of themost significant
components contributing to cell performance. In the last few years,
significant effort has been devoted to development and synthesis of
AEMs [2e5]. However, a commercial AEM with performance
similar to PEMFC with Nafion membrane is still unavailable. Since
the emergence of a commercial AEM tailored for AEMFC by
Tokuyama Corporation, the performance and durability of the
AEMFC achieved a substantial improvement. Nevertheless, it is still
far below current PEMFC performance.

Similar to Nafion membrane, AEM can conduct ions only in the
presence of water. In addition, water is one of the reactants in the
oxygen reduction reaction. Therefore, humidified gases are fed into
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Fig. 1. Schematic of the test equipment for membrane resistance measurement.
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the fuel cell under most operating conditions. Water content of the
AEM and ionomer varies with current, which also affects the
transport properties of the AEM. Decrease inwater content leads to
a reduction of conductivity of the AEM, which might cause ohmic
loss.

Currently, the A201 membrane from Tokuyama is the most
popular and commercially available AEM used in AEMFCs. It is
28 mm in thickness at dry state, consists of hydrocarbon backbone
and quaternary ammonium functional groups terminated side
chains. In the last few years, many in-situ experiments have been
completed by researchers to investigate performance, durability,
CO2 tolerance and electro-osmotic drag coefficient of the A201
membrane [6e11]. Ex-situ testing for sorption and diffusion of
water in the A201 membrane were also performed. Li et al. [12]
measured water uptake of A201 membrane under different rela-
tive humidities at 30, 40 and 60 �C, and found that Schroeder’s
paradox existed in the AEM. They reported that the water diffusion
coefficient in the membrane is in the order of 10�10 m2 s�1, which is
close to Nafion membrane. They also reported that the water
transfer coefficient is in the range of 10�6e10�5 m�1. However, the
swelling properties of the A201 membrane have not being studied
in recent publications. As water is absorbed in the membrane, the
hydrophilic domains swell with increasing hydration. How does the
swelling of themembrane affect the ion transport through the A201
membrane? Since the ion transport is basically related to the
network structure of functional groups associated with water, the
answer to this question requires more detailed research about the
conductivity and microstructure of the AEM as a function of water
content.

To better understand the transport mechanisms and swelling
properties of the AEM, we did ex-situ membrane tests with well
established techniques and equipment for studying various prop-
erties [13]. The objective of this work is to investigate the mem-
brane conductivity and the dimensional change as functions of
temperature and water content of the membrane.

2. Experimental

2.1. Materials

AEM, A201 membrane with ion exchange capacity (IEC) of
1.7 mmol g�1 was provided by Tokuyama Corporation, Japan. The
membrane characterized in this paper was not pretreated. Deion-
ized water was used in all the experiments.

2.2. Water uptake & conductivity

Water uptake and ionic conductivity were measured in an
isometric system at different temperatures and water vapor pres-
sures [14].

A membrane sample was placed in a chamber with fixed vol-
ume, which was evacuated at a test temperature below 1 Pa to
remove any residual water in the membrane as well as in the
chamber. A small amount of water (5e40 mL) injected into the
chamber was observed to evaporate very quickly. Ideal gas law
associated with the vaporization of the injected water was used to
determine the expected pressure (theoretically), pexp.

pexp ¼ mwRT
MwV

(4)

where V is the volume of chamber,mw the mass of water injected, R
universal gas constant, T temperature, and Mw the molecular
weight of water. After the membrane is equilibrated with water
vapor, the actual pressure, pact can be determined by the pressure
transducer in the chamber. The difference between pexp and pact is
attributed to the water absorbed by the AEM. The mole of water
absorbed by the membrane (nw) is calculated by the following
equation:

nw ¼
V
�
pexp � pact

�

RT
(5)

Membrane water content is determined by the activity of water
vapor in the chamber since equilibrium is assumed. The activity in
the vapor phase (aw) is

aw ¼ pact
psat

(6)

where psat is the saturation pressure of water. The water content of
the membrane (l) is calculated by dividing nw with IEC and the
mass of the membrane (mm):

l ¼ nw
IEC$mm

(7)

Water uptake of the AEM in equilibrium with liquid water was
measured by weighing the membranes before and after soaking in
the liquid water for 24 h.

Within the chamber, the ionic conductivity of the membrane
was measured by an AC impedance technique in the surface di-
rection (in-plane). The membrane was cut into 2 cm wide � 4 cm
long pieces. Fig. 1 shows the schematic of test equipment for
membrane resistance measurement. Each sample was clamped
between a set of graphite electrodes spaced 0.17 cm apart. Con-
ductivity of the membrane was calculated using the following
equation.

s ¼ L
RmA

(8)

where s is conductivity (S cm�1), L the distance between two
electrodes (cm), A cross area of the membrane (cm2), and Rm the
measured resistance of the membrane (U).
2.3. Dimensional change

The dimensional change of the AEM was also measured as
functions of temperature and water activity using a custom built
creep instrument within an environmental chamber [15]. Samples
were cut into 3 cm long,1 cmwide pieces and clamped in the jaw of
the creep instrument and dried in N2 at 80 �C for 2 h before testing.
A small stress (0.05e0.1 MPa) was applied on the sample to pull it
straight such that no creep would occur in this situation. After
drying the sample, the temperature in the chamber was adjusted to
the desired test temperature. Water vapor was introduced by
feeding the chamber with humidified N2. The length of the sample
wasmonitored in real time as thewater activity in the chamber was
held stable. The equilibrium dimensional change was recorded
when the rate of length change was smaller than 0.1% h�1. The



Fig. 2. Isotherms of water content of the AEMs as a function of water activity at
different temperatures.

Fig. 4. Ionic conductivities of AEM at 50 and 80 �C as a function of water activity.
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equilibrium dimensional change was measured at 50 and 80 �C
with water activity rising from 0 to 0.95 at intervals of around 0.05.
3. Results and discussion

3.1. Water uptake

As shown in Fig. 2, sigmoid isotherm curves as a function of
water activity were obtained for A201 membrane. Investigating the
water content of the membrane response with increasing water
activity gives an idea howwater activity is affecting water uptake of
the membrane. The plots show a rapid rise of water content at low
water activity, a slower rise to plateau at aw range of 0.1e0.5 and the
majority of water content occurring at aw > 0.5. Comparing with
water content at 50 and 80 �C, it is clear that the curves are very
similar, but at higher water activity (aw > 0.4), water content is
larger at 80 �C.

The water content of A201 membrane in equilibrium with
saturated water vapor (aw ¼ 1), are 11.5 and 10.0 at 80 and 50 �C,
respectively. This water content is very close to those of Nafion
membrane (14.0 at 30 �C, 9.7 at 80 �C) [16e18]. Because the IEC of
A201 membrane is 1.7 mmol g�1, which is much higher than the
Nafion membrane EW1100 series (0.91 mmol g�1), the total water
uptake of the AEM is higher than that of Nafion membrane.

For membrane in equilibrium with liquid water, the water up-
take was measured by weighing the membranes before and after
Fig. 3. Water contents of A201 membrane equilibrated with liquid water.
soaking them into the liquid water for 24 h. Fig. 3 shows water
contents of A201 membrane equilibrated with liquid water. It is
found that the water content increases gradually with temperature,
which suggests a linear relationship. Comparing with the mem-
brane water uptakes in water vapor, water uptake in liquid water is
greater. The different water uptakes of the membrane in equilib-
rium with water vapor and liquid water indicate that Schroeder’s
paradox can be found in AEM.

3.2. Conductivity

The AEM usually converts from OH� form to HCO3
� form after

exposure in air because of the existence of CO2. Since it is very
difficult to measure the conductivity of the AEM in the pure OH�

form, the membranes studied in this experiment are all HCO3
�

form. No further treatment was undertaken for the membranes.
Fig. 4 shows the ionic conductivity of AEM at 50 and 80 �C as a

function of water activity. At low water activity (aw < 0.5), the
conductivities of A201 membrane at different temperatures are
nearly the same. The ionic conductivities are smaller than
0.2 mS cm�1. At high water activity (aw > 0.5), the conductivities at
both temperatures increase exponentially. Fig. 4 also shows that the
membrane conductivity at high water activity at 80 �C is much
greater than that at 50 �C. Ion mobility for OH� is about 4 times
higher than HCO3

� form [2]. For this reason, the ionic conductivity
in our case is much lower than the data reported by Tokuyama
Corporation (w0.04 S cm�1at 23 �C and aw ¼ 0.9) [6].
Fig. 5. Dimensional changes of A201 membrane with water vapor activity at different
temperatures.



Fig. 6. Schematic of the AEM structure.

Fig. 8. Ionic conductivities of AEM at 50 and 80 �C as a function of water content.
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3.3. Dimensional change

The ability to swell is an important property of AEM. Under-
standing of swelling behavior might shed light on the under-
standing of ion transfer inside themembrane andmicrostructure of
the membrane. Dimensional change of the membranes depends on
water sorption and scales with water activity. Fig. 5 shows
dimensional changes of A201 membrane with water vapor activity
at different temperatures. Sigmoid isotherm curves as a function of
water activity were also obtained for dimensional change of A201
membrane. Similar to the water uptake plots, the dimensional
changes at low water activity are quite close. However, at higher
water activity, swelling of the membrane at 80 �C is much larger
than that at 50 �C.

As mentioned in the Introduction, the AEM in our study is
composed of hydrocarbon polymer backbone and side chain end-
functionized with quaternary ammonium groups. The structure of
the membrane is illustrated in Fig. 6. The difference in the polarity
of the side chain and the hydrocarbon backbone leads to the
segregation of the membrane into hydrophilic and hydrophobic
regions.

Water interacts with the quaternary ammonium group, leading
to the swelling of the hydrophilic domains surrounded by the hy-
drophobic hydrocarbon polymer backbone. It is clear that when
water activity is around 1, the dimensional changes of A201
membrane are 9% and 12% at 50 and 80 �C respectively, as shown in
Fig. 5. Like almost all polymers, AEMs become more flexible at
Fig. 7. Excess volume of mixing of water and AEMs per water molecule absorbed as a
function of water content at different temperatures.
higher temperature. Additionally, comparing with the swelling
properties of Nafion membrane [19], the AEMs that we have tested
exhibit better dimensional stability.
3.4. Excess volume of mixing (combination of water sorption and
swelling data)

The volume expansion (cm3) of the membrane minus the vol-
ume of absorbed water is determined as excess volume of mixing.

Vevm ¼ Vexpansion � Vw (9)

where Vevm is excess volume of mixing (cm3), Vexpansion expansion
volume (cm3) of the membrane, and Vw absorbed water volume
(cm3). The excess volume of mixing was normalized according to
the absorbed mole of water (nw) and plotted as a function of water
content in Fig. 7.

DVm ¼ Vexpansion � Vw

nw
(10)

It is found in our experiment that the AEM has a substantial
negative excess volume of mixing per molar absorbed water. As a
mole of water has a volume of 18 cm3, the data in Fig. 7 suggests the
AEM has void spaces such as microcavities and micropores which
permits the membrane to absorb water with little bulk volume
change, which is 7 � 1 cm3 per mole absorbed water molecule. As
Fig. 9. Ionic conductivities of AEM at 50 and 80 �C as a function of hydrophilic volume
fraction.



Fig. 10. Logelog plots of s vs (fh � fc) for AEM at different temperatures.
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water is absorbed by themembrane, balance between the energy of
hydration of the functional groups and the energy to swell the
surrounding hydrocarbon matrix has to be readapted, leading to
the expansion of themembrane. At lowwater activity, the absorbed
water strongly interacts with functional groups and begins to fill
into themembrane.When l< 3, theDVm slowly increasewith l to a
maximumof about�10 cm3mol�1 at l¼ 3.When l> 3,DVm slowly
decreased toward �12 cm3 mol�1. We suggest a secondary hydra-
tion shell begins to form at l ¼ 3, in this process, water is weakly
bonded to the functional groups and becomesmore easily squeezed
into micropores of the membrane.

Ionic conductivities of the AEMs at 50 and 80 �C as a function of
water content are plotted in Fig. 8. It is found that when water
content is higher than 3, the conductivity rises very quickly, which
suggests that a change in the connectivity of the hydrophilic do-
mains occurs at l z 3. We suggest there is a secondary hydration
shell being formed when l > 3. It fills in the micropores of the
membrane and creates more paths for ion transport.

Ion transport is mainly influenced by the microstructure of the
membrane. As the hydrophilic fraction in the membrane increases,
the isolated hydrophilic domain will expand and become inter-
connected with hydration. Eventually, a critical hydrophilic vol-
ume fraction, fc is reached and the channels for ion transport
become possible. The greater the dimension of the functional
group and absorbed water molecules, the higher the ionic
conductivity.

Percolation theory applied to Nafion membrane decades ago
[20] suggests that water sorption swells the hydrophilic region and
build up channels for proton transport through the membrane.
Herein we apply this theory to AEM as well.

We hypothesize a threshold value for the amount of hydrophilic
region, below which ion transport is very difficult and slow due to
lack of ion conducting pathway. When the hydrophilic region is
greater than the threshold value, the conductivity of the membrane
would increase and begin to show very strong dependence on
water content.

The dimensional change data with water sorption in Fig. 5 are
combined with the conductivity data to identify the percolation
threshold. Eq. (11) is used to calculate the hydrophilic volume
fraction in the AEM. This is given by the sum of the volume
fraction of the functional group and absorbed water in swelled
membrane:

fh ¼ Vw þ Mm$Vf
EW

Vs
(11)

where fh is hydrophilic fraction in themembrane, Vw the volume of
the absorbed water, Vf the molar volume of the functional group,
which is the sum ofmolar volume of N ðCH3Þ3þ and HCO3
�; Mm the

mass of the tested membrane, and Vs the volume of the swollen
membrane.

Fig. 9 is a plot of the conductivity as a function of the hydrophilic
volume fraction. The percolation threshold for the ionic conduc-
tivity can be determined from the onset of rapid increase in the
ionic conductivity. The critical hydrophilic volume fraction, fc is
around 0.34 at both temperatures.

Above the threshold value, the conductivity should follow the
power law:

s ¼ s0ðfh � fcÞn (12)

In our case, the fc is found to be 0.34. We plotted log (s) vs log
(fh � fc) and found a linear relation, as shown in Fig. 10. The slopes
of the lines were around 1.34, which means n z 1.34. s0 are 0.23
and 0.26 at 50 and 80 �C, respectively.

The exponent n is a constant and only depends on the spatial
dimension. It is reported that for a three dimensional system, n falls
in the range of 1.3e1.7 [21], which suggests that the hydrophilic
region in the AEM fits into the three dimensional system. The
threshold value depends on the dimension and dispersion of the
hydrophilic domain. The percolation threshold fc ¼ 0.34 for AEM
indicates that the functional groups in the membrane aggregate as
cubic domains and randomly dispersed in the polymer matrix [22].
4. Conclusions

Water uptake isotherms have beenmeasured at 50 and 80 �C for
A201membrane in equilibriumwith water vapor. Thewater uptake
of the AEM increases with water activity as well as with tempera-
ture. In addition, water sorption data shows Schroeder’s paradox
for the AEM investigated.

This work is the first systematic report of the dimensional
change of A201 membrane as a function of water activity. Dimen-
sional changes of A201 membrane at water activity of 1 are 9% and
12% at 50 and 80 �C, respectively. In addition, the AEMs that we
have tested exhibit better dimensional stability than Nafion
membrane. Ionic conductivity of the AEM begins to increase and
shows very strong dependence on water content (l) until l > 3. In
addition, the excess volume of mixing shows a maximum at l z 3.
This indicates that the first hydration shell of 3 water molecules is
formed in the membrane, and the second hydration shell is formed
when l > 3. The percolation nature of ion transport has been
identified in the AEM. The percolation threshold for A201 mem-
brane is 0.34 of hydrophilic volume fraction, which suggests that
AEM has cubic hydrophilic domains with random dispersion.
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