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H I G H L I G H T S

• An anion exchange membrane
Tokuyama A201 was studied in OH−,
Cl− and HCO3

− forms.

• Water uptake, density, ionic con-
ductivity and water transport of AMEs
was reported.

• The effect of CO2 absorption in the
water uptake and conductivity of AEM
was observed.

• Water and HCO3
− ion diffusivity was

characterized by PFG-NMR technique.

• The applicability of Nernst-Einstein
equation in AEM was discussed.
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A B S T R A C T

We report the measured water uptake, density, ionic conductivity and water transport properties in Tokuyama
A201 membrane in OH−, HCO3

− and Cl− forms. The water uptake of the AEM varies with anion type in the
order λ(OH−) > λ(HCO3

−) > λ(Cl−) for samples equilibrated with the same water vapor activity (aw). The
conductivity of the AEM is reduced by absorption of CO2. Pulsed-field gradient nuclear magnetic resonance
(PFG-NMR) measurements were utilized to characterize the diffusivity of water and HCO3

− ion. The anion
diffusion coefficient and membrane conductivity are used to probe the applicability of the Nernst-Einstein
equation in these AEMs.

1. Introduction

Sustained work on low temperature proton exchange membrane
fuel cells (PEMFCs) for transportation and portable applications over
the past several decades has significantly lowered the projected costs of
fuel cell stacks for electric vehicles. Driven in part by the effort to re-
duce costs, anion exchange membrane fuel cells (AEMFCs) have re-
ceived increased interest in recent years. AEMFCs differ from PEMFCs

by the ion that is exchanged through the membrane, hydroxide ions
rather than protons. Thus AEMFCs operate in a basic environment in
the cell. There are more promising non-precious metal oxygen reduc-
tion catalysts for basic environments than acidic ones, making it pos-
sible to substitute for the expensive platinum-based cathode catalysts in
PEMFCs with relatively common, cheap materials in AMEFCs [1–3].
Due to the possible utilization of non-precious metal catalysts, AEMFCs
are also claimed to be more tolerant to fuel crossover [4].
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In AEMFCs an anion exchange membrane (AEM) is used as a
polymer electrolyte allowing transport of the charge carriers and water
and perhaps some other species between the two electrodes. As for any
membrane, an ideal AEM should have high ionic conductivity, good
mechanical and thermal stability, good durability, and low cost [2].
Recently, there have been a number of encouraging reports on AEMs
[5–8]. However, the development of the AEM and its deployment in the
fuel cell still face several significant challenges. AEMs based on hy-
drocarbon backbones and functionalized with quaternary ammonium
groups typically have lower ionic conductivity than the PEM counter-
parts, often with poor mechanical and thermal stability [1,9]. To some
extent, this reflects the immature state of the field. Unlike the case for
proton exchange membranes (PEMs), for which Nafion® and a number
of related perfluorinated sulfonic acid (PFSAs) were available from the
earliest stages of device development, there is no manufacturer of AEMs
suitable for AEMFCs. Thus, the available membranes are often experi-
mental in nature and as such are not processed to yield sufficient me-
chanical and thermal properties. An exception to this, until recently,
has been the A201 membranes of Tokuyama.

The emphasis in the literatures on AEMs has tended heavily toward
probing their chemical stability such as the chemical degradation of
AEM in alkaline media due to an attack of OH− on AEM, causing the
decreasing of ionic conductivity [10–12], while the transport properties
receive somewhat less interest beyond reports of conductivity. Trans-
port in AEMFCs is significantly more complicated than in PEMFCs.
Water is both a product and a reactant in AEMFCs while it is a product
in PEMFCs. Therefore, understanding how to properly maintain a water
balance that avoids flooding the electrodes and drying out the mem-
brane requires a greater understanding of the water transport properties
in AEMs. Their importance for optimizing the cell performance of
AEMFCs has been discussed by Omasta et al. [13] and Gottesfeld et al.
[14].

Furthermore, hydroxide-form AEMs tend to take in carbon dioxide
from the air, complicating the understanding of transport properties in
AEMFCs due to the formation of HCO3

− and CO3
2- ions resulting from

reaction of the OH− in the membrane with carbon dioxide [15]. There
has been some work conducted to study the effect of uptake of CO2 on
the AEM using different methods. The ionic conductivity of OH− and
CO3

2-/HCO3
− has been reported for some AEMs [16] and the uptake of

CO2 to form bicarbonate has a deleterious effect, lowering conductivity.
However, the effect of CO2 absorption on the uptake of water and other
transport-related properties has been less studied. Among the few re-
ports of transport properties of AEMs, water flux measurements were
performed to study the water transport in AEM, then used to predict the
ion diffusion coefficient in the AEM based on kinetic theory [17]. An-
other important method for transport study is Pulsed Field Gradient
(PFG) Nuclear Magnetic Resonance (NMR), which has been used for
measuring the diffusivity of water, methanol and OH− in some AEMs
[18–21].

Analogous to the protons in the proton exchange membranes (PEMs),
the transport of hydroxide ion in AEM is expected to occur through three
dominant mechanisms: the ‘Grotthuss’ mechanism (or structural diffu-
sion), diffusion and convection [22–25]. At high water content, the most
important transport mechanism of OH− ions occurs via structural diffu-
sion of ‘defects’ (H-vacancies) through the hydrogen bond network formed
by charged ions and water, with lower mobility compared to proton [26].
In aqueous solutions, the transport coefficient −DOH =5.3×10−9m2/s is
smaller than +DH =9.3×10−9m2/s at 25 °C [27]. There is a larger dif-
ference in mobility of protons and hydroxide ions in polymer membranes
than that observed in liquid water. Varcoe et al. [28] reported a systematic
study of the conductivity of poly(tetrafluoroethylene-co-hexa-
fluoropropylene) (FEP)-grafted-poly(vinylbenzyltrimethylammonium) hy-
droxide AEM and poly(ethylene-co-tetrafluoroethylene) (ETFE)-grafted-
poly(vinylbenzyltrimethylammonium) hydroxide AEM at 30 °C. These two
AEMs show conductivity of 0.018 and 0.012 S cm−1 for the samples
equilibrated at water vapor activity (aw)=1, 30 °C, respectively, which

are much lower than 0.078 S cm−1 of Nafion® 115. Grew and Chiu [29]
reported a ‘dusty fluid’model for predicting the effect of aw and membrane
properties on the ionic conductivity in AEMs. Nafion® 115 experimental
conductivity data successfully validated this model, in which water up-
take, ion concentration, and membrane and pore volume fraction are in-
dispensable parameters for evaluating the ionic conductivity. In addition,
Grew and Chiu analyzed the OH− conductivity in ETFE and FEP based
AEMs. Unlike the experimentally measured conductance of OH− in aqu-
eous H2O which is about 3/5 that of H+ in aqueous H2O, the con-
ductivities of ETFE and FEP based AEMs are 0.010 S cm−1 and
0.014 S cm−1, respectively, only about 1/7 and 1/4 of that of Nafion® 115
(0.072 S cm−1) at 30 °C based on their ‘dusty fluid’ model. The lower
mobility of OH− relative to H+ in both aqueous solution and polymer
system is due to the different properties of OH− and H+: excess H+ ions
are directly moved via exchange in an extended hydrogen bond network
and can move without requiring significant activation and/or solvent re-
arrangement. The solvation of OH− is more stable, and its motion disturbs
the hydrogen bond network [23,30,31]. In the polymer, the coulombic
interactions between the OH− and the functional ammonium group could
also contribute to the larger disparity of ion mobility in membranes [32].

Hibbs et al. [19] have reported the transport properties of a series of
chloromethylated polysulfone (PS)-AEMs, which are functionalized by
quaternary ammonium ions to obtain different IEC values. In Hibbs'
work, the water uptake, hydroxide anion conductivity and water self-
diffusion coefficient were compared between PS-AEMs with different
IECs, sulfonated poly (phenylene) (SDAPP) and Nafion® 115. Generally,
the polysulfone based AEMs with higher IECs tend to achieve higher
water uptake, hydroxide anion conductivity and water diffusion coef-
ficient. The highest conductivity of AEMs reported in this work is
0.035 S cm−1 when IEC of PS-AEM is 1.89mmol g−1. The water uptake
of PS-AEMs equilibrated in liquid water is similar to that of the SDAPP
with the same IEC, which may be because polysulfone and poly-
phenylene backbones have very high Tg values and most likely similar
chain stiffness. Nafion® shows slightly higher water uptake than the
other two membranes at low IECs. Again, this may be caused by the
more flexible aliphatic backbone chain in the Nafion® (compared to
aromatic backbones in SDAPP and PS-AEMs). This work also char-
acterized the water diffusion coefficient of fully hydrated PS-AEM,
SDAPP membranes with different IECs and Nafion®. The results exhibit
a higher water diffusion coefficient in PS-AEM than in SDAPP for a
given IEC. Differential scanning calorimetry (DSC) results show a
higher enthalpy of melting of water in the PS-AEMs than in SDAPP
membranes with similar IECs. The higher water diffusion coefficient
and enthalpy of melting of water suggest more free movement of water
molecules within the PS-AEMs as compared to SDAPP membranes.
However, faster water diffusivity in PS-AEM does not lead to higher
conductivity. The ion conductivity and pressure driven water perme-
ability of these PS-AEMs with IECs ranging from 1.04 to 1.89mmol g−1

were smaller than those of sulfonated PEMs including SDAPP mem-
branes with similar IECs and Nafion® 115 [19]. Based on the data
provided in this paper, the water in the AEM is more mobile than in the
sulfonated PEM at comparable water content. However, the ionic
conductivity (normalized for the difference in hydroxide and proton ion
mobility) and pressure-driven water permeability are not superior in
the PS-AEM system. One of the reasons for this may due to the absence
of phase separation in the PS-AEM because these membranes were
functionalized with cationic groups after casting, while the phase se-
paration in sulfonated PEMs such as SDAPP help to create hydrated
transport pathways and promote transport in the membrane. It also is
believed a lower degree of OH−-quaternary ammonium dissociation
compared to the H+-sulfonate ion dissociation could be another reason
that causes the disparity of transport properties in AEM and PEM.

So far, only a few AEMs have been commercialized to a limited
extent as they are typically unstable in alkaline or electrochemical
environments [2]. Hydroxide-form Tokuyama A201 has been reported
to have a conductivity of 29mS cm−1, which is the highest among
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commercially prepared AEMs [2]. There are also some highly con-
ductive, non-commercialized AEM reported recently. Pandey et al. [33]
reported an e-beam grafted poly(ethylene-co-tetrafluoroethylene)
(PTFE) AEM which exhibits a conductivity of 0.132 S cm−1 at 80 °C and
0.061 S cm−1 at 40 °C, aw 0.95. Yang et al. [34] synthesized an alkaline
nanocomposite polymer electrolyte composed of polyvinyl alcohol
(PVA) polymer matrix with nanosized ZrO2 ceramic fillers, which ex-
hibits a very high ionic conductivity value of 0.267 S cm−1 at 20 °C.

Some AEMs have been applied in AEMFCs and achieved excellent
performance. The peak power density of AEMFC using quaternary
ammonia polysulfone-based AEMs was successfully improved to
1.0W cm−2 from 0.6W cm−2 by replacing the Pt/C catalyst by PtRu/C
catalyst in 2015 [35]. A radiation-grafted ETFE-based AEM, functio-
nalized with benchmark benzyltrimethylammonium has been reported
by Omasta et al. [13]. This membrane, with conductivity 0.132 S cm−1

at aw 0.95, 80 °C, obtained a peak power density of 1.4W cm−2 at 60 °C
in a H2/O2 AEMFC. Wang et al. [36] also reported a benzyl-
trimethylammonium-type AEM, prepared by the radiation grafting of
vinylbenzyl chloride onto ETFE film, which achieves Cl− anion con-
ductivity up to 0.068 S cm−1 and a peak power density of 1.16W cm−2

in a H2/O2 AEMFC at 80 °C.
The formation of CO3

2- and HCO3
− ions, which are larger and less

mobile than OH−, lowers the conductivity of the AEM and reduces the
cell efficiency [21,37]. The CO3

2- and HCO3
− formation also will lower

the pH of the system. One positive effect is that CO3
2- and HCO3

− ions
are less nucleophilic than OH−, and the two ions have a lower tendency
to attack the cationic sites of AEM [38]. The latter two effects both help
to stabilize the membrane and extend the operational lifetime of
AEMFCs [38]. At high current density, the CO3

2- and HCO3
− species are

expected to be purged from the membrane through the cathode and
released out of the fuel cell with excess fuel in the anode to a certain
extent, the ‘self-purging’ mechanism. In addition to transport in the
AEM, the presence of CO2 also influences the electrochemical kinetics
of the two electrodes in AEMFC [9,15]. More study of the effects of the
uptake of CO2 in the AEM is therefore important and necessary.

In this work, the effect of the presence of CO2 and anions derived
from its interaction with hydroxide is probed. Effects on the properties
of a standard AEM membrane, A201, are studied. The membrane is
examined in OH−, HCO3

−, and chloride (Cl−) forms. The effects on the
water uptake, density and conductivity, as well as the mobility of
species in the water are studied. The conductivity of the AEM is de-
termined at different water vapor activity levels. NMR spectroscopy is
utilized to observe the water transport in the membrane by measuring
the self-diffusion coefficient using PFG NMR techniques, also as a
function of water content. 13C NMR is used to characterize the HCO3

−

ion mobility in 13C-labelled HCO3
− form AEM. The diffusion coefficient

of HCO3
− ion thus obtained is used to calculate the conductivity using

Nernst-Einstein (N-E) equation.

2. Experiment

2.1. Materials

A201 anion exchange membranes, provided in hydroxide form by
Tokuyama Corporation, Japan, were used for all measurements in this
study. Sodium hydroxide (1M Certified), Potassium hydroxide (ACS
grade), Lithium Chloride (ACS grade) and Sodium Chloride (ACS grade)
were obtained from Fisher Scientific. 13C labeled carbon dioxide with
99 atom% 13C was purchased from Sigma-Aldrich packaged in a 1 L
steel cylinder. 18MΩ cm DI water was produced using a Milli-Q® water
filtration system.

2.2. Membrane preparation

Membranes were exchanged from one ion form to another (e.g.
OH− to HCO3

− form, OH− to Cl− form) by soaking the membrane in a

1M solution of the desired sodium/potassium salt. Tokuyama A201
membrane was soaked in 1 N NaOH solution for 24 h to exchange to
OH− form, ensuring that any carbonate which formed under ambient
conditions was removed and replaced with OH−. The HCO3

− form
membranes were obtained by soaking the A201 membranes for 72 h in
a 1M KOH solution saturated with a large excess of CO2 gas, while the
Cl− form membranes were prepared by immersing OH− form mem-
branes in 1M NaCl solution for 72 h. The ion exchange procedures were
completed at room temperature with one change of solution to ensure
full anion exchange. Subsequently, the exchanged OH− form and Cl−

form membranes were transferred to DI water for 24 h with at least 2
exchanges of solution to remove the excess salt, while the HCO3

− form
membranes were flushed with DI water to clean the membrane surface.
All OH− form membrane preparation was conducted in a N2 filled glove
box to prevent CO2 contamination, while the HCO3

− form and Cl−

form membranes were prepared in the ambient atmosphere. The 13C
NMR characterization showed that the HCO3

− form membrane pre-
pared as above was fully in HCO3

− form, with negligible CO3
2- ions

because no 13C resonance was observed at 170 ppm, which is the ex-
pected resonance frequency of CO3

2- ions. Compared to the long 13C
NMR time scale in the range of 75 μs∼0.2 s on a 300MHz NMR [39],
the possible exchange between the HCO3

− and negligible CO3
2- is

comparably rapid and does not affect the chemical shift of H13CO3
− or

its diffusion coefficient measurement.

2.3. Water uptake

The water vapor activity was controlled with LiCl solutions of dif-
ferent concentrations [40]. The pretreated membranes were blotted dry
with Kim-wipes, and then suspended over the LiCl solutions for two
weeks until the water absorption of the membranes reached equili-
brium at a given water vapor activity and temperature. After recording
the mass of wet membranes (mequ), the membranes were dried under
vacuum at 90 °C for 48 h and the dry mass (mdry) was recorded. The
OH− form membrane was converted to Cl− form before drying to
prevent degradation of the cationic groups during drying. The experi-
ments for OH− form water uptake were performed in N2-filled glo-
vebox. In the glovebox, CO2 is monitored and is less than 20 ppm (the
limit of detection of the meter). However it is likely to be much less
than this since ultrapure nitrogen is used and the glovebox contains a
CDX carbon dioxide absorbent, made by Two Little Fishies for aqua-
riums. The carbon dioxide absorbent is made of a mix of sodium and
calcium hydroxides with a color indicator to show when it is exhausted.
It's found that the absorbent in the glovebox still looks pristine after 12
months, as shown in Fig. S1. For hydroxide-form membranes, water
uptake measurements were carried out in a sealed bottle inside the
glovebox and conductivity measurements were performed by sus-
pending the membrane-loaded conductivity cell in a polypropylene
bottle filled with N2 gas. The water uptake of HCO3

− form membrane
was measured after the membranes were equilibrated in CO2 filled
environment; while the experiments for the other Cl− form membranes
were performed in an ambient environment. For the hydroxide and
bicarbonate-form materials, transfers to equilibration or measurement
cells were performed in the glovebox.

The ion exchange capacity (IEC) of 1.7mmol g−1 is provided by
Tokuyama [41]. The water uptake study was performed from 25 °C to
80 °C, and the water content λ was calculated using the following
Equation (1).

=
∗

×
=

−

+λ
M IEC

moles H O
moles N

1000m m
m

H O

( )

2

equ dry

dry

2 (1)

2.4. Density

The density of membranes was measured using AccuPyc 1340
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pyconometers, which accurately measures the volume sample using gas
displacement methods. The membranes were quickly transferred,
folded and filled into the 0.1 cm3 sample cup after they reached the
equilibrium at specific water activity and temperature. The helium gas
is filled into chamber and rapidly fills pores of the sample until a certain
pressure is reached, and then the gas is discharged into a second empty
chamber allowing computation of sample volume. The density of
sample was obtained by dividing the sample mass by the volume. To
check the stability of water uptake during the density measurement, the
mass of membranes was measured before and after the measurements.
The water uptake is considered to be stable because the loss of water
was less than 1% after the pyconometry measurements.

2.5. Conductivity

Each membrane sample was mounted into a four-point conductivity
cell and suspended over LiCl solutions with controlled water activities
in sealed polypropylene bottles. The temperature (25 °C to 80 °C) was
controlled by placing the polypropylene bottles in an ESPEC environ-
mental chamber. The polypropylene bottles were filled with N2 gas,
CO2 gas and air for OH− form, HCO3

− form and Cl− form membrane
respectively. Membrane conductivity was determined using potentio-
electrochemical impedance spectroscopy (PEIS) technique with a Bio-
logic SP-200 potentiostat. The membrane resistance was measured by
applying a sweep from 105 to 1 Hz and circle fitting the resultant
Nyquist plot to determine the high frequency resistance. The width and
thickness of the membrane were then measured and the conductivity
determined with Equation (2):

=
∗ ∗

σ L
R T W (2)

Where R is the high frequency resistance determined from the Nyquist
plot, W and T are the average width and thickness and L is the distance
between the two inner electrodes. The membrane resistance was
monitored for several days after changing the temperature until a
steady state value is obtained.

2.6. NMR diffusion

The membrane was equilibrated with a given water vapor activity
by placing over a LiCl solution for 2 weeks and packed in a 5mm NMR
tube. To replace any water lost during sample packing, the NMR tube
was placed in a polypropylene bottle containing a LiCl solution for 1
week to re-equilibrate the membrane. All NMR samples were sealed and
maintained under constant water vapor activity. Self-diffusion coeffi-
cients of water and HCO3

− ions were determined by PFG NMR spec-
trometry. All 1H NMR diffusion measurements were performed on a
Varian VNMRS 500MHz spectrometer (operating at 499.715MHz for
1H frequency) with a broadband OneNMR probe using a DOSY bipolar
pulse pair stimulated echo pulse sequence. The gradient strength of this
spectrometer was 0–60 G/cm, which was incremented in 16 steps.
Water diffusion measurements were performed on the OH− form A201
membranes from 25 °C to 70 °C, while the HCO3

− and Cl− form
membranes were characterized at 25 °C only. Since the natural abun-
dance of 13C is very low (1.07%), 13C enriched CO2 gas was used to
make HCO3

− solutions and prepare HCO3
− form A201 samples to

obtain a higher signal/noise ratio for NMR measurements. 13C NMR
(75.432MHz) diffusion measurements were acquired on a 300MHz (1H
frequency) spectrometer with a DOTY Z-gradient diffusion probe with
gradient strength 0–1200 G/cm using a bipolar pulse spin echo se-
quence. The self-diffusion coefficient D was determined by fitting data
according to Stejskal-Tanner equation [42] 3.

= ∗ − −( )I I e D γ g δ Δ δ
0

( ) 3
2

(3)

Where I is the relative signal strength, I0 is the signal in absence of the

field gradient, γ is gyromagnetic ratio of the studied nucleus, g is the
gradient strength, δ is the gradient pulse duration and Δ is the diffusion
delay.

3. Results and discussion

The water content λ, expressed as the number of water molecules
per functional group, was determined for the A201 membrane in var-
ious forms. Fig. S2(a-h) shows the water uptake of OH− form A201
membranes as a function of water vapor activity values, while the re-
sults for HCO3

− and Cl− form membranes are plotted in Fig. 1(a) and
(b). As shown in Fig. S2(a), OH− form A201 membranes have a water
content roughly equal to 17.5 at water vapor activity aw=1, while λ
decreases to 3 at aw=0.13, 25 °C. Fig. S2 (h) shows the water uptake of
membranes equilibrated at aw=1 at different temperatures. The water
content of the OH− form membrane shows an increasing trend from
25 °C to 40 °C. However, it drops at higher temperature (50 °C to 80 °C).
The highest water content value of OH− form A201 is ∼24.5 when the
membrane has been equilibrated at aw=1 at 40 °C.

The general shape of the curve for water uptake by the three
membrane forms as a function of activity is similar and indeed is similar
to that previously reported for most ion exchange materials [43–45].
The water content data of HCO3

− form A201 membranes is plotted in
Fig. 1 (a). At room temperature (25 °C), the water content of HCO3

−

form membrane decreases from 11 at aw= 1 to aw= 0.32. When
equilibrated at aw=1, 50 °C, the HCO3

− form membrane has highest λ
value of 17. As we observe in Fig. 1 (a), in the low water uptake range
(λ < 6), the water uptake gradually decreases as the temperature is
increased; however, at the higher water uptake range (λ > 6), the
water uptake increases first and then drops down later as the tem-
perature increases.

To explain this phenomenon, two opposing tendencies have to be
considered, following arguments made in the context of PEM mem-
branes [45–47]. On the one hand, ΔHhyd dominates the hydration at low
water vapor activity and is relatively insensitive to temperature, while
ΔShyd term increases with the temperature at high water vapor activity
due to the unfavorable polymer configurational entropy associated with
swelling, resulting in a less favorable ΔGhyd for high levels of membrane
hydration at higher temperature [47]. On the other hand, as the tem-
perature increases towards the Tg of membrane, the polymer is me-
chanically weaker and easier to swell, which favors the membrane
hydration and micro-pores opening [2]. In another words, water pri-
marily solvates the cationic sites and anions in the membrane at low aw
(around aw<0.8, λ < 6), where ΔGhyd is the main factor that con-
tributes to water uptake change with increasing temperature. In the
high aw range (around aw > 80%, λ > 6), where water primarily
swells the polymer, water uptake by the membrane increases with
temperature due to opening of micro-pores and formation of hydrated
clusters [2,48]. Similar to HCO3

− form A201, the water content of Cl−

form A201 membrane shows a rapid drop at high aw range (0.85–1).
The majority of the water absorption by Cl− form membrane occurs at
aw higher than 0.85, while the plot shows a slower decrease of water
uptake at aw< 0.85 as the aw decreases. Also, the Cl− form A201, with
maximum λ value of 15, exhibits a smaller water uptake than OH−

form membrane. The water uptake of three membrane forms at 25 °C
and 80 °C are compared in Fig. 1(c) and (d) respectively. Generally, the
order of water uptake is > >− − −λ λ λOH HCO Cl3

, which agrees with some
previous reports for a model poly (arylene ether) AEM [49] and an
PFAEM-Gen2 membrane made up of 3M precursor with a PTFE back-
bone [50].

Though the shape of the sorption curve is generic and appears si-
milar for both anion and cation exchange materials, we think it is im-
portant to point out that the underlying physical driving forces for this
shape, especially at low water activity, are likely different for anionic
and cationic membranes. In the latter, the sulfonate and proton are
strongly hydrated; in the former, it is unlikely that the cationic fixed site
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is strongly hydrated. This is perhaps reflected in the change in hydra-
tion at low activity with temperature. Thus, for the AEM, we expect the
anion hydration enthalpy to be of primary importance.

To aid in further consideration of the processes occurring, Table 1
shows the Gibbs free energy of hydration in water and ionic radius of
three anions studied in this work [51,52]. The order of the Gibbs free
energy is ΔGhyd (Cl−)≥ ΔGhyd (HCO3

−)> ΔGhyd (OH−), suggesting
the HCO3

− ions are slightly more hydrated than Cl− ions, but less
hydrated than OH− ions, which agrees with our water uptake results
shown in Fig. 1(c) and (d). (As a reminder to the reader, the free en-
ergies are negative so the largest free energy indicates the weakest in-
teraction.) By comparing the Stokes radii of the ions, r (HCO3

−) > r
(OH−) > r (Cl−), indicating that the surface charge density (ρs) of the
three ions should increase in the order ρs (HCO3

−) < ρs (OH−) < ρs
(Cl−). The surface charge density of the anion is not the only effect that
contributes to ion hydration in this situation. Importantly, the strong
hydrogen bonding interaction between anions (OH− and HCO3

−) and
water facilitate the water solvation of these ions while Cl− form
membrane does not have this similar interaction. Therefore, the OH−

and HCO3
− form membranes are expected to have a higher water

content than that of Cl− form membranes.
Density is an important parameter that is needed for calculating the

molar concentration of functionalized groups and ions in ion exchange
membranes. This is needed to calculate and interpret volume-based
conductivity data [53] and is used below in discussion of the N-E
equation in the hydrated polymer system. There are few literature

reports of the density of PEMs, especially for hydrated samples. Nandan
reported dry densities for a series of Nafion® 117 membranes in dif-
ferent ionic forms [54]. We reported the density of some PEMs as a
function of water content [43]. However, we are not aware of any lit-
erature reports of the density of AEMs in the dry or hydrated state. We
encountered difficulties in density measurements for OH− form mem-
brane because OH− form membrane converts to HCO3

− form rapidly
by absorbing CO2 upon exposure to air. Therefore, the density data
were only collected on the HCO3

− form and Cl− form membranes.
Fig. 2(a) shows the density of HCO3

− form A201 membrane with dif-
ferent water content at various temperatures ranging from 25 °C to
80 °C. The density of hydrated HCO3

− form membrane obtained at
25 °C and 80 °C varies between 1.10 g/cm3 and 1.19 g/cm3. For com-
parison, the density of hydrated perfluorinated membranes mentioned
varies between 1.7 g/cm3 to 2.5 g/cm3, which is much higher than that
of our AEM samples with hydrocarbon backbone. This difference is

Table 1
Ionic stokes Radius and Gibbs free energy of anions in water.

Anion species r/nm ΔhydG∗/kJ mol−1

OH− 0.133 −430
HCO3

− 0.156 −335
Cl− 0.121 −317a/−340b

a Reported in Ref. [51].
b Reported in Ref. [52].

Fig. 1. The water uptake of HCO3
− form (a) and Cl− form (b) Tokuyama A201 membrane as a function of water vapor activity at 25 °C to 80 °C; the water uptake of three forms of

Tokuyama A201 membrane as a function of water vapor activity at 25 °C (c) and 80 °C (d).
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undoubtedly due to the fluorination of the PEMs. The membranes with
highest water uptake (λ=16.7) at 50 °C are the least dense and the
membranes with lowest water uptake (λ=0.5) at 80 °C are the most
dense. The modest (8%) difference in density between the most hy-
drated and the driest membrane is understandable given the similarity
of the dry polymer and water densities [43]. As the water content in-
creases, the density of HCO3

− form membrane decreases. The water
molecules imbibed into the membrane swell the polymer and expand
the volume of polymer structure. Moreover, adding the less dense water
to the more dense polymer membrane also helps to lower the overall
density of hydrated membrane. The density measurements were also
performed on Cl− form A201 after the membranes were equilibrated
under different water activities at 25 °C. The plot in Fig. 2(b) shows the
density of HCO3

− form membrane is similar to that of the Cl− form
membrane at the same water content within experimental error.

Fig. 3(a–h) shows the ionic conductivity of the OH− form AEM
between 25 °C and 80 °C as a function of water content. The ionic
conductivity of HCO3

− and Cl− form membrane is plotted in Fig. 4 (a)
and (b) respectively. Generally, around λ > 6, the conductivity of
HCO3

− and Cl− forms at different temperatures decrease slowly as the
water content drops, while the conductivity of all three forms decreases
much more rapidly with water content at low water uptake λ < 6. The
ionic conductivity of the three membrane forms increases with the
temperature. The conductivity of three different membranes at 25 °C
and 80 °C are compared in Fig. 4(c) and (d), showing that σ (OH−) > σ
(Cl−) > σ (HCO3

−) in the high water content range. The maximum
value of conductivity of the OH− form varies from 0.026 S cm−1 at
25 °C to 0.132 S cm−1 at 80 °C. The HCO3

− form membrane has a
maximum conductivity between 0.014 S cm−1 at 25 °C and
0.031 S cm−1 at 80 °C. The results obtained from our conductivity
measurements clearly indicate that the presence of CO2 dramatically
decreases the ionic conductivity of membrane, in agreement with pre-
viously reported results [55–57].

Adam et al. [55] reported a through-plane conductivity of
7.7 ± 0.8mS cm−1 and 8.8 ± 0.6mS cm−1 for CO3

2- form and OH−

form poly(ethylene-co-tetrafluoroethylene)-derived radiation-grafted
AEM at aw=1, 30 °C, respectively; Grew et al. [56] reported that the
conductivity of OH− form Tokuyama A201 drops dramatically after
CO2 was absorbed by equilibrating the membrane in the air; in addi-
tion, Kiss et al. [17] have reported the conductivity of SnowPure Ex-
cellion I-200 AEM in three different forms, which is in the order of

> >− − −σ σ σOH CO HCO3
2

3 . Thus, qualitatively there is broad agreement that
substituting carbonate or bicarbonate for hydroxide leads to significant
decrease in conductivity. (We caution the reader that detailed quanti-
tative comparisons may be difficult because of slightly different ex-
perimental approaches to controlling carbon dioxide.)

There are a number of possible causes of the observed changes.
These include the inherent differences in mobility of the various anions
due to ion size effects, the effect of the uptake of CO2 on the water
content in the membrane, the possibility of different hydration

structures around the anion (e.g. the presence of significant H-
bonding), access to ‘structural’ transport pathways and the relative
tendency of each anion to form ion pairs with the cationic sites.

The conductivity of the HCO3
− form membrane is slightly lower

than that of Cl− form membrane when compared at the same water
uptake. This could be the result of the larger radius of HCO3

− ions
compared to Cl− ions as described in Table 1, as well as a strong hy-
drogen bonding interaction between the HCO3

− ion and water in the
membrane. In aqueous solutions, the rank order of mobility values for
these anions is consistent with our conductivity data in the membranes
[58]. Unfortunately, this is still inconclusive in allowing us to sort the
contributing factors discussed above. Interestingly, the mobility ad-
vantage of the OH− form membrane largely disappeared in the low
water content range. This is perhaps unsurprising in light of the pos-
sibility of extensive ion-pairing (or undissociated anions) under those
conditions.

The PFG NMR technique measures the self-diffusion coefficient of
different ionic species in the membrane system. It is especially useful
for observing the high-abundance NMR active nuclei, such as 1H. 1H
NMR diffusion coefficient measurements have been performed for
OH−, HCO3

− and Cl− form membranes with various hydration states
at 25 °C. Because the hydrogen atoms exchange rapidly among water
and OH− groups in OH− form membrane on the NMR time scales, there
is only one 1H resonance peak observed in OH− form membrane
system, as shown in Fig. 5 (a). Therefore, raw 1H NMR water diffusion
data on OH− form membranes were fitted with a one-parameter decay,
reflecting the indistinguishability of the water and OH− ion self-diffu-
sion coefficients in the membranes (Fig. 5(b)). (The D value thus ob-
tained is a population-weighted average of the D values of each con-
tributing species.) The 1H self-diffusion coefficients in OH−, HCO3

−

and Cl− form membranes were plotted as a function of water content
Fig. 5(c) and water vapor activity Fig. 5(d). The 1H self-diffusion
coefficients of these membranes decrease by 30–60-fold from the fully
hydrated state to that with the lowest water uptake.

Water diffuses more rapidly in Cl− form membrane than in OH−

and HCO3
− form membranes. We infer that this is also related to the H-

bonding interaction between anions (OH− and HCO3
−) and water

which obstructs the transport of water in the membranes. By comparing
the diffusion result at the same water vapor activity as shown in Fig. 5
(d), the 1H diffusion coefficient of OH− form membrane is higher than
the other two forms. This is due to the higher water uptake of OH−

form membrane than the others while different membranes were
equilibrated at same water vapor activity environment. This also re-
flects the high underlying mobility of hydroxide ion resulting from its
transport via the structural (hopping) diffusion mechanism. A study of
water transport of CO3

2- form AEMs compared with Nafion® has been
reported by Luo et al. [59]. The water diffusivity of a hexamethyl-p-
terphenyl poly(dimethylbenzimidazolium) (HMT-PMBI), a commercial
AEM, Fumapem®, and Nafion® were reported to be 4.9×10−10 m2/s,
2.0× 10−10 m2/s and 3.8× 10−10 m2/s at aw= 0.4 and 70 °C. Our

Fig. 2. (a) The density of HCO3
− form Tokuyama

A201 membrane as a function of water content at
25 °C to 80 °C; (b) The density of HCO3

− and Cl−

form Tokuyama A201 membrane as a function of
water content at 25 °C.
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data OH− form Tokuyama A201 membrane at aw=0.38, 70 °C is
1.18×10−10 m2/s, which is lower than values for these membranes.
Moreover, an even lower DH O2 is expected in HCO3

− form Tokuyama
A201.

The 1H diffusion coefficients in OH− form membranes were mea-
sured from 25 °C to 70 °C within the capability of our instrument, as
shown in Fig. 6(a). The 1H diffusion coefficients of OH− form mem-
brane equilibrated under water vapor (aw=1) is 6.8× 10−10 m2/s at
25 °C, then it increased to 1.7× 10−9 m2/s at 70 °C, which is about 2.5
times higher than the value at room temperature. The 1H diffusion

coefficient we obtained at 30 °C is 8.2× 10−10 m2/s, which is slightly
higher than 7.4×10−10 m2/s of the fully hydrated Nafion® 117 [45,60]
and 7.6×10−10 m2/s of 3M PFSA PEM [61]. These values are within
10% of each other, a reasonable expectation of the experimental error,
so interpretation may be moot. This result agrees with the water dif-
fusion results obtained in PS-AEM and SDAPP PEMs reported by Hibbs
et al. [19], who studied the diffusion coefficient of PS-AEM and SDAPP
PEMs with different IEC. Generally, the water diffusion coefficient in
AEMs increases with the IEC; moreover, the water diffusion coefficient
of PS-AEMs is higher than that of SDAPP PEMs with similar IECs have

Fig. 3. Conductivity of OH− form Tokuyama A201 as a
function of water content λ at 25 °C to 80 °C, (a)–(g):
25 °C to 80 °C; (h) conductivity at water vapor activity
aw= 1.
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been equilibrated in liquid water. PS-AEMs, with IEC from 0.98 to
1.98mmol g−1, show a water diffusion coefficient in the range of
1.6× 10−10 m2/s to 7.6× 10−10 m2/s; while SDAPP PEMs with IEC of

0.91–2.2 mmol g−1 exhibit values of 9.9× 10−11 m2/s to
5.0×10−10 m2/s. The Tokuyama A201 membrane we studied in this
work, with IEC 1.7 mmol g−1, show 5 times higher water diffusion

Fig. 4. Conductivity of Tokuyama A201 as a
function of water content λ at 25 °C to 80 °C
(a. HCO3

− form; b. Cl− form); the con-
ductivity of three forms of Tokuyama A201
membrane as a function of water vapor ac-
tivity at 25 °C (c) and 80 °C (d).

Fig. 5. (a) 1H NMR spectra of PFG NMR
experiments; (b) The fitting curve of diffu-
sion coefficient using equation (3); Self-dif-
fusion coefficient of water in OH−, HCO3

−

and Cl− form Tokuyama A201 as a function
of (c) water content λ at 25 °C and (d) water
vapor activity.
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coefficient than PS-AEM with IEC 1.8 mmol g−1 at 25 °C [19].
The results in Fig. 6(a) indicate that the higher water content of

OH− form AEM and higher temperature support more rapid diffusion of
water/OH− ion. It is important to keep in mind what we probe in the
NMR experiment. A typical diffusion time in the experiment is on the
order of 100ms. For the values of D typically observed, diffusion
lengths will be roughly 5 to 10 μm. Thus, we can reasonably assume
that the diffusing molecule samples all relevant local interactions as
well the material tortuosity. Thus, polymers with different chemical
functionality and morphology (typical channel or pore size, con-
nectivity) will exhibit different water diffusivities. Disentangling these
effects is beyond the scope of this paper for A201 and there is in-
sufficient information available to do so for the other works cited.

Fig. 6(b) is a plot of normalized D as a function of OH− form
membrane water content λ. Springer et al. [62] have reported a simple
polynomial fit to describe the correlation of D and water content λ in
Nafion®. D was represented by a cubic polynomial for λ > 4 and by
tabular interpolation for λ≤ 4 because D around λ=3 is very sensitive
to the variation of water activity [62]. Similarly, we include a fit that
we hope will aid the use of this data in modeling studies. Here the
diffusion coefficient of water is fit by a fourth order polynomial within
the available D data we obtained in the region of λ > 4 as indicated in
Equation (4). The diffusion coefficient of water in the membranes with
λ≈ 17 were characterized at different temperatures from 25 °C to 70 °C
and the data obtained was employed to calculate the activation energy
using Equation (5). The fitting curve is shown in Fig. S6. The obtained
activation energy 17.76 kJ/mol was applied in Equation (4). The
parameters for each temperature have been listed in Table 2.

= ⎡
⎣⎢

⎛
⎝

−
+

⎞
⎠

⎤
⎦⎥

+ ∗ + ∗ + ∗

+ ∗

−D
T

A B λ C λ D λ

E λ

10 exp 17760 1
303

1
273

(

)

6 2 3

4 (4)

= −( )D D E
RTexp a0 (5)

The water in the membrane is the medium for anion transport.
Therefore, we expect that the most crucial factor influencing the mo-
bility of the ions is the water content of the membrane. 13C NMR

measurements were performed to characterize the bicarbonate anion
self-diffusion coefficients at 25 °C. These are plotted as a function of
water content in Fig. 7(a). The average self-diffusion coefficient of
HCO3

− ions was found to be 8.3×10−11 m2/s at the highest water
content (λ=11.4) while it shows the lowest diffusion coefficient of
5.2× 10−13 m2/s at lowest water content (λ=3.2).

While some of the aforementioned parameters (water uptake and
conductivity) were measured for A201 under a more limited set of
conditions [41], we also note that the authors of reference [41] did not
control the anionic state of the polymer. It is reasonable to assume, in
the absence of any comment in that work to the contrary, that care was
not necessarily taken to avoid exposure of the membrane to air and
thereby CO2. Those authors interpreted the findings in terms of per-
colation aspects of the polymer. However, the validity of that inter-
pretation is somewhat suspect since the description of a volume frac-
tion-based percolation threshold in such a system presumes ideal
mixing of water and polymer. This is clearly not the case: in Ref. [41]
they show the volume of mixing and it is highly non-ideal. It is the
chemical effect of providing sufficient water to promote dissociation of
the anion from the cation site, not a percolation threshold, that defines
the point at which conductivity increases sharply.

The anion diffusion coefficient can be related to conductivity
through the N-E equation, given in Equation (6).

= = ++ + + − − −σ CF
RT

v Z D v Z D( )
2

2 2
(6)

Where C is the concentration of conductive ions, F is the Faraday
constant, R is the gas constant, T is the thermodynamic temperatures, +ν
and −ν are the number of cations and anions per formula unit of elec-
trolyte, +Z andZ are the valences of the ions, and +D and −D are the
diffusion coefficients of the ions. Here the only conductive ions are
HCO3

− ions, with −ν and Z both equal to 1.
Some previous discussion has been devoted to the applicability of

the N-E equation to reconcile the ion diffusivity and conductivity of
different membranes. However, none of them reported that the calcu-
lated result corresponded to the measured conductivity. For example,
Herring et al. [21] reported the conductivity value calculated using the
N-E equation was significantly lower than the measured value in an
AEM. Volkov et al. [63] claimed the opposite trend (N-E calculated
value higher than measured) in a cation exchange membrane system.
However, our analysis shows some interesting results which do not
agree with either those conclusions above. Following our analysis re-
ported elsewhere, HCO3

− ion concentrations are expressed using two
different methods. When the membrane ion concentration is expressed
as molarity, the two common choices for system volume are that of the
entire hydrated membrane (i.e., HCO3

− form polymer + water) and
the water imbibed in the membrane (i.e., excluding the volume of
polymer and ions). In these cases, the concentration of HCO3

− ions
follow two different two expressions:

Fig. 6. (a) Self-diffusion coefficient of water
in OH− form Tokuyama A201 as a function
of water vapor activity at 25 °C to 70 °C; (b)
Normalized water diffusion coefficient in
OH− form membrane as a function of water
content λ.

Table 2
Polynomial fit parameters used at different temperatures.

T (°C) A B C D E

25 −1710 −250 −4770 1490 −49.5
30 −9990 −49200 6420 −9.74 −4.11
40 10.5 115 756 −40.4 81.2
50 −153 −382 421 −61.3 2.74
60 −1000 −2550 991 −91. 2.73
70 147 −131 43.4 −4.38 14.4
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Taking volume as volume of entire membrane:

=
⎛
⎝

⎞
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+
+ ∗

+
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m w

MW λ MW H O
ρ

( 2 )membrane

membrane H O( 2 ) (7)

Taking volume as volume of absorbed water:

=
∗( )

C 1
w

λ MW H O
ρ

( 2 )

H O2 (8)

Here MWmembrane= 1000/IEC and +ρ membrane H O( )2 ( +ρ m w( )) was shown in
Fig. 2(a) and (b).

The calculated conductivity from the two methods (Equations (6)
and (7) or (6) and (8) compared to measured conductivity results are
shown in Fig. 7(b). At higher water contents (about λ > 6), the +σm w

were found to be very close to the σmeasured. As the water content in-
creases, it appears that N-E equation applies if the concentration is
calculated using water as the solvation media. Generally, the N-E
equation was successfully applied using water as the ionic transport
medium at higher water content. We attribute this to the highly hy-
drated ions moving through an environment which is similar to aqu-
eous solutions. However, at lower water content, incompletely hy-
drated HCO3

− ions move through or within a non-swollen membrane
pore, perhaps between ionic sites, reflecting the bulk membrane nature.

The mobility of the anion can be calculated from conductivity data
using Equation (9).

= − − −σ Z FC uAEM anion anion anion (9)

Where σAEM is the membrane conductivity; −Zanion is the valence of
anion; F is the Faraday constant, 96500 Cmol−1; −Canion is the charge
concentration, which will be defined in the following; and −uanion is the
mobility of anion in the membrane.

Given the success of N-E equation for the HCO3
− form AEM, the

definition −Canion is also represented on a ‘concentration in water’ basis

at high water content (λ > 6) and a ‘concentration in membrane’ basis
at low water content (λ < 6). We note that λ around 6 was assumed as
the demarcation point for two bases in the HCO3

− form AEM system
according to the discussion of Fig. 7(b). However, we are not able to
similarly treat the OH− form and Cl− form AEM systems via the N-E
equation because the diffusion coefficients of OH− and Cl− ions, and
the density of OH− form membrane were not readily measured.
Therefore, we discuss the Cl− mobility on the water basis at λ > 6 and
on the membrane basis at λ < 6 based on assumed similar behavior;
and OH− mobility only on the water basis at λ > 6 since the mem-
brane basis is not estimated because of the missing membrane density
data. Fig. 7(c) shows the mobility of these three anions are in the order
of OH− < HCO3

− < Cl− compared at the same water content, which
is evidence that the hydrogen bond interaction is actually a hindrance
for the OH− and HCO3

− transport in the membrane, particularly at
lower water content. We also note that further consideration of the
degree of dissociation of the anion-cation complex is warranted in this
case. Indeed, one point of emphasis for our future work is a more
thorough description of the hydration of both ions.

To summarize these findings, we present a schematic illustration of
ion and water transport in AEM as shown Scheme 1. Generally, the
mobility of anion and water are tied to the conductivity of the AEM,
which is strongly affected by the interactions between functional group,
anion and water molecules in the polymer. While the membrane is
partially hydrated with low λ, the charged anion strongly bonds with
quaternary ammonium functional group and there are mostly ion pairs
in the polymer. As the water content increases, the water molecules
promote the dissociation of anion and fixed catatonic group and yield
more free ions in the polymer, thereby increase the conductivity of
membrane. The size of anion also plays a role in determining the mo-
bility of charge carrier. This is also one of the reasons that the HCO3

−

form membranes show smaller conductivity than OH− form AEMs. The
hydrogen bond network exiting between OH− ions and H2O molecules,
and HCO3

− ions and H2O molecules facilitates the conductance of

Fig. 7. (a) Self-diffusion coefficient of
HCO3

− ion in Tokuyama A201 as a function
of water content λ at 25 °C; (b) the experi-
mental conductivity data and calculated
conductivity data using Nernst-Einstein
equation as a function of water content at
25 °C; (c) The mobility data of anions in
three different membrane forms.
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AEM, however, it also appears to hinder the water molecules to diffuse
within the polymer. The OH− ion and H2O molecules form strong hy-
drogen bond networks and imbibe the highest λ in the AEM system. The
hydrogen bond interaction facilitates the hopping of ‘H’ in the defect
and promotes the conductance; however, it also hinders the transport of
charge carrier and H2O. For this reason, the transport of water in three
different AEM systems show an opposite trend of hydrogen bond:

> >− − −D Cl D HCO D OH( ) ( ) ( )H O H O H O32 2 2 at the same (low) water
content.

4. Conclusions

In this work, we studied and compared the water uptake, density,
conductivity and ionic diffusivity of an anion exchange membrane
Tokuyama A201 in the form of OH−, HCO3

− and Cl−. The OH− form
membrane shows higher water uptake than the other two forms, in-
dicating that a strong interaction exists between the OH− ion and water
molecules. The highest conductivity of OH− form was 0.132 S cm−1 at
80 °C, which is about 3–4 times higher than the one of HCO3

− form
(0.031 S cm−1) and Cl− form (0.044 S cm−1). The density of a hydro-
carbon backbone AEM was measured for the first time, exhibiting ap-
parent differences relative to a perfluorinated proton exchange mem-
brane. The HCO3

− form membrane and Cl− form membrane show very
similar density at the same water content. The diffusivity of the water in
all three membrane systems was measured to evaluate the water
transport properties. 13C labeled HCO3

− helps to distinguish the
transport of charge carriers in AEM. By taking the concentration of
charge carriers calculated using density data, the conductivity de-
termined by 13C NMR diffusion using the N-E theory successfully agreed
with the measured conductivity values provided we take account of two
situations occurring at different hydration levels.
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