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Abstract

Herein, a series of doubly-charged anion exchange membranes (AEMs)
were fabricated by incorporating different amount of N-butyl substituted 1,4-diazabicyclo
[2.2.2] octane (BDABCO) into brominated poly (2,6-dimethyl-1,4-phenylene oxide)
(BPPO) via Menshutkin-reaction. The successful preparation of AEMs was confirmed by
Fourier transform infrared (FTIR) spectroscopy. These AEMSs were characterized
physico-chemically in detail. These AEMs showed higher thermal, mechanical and
chemical stability. The AEM with higher concentration of BDABCO exhibited hydroxide
(OH") conductivity of 50.9 mS/cm and 84 mS/cm at 30 °C and 80 °C respectively. This
demonstrated the as-prepared AEMs would be potential candidates for anion exchange
membrane fuel cells.
Keywords: BPPO; Anion exchange membranes; Micro-phase separation; Alkaline
stability; Hydroxide conductivity
1. Introduction

Presently, there are higher requirements in order to develop clean energy

technology worldwide to solve the environmental issues due to pollution caused by



employing conventional fossil fuels 1. Fuel cells are supposed to be environmentally
positive energy generators that can extricate the potential energy stored in chemical fuels
(2, Among them, anion exchange membranes fuels cells (AEMFCs), promising option to
proton exchange membrane fuel cells (PEMFCs), have got great attentions, because they
combine the notable advantages including the much faster oxygen reduction kinetics
operating under highly alkaline conditions and the permission of the usage of cheaper
nonprecious metal catalysts (such as Ni, Fe and Co metals) [> 4. As one of the key
components of AEMFCs, anion exchange membranes (AEMs) act as solid polymer
electrolytes to conduct OH™ and separate the fuel from the oxidant [*). However, the trade-
off between electrochemical properties and mechanical/chemical stabilities in AEMs is
more significant than that in proton exchange membranes (PEMs).

The meagre performance of AEMFCs is mainly associated to the lower
conductivity of AEMs as compared with PEMs, such as Nafion 4. The OH™ conductivity
of AEMs is normally based on both the concentration and alkalinity of the functional
groups and the efficient ion-conductive channels of the membrane matrix. The increased
membrane hydroxide ion conductivity is related to the increased concentration of the
function groups. However, higher ion exchange capacity (IEC) of AEMs is mostly
inhibited because of their undue swelling. Meanwhile, highly alkaline functional groups,
like guanidinium ¢! and phosphonium 71, are usually introduced into the membranes to
further increase the OH" conductivity. However, the enhancement of the conductivity of
AEMs to the level of Nafion is not easy due to the innate disadvantages of OH™
conduction, which include (a) the lower mobility of OH™ compared with the proton (2.69

(OH) vs. 4.76 (H") relative to K* in infinitely dilute solution at 25 °C) and (b) the



insufficient dissociation and solvation of the hydroxide ion (pKa~10, while for Nafion
pKa~ —6) * 81, Therefore, it is especially crucial to design the organized hydroxide ion
conductive channels within AEMs to enhance the hydroxide conductivity. lon conductive
channels in both AEMs and PEMs are thought to be generated because of the micro-
phase separation of the hydrophilic ionic clusters from the hydrophobic polymer
backbones . Hydrophilic-hydrophobic micro-phase separation structures could
effectively enhance the connectivity of ionic channels ). Therefore, AEMs with good
micro-phase separation are excellent to get higher ionic conductivity. The higher OH™
conductivity can be attained at relatively low IEC by the AEMs with efficient hydroxide
1on conductive channels, which in turn ease their mechanical and chemical stabilities. For
instant, the ionic conductivity of poly(arylene ether sulfone) membrane (29 mS cm™! at
20 °C) with the phase separation is higher than the one of the random copolymer (15 mS
cm! at 20 °C) with the similar IECs 1%, Zhang et al. showed that the butyl substituted
doubly-charged 1,4-diazabicyclo (2.2.2) octane (DABCO) including polymers exhibited
better micro-phase separation as compared to the singly-charged analogues, and thereby
gave the higher ionic conductivity [,

The promotion of the micro-phase separation and the connectivity of efficient
conductive channels in AEMs is still a challenging task due to the less hydrophobic non-
fluorinated aromatic polymer backbones and inflexible quaternized groups knotted to the
backbones 2], Recently reported methodologies, such as incorporation of highly ionic
blocks, 13151 grafting with either hydrophilic or hydrophobic side chains 6181 and
introduction with inorganic fillers (such as imidazolium functionalized carbon nanotubes)

(11 have provided effective ways to enhance the aggregation of ionic clusters into AEMs.



Nevertheless, the sophisticated synthetic procedures and the incompatibility of inorganic
fillers with the polymer matrix restrict their widespread applications.

In the present research, we have reported the doubly-charged strategy to build
efficient hydroxide ion conductive channels into the AEMs. By using the mono-cationic
quaternary ammonium salt, namely N-butyl substituted 1,4-diazabicyclo [2.2.2] octane
(BDABCO), a series of doubly-charged BPPO-based AEMs were developed by
incorporating different concentrations of BDABCO into the polymer matrix. The
structures of the as-prepared BDABCO-functionalized doubly-charged AEMs promote
good micro-phase separation and efficient hydroxide ion conductive channels, as well as
remarkable physico-chemical properties including water uptake (Wr), IEC, linear
swelling ratio (LSR), mechanical strength, thermal and alkaline stability, thus affording
the hydroxide conductivity as high as 50.9 and 83.7 mS c¢cm™ at 30 and 80 °C,
respectively.

2. Experimental
2.1. Materials

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) was purchased from Sigma
Aldrich Co. Ltd. 1,4-diazabicyclo [2.2.2] octane (DABCO) and butyl bromide were
Procured from Aladdin Industrial Corporation. 2,2'-Azo-bis-isobutyro nitrile (AIBN) and
N-bromosuccinimide (NBS) were purchased from Adamas Reagent Co. Ltd.
Chlorobenzene was bought from Shanghai Titas Co. Ltd. Sodium chloride (NaCl),
sodium sulfate (Na2SO4), sodium hydroxide (NaOH), silver nitrate (AgNO3), potassium

chromate (K>CrOs), ethanol (EtOH), chloroform (CHCIs), ethyl acetate (EtOAc) and 1-



methyl-2-pyrrolidone (NMP) were purchased from Sinopharm Chemical Reagent Co. Ltd.
and were used as received. Deionized (DI) water was used through the work.
2.2. Preparation of brominated poly (2, 6-dimethyl-1,4-phenylene oxide) (BPPO)

BPPO was successfully synthesized according to the previously reported
procedure 2%, In a typical method, 6 g of PPO (50 mmol) was dissolved into
chlorobenzene (50 ml) in a round bottom flask containing a magnetic stirrer and reflexed
condenser. N-bromosuccinimide (NBS) (4.45 g, 25 mmol), and 2,2’-azobis-
isobutyronitrile (0.25 g, 1.5 mmol) were added into above stirred solution of PPO. The
mixture was heated at 135 °C for 3 hours. After chilling, the reaction mixture was poured
into excess of ethanol to precipitate the product. The polymer was filtered and washed
with ethanol, and the residue subsequently re-dissolved into chloroform (60 mL) and
precipitated into excess of ethanol solution. The polymer was collected as a light-yellow
powder and dried under vacuum for overnight to attain BPPO with a yield of 92 % and
bromination ratio of 38 % (DB = 0.38).

2.3. Preparation of 1-butyl-4-aza-1-azaniabicyclo [2.2.2] octane bromide (BDABCO)

BDABCO was synthesized from DABCO and butyl bromide via a modified way
as reported in the literature !, In a typical procedure, 10.00 g (0.089 mol) DABCO was
dissolved in 100 mL of EtOAc at room temperature and then 14.68 g (1.2 times the molar
amount of DABCO) butyl bromide was slowly added into the solution to stir it overnight.
White crude suspension was separated by precipitation and washed by EtOAc many
times. Finally, it was dried in vacuum oven at 60 °C. The preparation routes are
represented in Scheme 1.

2.4. Preparation of doubly-charged AEMs



The preparation of doubly-charged BPPO-based AEMs was carried out by the
solution-casting method as reported in our previous work 2!2%], In a typical procedure,
0.8 g of BPPO was dissolved into NMP to get homogeneous solution at room
temperature. Then, different quantity of previously synthesized BDABCO was added into
above solution. The reaction mixture was stirred at 40 °C overnight to complete the
reaction between BPPO and BDABCO. After that, it was casted onto glass plate at 60 °C
for 12 hours. Then, the transparent AEMs with two cyclic quaternary ammonium cations
were obtained in bromide ionic form (Br~). The attained membranes were denoted as PB-
Br-x, where x is the percentage (25%, 38% and 50%) of BDABCO with respect to BPPO
in the membrane matrices.

The membranes in OH™ form were obtained by immersing them into 1.0 M NaOH
for 2 days at room temperature. Then, the resulting membranes were taken out from the
NaOH, washed many times by DI water to completely remove the residual NaOH. The

attained membranes were stored in water before using.
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Scheme 1. Preparation of BPPO, BDABCO and anion exchange membranes.

2.5. Characterizations
2.5.1. Measurements
FTIR analysis of the prepared AEMs was carried out by employing FTIR

spectrometer (Vector 22, Bruker) having resolution of 2 cm™! and a total spectral range of



4000-400 cm™!. DMX 300 NMR spectrometer operating at 300 MHZ was used in order
to identify the chemical structures of the materials and products by 'H NMR.
2.5.2. lon exchange capacity (IEC)

IEC denotes the number of exchangeable ionic groups (equivalents) per dry
membrane weight. Mohr method was used to calculate this 2> 2% 271 The normal
procedure for this is, firstly the prepared membrane samples were equilibrated in NaCl
(1.0 M) solution for 48 hours such that all charge sites were changed into the CI™ form.
Then, the membranes were washed very cautiously with DI water to eliminate excess
amount of NaCl. The washed membranes were then balanced with NaxSO4 (0.5 M)
solutions for 48 hours. The amount of CI” ions liberated was calculated by titration with
AgNO;s (0.05 M) employing K>CrOs as an indicator. The IEC (mmol g™!) was measured
by using following equation:

mc=" (1)
m

where m, V and C denote the dry weight of the membrane, titre volume during titration
and the concentration of AgNOj solution, respectively.
2.5.3. Water Uptake (Wg) and linear swelling ratio (LSR)

Wk is used to investigate the hydrophilicity of ion exchange membranes (IEMs).
Membrane samples were dried in vacuum oven at 60 °C for 24 hours and accurately
weighed to confirm their exact dry weight. Then, the membranes were submerged in DI
water for 72 hours at room temperature and the wet weight of the membranes was
measured after removal of surface water with tissue paper. Water uptake was measured
from the difference in mass before and after complete drying the membranes as relative

weight gain per gram of the dry sample using following equation 22 26-28],



WR _ WWET — WDRY «100% (2)

DRY
where Wyer and Wpry are the weights of wet and dry membranes, respectively.
LSR was measured by immersing the dry membranes (5.0 cm in length and 1.0 cm

in width) into water for one day. It was measured by following equation:

LSR = LWELTﬂ x 100% (3)

DRY

where Lwer and Lpry are the lengths of wet and dry membranes, respectively.

2.5.4. Alkaline stability

The alkaline stability of the membranes was investigated by calculating the changes
in IEC before and after being kept in 1.0 M NaOH at 60 °C for 30 days.
2.5.5. Mechanical and thermal stability

Q800 dynamic mechanical analyzer (DMA, TA Instruments) at a stretch rate of 0.5
N min! was used to determine the tensile strength of the hydrated. The samples were
balanced in DI water for 24 hours and then cut into a rectangular shape with dimensions
of 4.0 x 1.0 cm?. A minimum of four specimens from each sample was considered.
Shimadzu TGA-50H analyser within the temperature range of 25-800 °C under nitrogen
flow, with a heating rate of 10 °C min™! was used to determine the thermal stability of the

membranes.

2.5.6. Microscopic Characterizations
A field emission scanning electron microscope (SEM, JSM-6700F) was used to
investigate the morphology of the prepared membranes. Surface and cross-sectional

images of membranes were considered from dry membranes. The SEM images of the



synthesized membranes were presented as representative cases. A veeco dilnnova SPM,
employing micro-fabricated cantilevers with a force constant of 20 Nm™! was used to
study the tapping-mode atomic force microscopy (AFM).
2.5.7. Hydroxide conductivity

The hydroxide conductivity of the prepared AEMs was measured by employing the
four-point probe technique. An Autolab PGSTAT 30 (Eco Chemie, Netherland) in
galvanostatic mode with AC current amplitude of 0.1 mA and a frequency range of 1
MHz-100 Hz was used to study the ionic conductivity. Bode plots were used to
determine the frequency region, over which the magnitude of the impedance was constant;
the ionic resistance was then determined from the associated Nyquist plot. The AEM
under study was set into a Teflon cell where it was in touch with 2 current collecting
electrodes and 2 potential sensing electrodes (the distance between the potential sensing
electrodes was 1 cm). The cell was completely submerged into DI water and the
impedance spectrum was determined. This was done as fast as possible to minimize the
potential error caused by reaction of the hydroxide ions with dissolved carbon dioxide in
the AEM, which could result in the formation of carbonate/bicarbonate anions and a
reduced AAEM conductivity. The ionic conductivity was calculated according to the

following equation:

L
o=——
Rwd

)
where R is the membrane resistance, L is the distance between potential sensing
electrodes, and W and d are the width and thickness of the membrane, respectively. At
the pre-determined temperatures, the samples were equilibrated for a minimum of 30 min

before the measurement.
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3. Results and discussion
3.1. Preparation of BPPO and BDABCO

BPPO can be synthesized by simple bromination of commercially available poly
(2,6-dimethyl-1,4-phenylene oxide) (PPO). It was carried out by employing AIBN as
initiator and NBS as bromination agent. The structure of BPPO and its degree of
bromination (DB) were investigated by 'H NMR spectroscopy. Figure la depicts the 'H
NMR spectrum of prepared BPPO. It has been observed that the characteristic benzyl
bromide group was present at 4.3 ppm. The DB was measured to be 38% from the

integral area ratio between benzyl bromide group and unreacted benzyl signal at 2.1 ppm.
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Figure 1 'H NMR spectra of (a) BPPO and (b) BDABCO.

BDABCO was prepared from N-butyl bromide and DABCO by a simple reaction
(Scheme 1). The 'H NMR spectrum of BDABCO (Figure 1 b) reveals the chemical
structure and high purity of the prepared BDABCO, indicating that reaction performed as
expected. The peak at 0.89 ppm is ascribed to —CH3 whereas the peaks at 1.30, 1.50 and
3.20 ppm are associated to —CH>— of N-butyl bromide in BDABCO. The signals at 2.80

and 3.34 ppm are ascribed to -CHz— of cyclic ring.
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3.2. FTIR analysis of membranes
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Figure 2 FTIR spectra of pristine BPPO and PB-OH-50 membranes.

The successful synthesis of BDABCO functionalized doubly-charged AEMs was
confirmed by using FTIR spectroscopy. Taking PB-OH-50 membrane as an example,
Figure 2 presents the FTIR spectra of pristine BPPO and PB-OH-50 membrane. By
comparison, the spectrum of PB-OH-50 exhibited a new band at 1260 cm™! which was
absent in that of pristine BPPO. This is associated to the C—N stretching vibration
representing the successful quaternization reaction. The band at 2960 ¢m™' for —~CHj
stretching vibration was found to be increased in height and area due to the attachment of
BDABCO containing methyl group after quaternization reaction. The broad band at 3400
cm! is associated to stretching vibration of ~OH group in PB-OH-50. The characteristic

band at 750 cm™! is associated to the C—Br stretching in the pristine BPPO 2!l which,
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after the reaction with BDABCO, was disappeared. The results demonstrate the
successful synthesis of BDABCO functionalized AEMs.
3.3. lon exchange capacity

As a fundamental endowment, IEC exhibits a significant role in the water uptake,
swelling ratio and hydroxide conductivity of AEMs, which provides information on the
charge density, a significant parameter related to conductivity and transport properties of
membranes !, The IEC of the doubly-charged AEMs was measured by classical Mohr’s
method and was given in Table 1. It was found to be increased from 1.64 mmol g! to
2.35 mmol g ! with increasing the amount of BDABCO in the polymer matrix, namely an
ascending order from membrane PB-OH-25 to PB-OH-50. The PB-OH-50 exhibited the
highest IEC of 2.35 mmol g! among the prepared membranes. The introduction of
BDABCO into polymer matrix provides double quaternary ammonium groups and

therefore increases the hydrophilicity of the prepared doubly-charged AEMs.

Table 1 IEC, Wg, LSR and hydroxide conductivity of PB-OH-X membranes

Membranes IEC (mmol g') Wgr (%) LSR (%) Conductivity? (mS cm™)

PB-OH-25 1.64 11.76 2.78 11.4

PB-OH-38 2.05 13.33 2.94 35.5

PB-OH-50 2.35 25.49 3.24 50.9
QPPO 2.37 125 23.5 18.0 [

2 Hydroxide conductivity was measured at 30 °C.

3.4. Water uptake and linear swelling ratio
For AEMs, water molecules are always significant in stimulating the dissociation of

quaternary ammonium groups and transporting hydroxide ions. However, the thermal,

13



mechanical and dimensional stabilities of ion exchange membranes (IEMs) can be
discriminated by larger volume fraction of water residing inside the membrane matrix 3%
311 The AEMSs require lower water uptake and reasonable hydroxide conductivity (at least
10 mS cm™) to use in fuel cell BY. Therefore, the achievement of the balance of water
uptake and hydroxide conductivity appears to be a big barrier in the preparation of high-
performance AEMs 2], Figure 3a depicts the water uptake of the prepared membranes in
hydroxide ion (OH") form, which was enhanced with increasing the amount of BDABCO
into the membrane matrix. It has been observed that PB-OH-25 exhibited a lower water
uptake of 11.76% whereas PB-OH-50 exhibited a higher water uptake of 25.49% at room
temperature, which should be due to the fact that PB-OH-50 has higher IEC and thus is
more hydrophilic. The water uptake of the prepared membranes was also increased with
increasing the temperature from 25-80 °C, as presented in Figure 3a. The PB-OH-50
exhibited a water uptake of 88 % at 80 °C, which is much lower than those of the
previously reported BPPO-based AEMs 2, Moreover, the water uptake of the prepared

AEMs is found to be lower than the conventional QPPO membranes 3],
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Figure 3 (a) Water uptakes and (b) linear swelling ratios of the prepared membranes at
different temperatures.

The LSR of the prepared AEMs was measured at different temperatures and results
are shown in Figure 3b. The LSR of the prepared membranes was found to be in the
range of 2.78-3.24% at room temperature, which are much lower than those of the
previously reported membranes [*¥, The LSR at 25-80 °C was also investigated and
found that PB-OH-50 with higher IEC exhibited LSR of 16.67 % at 80 °C. Thus, the

developed AEMs with low LSR are capable of providing the higher dimensional stability
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and therefore improving the hydroxide conductivity for AEMFC applications at elevated
temperatures.

3.5. Thermal and mechanical stability

100
80 -
e
>
=~ 604
[7e]
=
~—
=
B 40-
=
204 pB-OH-25
—— PB-OH-38
o J——PB-OH-50

L] L} L] l L l l
100 200 300 400 500 600 700 800
0
Temperature (" C)

Figure 4 TGA thermograph of pristine BPPO membrane and the prepared AEMs.

Thermal stability of the prepared AEMs was investigated via thermogravimetric
analysis (TGA) under nitrogen flow and the attained results are depicted in Figure 4. The
obtained TGA thermograph showed that the weight loss of the prepared AEMs took place
in three consecutive stages. The first weight loss stage underneath 130 °C is related to the
evaporation of the adsorbed water and residual solvent. The second weight loss stage
approximately at 240 °C is due to the degradation of the quaternary ammonium groups in
the membrane matrix. The final weight loss stage around 440 °C is attributed to the
decomposition of the polymer backbones. The obtained TGA results showed that the
prepared doubly-charged membranes have good thermal stability and could be applied in
AEMFCs.
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The AEMs should exhibit sufficient mechanical stability for their applications in
AEMFCs. The mechanical stability of the prepared doubly-charged AEMs was
investigated in wet state via dynamic mechanical analysis (DMA) and the attained results
are presented in Table 2. From PB-OH-25 to PB-OH-50 with increasing IEC, both the
tensile strength (TS) and Young modulus decreased from 25.5 to 11.8 MPa and from
510.01 to 416.4 MPa, respectively, whereas the elongation at break (Ep) remained nearly
unchanged (20.9-21.0%). This is a similar trend as reported in our previous research 2!
221 Tt is associated to the increase in the hydrophilicity of the prepared membranes which
results in their higher water uptake and swelling ratio. The water within AEMs can act as
a plasticizer to crush the mechanical properties of membranes *%); however, the prepared
doubly-charged membranes PB-OH-X exhibited higher TS and lower E, as compared to
those reported previously [*6] suggesting their excellent mechanical stability for

applications in AEMFCs.

Table 2 Tensile strength, elongation at break and Young modulus of PB-OH-X

membranes
Membranes PB-OH-25 PB-OH-38 PB-OH-50
TS (MPa) 25.5+1.28 18.940.96 11.8+0.60
Eb (%) 20.9+1.05 20.9+1.05 21.0+1.10
Young modulus (MPa) 510.11£25.51 434.1+£21.71 416.4120.82

3.6. Morphology
The morphologies of the prepared membranes were studied in detail by scanning
electron microscopy (SEM). Figure 5 depicts the SEM micrograph of surfaces and cross-

sections of all prepared membranes from PB-OH-25 to PB-OH-50. The attained
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micrograph showed that the surfaces and cross-sections of all prepared membranes are
free from any pore, hole and crack, exhibiting their homogeneity and compactness, which
is crucial for their application in AEMFCs. The homogeneity of the prepared AEMs is
found to be enhanced with increasing the amount of ion exchange contents (BDABCO)

into the membrane matrix.

PB-OH-25

PB-OH-38

PB-OH-50

Figure 5 Surface (left) and cross-section (right) of the prepared AEMs.

The phase images of the prepared membranes PB-OH-X were recorded under
ambient conditions by employing tapping-mode AFM and the results are shown in Figure

18



6. The darker areas denote the hydrophilic domains whereas brighter areas denote the
hydrophobic domains [*71. The degree of phase separation and the size of ionic domains
of all prepared membranes are clearly different, which is highly dependent on the
concentration of ion exchange groups in the polymer matrix. As the concentration of
BDABCO increases from PB-OH-25 to PB-OH-50, the more hydrophilic channels are
produced due to the inter-connection of hydrophilic regions. These results provide an
explanation of the rapid enhancement in water uptake and hydroxide conductivity of PB-

OH-50.

Figure 6 AFM tapping-phase images of (a) PB-OH-25 (b) PB-OH-38 and (c) PB-OH-50.

3.7. Chemical stability

The stability of the AEMs in alkaline medium is a highly referenced concern
since they are employed in alkaline mediums. It is commonly known that the quaternary
ammonium groups are quite unstable in alkaline condition, and the degradation involving
direct nucleophilic displacement and Hofmann elimination, efc., may occur !¢, The
alkaline stability of the prepared doubly-charged membranes was studied by the changes

in IEC upon alkaline treatment. For this, the prepared membranes were immersed in 1 M
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NaOH solution at 60 °C for one month (720 hours). The changes in IECs of the prepared
AEMs after alkaline treatment are depicted in Figure 7. The IECs of the prepared
membranes PB-OH-25, PB-OH-38 and PB-50 were found to be decreased to 49%, 43%
and 42% of their initial values after 720 hours alkaline treatment at 60 °C, which is due to
the degradation of quaternary ammonium groups in the prepared membranes. The lower
alkaline stability of the prepared AEMs is due the existence of several unprotected

position 33,

It can be observed that the prepared AEMs possess several unprotected
positions. Therefore, the hydroxide group (OH") can easily attach on these unprotected
position which is responsible for fast degradation of quaternary ammonium group into the
membrane matrix. As reported in previous research that the 1-methylimidazolium
functionalized AEM possess less chemical stability than 1,2,4,5-tetramethylimidazolium
functionalized AEMs because of presence of unprotected positions 33l Moreover, it has
already been reported in our research that the IEC of the conventional membrane QPPO
was decreased to 55 % of its initial IEC only after 250 hours immersion in 1 M NaOH [2!:
221 Tt showed that the prepared doubly-charged AEMs exhibited better tolerance than
QPPO under similar experimental conditions. This is associated to their steric hindrance
of the N-butyl group bonded to the second quaternary ammonium group, as well as the

better hydrophilic-hydrophobic micro-phase separated morphology as compared to

QPPO.
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Figure 7 The changes in IEC of PB-OH-X membranes after immersion in 1 M NaOH for

one month (720 hour).

3.8. Hydroxide conductivity and activation energy

The hydroxide conductivity is an important property of AEMs that plays a crucial
role in the AEMFCs performance. The OH™ conductivity of an AEM is highly influenced
by the ion exchange content in the polymer matrix. For AEMFC applications, there is a
requirement for the OH™ conductivity to be higher than 10 mS cm!and for water uptake
to be lower than 30% [*81. Therefore, the ionic conductivity of prepared doubly-charged
AEMs was measured in deionized (DI) water with a four-point probe method at various
temperatures. Figure 8a depicts the hydroxide conductivity of the investigated
membranes as a function of temperature. It can be observed that the OH™ conductivity of

all evaluated membranes is higher than 10 mS cm™ at 30 °C which fulfills the
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requirement of AEMFCs. Particularly noteworthy is that the PB-OH-50 (IEC = 2.35
mmol g!) exhibited highest ionic conductivity of 50.9 mS cm! at 30 °C, which is much
higher than that (18.0 mS cm™) of the conventional membrane QPPO (IEC = 2.37 mmol
g ") [2°]. The ionic conductivity of prepared doubly-charged membranes was found to be
increased with increasing the concentration of BDABCO in membrane matrix because of
the enhancement in their IECs, which is consistent with the rise in the concentration of
active sites of anion (OH") transport and the volume fraction of water in the polymer

matrix B9 40]

. Moreover, all the prepared membranes showed positive non-linear
temperature conductivity correlations. The ionic conductivity of the prepared membranes
was found to be increased with temperature because of the enhancement in the free
volume and the accelerated mobility of hydroxide ion 3% 41, The ionic conductivity of the
prepared membranes PB-OH-25, PB-OH-38 and PB-OH-50 at 80 °C reached to 20, 57
and 84 mS cm!, respectively. Table 3 depicts that the prepared doubly-charged
membrane PB-OH-50 exhibited higher hydroxide conductivity than those of the
previously reported AEMs at ambient temperatures. From the AFM tapping-phase
images of PB-OH-50 (Figure 6), we can see that the hydrophilic domains (the dark areas)
are uniformly dispersed throughout the entire membrane and hydrophilic channels are
generated due to inter-connection of the hydrophilic regions which contain water for
anion transport. Therefore, the high hydroxide conductivity of PB-OH-50 should be due
to the reasons that BDABCO contains two chemically bound cations which exhibit
stronger ionic interactions and better hydrophilic/hydrophobic micro-phase separation for

facilitating OH™ transport. Hence, the BDABCO functionalized doubly-charged AEMs

are more feasible for the enhancement of hydroxide conductivity.
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Figure 8 (a) Hydroxide conductivity as a function of temperature and (b) Arrhenius plot

of 1000/T vs Inc for the prepared AEMs.

The OH™ conductivity of the prepared doubly-charged AEMs was assumed to obey
Arrhenius behavior.
6 = 0, exp(z2) (6)
Where o is the hydroxide conductivity o,is the pre-exponential factor and Ea.is the
activation energy. Therefore, the activation energy (Ea.) of the prepared doubly-charged
membranes for OH™ transportation was calculated by employing the regression line of
1000/T versus Inc 42,
E,=—-bXR (7)
Where b is slope of fitting line and R is general gas constant (8.31 J K! mol™'). The
activation energy of the prepared doubly-charged membranes is presented in Figure 8b,
which shows a reverse trend with the hydroxide conductivity of the prepared AEMs. The
lower activation energy, as well as higher hydroxide conductivity, of PB-OH-50 indicates
that more hydrophilic channels exist in this membrane. Therefore, it needs less energy for

OH transfer compared with other AEMs.
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Table 3 Comparison of hydroxide conductivity of the doubly-charged membrane PB-

OH-50 with previously reported membranes

Hydroxide conductivity References

Membranes Temperature (°C) (mS cm™)
PB-OH-50 30 50.90 This work
PBI-CPVBC/OH 25 25.7 [43]
M-BDIm-OH 20 16.1 (44]
0.5 QB-g-F0.2 30 44 (431
Dim-PPO-0.54 30 40 [46]
PVA/C4PIL 30 11.0 [47]
[Nbmd][OH]40-QCS 30 5.80 (48]
AQPVBH-A 25 12.3 (49]
PES-B100-C16 30 18.9 (50]
NVC-50 20 19.84 (31]
PAES-Q-75 25 21.90 (51]
12-CQP-2 25 254 [52]
AD40i-OH 20 14.0 (53]
c-AEM-31 20 14.8 [54]
m-Am-PAEKS-3 20 26.0 (53]
sQPAE (1/4)-2 25 21.2 561
1-QPP-co-PAEK 30 11.0 (571
C-QAPPESK/OH-5 25 10.4 (58]

4. Conclusions

In this article, we have successfully prepared BDABCO functionalized BPPO
based doubly-charged AEMs via Menshutkin reaction. The prepared AEMs with
homogeneous morphology exhibited high thermal, mechanical and chemical stability,
which are crucial for AEMFC applications. The synthesized doubly-charged membranes
exhibit lower water uptake and swelling ratio, which are benefit to their long-life use. The
existence of BDABCO in the membranes matrix could expand ionic domain sizes and

facilitate the generation of more interconnected ion-transport channels in the prepared
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AEMs. Particularly, the prepared doubly-charged membrane PB-OH-50 (IEC = 2.35
mmol g!) exhibits high hydroxide conductivity of 50.9 mS ¢cm™' at 30 °C which is higher
than that of the conventional membrane QPPO with similar IEC. These results show that
the BDABCO functionalized BPPO based doubly-charged AEMs are promising

candidates for potential applications in AEMFCs.
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