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A gemini-type basic morpholine ionic liquid ((Nbmd][OH]) was synthesized via a two-step method with
morpholine, bromododecane and 1,4-dibromobutane as raw materials, and its structure was
characterized by 'H NMR and FT-IR spectroscopy. Meanwhile, a series of anion exchange membranes
(INbmd][OH],—QCS) were prepared with quaternized chitosan (QCS) as the polymer matrix and [Nbmd]
[OH] as the dopant owing to its strong alkalinity and good solubility. The structures of the [Nomd][OH],—
QCS composite membranes were characterized in detail by FT-IR spectroscopy, the OH™ conductivity
by AC impedance spectroscopy, and the morphological features by scanning electron microscopy (SEM),
thermal gravity analysis (TGA), etc. The results show that the [Nomd][OH],—QCS composite membranes
have uniform surfaces and cross-section morphology. Increasing the content of [Nbmd][OH] not only
enhances the thermal stability but also increases the OH™ conductivity; the thermal decomposition
temperature of the [Nbmd][OH],,—QCS membrane is nearly 20 °C higher than that of the pristine QCS
membrane, and the maximum OH~ conductivity is approximately 1.37 x 1072 S cm™2 at 70 °C. The
methanol permeability of the [Nbomd][OH]40—QCS membrane in 1 M methanol at room temperature is
221 x 107% cm™2 571 which is lower than that of Nafion®115, indicating a promising potential use in
alkaline direct methanol fuel cells. Moreover, the [Nbmd][OH]4,o—QCS membrane exhibits the best
alkaline stability of all the membranes prepared in this work, retaining approximately 81% of its initial
conductivity after immersion in 3 M KOH solution for 120 h at 70 °C.
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1 Introduction

Polymer electrolyte membrane fuel cells are generally regarded
as effective energy alternatives due to their providing more
power for less fuel than current thermal engines."” Among
them, the direct methanol fuel cell (DMFC) holds favor as
a highly promising candidate for application as a portable
power source on account of its ease of storage and use of
methanol as a liquid fuel. As one of the most important
components of fuel cells, proton exchange membranes (PEMs),
such as Nafion® series membranes, have been well developed
during recent decades. Although Nafion membranes exhibit
high OH™ conductivity and excellent thermal and chemical
stability, the commercialization of proton exchange membrane
fuel cells (PEMFCs) is hindered by the use of high-cost precious
metal electro-catalysts, slow oxygen reduction kinetics in acidic
conditions®* and decreased proton conductivity at tempera-
tures above 70 °C, which results in the evaporation of water
from the membranes and thus limits proton mobility.?
Recently, anion exchange membrane fuel cells (AEMFCs) have
exhibited many competitive advantages, such as improved
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electrode reaction kinetics, allowing the use of non-precious
metal electro-catalysts (such as Fe, Co, and Ni), reduced corro-
sion problems, etc., which make these fuel cells more cost
effective.

At present, the studies on anion exchange membranes
(AEMs) are mainly focused on chemical grafting by quaternary
ammonium groups and polymer matrix modified by cationic
active sites and other methods of chemical modification.**
However, the primary limitations of the use of anion exchange
membranes (AEMs) in AEMFCs are still the low OH™ conduc-
tivity and poor chemical stability at high pH** due to the
degradation of cationic groups caused by direct nucleophilic
substitution and/or Hofmann elimination.*

In recent years, ionic liquids (ILs), which possess unique
properties including high thermal stability, high OH™ conduc-
tivity and wide electrochemical windows, have been used in
a large variety of applications in many kinds of chemical
industries, and some achievements have been made in the
application of polymer electrolyte membranes."””** Zhu et al.™®
found that the electrochemical performance of the prepared
PVA/[Bmim]|OH composite membrane significantly
enhanced by the addition of ILs ((Bmim]OH), and the maximum
OH~ conductivity reached 1.96 x 107> S ecm > at ambient
temperature when the mass ratio of [Bmim]OH to PVA was 2.0;
Yi et al*® added the imidazole ionic liquids to sulfonated
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polyetheretherketone (PEEK) and found that the thermal
stability of the composite membrane containing ionic liquids
was higher than that of the neat PEEK membrane, the
conductivity of the composite membrane increased with the
increasing content of ILs and the maximum conductivity
reached 8.3 x 107> S cm ™2 at 70 °C. Although some progress in
the field of fuel cell exchange membranes had been made, most
studies are still dominated by single-core ionic liquids. Gemini-
type ionic liquids, due to their dual-core structure, have some-
what stronger and more intensive basic positions (cationic
active sites) than single-core ionic liquids. Thus, they exhibit
higher stability and stronger alkalinity.””"*® However, unfortu-
nately, few studies have been reported.

In this work, low-cost morpholine was used as a raw material
to synthesize gemini basic morpholine ionic liquids ([Nbmd]
[OH]) via a two-step procedure based on our previous work,*
and a chitosan derivative, quaternized chitosan (QCS), was used
as the membrane matrix. The synthesized ionic liquids ([Nbmd]
[OH]) were locked in the structure of the membrane as dopants
by the crosslinking action of glutaraldehyde (GA). Then, we
prepared the composite membranes and assessed their char-
acteristics to investigate the application potential in anion
exchange membranes.

2 Experimental
2.1 Materials

Analytical grade N-methyl morpholine, 1-bromododecane, 1,4-
dibromobutane and chitosan (deacetylation degree = 90.0%,
determined by titration*') were obtained from Sinopharm
Chemical Reagent Co., Ltd, China. Analytical grade anhydrous
ethanol, sodium hydroxide (NaOH), potassium hydroxide
(KOH), glutaraldehyde (GA, 50 wt%), glacial acetic acid, iso-
propanol, and hydrochloric acid were purchased from She-
nyang Xinhua Reagent Factory, China. (2.3-Epoxypropyl)
trimethylammonium chloride (EPTMAC, purity = 95%) was
commercially supplied by Shandong GuoFeng Fine Chemistry
Factory.

2.2 Methods

2.2.1 Synthesis of dual-core basic ionic liquids (ILs). The
gemini basic ILs were prepared in two steps. (1) Given amounts of
1-bromododecane and NaOH were added to a dry round-bottomed
flask equipped with a condenser and heated to 40 °C. In addition,
then, 70 °C preheated N-methyl morpholine aqueous solution was
added dropwise into the flask, and stirring was continued for 7 h at
130 °C. After this reaction time, the mixture was allowed to rest at
room temperature, and then, the upper layer was separated with
a separatory funnel as the intermediate product dodecyl mor-
PhOhne (1’1'10131' ratio: N1-bromododecane * "IN-methyl morpholine * 7’NaOH"

:n_ =1:1.2:1.5:5).(2)Agiven amount of dodecyl morpholine
obtained from step (1) was placed in a dry round-bottomed flask,
and then 1,4-dibromobutane was added under magnetic stirring
for 7 h at 110 °C. The resulting yellow sticky liquid was dried at
50 °C under high vacuum for 24 h. After drying, an amount of the
remaining powder (bromododecyl morpholine) and KOH were
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placed in an Erlenmeyer flask at a molar ratio of 1 : 2 (Mhromododecyl
morpholine : Mxon), and then 30 mL of anhydrous ethanol was added
until the powder was completely dissolved, and the mixture was
stirred for 48 h at room temperature to allow adequate ion
exchange to proceed. After that time, KBr as a white solid was
separated with a centrifugal separator from the liquid mixture, the
solvent ethanol was removed from the remaining liquid by
vacuum distillation, and then the resulting liquid was further
dried at 80 °C under high vacuum for 48 h to obtained the
synthesized dual-core basic ionic liquids, which were termed
[Nbmd][OH]. The preparation of gemini basic ILs is schematically
illustrated in Scheme 1.

2.2.2 Preparation of [Nbmd][OH]-QCS membranes. QCS
with a quaternization degree of 23.5 (+2.5)% was synthesized
based on our previous work.** In a round-bottom flask equipped
with a condenser and a magnetic stirrer, given amounts of QCS
and [Nbmd][OH] were dissolved in 40 mL 2% (v/v) acetic acid
aqueous solution in a N, atmosphere at room temperature.
After complete dissolution, GA aqueous solution (2%, v/v) was
added to the mixture at a feeding rate of 0.5 mL min " to
crosslink the QCS. The final mixture was stirred at room
temperature for 4 h and then sonicated for another 30 min.

The resulting mixture was poured onto a glass plate, and the
solvent was then evaporated in an oven at 40 °C. Before char-
acterization, the dried membrane was soaked in 1 M KOH
aqueous solution for alkalization. The alkaline doping process
lasted for 24 h. The membrane was then washed thoroughly
with de-ionized water and dried at 40 °C to a constant weight.
All procedures were performed in N, atmosphere. Then, the
obtained anion exchange membranes were termed [Nbmd]
[OH],—QCS, where x denoted the final mass fraction of [Nbmd]
[OH] in the composite membrane. The preparation of the
[Nbmd][OH],-~QCS membrane is schematically illustrated in
Scheme 2.

2.3 Instruments and techniques

The nuclear magnetic resonance (NMR) spectra of [Nbmd]OH
were recorded on a 'H NMR spectrometer (AV ANCE III 400,
Bruker Company, Germany) in D,O and calibrated with tetra-
methylsilane (TMS) as the internal standard. In addition, FT-IR

spectroscopy (Perkin-Elmer, America) was employed to
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Scheme 2 Synthesis scheme of [Nbmd][OH]-QCS membrane.

characterize the chemical composition of pure QCS and QCS/
[Nbmd]OH membranes, and all the samples were prepared as
KBr pellets. The surface and cross-section of membranes were
imaged using a scanning electron microscope (SEM, SSX-550,
Shimadzu, Japan) after being coated with a conductive layer of
sputtered gold. Thermogravimetric analysis (TGA) was per-
formed using a TGA 290C analyzer (Netzsch Company, Ger-
many) from 20 to 500 °C at a heating rate of 10 °C min~" with
continuous flushing with pure N, at 200 mL min~'. The
mechanical properties of the dry membrane were determined
with a CMT6502 (SANS Company, China). Dumbbell-shaped
membrane samples 25 mm x 4 mm in size were prepared,
and the measurements were carried out by setting a constant
separating speed of 5.00 mm min~" under the ambient atmo-
sphere. The tensile stress (TS) (MPa) was calculated by eqn (1):*

where F is the applied force at break, 4, is the initial cross-
section area of the sample, which is equal to 4 x L mm?, and
L is the thickness of the membrane.

2.4 Water uptake (WU) and swelling ratio (SR) of the
membranes

The water uptake and swelling ratio of the composite
membranes were determined by measuring the changes in the
weight and dimension of the composite membranes before and
after hydration. The OH~ form composite membranes were
immersed in de-ionized water at room temperature and equil-
ibrated for more than 48 h. The weight of the wet membrane
was measured after wiping off the excess surface water. Then,
the wet membrane was dried under vacuum at a fixed temper-
ature of 60 °C until a constant dry weight was obtained. The WU
and SR were calculated by the following equations:****

WU%) = (Myer — Marg)Mary % 100% @)

SR(%) = (Xwel - Xdry)/Xdry x 100% (3)
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where my,. is the mass (g) of the wet membrane; mq,, is the
mass (g) of the dry membrane; X, is the dimension of the wet
membrane; and Xg,, is the dimension of the dry membrane.

2.5 Ion exchange capacity (IEC)

The IEC value is one of the important indices of the membrane
conductivity performance. In this work, the IEC was measured
using the conventional back titration method. A membrane
sample (in OH~ form) with known dry mass was first equili-
brated with DI water for at least 24 h and rinsed copiously to
remove any physisorbed ions; it was then soaked in a known
volume of 0.01 M hydrochloric acid (HCI) for 48 h to change the
membrane to the CI” form. The HCI solution was titrated
against 0.01 M NaOH (aq.) with phenolphthalein as an indi-
cator. The IEC was calculated as follows:*

IEC = (CucaiVuci — Cnaon VNaon) Wary x 100% (4)

where W,y is the mass of the dried membrane, Cyc and Cnaon
are the concentrations of HCI and NaOH solution, respectively,
and Vi and Vyaon are the volumes of HCI solution and NaOH
solution consumed in the titration, respectively.

2.6 Anionic (OH ) conductivity

The OH™ conductivity of the membranes was measured by an
electrochemical impedance analyzer (CHI760) with an alter-
nating current (AC) frequency scanned from 100 kHz to 0.1 Hz
at a voltage amplitude of 100 mV. The fully hydrated membrane
was sandwiched in a Teflon electrolyte cell equipped with Pt
strips.”” The impedance was measured by placing the cell in
a temperature-controlled chamber at a temperature range from
20 °C to 90 °C. The OH™ conductivity (¢) of the membrane was
calculated by eqn (5):

c(Sem Y =1/R, xS (5)

where [ is the thickness of the membrane (cm), S is the
membrane surface area (cm’z) for ion transport, and R, is the
membrane resistance (Q) from the AC impedance data. The
temperature was controlled by placing the conductivity
measurement cell in an oven. The thicknesses of the
membranes were obtained by previous swelling of the samples
in the electrolyte solution before the measurements to prevent
any deviation resulting from distortion of the membranes. All
operations were performed in N, atmosphere to prevent OH™
from changing to HCO;~ (or CO5>”) by reacting with CO,.

2.7 Methanol permeability

The methanol permeability of the composite membranes was
determined at room temperature using a homemade diffusion
cell consisting of two compartments. To ensure uniformity
during the experiments, magnetic stirrers were used in each
compartment. The membrane was clamped between the two
compartments. One compartment was loaded with 1 M meth-
anol aqueous solution (compartment A) and the other with de-
ionized water (compartment B). The methanol concentration

RSC Adv., 2018, 8, 10185-10196 | 10187
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resulting from permeation in compartment (B) at any time ¢ (in
seconds), i.e., C; in mmol L', was monitored using a gas
chromatograph (GC-6820, Agilent, USA). The methanol perme-
ability P (em~ s™') through the membrane was calculated by

eqn (6):

P = LCgV/(A*(Ca — Cp)1) (6)
where A (cm?®) and L (cm) are the membrane area and thickness,
respectively; C, (mmol L") is the initial concentration of
methanol in compartment (A); and Vg (mL) is the water volume
in compartment (B).

2.8 Alkaline resistance stability

The alkaline resistance stability was investigated by monitoring
the conductivity of the membranes as a function of immersion
time in KOH solutions. The detailed procedure was that the
membranes were immersed in aqueous KOH (3 M) solutions at
room temperature for different times. They were later thor-
oughly washed with de-ionized water (to remove the excess
KOH) and immersed in de-ionized water for more than 24 h
prior to the measurement of ionic conductivity at 70 °C. To
distinguish the OH™ conductivity of the membrane treated in
KOH solution for 0 h and the composite membrane treated for
different times (immersion time > 0 h), the former was desig-
nated oy, and the latter was designated o. The d,/0, ratios were
recorded as a function of immersion time in the KOH solution.

2.9 Membrane electrode assemblies and fuel cell tests

Commercial Pt-Ru/C (30 wt% Pt, 15 wt% Ru) for the anode and
Pt/C (20 wt% Pt) for the cathode were purchased from Johnson
Matthey. The loading of Pt-Ru and Pt catalysts at the anode and
cathode were both 0.5 mg cm 2. The obtained membrane/
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electrodes assembly (MEA) was then set into a 5 cm® fuel cell
for testing using a commercial fuel cell system (Arbin Instru-
ment Corporation). 5 M KOH and 3 M ethanol were fed to the
anode at a flow rate of 1 mL min~' to provide three-phase
boundary and sufficient OH . At the same time, the cathode
was supplied with 0.2 MPa O,.

3 Results and discussion
3.1 Characterization of [Nbmd][OH] by '"H NMR and FT-IR

Fig. 1 shows the "H NMR spectra of the synthesized [Nbmd][OH]
(400 MHz, D,0, TMS; ppm): a = 0.89 (6H, -CH3), b = 1.27 (32H,
~(CH,)g-), ¢ = 1.33 (4H, -CH,-), d = 1.75 (4H, -CH,-), g = 1.81
(4H, -CH,-), h = 3.29 (8H, -CH,-), e = 3.45 (4H, -CH,-), f = 3.57
(4H, -CH,-), { = 3.88 (8H, -CH,-), which are consistent with the
hydrogen proton positions and numbers. The peak belonging to
the OH™ was absent from the spectrum of [Nbmd][OH], prob-
ably due to substitution by deuterium from D,O.

FT-IR was employed to study the chemical structure of the
synthesized [Nbmd][OH] (Fig. 2), where the band at 3439 cm ™"
is assigned to the stretching vibration of O-H?® caused by
residual ethanol. The bands at 2925 ecm ™" and 2856 cm ™" are
attributed to the saturated C-H stretching vibration.*® The
bands at 1479 cm™* results from the -CH, deformation vibra-
tion in alkane.* The band at approximately 725 cm™" indicates
the presence of long-chain alkanes in [Nbmd][OH].** The
stretching vibration of C-N-C can be observed at 1061 cm ™ *,
and the band at 1115 cm ™ * originates from the C-O-C skeleton
stretching vibration of the morpholine ring.** As mentioned
above, the test sample has both alkyl chains and morpholine
rings, which is consistent with the predicted chemical structure
of the synthesized [Nbmd][OH]. The cooperative analysis of FT-

b
€ C
d b a
OH
o5 - -
ks e A0 .
oA %P =
SRS :EE :
gd c a
;”/

T —_— T

3.5 3.0

Fig. 1 'H NMR spectrum of the synthesized [Nbmd][OH].
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Fig. 2 FT-IR spectrum of the synthesized [Nomd][OH].

IR spectra and "H NMR spectra proved that the [Nbmd][OH] was
successfully synthesized.

3.2 Alkalinity and solubility of [Nbmd][OH]

Different concentrations of [Nbmd][OH] at 25 °C. As seen in
Table 1, the [Nbmd][OH] aqueous solution shows a weaker
alkaline character than KOH aqueous solution at the same
concentration. However, the alkaline intensity of [Nbmd][OH]
aqueous solution could also meet the requirements for
attracting OH . In addition, for application in the anion
exchange membranes of fuel cells, the problem of catalyst
deactivation and CO, deposition caused by the traditional alkali
doping method can be avoided. Hence, the synthesized ionic
liquid [Nbmd][OH] in this work has practical significance.
Table 2 lists the solubility of the synthesized [Nbmd][OH] in
different solvents at 20 °C. As expected by the theory that similar
substances can be dissolved easily in each other, the ionic
liquids are soluble in strong polar solvents rather than nonpolar
solvents. As shown in Table 2, the [Nbmd][OH] ionic liquids
synthesized in this work have good solubility in common
organic solvents, which may be due to the protonation of

morpholine rings. This property is of great practical

Tablel pH values of different concentrations of [Nomd][OH] aqueous
solution and KOH aqueous solution at 25 °C

pH value

[Nbmd][OH] KOH
Concentration/ mol L™* solution solution
0.1 10.74 12.9
0.05 10.01 12.6
0.01 9.1 11.9

This journal is © The Royal Society of Chemistry 2018
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Table 2 Solubility of [Nbmd][OH] in different solvents®

Solvent Solubility

Water

Methanol
Ethanol

Glycerol
Dichloromethane
Ether —
Ethyl acetate -

|+ o+ o+

+

% +: Soluble; —: insoluble.

significance for the preparation of anion exchange membranes
with different polymer matrices.

3.3 Characterization of [Nbmd][OH],-QCS (x = 10, 20, 30,
40) membranes by FT-IR

Fig. 3 presents the FT-IR spectra of CS, QCS and [Nbmd][OH],~
QCS (x = 10, 30), respectively. As shown in Fig. 3, broad bands at
approximately 3439 cm ! are observed for all the membrane
samples, which are assigned to the vibration of both N-H and
O-H as a result of overlap. The band at 1594 cm™" for CS is due
to the N-H bending vibration of the primary amino group;
however, there is no distinct absorption associated with the
N-H bending vibration of the primary amine at 1594 cm™" for
QCS-0%. Instead, a new band at approximately 1640 cm ™" was
recorded for QCS-0%, revealing the transformation of the
primary amine to a secondary amine due to the quaternary
reactions at -NH, sites on the chitosan chains.*® In addition, the
increased absorptions at 2925 cm ™', 2856 cm™ ' and 1479 cm ™!
assigned to the C-H vibration and bending of the trimethy-
lammonium group for QCS-X membranes also indicate the

[Nbmd]OH, -QCS

[Nbmd]OH, -QCS

o
1594

1660

1 1 I I I I I
4000 3500 3000 2500 2000 1500 1000 500

4500

-1
Wavenumber/cm

Fig. 3 FT-IR spectrum of the CS, QCS and [Nbmd][OH],—QCS (x = 10,
30) membranes.
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existence of quaternary ammonium groups in the QCS.** The
band at 1061 cm™' corresponds to the C-O-C skeleton
stretching vibration of the morpholine ring. In addition, a main
band at 725 cm™ ' attributed to a long-chain alkane can be
observed in [Nbmd][OH],-QCS (x = 10, 30) membranes, but no
band appears in QCS, which indicates the presence of [Nbmd]
[OH] in the membranes. Moreover, during the preparation of
the [Nbmd][OH],~QCS membranes, increasing the content of
[Nbmd][OH] resulted in increasingly large numbers of -CH,- in
alkyl chains, which can be confirmed by the increased intensity
of the 725 cm™ " band. The same structure of ~CH,- in alkyl
chains can also be proved by 'H NMR, as shown in Fig. 1
(chemical shift b).

3.4 Membrane morphologies

SEM photographs of the surface and the cross-sectional views of
the [Nbmd][OH],-~QCS membranes are shown in Fig. 4. For the
first two membranes (A and B), the surfaces are clearly smooth,
and both cross-sectional views show complete, compact struc-
ture and no obvious holes can be observed. The structures are
compact due to the lower [Nbmd][OH] content. For the last two
membranes (C and D), some dots are clearly visible on the
surfaces due to the increased [Nbmd][OH] content, and the
cross-sectional views are still compact, with no phase separa-
tion phenomena. The results indicate that QCS and [Nbmd]
[OH] are combined well with GA as the crosslinking reagent.

3.5 Mechanical properties of the [Nbmd][OH],-QCS
membranes

Stress-strain tests were used to determine the mechanical
properties of the [Nbmd][OH],~QCS membranes (x = 10, 20, 30,
40) with various concentrations of [Nbmd][OH], as well as

Fig. 4 Surface (A, B, C and D) and cross-sectional (a, b, c and d) SEM
images of [Nbmd][OH],-~QCS membranes (x = 10, 20, 30, 40,
respectively).
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commercial QCS, as shown in Fig. 5. The TS values are in the
range of 14.39-9.12 MPa, and the E;, values (elongation at break)
are in the range of 49.1-96.2%. It can be seen that the TS values
tend to decrease as the [Nbmd][OH] content increases because
a higher proportion of [Nbmd][OH] means a lower proportion of
the QCS matrix, thus reducing the number of -NH, groups
available as crosslinking sites. This change would weaken the
crosslinking effect, leading to a decrease in tensile strength.
However, the E}, values show an increasing trend because the
number of long alkyl chains increases with the increasing
[Nbmd][OH] content, which improves the flexibility of the
membranes. In addition, a larger number of hydrophilic
quaternary ammonium groups in membrane means that more
moisture is drawn into membrane, which will also lead to better
flexibility of the membrane.

We listed some membranes' mechanical properties reported
in recent 5 years. As shown in Table 3, the prepared membranes
in our work though show somewhat less tensile strength but
with excellent elongation at break and they still have the
potential to be used in fuel cells. At 80 °C, the tensile strength of
the prepared membranes decreased slightly, which may be due
to fact that the increasing temperature makes polymer chain
activity more intensely, more likely to produce the intermolec-
ular slippage or intermolecular pull phenomenon.

3.6 TGA curves of [Nbmd][OH],-QCS membranes

Fuel cell performance generally improves at elevated tempera-
ture, and the range of 40-120 °C is of interest. Therefore, the
thermal stability of the AEM is a key metric in forming ionic
conducting ionomers for use in a fuel cell. Thermogravimetric
analysis was carried out on the AEMs synthesized in this work to
investigate their thermal stability. The TGA curves for QCS,
[Nbmd][OH],-QCS membranes (x = 10, 40) and [Nbmd][OH]
ionic liquids are shown in Fig. 6. Clearly, the mass loss of the
[Nbmd][OH] is much less than that of the neat QCS and [Nbmd]

16

QCs
[Nbmd][OH],-QCS
[Nbmd][OH],-QCS
[Nbmd][OH], -QCS
[Nbmd][OH], -QCS

15 -

Stress/MPa

/W
———
e

L N L . I
70 80 90 100

Strain/%

Fig.5 Stress—strain curves of [Nomd][OH],—QCS membranes (x = 10,
20, 30, 40) at various concentrations of [Nbmd][OH], as well as
commercial QCS.
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Table 3 Mechanical properties of the membranes”

Membrane Tensile strength (MPa) Elongation at break (%) Ref.
TiO,/BC/CHPTAC-OH/PVA 25.18 38.05 32

M-20 12.5 5.1 33
XE-Imds 60.2 16.1 34
QA-SEBS, 15 g-PEG, 15.5 250 35
PSU-TMA-OH 20(25 °C) 11(25 °C) 36
PSU-DABCO-OH 24(25 °C) 5(25 °C)

PAES-5-IMPPO 62 £5 22.8 £ 0.7 37
PAES-15-IMPPO 36 £5 8.2 £ 0.5

MPAES-Q-2 6.9 6.3 38
BIm-PPO-0.54 22.9 4.4 39
B-g-Q-2 14.2 12.74 40

I-QPES 29.89 20.8 41
[Nbmd][OH],,-QCS 12(25 °C), 10.6(80 °C) 76.7(25 °C), 110.2(80 °C) This work
[Nbmd][OH],,-QCS 9.1(25 °C), 8.2(80 °C) 86.3(25 °C), 132.5(80 °C) This work
[Nbmd][OH];p-QCS 8.7(25 °C), 7.2(80 °C) 90.8(25 °C), 135.0(80 °C) This work
[Nbmd][OH],,-QCS 8.3(25 °C), 6.9(80 °C) 96.5(25 °C), 156.8(80 °C) This work

“ All membranes were tested at room temperature.

[OH],-QCS membranes (x = 10, 40) within the temperature
range of 100-350 °C. It can be seen that [Nbmd][OH] starts
degrading at approximately 300 °C, which shows excellent
thermal stability, corresponding to the ring structure of mor-
pholine.*> Neat QCS membrane and [Nbmd]OH],-QCS
membranes (x = 10, 40) all exhibit two degradation stages. The
first stage (50-120 °C) is mainly attributed to the evaporation of
moisture (mainly bonded water), and the second stage (240-300
°C) is due to the decomposition of the QCS backbone (mainly
quaternary ammonium groups). As seen from the enlarged
illustrations, the degradation temperature of the [Nbmd]
[OH];,-QCS membrane is 5 °C higher than that of the neat QCS
membrane, and as the content of [Nbmd][OH] increases from
10-40%, the degradation temperature is increased by approxi-
mately 15 °C, which means that the thermal stability of the
[Nbmd][OH],~QCS membranes improves greatly when more
[Nbmd][OH] is added. As the temperature exceeds 400 °C, the
residual mass of all samples tends to be stable; moreover, the
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Fig. 6 TGA curves for pure QCS membrane, [Nbmd][OH],—QCS
membrane (x = 10, 40) and [Nbmd][OH].
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mass of the [Nbmd][OH],,-QCS membrane is 7% higher than
that of the [Nbmd][OH];,—QCS membrane, which is due to the
increased proportion of [Nbmd][OH].

3.7 Dynamic swelling behavior of QCS and [Nbmd][OH],-
QCS membranes

The membrane swelling undergoes three stages, they are the
diffusion of water molecules into the membrane structure and
the relaxation of the polymer structure caused by the hydration
and extension of macromolecule chains.**** All the membranes
prepared in this research performed very fast water absorption,
and they all reached swelling equilibrium within 10 min which
can be seen in Fig. 7. This rapidity is due to the large amount of
hydrophilic quaternary ammonium groups in the membrane
structure. With increasing [Nbmd][OH] content, the swelling
ratio of the composite membranes increases. This increase may
be caused by the following two reasons: the number of quater-
nary ammonium groups is twice the number of [Nbmd][OH]
molecules because each [Nbmd][OH] has two quaternary
ammonium groups, which greatly increases the number of
hydrophilic quaternary ammonium groups; and more [Nbmd]
[OH] means less QCS, resulting in a decreased number of amino
groups as crosslinking sites. The decrease in the degree of
crosslinking makes the structure of the composite membrane
loose, which increases the space for holding water molecules.
To better understand the swelling mechanism of the
composite membranes in the process of water absorption, the
swelling process of the composite membranes was fitted by the
Schott second-order swelling kinetic equation as follows:*®

UW, = 1(KsW.?) + tI W, )

where W, is the swelling ratio of the membrane after immersion
time ¢; W, is the swelling ratio of the membrane after reaching
swelling equilibrium; and Ks is the swelling rate constant,
which is calculated from the slope (1/W.) and intercept (1/
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Fig. 7 Dynamic swelling behavior of QCS and [Nbmd][OH],-QCS
membranes (x = 10, 20, 30, 40) in de-ionized water at room
temperature.

KsW..?) of the plots of the Schott second-order swelling kinetic
equation.

The data obtained from the swelling process (see Fig. 10)
were substituted into eqn (7). The reciprocal of the swelling rate
(¢/W,) had a good linear relationship with the time (¢) of the
swelling process. The swelling kinetic parameters are listed in
Table 4. As seen in Table 4, the experimental equilibrium
swelling ratio and the theoretical equilibrium swelling ratio are
close to each other, and the determination coefficients (R*) are
all larger than 0.995, indicating that the swelling processes of
the QCS and the series of composite membranes follow the
Schott second-order swelling kinetics model. When the [Nbmd]
[OH] content increases from 10% to 30%, the swelling rate
constant increases from 3.53 x 107> to 5.00 x 10> because
more [Nbmd][OH] means less QCS, resulting in a decrease in

0.30
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Fig. 8 Variation in the reciprocal rate of swelling t/Wt as a function of
the swelling time for QCS and [Nbmd][OH],—QCS membranes (x = 10,
20, 30, 40) in de-ionized water at room temperature.
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Fig. 9 OH™ conductivity of QCS and [Nbmd][OH],—QCS membranes
(x =10, 20, 30, 40).

the number of crosslinking sites (e.g., -OH, -NH,). In addition,
the large steric hindrance of [Nbmd][OH] could also hinder the
crosslinking effect, making the membrane structure relatively
loose. These factors lead to the result that water molecules are
more likely to diffuse into the relatively loose membrane
structure, thus increasing the swelling rate constant. However,
when the [Nbmd][OH] content continues to increase to 40%, the
swelling rate constant is reduced, which may be related to the
fact that a larger number of hydrophobic alkane tail chains
causes excessive extrusion into the hydrophilic region, blocking
the diffusion of water molecules and thus reducing the swelling
rate constant. From another point of view, at a certain
temperature, the composite membrane with higher [Nbmd]
[OH] content would have a stronger ability to hold moisture,
which is beneficial for improving water retention at high
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Fig. 10 Arrhenius plots for the QCS and [Nbmd][OH],—QCS

membranes (x = 10, 20, 30, 40). E,: activation energy of the OH™
transportation.
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Table 4 Swelling kinetic parameters and water uptake of QCS and [Nbmd][OH],—QCS membranes (x = 10, 20, 30, 40)

Samples W, Wb K K W% R? Water uptake/%
[Nbmd][OH];,-QCS 110.00 119.05 3.53 x 107° 50.00 0.9953 132.12
[Nbmd][OH],,-QCS 143.00 153.84 4.02 x 1072 95.24 0.9934 223.55
[Nbmd][OH];,-QCS 165.00 175.43 5.00 x 1072 153.85 0.9936 287.31
[Nbmd][OH]4,-QCS 175.00 183.82 4.88 x 1072 161.29 0.9976 336.50
QCS 250.00 250.00 1.07 x 1072 666.67 0.9999 462.33
“ Experimental equilibrium swelling ratio (g water/g membrane). ” Theoretical equilibrium swelling ratio (g water/g membrane). © (g water/g
membrane)/min.
Table 5 |EC values and OH™ conductivities of the membranes in this work and in the literature

IEC Temp Conductivity
Membrane Ionic group (mmol g ") (°Q) (10%sem™) Ref.
[Nbmd][OH]4,-QCS QA* 1.93 30 5.8 This work
CO6PAES-4IM-2.2 Imidazolium 2.20 20 3.8 49
C6PAES-NIM-1.9 Imidazolium 1.8 20 2.1 49
CO6PAES-QA-2.0 QA 1.9 20 1.6 49
QPVA/5 wt%GA QA 0.41 30 1.2 50
CS/C,-QPSs-6 QA 0.53 20 3.78 51
QPAE QA 0.87 20 5.6 52
Quaternized poly (ether-imide) QA 0.98 30 2.3 52
Cardo polyetherketone QATMA? 0.11 20 1.6 53
Polystyrene (ethylenebutylenes) QATEA 0.57 30 0.69 54

polystyrene

“ QA refers to quaternary ammonium. > QATMA refers to TMA-based quaternary ammonium.

temperature. In this work, the [Nbmd][OH];,-QCS membrane
and the [Nbmd][OH];,-QCS membrane have the largest
swelling rate constant and initial swelling rate, indicating that
these two membranes are the most suitable for moisture
absorption. It can also be seen in Fig. 7 and 8 that even though
the QCS membrane has the largest swelling ratio and swelling
rate constant, its excessive swelling ratio leads to poor
mechanical properties that make it impractical for application
in fuel cells.

3.8 Ionic conductivities of [Nbmd][OH],~QCS membranes

The OH™ conductivity of the membrane is of particular
importance and plays a significant role in fuel cell performance.
The OH™ conductivity of QCS and [Nbmd]OH],-~QCS
membranes (x = 10, 20, 30, 40), determined by means of an AC
impedance method at different temperatures, is shown in
Fig. 9. The following results were found. (1) The OH™ conduc-
tivities of all the membranes range from 107° to 107> S em ™,
with the highest being 1.37 S cm 2 ([Nbmd][OH]4,-QCS). (2)
Under the same temperature conditions, the OH™ conductivity
increases with increasing [Nbmd][OH] content, which is
because the higher [Nbmd][OH] content means more positively
charged groups providing OH™ active sites. (3) At the same
[Nbmd][OH] content, all membranes show the same trend of
positive correlation between the OH™ conductivity and
temperature. This correlation occurs because with increasing
temperature, the structure of the membranes becomes rela-
tively loose, resulting in widened run-through anion transport

This journal is © The Royal Society of Chemistry 2018

channels for OH™ migration.””*®* Hence, the transport of OH™
anions in membranes is easier at high temperature.

Table 5 lists several IEC values and OH ™ conductivities of
anion exchange membranes reported in the literature, which
are based on quaternary ammonium groups and imidazolium
groups as cationic active sites. As seen in Table 5, the [Nbmd]
[OH],0-QCS membrane prepared in this work shows better

100

@2 ocs B (Nbmd][OH,,-QCS
BN [Nbmd][OH],,-QCS [Nbmd][OH],,-QCS

90 |- B (Nbmd][OH],-QCS

80
=3
L
© 70
60
50
0 48 72 96 120
t/h

Fig. 11 oi/aq values of QCS and [Nbmd][OH],—QCS membranes (x =
10, 20, 30, 40) as a function of time after immersion in N,-saturated
3 M KOH aqueous solution at 70 °C.
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conductivity than those in the literature. It should be noted that
IEC is related to the amount of available exchangeable groups,
which are actually carrier sites for OH ™. The higher IEC value is
the main factor causing [Nbmd][OH],,—QCS membrane to have
a higher conductivity than the membranes in the literature.
Fig. 10 shows the relation between In¢ and 1000/7 "
Assuming that the OH™ conductivity follows the Arrhenius
behavior, the ion transport activation energy E, of the composite
membranes can be obtained according to the Arrhenius equation:

E,=-bxR (8)

where b is the slope of the regression line of In ¢ (S cm ™) vs.
1000/ " (K ") plots, and R is the gas constant (8.314472 J K"
mol ). The results are presented in Fig. 12.

As seen in Fig. 10, the E, values of the pure QCS and [Nbmd]
[OH],-QCS membranes (x = 10, 20, 30, 40) increase with
increasing [Nbmd][OH] content. It is possible that, on one
hand, the increasing content of [Nbmd][OH] leads to an
increased number of cationic active sites in the composite
membrane, which could attract more OH™. On the other hand,
the increased number of hydrophobic long carbon chains
increases the degree of hydrophilic-hydrophobic phase separa-
tion,**** which provides convenient conditions for OH™
migration, reducing the E, values. In addition, the increased
water uptake (Table 4) provides a better water environment for
the OH™ migration, which also contributes to the reduction in
the E, values. However, as the content of [Nbmd][OH] continues
to increase, the E, value tends to rise, which may be related to
the fact that in a composite membrane with a high [Nbmd][OH]
content, the long carbon chains of [Nbmd][OH] are more easily
intertwined with each other, which would impede the migration
of OH™ and thus increase the E, value.

3.9 Methanol permeability

In general, increases in the swelling ratio lead to greater
methanol permeability because the relative relaxation of the
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Fig. 12 Polarization and power density curves of [Nbomd][OH]40-QCS
membrane at 30 °C and 70 °C.
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membrane structure is conducive to the permeation of meth-
anol molecules. However, in this work, as revealed in Table 6,
with increasing [Nbmd][OH] content, the composite membrane
shows a trend of an increase followed by a decrease in methanol
permeability. The increase occurs because when the [Nbmd]
[OH] content is increased to 20%, the composite membrane
structure becomes more relaxed and is easier for methanol to
pass through. However, if the [Nbmd][OH] content is increased
to 40%, the methanol permeation is reduced to 2.21 x 10° S's
cm?, which is less than that of Nafion®115. This decrease may
occur because, on one hand, a smaller proportion of QCS matrix
leads to a limited swelling ratio; on the other hand, the increase
in the number of hydrophobic alkane tail chains causes exces-
sive extrusion into the hydrophilic region, resulting in narrow
channels for methanol molecules to pass through.

Since the anion exchange membrane in DMFCs can be
treated as a separator of OH™ and methanol, in order to evaluate
the efficiency of separating two components (OH™ and meth-
anol) by the composite membrane, selectivity®” is investigated
as an index. If Fick's law and the Nernst-Plank equation are
applied to describe the OH™ flux and methanol flux, respec-
tively, then the OH ™ /methanol selectivity parameter (SP) can be
expressed in the form SP = ¢/P, i.e., the ratio of OH  conduc-
tivity (o) to methanol permeability (P). As can be seen in Table 6,
all composite membranes show higher selectivity than the pure
QCS membrane (SP = 1.9). The selectivity increases with
increasing [Nbmd][OH] content, and the highest value of 6.2 x
10° S s cm® was obtained for the [Nbmd][OH],~QCS
membrane. The improved selectivity should be attributed to the
dual function of the synthesized [Nbmd][OH], where the
hydrophilic quaternized ammonium groups facilitate anion
conduction, and the hydrophobic alkane tail chains resist
methanol crossover. The improved selectivity with increasing
[Nbmd][OH] content clearly implied a promising application
potential of the composite membranes for DMFC. However,
both the selectivity and the methanol permeability of all the
composite membranes are lower than those of Nafion®115.
Therefore, further improvements of the AEMs are needed.

3.10 Alkaline stability of QCS/[Nbmd]OH membranes

The alkaline stability of AEMs is the key factor affecting the
lifetime of fuel cells. It is highly desirable to develop an anion
exchange membrane with both high OH™ conductivity and
excellent alkaline stability.

As Fig. 11 shows, with the extension of immersion time, the
conductivities of all samples exhibit decreasing tendencies of
different degrees. The conductivity of the QCS membrane
decreased by 50% after 24 h of immersion, showing poor
alkaline stability due to the degradation of quaternary ammo-
nium groups by OH ™ attack (Hofmann elimination)®® and direct
nucleophilic substitution.***® With increasing [Nbmd][OH]
content, the alkaline stability of the composite membranes is
improved. The [Nbmd][OH],,-QCS membrane exhibits the best
alkaline stability, which is approximately 81% of the initial
conductivity after immersion in 3 M KOH solution for 120 h at
70 °C. This high stability is because the decrease in QCS content

This journal is © The Royal Society of Chemistry 2018
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Table 6 Properties of the [Nomd][OH],—QCS membranes (x = 10, 20, 30, 40)

IEC (mmol g™ )

OH™ conductivity Methanol permeation Sp*

Membrane Thickness (um)  Theoretical ~ Experimental — at70°C (107>Sem™") (10 °em ?s™) (10°S s em™)
QCS 230 £ 5 1.36 1.17 0.69 3.68 1.9
[Nbmd][OH],-QCS 236 + 8 1.56 1.38 0.89 3.97 2.2
[Nbmd][OH],-QCS 223 £ 5 1.75 1.54 1.08 3.43 3.1
[Nbmd][OH]3,-QCS 232 +6 1.95 1.71 1.27 2.87 4.4
[Nbmd][OH],-QCS 235 %5 2.14 1.93 1.38 2.21 6.2
Nafion®115 125 0.89 — 0.95 2.8 2.42 11.6

% SP is the selectivity parameter (SP) of conductivity at 70 °C and methanol permeation at room temperature measured in this work.

leads to a lower number of quaternary ammonium groups
grafted onto the QCS backbone and exposed directly to alkaline
environment. However, the ionic liquid ((Nbmd][OH]) prepared
in this experiment contains a morpholine ring, a group with
high steric hindrance, which could protect the quaternary
ammonium groups against OH ™ attack®-*> and thereby promote
an acceptable alkaline stability.

3.11 Single-cell performance

Fig. 12 shows the polarization and power density curves of
[Nbmd][OH]4,-QCS membrane with the highest OH™ conduc-
tivity at 30 °C and 70 °C. 3.0 M ethanol combing 5.0 M KOH were
used in the cell performance tests.

As can be seen from Fig. 12, the cell performance is improved
with the increasing operating temperature. The open circuit
potentials (OCPs) of single cell at 30 °C and 70 °C are 0.7812 V
and 0.8283 V, respectively, and the peak power density is about
6.04 mW cm ™2 at 30 °C, and it increases to about 7.32 mW cm >
at 70 °C. The improvement of the cell performance caused by
the elevating operating temperature is mainly due to the
following two reasons. Firstly, higher temperature accelerates
the electrochemical reaction rate, depresses negative effect of
pH difference between anode and cathode in anion exchange
membrane fuel cell. Secondly, a raised temperature also
increase the OH ™ conductivity of the membrane, which can be
seen from the measured OH™ conductivity results of the [Nbmd]
[OH]4,-QCS membrane in Fig. 9. However, the performance is
still low at this stage, the performance of the fuel cell could be
improved by further optimizing the electrode structure and
lowering the resistance of the membranes. The poor chemical
compatibility between the ionomer used (Nafion® ionomer) in
the electrodes and the quaternary ammonium-type composite
membrane is likely to be the cause of the poor performance
observed. Chemical incompatibilities such as this can cause
high contact resistances and poor MEA lamination. Another
possible reason is the low Pt loading level of the anode and
cathode (0.5 mg cm™2).

4 Conclusions

A new gemini basic morpholine ionic liquid ([Nbmd][OH]) was
synthesized via a two-step procedure and applied to the prepa-
ration of [Nbmd][OH],-~QCS membranes due to its good thermal

This journal is © The Royal Society of Chemistry 2018

stability, strong polarity and alkalinity. The characterization
results show that, with increasing [Nbmd][OH] content,
increasing trends can be observed in water uptake, swelling
ratio and thermal stability, while a slight decrease can be found
in TS values. However, the methanol permeation of the
composite membrane shows a trend of first increasing and then
decreasing, with the lowest methanol permeation being 2.21 x
10% S s em ™%, which is less than that of Nafion®115. The [Nbmd]
[OH]4-QCS membrane also possesses the highest OH™
conductivity of all the prepared membranes, reaching 1.37 S
ecm 2 at 70 °C. Furthermore, the [Nbmd][OH],,-QCS membrane
exhibits the best alkaline stability, which is approximately 81%
of the initial conductivity after immersion in 3 M KOH solution
for 120 h at 70 °C, indicating a promising application potential
in direct methanol fuel cells.
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