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ABSTRACT: A two-phase anion-exchange membrane was pre-
pared from quaternized chitosan (QCS) integrated with an
electrospun polyacrylonitrile (PAN) scaffold by spin coating. To
synthesize QCS, glycidyltrimethylammonium chloride in various
amounts was introduced into the structure of CS. The character-
ization of the cast cross-linked QCS (CQCS) membranes by
impedance spectroscopy revealed the ionic conductivity (IC) in
the range of 2.8 × 10−4 to 8.2 × 10−4 S cm−1 and the degree of
quaternization (DQ) of 26.4−51.0%, where the CQCS film with
the DQ of 51.0% showed excellent performance. When CQCS was
reinforced with a PAN fiber mat, the newly developed composite
membrane demonstrated the highest IC of 34 × 10−4 S cm−1 at 80
°C, low swelling, and an almost eightfold increase in tensile
strength at a fully hydrated state compared to pristine materials. Moreover, the CQCS/PAN membrane was chemically stable and
revealed increasing hydroxide transport during 1 month immersion in alkaline media.

1. INTRODUCTION
The growing demand for efficient green energy generation and
storage systems has prompted the development of electro-
chemical devices such as fuel cells (FCs). Among all FC types,
proton-exchange membrane fuel cells (PEMFCs) are the most
mature and widely used ones owing to their high energy
conversion efficiency, quick start-up, and availability of the
proton-conducting membranes, including commercial ones
such as Nafion and Aquivion with excellent tensile strength,
chemical and thermal resistance, and high ionic conductivity.1

The overall system is quite durable with a stable power
output.2 Nevertheless, some features of PEMFC’s performance
hamper its vast application. The limited choice of fuels,2 the
cost of poison-resistant and stainless noble metal catalysts to
stimulate electrochemical reactions, and the preservation of
stable performance at low pH are among the main issues.3,4

Observing such drawbacks, the attention was shifted to fuel
cells that could function in alkaline conditions−alkaline fuel
cells (AFCs). The AFC can be a reasonable alternative to
PEMFCs as it works in the same temperature range and
consumes hydrogen gas as a fuel. Thus, owing to the different
ion transport mechanisms of AFCs, more cost-effective
transition-metal catalysts can facilitate their operation
compared to the precious metals of the proton-exchange
system.4 Other advantages include faster oxygen reduction
kinetics, enhanced cell voltage, and the use of a wider variety of
fuels.2,5

Commonly, AFCs utilize potassium hydroxide (KOH)
solution as an electrolyte; however, there are increased risks
of leakage or electrode drying.6,7 Besides, they readily react
with CO2, causing the formation of carbonates and
simultaneously reducing the ionic conductivity and power
output.4,5,7 Considering these limitations, an alternative type of
gel-like electrolyte, anion-exchange membrane (AEM), was
introduced. Due to its polymer-based composition, CO2
poisoning and leakages can be avoided.
For the successful commercialization and wide exploitation

of AFCs, hydroxide-exchange polymer membranes should
satisfy the following criteria:2,7−9 reasonable OH− conductivity
with low location-based resistance, high current density
operation, sufficient alkaline stability at elevated temperatures,
full electron insulation, mechanical, thermal, and chemical
stability, low cost, and abundance. Bae and others state that
there is a trade-off in fulfilling all requirements.9 For example,
even though high ionic conductivity is the desired effect for the
efficient work of FC, it might result in extensive water uptake
and swelling ratio, leading to low mechanical stability.
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The selection of material for AEM plays a crucial role in the
operation of AFC. So far, the preference for polymer backbone
has been given to synthetic compounds, including polyketones,
polyolefins, and polyethers.10,11 In addition to synthetic
materials, natural or naturally derived polymers such as
chitosan (CS) and cellulose are captivating as they make the
exploitation of fuel cells even more environment-friendly and
cost-effective.12−15

CS is derived from chitin and consists of irregularly
organized D-glucosamine and N-acetyl-D-glucosamine. This
polysaccharide’s structural arrangement and composition
ensure its vast application as (1) an inhibitor of microbial
growth in the food industry,16,17 (2) a hydrogel for the removal
of contaminants in wastewater remediation,18 and (3) a
biocompatible and mucoadhesive material in tissue engineer-
ing18 and drug delivery,19 respectively. Owing to its remarkable
properties, chitosan has also been investigated as a polymer
backbone of AEM because it is inexpensive and abundant.
Also, it does not conduct electrons, which is one of the primary
functions of the electrolytes in FCs.14,20−22

Nonetheless, the material’s low anion conductivity and
mechanical strength might hinder the AEM development. The
scientific publications demonstrate the following ways of
boosting the conductivity of CS:

• modifying D-glucosamine with cationic head groups such
as quaternary ammonium ions;21,23

• inserting of fillers such as carbon nanotubes
(CNTs),24,25 silicon dioxide,21 and quaternized halloy-
site nanotubes.;26

• blending CS with other polymers including poly(vinyl
alcohol), poly(vinylidene fluoride), and poly(acrylic
acid).14,20,21,27

While the OH conductivity of pristine CS membranes is ∼1
to 2 mS cm−1 at room temperature (RT),26,28 it is almost two
and six times higher in quaternary ammonium (QA)-grafted
CS (QCS)23,29 and QCS tuned with CNTs,23 respectively.
Despite increasing the ion transport capability, there is still
room for the enhancement of the mechanical integrity of the
hydrophilic chitosan material. Recently, Liu et al. developed
QCS membranes reinforced with functionalized poly-
(vinylidene fluoride) nanofiber support for alkaline and acidic
direct methanol fuel cells.21,30 They achieved decent tensile
strength (11.9 MPa) at a low swelling ratio (<50%) for QCS/
QSiO2@PVDF compared to pristine QCS (220.5% and <1
MPa, respectively) upon total hydration of the membranes yet
keeping the high ionic conductivity of ∼18 mS cm−1 of the
composite AEM.21

To improve the tensile strength of the chitosan-based AEM,
this paper focuses on (1) the structure and (2) the fabrication
method of the membrane. The reliable structure was obtained
through integrating QCS with a hydrophobic mechanical
support−−electrospun polyacrylonitrile (PAN) yarns. The
effectiveness of such membranes has already been justified in
protein and water purification systems when cationic chitosan
solution was cast on top of the PAN membrane.31,32 However,
to the best of our knowledge, a two-phase membrane
composed of a QCS-coated PAN scaffold has not been
utilized as an ion-exchange membrane for fuel cells yet. This
study intends to show the applicability of the abovementioned
structure and composition of the membrane for hydroxide
transport and demonstrate its stability in alkaline conditions.
To reach this goal, the current work modified the preparation

method as well. Traditionally, a polymeric solution was
combined with a nanofibrous scaffold by solution casting;
however, this time, the spin-coating technique was utilized
instead. The method enables homogenizing the surface and
controlling the AEM’s thickness, as the spin coater’s
parameters can adjust the QCS layer’s thickness. Furthermore,
the optimal DQ of the high-molecular-weight QCS was
examined to maintain decent OH− conduction.

2. MATERIALS AND METHODS
2.1. Materials. Chitosan (CS; degree of deacetylation =

90%, MW = 310,000−375,000), glycidyltrimethylammonium
chloride (GTMAC), potassium hydroxide, and glass slides (22
mm × 22 mm) were purchased from Sigma Aldrich, Germany;
polyacrylonitrile (PAN; MW = 150,000) was supplied by J&K
Scientific, China. All reagents were used as received.

2.2. Characterization. 2.2.1. Physical and Chemical
Properties. The hydroxide conductivity of AEMs was
evaluated by the electrochemical impedance spectroscopy
method (Metrohm Autolab) scanned over the frequency range
of 1 MHz to 1 Hz and the highest current of 100 mA. The
surface morphology of the membranes was observed by a
scanning electron microscope (Crossbeam 540 by Carl Zeiss)
at a magnification of ×500 − ×10,000. The tensile parameters
of films were tested by an electronic universal testing machine
(WDW-3 by Jinan HST Group Co.). The quality of QA-
functionalized CS synthesis was interpreted by a Nicolet iS10
Fourier transform infrared spectrometer (Thermo Fisher
Scientific) at the wavenumber ranging from 4000 to 400
cm−1 with 32 scans per sample.
2.2.2. Degree of Quaternization. The Mohr titration of

chloride ions with a standard silver nitrate solution is a
common procedure used to define the content of QA-
functionalized D-glucosamine in chitosan AEM.24,33,34 In this
work, conductometric titration was performed, where the
standard 0.05 N silver nitrate solution was the titrant and 25
mL of 0.2 wt % synthesized QCS was the analyte. Once the
equivalence of Ag+ and Cl− ions was established, the volume of
AgNO3 was recorded. The degree of quaternization (DQ) is
given by:35

l
moo
noo

Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ

|
}oo
~oo

V
c

V c

m V c

DQ
1000

/ ( /1000)

( (MW /1000))/MW

1
DD

100%

AgNO
AgNO

AgNO AgNO

2 AgNO AgNO 1

3

3

3 3

3 3

= × [ ×

+ × × ]

× ×
(1)

In eq 1, DD is the degree of deacetylation, MW1 and MW2
are the molecular weight (g/mol) of D-glucosamine and N-(2-
hydroxyl) propyl-3-trimethyl ammonium chitosan chloride
(HTCC), respectively, VAgNOd3

and cAgNOd3
are the volume (mL)

and concentration (mol/L) of silver nitrate used for
conductometric titration, and m is the mass (g) of HTCC
dissolved in acid.
2.2.3. Water Uptake and Swelling Ratio. AEMs were cut in

round disk shape (d = 18 mm) using a disc punching machine
before testing and dried until constant weight. Then, they were
placed in 1 M aqueous potassium hydroxide solution and
deionized (DI) water for 24 h each. The weight and diameter
in a fully hydrated state were measured. Water uptake (WU)
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and swelling ratio (SR) were calculated by eqs 2 and 3,
respectively:36

W W

W
WU 100%

wet dry

dry
= ×

(2)

L L

L
SR 100%

wet dry

dry
= ×

(3)

where Wdry and Ldry are the weight and length (diameter) of
the dry membrane andWwet and Lwet are the weight and length
of the hydrated membrane, respectively.
2.2.4. Hydroxide Conductivity. The complete hydration of

round-shaped membranes (d = 18 mm) was ensured by
immersion in 1 M KOH and DI water for 24 h, respectively.
The Nyquist plot of real versus imaginary impedance was used
to calculate the membrane resistance. Then, the readings were
inserted in eq 4, and the ionic conductivity (IC) value was
determined24

L
R Sm

=
(4)

where σ is the ionic conductivity (S/cm), L is the distance
between the electrodes (cm), Rm is the membrane resistance
(Ω), S is the cross-sectional area of the membrane (cm2), that
is, S = width × thickness of the membrane.
2.2.5. Mechanical Properties. A tensile test was performed

using an electronic universal testing machine (WDW-3 by
Jinan HST Group Co.) to determine the mechanical properties
of cast CS, PAN fibers, and composite membranes. The
membranes were fully hydrated and cut into 2 × 5 cm with a
clamping distance of 2 cm. The tensile test was performed at
an elongation rate of 10 mm/min at room temperature and 1
atm. Then, the stress−strain curves were plotted.

2.3. Preparation of the CS Membrane and Synthesis
of QCS. QCS was prepared according to the procedures used
elsewhere.34,37 CS powder (1 g) was dissolved in weak acetic
acid (50 g, 2 wt %) to obtain a CS solution. GTMAC was
added to the preheated CS solution in molar ratios of 2:1, 4:1,
6:1, 8:1, and 10:1 to the amino groups of CS in two portions.
These products will be called QCS-2, QCS-4, QCS-6, QCS-8,
and QCS-10, respectively. The mixture was stirred for 6 h at 80
°C and precipitated afterward in ethanol under vigorous
stirring. The yellowish substance was washed twice as
described above and dried overnight at 60 °C. The powdered
QCS was dissolved in 2 wt % acetic acid and precipitated in
ethanol one more time to remove the unreacted GTMAC. The
purified substance was cross-linked by glutaraldehyde (GA), as
reported in the literature.38 A volume of 1.5 mL of 0.5 wt %
GA was introduced dropwise in 15 g of 2 wt % QCS solution.
Cross-linked QCS (CQCS) membranes were obtained by the
solution casting method and dried at 60 °C until constant
weight (see Table 1). Similarly, a cross-linked pristine CS
(CCS) membrane was cast and used as a reference material.

2.4. Fabrication of PAN Fibers. The nanofiber mat was
fabricated from the polymer solution by electrospinning
(Ne200 NanoSpinner, Inovenso). PAN solution (8 wt %;
dissolved in DMF) was sprayed, keeping the distance between
the spraying nozzle and the glass film (collector) as 11 cm, and
flow rate = 1 mL/h and voltage = 14 kV at room temperature.

2.5. Preparation of the Composite CQCS-10/PAN
Membrane. PAN fibers on a glass slide were covered with a
cross-linked QCS solution and allowed to impregnate for 1 h.

After that, the excess QCS was removed from the composite
membrane by a spin coater (SPIN150i; Polos). The
parameters are as follows: speed−−3000 rpm, accelera-
tion−−500 rpm/s, and time of spinning−−300 s. Overall,
four layers of QCS were formed by drying for 30 min to make
a sheath of fibers.

3. RESULTS AND DISCUSSION
Chitosan can be readily modified cationically due to the
availability of amine groups in its structure. One of the most
promising ways of such functionalization is quaternary
ammonium (QA) grafting with pyridinium, benzyltrimethy-
lammonium, 1,4-diazabicyclo [2.2.2] octane, n-methyl piper-
idinium, guanidium, trimethylhexylammonium, and glycidyl-
trimethylammonium groups on CS polymers’ backbone.39,40 It
was reported that glycidyltrimethylammonium chloride
(GTMAC) shows excellent compatibility with the NH2 groups
of D-glucosamine by numerous studies.34,41,42 The concen-
tration of GTMAC shall be adapted for the molecular weight
and degree of deacetylation (DD) of the current raw CS
material. Thus, the molar ratio of GTMAC was varied with
respect to D-glucosamine, as described in Materials and
Methods. The introduction of positively charged groups
increased the solubility of the chitosan films in water, making
them more brittle in dry state. Therefore, the polymer chains
of the synthesized QCS samples were cross-linked with the
widely used cross-linking agent, glutaraldehyde (GA). After
careful analysis, the appropriate concentration of GA was
found to be 0.05 wt %, which was fixed to all cross-linked QCS
(CQCS) membranes.
After preparing CQCS materials, several characterizations

have been conducted to analyze the chemical stability in
alkaline conditions and the OH− transportation ability. The
DQ analysis and FTIR spectra of all QA-incorporated chitosan
membranes demonstrated whether the outcome of the
synthesis was successful or not. The water uptake (WU) and
swelling ratio (SR) tests evaluated the water content of QCS
membranes, whereas the ionic conductivity (IC) test results
revealed hydroxide-exchange properties. Based on those
techniques, the optimal cationic chitosan material was selected
for integration with the PAN support.
Figure 1 schematically illustrates the process of CQCS/PAN

AEM fabrication. First, polyacrylonitrile fibers were formed
using the electrospinning technique. The QCS solution was
prepared and cross-linked with glutaraldehyde. Then, the
CQCS solution was dropped on electrospun threads and
uniformly distributed with the pores of the nanofiber mat using
a spin coater. To ensure the denseness of the nanofibrous
membrane, once the AEM was completely dried after the
coating process, step 3 from Figure 1 was repeated three more
times.

Table 1. Abbreviations of Cross-Linked Quaternized
Chitosan Membranes

molar ratio of GTMAC to CS name

0:1 CCS
2:1 CQCS-2
4:1 CQCS-4
6:1 CQCS-6
8:1 CQCS-8
10:1 CQCS-10
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3.1. Determination of the Degree of Quaternization
of QCS. The WU, SR, and IC strongly depend on the DQ of
chitosan, which expresses the quantity of positively charged
QA groups in the polymer chain.43 The DQ can be controlled
by altering the temperature, reaction time, quaternizing agent
concentration, and the medium’s pH.44 In addition, the
increase in temperature helps to overcome the reaction barrier,
and the quaternization of hydroxyl groups of chitosan at high
pH is more favorable in terms of thermodynamics and
kinetics.45,46

The DQ of all synthesized QCS materials was calculated
using the conductometric titration method (see the Supporting
Information). Indeed, the increase of GTMAC concentration
contributed to higher DQ values, which were 26.4, 32.0, 38.1,
43.3, and 51.0% for QCS-2, QCS-4, QCS-6, QCS-8, and QCS-
10, respectively.

3.2. FTIR Analysis of Pristine and Quaternized CS
Membranes. Chitosan is a copolymer that has acetamide
(−NHCOCH3) and amino (−NH2) groups. After the
deacetylation of chitin under heterogeneous conditions, the
intensity of the band absorption of amide-I (C�O stretching
vibrations of secondary amide) decreases because of the
conversion to amide-II (stretching vibrations of CN) with a
lower frequency. Further, it transforms into the NH2 group of
the primary amine. The intensity of the amide-II band is
stronger for chitosan, which has a higher degree of
deacetylation.47

Figure 2 exhibits the FTIR spectra of chitosan and
quaternized chitosan with different DQ values. The FTIR
spectrum of chitosan shows the combined absorption bands of
OH and NH, which are involved in hydrogen bonding in the
wide bands in the region of 3600−3100 cm−1, where bands at
3500−3300 cm−1 are assigned to the OH stretching and bands
at 3360−3300 cm−1 are due to NH2 stretching.

48 Furthermore,
the absorption band at 2924 cm−1 is assigned to the
asymmetric and symmetric C−H stretching of the CH2 and
CH3 groups.

40 The existence of quaternary ammonium groups
on the backbone of the polymer was confirmed by the
appearance of a strong absorption band at 1480 cm−1, which is
due to the C−H bending of the trimethylammonium group of
GTMAC.42,49,50 This vibration band at 1480 cm−1 could be
seen when the ratio of GTMAC/CS reached a value of 6:1 and
then continued to increase proportionally.

Additionally, unchanged alcohol bands between 1150 and
1066 cm−1 indicated the quaternization of only the available
NH2 groups of CS by GTMAC. A band observed at 1648 cm−1

suggests the incomplete deacetylation of the amide-I group of
chitin and cross-linking of quaternized chitosan membranes
with glutaraldehyde. Namely, the presence of (C�N) imine
bonds shows the successful cross-linking of membranes which
can be detected between 1640 and 1570 cm−1, overlapped with
the −NH vibrations of original CS.51

3.3. WU and SR of Pristine and Quaternized CS
Membranes. The ability of the material to interact with water
is essential for completing AEM requirements. Generally,
extremely high or low water content might result in inefficient
performance, even though the conventional values of WU and
SR differ in various membranes. When it comes to low water
absorption, deficiency of hydroxide groups might occur. In the
case of excessive hydrophilicity of AEM, the concentration of
OH− might drop due to the dilution effect.20

It is expected that the QA groups of QCS are hydrophilic,
and they can lead to an increase in WU and SR. Consequently,
the AEM’s IC and mechanical properties can deteriorate due
to the membrane’s deformation and dimensional instability.
However, the absorbed water molecules tend to hydrate
hydroxide ions and support their transportation through the
AEM. Therefore, WU should be carefully balanced in the

Figure 1. Schematic representation of the AEM fabrication.

Figure 2. FTIR spectra of CCS and CQCS membranes.
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AEM. All these parameters can be improved by cross-linking
the polymer or developing composite membranes.52,53

Figure 3 shows that the QA modification affected the WU
and SR of membranes differently. As water absorption and

swelling are associated with cross-linking, these parameters
were successfully controlled by reacting CS with GA.
As seen in Figure 3A, the lowest content of WU is observed

for CCS, with a value of 341.6 ± 1.3%. As DQ rises from 26.4
to 51.0%, WU gradually increases due to the interaction of
charged groups with water molecules. Yet, there is no crucial
difference, and maximum uptake is around 360% for CQCS-
10, which is favorable for mechanical stability. It was expected
that SR would expand with the increasing WU of the
membranes. However, the incorporation of QA groups on
the polymer’s backbone and cross-linking led to decreased
swelling (see Figure 3B).36,54 This could be a consequence of
the physical attraction between the positively charged
ammonium head and negatively charged groups of the
membranes.
CQCS-10, with a DQ of 51.0%, has a limited amount of free

amino groups, and during the cross-linking, 0.05 wt % GA
reacts with the free amino groups of chitosan. As a result,
hydrogen bonds between the amino groups and water
molecules can be reduced due to the decrease in the
membrane mobility by the interconnection of chains.55

While CCS and other cast membranes with lower DQ have
more free amino groups, the concentration of GA was
insufficient for cross-linking, resulting in a more significant
volume expansion. Therefore, due to the presence of more QA
groups than in the other membranes, CQCS-10 has the highest
WU and lowest SR without any deterioration of mechanical
strength.

3.4. Hydroxide Conductivity of Pristine and Quater-
nized CS Membranes. Prior to testing the ionic conductivity,
the pristine CQCS membranes were immersed in 1 M
potassium hydroxide solution for 24 h and then in deionized
water for the same period. All raw CQCS materials of various
DQ values were tested by preparing cast membranes of
thickness around 240 μm to observe the impact of
quaternization on IC. Figure 4A summarizes the Nyquist
plots of CCS and CQCS AEMs obtained by electrochemical
impedance spectroscopy at the 1 MHz−1 Hz frequency range.
The bulk resistance (Rm) of hydrated membranes was
determined at the intercept of the semicircle with the real
impedance axis. CQCS-10 revealed the smallest Rm and was
expected to show a sufficient ion transfer. Figure 4B illustrates
the hydroxide conductivities of pristine and modified CS
membranes, which were measured at room temperature and
ranged between 2.6 × 10−4 and 8.2 × 10−4 S cm−1. Indeed, DQ

directly impacts OH− transport as quaternization dramatically
boosts the ion conductivity of functionalized CS membranes
compared to control CCS. Thus, ICs of CCS and QCS-2
AEMs reveal similar values, whereas the high content of QA
groups in QCS-6, QCS-8, and QCS-10 results in a nearly two-
to threefold increase.
The electrical equivalent circuit (EEC) model of the system

of the studied membranes is shown in Figure 5. The EEC

includes Rs (electrolyte resistance), Rp (polarization resist-
ance), and two constant phase elements (CPE). Rs, Rp, and
CPE1 appear in the high-frequency region as a semicircle, in
which Rp and CPE1 are connected in parallel and characterize
membrane conduction properties. The low-frequency straight
line CPE2 indicates the electrical double-layer capacitance
(EDCL) with a phase of (−90 × n)°. The characteristic
parameter n values of CPE1 and CPE2 were 0.838 and 0.828,
respectively. It means that CPE1 with a value of n = 0.838
showed an imperfect semicircle, and CPE2 with a value of n =
0.828 describes more capacitor behavior than resistor due to
the roughness of the membrane/electrode border or EDCL at
the blocking electrodes. As a result of fitting and drawing the
EEC, the estimated errors of Rs, Rp, and n were observed to be
4.7, 3.9, and 0.3%, respectively.

3.5. Characterization of the Composite CQCS-10/PAN
Membrane. CQCS materials with different DQ values were
carefully investigated based on the water-absorbing and ion-
conductive properties. QCS-6, QCS-8, and QCS-10 revealed
QA grafting accomplished in the FTIR spectrum. CQCS-10
exhibited the highest DQ and OH− conduction, sufficient
hydration, and cross-linking among these three samples.
Therefore, it was selected to fabricate a composite membrane
with a PAN fiber network.
3.5.1. FTIR of Pristine Materials and the Composite

Membrane. After the integration of the two phases, the
presence of the incorporated cationic head groups in QCS and
proper interactions between PAN and QCS were studied by
FTIR. The IR spectra of electrospun PAN fibers, CQCS-10,
and the spin-coated CQCS-10/PAN membrane are shown in
Figure 6. The bands at 2924 and 1450 cm‑l are ascribed to the
symmetrical stretching vibration and symmetrical bending

Figure 3.Water uptake (A) and swelling ratio (B) of cast membranes.

Figure 4. Ionic conductivity of cross-linked pristine and QA-grafted
CS membranes measured at RT: (A) Nyquist plots and (B) IC versus
corresponding DQ (shown as %).

Figure 5. Model of an EEC of AEMs.
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vibration of C−H (υs(C−H) and δs(C−H) in CH2),
respectively. The formation of [−HC−N�N−CH−] con-
jugation indicates the cross-linking of PAN fibers which
vibrates at 1664 cm−1.56 The band at 2242 cm−1 corresponds
to the stretching vibration of the nitrile group υC�N.

57 In a
composite membrane of CQCS-10/PAN, the intensity of the
band at 1558 cm−1 reduced, while the intensity at 1648 cm−1

increased, which shows the overlapping of C−O (amide-I) of
CS and C−N of PAN. Furthermore, the intensity of bands at
1450 and 1480 cm−1 in the CQCS-10/PAN membrane
reduced. It might be due to the interaction between the CH2
bending of PAN and the −CH3 bending vibrations of GTMAC
in the chitosan backbone. According to the FTIR results,
chemical interactions between PAN and CQCS are apparent,
which could improve the mechanical properties of composite
membranes.58

3.5.2. Surface Characterization of Pristine PAN Fibers and
the CQCS-10/PAN Composite Membrane. The surface
morphologies of pristine PAN nanofibers and CQCS
reinforced with PAN yarn mat are observed by SEM and
illustrated in Figure 7. Electrospun PAN nanofibers were
randomly arranged, and the diameter may have appeared in
different sizes. The shape and surface of the fibers were straight
and smooth, respectively. The fibers had a large surface area,
and no beads were observed (Figure 7A). Impregnation of

PAN fibers with another polymer filled the voids between
them and was expected to form a more durable and rigid
material (see Figure 7B).
The SEM images of the cross sections of pristine PAN

threads and the composite membrane were obtained to assess
the ability of the depositing CQCS solution to penetrate all the
sublayers of the fiber mat. From Figure 7C,D, one can observe
that the blank spaces between yarns were occupied by QA
chitosan.
3.5.3. Water Content and Hydroxide Conductivity Tests of

a Composite Membrane. The long-term performance of
alkaline fuel cells highly depends on the dimensional stability
that can be improved by controlling WU and SR.24,54 To fulfill
this requirement, WU and SR of the obtained composite
CQCS-10/PAN membranes were measured. The fibers
significantly restricted the hydration of the CQCS-10/PAN
membrane compared to pure CQCS membranes. For instance,
the WU and SR values of the latter were more than 300 and
20%, respectively, while the composite PAN-based membranes
exhibited WU of only 124.0 ± 5.5% and SR of 1.7 ± 0.1% (see
Table 2).

The preservation of electrochemical properties of CQCS-10
after the insertion of a thread mat was examined and compared
to the pristine cationic material. The δ value of the composite
QCS-10-coated PAN membrane (6.7 × 10−4 S cm−1) was
comparable but slightly lower than that of QCS-10. This
phenomenon is frequently met when the properties of chitosan
are tuned with additional materials. In this work, the presence
of PAN having its own resistivity decreases the overall IC.
Another study investigated cast CNT-functionalized QCS
membranes that had a slight drop in conductivity due to the
anions’ restricted conduction path after the fillers’ introduc-
tion.24 Liu et al. fabricated an AEM of a similar fabrication
technique and structure to ours, namely QCS-coated PVDF
fiber film.21 When they compared the electrochemical
performance of the composite membrane with the pristine
QCS, it was twice less conductive. Thus, some trade-off
between the mechanical and ion-conductive properties is
tolerable for maintaining the physical integrity of the AEM.
3.5.4. Mechanical Properties of Pristine Materials and the

Composite Membrane. The stress−strain curves in Figure 8A
present the response of the cross-linked materials to applied
stress. Cross-linking is expected to decrease membrane
deformation; thus, it might lose the elastic properties and
become more brittle.55 The high DoD (90%) of the CS
material grants numerous NH2 groups for reactions with
quaternizing and cross-linking agents. CQCS-10, with a DQ of
51.0%, had the highest WU among all CS membranes, making
it more hydrophilic and, thus, mechanically weaker at a fully
hydrated state. The tensile strength and breaking strain of
CQCS-10 were 0.1 MPa and 0.49%, respectively, which were
only ∼1.3 times lower than those of unmodified CS film.
The alternative behavior of PAN yarn-based membranes is

observed in Figure 8B. Namely, PAN and CQCS-10/PAN

Figure 6. FTIR spectra of PAN, CQCS, and CQCS-10/PAN
composite membrane.

Figure 7. Scanning electron micrographs of the top (A) and cross-
sectional (C) views of PAN fibers and the corresponding images (B,
D) of the CQCS-10/PAN membrane.

Table 2. Water Content and Ionic Conductivity Data of the
Pristine and PAN-Reinforced CQCS Membrane

AEM type SR ± STD, % WU ± STD, %
IC ± STD

(δ × 10−4 S cm−1)

CQCS-10/PAN 1.7 ± 0.1 124.0 ± 5.5 6.7 ± 0.3
CQCS-10 19.4 ± 0.2 361.1 ± 1.9 8.2 ± 0.3
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were more resilient, and they did not tear readily but preserved
their integrity by rupturing gradually. As these films undergo
alkaline treatment, partial hydrolysis might occur, and some
nitrile groups of PAN could be converted to carboxylate
groups.59 This process facilitates the formation of additional
electrostatic forces (e.g., hydrogen bonds) within PAN and
between QCS-10 and PAN. The Control PAN fiber mat
showed breaking stress comparable to the cast chitosan
membranes with strength under 0.1 MPa and elongation at a
break of 13.2%. The tensile strength of CQCS-integrated PAN
revealed a nearly eightfold increase, whereas the strain was
3.4%. This behavior might be reasonable as the coating of
fibers and voids restricted the mobility of PAN polymer chains
with chitosan.
The mechanical properties of these films would probably be

even higher if they were thicker. However, to satisfy the
requirements of an AEM, the membranes were thin. Overall,
developing a two-phase AEM improved the mechanical
properties of pristine materials; namely, it possessed greater
elasticity than CS and higher stress resistance than CS and
PAN, respectively.
3.5.5. Chemical Stability of the Composite Membrane. As

discussed above, alkaline media can positively affect the
cohesion of QCS and PAN due to the hydrolysis of PAN and
the establishment of electrostatic attraction. Additionally, the
basic treatment hinders the excessive deformations of chitosan
as it neutralizes residual acetic acid in the membrane.55 Thus,
KOH can reinforce the composite CQCS-10/PAN membrane
along with cross-linking with glutaraldehyde. To confirm their
chemical stability, the films were immersed in 1 M KOH for 30
days at room temperature, and IC was measured every 3 days.
Figure 9A illustrates the Nyquist plots of the EIS measure-
ments, revealing the reduction of membrane resistance with
the increased immersion time.

Consequently, the ionic conductivity of CQCS-10/PAN
membranes is inversely proportional to Rm. The expanded
surface area of the yarn-based membrane and the presence of
hollow spaces in its structure allowed sufficient QCS-based
coating that created more paths to transport OH− ions. The
anion conductivity of the composite membrane rises gradually,
reaching the highest value of 1.3 mS cm−1 on the ninth day
(see Figure 9B). This trend is observed even after 30 days of
storing the composite AEM in the alkaline solution, as the δ
value elevated to 2.4 mS cm−1 at RT. The ionic conductivity
was measured at 80 °C to monitor the thermal effect on the
hydroxide-transport ability of the membrane. Commonly,
elevated temperature stimulates faster ion transfer, thus
boosting anion conductivity.60 Indeed, the maximum IC of
3.4 mS cm−1 was reached. At the same time, the immersion of
CQCS-10/PAN membranes into 1 M KOH for 30 days did
not affect the mechanical strength significantly. It is the partial
hydrolysis of PAN threads and consequent strengthening of
the membranes, as discussed in the work of Jin et al.,61 that are
mainly responsible for the mechanical durability of the
composite membrane.
As the ionic conductivity increased over the time of

immersion in alkaline solution, the degradation of material
was probably negligible. Thus, the degree of QCS’s cross-
linking and compatibility with the PAN fiber mat was enough
to preserve the AEM’s durability and simultaneously exhibit
decent IC.

4. CONCLUSIONS
This work demonstrates the fabrication of a rigid anion-
exchange membrane comprising a cationically functionalized
chitosan polymer reinforced with a PAN nanofiber network.
During the synthesis of QCS, the variation of the GTMAC
concentration enabled the selection of optimal DQ (51.0%)
that made the material hydrophilic yet stable upon cross-
linking. The impregnation of PAN threads via the spin-coating
technique made the distribution of CQCS uniform within the
pores. Upon tensile testing, the strength of the composite
membrane was ∼7 times higher than that of the cast CQCS-10
film, which shows that fibers had been the main contributors to
the mechanical toughness of CQCS-10/PAN. This scaffold
integration did not affect IC significantly as it was comparable
to control CQCS-10 when immersed in an alkaline solution for
24 h at room temperature. Indeed, the increase of OH−

conductivity after 30 days was almost fourfold at RT and
around fivefold at 80 °C. Thus, the composite CQCS-10-
coated PAN AEM can fulfill the requirement of being ion-
conductive and mechanically and chemically stable AEM.
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