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Abstract To study the effect of magnetic-responsive CNT/
Fe3O4 particles on the mechanical properties and proton con-
ductivity of sulfonated poly(arylene ether nitrile) (SPEN) pro-
ton exchange membranes, a series of composite membranes
consisting of magnetic carbon nanotube/iron oxide (CNT/
Fe3O4) hybrid particles and SPEN were successfully fabricat-
ed using a solution casting method, and their proton conduc-
tivity and thermal and mechanical properties were investigat-
ed. To explore the effect of the orientation of magnetic CNT/
Fe3O4 hybrid particles on proton exchange membranes, a
magnetic field was applied beneath the casting membrane.
Thermal analysis showed good thermal stability, with 5 %
weight loss at temperatures in the range of 309 to 324 °C,
and the mechanical properties of the composites were en-
hanced with increasing CNT/Fe3O4 content. Proton conduc-
tivity increased as the content of [CNT/Fe3O4] hybrid particle
content regardless of the orientation or random distribution of
CNTs, while the proton conductivity of SPENH membranes
decreased slightly in the presence of a magnetic field. There-
fore, we believe that these membranes would find potential
applications as proton exchange membranes due to their en-
hanced mechanical strength and thermal stability.

Keywords Composite membranes .Magnetic-responsive
carbon nanotubes . Proton conductivity . Sulfonated
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Introduction

In recent years, proton-conducting polymers have received
much attention because of their significant potential for
use in electrochemical applications such as electric vehi-
cles, portable devices, cogeneration, displays, and sensors.
Most importantly, they can be used as proton-exchange
membranes (PEMs) in PEM fuel cells (PEMFCs) [1].
PEMs are a key component in PEMFCs, acting as reactant
separator and catalyst support, and providing the required
ionic pathway between the anode and cathode [2]. Hence,
their properties such as proton conductivity, water mainte-
nance, electrical resistivity, mechanical strength, and chem-
ical stability are crucial for fuel cell performance. Com-
mercial perfluorosulfonic acid membranes such as Nafion
are well known for their superior electrochemical and
chemical stability, as well as high proton conductivity
[3]. However, their high cost, high methanol crossover,
low mechanical strength, difficulty in preparation, and rel-
atively low operating temperature (< 90 °C) prevent their
widespread application [4]. Because membrane strength is
a key factor in determining its applicability, high-
performance sulfonated polymers have been extensively
investigated as a promising category of alternative candi-
dates for PEMs; these include sulfonated polyimide (SPI),
sulfonated poly(aryl ether ketone) (SPAEK), sulfonated
poly(arylene ether sulfone) (SPES), and sulfonated
polybenzimidazole (SPBI) [5–8]. These polymers have
demonstrated higher mechanical strength, improved chem-
ical and thermal stability, lower cost, lower methanol per-
meability, and easier processing in comparison with
Nafion.

Multi-wall carbon nanotubes (CNTs) have been an impor-
tant focus of recent studies, given their outstanding electronic,
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mechanical, chemical, and thermal properties, and their sig-
nificant potential application in nanotechnology [9]. Various
inorganic particles (Pt, Au, Cu2O, Fe3O4, etc.) have been de-
posited onto CNTs to create new hybrids and composites for
use in catalysis, fuel cells, and lithium ion batteries [10–12].
Magnetite particles have long been of scientific and techno-
logical interest due to their unique magnetic and electrical
properties [13–15]. Jia and coworkers [16] and Zhan et al.
[17] reported the solvothermal synthesis of the heterojunction
of Fe3O4 with CNTs and graphene nanosheets, respectively,
revealing that CNT/Fe3O4 and graphene nanosheets/Fe3O4

hybrid materials showed enhanced properties compared to
the individual components. CNT/Fe3O4 hybrid particles used
as fillers can enhance mechanical performance. In addition,
the orientation of CNT/Fe3O4 hybrid particles can be easily
controlled by means of an external magnetic field, which is an
advantage in polymer composites applications.

Poly(arylene ether nitrile)s (PENs) have been identified as
excellent matrix resins in advanced composites due to their
outstanding chemical resistance, superior mechanical proper-
ties, high thermal stability, and good molding workability
[18]. Studies have also reported [19] the introduction of nitrile
groups into the polymer matrix with the aim of reducing the
swelling of membranes via enhanced intermolecular interac-
tion. In this work, a novel sulfonated poly(arylene ether ni-
trile) (SPEN), which inherited the excellent properties of
PENs, was successfully prepared using a nucleophilic route
to create a high-performance PEM with relatively high proton
conductivity and good mechanical properties. In addition,
CNT/Fe3O4 hybrid particles were dispersed into SPEN to fab-
ricate composite membranes. The effect of CNT/Fe3O4 hybrid
particles on the thermal stability, mechanical properties, pro-
ton conductivity, and water uptake of the [CNT/Fe3O4]/SPEN
composite membranes was investigated in detail.

Experimental design

Materials

We purchased 2, 6-difluorobenzonitrile (DFBN) and
hydroquinonesulfonic acid potassium salt (SHQ) from Sig-
ma-Aldrich. Bisphenol A (BPA) and hydrochloric acid were
purchased from Chengdu Haihong Chemical Co. N-
methylpyrrolidone (NMP, AR) and potassium carbonate
(K2CO3, AR) were supplied by Tianjin Bodi Chemical Co.
CNTs (diameter, 10–30 nm; length, 10–50μm; purity >95 %)
were supplied by Chengdu Organic Chemistry Co. Ltd., Chi-
nese Academy of Sciences. FeCl3 6H2O (99 %), ethyl-
ene glycol (99 %), and polyethylene glycol (99 %) were
purchased from ChengDu KeLong Chemical Reagent
Company, China. All the materials were used without
further purification.

Synthesis of SPEN

S P EN w a s s y n t h e s i z e d f r o m b i s p h e n o l A ,
hydroquinonesulfonic acid potassium salt, and 2, 6-
difluorobenzonitrile via nucleophilic aromatic substitution re-
action in N-methylpyrrolidone (NMP) with K2CO3 as cata-
lyst, according to a similar procedure in the literature [20].
In addition, the SPEN was purified several times before use
to remove the unreacted monomers and inorganic salt.

Preparation of CNT/Fe3O4 hybrid particles

Typical synthesis of CNT/Fe3O4 hybrid particles was carried
out in a hydrothermal system by reduction reactions between
FeCl3 and ethylene glycol in the presence of CNTs, as previ-
ously reference reported [21]. First, 1.92 g FeCl3 6H2O was
dissolved in 160 mL ethylene glycol, followed by the addition
of 5.0 g polyethylene glycol and 2.0 g acid-treated CNTs to
form a dispersed solution, assisted by an ultrasonic bath.
Then, 18.00 g NaAc was slowly added to the solution, with
vigorous stirring, at 60 °C for 2 h. The mixture was sealed in a
Teflon-lined stainless steel autoclave and maintained at
200 °C for 15 h. The resulting CNT/Fe3O4 hybrid particles
were isolated using bar magnets and rinsed with ethanol and
deionized water several times, and dried at 80 °C for 12 h.

Preparation of [CNT/Fe3O4]/SPEN composite membranes

[CNT/Fe3O4]/SPEN proton-exchange membranes were fabri-
cated on a flat glass plate by means of solution casting of a
mixture of SPEN ion/exchange resin and CNT/Fe3O4 hybrid
particles, combined with ultrasonic dispersion technology.
The SPEN solution in NMP (wt. 10 %) was used to fabricate
a polymer film with a thickness of 80±10μm. The CNT/
Fe3O4 hybrid particles were dispersed into the polymer solu-
tion, with vigorous mechanical stirring for 1.5 h to avoid local
aggregation, and then sonicated using ultrasonic dispersion
technology for 1.5 h. The mixture was cast on a clean
preheated glass plate using a sequential temperature program
at 80, 100, 120, 160, and 200 °C (1 h each) to completely
remove the solvent. Meanwhile, a temperature-resistance
magnet was applied to the bottom of the membrane. A pure
SPEN and [CNT/Fe3O4]/SPEN membranes were also pre-
pared using the same procedure without the magnetic field.
Lastly, the [CNT/Fe3O4]/SPEN proton-exchange membranes
were obtained after gradually cooling to room temperature.
The schematic of the casting procedure of [CNT/Fe3O4]/
SPEN proton-exchange membranes is shown in Scheme 1.

Analysis and characterization

Fourier transform infrared (FTIR) spectra of the samples were
recorded on a Shimadzu 8000S spectrophotometer. The cross-
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sectional micromorphologies of the films were observed with a
scanning electron microscope (SEM, JEOL JSM-5900LV,
SEMTech Solutions), and the samples were placed in liquid ni-
trogen to obtain brittle fracture, and then coated with a thin layer
of gold before examining. The morphology of CNT/Fe3O4 hy-
brid particles was observed by transmission electron microscopy
(TEM, H-600, Hitachi, Ltd., Tokyo, Japan) operating at 120 kV.
The samples were then dispersed in anhydrous ethanol by ultra-
sonic treatment for 0.5 h before observation. 1H NMR spectra
were recorded with a Bruker 600-MHz spectrometer, with
DMSO-d6 as a solvent. Thermogravimetric analysis (TGA) was
performed on a TA Instruments TGA-Q50 module at a heating
rate of 20 °C/min from room temperature to 800 °C. Magnetic
study was performed using a Riken Denshi BHV-525 vibrating
sample magnetometer (VSM; Riken Denshi Co., Ltd., Tokyo,
Japan). Themechanical properties of the sampleswere testedwith
a SANS CMT6104 series desktop electromechanical universal
testing machine (Shenzhen, China) at room temperature, and the
stretching speed was 5 mm/min. The impedance of the sample
film was measured using a Model 600E Series electrochemical
analyzer (CH Instruments, Inc., Austin, TX, USA) in potentiostat
mode,with a perturbation amplitude of 50mVover frequencies of
0.01 Hz to 10 kHz, by means of a Nyquist plot.

Water uptake content and proton conductivity measurements

The water uptake of the membranes was determined by mea-
suring the weight before and after the hydration. First, the
membranes were dried at 100 °C overnight, and the sample
membranes were then immersed in deionized water for 24 h at
predetermined temperatures. Prior to obtainingmeasurements,
the water attached to the membrane surface- was removed
with filter paper. Next, the wetted membrane weight (Wwet)
was measured as quickly as possible. The weight of the dry
membrane (Wdry) was measured after thorough vacuum dry-
ing at 80 °C for 12 h. The water uptake rate was calculated
using the following equation [22]:

water uptake %ð Þ ¼ Wwet‐W dry

W dry
� 100% ð1Þ

The proton conductivity (σ) of the pure SPEN and com-
posite membranes at ambient temperature were evaluated after
equilibration of the the membrane in deionized water for
1 day. Proton conductivity [22] was calculated according to
the formula

σ ¼ L

RA
ð2Þ

where σ, L, R, and A represent the conductivity, thickness
(measured with a micrometer in each case), measured resis-
tance, and cross-sectional area of the membrane perpendicular
to current flow, respectively.

Results and discussion

Characterization of SPEN copolymer

The FTIR spectrum of the SPEN copolymer in acid form
(SPENH) is shown in Fig. 1. The absorption band at 2,
231 cm−1 is assigned to the -CN stretching vibration [23].
The characteristic absorption bands at 1,090 and 1,032 cm−1

are assigned to the aromatic sulfonate symmetric and asym-
metric stretching vibrations [1], respectively, which confirm
successful incorporation of sulfonate acid groups into the co-
polymers. The characteristic absorption band of the aromatic
ether can be observed at 1,244 cm−1, and characteristic ab-
sorption bands of benzene rings are observed at 1,500 and 1,
460 cm−1. These results suggest that SPEN copolymers were
successfully synthesized, as shown in Scheme 2.

The structural properties of the synthesized polymers were
also studied by liquid phase 1H NMR spectroscopy, with
DMSO-d6 as the solvent. Figure 2 shows the spectrum of the
aromatic protons for the highly sulfonated homopolymer

Scheme 1 Schematic of the
casting procedure of [CNT/
Fe3O4]/SPEN proton-exchange
membranes
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SPEN prepared from bisphenol A and sulfonated hydroqui-
none at a monomer ratio of 3:7. In the illustration, the spectrum
can be divided into three regions: the higher frequencies (7.1–
7.7 ppm), the lower frequencies (6.25–6.8 ppm), and the chem-
ical shift of methyl proton (Hi 1.7 ppm). The three low-
frequency signals were found to be the benzonitrile phenyl ring
protons Hd and Hf , and the sulfonated hydroquinone phenyl
ring protons Ha,b,c were found at higher frequencies due to the
effect of the electron-withdrawing sulfonic acid salt group,
which is consistent with reports in the literature [1]. It has also
been reported [24] that the 1NMR spectra can be used to esti-
mate the sulfonation degree (SD) by comparing the intensities
of specific signals. Regarding the particularity structure of
methyl proton of unsulfonated monomers, the actual SD
should be the area-specific value of sulfonated hydroquinone
and dihydric phenol.

SD ¼ nSQH

nSQH þ nBPA
¼ SHa

SHaþ SHi=6
ð1Þ

where SHa and SHi are the spectral peak areas of the proton of
sulfonated hydroquinone and dihydric phenol, respectively.
According to the 1NMR spectra, the chemical shift of
sulfonated hydroquinone and dihydric phenol is 7.57 and
1.70 ppm, while their area is 2.27 and 6.00, respectively. It
was concluded that the experimental SD was nearly 0.69 and
the original monomer ratio was 0.70, which is a slight differ-
ence. This may be caused by the different activity of the
monomers resulting in an incomplete reaction.

Characterization of CNT/Fe3O4 hybrid particles

Figure 3 shows TEM images of the test sample at 30,000×
magnification. The dark sphere consists of ferriferous oxide
and the light gray phase represents the CNTs. It is clear that the
Fe3O4 pellet is self-assembled on the surface of CNTs, caused
by the electrostatic attraction. These images confirm success-
ful formation of CNT/Fe3O4 hybrid particles. In addition, the
Fe3O4 particles on the surface of the CNTs have better
dispersity and no large agglomeration, which is a prerequisite
for improving their compatibility with and dispersibility in the
polymer matrix, further optimizing the mechanical properties
of membrane composites.

Morphological properties

The morphology and structure of CNT/Fe3O4 hybrid particles
were investigated using SEM. As can be seen in Fig. 4a, the
distribution of magnetite nanoparticles on the CNTs surface is
nearly monodisperse, consistent with the results of TEM. The

Fig. 1 FTIR spectrum of SPENH copolymer

Scheme 2 Synthetic route of
SPEN and SPENH copolymers
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cross-sectional SEM images of neat SPENH membrane and
[CNT/Fe3O4]/SPENH composite membranes are shown in
Fig. 4b/c. Compared with the neat membrane (Fig. 4b), the
composite membrane has a rougher surface with the addition
of CNT/Fe3O4 hybrid particles. The dispersion behavior of the
magnetic CNT/Fe3O4 hybrid particles is clearly better in the
SPENH matrix (Fig. 4c). From Fig. 4d, we can see that the
roughness of one side of the membrane composite is greater
than that of the other side, and the dispersion of CNTs is also
different, which is the result of magnetic field interaction,
indicating that the addition of a magnetic field is feasible
and highly efficient. In addition, the introduction of
magnetic-responsive CNT/Fe3O4 increases the roughness of
the fracture surface and produces greater wire draw tension.

Thermal properties

TGA was used to quantify the Fe3O4 content in the CNT/
Fe3O4 hybrid particles. The literature indicates that CNTs is
oxidized at 700 °C, while Fe3O4 is thermally stable at over

750 °C [25, 26]. Figure 5a shows weight loss for pure CNTs at
700 °C and CNT/Fe3O4 hybrid particles at 600 °C of 95.47
and 68.50 %, respectively. Therefore, we can infer that the
difference between these final weight loss values,
26.97 wt%, is equal to the Fe3O4 content of the CNT/Fe3O4

hybrid particles.
The thermal properties of the composite membranes and

the neat SPENH membrane were determined by TGA in a
nitrogen atmosphere. TGA curves of the composite mem-
branes and neat SPENH membrane are illustrated in Fig. 6,
and the detailed data are summarized in Table 1. The compos-
ite membranes and neat SPENH membrane show good ther-
mal stability, with 5 % weight loss temperatures (Td5%) and
10 % weight loss temperatures (Td10%) in the ranges of 309 to
324 °C and 345 to 365 °C, respectively. As shown in Table 1,
the maximum decomposition rate temperatures (Tmax) for all
copolymers are approximately 406 °C, with no significant
change observed as hybrid particle content increases, suggest-
ing that the incorporation of CNT/Fe3O4 hybrid particles has
not damaged the thermal stability of the SPENH matrix. In
general, all of the results show that the composite membranes
inherit the intrinsic high thermal stability of neat SPENH,
which meets thermal performance requirements for PEMs.

Mechanical properties

The tensile strength of the membranes after hydration at 25 °C
is shown in Fig. 7, and it is clear that the composite mem-
branes exhibit a marked improvement in tensile strength.
Values of tensile strength for the composite membranes pre-
pared without the magnetic field ranged from 28.40 to
42.30 MPa, while those prepared with the magnetic field
ranged from 29.60 to 44.20MPa. These values are higher than
that of the neat SPENH membrane, reflecting the excellent

Fig. 2 1H NMR spectrum of
SPENH copolymer in DMSO-d6

Fig. 3 Transmission electron microscopy (TEM) images of CNT/Fe3O4

hybrid particles at 30,000× magnification
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mechanical properties of the matrix and the reinforcement of
CNTs [27]. In addition, it is difficult to observe any pullout on
the fracture surfaces of the composites in the SEM images of
the CNT/Fe3O4 hybrid particles, confirming that the interface
formed between hybrid particles and matrix is compact and
continuous. The introduction of Fe3O4 particles also augments
the surface roughness of CNTs, tying the molecules and
interlocking them with the surrounding PEM resin over a
larger region, thereby restricting the mobility of the polymer
chains [28]. The addition of the magnetic field also greatly
enhances the mechanical properties of composite membranes.
As shown in the SEM images, the introduction of magnetic-
responsive CNT/Fe3O4 increases the roughness of the fracture

surface and produces greater wire draw tension. The magnetic
field promotes the formation of distinct CNTs-rich regions and
orientation of CNTs more likely to form a complex network
structure. The compact interface and network structure all en-
hance the mechanical properties of composite membranes.

Figure 8 shows the break elongation of the pure SPEN and
the composite membranes as a fraction of CNT/Fe3O4 hybrid
particle loading. The break elongation gradually increases
with the addition of CNT/Fe3O4 hybrid particles, but is lower
than that for pure SPENH. This can be explained by two
factors. First, the sulfonic acid groups are reduced with the
addition of CNT/Fe3O4 hybrid particles, resulting in weak-
er hydrogen bonding and a stronger rigid network

Fig. 4 SEM images of (a) CNT/Fe3O4 hybrid particles, (b) neat membrane, (c) composite membrane without magnetic field, and (d) composite
membrane with magnetic field [2 wt% CNT/Fe3O4 hybrid particles]
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structure. Thus the break elongation of [CNT/Fe3O4]/
SPEN membranes is lower than that of pure SPENH.
Second, due to the special spherical structure of Fe3O4,
the composite membranes may have certain water conser-
vation qualities [29], leading to better contact and ionic
interaction between the sulfonic acid groups and H2O.
Consequently, the increased dose of CNT/Fe3O4 hybrid
particles could enhance the elasticity and spontaneously
increase the break elongation of the [CNT/Fe3O4]/SPEN
composite membranes.

It should be noted that the [CNT/Fe3O4]/SPENmembranes
obtained in this study exhibit much greater tensile strength
than the commercial Nafion 117 membrane (10 MPa) despite
the lower break elongation [30]. As such, the [CNT/Fe3O4]/
SPEN membrane is suitable for application settings requiring
good mechanical properties.

Water uptake content

The proton conductivity and mechanical stability of
proton-exchange membranes are strongly related to the
presence of water, as water uptake is the major carrier
of protons. As shown in Fig. 9, water uptake content
decreases slightly in the presence of the magnetic field.
The addition of CNT/Fe3O4 hybrid particles in the
SPENH slightly decreases the degree of water uptake
compared with pure SPENH, due to a reduction in con-
tent of sulfonic acid groups within certain volume mix-
ture. However, as the content of CNT/Fe3O4 hybrid par-
ticles increases, the water uptake of composite mem-
branes increases gradually, possibly as a result of the
retention of water by the spherical particles. Conse-
quently, variations in the membranes reflect the syner-
gistic reaction of reducing the sulfonic acid group con-
tent and spherical particle water retention. With the ad-
dition of CNT/Fe3O4 hybrid particles, water retention of
spherical particles is the dominant factor affecting water
uptake of composite membranes.

Fig. 5 TGA of pure CNTs and CNT/Fe3O4 hybrid particles

Fig. 6 TGA curves of neat SPENH and [CNT/Fe3O4]/SPENH
composite membranes

Table 1 Thermal properties of pure SPENH membrane and
[CNTs/Fe3O4]/SPENH composite membranes with different
CNTs/Fe3O4 hybrid particle content

CNT/Fe3O4 content (wt%) T5% (°C) a T10% (°C) b Tmax (°C)
c

0.0 309 345 406

0.5 312 342 405

1.0 319 362 405

1.5 318 362 409

2.0 324 365 409

Fig. 7 Tensile strength of neat SPENH membrane and [CNT/Fe3O4]/
SPENH composite membranes prepared under different conditions
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Proton conductivity

The effect of oriented CNTs on proton conductivity is shown
in Fig. 10. From the illustration, we can see that the oriented
[CNT/Fe3O4]/SPEN composite membranes have slightly low-
er proton conductivity than the pure SPENH, which may re-
sult from the fact that the tubular structure of CNTs interferes
with proton transfer to a certain degree or that the addition of
magnetic and Fe3O4 expends a portion of the of sulfonic acid
group. Regardless of magnetic-responsive or non-magnetic
field CNTs, however, proton conductivity increases as the
content of CNT/Fe3O4 hybrid particles increases, indicating
that filler CNT/Fe3O4 hybrid particles could effectively in-
crease the proton conductivity of [CNT/Fe3O4]/SPENH com-
posite membranes (not pure SPENH). Therefore, the proton
conductivity and mechanical properties of [CNT/Fe3O4]/

SPENH composite membranes can be easily fine-tuned using
different levels of hybrid CNTs/Fe3O4.

Conclusions

In this study, a series of [CNT/Fe3O4]/SPEN composite mem-
branes were fabricated by a solution casting method in order
to enhance the mechanical properties of the sulfonated
poly(arylene ether nitrile) (SPEN) proton-exchange mem-
brane. The Fe3O4 nanoparticles self-assembled on the surface
of CNTs through electrostatic attraction, and the distribution
was controlled by the addition of a magnetic field during
membrane fabrication. The composite membranes had good
thermal stability, with 5 % weight loss at temperatures in the
range of 309 to 324 °C. The addition of hybrid particles in the
SPENH also provided reinforced the mechanical properties.
For 2 wt% of CNT/Fe3O4-reinforced SPENH composites, the
tensile strength increased by approximately 60.80 %without a
magnetic field and 68.10 % with a magnetic field. Regardless
of magnetic-responsive or non-magnetic field CNTs, howev-
er, the proton conductivity of [CNT/Fe3O4]/SPENH compos-
ite membranes increased with increasing content of CNT/
Fe3O4 hybrid particles in all cases, while the proton conduc-
tivity of SPENH membranes decreased slightly under the in-
teraction of a magnetic field. Nevertheless, the enhanced me-
chanical properties reflect the value of these membranes for
application as proton-exchange membranes given their in-
creased mechanical strength and high thermal stability.

Acknowledgments The authors are grateful for financial support of this
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Fig. 8 Elongation at breaks of SPENH membranes and [CNT/Fe3O4]/
SPENH composite membranes prepared under different conditions

Fig. 9 The water uptake of pure SPEN and CNT/Fe3O4/SPENH
composite membranes

Fig. 10 Effect of oriented CNTs on proton conductivity with different
CNT/Fe3O4 hybrid particle loadings
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