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Abstract: Perfluorosulfonic acid (PFSA) polymer is considered as a proton exchange membrane mate-
rial with great potential. Nevertheless, excessive water absorption caused by abundant sulfonic acid
groups makes PFSA have low dimensional stabilities. In order to improve the dimensional stability
of PFSA membranes, nanofibers are introduced into PFSA membranes. However, because nanofibers
lack proton conducting groups, it usually reduces the proton conductivities of PFSA membranes. It is
a challenge to improve dimensional stabilities while maintaining high proton conductivities. Due
to the structural designability, covalent organic frameworks (COFs) with proton conductive groups
are chosen to improve the overall performance of PFSA membranes. Herein, COFs synthesized in
situ on three-dimensional PAN nanofibers were introduced into PFSA to prepare PFSA@PAN/TpPa-
SO3H sandwiched membranes. The PFSA@PAN/TpPa-SO3H-5 composite membrane exhibited
outstanding proton conductivity, which reached 260.81 mS·cm−1 at 80 ◦C and 100% RH, and only
decreased by 4.7% in 264 h. The power density of a single fuel cell with PFSA@PAN/TpPa-SO3H-5
was as high as 392.7 mW·cm−2. Compared with the pristine PFSA membrane, the conductivity
of PFSA@PAN/TpPa-SO3H-5 increased by 70.0 mS·cm−1, and the area swelling ratio decreased
by 8.1%. Our work provides a novel strategy to prepare continuous proton transport channels to
simultaneously improve conductivities and dimensional stabilities of proton exchange membranes.

Keywords: electrospinning; perfluorosulfonic acid; nanofibers; covalent organic frameworks; proton
exchange membranes; fuel cell; polyacrylonitrile; dimensional stability

1. Introduction

A proton exchange membrane (PEM) is the core component of a proton exchange
membrane fuel cell (PEMFC), and provides a channel for the migration and transportation
of protons [1]. Its quality directly affects the service life of the battery [2,3]. Perfluoro-
sulfonic acid (PFSA) proton exchange membranes are composed of hydrophobic main
chains of polytetrafluoroethylene (PTFE) and hydrophilic side chains of sulfonic acid. PFSA
membranes are rich in hydrophilic ionic groups and are easily hydrated. Therefore, perflu-
orosulfonic acid membranes have outstanding proton conductivities. Nafion, produced by
DuPont, is widely used as a proton exchange membrane [4]. However, PEMs often work in
high temperature environments, and the unavoidable changes of relative humidity will
cause aqueous polyelectrolytes to undergo rapid water absorption or dehydration. This
process is accompanied by dimensional expansion or shrinkage, causing the catalytic layer
to peel off from PEMs and fuel cell performance will degradate [5]. Therefore, it is of vital
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importance to improve the dimensional stability of polymer electrolyte membranes while
maintaining high proton conductivities.

In recent years, with the maturity of electrospinning technology, compounding with
three-dimensional fibers became an effective method to improve the dimensional stabil-
ity [6–8], and other properties such as improved mechanical properties due to friction
between fibers [9,10]. When the interface of nanofibers and ionomers is compatible, the
fibers will limit the water absorption of composite membranes and improve the dimensional
stability [11]. Although the dimensional stabilities of the proton exchange membranes are
improved after the introduction of fibers, the addition of fibers will reduce the conductiv-
ities of composite membranes due to the lack of conductive groups [7,12–14]. Therefore,
the modification of nanofibers has become a research hotspot. Although fiber modification
can improve the proton conductivities of PEMs, this strategy will sacrifice fiber stability,
resulting in an inefficient effect of the fibers on the dimensional stabilities of PEMs. For
instance, phytic-acid-loaded PBI nanofibers significantly enhanced the proton conductivity
of PEMs with a Nafion matrix. This effect is more obvious with the increase in phytic acid
content. The addition of more phytic acid also significantly reduced the improvement of
PBI nanofibers on the dimensional stability of PEMs [15]. L-lysine-modified PAN fibers
can simultaneously improve the proton conductivity and dimensional stability of Nafion.
When higher proton conductivity is required, the loading of L-lysine is higher, and the
dimensional stability of PEMs is only slightly improved [16]. Therefore, loading conductive
particles on the surface of nanofibers can be a very effective method to simultaneously
improve proton conductivity and dimensional stability. Zhuang et al., attached a zeolitic
imidazolate framework (ZIF-8), a commonly chosen metal-organic framework (MOF), to
the surface of poly (m-phthaloyl-m-phthalamide) nanofibers (PMIA NFs) by a hydrother-
mal method and combined with Nafion to construct continuous proton nanochannels. At
80 ◦C and 100% RH, the composite membrane showed a conductivity of 0.258 S·cm−1. In
addition, the fiber composite membrane had excellent thermal stability and dimensional
stability [17].

However, due to the low compatibility of MOFs with polymer matrices, MOF-modified
polymer composite membranes are prone to defects, and thus the proton conductivities
or dimensional stabilities of the membranes will be reduced [18]. A covalent organic
framework (COF) is a crystalline porous material with good compatibility with polymer
matrices, with excellent structural stability [19–21]. Abundant functional groups and or-
dered pores make COFs as composite materials of fillers and polymer matrices, which can
effectively improve the proton conductivities, dimensional stabilities and battery perfor-
mances of proton exchange membranes [22–25]. Yin et al., added TpPa-SO3H nanosheets
to a SPEEK matrix to prepare composite PEMs. The maximum proton conductivity of
the SPEEK/TpPa-SO3H-5 membrane was 0.346 S·cm−1, and the dimensional stabilities of
SPEEK matrix membranes were improved [26]. The traditional preparation of COFs/fiber
composite structures by electrospinning is usually divided into the following two steps:
(a) mixing COF nanoparticles with a polymer to form a uniform solution; (b) converting the
solution into continuous fibers by electrospinning. Since the COF nanoparticles are covered
by the polymer, the surface area and active sites of the fibers obtained by the traditional
method are significantly reduced, and the COFs cannot effectively form a continuous
channel. Growing COFs on fiber surfaces by in situ synthesis can solve the above problems.
Constructing continuous fibrous COFs and applying them to various structural equipment
is a long-term goal.

Herein, we prepared polyacrylonitrile nanofibers with TpPa-SO3H (PAN/TpPa-SO3H)
grown on the nanofibers surface by in situ synthesis. The –SO3H on the surface of
PAN/TpPa-SO3H greatly increases the concentration of –SO3H in PEMs, and the inter-
action between –NH2 and –SO3H of PFSA can induce active groups as proton trans-
fer sites to aggregate along the nanofiber, thereby achieving effective proton conduc-
tion. PAN/TpPa-SO3H was then inserted into two PFSA layers to form a “sandwich”
structure PEM. The backbone of PAN/TpPa-SO3H can inhibit the swelling of PFSA,
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thereby improving dimensional stability. All in all, we have successfully manufactured
PFSA@PAN/TpPa-SO3H PEMs with remarkable proton conductivities, conductivity stabil-
ities, and dimensional stabilities.

2. Materials and Methods
2.1. Materials

Polyacrylonitrile (PAN) with the molecular weight of 150,000 was produced by Shang-
hai Macklin Biochemical Co., Ltd., Shanghai, China. N,N-dimethylformamide (DMF, AR,
99.5%) 1,3,5-triformylphloroglucinol (Tp, 97%), 2,5-diaminobenzenesulfonic acid (Pa-SO3H,
>98%) and p-Toluenesulfonic acid (PTSA, 99%) were produced by Aladdin Biochemical
Technology Co., Ltd., China. PFSA (~10.5 wt% solution; solvents: 45.5 wt% ethanol, and
44 wt% water; equivalent weight: 900 g/mol) was produced by DongYue Federation, China.
The other reagents mentioned in this work were produced by Beijing chemical reagent
factory, China.

2.2. Preparation of PAN/TpPa-SO3H Nanofibers

Firstly, 0.2 g PAN and 1,3,5-triformylm-triphenol (Tp) were dissolved in 1.8 g DMF at
a ratio of 10:x (x = 1, 3, 5, 7). After stirring for 12 h at 25 ◦C, the uniform spinning solution
was spun at 13 kV positive voltage with a bolus speed of 0.08 mm/min and a receiving
distance of 15 cm to obtain PAN/Tp nanofibers. Secondly, 0.3 g of p-toluenesulfonic acid
(PTSA) and 0.05 g of diaminobenzenesulfonic acid (Pa-SO3H) were added to 15 mL of
deionized water, and ultrasonicated for 10 min to prepare a homogeneous reaction solution.
The PAN nanofibers were cut into sizes of 6 × 6 cm and put into the reaction solution.
Then reacted at 90 ◦C for 3 days to synthesize TpPa-SO3H on the surface of PAN to prepare
PAN/TpPa-SO3H-x (the synthesized COFs are recorded as TpPa-SO3H-x. The value of x
depends on the amount of Tp, x = 1, 3, 5, 7). The PAN/TpPa-SO3H nanofibers were placed
in a beaker containing 50 mL of deionized water 3 times for 20 s, and then washed in 50 mL
of deionized water several times to remove unreacted Pa-SO3H and PTSA. After drying at
60 ◦C for 6 h, the PAN/TpPa-SO3H nanofibers were obtained.

2.3. Membrane Preparation

In total, 1 g of ethylene glycol (EG) was added to 9 g of 10 wt% PFSA solution to
prepare a 9 wt% uniform solution. A total of 5 g of PFSA/EG solution was poured into
a glass mold and the PAN/TpPa-SO3H nanofibers were spread on the surface of the
EG/PFSA solution. Then, the remaining 5 g of EG/PFSA solution on the surface of the
nanofibers was covered evenly at 80 ◦C and treated in an oven for 72 h, and then heat-
treated at 140 ◦C for 2 h to obtain the PFSA@PAN/TpPa-SO3H composite membranes.
PFSA membranes and PFSA@PAN composite membranes were prepared by the same
method as the control group. All composite membranes were prepared by solution casting.

2.4. Characterization

Morphology of nanofibers and the cross-sections were characterized using a scanning
electron microscope (SEM) (HITACHI SU8010, Tokyo, Japan). The structure of TpPa-SO3H
was characterized by the Fourier transform infrared spectroscopy (FTIR, Bruker Tensor II,
Bremen, Germany), 13C solid state nuclear magnetic resonance (SSNMR, JNM ECZ600R,
Japan), and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham,
MA, USA). The pore structure was characterized by a N2 adsorption-desorption method
(ASAP 2460 3.01, Shanghai, China). The mechanical properties were measured by a univer-
sal tensile testing machine (KQL, WDL-10, Yangzhou, China). Thermogravimetric analysis
was used to characterize the thermal stability of membranes (SHIMADZU DTG-60, Japan).
Proton conductivities were characterized by an electrochemical workstation (Shanghai
Chenhua CHI670D, Shanghai, China). Thermal stability was tested by thermogravimetric
analysis (TGA, TA Q5000, New Castle, DE, USA). The oxidative stability of the membranes
was tested by weighing the residual mass ratio of the membranes after immersion in
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Fenton’s reagent at 80 ◦C for 24 h (configure 3 ppm Fe2+ solution, then add H2O2, and
configure the solution into a solution containing 3wt% H2O2 to obtain Fenton’s reagent).
The fuel cell performance was characterized by Fuel Cell Test System 850e. The positive and
negative electrodes of membrane electrode assemblies were loaded with a Pt/C catalyst of
0.5 g/cm2. All the membranes were tested at 80 ◦C in an environment where the humidity
of both H2 and O2 was 100%. The back pressure during the test was 1 atm (~0.1 MPa). Both
H2 and O2 have a gas flux of 150 SCCM.

2.5. Water Uptaking and Swelling Ratio

The water absorption and area swelling ratio of the film can be determined by the
difference between the weight of the sample in a completely dry state (Wdry and Sdry)
and the weight of the sample in a completely hydrated state (Wwet and Swet) at different
temperatures. The specific steps are as follows: cut the dried film sample into a rectangle
(about 1 cm × 3 cm), and record its mass (Wdry) and area (Sdry). Then, the samples were
immersed in deionized water at different temperatures for 12 h. After that, the moisture
on the surface of the membrane was quickly removed using a water-absorbing material
(such as filter paper), and then the wet weight (Wwet) and wet area (Swet) of the membrane
was quickly measured. Each sample was measured at least three times and the average
value calculated. The water absorption and swelling degree of the film was calculated by
the following formula:

Water Uptaking (%) =

(
Wwet − Wdry

)
(

Wdry

) (1)

Area swelling ratio (%) =

(
Swet − Sdry

)
(

Sdry

) (2)

2.6. Proton Conductivity

The proton conductivity was characterized by CHI670D. The test was carried out under
different temperature and relative humidity (RH) conditions in the YSGTS-50 constant tem-
perature and humidity test chamber. All membrane samples were cut into 1.5 cm × 3 cm
sample strips before the test and placed in a constant temperature and humidity test cham-
ber to be sufficiently stable under the tested conditions. The proton conductivity of the
membrane was calculated according to Equation (3):

σ =
L

AR
(3)

where σ represents the proton conductivity of the membrane (mS·cm−1), L is the distance
between the two platinum electrodes (cm), R (Ω) is the resistance value of the membrane,
and A is the cross-sectional area of samples.

3. Results and Discussion
3.1. Characterization of the In Situ PAN/TpPa-SO3H Nanofibers

The microstructure of the composite nanofibers was characterized by SEM, as shown
in Figure 1. In the SEM images of PAN/TpPa-SO3H, TpPa-SO3H was in the form of
small spheres, covering the fiber surfaces. As the ratio of Tp increased, the loading of
TpPa-SO3H on the fiber surface gradually increased. As shown in Figure 1f, when the
ratio of PAN:Tp was 10:5, the TpPa-SO3H loading reached the maximum value of 31.6%.
Then with the increase in the proportion of Tp to PAN, the TpPa-SO3H load no longer
increased significantly. From an economic point of view, 10:5 was the most appropriate
ratio of PAN:Tp.
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Figure 1. The SEM images of PAN and PAN/TpPa-SO3H nanofibers: (a) PAN, (b) PAN:Tp = 10:1,
(c) 10:3, (d) 10:5 and (e) 10:7 after reaction at 90 ◦C for 3 days, respectively; (f) TpPa-SO3H loading on
nanofiber surface of different PAN:Tp ratio.

The surface structure of the PAN/TpPa-SO3H fiber membrane was characterized
by FTIR. As shown in Figure 2a, the disappearance of the N-H bond between 3425 and
3334 cm−1, the C=OH bond at 2927 cm−1, and the C=O bond at 1659 cm−1 indicate
that the precursor reactants of TpPa-SO3H were completely consumed by the Schiff base
reaction [27,28]. The presence of C=C bonds at 1583 cm−1, C-N bonds at 1231 cm−1, and
S-OH bonds at 1020 cm−1 indicated that TpPa-SO3H was successfully synthesized on the
PAN fibers [24,29]. The peak enhanced with the increasing content of TpPa-SO3H loaded
on the surface of the nanofiber.
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In addition, a 13C SSNMR test was carried out, and the results are shown in Figure 2b.
The NMR spectrum of TpPa-SO3H has three typical resonances around 183 ppm, 149 ppm
and 107 ppm. The resonance at 183 ppm corresponds to the carbon atom on the secondary
amine group, indicating the existence of typical keto-enol tautomers. The resonances of
carbon atoms on the aromatic ring resulting from the ketone-enol mutation are around
107 ppm. The resonance peak around 132 ppm corresponds to the carbon atom attached to
the secondary amine group on the benzene ring. The signal around 121 ppm corresponds
to carbon atoms near the sulfonic acid group [28,30]. The peak at 30 ppm is the secondary
and tertiary carbon of PAN.

XPS analysis was performed on PAN/TpPa-SO3H to further investigate the composi-
tions. As shown in Figure 3a, the N1s binding energy of TpPa-SO3H showed two types of
nitrogen: one is a free secondary amine (-NH) of 400.2 eV, and the other is a protonated
secondary amine (-NH2+) of 402.3 eV. Figure 3b shows that the binding energy peak of S2p
of PAN/TpPa-SO3H. The binding energies of 168.0 eV and 169.3 eV, respectively, originate
from -SO3

− and -SO3H, indicating that the synthesized substance contained -SO3H. The
combination of FTIR and XPS showed that TpPa-SO3H was successfully synthesized on
the surface of PAN.
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As shown in Figure 4, the pore structure was characterized by N2 adsorption-desorption
method. The obvious type IV hysteresis loop indicates that PAN/TpPa-SO3H had meso-
porous structures. The BET surface areas of PAN and PAN/TpPa-SO3H were 6.37 and
78.25 m2·g−1, respectively. Compared with PAN, the BET surface area of PAN/TpPa-SO3H
was significantly increased. It is shown that the PAN/TpPa-SO3H prepared by in situ syn-
thesis method can exhibit high surface area, which can improve the absorption efficiency.

3.2. Characterization of Nanofiber Composite Membranes

PAN/TpPa-SO3H also exhibited an excellent solvent resistance stability in PFSA so-
lution. Cross-sectional SEM proved the excellent combination of PAN/TpPa-SO3H and
PFSA. Figure 5 showed the SEM images of the cross-section of the PFSA membrane and
the composite membrane. The PFSA membrane structure was uniform and dense. In
PFSA@PAN composite membranes, the PAN nanofiber has good compatibility with the
PFSA matrix, and there was no obvious delamination. Figure 5c–e are SEM images of mem-
branes with different ratios of TpPa-SO3H. According to the SEM of the cross-section for
composite membranes, heterogeneous fibers can be clearly observed in PFSA@PAN/TpPa-
SO3H. Compared with PFSA@PAN, the PFSA@PAN/TpPa-SO3H composite membranes
are grainy. With the increase in TpPa-SO3H content, there was no incompatibility or delam-
ination between PFSA matrix and PAN/TpPa-SO3H layer. The absence of voids between
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the fiber and the substrate indicated an excellent compatibility between PAN/TpPa-SO3H
and PFSA.
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Figure 5. Cross-sectional SEM images of (a) PFSA, (b) PFSA@PAN, (c) PFSA@PAN/TpPa-SO3H-1,
(d) PFSA@PAN/TpPa-SO3H-3, and (e) PFSA@PAN/TpPa-SO3H-5.

3.3. Water Uptaking and Area Swelling Ratio

Water uptaking and area swelling play important roles in characterizing proton con-
ductivity and dimensional stability of PEMs. H2O can be used as a proton transport carrier,
but it will reduce mechanical properties and dimensional stability. Therefore, balancing wa-
ter absorption and area expansion is an important problem to be solved [31,32]. Figure 6a,b
show the results of water absorption and area expansion, respectively. At each given
temperature, samples were immersed in water for 24 h to reach absorption equilibrium
before testing. Compared with PFSA pristine membrane, the water uptaking and area
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swelling ratio of PFSA@PAN decreased. At 80 ◦C, compared with PFSA, the area swelling
of PFSA@PAN was reduced by 8.3%. This significant decrease can be explained by the
following reasons: (i) the combination of PAN and PFSA reduced the proportion of hy-
drophilic functional groups on PFSA; (ii) PAN effectively inhibited the water uptaking of
PFSA@PAN. However, a severe reduction in water content will reduce the efficiency of pro-
ton conduction. In order to improve the proton conductivity, in situ synthetic TpPa-SO3H
was used to coat the surface of the nanofibers. After the introduction of TpPa-SO3H into
PFSA, the area swelling of all PFSA@PAN/TpPa-SO3H membranes was still lower than
that of PFSA, but the introduction of a large number of sulfonate groups increased the area
swelling of PFSA@PAN. The results showed that adding PAN/TpPa-SO3H to PFSA may
be an excellent solution to balance water absorption and area expansion.
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3.4. Proton Conductivities

Proton conductivity is an important property for evaluating PEM performance [33].
Figure 7 depicted the proton conductivity of composite membranes at 100% RH under
20~80 ◦C. Obviously, PFSA@PAN/TpPa-SO3H-5 showed the highest conductivities at each
given temperature. At 80 ◦C, the proton conductivity of PFSA was 190.83 mS·cm−1, and
that of PFSA@PAN was 172.73 mS·cm−1. The proton conductivity of PFSA@PAN/TpPa-
SO3H-5 was 260.81 mS·cm−1, which was about 69.98 mS·cm−1 and 88.08 mS·cm−1 higher
than that of PFSA and PFSA@PAN, respectively. This result showed that PAN/TpPa-SO3H
has enhanced proton conductivities. Furthermore, the stabilities of proton conductivity
were tested at 80 ◦C and 100% RH. The proton conductivity of pristine PFSA membrane de-
creased from 258.0 mS·cm−1 to 209.0 mS·cm−1, and decreased by 19.0% in 264 h. The proton
conductivity of the PFSA@PAN composite membrane prepared by adding PAN nanofibers
decreased by only 10.8%. The proton conductivity stability of PFSA@PAN/TpPa-SO3H-5
composite membrane with the highest proton conductivity was also the highest, and the
proton conductivity only decreased by 4.7%. The addition of TpPa-SO3H significantly
improved the stability of proton conductivities of composite membranes.

3.5. Thermal Stability, Mechanical Properties and Oxidation Stability Characterization

TGA was performed to characterize the thermal stability of PFSA@PAN/TpPa-SO3H.
As shown in Figure 8a, at temperatures below 220 ◦C, residual glycol and water will
evaporate and cause weight loss. When the temperature is in the range of 280–350 ◦C, the
weight loss is caused by the decomposition of -SO3H. When the temperature is lower than
300 ◦C, composite membranes and PFSA show excellent thermal stability [32]. When the
temperature is higher than 300 ◦C, PAN carbonizes in nitrogen atmosphere, resulting in
mass loss. When the temperature reaches 400 ◦C, PFSA and TpPa-SO3H begin to degrade.
TGA showed great thermal stability of the composite membranes.
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Figure 8. (a) Thermal stability of PFSA and fibrous composite membranes; (b) oxidative stability of
PFSA, PFSA@PAN and PFSA@PAN/TpPa-SO3H composite membranes.

Evaluation of oxidative stability is of vital importance for membranes [34]. The
residual mass fractions of membranes after soaking in Fenton’s reagent for 24 h at 80 ◦C
are shown in Figure 8b. After soaking in an oxidizing environment for 24 h, the remaining
weight of PFSA was 95.22%. The maximum residual mass of fiber composite membranes
was 97.67%. Therefore, PAN and PAN/TpPa-SO3H can enhance the oxidative stability of
the membranes.

Figure 9 shows that the addition of PAN/TpPa-SO3H can significantly improve
the tensile strength of composite membranes. In particular, the tensile strength of the
PFSA@PAN/TpPa-SO3H-5 membrane can reach 22.6 MPa. Among all composite mem-
branes, the tensile strength of PFSA@PAN was 17.8 MPa, which was 17.9% higher than
that of PFSA, and the elongation at break decreased slightly. Compared with the PFSA, the
tensile strength of PFSA@PAN/TpPa-SO3H composite membranes with different TpPa-
SO3H loadings increased from 9.0% to 27.0%. This phenomenon may be attributed to
following reasons: (i) the enhanced electrostatic interaction between-SO3H (PFSA) and
N-H (PAN/TpPa-SO3H), (ii) the highly continuous fiber network hindered the movement
of the ionomer, which weakened the mobility of the PFSA molecular chain and improved
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the structural stability of composite membranes. Therefore, the construction of PAN/TpPa-
SO3H nanofibers can optimize the mechanical properties of membranes.
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Figure 9. Mechanical property of membranes at 25 ◦C.

3.6. Fuel Cell Performance

Considering the comprehensive performance of the membranes, PFSA@PAN/TpPa-
SO3H-5 was selected for the fuel cell performance test. The cell performance of PFSA
was also measured for comparison (Figure 10). Fuel cell performance was performed at
80 ◦C and 100% RH. The thicknesses of membranes used in the test were all about 150 µm.
The maximum power density of a single fuel cell with of PFSA@PAN/TpPa-SO3H-5 is
392.7 mW·cm−2, whereas that of PFSA is 350.0 mW·cm−2. This result indicates that the
addition of PAN/TpPa-SO3H to PFSA can improve the performance of fuel cells.
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Figure 10. Fuel cell performance characterization of PFSA, and PFSA@PAN/TpPa-SO3H composite membrane.

4. Conclusions

In conclusion, we proposed a novel strategy to uniformly grow TpPa-SO3H on the
surface of PAN using an in situ synthesis method in order to take full advantage of the
three-dimensional network of PAN and to construct continuous and long-range proton
conducting channels. As expected, the PFSA@PAN/TpPa-SO3H-5 composite membrane
exhibited better proton conductivity, which could reach 260.81 mS·cm−1 at 80 ◦C and
100% RH, which was about 69.98 mS·cm−1 and 88.08 mS·cm−1 higher than that of PFSA
and PFSA@PAN, respectively, and only decreased by 4.7% in 264 h. Meanwhile, com-
pared with PFSA, the area swelling ratio of PFSA@PAN/TpPa-SO3H decreased by 7.1%.
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In addition, the power density of a single fuel cell with a PFSA@PAN/TpPa-SO3H-5
composite membrane is as high as 392.7 mW·cm−2. All these results suggest that the
PFSA@PAN/TpPa-SO3H composite membranes have the potential to be a promising PEMs
for fuel cells.
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