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g r a p h i c a l a b s t r a c t
� Novel PEMs with through-membrane
proton-conducting channels are
proposed.

� The structured PEMs were prepared
via solution blowing and hot-pressed
treatment.

� The effects of nanofiber distribution
on the properties of PEMs were
investigated.
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The primary goal of this study is to develop a high-performanced proton exchange membrane with the
characteristics of through-membrane and continuous solution blown nanofibers as proton-conducting
channels. The curled sulfonated phenolphthalein poly (ether sulfone) and poly (vinylidene fluoride)
nanofibers were separately fabricated through the solution blowing process which is a new nanofiber
fabricating method with high productivity, then they were fabricated into a sandwich-structured mat.
Then this sandwich-structured mat was hot-pressed to form the designed structure using different
melting temperatures of the two polymers by melting and making poly (vinylidene fluoride) flow into
the phenolphthalein poly (ether sulfone) nanofiber mat. The characteristics of the composite membrane,
such as morphology and performance of the membrane, were investigated. The characterization results
proved the successful preparation of the membrane structure. Performance results showed that the
novel structured membrane with through-membrane nanofibers significantly improved water swelling
and methanol permeability, though its conductivity is lower than that of Nafion, the cell performance
showed comparable results. Therefore, the novel structure design can be considered as a promising
method for preparing of proton exchange membranes.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

At present, energy and environmental problems are the focuses
of global concern. Direct methanol fuel cells (DMFCs) are consid-
ered to be a promising technology, because of their clean and
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nFig. 1. Schematic representations of the structure of the designed membranes.

H. Wang et al. / Journal of Power Sources 365 (2017) 92e97 93
www.sp

efficient power sources [1]. As the core component of DMFCs,
proton exchange membranes (PEMs) require superior proton con-
ductivity, lowmethanol permeability and chemical stability [2]. For
current DMFCs, PEMs comprising perfluorosulfonic acid polymers,
such as Nafion, are the material of choice; however, per-
fluorosulfonic acid polymers show limited device lifetime caused
by high methanol permeability and high swelling. Therefore, re-
searchers have become motivated to overcome these issues and to
improve PEM performances.

Extensive efforts were made to make some progress in some
aspects. These efforts include (i) optimizing polymer structure
[3e6], (ii) developing non-fluorinated ion conducting membranes
to replace Nafion [2], and (iii) preparing blend membranes with
various materials [7,8]. In recent years, designing stable PEMs
chemically and mechanically while maintaining high ionic con-
ductivity has been a requirement [3]. The development of nanofiber
(NF) fabricating technology has resulted in the increase in the
number of studies that focus on impregnating NFs into the polymer
matrix to obtain high-performance PEMs; in this approach, NFs,
which play the role of long channels for proton conduction, show
better advantages than particle and rod-like additives because of
their large lengthediameter ratio [9,10]. It has been proven that
protons could transport efficiently through hydrophilic ionic clus-
ters along NFs through hopping, vehicular and surface transport in
nanofiber composite membranes (NCMs) [11,12]. NFs decrease the
methanol permeability by blocking methanol transmission
pathway in the composite membranes as a methanol barrier layer
[9]. The NFs in NCMs can form a three-dimensional network
structure that has a good dimensional stability, and the swelling of
membranes can be suppressed [13]. Many researchers [14,15]
introduced different kinds of NFs into a matrix to fabricate mem-
branes with nanofibrous skeleton, which showed property
enhancement for composite membranes. Therefore, NFs play a
major and positive role in PEMs [16e18].

According to the review of the related literature, the majority of
these works were conducted by applying electrospun NFs to rein-
force PEMs with impregnation [19,20]. Electrospinning is the main
process used to prepare fibrous mat continuously with a high
surface area and remarkable porosity [15,21]. However, the natural
characteristics of the electrospinning process make NFs combine
tightly to form a dense NFs network, which result in poor pro-
cessability when NFs are used to reinforce PEMs through the
impregnation process. The obtained composite membranes easily
suffer from internal defects with some voids within composite
structures [22]. Another serious structural defect is the unavoidable
pure polymer layers at the surfaces of composite membranes
[23,24]. This phenomenon indicates that the surface layers do not
contain any NF, and these layers act as a “barrier layer” in proton
transportation from one side to another side of PEMs. Thus, the
distribution of NFs along the direction of membrane thickness must
be improved.

In this work, we proposed a novel structure, which is shown in
Fig. 1. We designed the NFs to build the transmembrane proton
conduction path by distributing through PEMs; thus, protons could
be transferred effectively and directly from one side to another side.
Solution blowing process (SBP), which is a novel NF fabricating
method, could be applied to achieve the proposed structure. In this
process, polymer solutions are blown to ultrathin solution streams
by a high-speed gas flow and solidify to NFs after solvents evapo-
ration [25e29]. Unlike electrospun NFs, solution-blown NFs are
commonly curled in three dimensions; this feature results in a
loose construction [27,28]. Otherwise, a large number of crimped
fibers are closely entangled to form a stable and entangled struc-
ture. Two different polymer NF mats were fabricated separately
through SBP. Then, these polymer NF mats were constructed as a
.co
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.csandwiched structure. When an obvious difference existed in the
melting temperatures of the two polymers and when the mat was
hot-pressed over a low melting temperature, this kind of bicom-
ponent NF mat could be converted to a dense membrane with curly
NFs distributed, as designed in Fig. 1. In this study, hot-press
treatment was used to melt polymer with a low melting temper-
ature and to make this polymer flow into the void spaces between
NFs with a high melting temperature. In brief, a novel PEM was
designed by solution blowing of the two polymers with distinct
melting temperature into the bicomponent NFmat, which was hot-
pressed into a dense membrane with curly transmembrane NFs as
proton conduction path.

With respect to polymer choice, sulfonated phenolphthalein
poly (ether sulfone) (SPES-C) was selected as the high-melting
point polymer. In recent years, sulfonated aromatic hydrocarbon
polymers have been the focus of the development of novel polymer
electrolyte membranes, such as sulfonated poly (ether ether ke-
tone) (SPEEK) [30], sulfonated poly (ether sulfone) (SPES) [31], and
sulfonated polyphenylsulfone (SPPSU) [32]. Phenolphthalein poly
(ether sulfone) (PES-C) is a novel thermoplastic engineering ma-
terial with phenolphthalein side chains. Thus far, PES-C has been
the least reported among the various aromatic hydrocarbon poly-
mers. SPES-C membranes have lower methanol permeability and
higher resistance to swelling than conventional SPES membranes
because of the rigidity of the main chains and the steric hindrance
effect of phenolphthalein side chains [33]. Poly (vinylidene fluo-
ride) (PVDF), which has a melting temperature of 172 �C, is a kind of
low-melting point polymer that meets our structural design re-
quirements. PVDF can be also used as melting components.
Moreover, PVDF, which is a kind of hydrophobic material that can
reduce methanol transport rate in PEMs [34], is commonly applied
for fuel cells [35]. The PVDF with melting temperature lower than
that of SPES-C, which is selected as low-melting point polymer and
the methanol-resistant layer in this work. Furthermore, it can be
used to foil the effects of through-membrane proton channels
owing to the lack of ionic exchange capacity, and verify the suc-
cessful construction of the structures of through-membrane pro-
ton-conducting channels. PVDF and SPES-C NF mats were first
fabricated using the SBP separately. Then PVDF and SPES-C mats
were made to a sandwiched structure, then compacted with
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heating (180 �C, up to melting temperature of PVDF) to obtain
membranes by allowing molten PVDF to flow into the void space.
The rationale for this study was twofold: (i) We sought to design
dense NCMs with through-membrane NFs, proton-conducting
channels, and methanol-blocking layer. (ii) We sought to under-
stand the effects of through-membrane NFs on the final membrane
properties. The proton conductivity, swelling ratio, permeability of
methanol, and mechanical property of PEMs were investigated.

We believe that hot-press NFs mat treatment was developed in
this study as a route to prepare PEMs for the first time. This treat-
ment simplifies the membrane fabrication procedure.
2. Experimental sections

2.1. Materials

PVDF was purchased from Solvay Co. PES was purchased from
Changchun Institute of Applied Chemistry. N,N-dimethylforma-
mide was procured from Tianjin Kermel Chemical Reagent Co. Ltd.
All chemicals were of analytical grade.
m
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2.2. Preparation of composite membrane

SBP is a new NF fabricating method with high productivity, and
the experimental setup used to prepare nonwoven NFs was shown
in our previous work [25]. The detailed synthetic method of SPES-C
is shown in the supporting information (SI). Two polymer spinning
solutions were prepared usingN,N-dimethylformamide as solvents.
PVDF and SPES-C NF mats were first fabricated through SBP sepa-
rately. PVDF and SPES-C mats were constructed as a sandwiched
structure composed of outer NF layers of SPES and a central base
PVDF polymer layer. Then, these mats were preheated in a hot
presser (CB-950Z5 hot-presser, China) at 180 �C without pressure.
After 5 min, the multilayer mats were compacted by heating at
180 �C and a pressure of 10MPa for 10min. During hot pressing, the
molten PVDF flowed into the void spaces between SPES-C NFs to
create a fully dense membrane structure. Finally, the membrane
was annealed at 180 �C. The weight-based compositions of PEMs
(SPES-C/PVDF) were 80/20, 70/30, and 60/40 and were labeled as
SPES-C/PVDF-20, SPES-C/PVDF-30, and SPES-C/PVDF-40, respec-
tively. In addition, the membrane with pure PVDF on the surface
and SPES-C NFs in the membrane was prepared for a comparison of
conductivity and was labeled as SPES-C/PVDF-F. The thicknesses of
all the composite membranes are approximately 150 mm.
2.3. Structural and morphological characterization of the
nanofibers and composite membranes

The morphologies of the NFs and membranes were character-
ized using a scanning electron microscope (SEM; Hitachi S-4800),
and the atomic force microscope (AFM) images were recorded in
tapping mode (CSPM5500).

X-ray diffraction (XRD) measurements were performed via XRD
spectroscopy (D8 Discover with GADDS).
2.4. Tensile strength

The tensile strength of dried membranes (dimensions:
1 cm � 4 cm) was measured using an Instron universal testing
machine (3369, USA) at room temperature with a stretching rate of
2 cm/min. At least 3 specimens of each membrane were tested and
the values were averaged.
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2.5. Proton conductivity and Methanol permeability

The proton conductivity of the circular samples (dimensions:
1 cm) was measured by electrochemical impedance spectroscopy
over the frequency range from 100 mHz to 100 kHz using an
electrochemical workstation (CHI660D). The scheme of the setups
of the through-plane conductivity is as described in Ref. [36]. In
addition, the conductivity was measured at the relative humidity
(RH) of 100% which was fixed for all the samples. The proton con-
ductivity was calculated using the following formula: s¼ L·A�1 R�1,
where L, A, and R are the membrane thickness, cross-sectional area,
and resistance of the membrane, respectively.

The methanol diffusion coefficients were calculated through
formula variation of Fick's first law [37]: DK ¼ L $VB $CBðtÞ

A$CAðt e t0Þ
where CA

and CB are the methanol concentrations of methanol side (10 M)
and water side, respectively; A, L, and VB are the effective area,
thickness of the membrane, and volume of the permeated
compartment, respectively; DK is the methanol permeability; t is
the end time, and t0 is the start time. Methanol concentration was
monitored by gas chromatography (Agilent 7820) equipped with a
thermal conductivity detector (TCD) and a DB-624 column.

2.6. Single cell performance

5 mg/cm2 PteRu (1: 1) and 5 mg/cm2 PteC were coated on the
anode and cathode of membrane by electrostatic painting,
respectively. Carbon papers (model: Xinyuan power), which were
purchased from Kunshan Sunlaite Technology Limited (Jiangsu,
China), were used as the gas diffusion layers. Then the single cell
performance of each MEA was characterized by a DMFC testing
stationwith single serpentine flow fields (FCTS, Arbin Inc., America)
at 60 �C under 100% RH. The flow rate of the feeding fuel (2 M
methanol aqueous solution) was 2 mL min�1. The oxidant was
oxygen at a flow rate of 0.5 L min�1.

3. Results and discussions

3.1. Morphology of SPES-C and PVDF NFs

The SEM images of PVDF and SPES-C NFs are shown in Fig. 2(a)
and (b). The corresponding diameter distribution maps are given in
the SI (Fig. S1). SPES-C NFs with diameters ranging from 70 nm to
320 nm and PVDF NFs with diameters ranging from 50 nm to
250 nm were arranged in a disorderly manner. Fig. 2 shows that
SPES-C and PVDF NFs were commonly curled in three dimensions
and closely entangled. This observation indicated that SPES-C and
PVDF NFs were obviously different from the electrospun NFs.

3.2. Structure of SPES-C/PVDF composite membranes

Fig. 3(a)e3(c) show the surface images of different NCMs. All of
the membranes were completely compact with SPES-C NFs
standing out of the PVDF matrix, which benefits the transport of
protons. Fig. 3(a)e3(c) clearly show that the PVDF matrix encap-
sulates SPES-C NFs in the membrane. Furthermore, we could also
determine the differences between each other. Fig. 3(a)e3(c) show
that the content of PVDF led to a considerable change on the surface
of composite membranes. The NFs on the surface of themembranes
became sparse as the content of the PVDF increased. This result was
consistent with the increase in the matrix. In particular, numerous
PVDF matrices encapsulated SPES-C NFs thoroughly. A dense cen-
tral base polymer layer was formed in the internal membranes. This
layer is shown in Fig. 3(d) and (e). The NFs were well dispersed in
the polymer matrix. The inner part showed a composite structure
in which the NFs were dispersed in the PVDF matrix, thereby
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Fig. 2. SEM images of solution-blown (a) PVDF and (b) SPES-C NFs.

Fig. 3. SEM images of surfaces: (a) SPES-C/PVDF-20, (b) SPES-C/PVDF-30, (c) SPES-C/PVDF-40. (d) and (e) SEM images of cross-section of SPES-C/PVDF-20 (red and green pattern
marked as PVDF matrix and SPES-C NFs, respectively), (f) AFM phase image of surface of SPES-C/PVDF-40. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

H. Wang et al. / Journal of Power Sources 365 (2017) 92e97 95
wwensuring the continuous channel for proton conduction. The PVDF
formed a continuous methanol-resistant layer by flowing into the
void spaces of SPES-C NFs. The sectional images of the different
locations of NCMs showed different distribution directions of the
NFs in the membrane. This observation revealed that the solution-
blown NFs are commonly curled in three dimensions. This condi-
tion is helpful to improve proton conductivity and dimensional
stability.

Fig. 3(f) shows that the AFM phase images in the tapping mode
of membrane surfaces presented a bright/dark nanophase-
separated morphology, with the dark regions representing the
hydrophilic domains [38,39]. These domains absorbed water and
facilitated the transport of water and protons, whereas the bright
regions corresponding to the hydrophobic domains provided
methanol resistance and dimensional stability in the membranes.
The phenomenon also revealed that the hydrophilic phase domains
were apparently well connected to form proton channels, and the
NFs were dispersed in the PVDF matrix to form dense membrane.

The XRD curves of all the samples are shown in Fig. 4(a). The
peak of SPES-C was flat and occurred at 2q of 17.6�. The peak of
NCMs mainly occurred at 2q of 18.46�, 20�, 26.72�, and 39�, and the
PVDF showed a wide dispersion peak around 21� which indicted a
low degree of crystallinity. However, the peaks of NCMs remained
sharp at approximately 20�. The reason is that, after the hot-press
treatment, the NCMs showed a high degree of crystallinity, which
corresponded to 200/110 reflections of the b-phase, and weak
peaks at approximately 18.2� and 27.2�, which corresponded to 020
and 111 reflections of the a-phase, respectively [25]. This phe-
nomenon indicated that the PVDF in the internal membranes was a
continuous layer that could block methanol crossover. Besides, the
peaks for NCMs also showed flat with the increasing content of
SPES-C. This result was caused by the SPES-C redistribution in the
PVDF. This result also revealed the good compatibility of the
materials.
3.3. Tensile strength

The mechanical properties of different membranes and SPES-C
NFs are shown in Fig. 4(e). All composite membranes had excel-
lent mechanical properties compared to PVDF membrane. More-
over, the mechanical performance of the composite membranes
initially increased and then decreased with the increase in the
PVDF content. This phenomenon occurred mainly because the
matrix could not connect NFs when the content of PVDF was low.
By contrast, when the content of PVDF was high, NFs could not
reinforce the membranes well. Hot-press treatment could improve
the mechanical property of the PEMs [40]. Dimensional stability,
oxidative stability and selectivity of different membranes are
shown in SI.
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Fig. 4. (a) XRD curves; (b) proton conductivity at varying temperatures under 100% RH; (c) methanol permeability; (d) single cell performances at 60 �C under 100% RH; and (e)
mechanical properties of all the samples.
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3.4. Proton conductivity and Methanol permeability

Proton conductivity and methanol permeability of all the NCMs
are summarized in Fig. 4(b) and (c), respectively. Proton conduc-
tivity was measured at varying temperatures (i.e., 20 �Ce80 �C,
100% RH). The plots of conductivity showed that the conductivity of
the novel designed membranes exhibited positive dependency
with temperature. This finding revealed that proton conduction is a
thermally activated process. Fig. 4(b) shows that the proton
conductivity of SPES-C/PVDF-F was the lowest and close to 0.
However, the proton conductivities of the membrane with
through-membrane NFs were all higher than those of SPES-C/
PVDF-F. These proton conductivities could obtain 0.1 S cm�1 at
80 �C under 100% RH (SPES-C/PVDF-20). However, the proton
conductivity of SPES hybrid membrane prepared by Wen was only
0.047 S/cm under the same condition [41]. Therefore, the through-
membrane and continuous SPES-C NFs extended from one side to
another side of the membrane can provide benefits. The proton
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conductivities decreased with the increase in the content of PVDF.
This finding revealed that the decrease in the surface distribution of
the NFs results in the gradual encapsulation of conduction channels
by the PVDFmatrix. Therefore, the existence of the “barrier layer” of
proton transportation at the surface of membranes hindered pro-
ton transport and NFs can form proton-conducting channels in the
membrane to improve the proton conductivity. The methanol
permeabilities of all the NCMs and Nafion were measured at room
temperature. The methanol permeabilities of all the NCMs were
very low and could be as low as 1/500 that of Nafion117
(14.1 � 10�7 cm2 s�1). The increase in the content of SPES-C NFs
resulted in the increase in methanol permeability. The probable
reason is that the methanol resistance layers of PVDF became
slightly efficient because of the decrease in the content of the PVDF
matrix. Therefore, the presence of PVDF successfully hinders
methanol crossover.

3.5. Single cell performance

Fig. 4(d) shows the polarization curves of the single cells fabri-
cated by the composite membranes at 60 �C and 100% RH. The cell
performances of the composite membranes decreased with the
increase of PVDF contents. Furthermore, at the current density of
100mA/cm2, the output voltages of SPES-C/PVDF-20, SPES-C/PVDF-
30, and SPES-C/PVDF-40 are measured as 0.37692, 0.41538, and
0.43385 V, respectively, while that of Nafion is only 0.35 V or lower
[42e44]. All their sing cell performances have competitive advan-
tage compared to Nafion.

4. Conclusion

In this study, we reported a novel approach to prepare com-
posite PEMs with through-membrane and continuous nano-
channels and methanol-blocking layer through SBP and hot-press
treatment. The existence of the “barrier layer” of proton trans-
portation at the surface of membranes could hinder proton trans-
port and NFs on surface can form proton-conducting channels in
the membrane improve the proton conductivity. The through-
membrane NFs significantly improved the proton conductivity
and cell performance of the PEMs. The mechanical performance of
composite membranes initially increased and then decreased with
the increase in the PVDF content. The composite membranes were
effective in hindering methanol permeability because of the pres-
ence of the continuous methanol-blocking layer, and the cell per-
formance of composite membrane showed comparable results
compared to Nafion. A substantial decrease in SR occurred. The SRs
of all the composite membranes were less than 10%, and the
membranes exhibited improved dimensional stability when SPES-C
NF is incorporated into the PVDF matrix. The results revealed that
the novel structure design can be considered a novel route to
prepare high-performance and cost-effectivemembranes for DMFC
applications.
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