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Polymeric phosphonic acid submicrospheres (PPASs)with carboxylic acid cores and phosphonic acid shells
are synthesized by distillation-precipitation polymerization. The structure and composition of PPASs are
confirmed by transmission electronmicroscopy (TEM), Fourier transform infrared spectroscopy (FTIR), and
energy dispersive X-ray (EDX). The PPASs are then incorporated into sulfonated poly(ether ether ketone)
(SPEEK) to fabricate compositemembranes for direct methanol fuel cells (DMFCs). The incorporated PPASs
enlarge the ion-channel size of the composite membranes as testified by small-angle X-ray scattering
(SAXS), affording significantly enhancedwater uptake andwater retention. Comparedwith themembrane
containing the polymeric carboxylic acid submicrospheres (PCASs), the PPASs-filled membrane exhibits
higher proton conductivity owing to the higherwater uptake andwater retention of the PPASs and stronger
acidity of phosphonic acid. The composite membrane with 15 wt.% PPASs displays the highest proton
conductivity of 0.0187 S cm�1 at room temperature and 100% relative humidity (RH). At the RH as low as
20%, this membrane acquires a proton conductivity of 0.0066 S cm�1, 5 times higher than that of the SPEEK
control membrane (0.0011 S cm�1) after 90 min testing, at 40 �C.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Conventional proton exchange membranes (PEMs), such as
Nafion, having high proton conductivity under hydrated conditions
are commonly utilized for direct methanol fuel cells (DMFCs).
Water in PEMs plays a critical role in proton conduction by
providing sufficient proton carriers and dissociating proton con-
ducting groups [1]. Under the operating conditions of DMFCs, i.e.
intermediate temperatures and low humidity, proton conductivity
of most PEMs declines significantly due to the dehydration of
membranes [2,3]. Therefore, improving water uptake and water
retention of the PEMs remains to be a topic with great interest. One
common approach is to incorporate hygroscopic inorganic fillers,
such as zeolites [4], silica [5,6], and TiO2 [7], which introduce
numerous hydrogen-bond sites into the membranes. However,
these inorganic fillers display low water uptake and rapid water
release because of their weak interactions with water molecules
[8]. Moreover, due to the low amount of proton conducting sites,
the incorporation of inorganic fillers usually decreases proton
6.
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conductivity of the resultant membranes [9,10]. Therefore, inor-
ganic fillers are usually modified with proton conducting groups to
solve these problems [11,12]. Thus, organic fillers rich in proton
conducting groups might be better alternatives although scarcely
reported in the literature. In our previous work, Wang et al. [13]
dispersed polymeric carboxylic acid spheres into a sulfonated
poly(ether ether ketone) (SPEEK) matrix, and found that the
embedded fillers not only enhanced water retention property due
to the functional groupswith highwater affinity, but also generated
additional pathways for proton transport. Unfortunately, the rela-
tively low proton conducting ability ofeCOOH groups on polymeric
carboxylic acid spheres may restrict their wide application in PEMs.
Therefore, polymeric spheres bearing both high water uptake and
high proton conductivity are more desired.

The dominant proton conducting group in the majority of PEMs
is sulfonic acid. However, phosphoric/phosphonic acids as proto-
genic groups have attracted increasing attention due to their high
proton carrier concentration, thermal stability, and chemical
stability [14]. Amphoteric phosphoric/phosphonic acids can serve
as both proton donors and acceptors, accompanying with a high
degree of self-dissociation even in anhydrous states. Additionally,
phosphoric/phosphonic acid groups can form dynamical hydrogen-
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bond networks, promoting a high mobility of proton carriers
[14,15]. Therefore, the average zero point energy of phosphonic
acids (37.2 kJ mol�1) is much lower than that of sulfonic acids
(69.9 kJ mol�1), rendering a lower activation energy for proton
hopping between phosphonic acid groups [16]. Besides, the binding
energy with water of phosphonic acids (47.3 kJ mol�1) is higher
than that of sulfonic acids (44.4 kJ mol�1), indicating a higher water
retention property under low humidity conditions [16]. Thus,
phosphoric/phosphonic acid functionalizedmaterials are perceived
as promising proton conduction promoters. One commonly utilized
method is directly blending polymer membranes with phosphoric
acids [17e22]. Nevertheless, the acid groups in the membranes are
in free form and will be readily leached out by water or methanol
molecules, which declines proton conduction. Another method is
grafting phosphonic acid groups onto polymer main chains or side
chains, so as to firmly immobilize the acid groups [23e29].
However, most of the grafting reactions are relatively complicated,
and restricted by the harsh conditions and low reaction activities
[30]. Therefore, it is still a great challenge to develop a method for
immobilizing phosphonic acid groups in a well-controlled way,
while avoiding a complicated procedure and harsh conditions.

In this study, polymeric phosphonic acid submicrospheres
(PPASs) with carboxylic acid cores and phosphonic acid shells were
designed and synthesized by distillation-precipitation polymeri-
zation, a facile and powerful technique for synthesizing mono-
disperse polymeric microspheres with different functional groups
on their surfaces [31e33] and coreeshell polymeric microspheres
[34]. The PPASs were embedded into a SPEEK matrix for preparing
composite membranes. The PPASs and the membranes were char-
acterized by FTIR, EDX, TEM, FESEM, SAXS, and TGA. The effects of
the incorporated PPASs on the membrane structure and perfor-
mance, including morphology, nanophase separation, thermal
stability, ion-exchange capacity (IEC), water uptake, water reten-
tion, methanol permeability and proton conductivity were inves-
tigated in detail.

2. Experimental

2.1. Materials and chemicals

Ethylene glycol dimethacrylate (EGDMA) and dimethyl vinyl-
phosphonate (DMVP) were purchased from Alfa Aesar and utilized
without further purification. 2, 20-Azoisobutyronitrile (AIBN,
analytical grade) andmethacrylic acid (MAA, analytical grade) were
purchased from Tianjin, and purified by vacuum distillation prior to
utilization. Acetonitrile (analytical grade) was provided by Tianjin
Chemical Reagents II Co. and dried over 4 Å molecular sieves and
then distillated. Poly(ether ether ketone) particles (Victrex�PEEK,
grade 381G) were supplied by Nanjing Yuanbang Engineering
Plastics Co., Ltd. Dimethylformamide (DMF), sulfuric acid and
methanol were of analytical grade and purchased locally. De-
ionized water was used throughout all experiments.

2.2. Synthesis of the polymeric carboxylic acid submicrospheres
(PCASs) and PPASs

The PCASs with diameter of 270 nm were synthesized by
distillation-precipitation polymerization according to the previous
study [13]: EGDMA (1.60 mL, 1.68 g, 8.40 mmol), MAA (1.60 mL,
1.62 g, 18.63 mmol) and AIBN (0.06 g, 0.38 mmol, 2 wt.% relative to
the comonomers) were dissolved in acetonitrile (80 mL) in a dried
100 mL flask, connected with a fractionating column, Liebig
condenser, and a receiver. The mixture was heated from room
temperature to the boiling state within 10 min and then the solvent
was volatilized by distillation. After 1 h, the reaction was stopped
and the resultant PCASs were purified by three cycles of centrifu-
gation, decantation, and re-suspended in acetonitrile with
ultrasonic-bathing. The PCASs were dried under vacuum at 50 �C
until the weight did not change. The PPASs were synthesized by the
same method: PCASs (0.30 g), DMVP (0.40 mL, 0.68 g, 5.00 mmol),
EGDMA (0.60 mL, 0.63 g, 3.18 mmol) and AIBN (0.02 g, 0.13 mmol,
2 wt.% relative to the comonomers) were added into 80 mL
acetonitrile. The same procedure was used for PPASs synthesis. The
prepared polymeric phosphonate submicrospheres were dispersed
into excess HCl aqueous solution (10 mol L�1) at 100 �C for 24 h.
Subsequently, the coreeshell PPASs with diameter of 346 nm and
shell thickness of about 38 nm were obtained. The resultant PPASs
were dried in a vacuum oven at 50 �C till constant weight.

2.3. Preparation of SPEEK

PEEKwas sulfonated according to the procedure in the literature
[35]. PEEK (28 g) was dried at 60 �C for 24 h followed by being
added slowly to concentrated sulfuric acid (H2SO4, 95e98 wt.%,
200 mL) under vigorous stirring at ambient temperature for 3 h
and then at 45 �C for 8 h. The reaction was terminated by pouring
the polymer solution into water under continuous agitation. The
precipitated SPEEK was washed repeatly with de-ionized water
until neutral pH and dried at ambient temperature for 24 h, and
dried at 60 �C in a vacuum oven for another 24 h. The degree of
sulfonation (DS) of SPEEK was 62% determined by titration.

2.4. Preparation of the membranes

The solution-castingmethodwasadopted to preparemembranes.
A certain amount of PCASs or PPASs were dispersed into 3 mL DMF
under ultrasonic treatment and stirred for 12 h. 0.7 g SPEEK was
added into 4mL DMF later and stirred for 24 h. The submicrosphere-
DMFwasmixed with SPEEK-DMF solution under vigorous stirring at
room temperature. The mixture was cast onto a glass plate and then
dried under vacuum at 60 �C for 12 h, followed by further drying at
80 �C for another 12 h. After cooling down to room temperature, the
membranes were peeled off from the glass plate. Then the
membranes were immersed into 1.0 M HCl solution for 2 days and
rinsedwith de-ionizedwater to remove residual acid completely and
dried in a vacuum oven at ambient temperature. The as-prepared
membranes were designated respectively as SPEEK/PCASs-2.5,
SPEEK/PCASs-5, SPEEK/PCASs-10, SPEEK/PCASs-15 or SPEEK/PPASs-
2.5, SPEEK/PPASs-5, SPEEK/PPASs-10, SPEEK/PPASs-15, where 2.5, 5,
10, 15 were the weight percentage ratio of the submicrospheres to
SPEEK. The SPEEK control membrane was prepared for comparison
purpose and designated as SPEEK. All the membranes in our study
were of thickness in the range of 70e80 mm.

2.5. Characterizations

The morphology of PCASs and PPASs was detected by trans-
mission electron microscope (TEM, Tecnai G2 20 S-TWIN). Fourier
transform infrared spectra (FTIR, 4000e400 cm�1) of the sub-
microspheres and membranes were recorded on a Nicolet 6700
instrument. The content of phosphorus wasmeasured by EDX using
field emission scanning electron microscope (FESEM, Nanosem
430). The zeta-potential was determined with ZetaPALS (Broo-
khaven Instrument Cooperation) by measuring the electrophoretic
mobility of the submicrospheres using de-ionized water as the
electrolyte at room temperature. The cross-section of the
membranes was characterized by FESEM after being freeze-
fractured. The morphology of the membranes was determined by
the small-angle X-ray scattering (SAXS) at a RigakuD/max2500v/Pc
(CuK 40�kv, 200�mv) within the range of 0.20e5.00�. The thermal
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stability of the samples was measured by thermogravimetric
analysis (TGA) using a TGA-50 SHIMADZU. The samples were
analyzed from 30 to 750 �Cwith a heating rate of 10 �Cmin�1 under
nitrogen atmosphere.

2.6. Water uptake and water release

Prior to measurement, the submicrospheres and the
membranes were dried in an oven at 60 �C for 24 h and then their
dry weights (Wdry, g) were measured. The dried samples were
soaked in de-ionized water at room temperature for 24 h. The
surface water on the membranes was removed and then the
membranes were immediatelyweighed to obtain their wet weights
(Wwet, g). This procedure was repeated three times to gain the
average water uptake with an error within �5.0% and calculated by
Eq. (1) respectively:

Water uptakeð%Þ ¼ Wwet �Wdry

Wdry
� 100 (1)

After measuring water uptake, the hydrated samples were
stabilized in a constant temperature humidity chamber. The
samples were weighed (Wwet.t, g) at the time of t at 40 �C and 20%
RH. Water release as a function of time was calculated by Eq. (2):

Water releaseð%Þ ¼ Wwet �Wwet:t

Wwet �Wdry
� 100 (2)

Simultaneously, water retention was determined by Eq. (3):

Water retentionð%Þ ¼ Wwet:t �Wdry

Wdry
� 100 (3)

2.7. Methanol permeability

Methanol permeability of the membranes was measured using
a glass diffusion cell technique at room temperature [36]. The
membrane was hydrated in de-ionized water and then clamped
tightly between two compartments. One compartment was filled
with 2 M methanol solution (30.0 mL) and the other with same
volume of de-ionized water. The solutions in the compartments
were under magnetic stirring. Because of the methanol concen-
tration difference between the two compartments, methanol flow
occurred across the membrane. The methanol concentration in the
receiving compartment was measured, as a function of time, using
a gas chromatography (Agilent 6820) equipped with a thermal
Fig. 1. TEM images of (a
conductivity detector (TCD) and a DB624 column. Methanol
permeability (P, cm2 s�1) was the average of three measurements
with an error within �5.0% and calculated from Eq. (4):

P ¼ S
VBl
ACA0

(4)

where S is the slope of the straight line of concentration versus
time, VB is the volume of the solution in the receiving compartment,
l, A, and CAo are the membrane thickness, effective membrane area,
and feed concentration, respectively. The measurements errors
were within �5.0%.

2.8. Ion-exchange capacity

IEC values of submicrospheres and the membranes were esti-
mated by titration. The samples in acid form were immersed into
2 M NaCl solution for 24 h at room temperature to transform Hþ

into Naþ. The dissociated Hþ ions in the solution were then titrated
with 0.01 M NaOH solution using phenolphthalein as indicator. The
titration was repeated three times and the IEC was calculated from
Eq. (5):

IEC
�
mmol g�1

�
¼ 0:01� 1000� VNaOH

Wd
(5)

where VNaOH is the volume of NaOH solution consumed in the
titration and Wd is the weight of the dried membrane. The
measurements were carried out with an accuracy of
0.001 mmol g�1.

2.9. Proton conductivity and selectivity

Proton conductivity (s, S cm�1) of the membranes was esti-
mated in a two-point-probe conductivity cell by the AC impedance
spectroscopy method in vertical direction, and the membranes
were measured by using a frequency response meter (FRA, Com-
pactstat, IVIUM Tech.) at a potential of 20 mV and an alternating
current frequency from 1 to 106 Hz at 20 or 100% RH. Proton
conductivity of the membranes was calculated using Eq. (6):

s ¼ l0
AR

(6)

where l0 and A are the thickness and the effective surface area of
the membrane, respectively, and R is the membrane resistance
obtained from the FRA.

The selectivity was defined as the ratio of proton conductivity to
methanol permeability, which was used to identify the potential
) PCASs, (b) PPASs.
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membranes for DMFCs [37]. The selectivity could be obtained from
Eq. (7):

S ¼ s=P (7)

where S is the selectivity, and s and P are proton conductivity and
methanol permeability, respectively.

3. Results and discussion

3.1. Characterization of the submicrospheres

The TEM image in Fig. 1b demonstrated that the PPASs exhibited
obvious coreeshell structure with carboxylic acid cores of 270 nm
and phosphonic acid shells of approximately 38 nm. PCASs with
diameter of 270 nmwithout phosphonic acid shells were prepared
for comparison purpose, as shown in Fig. 1a.

The chemical composition of the as-prepared submicrospheres
was confirmed by FTIR and EDX in Fig. 2. The absorption peaks at
1730 and 1469 cm�1 for the PCASs were assigned to the stretching
vibration of C]O and the bending of COOeH, respectively.
Compared with the PCASs, the formation of phosphonic acid shells
were confirmed by the PeO bending vibration (520 cm�1) and OeH
stretching vibration of the ePO3H2 (2610 and 2300 cm�1),
respectively. In addition, the asymmetric OePeO stretching
vibration (970 cm�1) and the P]O stretching vibration
(1240e1140 cm�1) were overlapped by the CeOH stretching
vibration of the PCASs [38]. EDX result in Fig. 2b and Table 1
revealed that the content of phosphorus was 1.57 At.% or
3.26 wt.%. The calculated ePO3H2 content was 8.52 wt.%, accord-
ingly. Zeta potential value (Table 1) of the PPASs was higher
(�54.38 mV) than that of the PCASs (�36.93 mV) at neutral
conditions, implying that there were more electronegative charges
on the PPASs surface. IEC values revealed that the PPASs had higher
proton conduction ability than the PCASs (0.108 mmol g�1 for
PPASs and 0.087mmol g�1 for PCASs). TGA curves in Fig. 2c showed
that the PPASs displayed a gradual weight loss from 150 �C owing to
the reversible desorption of water produced by self-condensation
of the phosphonic acid groups [27]. A large degradation step at
around 340 �C resulted from the irreversible cleavage of the CeP
bonds [23,29]. For the PCASs, initial weight loss began at 150 �C
due to the adsorbed water and the carboxylic acid groups began to
decompose at around 380 �C.

3.2. Characterization of the composite membranes

The cross-section morphology of the membranes as probed by
FESEM (Fig. 3aef) revealed that all the membranes were relatively
dense, uniform and defect-free. The submicrospheres were
homogeneously dispersed without obvious agglomeration within
the SPEEK matrix. That was owing to electrostatic repulsive force
between the phosphonic acid or carboxylic acid groups during
collision of the submicrospheres in the membrane casting solution
[39], as testified by zeta potential analysis.

FTIR (Fig. 4) spectra displayed the characteristic peaks at around
1221, 1078, and 1020 cm�1 for all the SPEEK membranes, which
were assigned to the symmetric and asymmetric O]S]O
stretching vibration of sulfonic acid groups, demonstrating the
successful sulfonation of SPEEK [40]. Compared with the SPEEK
control membrane (Fig. 4a), a new peak around 1720 cm�1

appeared for the composite membranes due to the C]O stretching
vibration of the submicrospheres.

TGA of the membranes as shown in Fig. 5 indicated that all the
membranes exhibited three distinct weight loss steps [41]. The first
weight loss (from 150 to 240 �C) was ascribed to water evaporation
(free and bound water) of the membranes. The second weight loss
step ranging from 240 to 370 �C was assigned to the degradation of
the sulfonic acid groups. The final weight loss, beginning at 400 �C,
was related to the decomposition of the polymer chains. It could be
deduced that the weight loss of the composite membranes was
similar to that of the SPEEK control membrane below 400 �C but



Table 1
Shell thickness, P content, zeta potential, IEC and water uptake of the submicrospheres.

Entry Submicrosphere Shell thickness (nm) P content Zeta potential (mV) IEC (mmol g�1) Water uptake (%)a

(wt.%) (At.%)

1 PCASs 0 0 0 �36.93 0.087 98.95
2 PPASs 38 � 2 3.26 1.57 �54.38 0.108 263.2

a Water uptake at 20 �C.
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higher than that of the SPEEK control membrane above 400 �C. The
char yield of the SPEEK control membrane and SPEEK/PCASs-10
were 46.58 and 45.00%, respectively. With the PPASs content
increase from 2.5 to 15 wt.%, the ultimate weight percentage of the
composite membranes decreased from 46.91 to 42.82%. That was
mainly originated from the lower char yield of the PPASs (2.61%,
Fig. 2c) than that of the SPEEK control membrane. Overall, thermal
stability of the as-prepared membranes should be high enough
(>240 �C) to meet the requirement for DMFCs.

SPEEK displayed a nanophase separation due to the presence of
the hydrophobic and hydrophilic domains. The nanophase sepa-
ration provided continuous channels for mass transport and
affected the performances of the membranes, in terms of water
uptake, proton conductivity and methanol permeability [42,43].
SAXS profiles of themembranes were shown in Fig. 6. The scattered
vectors (q) were 0.524 and 0.510 nm�1 for the SPEEK control
membrane and the SPEEK/PCASs-10 membrane, respectively. In
comparison, the SPEEK/PPASs-10 membrane exhibited lower q
value (0.505 nm�1). Bragg spacing d, referring to the “center to
center distance” between two clusters, can be calculated according
to the equation d ¼ 2p/q [44]. Accordingly, the SPEEK/PPASs
composite membranes possessed higher ion-channel size, indi-
cating that the embedded submicrospheres disturbed the ordered
Fig. 3. FESEM images of the cross-section of (a) SPEEK, (b) SPEEK/PCASs-10, (c) S
structure of the ionic domains and this effect became more notable
with the increase of submicrosphere content.

3.3. Water uptake, water release and water retention

Water uptake of the prepared membranes played a crucial role
in proton conduction [45,46]. Water uptake of the SPEEK control
membrane was 27.62% (Table 2). With the PPASs content increasing
from 2.5 to 15 wt.%, water uptake of the composite membranes
gradually increased from 33.39 to 39.68% (Table 2). The increased
water uptake was mainly attributed to the incorporation of PPASs
with high water storage ability (263.2%, Table 1) and enlarged ion-
channel size of the SPEEK bulk, as testified by SAXS. Furthermore,
the SPEEK/PCASs membranes exhibited higher water uptake over
the SPEEK control membrane. Meanwhile, the PPASs-filled
membranes possessed higher water uptake than the PCASs-filled
membranes under identical conditions.

Reducing water loss would yield high proton conductivity at
intermediate temperatures and low RH. The dynamic water release
of PPASs and PCASs at 40 �C and 20% RHwas shown in Fig. 7a, linear
water release with time was observed in all the cases. The PPASs
exhibited lower water release rate than the PCASs. This was prob-
ably due to the stronger interaction between phosphonic acid and
PEEK/PPASs-2.5, (d) SPEEK/PPASs-5, (e) SPEEK/PPASs-10, (f) SPEEK/PPASs-15.



2000 1800 1600 1400 1200 1000 800

10201078
1221

1720

f

e

d

c

b

a

T
ra

ns
m

itt
en

ce

Wave number / cm-1

Fig. 4. FTIR spectra of (a) SPEEK, (b) SPEEK/PCASs-10, (c) SPEEK/PPASs-2.5, (d) SPEEK/
PPASs-5, (e) SPEEK/PPASs-10, (f) SPEEK/PPASs-15.

0.0 0.5 1.0 1.5 2.0 2.5 3.0

 SPEEK

 SPEEK/PCASs-10

 SPEEK/PPASs-2.5

 SPEEK/PPASs-5

 SPEEK/PPASs-10

 SPEEK/PPASs-15

R
el

at
iv

e 
in

te
ns

ity

q / nm-1

Fig. 6. SAXS curves of the membranes.

L. Nie et al. / Journal of Power Sources 213 (2012) 1e96
water molecule, which retained water molecule more tightly. The
dynamic water release of the membranes displayed the similar
trend as shown in Fig. 8a. Two stages could be observed clearly in
water release curves: (i) in the first stage (0e70 min), water
released sharply, which was mainly ascribed to the free water
evaporation; and (ii) in the second stage (70e180 min), water lost
slowly, mainly due to the bound water loss. For the SPEEK control
membrane, water release was 93.52% after 180 min testing.
Compared with the SPEEK control membrane, the PPASs-filled
membranes showed lower water release rate. Especially as the
PPASs content reached to 15 wt.%, the membrane displayed a water
release as low as 73.94%.

Water retention of the submicrospheres and the membranes at
40 �C and 20% RH was presented in Fig. 7b and Fig. 8b, respectively,
which revealed much higher water retention for the PPASs than the
PCASs. For the PPASs-filled membranes, increasing water uptake
and reducing water release rate endowed an increase of water
retention (3.65e10.34%), when compared with that of the SPEEK
control membranes (1.79%) after 180 min testing. Water retention
of the SPEEK/PPASs membrane increased from 3.65 to 10.34% with
the filler content in the range of 2.5e15 wt.%. Furthermore, the
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enhancing water retention of the PPASs conferred the SPEEK/PPASs
membranes higher water retention compared with the SPEEK/
PCASs membranes.
3.4. IEC and proton conductivity

IEC was an important indicator of ionizable exchange hydro-
philic groups in the samples. The IEC was measured by titration and
presented in Table 2. IEC value of the SPEEK control membrane was
1.83 mmol g�1 and the DS was calculated to be 62%. With the
incorporation of submicrospheres, IEC values of the composite
membranes decreased, which was originated from the lower IEC
values of the fillers than that of the SPEEK bulk. Consequently, with
the PPASs content increase from 2.5 to 15 wt.%, IEC values of the
SPEEK/PPASs membranes decreased from 1.69 to 1.52 mmol g�1.
The PPASs displayed higher IEC value than the PCASs, thus the
SPEEK/PPASs membranes exhibited higher IEC values than the
SPEEK/PCASs membranes under identical conditions.

Proton conductivity of the membranes at room temperature and
100% RH was summarized in Table 2. The SPEEK control membrane
with 62% DS displayed a proton conductivity of 0.0069 S cm�1,
which was close to the literature results [47,48]. Compared with the
SPEEK control membrane, the SPEEK/PPASs membranes displayed
increased proton conductivity. Proton conductivity of the
composite membranes increased from 0.0147 to 0.0187 S cm�1 as
the PPASs content increased in the range of 2.5e15 wt.%. Such
results were attributed to the presence of phosphonic acid groups
and the increase of water content. The former rendered new proton
carriers and proton could hop rapidly from one water molecule or
group to another by forming and breaking dynamic hydrogen-
bonds [15,38]. The latter facilitated proton transfer via vehicle
mechanism by forming H3Oþ, H5O2

þ, H7O3
þ and H9O4

þ [37,49].
Furthermore, the SPEEK/PPASs composite membranes exhibited
higher proton conductivity than the SPEEK/PCASs composite
membranes at the same filler content, consistent with IEC values
and water uptake of the membranes. It is deserved to highlight that
the addition of PPASs significantly increased proton conductivity of
the SPEEK/PPASs membranes (0.0147e0.0187 S cm�1) in compar-
ison with the SPEEK control membrane (0.0069 S cm�1). Although
proton conductivity of themembranewas lower than that of Nafion
117 (0.048 S cm�1) [50], it may be high enough to meet the
requirement (>0.01 S cm�1) for the DMFC membrane [51].

Proton conductivity at 40 �C and 20% RH as a function of time
was shown in Fig. 9. For the SPEEK control membrane, proton



Table 2
Water uptake, IEC, methanol permeability, proton conductivity, and selectivity of the SPEEK control membrane and the composite membranes.

Entry Membrane Water uptake (%) a IEC (mmol g�1) Methanol permeability (10�7 cm2 s�1) Proton conductivity (S cm�1)a Selectivity (105 S s cm�3)

1 SPEEK 27.62 1.83 2.14 0.0069 3.24
2 SPEEK/PCASs-2.5 28.12 1.67 2.40 0.0110 4.57
3 SPEEK/PCASs-5 29.87 1.59 2.47 0.0125 5.05
4 SPEEK/PCASs-10 30.77 1.53 2.32 0.0115 4.97
5 SPEEK/PCASs-15 31.16 1.49 2.47 0.0124 5.00
6 SPEEK/PPASs-2.5 33.39 1.69 2.38 0.0147 6.19
7 SPEEK/PPASs-5 34.53 1.60 2.42 0.0169 6.99
8 SPEEK/PPASs-10 37.87 1.54 2.28 0.0175 7.68
9 SPEEK/PPASs-15 39.68 1.52 2.38 0.0187 7.86

a The testing temperature is 20 �C.
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conductivity sharply declined from 0.0069 to 0.0011 S cm�1,
reducing by 83.84% after 90 min testing. Such decline was mainly
due to the serious water loss, which suppressed the dissociation
degree of the sulfonic acid groups and disrupted the continuous
ion-channels of the SPEEK bulk. Compared with the SPEEK control
membrane, proton conductivity of the SPEEK/PPASs membranes
only reduced by 74.46% (from 0.0147 to 0.0038 S cm�1), 74.02%
(from 0.0169 to 0.0044 S cm�1), 72.61% (from 0.0175 to
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Fig. 7. The (a) Water release, (b) Water retention of the submicrospheres as a function
of time at 40 �C and 20% RH.
0.0048 S cm�1), 64.65% (from 0.0187 to 0.0066 S cm�1), respec-
tively, with 2.5, 5,10 and 15wt.% PPASs. The enhancement of proton
conduction in the PPASs-filled membranes should be attributed to
the increased water retention by incorporating the PPASs. Besides,
the self-dissociation of phosphonic acid groups also facilitated
proton conduction via Grotthus mechanism under low humidity.
Furthermore, proton conductivity of the SPEEK/PCASs-10
membrane decreased more pronouncedly by 82.63% (from 0.0115
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to 0.0020 S cm�1) than that of the SPEEK/PPASs-10 membrane. The
above results demonstrated that the SPEEK/PPASs composite
membranes might be the competitive candidates for DMFC
membranes under low humidity.

3.5. Methanol permeability and selectivity

Methanol permeability of themembranes was another key issue
for PEMs, whichwas closely related to an open-circuit potential and
fuel utilization efficiency [52]. As shown in Table 2, methanol
permeability of the SPEEK control membrane was
2.14 � 10�7 cm2 s�1, which was much lower than that of Nafion 117
(3.14 � 10�6 cm2 s�1) [39]. The incorporation of PPASs induced two
effects on methanol permeability: (i) the PPASs enlarged ion-
channel size of the SPEEK bulk, which reduced the methanol
diffusion resistance; and (ii) the high crosslink degree of PPASs
prolonged the pathways of methanol transport, which increased
the methanol barrier [53]. Due to these two reasons, the SPEEK/
PPASs membranes exhibited a little higher methanol permeability
than the SPEEK control membrane, and as the submicrosphere
content increased, methanol permeability of the composite
membranes changed only slightly.

Finally, selectivity was introduced to evaluate the comprehen-
sive performance of the membranes (Table 2). Selectivity of the
SPEEK control membrane was 3.24 � 105 S s cm�3, while the
composite membrane with 15 wt.% PPASs displayed 140% increase
in selectivity (7.86 � 105 S s cm�3).

4. Conclusion

In this study, coreeshell PPASs were synthesized and embedded
into a SPEEK matrix to prepare a series of composite membranes.
The PPASs played dual roles in promoting proton conduction: (i)
increasing water uptake and water retention, and enlarging ion-
channel size of the membranes; and (ii) rendering new proton
carriers and forming dynamic hydrogen-bond networks. The
composite membrane with 15 wt.% PPASs displayed the highest
proton conductivity (0.0187 S cm�1) at room temperature and 100%
RH. At the RH as low as 20%, this membrane acquired a proton
conductivity of 0.0066 S cm�1, 5 times higher than that of the
SPEEK control membrane (0.0011 S cm�1) after 90 min testing, at
40 �C. Moreover, the composite membrane containing 15 wt.%
PPASs exhibited 140% increase in selectivity compared with the
SPEEK control membrane. It was reasonable to conjecture that the
SPEEK/PPASs-15 membrane could be a promising DMFCmembrane
candidate, in particular, under the application condition of low
humidity.
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