Applied Polymer

SCIENCE

Effects of Microstructural Functional Polyaniline Layers on SPEEK/
HPW Proton Exchange Membranes

Suzhen Ren, Meiling Xu, Ying Yang, Shaobo Ma, Ce Hao
College of Chemistry, Dalian University of Technology, Dalian, 116024, Liaoning Province, People's Republic of China
Correspondence to: S. Ren (E -mail: rensz@dlut.edu.cn).

ABSTRACT: In this study, a method is developed to fabricate sulfonated poly (ether ether ketone)/phosphotungstic acid-polyaniline
(SPEEK/HPW-PANI) membranes by in situ polymerization of aniline for the purpose of decreasing the weight loss of HPW in the
membranes. The synthesis involves the production of a SPEEK/HPW hybrid membrane followed by different layer of PANI coatings
on the membrane surface, and subsequent treatment using drying in vacuum procedures. The scanning electronic microscopy images
showed that HPW had good compatibility with SPEEK polymers and energy dispersive X-ray spectroscopy revealed the successfully
doping with HPW and polymerization of PANI. The surface of SPEEK/HPW-PANI becomes more compact than that of SPEEK/HPW
and pure SPEEK, which may lead to reduce the water uptake and swelling property. The proton conductivity was found for the
SPEEK/HPW-PANI-5 composite membrane (91.53 mS/cm at 80°C) higher than that of pure SPEEK membrane (68.72 mS/cm at
80°C). Better thermal stability was determined in both SPEEK/HPW and SPEEK/HPW-PANI membranes than pristine SPEEK mem-
brane. Therefore, PANI is a good potential coating for organic—inorganic hybrid e.g. SPEEK/HPW membrane materials to improve
their hydrothermal stable properties and SPEEK/HPW PANI is a material that shows promise as a proton exchange membranes. ©
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INTRODUCTION

Proton-exchange membrane fuel cells (PEMFC) have gained
much attention recently due to their high efficiency and power
density compounded with low environmental impact.'™ As one
of the most important components of the PEMFC, suitable pro-
ton exchange membranes (PEM) with high proton conductivity,
good mechanical stability are required to satisfy the application
in PEMFC. Although Nafion® as perfluorosulfonated ionomer,
has been currently employed as the membrane in fuel cells, the
limitations including low conductivity at elevated temperatures,
high cost prohibit its wide usages.”™ Thus, the main limitations
to the commercialization of the PEM technology based on per-
fluorosulfonic acid membranes stimulated the need for non-
fluorinated PEM.>*!! In this regard, sulfonated poly (ether ether
ketone) (SPEEK) is definitely one of the most fascinating non-
fluorinated aromatic ionomers emerging in most recent decades
due to its high proton conductivity, high thermal stability, good
mechanical properties, and low cost.''™* However, SPEEK also
has some drawbacks in its practical application. The SPEEK
membranes show very low conductivity in low degree of sulfona-
tion (DS) and in high DS absorb too much water and thus swell
a lot, sometimes leading to dissolution in contact with water
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especially at elevated temperatures. Hence, it is important to
develop the SPEEK membranes possessing not only high proton
conductivity but also dimensional stability associated swelling led
by moderate water uptake even at elevated temperatures.

Several routes have been reported for the synthesis of SPEEK-
based membrane with high proton conductivity. Apart from the
cross-linking or blend with base molecules methods, >’
ganic proton conducting materials doping chemical methods
have also been reported.”®> For instance, sulfonated SiO,, sul-
fonated TiO,, Montmorillonite clay, AIPO,, etc. have been
investigated. Another strategy to solve this problem relative to
high proton conductivity is the approach that includes mixing
heteropolyacids (HPAs), a kind of super ionic proton conduc-
tors in their fully hydrated states with high DS of SPEEK.**°
Phosphotungstic acid (H;PW,0,, HPW) is one of the strong-
est acids with the highest conductivity in the Keggin-type HPAs.
Many researchers have studied the application of HPW in fuel
cells.””™* However, these investigations have shown that the cell
output and stability greatly decay owing to the leakage of HPW
in water.** Therefore, it urgently needs to explore the efficient
assembly methods to decrease the leakage of HPW and swelling
ratio from high DS.

inor-
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Scheme 1. Process of surface-modification by in situ polymerization of PANI. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

We have conducted surface modification for SPEEK membranes
using Nafion solution for direct methanol fuel cells.'* Recently,
conducting polymer, especially polyaniline (PANI), has received
much attention for PEM because of their high chemical and
electrochemical stability, high conductivity, easy synthesis,
benign environmental effect, good adhesion, and high hydro-
philic property.*>" Furthermore, it has been recently reported
that PANI nanosheets can be simply synthesized in solution in
the presence of Fe’* as catalyst. Particularly, Nagarale et al.*’
report recently that using chemical polymerization of a thin
layer of PANI in the presence of a high oxidant concentration
on a single surface of SPEEK, PANI can coat on SPEEK surface
and efficiently keep SPEEK from swelling and methanol perme-
ability. However, the proton conductivity of SPEEK/PANI com-
posites is not as high as expected and coating is not uniform.
Therefore, it is a challenge to realize the fabrication of orderly
PANI coating on SPEEK/HPW composites because of the diffi-
culties involved in controlling the nucleation and growth of
nanostructures in the presence of different precursors with vari-
ous reduction kinetics.

In the present work, a SPEEK-based composite membrane is
investigated, of which the DS is around 51.26 mol. %. After a
small amount of HPW incorporated, the SPEEK/HPW hybrid
membrane was coated with multilayer of PANI on surfaces. The
preparation scheme of the composite membranes is displayed in
Scheme 1. The composite membranes are examined by scanning
electronic microscopy (SEM), proton conductivity, water
uptake, dimensional change, and swelling properties to identify
the effects of PANI layer on the prepared SPEEK/HPW-PANI
composite membranes.

EXPERIMENTAL

Materials

PEEK (Changchun Jilin University Super Engineering Plastics
research Co, Ltd, China) was dried for 24 h in a vacuum box at
120°C before sulfonation reaction. H,SO,, HCIl, NaOH, NacCl,
FeCl;, N-methyl-2-pyrrolidinone (NMP), HPW (Bejing chemi-

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

41033 (2 of 8)

cal works, China) were used as received. Aniline (Bejing chemi-
cal works, China) was distilled before using.

Preparation of SPEEK

Sulfuric acid (120 mL; 98%) was first transferred into a three-
neck round bottom flask after N, purging for 30 min at room
temperature. Twelve gram of PEEK was slowly added under vig-
orously stirring at room temperature until the polymers were
completely dissolved and then speedily stirring at 50°C for 3 h.
After a period of sulfonation reaction, the obtained brown-—yel-
low polymer solution was gradually precipitated into ice-cold
water under mechanical agitation to form SPEEK fibers. The
fibers were filtered, washed several times with deionized water
until the pH was neutral and dried at 80°C for 48 h in a vac-
uum oven. The DS of SPEEK was obtained about 51.26 mol %
using a titration method.>

Membrane Preparation

SPEEK/HPW Hybrid Membranes. The fabrication of hybrid
membranes was made by a solution-casting method. The
SPEEK and HPW were added into NMP with the ratio of 10%
in total weight and volume, and stirred constantly for 4 h at
room temperature. Then a pale yellow transparent homogene-
ous solution was obtained. The weight ratio of HPW to the
mixture of SPEEK and HPW was 7 : 3. The solutions were cast
in the form of thin film on a glass plate, dried at 60°C for 48 h,
and then dried at 80°C for 15 h in vacuum.

SPEEK/HPW-PANI Composite Membranes. The surface modi-
fication of SPEEK/HPW hybrid membranes was carried out by
in situ polymerization, as shown in Scheme 1. Typically, the
hybrid membranes were firstly immersed in 50 mL of aqueous
solution including 0.04M aniline for 10 min. Then, they were
removed from the solution and washed with deionized water to
remove the weakly bonded aniline monomer. Polymerization of
aniline was induced by immersing the washed membrane in
another 50 mL solution containing 0.01M FeCl; and 0.01M HCI
at room temperature for 30 min. Then, the membrane was
taken out and washed with distilled water. All these steps were
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repeated for n (n=1-5) times in order to obtain multilayer
coating composite membranes. SPEEK/HPW-PANI-# refers that
SPEEK/HPW based membrane is coated with #n layer of PANL

Characterization Methods

Morphological Characterization. Morphological characteriza-
tion was performed using SEM (QUANTA450) combined with
energy dispersive X-ray spectroscopy (EDS) on the horizontal
surface and cross-section of composite membranes after freeze-
fracture in liquid nitrogen and operated at 1.5 kV. All samples
were measured after gold sputter coating.

Proton Conductivity. Proton conductivity of the membranes
was measured by the standard four-electrode method via the ac
impedance spectroscopy using electrochemical workstation
(A08001 Netherlands Ivium Technologies Company) from 1 Hz
to 10° Hz. The test was kept at elevated temperatures and 100%
RH. The proton conductivity (o) was calculated by the follow-
ing expression (1)

=== (1)

where R is the membrane resistance (Q), A is the membrane
area (cm?), L is the thickness of the membrane (um), ¢ is the
proton conductivity (mS/cm).

Water Uptake. For water uptake, the measurements were car-
ried out in quadruplicate. Membranes were first immersed in
water at four different temperatures, that is, at 25°C, 40°C,
60°C, and 80°C, for 12 h to promote water uptake up to equi-
librium. After the removal of surface water immediately, the
membranes were weighed. The water uptake was calculated
using eq. (2)

Uptake(%)=(Wivet = Wiry )/ Wary X 100 )

here, Wi and Wy, are weights of wet and dry membranes,
respectively.

Swelling Ratio. Swelling experiment was conducted by meas-
uring the volume of membrane specimens under fully hydrated
and completely dried conditions. Firstly, the membrane was cut
into a strip with predetermined dimensions (1 cm in width and
4.5 cm in length) and equilibrated in distilled water at the tar-
get temperature for 12 h to obtain the wet volume (V). The
extent of water swelling (WS) of the membrane was calculated
as the eq. (3)

WS(%)=(Viet — Vary )/ Vary X100 (3)

here, Viy¢ and Vg, are the volumes of wet and dry membranes,
respectively.

Thermogravimetric Analysis. Thermal transition behaviors of
the membranes were determined by using TA instruments (ther-
mogravimetric analysis [TGA-Q50]). The heating rate was
10°C/min. The temperature ranged from 25°C to 800°C and
the nitrogen flow rate was 50 ml/min. Before analysis the sam-
ples were dried at 80°C for 24 h in vacuum.

Weight Loss Ratio of HPW. For investigation of the weight loss
ratio of HPW in the polymer matrix, the known weight mem-
branes were immersed in distilled water at target temperature
for 20 days. Then the membranes were completely dried at
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120°C until no weight loss was obtained. The weight loss ratio
of HPW was calculated as the formula (4)

Weight loss ratio(%)=(W;—W,)/W, X100 (4)

where W is the dry weight of membranes before immersed in
water, W, is the dry weight of membranes after immersed in
water.

RESULTS AND DISCUSSION

Morphological Characterization

Figure 1 shows the surface and cross-section morphologies of
membranes. SEM images of the surface and cross-section of
SPEEK matrix were uniform and dense as shown in Figure
1(a,b). When HPW was introduced into the SPEEK matrix, the
surface of the SPEEK/HPW hybrid membrane became spongy
because of the leakage of small amounts of HPW during treat-
ment in water as shown in Figure 1(c). It is important to note
that no large agglomerates are observed both on the surface and
the cross-section which means that HPW is uniformly distrib-
uted in the SPEEK matrix [Figure 1(c,d)]. With increasing the
PANI layers by in situ polymerization on the surface of SPEEK/
HPW hybrid membrane, the surface of the composite mem-
branes became more and more compact. The PANI layer with
the thickness of about 5 pm is obviously observed from Figure

1(e).

EDS images of SPEEK, SPEEK/HPW and SPEEK/HPW-PANI
composite membranes are shown in Figure 2. The SPEEK mem-
brane exhibits carbon, oxygen, sulfur, main elements of SPEEK
chain, as shown in Figure 2(a). Compared Figure 2(b) with Fig-
ure 2(a), the SPEEK/HPW hybrid membrane in Figure 2(b) not
only exhibited carbon, oxygen, sulfur (the main elements of
SPEEK) but also tungsten, which indicated that the HPW was
successfully incorporated in the SPEEK/HPW. As shown in Fig-
ure 2(b,c), the content of carbon in SPEEK/HPW-PANI was
higher than that of SPEEK/HPW indicating that PANI was uni-
formly distributed on the surface of membrane because that the
main element of PANI was carbon.

Proton Conductivity

Figure 3 shows the proton conductivity of SPEEK, SPEEK/
HPW, and SPEEK/HPW-PANI at elevated temperatures under
100% RH. Proton conductivity increased much with the tem-
perature increased as the mobility of proton migrated or
exchanged more quickly.>™ The introduction of HPW into
SPEEK led to the increase of water uptake as the HPW was
hydrophilic, and thus increased the proton conductivity.”® Cal-
culated using expression (1), the proton conductivity of hybrid
membrane containing 3% (w/v) of HPW at 80°C was the maxi-
mum, 63.57 mS/cm at 25°C and 165.01 mS/cm at 80°C under
100% RH, more than 2.4 times higher than that of SPEEK
membrane at 80°C as shown the uppermost curve in Figure 3.
As for the surface-coating, the surface became compact and the
water uptake of composite membranes decreased which resulted
in reduction of proton conductivity. As shown in Figure 3, the
proton conductivity declined with the increasing in the aggrega-
tion layer of PANI. The conductivities of SPEEK/HPW-PANI-3
and SPEEK/HPW-PANI-5 composite membranes were 110.38
mS/cm and 91.53 mS/cm at 80°C under 100% RH, respectively.
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Figure 1. SEM images of surface of SPEEK (a), cross-section of SPEEK (b), surface of SPEEK/HPW-PANI-1 (c), cross-section of SPEEK/HPW (d), and

cross-section of SPEEK/ HPW-PANI (e).

However, the proton conductivity of SPEEK/HPW-PANI-5 was
still higher than the pure SPEEK membranes at 80°C.

Water Uptake

The water uptake of SPEEK, SPEEK/HPW and SPEEK/HPW-
PANI at elevated temperatures of the membranes calculated
using eq. (2) is illustrated in Figure 4. Water uptake of all the
obtained membranes increased with the increasing temperature
because the mobility of polymer chains and the free volume for
water absorption increased with temperature.”® The introduc-
tion of HPW to SPEEK increased the water uptake as HPW was
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hydrophilic.’® Thus, the water uptake of SPEEK/HPW was
higher than that of the pure SPEEK and SPEEK/HPW-PANI
membranes. Figure 4 also shows the decreased tendency with
the increasing of PANI layers. This may be due to the formation
of hydrogen bond between the SPEEK and PANI and the hydro-
gen bonds made the surface more uniform and compact.*” For
example, the membranes with the PANI layers from 1 to 5,
respectively, show the water uptake of 68.53%, 68.15%, 67.71%,
62.74% and 59.68% at 80°C. However, the water uptake of
composite membranes with one layer to three layers was still
higher than that of SPEEK (64.13% at 80°C).
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Swelling Ratio

Figure 5 shows the swelling ratio of SPEEK, SPEEK/HPW and
SPEEK/HPW-PANI membranes calculated as the eq. (3). The
swelling ratio in volume of all membranes investigated increased
with the elevated temperature due to the motion of molecules,”
but there are different in detail. For SPEEK membrane, the
swelling ratio varied from 41.50% at 25°C to 67.82% at 80°C.
When the HPW was introduced to the SPEEK membranes, the
swelling ratio of SPEEK/HPW increased from 74.88% at 25°C
to 110.13% at 80°C. It was noting that the swelling ratio of
composite membranes decreased with the increase of PANI
layers, which may be because of the compact PANI coating
decreasing the water uptake. As shown in Figure 5, the swelling
ratios of SPEEK/HPW-PANI-4 and SPEEK/HPW-PANI-5 were
lower than that of pristine SPEEK membranes. Therefore, the
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Figure 4. Water uptake of SPEEK, SPEEK/HPW, and SPEEK/HPW-PANI
as a function of temperature. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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as a function of temperature. [Color figure can be viewed in the online
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SPEEK/HPW, so PANI layer has little influence on the thermo-
stability of composite membranes. From those TGA curves, it is
concluded that the thermal stability of membranes is signifi-
cantly enhanced by introduction of HPW and PANL

Weight Loss Ratio of HPW

Table I shows the weight loss ratio of SPEEK, SPEEK/HPW and
SPEEK/HPW-PANI membranes after immersing in water for 20
days at different temperature calculated as the eq. (4). From
Table I, the weight loss ratios of all obtained membranes were
much lower under 25°C than that under 80°C. The weight loss
ratio of SPEEK/HPW reached the maximum of 2.07% at 25°C
and 28.93% at 80°C. With the increase of surface-

SPEEK/HPW

ol /SPEEKJ'H PW-PANI-5

70+ SPEEK/HPW-PANI-3

Weight (%)

60

50 1+

404

+ + t + + T + t +
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6. TGA curves of SPEEK, SPEEK/HPW, and SPEEK/HPW-PANI in
a temperature range from 25 to 800°C. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table I. Weight Loss Ratio of SPEEK, SPEEK/HPW, and SPEEK/HPW-
PANI Membranes after 20 Days Immersing in Water at Different

Temperatures

Weight loss Weight loss

ratio (%) ratio (%)
Membranes at 25°C at 80°C
SPEEK 1.68 2.38
SPEEK/HPW 2.07 28.93
SPEEK/HPW-PANI-1 2.00 28.61
SPEEK/HPW-PANI-2 1.94 28.41
SPEEK/HPW-PANI-3 1.73 27.51
SPEEK/HPW-PANI-4 1.55 21.45
SPEEK/HPW-PANI-5 1.29 19.84

polymerization times, the weight loss ratio declined a lot. And
the weight loss ratio of SPEEK/HPW-PANI-5 was 1.29% at
25°C and 19.84% at 80°C, which was 2.07% and 28.93% of
SPEEK/HPW hybrid membrane, respectively.

Figure 7 shows the proton conductivity of SPEEK, SPEEK/HPW
and SPEEK/HPW-PANI membranes after 20 days immersing in
water at different temperature calculated as the eq. (1). After
immersing in water for 20 days, the proton conductivity of all
the investigated membranes declined a lot at 80°C than at 25°C.
As for the surface-modification by PANI, the proton conductiv-
ity of composite membranes decreased a little than that of
hybrid membranes. The proton conductivity of SPEEK/HPW-
PANI-5 was 68.46 mS/cm at 80°C compared with the SPEEK/
HPW hybrid membrane (63.65 mS/cm at 80°C), which was still
higher than that of pure SPEEK membrane.
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Figure 7. Proton conductivity of SPEEK, SPEEK/HPW, and SPEEK/HPW-
PANI membranes after 20 days immersing in water at different
temperatures.
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CONCLUSIONS

A series of composite membranes were prepared by in situ poly-
merization of different thickness of PANT layers on the surface
of SPEEK/HPW membranes. The SEM images show that PANI
layer is compact and dense on surface and cross-section. The
PANTI layers can reduce the weight loss ratio of HPW in the
SPEEK/HPW hybrid membranes. The proton conductivity of
SPEEK/HPW reached the maximum and all of the SPEEK/
HPW-PANI membranes showed higher conductivities than pure
SPEEK membranes. Water uptake and swelling ratio in volume
of membranes decreased with increasing the PANI layers. The
thermal stability of SPEEK/HPW and SPEEK/HPW-PANI mem-
branes slightly increased, as for the pure SPEEK membrane
from TGA. Weight loss of ratio of HPW was significantly
decreased by increasing PANI layers and also, the proton con-
ductivity of SPEEK/HPW-PANI membranes was much higher
than that of SPEEK membrane after 20 days immersing in water
at 80°C. Therefore, PANI layers on the prepared SPEEK/HPW
composite membranes have important effects on decreasing
weight loss ratio of HPW, lower water uptake and swelling
ratio. The composite membrane SPEEK/HPW-PANI seems to
be a promising candidate for PEMFC applications.
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