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erformance of SPEEK polymer
electrolyte membranes using functionalized TiO2

nanoparticles with proton hopping sites

Parisa Salarizadeh,ab Mehran Javanbakht*ab and Saeed Pourmahdianc

In this work, the application of a sulfonated poly(ether ether ketone) (SPEEK)/amine functionalized titanium

dioxide nanoparticle (AFT) composite as a novel membrane in proton exchange membrane fuel cells

(PEMFC) was studied. Titanium dioxide (TiO2) nanoparticles were functionalized by grafting aminopropyl

groups through hydrolysis of 3-aminopropyltriethoxysilane (APTES). The influence of the AFT

nanoparticles on thermal and mechanical stability, water uptake, dimensional stability and

electrochemical properties of the membranes were studied. The grafting of APTES onto TiO2

nanoparticles improved their dispersion in the SPEEK matrix. The nanocomposite membrane with the

optimal amount of AFT nanoparticles, 7.5 wt%, showed a proton conductivity of 0.135 S cm�1 at 80 �C
which was 159.6% higher than that of the nanocomposite membrane with 7.5% TiO2. This can be

attributed to their good dispersion and reduction of interparticle separation spacing which creates

connected pathways for proton transport. The membrane with 7.5 wt% AFT showed a 40.8% decrease in

swelling, a 132.7% increase in conductivity and an 86.7% increment in maximum power density (PDmax)

(230 mW cm�2) compared with the pristine SPEEK membrane, which indicated its potential application

in PEMFCs.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are electro-
chemical devices that generate electricity, water and heat by
a simple reaction between hydrogen and oxygen gases. PEMFCs
have received much consideration because of their wide appli-
cability, high efficiency, low pollution and quick start time.1–3 A
proton exchange membrane (PEM) is the key component in the
development of PEMFCs. The commercial membrane used in
PEMFCs is Naon due to its good proton conductivity at
temperatures below 80 �C, and high chemical and oxidative
stability.4 But, Naon has its own inherent drawbacks such as
high cost, limited operation temperature and fuel crossover.5

Synthesizing novel PEMs with excellent proton conductivity, low
cost, good thermal and mechanical stability and high fuel cell
performance is essential for the development of PEMFCs.6 Our
earlier literature reported on the synthesis of nanocomposite
membranes by incorporating some inorganic nanoparticles as
ller such as, SBA-15-ph-SO3H,7 poly(sulfonic acid)-g-silica,8
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BaZrO3,9 La2Ce2O7,10 sulfonated graphene oxide (SGO),11,12 and
Fe2TiO5 nanoparticles13 for enhancing the mechanical stability,
the proton conductivity and other properties of membranes.

Sulfonated poly(ether ether ketone) (SPEEK) is a non-
uorinated polymer considered as a reliable candidate for
PEM application due to its high thermo-oxidative resistance,
superior chemical stability, good thermal stability and low
cost.14 Increase in sulfonation degree (DS) of SPEEK increases
the membrane swelling and proton conductivity and declines
the membranes mechanical stability because of the plasticizing
nature of sulfonated groups.15,16 The DS of SPEEK can easily be
controlled by the reaction time, concentration of acid and
temperature.17 Different approaches have been investigated to
improve various properties of SPEEK such as, mechanical
properties, dimensional stability and proton conductivity,
including blending with other polymers,18 cross-linking19 and
addition of inorganic llers.17,20

Inorganic hygroscopic nanollers such as titanium dioxide
(TiO2), zirconium oxide (ZrO2), silica (SiO2) and iron titanate
(Fe2TiO5) nanoparticles21–24 have been added to SPEEK
membranes to further enhance physicochemical properties
with suitable electrochemical properties. But, usually with the
adding of the inorganic nano-llers, the proton conductivity of
the membranes declines due to the tendency of llers to
agglomeration, their low compatibility with polymer matrix and
dilution effect on sulfonic acid sites in the SPEEK matrix.25 To
overcome these problems, surface treatment of nanollers with
RSC Adv., 2017, 7, 8303–8313 | 8303

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra25959f&domain=pdf&date_stamp=2017-01-24
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25959f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007014


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
0/

21
/2

02
5 

1:
24

:1
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
acidic and basic organic groups can be an effective method.25–29

Moreover, the modication of the nanoparticles with these
functional groups can form proton hopping sites for Grotthuss-
type proton transfer, as a result, the proton conductivity of the
membrane improves.26

In our previous work, incorporation of modied Fe2TiO5

nanoparticles within SPEEKmatrix improved proton conductivity
and mechanical properties of membrane.30 Our research was
continued with investigation of different nanoparticles effect and
their surface modication on the properties of nanocomposite
membranes. P25 TiO2 nanoparticles have high hydroxyl groups
in their surface which facilitate its surface modications. Many
researchers conrmed bio-catalytic properties of amine func-
tionalized TiO2 nanoparticles for waste water treatment31,32 but it
is less studied as a nanoparticle with proton hopping sites in
PEMFC. In present work, a novel SPEEK/amine functionalized
TiO2 nanocomposite membrane was prepared with the aim of
enhancing proton conductivity and physicochemical properties
of SPEEK-based membranes. The thermal and mechanical
stability, water uptake, membrane swelling, ion exchange
capacity (IEC), proton conductivity and PEMFC performance of
the membranes were evaluated. –NH2 groups of functionalized
TiO2 nanoparticles provided hydrogen bonding and electrostatic
interactions with –SO3H groups of the polymer matrix which
created further proton transfer sites and increased the proton
Fig. 1 Schematic of amine-functionalization reaction of TiO2 nanop
membrane.

8304 | RSC Adv., 2017, 7, 8303–8313
conductivity of the membranes. Moreover, the modication of
TiO2 nanoparticles diminished their agglomeration and
improved the proton conductivity of membranes by creating
continues pathways for proton transport.

2. Experimental
2.1. Materials

Poly(ether ether ketone), PEEK, (MW ¼ 20 800) was supplied
from Sigma-Aldrich. P25 TiO2 nanoparticles with particle size of
21 nm, specic surface area of 50 � 15 m2 g�1 was purchased
from Degussa. Triethyl amine (TEA) and 3-amino-
propyltriethoxysilane, APTES, were purchased from Merck. All
of the solvents were obtained fromMerck. De-ionized water was
used throughout the experiments.

2.2. Synthesis of amine functionalized TiO2 nanoparticles
and SPEEK

Amine functionalized TiO2 (AFT) nanoparticles were prepared
by the two-step method as illustrated in Fig. 1 according to the
following procedure: rst, 1 g of TiO2 nanoparticles was dried at
100 �C in a vacuum oven, and then dispersed in 100 mL anhy-
drous toluene. Then, 8 mL of APTES and 0.6 mL of triethyl
amine were added drop by drop to the resulting solution and
reuxed under N2 atmosphere for 24 h at 80 �C. At the end, the
articles and the proton transfer mechanism in the nanocomposite

This journal is © The Royal Society of Chemistry 2017
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resulting mixture was washed three times with toluene and
ethanol, respectively and dried in a vacuum oven.

Sulfonated poly(ether ether ketone) (SPEEK) was prepared by
direct sulfonation of PEEK. First, dried PEEK (10 g) was dis-
solved into concentrated sulfuric acid (100 mL) under stirring at
25 �C for 1 h. Then, the polymer solution was stirred for 4 h at
60 �C under nitrogen atmosphere. The sulfonated polymer
solution was cooled and then precipitated in excess amount of
ice-water under continuous stirring. The solid SPEEK was
washed with deionized water till neutral pH and then dried at
70 �C for 24 h. The DS was found to be 68% by titration method.
2.3. Membrane preparation

Three types of membranes (SPEEK, SPEEK/TiO2 and SPEEK/
AFT) were synthesized by the solution casting method; these
membranes were identied as SP, SPTx and SPAFTx respectively,
where x (2.5, 5, 7.5 and 10) represents the weight percentage of
nanoparticles in the nanocomposite membranes. At rst, 1 g of
SPEEK was dissolved in 3 mL of DMAc by stirring at room
temperature for 1 h. Then, the appropriate weight of nano-
particles was dispersed in 2 mL DMAc by sonication for 30 min
and then added into the SPEEK solution. The solution was
sonicated for 30 min until the mixture became homogeneous.
The resultant viscous polymer solution was poured on a clean
glass plate by using an automatic lm applicator. The
membranes were dried at room temperature for overnight and
70 �C for 24 h, respectively. The thickness of the dried resulting
membranes was about 70 mm. Among SPTx membranes, the
SPT5 membrane selected for more analyze to compare with
SPAFTx due to its higher proton conductivity than other SPTx
membranes. Before of all tests, the membranes were treated in
2 M sulfuric acid solution and deionized water, respectively.
This was done in order to liberate the residual solvent.
2.4. Characterization

The chemical structures of modied nanoparticles and
membranes were characterized by Fourier transform infrared
spectrometer (FTIR, Bruker Equinox) in the range of 500–4000
cm�1. The morphology and size of the obtained nanoparticles
and cross-sectional morphology of the membranes were inves-
tigated by a eld emission scanning electron microscope
(FESEM, TESCAN). Transmission electron microscopy (TEM,
Zeiss EM10C) was used to investigate the size and morphology
of the AFT nanoparticles.

The surface topography and roughness of the membranes
were evaluated by atomic force microscopy (AFM) technique in
tapping mode using a SPA-300HV, Seiko Instrument Co. The X-
ray diffraction (XRD) of the prepared membranes was per-
formed using an INEL model EQUINOX 3000, France X-ray
diffractometer in an angular range of 5–80�.

The thermogravimetric analysis (TGA) of the nanoparticles
and membranes was performed using a Hi-Res TGA 2950
thermogravimetric analyzer under nitrogen atmosphere at the
heating rate of 10 �C min�1. The mechanical properties of the
membranes were evaluated on a STM-150 universal test
This journal is © The Royal Society of Chemistry 2017
machine (UTM, SANTAM DBBP, Iran) with an elongation rate of
2 mm min�1.

2.5. Water uptake and membrane swelling

At rst, the nanocomposite membranes were immersed in
deionized water at room temperature for 12 h until fully
hydrated. Aer wiping the surface water of membranes, the
weight (Ww) and length (Lw) of membranes were determined.
Themembranes were then dried at 60 �C for 12 h and dry weight
(Wd) and the length (Ld) of the membranes were measured. The
membrane swelling (MS) and water uptake (WU) of the
membranes were calculated as follows:

WUð%Þ ¼ Ww �Wd

Wd

� 100 (1)

MSð%Þ ¼ Lw � Ld

Ld

� 100 (2)

2.6. Proton conductivity and ion-exchange capacity

The proton conductivity of membranes was measured by a four
probe technique using an Autolab potentiostat/galvanostat
taken between 0.1 Hz and 106 Hz at a voltage amplitude of
0.05 V. Before the test, the prepared membranes were soaked in
2 M sulfuric acid solution and deionized water, respectively.
Four probe conductivity measurements was performed by
a conductivity cell composed of two platinum wires sensing the
potential drop, two platinum plates carrying the current and the
proton conductivity was obtained as follows:

s ¼ L

RWT
(3)

where L, R, W and T are distance between electrodes (cm), ionic
resistance of membrane (U), width and the membrane thick-
ness (cm), respectively. Ionic resistance of the membrane,
which is ohmic (high frequency) resistance, was determined
from impedance spectrum.

The IEC of SPAFTx membranes was measured by the back-
titration method.33 The membranes were immersed into a 2 M
sulfuric acid solution for 12 h to ensure that all the Na+ ions
were exchanged with H+ ions. Then the samples were soaked in
deionized water until neutral pH was obtained and dried in an
oven. The dried membrane was immersed into 1 M NaCl solu-
tion for 24 h and this solution was titrated with 0.01 M NaOH
solution. The IEC of the membranes was calculated as follows:

IEC ¼ MV

m
(4)

whereM (mol L�1) is themolar concentration of NaOH solution,
V (mL) is the volume of added NaOH at the equivalent point,
and m (g) is the dry weight of the membrane.

2.7. Membrane-electrode assembly (MEA) preparation and
performance test

For single-cell testing, the anode and cathode electrodes were
made by the coating of catalyst ink (including the Pt/C catalyst
RSC Adv., 2017, 7, 8303–8313 | 8305
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(20 wt% of Pt), 5 wt% Naon solution, isopropyl alcohol, the
suitable amount of water and glycerol) onto gas diffusion layer
(carbon cloth, E-tek, HT 2500-W) by painting method. The
electrodes were dried at 80 �C for 40 min and at 120 �C for 1 h,
respectively. The Pt loading 0.25 mg cm�2 was kept for both
anode and cathode electrodes. For preparation of MEA, two
electrodes were located onto both side of the membrane and
then hot pressed under 135 kg cm�2 pressure at 120 �C for
3 min. The PEMFC performances were measured at different
temperatures using the FCT 1505 fuel cell test system. The H2

and O2 input ow rates were 120 and 300 mL min�1,
respectively.
3. Results and discussion
3.1. Synthesis and characterization of amine functionalized
TiO2

Chemical structure of AFT nanoparticles was veried by FTIR
spectroscopy (Fig. 2d). The peaks below 700 cm�1 were assigned
to the stretching vibration of Ti–O and Ti–O–Ti groups in titania
nanoparticles. The broad absorption peak at 3428 cm�1 and the
low intensity peak at 1621 cm�1 in TiO2 spectra were ascribed to
the O–H stretching vibration and bending vibration modes of
adsorbed water as well as hydroxyl groups, respectively.34 The
symmetrical and asymmetrical vibrations of –CH2 groups and
also the bending vibration of C–H groups were observed at 2854,
2923 and 1461 cm�1. Furthermore, the stretching vibration of
Si–O–Si groups at 1030 and 1130 cm�1 was observed in the
spectrum of the AFT nanoparticles.35,36 The peak at 940 cm�1 is
allocated to Ti–O–Si vibration.34,37 These bands conrmed the
successful surface modication of the TiO2 nanoparticles with
silane coupling agent.
Fig. 2 SEM images of TiO2 (a) and AFT (b), TEM image of AFT nanopart
corresponding dTGA curves of nanoparticles (e).

8306 | RSC Adv., 2017, 7, 8303–8313
Also, TGA was utilized to illustrate the successful surface
modication of the TiO2 with APTES. The TGA and differential
TGA (dTGA) curves are shown in Fig. 2e. The amount of APTES
graed on the surface of TiO2 was estimated from the resultant
curve and obtained at least 9.2%. The weight loss of the bare
TiO2 nanoparticles was attributed to desorption of adsorbed
water and dehydration of the hydroxyl groups.38 AFT nano-
particles exhibited two-step degradation in the temperature
between 50–550 �C. The rst step at the temperature range of
50–200 �C is assigned to the evaporation of adsorbed water and
further condensation of APTES.39 The second step at the
temperature range of 250–600 �C was attributed to degradation
of the aminopropyl groups from the nanoparticles surface. The
boiling temperature of APTES, 217 �C, is lower than the degra-
dation temperature of APTES graed on TiO2 nanoparticles.
Hence, it can be assumed that there was chemical bonding
between the TiO2 nanoparticles and APTES.

The morphological features of TiO2 and AFT nanoparticles
were observed by the SEM and TEM images as shown in Fig. 2. It
can be seen from Fig. 2a and b that TiO2 nanoparticles were
agglomerated while AFT nanoparticles were dispersed well. This
comparison indicates that the APTES plays a key role in the
improvement of the interfacial interaction between nano-
particles. Fig. 2c is the TEM image of AFT nanoparticles. It was
found that modied nanoparticles were discrete and agglom-
eration decreased effectively due to the attraction between the
particles was decreased.
3.2. Characterization of membranes

ATR spectra of representative membranes, SP, SPT5 and SPAFT7.5,
are displayed in Fig. 3.
icles (c), FTIR spectra of TiO2, AFT and APTES (d) and TGA curves and

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 ATR spectra of SP, SPT5 and SPAFT7.5 membranes.
Fig. 4 X-ray diffraction patterns of the SP and nanocomposite
membranes.

Table 1 The percentage crystallinity of the SP and nanocomposite
membranes

Membrane FWHM (Rad.) Crystallinity (%)

SP 0.1601 3.3687
SPAFT2.5 0.2430 0.9634
SPAFT5 0.2469 0.9185
SPAFT7.5 0.2611 0.7766
SPAFT10 0.2252 1.2104
SPT5 0.2366 1.0437
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The successful sulfonation of PEEK backbone was veried by
observing characteristic peaks at 1020, 1078 and 1222 cm�1,
corresponding to the symmetric and asymmetric stretching
vibrations of sulfonic acid groups.26 The intensity of these peaks
in SPT5 and SPAFT7.5 membranes were found relatively lower,
which indicated the interaction between SO3H groups and
functional groups of nanoparticles.25 The peaks at 1470 and
1490 cm�1 were attributed to C]C stretching vibration of the
aromatic rings.3 Aer incorporating TiO2 and AFT nanoparticles
into membranes, the intensity of the peaks at range of 550–700
cm�1 slightly increased likely due to overlapping TiO2 absorp-
tion peak (Ti–O–Ti) with the polymer peaks and the increase
was more evident in SPAFT7.5 than SPT5.

SPEEK and nanocomposite membranes were characterized
by XRD to investigate the structural changes resulting from
incorporation of AFT and TiO2 nanoparticles. XRD patterns of
the as-prepared membranes based on AFT nanoparticles are
presented in Fig. 4. It is clear that the crystallinity of PEEK
decreased aer sulfonation because of incorporation of sulfonic
acid groups on the polymer chain randomly.40 SPEEK showed
a broad crystalline peak on the 2q of 18–19�. It can be seen that
the peak intensity of the SPT5 and SPAFTxmembranes was greatly
reduced compared with the SP membrane due to the incorpo-
ration of nanoparticles which means that the degree of crys-
tallinity is decreased. Also, SPAFT5 showed lower crystallinity
than SPT5 due to better dispersion of these nanoparticles. These
results show that more amorphous domains were created in
SPAFTx nanocomposite membranes, indicating the AFT nano-
particles were mixed with SPEEK matrix homogeneously and
the membrane structure was more disordered. The amorphous
structure of nanocomposite membranes is useful for the
enhancement of ionic conductivity.41,42 However, AFT incorpo-
ration further (more than 10%) slightly increases the peak
intensity likely because the aggregation of nanoparticles.

The crystallinity percentage (Xc) of the SP, SPT5 and SPAFTx
nanocomposite membranes was calculated by the empirical
relation between Xc and b according to eqn (5).42
This journal is © The Royal Society of Chemistry 2017
b � (Xc)
1/3 ¼ KA (5)

where, b is the full width of the peak at half intensity in 2 theta
degree (FWHM) and KA is a constant and is assigned 0.24.
Table 1 presents the crystallinity percentage of SP, SPT5 and
SPAFTx membranes. It is obvious that with the addition of AFT
nanoparticles up to 7.5 wt%, the crystallinity percentage of
SPAFTx membranes diminished. But, AFT further contents led to
an increase in the Xc. The amorphous nature of nanocomposite
makes it more exible which is a favorable character for
a polymer electrolyte membrane.
3.3. Morphology and surface topography

Cross-section FESEM images of as-prepared membranes are
indicated in Fig. 5. All of the membranes were synthesized
without obvious structural defects. The AFT nanoparticles were
dispersed homogeneously within the membrane compared
with TiO2 nanoparticles with the particle size of about 21 nm.
TiO2 nanoparticles tend to aggregation (Fig. 5d) which was
attributed to high surface energy of nanoparticles and low
compatibility with polymer matrix. Aggregation of nano-
particles likely created relatively large regions devoid of any
nanoparticle in the membrane that disconnected the
RSC Adv., 2017, 7, 8303–8313 | 8307
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Fig. 5 FESEM images of cross-section of the nanocomposite membranes: SPAFT2.5 (a), SPAFT5 (b), SPAFT7.5 (c) and SPAFT10 (d) and SPT5 (e).
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transportation of the proton in membrane.25 The graing of
APTES onto TiO2 nanoparticles caused uniform dispersion of
AFT nanoparticles in nanocomposite membranes due to inter-
action between NH2 groups of AFT nanoparticles and SO3H
groups of SPEEK matrix. The interfacial compatibility between
AFT nanoparticles and polymer matrix is conducive for creation
proton transfer continues channels.

Surface roughness is another key factor which has a signi-
cant effect on the water uptake and proton conductivity prop-
erties of the membranes. Fig. 6 indicates AFM images (2D and
3D) of the SP, SPT5 and SPAFTx nanocomposite membranes at
a scan size of 5 mm � 5 mm. The bright and dark regions in the
images are related to the differences in domain hardness. The
bright regions were dedicated to the hydrophobic polymer
backbone and the dark regions were ascribed to a so structure,
which represent the hydrophilic sulfonic acid groups.43 From
Fig. 6, the surface topography of the prepared membranes
changed considerably aer incorporation of nanoparticles. The
roughness average (Ra) of SP was 4.06 nm, whereas the Ra of
SPAFT2.5, SPAFT5, SPAFT7.5, SPAFT10 and SPT5 nanocomposite
membranes increased to 6.74, 8.59, 10.80, 14.82 and 12.01 nm
respectively. The increase of roughness might lead to the
8308 | RSC Adv., 2017, 7, 8303–8313
improvement in the water uptake and thus the proton
conductivity of the membranes due to higher surface area.43,44
3.4. Water uptake and membrane swelling

Water uptake and membrane swelling are vital parameters
which directly effect on the most of the membrane properties.
Fig. 7a displays the water uptake and swelling of SPTx and SPAFTx
membranes at room temperature. The water uptake of the SPTx
and SPAFTx nanocomposite membranes were higher than that of
the SP membrane and increased signicantly with increasing
the nanoller content in the nanocomposite membranes. This
can be ascribed to the water retention character and the
hydrophilic nature of TiO2 nanoparticles. Also, with increasing
of AFT content, volume of water channels somewhat increased
and the dead end channels interconnected.45 But, the further
increase in the ller contents, more than 5 wt% for TiO2 and 7.5
wt% for AFT nanoparticles, resulted in a decrease in the water
uptake content. It can be assigned to accumulation and the
blocking effect of nanoparticles that may prevent from water
molecules entrance to polymer matrix. Generally, water uptake
of SPAFTx membranes was lower than SPTx membranes due to
slightly lower hydrophilicity of AFT nanoparticles than TiO2
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 AFM images (3D and 2D) of SP (a), SPAFT2.5 (b), SPAFT5 (c), SPAFT7.5 (d), SPAFT10 (e) and SPT5 (f) membranes.
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nanoparticles and also the formation of the hydrogen bond
between SPEEK chains and AFT nanoparticles. However, at the
higher contents of TiO2 (more than 5 wt%), water uptake of
SPT7.5 and SPT10 membranes were lower than SPAFT7.5 and
SPAFT10 membranes, respectively due to the agglomeration and
the blocking effect of nanoparticles.

The high swelling of the membranes lead to low durability,
low mechanical stability and so would decrease the fuel cell
performance. Generally, reasonable swelling can provide larger
Fig. 7 Water uptake and swelling of SPTx (dotted line) and SPAFTx memb
composite membranes as a function of temperatures (b).

This journal is © The Royal Society of Chemistry 2017
space and more continuous pathways for proton transport
through the membranes.25 From Fig. 7a, the membranes
swelling in length declined with the addition of TiO2 and AFT
nanoparticles. This result may be from two possible reasons.
Firstly, TiO2 and AFT nanoparticles could interact with polymer
matrix through hydrogen bonding and electrostatic force
between their surface functional groups and sulfonic acid
groups of polymer (–OH/–SO3H and –NH2/–SO3H). Secondly,
interaction between polymer chains and nanoparticles limited
ranes (dashed line) at 25 �C (a) and the proton conductivity of nano-

RSC Adv., 2017, 7, 8303–8313 | 8309
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the movement of chains in length. Although swelling in length
direction was decreased, it was slightly increased in thickness
direction. In other words, with addition of llers, the water
uptake and volume swelling were increased. The volume
swelling was increased from 27% for SPEEK membrane to 34%
and 30% for SP/T5 and SP/AFT7.5 membranes, respectively.
3.5. IEC and proton conductivity

IEC of a membrane indicates the amount of ionizable func-
tional groups in the membrane and expresses as the number of
acid groups per one gram of the sample. Normally, the
membranes with high IEC value must demonstrate high proton
conductivity due to the decrease in the distance between the
ionizable groups.46 IEC values of SP, SPTx and SPAFTx
membranes are given in Table 2. With increasing TiO2 and AFT
nanoparticles contents from 0 to 10 wt%, the IEC values of
membranes decreased from 1.95 to 1.79 and 1.77 meq g�1,
respectively. The decrease was imputed to the impact of dilution
of TiO2 particles, which lacked the SO3H groups, and also
interaction between polymer SO3H groups and nanoparticles
functional groups.47,48

Proton conductivity is a crucial parameter for evaluating the
PEMs performance. Proton conductivity of a nanocomposite
membrane is inuenced by various factors such as IEC, water
uptake, dispersion of inorganic llers and their concentrations
in polymer matrix. The proton conductivities of SP and their
nanocomposite membranes with different concentration of
TiO2 and AFT nanoparticles in 25 �C are shown in Table 2.
Proton conductivity of SPEEK was enhanced with the increment
in the amount of TiO2 and AFT nanoparticles in spite of the IEC
value decline. This was ascribed to the hygroscopic properties of
nanoparticles, their suitable dispersion in polymer matrix and
channeling of water molecules at the interface of the polymer
and nanoparticles49 which created straight transfer pathways
for protons and facilitated the proton transfer through the
membrane. However, at more than 5 wt% TiO2 and 7.5 wt%
AFT, llers act as barriers for proton conduction by blocking the
proton transfer pathways. The reason may be predomination of
dilution effect in higher concentration and the tendency of the
TiO2 nanoparticles to aggregation with increasing the nano-
particle content in the membrane to more than 5 wt%. The
Table 2 Proton conductivity, IEC values and activation energy (in the
range of 25–80 �C) of SP and the nanocomposite membranes

Membrane

s (S cm�1)

IEC (meq g�1) Ea (kJ mol�1)(at 25 �C) (at 80 �C)

SP 0.022 0.058 1.95 15.61
SPT2.5 0.025 0.062 1.90 14.48
SPT5 0.031 0.065 1.87 12.30
SPT7.5 0.023 0.052 1.83 13.45
SPT10 0.018 0.050 1.79 16.64
SPAFT2.5 0.042 0.087 1.88 11.55
SPAFT5 0.054 0.115 1.84 11.15
SPAFT7.5 0.066 0.132 1.82 10.73
SPAFT10 0.052 0.105 1.77 11.34

8310 | RSC Adv., 2017, 7, 8303–8313
SPAFTx membranes demonstrated higher proton conductivity
than SPTx. With increasing amount of TiO2 and AFT nano-
particles (2.5–10 wt%), proton conductivity improved from
0.087 to 0.105 S cm�1 for SPAFTx membranes and decreased
from 0.062 to 0.050 S cm�1 for SPTx membranes at 80 �C.
Modication of TiO2 nanoparticles decreased their aggregation
and augmented membranes proton conductivities. This is
attributed to decrease of interparticle separation spacing which
constructs connected proton transfer pathways. Furthermore,
–NH2 groups provided the proton hopping sites to proton
transfer through Grotthuss mechanism (Fig. 1).

Fig. 7b shows the proton conductivity of SP, SPTx and SPAFTx
membranes at the temperature range of 25–80 �C. In higher
temperatures, the proton conductivity enhanced due to incre-
ment of the water molecules movement and the mobility
increment of the charged species in the membrane.50,51

The activation energy (Ea (kJ mol�1)) of the proton conduc-
tion in the as-prepared membranes was estimated according to
Arrhenius equation:

s ¼ s0 exp(�Ea/RT) (6)

where s and s0 are proton conductivity (S cm�1) and pre-
exponential factor, respectively. R and T are Boltzmann's
constant (J K�1 mol�1) and temperature (K), respectively. As
revealed from Fig. 7b, the SPEEK membrane displayed the Ea of
15.61 kJ mol�1. The activation energy was obtained 14.48, 12.30,
13.45 and 16.64 kJ mol�1 for the SPT2.5, SPT5, SPT7.5 and SPT10
membranes, respectively and 11.55, 11.15, 10.73 and 11.34 kJ
mol�1 for SPAFT2.5, SPAFT5, SPAFT7.5, and SPAFT10 membranes,
respectively. This indicates the easier proton transfer with the
increase of AFT and TiO2 nanoparticles. Also, the SPAFTx and
SPTx membranes showed higher water uptakes than the SP
membrane, which might be useful for ionic transport via the
vehicle mechanism.52

A literature review on electrochemical properties of nano-
composite membranes based on some sulfonated polymers and
Naon 117 is demonstrated in Table 3. It is obvious that the
electrochemical properties of the SPAFT7.5 membrane has
improved compared to the other results reported in the litera-
ture. This enhancement is ascribed to the good dispersion of
modied llers and channeling of water molecules at the
interface of the polymer and llers which can make continues
and straight transfer paths for protons. However, compared to
Naon, the power density of these nanocomposite membranes
is yet relatively low, which must be enhanced.

3.6. Thermal stability and mechanical properties

Thermal and mechanical properties are vital parameters of
PEMs for application in the PEMFCs. The thermal stability of
representative membranes, including SP, SPT5 and SPAFT7.5,
were evaluated by the TGA analysis from 50 to 600 �C (Fig. 8). All
three membranes demonstrated similar TGA curves comprising
of three weight loss stages. The rst stage (80–100 �C) was
corresponded to the evaporation of residual solvent and phys-
ically adsorbed water. The second stage around 300–400 �C was
ascribed to the disintegration of SO3H groups of polymer.50 The
This journal is © The Royal Society of Chemistry 2017
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Table 3 Proton conductivity and PDmax of nanocomposite membranes based on some sulfonated polymers and Nafion 117 membrane

Membranes Filler loading (%) T (�C) s (S cm�1) PDmax (mW cm�2) Catalyst loading (mg cm�2) Application Ref.

SP 0 80 0.058 123 0.25 PEMFC —
SPT5 5 80 0.065 161 0.25 PEMFC —
SPAFT7.5 7.5 80 0.135 230 0.25 PEMFC —
SPEEK/SSGOa 5 65 0.052 119.6 0.25 PEMFC 2
SPEEK/sMBSb 20 80 0.082 — — — 53
SPEEK/sMMTc 3 60 0.071 19 4 DMFC 54
SPEEK/OMMTd 5 90 0.012 — — — 55
SPEEK/OMBb 15 80 0.079 56 1.3 DMFC 56
SPEEK/ITe 2 80 — 188 0.25 PEMFC 24
SPEEK/TNSf 1.67 140 0.041 — — — 57
SPEEK/MMTg 1 25 0.017 — — — 58
SPEEK/DSih 9 55 0.033 111.7 0.25 PEMFC 25
SPEEK/TOLPi 6 65 0.334 — — — 59
SPEEK/TNCj 15 25 0.062 — — — 26
CSPEEK/HPWk/meso-SiO2 20 80 0.12 — — — 23
SPEEK/DGOl 5 30 0.018 192.1 0.25 PEMFC 60
SPEEK/AITm 2 80 0.12 204 0.25 PEMFC 30
SPIn/SPSGOo 8 90 0.125 75 5 DMFC 61
SPESp/SGOq 5 90 0.135 — — — 62
Naon 117 — 80 0.09 — — — 63
Recast Naon — 80 0.018 640 0.4 PEMFC 3

a Sulfonated graphene oxide. b Sulfonated mesoporous benzene–silica. c Sulfonated montmorillonite. d Organic montmorillonite. e Iron titanate.
f Titania nanosheet. g Montmorillonite. h Dopamine modied silica nanoparticles. i Phosphonic acid functionalized titania nanoparticles. j Amino
acid-functionalized titania nanoparticles. k 12-Phosphotungsticacid. l Polydopamine modied graphene oxide sheets. m Amine functionalized iron
titanate. n Sulfonated poly imide. o Sulfonated propylsilane graphene oxide. p Sulfonated poly ether sulfone. q Sulfonated grapheme oxide.

Fig. 8 TGA curves of SP, SPT5 and SPAFT7.5 membranes.
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third stage started from about 450 �C was assigned to the
destruction of the polymer backbone. The presence of TiO2 and
AFT nanoparticles slightly delayed the oxidative degradation of
polymer matrix and improved thermal stability of the nano-
composite membranes. The nanocomposite membranes
showed enough thermal stability up to 300 �C, which are
eligible for PEMFCs application.

The mechanical stability of the as-prepared membranes was
examined by UTM. Young's modulus (YM), tensile strength (TS)
and elongation at break (EB) of SPTx and SPAFTx membranes are
revealed in Fig. 9. The pure SPEEK indicated YM of 700 MPa and
TS of 32.6 MPa. SPT2.5 and SPT5 membranes illustrated higher TS
This journal is © The Royal Society of Chemistry 2017
and YM compared to the SP membrane. With the increase of
TiO2 nanoparticles content (above 5%), TS and YM of nano-
composite membranes decreased because of the aggregation of
the TiO2 nanoparticles in SPEEKmatrix. For SPAFTxmembranes,
with increasing AFT nanoparticles from 2.5–10% both TS and
YM increased from 34.6 to 44.3 MPa and 816 to 1391 MPa,
respectively. With the modication of TiO2 nanoparticles, the
interaction between AFT nanoparticles and polymer matrix
improved and the structure of membranes were more
compressed. Also, the homogeneous distribution of modied
nanoparticles in the membrane could reduce the repletion of
stress in polymer matrix by its transfer to nanoparticles.8,20 But,
EB of SPAFTx membranes decreased compared with SP
membrane, likely due to interaction between NH2 groups of AFT
nanoparticles and SO3H groups of SPEEK matrix.
3.7. Fuel cell performance

The current density–potential and current density–power
density curves of representative membranes, including SP, SPT5
and SPAFT7.5 nanocomposite membranes in a single cell oper-
ating at 80 �C and 90% relative humidity are shown in Fig. 10.
SP membrane indicated the maximum current density (Imax) of
about 515 mA cm�2 and the maximum power density (PDmax) of
123 mW cm�2. The PEMFC performances of the nanocomposite
membranes were enhanced aer TiO2 and AFT incorporation. It
was found that incorporating 7.5% AFT caused a 100.6%
increase in Imax (1033 mA cm�2) and an 86.7% increase in PDmax

(230 mW cm�2). Compared to AFT, TiO2 displayed similar effect
in enhancing the fuel cell performances of SPEEK-based
RSC Adv., 2017, 7, 8303–8313 | 8311
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Fig. 9 Mechanical properties of SPTx (dotted line) and SPAFTx (dashed
line) at different content of nanoparticles.

Fig. 10 The current density–potential and current density–power
density curves of the SP, SPT5 and SPAFT7.5 membranes at 80 �C. The H2

and O2 flow rates were 120 and 300 mL min�1, respectively.

Fig. 11 Effect of TiO2 and AFT nanoparticles on membrane properties
as a function of nanoparticles.
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membrane, and SPT5 acquired the Imax and PDmax of 720 mA
cm�2 and 161 mW cm�2 respectively. This enhancement was
attributed to the improved proton conductivities and water
uptake of the SPT5 and SPAFT7.5 membranes compared with pure
SPEEK membrane.
4. Conclusion

SPEEK-based membranes were synthesized by embedding TiO2

and AFT nanoparticles by the solution casting method. Char-
acterization of AFT nanoparticles by FTIR, TGA and TEM
demonstrated that TiO2 nanoparticles were well modied. The
inuences of AFT nanoparticles on the water uptake, proton
conductivity and thermal stability, mechanical properties and
PEMFC performance of nanocomposite membranes were
investigated. It was observed that by increasing the AFT amount
from 0 to 10 wt%, the proton conductivity augmented from
0.058 S cm�1 to 0.135 S cm�1 at 80 �C due to channeling of water
molecules at the interface of the polymer and AFT and the
decrease of the interparticle separation spacing which construct
connected proton transfer pathways. At the same time, the
activation energy results, calculated at the temperature between
8312 | RSC Adv., 2017, 7, 8303–8313
25 and 80 �C, conrmed that the NH2 groups provided addi-
tional sites for proton transfer through Grotthuss mechanism.
As a result, SPAFTx membranes showed higher proton conduc-
tivity than SP and SPTx membranes. The SPAFT7.5 membrane
attained higher PEMFC performance (the current density and
power density of 335 mA cm�2 and 178 mW cm�2 at a cell
voltage of 0.5 V at 80 �C, respectively) than SP and SPAFTx
membranes at 80 �C due to its higher proton conductivity. The
effect of AFT nanoparticles on the properties of the membranes
is summarized in Fig. 11. With addition of modied TiO2

nanoparticles, swelling in length and IEC of membranes was
decreased. Also, nanocomposite membrane containing 7.5 wt%
AFT nanoparticles showed higher tensile strength, proton
conductivity and power density compared with SPEEK and SP/
T5 membranes. The excellent proton conductivity and good
performance made the SPAFTx membranes attractive candidates
for application in PEMFCs.
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