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Abstract

Sulfonated silica particles are admixed with sulfonated poly (ether ether ketone) (SPEEK)/sulfonated poly (vinylidene fluoride-
co-hexafluoropropylene) (SPVAF-HFP), with various ratios by means of solvent casting. X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), scanning electron microscope (SEM), atomic force microscopy (AFM), and energy-
dispersive X-ray spectroscopy (EDAX) were employed for characterizing the polymer electrolytes. Physicochemical and elec-
trochemical characterizations such as ion exchange capacity, water uptake, swelling ratio, lambda values, temperature-dependent
proton conductivity, and performance for prepared polymer composites are also analyzed. From the XRD and FTIR confirms the
phase analysis and complex formation of the prepared polymer electrolytes. For 6 wt% S-SiO,, incorporated polymer membrane
shows the high water uptake (36.5%), swelling ratio (15.9%), and ion exchange capacity (1.70 meq g ') values compared to the
respective samples. The highest proton conductivity value obtained for the 6 wt% S-SiO, incorporated polymer membrane of
80 wt% SPEEK-20 wt% SPVAF-HFP is 7.9 x 10 2 S cm ™. The current density and power density value of 354 mA ¢cm 2 and

110 mW cm 2 with an OCV of 0.95 V at 90 °C under the 100% RH.
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Introduction

With the worldwide rising attentiveness for clean and ecolog-
ical power sources, fuel cells attract an increasing attention in
one of the promising renewable energy technologies. Among
the different kinds of fuel cells, proton exchange membrane
fuel cells (PEMFCs) are the important candidate for both sta-
tionary and portable power applications [1, 2]. PEMFCs have
numerous physicochemical advantages over other types of
fuel cells. They can always function at low temperature with
high current densities. PEMFCs have extended load life ow-
ing to solid electrolyte, fast start-ups owing to lean alignment,
high energy competence, and ability for irregular operation
(tolerant to many starts and stops) [3—7]. Following, PEMFC
does not manufacture pollutants such as NOx or CO, and
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when hydrogen is used as fuel, the only chemical by product
is water. These are the reasons; PEMFC becomes a perfect
power source for a zero emission vehicle (ZEV). Each of these
aspects make PEMFCs, a valuable alternative for a series of
power utilization, ranging from watt stage for portable
micropower to kilowatt levels for taking to megawatts for
large-scale stationary power systems in inhabited and spread
generation. The membrane electrode assembly (MEA) setup
is considered as the core of the fuel cell, where all useful
electrochemical reactions take place and determine the
whole-cell performance. An MEA setup is assembled by the
sandwich of the polymer electrolyte membrane between the
two electrodes. Among the components of MEA, the polymer
electrolyte membrane (PEM) is a pivotal component and gov-
emns the performance of the fuel cell [8-10].

Although, the sulfonation stage of too high degree could
lead to excess swelling [11]. So, changes are taken out on
SPEEK owing the absorption of inorganic fillers. Roelofs
et al. [12] studied a hybrid membrane of SPEEK/ dihydrogen
imidazole-modified silica. They utilized in the membrane re-
sides of a hydrolysable inorganic fraction and a functional
organic group. This choice led to an elevated water-to-
ethanol membrane selectivity. Rangasamy et al. [13]
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calculated the result of functionalized sulfonic acid groups on
the fuel cell performance using silica-doped SPEEK and pure
SPEEK. They exposed that at a superior degree of sulfonation,
the ion swap ability, water uptake, and ionic conductivity
amplified.

Newly, there has been an increasing obligation for cost-
efficient polymeric materials with developed properties such
as proton conductivity, chemical stability, and mechanical
strength [14]. Compound membranes comprising of poly (vi-
nylidene fluoride) (PVDF), poly (vinylidene fluoride-co-
hexafluoropropylene (PVdF-HFP), and an inorganic material
arouses for much advantage in the fuel cell performance.
PVdF-HFP has been used as a matrix material for the cause
of its developed solubility in organic solvents, low glass tran-
sition temperature, and decreased crystallinity [15]. A PVdF-
HFP film is typically slights than PVDF in mechanical
strength owing to the formless character of the HFP compo-
nent. Sulfonated poly(vinylidene fluoride-co-
hexafluoropropylene) (SPVAF-HFP) have both hydrophilic
sulfonated group and vinylidene fluoride blocks. Thus, the
presence of these sulfonic acid group upsurges physicochem-
ical properties. The reason for blending SPVAF-HFP is the
proton-conductive sulfonated groups that further strengthen
the proton migration pathways through hydrophilic water-
mediated channels and nanofillers especially metal oxides giv-
ing better performance. Acid-acid interaction created by
blending of SPEEK with SPVdF-HFP improves the stability
of the electrolyte membrane for the efficient fuel cell applica-
tion [16, 17]. This blending makes them cost-effective sepa-
ration; high-quality of mechanical, chemical resistances; and
huge liquid uptake that gives a fluid like conductivity [18, 19].
Silica is the important common inorganic filler used in the fuel
cells, mainly for proton swap over membrane fuel cell, and it
has participation and significant role in raising the act of fuel
cells by improving their membrane properties [20]. At present,
silica has been generally applied in different technique of
membranes, like fluorinated membranes (Nafion), sulfonated
membranes (SPEEK, SPS, SPAES, SPI), and other organic
polymer matrixes [21, 22]. The merging of silica into mem-
brane matrices has improved the thermal stability, mechanical
strength, water retention capacity, and proton conductivity of
the membrane. Although the adding of silica into the mem-
brane matrices has carried lots of advantages to the fuel cell
act, there are now some restrictions that must be addressed to
obtain constant among fuel cell quality, possibility, and eco-
nomics. Following the level of development reached by silica-
based hybrid membranes is now not sufficient to source the
membrane fuel cell to be commonly for profit. There is still
obstruction creating the ideal membrane with high proton con-
ductivity, low fuel crossover, and outstanding act without con-
sidering the temperature and the humidity level. A technique
is essential for the mixture of a membrane that can profit from
fuel cell utilization. Many studies have been preferred on

@ Springer

PVdJF-HFP-PEG-alumina, PVdF-HFP-stannous oxide,
PVdF-HFP-poly (benzimidazole), and PVdF-HFP-poly
(styrene) [23-28]. To the best of our knowledge, there has
been no previous study of proton taken out polymer found
on SPEEK, SPVdF-HFP, and sulfonated silica. Therefore,
the important aim of this investigation on SPEEK/SPVdF-
HFP and sulfonated SiO, nanocomposite membrane for
PEM fuel cell application.

Experimental sections
Materials

Poly vinylidene fluoride-co-hexa fluoro propylene (PVdF-
HFP), silica (SiO,) was obtained from Sigma-Aldrich.
PEEK polymer powder was procured from Victrex,
Mumbai. N-methyl-2-pyrrolidinone, (99%) (NMP), sulfuric
acid (98%) (H,SO,4), methanol (99%) (CH;0OH), and dichlo-
roethane (99%) (DCE) was obtained from Merck, India.

Sulfonation of PEEK

PEEK was sulfonated as reported in our previous work [29].
In brief, PEEK polymers were mixed into concentrated sulfu-
ric acid in steady stirring condition at room temperature.
Following that, the solution was stirred for 7 h under nitrogen
atmosphere and next added into more ice water. The SPEEK
was rinsed with deionized water until pH was 7 and then dried
at 70 °C overnight. The DS was estimated to be 65% by the
acid—base titration method, proton NMR method, and
CHNSO analysis [29-31]. The sulfonation of PEEK scheme
is shown in Scheme 1.

Sulfonation of PVdF-HFP polymer

Sulfonation of PVdF-HFP was brought out according to the
following method [17, 32]: first, co-polymer pellets were
dried in a vacuum oven for 12 h at 60 °C. Then, 20 ml of
chloro sulfonic acid was heated at 60 °C in a round-bottom
flask and then co-polymer pellets were added into the acid
solution carefully in a constant stirring form. After 7 h, black
pellets were obtained and washed with 1,2-dichloroethane,
methanol, and deionized water in the same way and finally
dried in vacuum oven at 60 °C. The DS was resolute to be
2.1% by acid-base titration method [33]. The sulfonation of
PVdF-HFP scheme is shown in Scheme 2.

Sulfonation of SiO,
The sulfonated silica was ready by utilizing sulfuric acid ac-

cording to the method reported by Selvakumar et al. [34]. One
gram of SiO, was mixed in 20 ml methanol solution having
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Scheme 1 Sulfonation of PEEK

1 M sulfuric acid under vigorous stirring for 12 h. The resul-
tant product was mixed together by centrifugation and finally
dried at 100 °C for 12 h to obtain the sulfonated silicon diox-
ide nanopowder. The sulfonation of SiO, (S-Si0,) is shown in
Scheme 3.

Preparation of polymer composite

SPEEK (80 wt%) and SPVdF-HFP (20 wt%) were dis-
solved in NMP solvent and magnetically stirred for 12 h
at room temperature. A suitable amount of sulfonated SiO,
(02, 04, 06 and 08 wt%) was added into the mixture and
stirred for another 12 h at 60 °C and degassed to remove air
bubbles. The resultant solution was poured on a petri dish,
and the samples were exposed to drying (60 °C for 12 h) in
a vacuum oven. After drying the polymer composites, they
were stripped from the petri dish and kept in a desiccator.
Thickness of the prepared composite film was estimated
with the help of micrometer, and it is in the range of
50 um. These proton-conducting polymer electrolytes
were analyzed by various structural, morphological, phys-
icochemical, and electrochemical studies.

Characterization of membranes

The water uptake (WU) of the composite membranes was
determined in the accompanying way: a small piece from
every prepared composite membrane was dipped in 24 h.
The water uptake (WU) was calculated by the following equa-
tion:

(1)

Wwet—Wdi
Water uptake (%) = {Wery} x 100

Wdry

where Wwet represents the weight of wet membranes,
Wdry represents the weight of dry membranes. Swelling be-
havior was determined by means of change in surface area and
thickness before and after hydration of the membrane.
Membrane samples of 2 ¢cm x 2 cm dimension were taken,
and its thickness was measured using digital micrometer.
The following equation helps for determining swelling ratio:

Wwet—Wdry} « 100

1li ti = 2
Swelling ratio (%) { Wary (2)
where Wwet in the weight of the membranes and Wdry

belongs to the weight of the dry membrane.
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Scheme 2 PVdf-HFP sulfonation
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Scheme 3 Sulfonation of silica.
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Titration system was utilized to find the ion exchange ca-
pacity (IEC) of the prepared membranes. First, the membranes
were engrossed in 1 M NaCl solution at 25 °C for 24 h to
replace the H" ions with the Na* ions in the solution. After
that, the solution was titrated with a 0.01 M NaOH solution
using phenolphthalein as an indicator. The IEC values (meq g
1) can be resolute from the following formula:

Ion Exchange Capacity (%)

B volume x normality
~ dry weight of polymer membrane

(3)

Anywhere, volume and normality are taken for NaOH so-
lution (ml) and mass of the dry weight of polymer membrane
(g). The proton conductivities of membranes were tested by an
AC impedance spectroscopy at RT to 80 °C using an Auto lab
potentiostat/galvanostat with a frequency range of 0.1 Hz to
1 MHz with voltage amplitude of 50 mV. The proton conduc-
tivity of membranes was calculated from the exacting imped-
ance data with the following formula:

L

o =
Ry A

(4)

where L is the thickness of samples (cm), A is the surface
area of samples (cm?), and Ry, is the bulk resistance of the
samples (£2). Zeta potential analysis was carried out by zeta
sizer (Malvern instrument Ltd., UK). The structural property
of the prepared membranes was analyzed through the X-ray
diffraction technique by the (X’Pert PRO PANalytical) diffrac-
tometer instruments in the angular rotation of 5-80°. Fourier
transform infrared (FTIR) spectrum was obtained by means of a
Perkin Elmer 4000-400 cm'. The morphology of the mem-
branes was experiential by scanning electron microscope;
energy-dispersive X-ray spectroscopy (EDAX) was scrutinized
using EVO 18 Carl Zeiss from Germany. Topographical differ-
ence on SPEEK and prepared polymer composites were ob-
served by AFM model 5500, Agilent Technologies Inc., PA.
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The INSTRON 3365 universal tensile testing machine is uti-
lized (5 x 1 cm) to test the samples’ rigid property in room
temperature at direction of movement of 1 cm/min.

Diftusion layer preparation for MEA (membrane electrode
assembly) setup: The diffusion slurry ink was prepared with
the proper mixing of 70 wt% Vulcan XC-72 (USA), 30 wt%
Nafion solution, fixed amount of double-distilled water, and
isopropyl alcohol subjected to ultrasonication for 2 h. The
black ink coated carbon cloth was dried in box furnace at
380 °C for 7 h.

Anode and cathode preparation: The catalyst slurry inks for
the anode and cathode were set up with the guide of carbon
supported platinum black utilizing platinum loading 0.025 to
0.25 mg cm 2. Appropriate measures of double-distilled water
and isopropyl alcohol were mixed to the slurry in an
ultrasonicator. Obtained black catalyst slurry was coated onto
the respective diffusion layers and dried in a vacuum oven at
100 °C for 3 h and 380 °C in box furnace for 7 h. Hot pressing
the sample of 80 wt% SPEEK/ 20 wt% SPVdF-HFP/ 06 wt% S-
SiO, sandwiched between the prepared anode and cathode and
then pressed at 90 °C with a pressure of 1.7 ton for 3 min.

MEA setup for PEMFC: The MEA was obtained by
sandwiching the 80 wt% SPEEK/20 wt% SPVdF-HFP/
06 wt% S-SiO, membrane between the anode and cathode.
Electrocatalyst of 40 wt% Pt:C (1:1) on Vulcan XC-72 in both
sides of anode and cathode loading (0.5 mg cm ?).
Systematizing the aforementioned setup by incorporating
two gas diffusion layers on both sides of catalyzed membrane
with the SerPentine channel-based bipolar plates. Flow rates
for both hydrogen and oxygen gases were kept as 200 ml/min
and 500 ml/min. The MEA was assembled in a 5-cm? single-
cell PEMFC with single serpentine flow fields [Anabond
Sainergy Fuel Cell Private Limited, Chennai].

Results and discussion

Zeta potential analyses predict the charged surface in the ef-
fects of sulfonation on the surface of silica nanoparticles and
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unsulfonated nanoparticles by varying the different pH value,
and analysis is tabulated in Table 1. From the observations,
increasing the pH value, the negatively charged zeta potential
is increased due to presence of polar molecules on the nano-
particle surface (sulfonic acids). This result confirms the pres-
ence of SOzH groups attached covalently to the silica surface
through the condensation process.

The XRD spectra of PVdF-HFP, SPVdF-HFP, PEEK, and
SPEEK are debits in Fig. 1. From Fig. 1a, the pure PVdF-HFP
characteristic peaks such as 20 =17°, 19°, 26° and 39° corre-
sponding to & (100), (x + 3) (020), (x + ) (110), and x (021)
confirm the semicrystalline nature. After sulfonation of PVdF-
HFP, the characteristic peaks indicate the amorphous nature of
the prepared polymer electrolytes [32]. The pure PEEK of
20 =18.87°,20.7°, 23°, and 28.9° which indicates the diffrac-
tion pattern of (110), (111), (200), and (211) corresponds to
the crystalline planes [35]. After sulfonation, the 20 value is
changed to 20°, which indicates the mixture of both amor-
phous and crystalline nature of SPEEK. From Fig. 2, it can
be seen that by increasing the amount of sulfonated silica from
2 to 6 wt%, the crystallinity of the prepared polymer electro-
lytes decreased which is confirmed by the presence of broad
diffraction pattern with no distinct peak ascribed to the com-
patible effect of S-SiO, and the blend. This makes the blended
membrane of optimized S-SiO, ratio to be more flexible and
amorphous in nature.

The FTIR spectra of pure silica and sulfonated silica are
depicted in Figs. 3 and 4 show the blended polymer composite
of SPEEK/SPVdF-HFP-S-SiO,. The vibrational peak ob-
served at 1050 cm ' and 3400 cm ' indicates the Si-O-Si
bonds and OH groups of pure silica particle. The symmetric
and asymmetric stretching vibrations of SO, group of the S-
Si0, were found in peaks at 1171 and 1286 cm™'. At the same
stretch, the sulfonation of silica is confirmed by the increased
intensity at 1640 and 3400 cm ™' of OH molecules that bound
with the sulfonic acid groups. The vibrational peaks observed
at1023 cm ', 1074 cm™!, and 1247 cm™! were assigned to the
asymmetric and symmetric vibration of O=S=0 and symmet-
ric stretching vibration of S=O on sulfonic acid group present
in the prepared polymer electrolytes. The vibrational band
observed at 575 cm' is more intense for the prepared

Table 1 Zeta potential analysis of Silica and sulfonated silica
nanoparticles
PH Zeta potential of SiO, (mv) Zeta potential S-SiO, (mv)
2 33 -13
-12 -5
7 -13 -15
10 -20 -26
12 -29 -29
13 =31 =31
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Fig. 1 XRD spectra for a PVdF-HFP, b SPVdF-HFP, ¢ PEEK, and d
SPEEK 165 x 141 mm (96 x 96 DPI)

composites due to the sulfonic acid moieties of silica sulfuric
acid [36-38]. The vibrational peak observed at 1724 cm ™' is
attributed to the bending of protonated water molecule, and
1410 cm ™' confirms the absorbed water molecule.

The elemental presentation of the sulfonated silica nano-
particles is displayed in Fig. 5a. From the picture, the sulfur
(S) group exists on the surface of sulfonated silica nanoparti-
cles, which inveterate that the hydroxyl group of silica con-
densed with the organically grafted sulfonic acid groups (—
SOz;H) [39]. Morphology of SPEEK and prepared polymer
electrolytes is portrayed in Fig. 5b—f. The SPEEK

Intensity (a.u)
)

a

I T T v T v T T T T T v T v T

10 20 30 40 50 60 70 80
20(degree)

Fig.2 XRD spectra for a 80 wt% SPEEK-20 wt% SPVdF-HFP-02 wt%

S-SiO,, b 80 wt% SPEEK-20 wt% SPVdJF-HFP-04 wt% S-SiO,, ¢

80 wt% SPEEK-20 wt% SPVdF-HFP-06 wt% S-SiO,, and d 80 wt%

SPEEK-20 wt% SPVAF-HFP-08 wt% S-SiO,. 167 x 140 mm (96 x 96

DPI)
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Fig. 3 FTIR spectra for pure silica and sulfonated silica. 139 x 114 mm
(96 x 96 DPI)

morphograph was ascribed for the smoothness in surface with
no crack and pores present in the system. However, after
blending with SPVAF-HFP and incorporation of sulfonated
silica nanoparticle, there is an alteration in the morphology.
The hydrogen bond between —OH of S-SiO, and SO;H group
facilitated better dispersion and improved the compatibility
between the organic and inorganic components. It also
witnessed the in situ grown sulfonated silica nanoparticles at
low percentage of 02—06 wt% within the composite mem-
branes which increase in the number of sulfonated silica

1247 cm’

3400 cm™

Transmittance (a.u)

575 cm’

. T e I . I & I & I . I . T

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)
Fig.4 FTIR spectra for a 80 wt% SPEEK-20 wt% SPVdF-HFP-02 wt%
S-Si0,, b 80 wt% SPEEK-20 wt% SPVdJF-HFP-04 wt% S-SiO,, ¢
80 wt% SPEEK-20 wt% SPVdF-HFP-06 wt% S-SiO,, and d 80 wt%
SPEEK-20 wt% SPVdF-HFP-08 wt% S-SiO,. 165 x 141 mm (96 x 96
DPI)
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Fig. 5 a EDAX images for sulfonated silica. SEM images of b pure P>
SPEEK. ¢ 80 wt% SPEEK-20 wt% SPVdF-HFP-02 wt% S-SiO,.
d 80 wt% SPEEK-20 wt% SPVdF-HFP-04 wt% S-SiO,. e 80 wt%
SPEEK-20 wt% SPVdF-HFP-06 wt% S-SiO,. f 80 wt% SPEEK-
20 wt% SPVAF-HFP-08 wt% S-SiO,. 165 x 138 mm (96 x 96 DPI)

particles rather than their size that increase for the better
interlinking between the sulfonated silica particles. However,
upon the addition of 08 wt% S-SiO, particles, it starts agglom-
erating, which is liable for the lower performance in fuel cell
test as shown in Fig. 5f[32, 40, 41]. Figure 6a—e represents the
topographical images of SPEEK and prepared polymer com-
posite electrolytes. SPEEK membrane exhibits the smooth
with low surface defects. After incorporating SPVdF-HFP
and sulfonated silica, it exhibited entirely different surface
behavior in comparison to the SPEEK. Increasing the amount
of sulfonated silica simultaneously increases the roughness
value of the prepared polymer electrolytes. The bright and
dark spots are due to the presence of hydrophilic/
hydrophobic parts that creates proton conducting channels
[42]. This is due to the hydrogen bond formation between
the oxygen containing functional groups of sulfonated silica
surface with SO;H group in SPEEK and SPVdF-HFP pre-
pared polymer electrolytes [43].

The water uptake (WU) and swelling ratio (SR) are two
indispensable parameters for PEM fuel cells [39, 44, 45].
Table 2 lists out the values for water uptake, swelling, IEC,
and A parameter of the pure and prepared polymer com-
posite membranes. The water uptake of the prepared poly-
mer membranes increases with the increase in sulfonated
silica content in the membrane. This is due to the hydro-
philic group (SO;H) of sulfonated silica interacts with wa-
ter via electrostatic bond or hydrogen bond. The 6 wt%
sulfonated silica membrane possessed the higher water up-
take at 36.5% at room temperature owing to its most hy-
drophilic content. The higher water content of the polymer
membranes ionizes the higher amount of sulfonic acid moi-
eties and is responsible for proton conductivity. For 8 wt%
of sulfonated silica, this validated for the decrease in water
uptake parameter due to higher agglomeration of sulfonat-
ed silica in the prepared polymer electrolytes [46—49].
Simultaneously, the swelling ratio of the prepared polymer
composite electrolytes also elevated with the increase of
sulfonated silica content in accordance with water uptake
[50]. The enhanced IEC values of the polymer composite
electrolytes with increasing the sulfonated silica well
agreed with water uptake parameter. The sulfonated silica
contains —SO3H moieties responsible for the high mobility
for the ionizable group that inherits the ease of movement
of ions via hopping mechanism [51]. Hydration number or
A value which denotes the number of water molecules per
ion exchangeable group and its value increases by the ad-
dition of sulfonated silica in the prepared polymer compos-
ite electrolytes [52, 53].
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Fig.6 AFM images of a pure SPEEK. b 80 wt% SPEEK-20 wt% SPVdF-HFP-02 wt% S-SiO;. ¢ 80 wt% SPEEK-20 wt% SPVdF-HFP-04 wt% S-SiO,.
d 80 wt% SPEEK-20 wt% SPVdF-HFP-06 wt% S-SiO,. e 80 wt% SPEEK-20 wt% SPVdF-HFP-08 wt% S-SiO,. 168 % 124 mm (96 x 96 DPI)

The proton conductivity is a very essential property in fuel
cell device. Proton conductivity is one of the major phenom-
ena for PEM and it is attained to improve high voltage, cur-
rent, and power densities. The Arrhenius behaviors of the
prepared polymer electrolytes were calculated and shown in
Fig. 8. Proton conductivity of the prepared polymer composite
membranes in various temperatures is displayed in Table 3.
The proton conductivity of the composite membranes is
increased by two reasons: (i) excess concentration of
SOs;H moieties in the silica nanoparticle surface due to
high surface area and (ii) intrinsic character of sulfonated
silica nanoparticles retain bound water molecules both by
the physically and chemically bonded. The SPEEK mem-
brane obtained the value of 2.3 x 10 S/cm by the nature
of intrinsic sulfonic acids in the polymer backbone. The
SPVdF-HFP polymer was blended with SPEEK matrix;
the conductivity decrease due to the acid—acid interaction
led to consumption of protons or cations (H") that forbids
the hopping mechanism. Besides, increasing the sulfonat-
ed silica content in the SPEEK/ SPVAF-HFP polymer ma-
trix increases the conductivity value. This phenomenon is

due to interactions between the SO;H group of SPEEK,
SPVdF-HFP polymer, and sulfonated silica nanoparticles.
This confirms the hydrophilic nature of nanoparticles
which observe more water molecules in the SPEEK/
SPVdF-HFP blended membrane matrix which intercon-
nected the hydrophilic domains. These interconnected hy-
drophilic clusters that facilitate the more efficient pathway
for proton migration through the water mediator channels
and results enhanced proton conductivity were observed.
In the present study, increase in temperature increases the
conductivity due to the more polymer chain segmental
moment and favorable dissociation of sulfonic acid pro-
tons in the polymer backbone chains. These infer that the
addition of silica sulfonic acid creates hydrophilic nature
in the SPEEK and SPVAF-HFP polymers matrixes and
well-interconnected channels for ion movement in the
polymer electrolytes. The hygroscopic property of the sul-
fonic acid-coated silica nanoparticles more pronounced
the increase of proton conductivity in the prepared poly-
mer composite membranes at high temperatures. The pro-
ton conductivity of SPEEK (80 wt%)/SPVdF-HFP

Table 2  Physicochemical characteristics (water uptake, swelling ratio, IEC and lambda value)

Sample code Membrane IEC (meq/g) Water uptake (%) Swelling ratio (%) Lambda value (M)
MRO SPEEK 1.72 234 11.2 0.75

MR1 80 wt% SPEEK-20 wt% SPVdF-HFP-02 wt% S-SiO, 1.76 25.8 12.3 0.81

MR2 80 wt% SPEEK-20 wt% SPVdF-HFP-04 wt% S-SiO, 1.81 32.1 13.1 0.97

MR3 80 wt% SPEEK-20 wt% SPVdAF-HFP-06 wt% S-SiO, 1.83 36.5 159 1.10

MR4 80 wt% SPEEK-20 wt% SPVdF-HFP-08 wt% S-SiO, 1.70 30.1 10.1 0.9
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Table 3 Proton conductivity for pure and prepared polymer electrolytes at different temperatures

Sample code Membrane RT 50 °C 60 °C 70 °C 90 °C
MRO SPEEK 0.0023 0.0025 0.0035 0.0049 0.0051
MRO1 80 wt% SPEEK-20 wt% SPVdF-HFP 0.0015 0.0020 0.0028 0.0037 0.0042
MR1 80 wt% SPEEK-20 wt% SPVdF-HFP-02 wt% S-SiO, 0.0059 0.0061 0.0074 0.0081 0.0085
MR2 80 wt% SPEEK-20 wt% SPVdF-HFP-04 wt% S-SiO, 0.023 0.035 0.039 0.041 0.048

MR3 80 wt% SPEEK-20 wt% SPVdF-HFP-06 wt% S-SiO, 0.051 0.059 0.061 0.0073 0.079

MR4 80 wt% SPEEK-20 wt% SPVdF-HFP-08 wt% S-SiO, 0.0020 0.0025 0.0029 0.0031 0.0035

(20 Wt%)/S-Si0, (06 Wt%) at 90 °C is 7.9 x 10> S/cm
which is larger compared to bare SPEEK. Such a result
denotes the rapid motion of proton-conducting sites and
enhanced activity of hydronium ions at high temperature
[54, 55]. At 8 wt% sulfonated silica-prepared polymer
electrolytes, the proton conductivity was decreased by
the filler agglomeration effect due to the poor dispersion
in the matrix. The temperature-dependent proton conduc-
tivity of pure and nanocomposite of the prepared proton-
conducting polymer electrolytes in the temperature region
of 90 °C is shown in Fig. 7. The following equation can
be explained by Arrhenius equation:

0 = 0 exp (—E,/kT) (5)

where 0y is the pre-exponential factor, E, is the activation
energy, k is the Boltzmann constant, T is the absolute temper-
ature, o is the activation energy. As shown in Fig. 8, the
activation energy values (E,) were observed that are decreas-
ing in the prepared nanocomposite membranes. The activation
energy was decreased with increasing concentration of
sulfonated silica nanoparticle compared to the pure SPEEK
membrane. The SPEEK membrane obtained the value of
15.71 kJ/mol and nanocomposite membrane matrix in the
range of 14.30 to 10.93 kJ/mol that indicate the proton con-
duction was transferred easier by the influence of sulfonated
silica. At 8 wt% of sulfonated silica, nanoparticle presence in
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Fig. 7 Nyquist plot for pure and prepared polymer electrolytes at 90 °C.
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the SPEEK/SPVdF-HFP matrix pathways for proton conduc-
tion in the prepared polymer electrolytes means the blocking
effect occurred in the system.

The mechanical properties of the pure SPEEK and pre-
pared polymer electrolytes based on sulfonated silica are tab-
ulated in Table 4. The SPEEK membranes showed the tensile
strength and elastic modulus in order of the range 0f 33.7 MPa
and 653 MPa respectively. The elongation at break is 41% that
is higher compared to other prepared membrane. The increas-
ing content of sulfonated silica in the SPEEK/SPVdF-HFP
matrix increases the tensile strength and elastic modulus and
decreases the elongation at break. The hydrogen bonding in-
teraction between —SO;H moieties in SPEEK, SPVdF-HFP,
and —OH group in sulfonated silica particle increases mechan-
ical strength due to the rigid structure of the nanocomposite
matrix. This rigid orientation of the polymer matrix favors the
brittleness and the sequence produces the reduced elongation
at break [56]. The tensile strength and elastic modulus was
increased up to 6 wt% but at 8 wt% of silica content could
cause inverse effect due to the agglomeration of silica in the
prepared polymer electrolytes. The elongations at break of the
prepared nanocomposite polymer membranes were lower than
the pure SPEEK membrane and decrease with increase in the
concentration of sulfonated silica in the SPEEK membrane.
This is due to the reinforcing effect of sulfonated silica with
the SPEEK/SPVdF-HFP matrix in the prepared polymer
nanocomposite membranes [57].
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Fig. 8 Arrhenius plot for pure SPEEK and prepared polymer electrolytes.
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Table 4 Mechanical properties for pure and prepared polymer electrolytes

Sample code Membrane Tensile strength (MPa)  Elongation break (%) Young’s Modulus (MPa)
MRO SPEEK 33.7 41 653
MR1 80 wt% SPEEK-20 wt% SPVdF-HFP-02 wt% S-SiO, 35.8 40 695
MR2 80 wt% SPEEK-20 wt% SPVdF-HFP-04 wt% S-SiO, 36.2 39 723
MR3 80 wt% SPEEK-20 wt% SPVdF-HFP-06 wt% S-SiO, 38.5 35.8 875
MR4 80 wt% SPEEK-20 wt% SPVdF-HFP-08 wt% S-SiO, 34 36.5 790
The single cell setup was carried out to study the polariza- ~ Conclusion

tion curve of the prepared polymer electrolyte membrane. The
fuel cell tests were run up to 90 °C under the 100% RH with
the required flow rate of hydrogen and oxygen gas (Fig. 9).
The membrane electrode assembly was used to find out the
open-circuit voltage. The prepared membrane of 80 wt%
SPEEK/20 wt% SPVdF-HFP/06 wt% S-SiO, obtained the
current density and power density of 354 mA cm > and
110 mW cm 2, respectively. This composition displays the
0.95 V of OCV at 90 °C under the 100% RH. The highest
open-circuit voltage was achieved in the membrane inferring
that the membrane withstands long durability during the op-
eration. This enriched stability shows that the membrane frees
from the free radical reaction effect. The free radicals were
created in the electrode/electrolyte interface during the incom-
plete reduction process in the cathode site [58]. The effective
interplay of sulfonic acid of SPEEK, SPVdF-HFP, and OH of
sulfonated silica produces the shielding effect of functional
groups. These preserve the functional groups from degrada-
tion and in the same event, the metal oxide normally behaves
as the free-radical scavenger. These consequences further pro-
mote the oxygen reduction reaction in the electrode site and
create fewer barriers for the transport of the protons in the
electrode/electrolyte interface. This result indicates that the
composite membrane can be used as potential candidate for
PEM fuel cell applications.
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Fig. 9 The single-cell performance for 80 SPEEK-20 SPVAF-HFP-06 S-
SiO, at 90 °C. 167 x 140 mm (96 x 96 DPI)
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The composite membranes based on SPEEK and SPVdF-HFP
with various concentrations of sulfonated silica were prepared
by solvent casting technique. The hydrogen bonding and com-
plexation between sulfonated SPEEK and SPVdF-HFP were
confirmed by FTIR examination. SEM pictures showed that
composite membranes have homogeneous morphology. The
enhancement of proton conductivity is attributed to the pres-
ence of sulfonated SiO,. The hydrophilic nature promotes the
ion channels and swells the membrane which results in en-
hanced proton conductivity. The maximum proton conductiv-
ity value was found to be 7.9 x 10°% S/cm with the current
density and power density of 354 mA cm ? and
110 mW cm 2 at an OCV of 0.95 V in 90 °C under the
100% RH for 06 wt% S-SiO,within the blend of 80 wt%
SPEEK-20 wt% SPVdF-HFP. It is concluded that the com-
posite membrane (MR3) is a potential candidate for the devel-
opment of PEM fuel cell.

Funding information Funded by DST-SERB (EEQ/2017/000033), New
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