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ABSTRACT:Nanocomposite membranes are synthesized by the combination of sulfonated poly(ether ether ketone) (SPEEK),
poly(ethylene glycol) (PEG), and 3-aminopropyl triethoxysilane (APTEOS)-modi� ed CaTiO3. From thermogravimetric analysis
(TGA) and mechanical and Arrhenius studies, it is seen that the covalent cross-linking of PEG with SPEEK exhibits a lower weight
loss (91.84 wt %) at 120°C than SPEEK (88.19 wt %). Moreover, higher activation energy (Ea) and tensile stress values are
obtained in the order of 26.23 kJ/mol and 23.32 MPa, respectively. The APTEOS-modi� ed CaTiO3 nanoparticles impregnated into
the SPEEK/PEG membrane cause the acid� base proton hopping mechanism (HSO3/NH 2) and induce a more compact structure.
The nanocomposite membranes possess exceptional proton conductivity, thermal, oxidative, and physicochemical properties than
SPEEK. Further, 6 wt % functionalized CaTiO3 in the SPEEK/PEG membrane manifests the highest values of proton conductivity,
current density, and power density at 80°C in 100% RH of 65.32 mS cm� 1, 403 mA cm� 2, and 90 mW cm� 2 with an open-circuit
voltage (OCV) of 0.90 V, respectively. This membrane retains 95.37 wt % original weight during 3 h of the Fenton test.

1. INTRODUCTION
Global warming, the energy crisis scenario, and the diminution
of fossil fuels are the dominant factors that move us toward
sustainable energy technology. The proton-exchange mem-
brane fuel cell (PEMFC) is an e� ective green energy
technology because it is a nonpollutant and has abundant
sources of fuels (H2) and a superior e� ciency factor.1,2 Na� on
is a per� uoro sulfonic acid membrane and a vital part of proton
transport in the PEMFC. The large phase separation and
higher acid strength of the polymer chain promote proton
transport and aid the superior mechanical and physicochemical
character. Beyond the temperature of 80°C, Na� on shows
unexpected behavior such as diminished proton conductivity,
mechanical stability, and high fuel drag coe� cients.3,4 The
above hindrance was eliminated by the aromatic hydrocarbon
of sulfonated poly(ether ether ketone) (SPEEK) providing
inferior microstructure separation and lower polarity strength
of the polymer chain. These produce comparable proton
conductivity, low fuel drag, good� lm-forming ability, and high
mechanical and thermal resistance. At an elevated degree of
sulfonation (DS), the enhanced swelling causes dimensional
instability, which causes a failure in long-term durability during
the high temperature operation.5,6 There are several ways for
enhancing the proton conductivity with controlled membrane
stability such as using copolymers,7 acid� acid cross-linking
(ionic interaction),8,10 acid� base cross-linking (ionic inter-
action),9 acid� base cross-linking (covalent interaction),14 and
organic� inorganic pairs.11

E� cient mechanical stability with controlled conductivity of
SPEEK is achieved only through a cross-linker rather than by
heat treatment. Moreover, covalent cross-linking might be
more valuable compared to ionic cross-linking because it
produces ductile property of the membrane at a speci� c

condition.12 Mikhailenko et al. reveal the e� ects of di� erent
covalent cross-linkers (PEG, aromatic glycerol, and alcohol)
and their solvents (dimethyl sulfoxide (DMSO), NMP, DMAc,
water, and ethanol) on SPEEK. DMSO, NMP, and DMAc
solvents have a strong interaction with sulfonic acid groups of
SPEEK that inhibits the tailoring of the polymer chains
between the SPEEK and the cross-linker. This restriction does
not occur when using water� ethanol solvent mixture.
Furthermore, aliphatic types of the cross-linker (PEG) provide
a favorable condensation reaction with SPEEK compared to
the aromatic type due to their low boiling point, chain
� exibility, and hydrophilicity. Furthermore, ductility/� exibility
of the membrane is evolved only with a su� cient proportion of
SPEEK (67 wt %) and PEG (33 wt %).12,13

The development of composite membranes based on
SPEEK via the integration of nanoparticles gave rise to
excellent properties of PEM, such as facile proton migration
and improved mechanical and thermal stability. A variety of
nanoparticles that are included in the polymer matrix have
been evaluated in the literature (TEOS, Fe3O4, TiO2, and
MoO3).

14,15 Calcium titanate (CaTiO3) is the orthorhombic
perovskite (ABO3) utilized as the� ller in proton-exchange
membrane fuel cells that provides the proton source (OH) in
humid condition (H2O). The octahedral coordination of
titanium with oxygen anions (Ti-O6) in the perovskites created
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oxygen vacancies.16,17 This structure results in the formation of
OH bond (hydroxyl) in the perovskite lattice, leading to
improved proton transport and conductivity of the nano-
composite system.

In the nanocomposite membrane, swelling and aggregation
are caused in the matrix that deplete the overall performance.
The coating of the amine-based organic materials on calcium
titanate nanoparticles and in the proton-exchange membrane
strengthens proton conductivity and the physicochemical
property and controls swelling ratio. These o� er uniform
dispersal in the polymer matrix and promote interfacial synergy
between the functionalized nanoparticles and the SPEEK
polymer chain.18� 20

APTEOS is an e� ective organic coating agent that o� ers a
higher grafting density on the surface of the nanoparticle when
used in ethanol solvent. Initially, ethoxysilanes turn into
triethoxysilanes, then to a trihydroxy product, and� nally,
polycondensation reaction occurs on the surface of the
nanoparticle.21 The amine (NH2) in the silane groups acts as
proton acceptors (NH2

+) and donors (NH3) in the process to
migrate the cation (H+) along with the matrix. In this work,
SPEEK is cross-linked with PEG to fabricate excellent
mechanical and thermal stability and desirable ion-exchange
capacity (IEC). Furthermore, the embedding of APTEOS-
modi� ed calcium titanate (CaTiO3) in the SPEEK/PEG
polymer matrix creates excellent compatibility between them
due to the superior dispersion of nanoparticles. This dispersion
enhances proton conductivity, reduces the swelling ratio, and
induces a good interfacial interplay in the polymer matrix.

2. MATERIALS AND PREPARATION
2.1. Purchase of Chemicals.Poly(ether ether ketone) (PEEK)

(MW 20 800) was purchased from Gharda Chemicals, India. The
required chemicals titanium(IV) isopropoxide, calcium nitrate
monohydrates, sodium hydroxide, and 3-aminopropyl triethoxysilane
were bought from Merck Specialties Pvt. Ltd., India. Poly(ethylene
glycol) (MW 400), deionized water, sulfuric acid (98%), and ethanol
were purchased from Sigma-Aldrich Chemicals Private Limited, India.
All of these chemicals were utilized without further puri� cation.

2.2. Synthesis of Sulfonated Poly(ether ether ketone).The
sulfonation of PEEK polymer was carried out by the reported
method.22 Initially, 9 g of PEEK powder is slowly mixed with
concentrated sulfuric acid (98%, 180 mL) at 45°C. The solution is
made homogeneous in 30 min with vigorous stirring by a magnetic
stirrer. The reaction is continued up to 4 h until a degree of
sulfonation of 69.14% is reached. The reaction process is terminated
by adding deionized cold water. White� bers are obtained through the
precipitation of the pink solution of SPEEK. The precipitated SPEEK
is washed several times to adjust the pH of the solution from acidic to
neutral and is dehydrated for 24 h at 75°C. DS (69.14%) is obtained
and measured by1H NMR analysis.

2.3. Preparation of CaTiO3 Perovskite Nanoparticles. An
equal millimolar ratio (1:1) of the two desired chemicals was
maintained during preparation. Next, 1.02 g of titanium(IV)
isopropoxide was added to 40 mL of deionized water, which settles
into an unclear solution. Then, 0.54 g of calcium nitrate
monohydrates was dissolved in 40 mL of hydrated solution and
later mixed to form a clear homogeneous solution by mechanical
stirring for 3 h. NaOH of equivalent molar ratio to the metal cations
was added to the above solution to maintain neutral pH and form
calcium hydroxide in the solution. The centrifugation process was
manipulated to separate the solid particles from the remaining solvent.
Nanoparticles with a controlled size of 40 nm were produced by
drying and annealing at 850°C for 8 h.

2.4. Preparation of APTEOS-Modi� ed CaTiO3 Nanoparticles.
APTEOS was modi� ed on the CaTiO3 surface, according to the

reported literature.23 Brie� y, 0.5 g of CaTiO3 nanoparticles and 0.8 g
of APTEOS were dispersed in a mixture of water and ethanol solution
(1:1) to form a heterogeneous mixture. The solution (suspension)
was sonicated for 45 min to acquire uniform dispersion and heated to
80 °C for 6 h. Centrifugation was performed to obtain APTEOS-
modi� ed nanoparticles, which were washed several times to remove
impurities. APTEOS-modi� ed CaTiO3 nanoparticles were dried in a
vacuum for 10 h at 80°C to eliminate moisture. Finally, APTEOS-
modi� ed CaTiO3 nanoparticles were prepared by a simple hydrolysis
and polycondensation reaction (Scheme 1). Modi� ed and unmodi� ed
nanoparticles were denoted as APTEOS-CaTiO3 and CaTiO3,
respectively.

2.5. Preparation of the Composite Membrane.Brie� y, a 10
wt % (w/v) polymer solution was prepared by adding SPEEK to the
water and ethanol (1:1) solution. PEG (33 wt %) was blended with
SPEEK (67 wt %) to obtain the desired blend composition. The
solution was stirred for 1 h to obtain a homogeneous mixture.
APTEOS-modi� ed CaTiO3 nanoparticles (2, 4, 6, and 8 wt %) were
introduced into the SPEEK/PEG solution under sonication for 10 h
to accomplish uniform dispersion of nanoparticles. The solution was
poured into a Petri dish to evaporate the residual solvent at 80°C for
8 h to obtain a dry polymer composite membrane. The membrane
was treated at di� erent temperatures of 90°C (2 h), 100°C (2 h),
and 125°C (12 h) to obtain a blackish-brown color. Pure SPEEK,
SPEEK (67 wt %)/PEG (33 wt %), SPEEK (67 wt %)/PEG (33 wt
%)/APTEOS-CaTiO3 (2 wt %), SPEEK (67 wt %)/PEG (33 wt
%)/APTEOS-CaTiO3 (4 wt %), SPEEK (67 wt %)/PEG (33 wt
%)/APTEOS-CaTiO3 (6 wt %), and SPEEK (67 wt %)/PEG (33 wt
%)/APTEOS-CaTiO3 (8 wt %) were denoted as SPEEK, C0, C1, C2,
C3, and C4, respectively. The 60� 80 � m thick membrane was
fabricated and measured by a digital micrometer (Scheme 2).

2.6. Characterization.2.6.1. X-ray Di� raction (XRD) Analysis.
The structural properties of synthesized SPEEK-based nanocomposite
membranes and nanoparticles were examined by an X-ray
di� ractometer (X’ Pert Pro, PAnalytic;� = 0.154 nm).

2.6.2. Fourier-Transform Infrared (FTIR) Spectroscopy and NMR
Analysis.A Perkin Elmer device was used to investigate the FTIR
spectrum of the prepared membranes and nanoparticles over the
infrared spectral range of 400� 4000 cm� 1. The degree of sulfonation
of the SPEEK membrane was evaluated by1H NMR with a 500 MHz
Bruker AV 400 spectrometer at room temperature. DMSO-d6 was
used as the solvent.

2.6.3. X-ray Photoelectron Spectroscopy (XPS) Analysis.X-ray
photoelectron spectroscopy was employed to analyze the core level of
the prepared nanoparticles using an ESCALAB 250xi device (XR4
Twin anodes Mg/AI (300/400 W)) in the scanned energy range (0�
1200 eV) and operating in a high vacuum condition.

2.6.4. Field-Emission Scanning Electron Microscopy (FE-SEM)
with Energy-Dispersive Spectroscopy (EDAX) Mapping Analysis.

Scheme 1. Preparation of APTEOS-Modi� ed CaTiO3
Nanoparticles
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The FE-SEM technique inspected the elemental composition and
morphology of the nanoparticles and membranes using a Quanta FEG
250 scanning electron microscope with an EDS mapping analytical
system.

2.6.5. Atomic Force Microscopy (AFM) Analysis.An atomic force
microscope (AFM Agilent 5500, USA device) was used to study the
two-dimensional (2D) and three-dimensional (3D) topography
surfaces of the prepared membrane under the contact mode situation.

2.6.6. Thermal and Mechanical Stability Analysis.The
membrane’s thermal endurance was tested using a thermogravimetric
analysis (TGA) device (Perkin Elmer) under a nitrogen atmosphere
in the temperature range of 30� 800°C at a speci� c heating rate (10
°C min� 1). The mechanical resistance of the prepared membranes
was tested using the Instron 3365 universal testing machine. The
dimensions of the sample were 5× 1 cm2, with a thickness of 50� m
under an elevating rate of 1 cm min� 1 in room-temperature condition.

2.6.7. Oxidative and Hydrolytic Stability.Fenton test was carried
out to scrutinize the oxidative stability of the membrane. The samples
(2 × 2 cm2) were immersed in a solution containing 2 ppm of FeSO4

and 3% of hydrogen peroxide for 3 h at room temperature.22 After the
test, the membrane had a reduced weight. Finally, we estimate that
the discrepancy in weight before and after the test implies the stability
of the membrane. The membrane’s hydrolytic stability is a vital factor
in the humidi� cation condition, which is calculated from the
dehydrated membrane (2× 2 cm2) sunken in deionized water at
room temperature for 1 day. The membrane stability is easily
calculated by the weight loss in the test.

2.6.8. Ion-Exchange Capacity and Hydration Number.The
classical acid� base titration method was used to calculate the ion-
exchange capacity of the membranes. In the beginning, membranes (2
× 2 cm2) were placed in a vacuum oven to eliminate moisture to form
dried membranes. Then, they were soaked in a saturated solution of
sodium chloride for 1 day to remove H+ ions by substituting with Na+

ions. The solution had a strong acid that was titrated with a strong
base of NaOH solution using phenolphthalein as an indicator. The
IEC is measured as follows

IEC
NaOH (mL) NaOH (normality)

sample dry weight (g)
(meq g )1=

× Š

(1)

The sulfonic acid groups encompass a certain number of water
molecules, known as the hydration number. The“� ” parameter
formula was used to measure the values.

water uptake value

18.01
10

ion exchange capacity

�L

�N
�M�M�M�M

�\

�^
�]�]�]�]
�L

�N

�M�M�M�M�M
�\

�^

�]�]�]�]�]� =
(2)

2.6.9. Water Uptake (Weight, Length, Thickness).The mem-
branes (2× 2 cm2) that were dried in the oven to remove moisture
were regarded as the dry samples,Wdry. The dry samples were
immersed in deionized water for 24 h at room temperature and then
taken out, and excess water on the membrane surface was removed.
These were regarded as the wet samples,Wwet. Identical procedures
were carried out at various temperatures of 40, 60, and 80°C in the
required period of 24 h. The measurement values were noted on the
three di� erent surfaces and averaged.

W W

W
percentage of weight change 100

wet dry

dry

=
Š

×
(3)

Scheme 2. Illustration of the Interaction of the
Nanocomposite Membrane Matrix and Composite
Membrane Photography

Figure 1.(a) XRD and (c) FTIR patterns of nanoparticles and (b) XRD and (d) FTIR patterns of pure SPEEK (SPEEK), C0 (SPEEK 67 wt
%/PEG 33 wt %), C3 (SPEEK 67 wt %/PEG 33 wt %/APTEOS-CaTiO3 6 wt %), and C4 (SPEEK 67 wt %/PEG 33 wt %/APTEOS-CaTiO3 8 wt
%) membranes.
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S S

S
percentage of thickness change 100

wet dry

dry

=
Š

×
(4)

L L

L
percentage of length change 100

wet dry

dry

=
Š

×
(5)

whereWdry andWwet are the measured weights (mg),Swet andSdry are
the thicknesses (mm), andLwet andLdry are the lengths (mm) of the
dry and wet samples, respectively.

2.6.10. Proton Conductivity.A potentiostat/galvanostat (� -
Autolab) was manipulated to study the proton conductivity of the
prepared samples. The temperature range from 30 to 80°C with a
frequency range of 0.1 Hz to 10 MHz at a scan rate of 50 mV at 100%
RH was maintained. The prepared samples were placed between two
stainless steel electrodes (20 mm× 2 mm dimension) in a four-probe
arrangement.

The formula below is used to calibrate the conductivity

t
RA

(S cm )1� = Š

(6)

wheret, A, andR are the thickness, area, and bulk resistance of the
membranes, respectively.

2.6.11. Electrochemical Analysis.The hot press technique formed
the membrane electrode assembly (MEA) of the prepared composite
membrane for a single-cell setup (5 cm2). The desired amount of Pt
catalyst (20 wt %) was dissolved in Na� on, isopropyl alcohol, and
deionized water solution to form a catalyst ink. The prepared solution
was loaded at 1 mg cm� 2 on the composite membrane by the painting
method and hot press at a rate of 5 kg cm� 2 for 3 min at 120°C.
Before being hot-pressed, the membrane (5 cm2) was stacked to a
carbon cloth (E-tek) that acts as a gas di� usion layer and detaches the
anode and cathode section to form a complete MEA. The polarization
curve was obtained in the single-cell model of the electrochemical
instrument (Bio-Logic VMP-3). The setup was in a full humidi� cation
condition (RH 100%) at a temperature of 80°C, which was
maintained during the measurement. The stoichiometric ratios of
hydrogen (1) and oxygen gas (2)� ow at rates of 100 and 200 mL
min� 1 (serpentine type plates) and 2 bars of pressure were� xed at the
anode and cathode.

3. RESULTS AND DISCUSSION
3.1. XRD Analysis.Figure 1a,b depicts the XRD pattern of

the nanoparticles and polymer membranes. The obtained
di� raction peaks at 22.90, 33.11, 39.07, 47.52, 58.88, and
59.29° are in good agreement with the standard JCPDS card
no. 89-6949. In the XRD pattern, the reduction of the peak
intensity of modi� ed nanoparticles compared to unmodi� ed
ones can ensure the successful modi� cation of calcium titanate
with APTEOS.24 The SPEEK polymer shows a single, broad
amorphous peak at� 20° (Figure 1b).25 These were further
improved in the C0 membrane by the successful cross-linking
between SPEEK and PEG. The functionalized CaTiO3
nanoparticles impregnated in the SPEEK/PEG membrane
strengthen the amorphous peak, and the characteristic peaks of
nanoparticles are present in the composite matrix. This result
con� rms that hydrogen bond synergy exists between APTEOS-
functionalized nanoparticles and SPEEK polymer chains,
disrupting the orientation of the polymer domain structure.26

Furthermore, these circumstances allow a more favorable
condition for the� ow of cations (H+) in the polymer
nanocomposite matrix through acid� base interplay.

3.2. FTIR Analysis.The two peaks shown at 413 and 457
cm� 1 are associated with the torsion vibration mode of Ti� O
and Ti� O3, respectively, and con� rm the formation of CaTiO3
(Figure 1c). The stretching and bending vibration modes of
Ca� O� Ti occurred at 573 cm� 1.27 The symmetric and

asymmetric vibration peaks of� CH2 occur at the 2854 and
2923 cm� 1, respectively, and the peak at 1332 cm� 1 is
attributed to the C� H deformation of APTEOS.28 The two
major peaks exhibited at 1030 and1190 cm� 1 are attributed to
the Si� O� Si and Si� O� CaTiO3 vibration bands of silane
functional groups, respectively. These ensured that the
condensation reaction took place among the silane group
and on the nanoparticle surface (OH).29 The weak band
appearing at 3420 cm� 1 in the APTEOS-modi� ed CaTiO3 is
attributed to the pure CaTiO3 and shows the successful
modi� cation of APTEOS on the CaTiO3 surface (Figure 1c).
As shown inFigure 1d, the symmetric and asymmetric
stretching mode of sulfone (O� S� O) usually occurs in the
range of 1020� 1079 cm� 1, which validated the PEEK
sulfonation. The C� H symmetric stretching emerging at
around 2815 cm� 1 in the C0 membrane justi� es the presence
of PEG in the SPEEK matrix.30 The acid� base interfacial
hydrogen interplay between the NH2 and HSO3 group of
CaTiO3/SPEEK decreases the intensity of peaks at around
3400 cm� 1.31 This shows the su� cient interaction facilities and
the excellent dispersion of functionalized CaTiO3 nano-
particles in the nanocomposite matrix.

3.3. NMR Analysis. The identi� cation of molecular
structures and the location of protons in SPEEK was carried
out by the proton nuclear magnetic resonance technique, as
shown inFigure 2. SPEEK was prepared by the postsulfonation

process with the� rst-order method. The successful sulfonation
process was carried out in the PEEK polymer in the benzene
ring at the hydroquinone ring location within the two ether
linkages. This is concluded from the prominent peak of the
singlet hump spectrum at 7.5 ppm corresponding to theHE
position of the sulfonic acid groups in SPEEK.22 The various
HB�, HD, HC, HA, andHA� hydroquinone proton positions can
be identi� ed from 7.01 to 7.03, 7.18, 7.27, 7.73 and 7.83 ppm
in the NMR spectrum. The degree of sulfonation of SPEEK
from the1H NMR analysis is calculated as follows

H

H

aH

aH

H

counting of unit

12 2(counting of unit)

0 counting of unit 1

E

E

E

A,A,B,B ,C,D

E

Š
=

�

� �

� �

(7)

DS is estimated by the ratio of the area of the spectrum from
the de� nite HE position to the total area of all of the protons
from the hydroquinone positions (HA, HA�, HB, HB�, HC, HD) in
the benzene ring. The area is speci� ed by“a”.

3.4. XPS Analysis.The XPS spectra of pure and APTEOS-
modi� ed CaTiO3 nanoparticles are depicted inFigure 3a� f.
For pure and APTEOS-modi� ed CaTiO3, the Ca (2p) spectral
peaks were at 345.4 eV(3/2) and 348 eV(1/2), the Ti (2p)

Figure 2.NMR spectrum of the pure SPEEK membrane.
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band regions were at 457.4 eV(3/2) and 462.6 eV(1/2), and
� nally, the O (1s) highly intense bands showed peaks at 530.9
and 527.9 eV (Figure 3a,b).32 The appearance of C� N/C � O
groups in functionalized CaTiO3 can be revealed from the
occurrence of the C (1s) core-level spectrum at 285.3 eV.33,23

The single peak transpiring at 400 eV corresponded to the N
1s core level and the absence of a peak at 402 eV assured the
presence of free amine groups (NH2) ( Figure 3c,d).34 The
broad O (1s) spectral peak exhibited at 532 eV is attributed to
the O� Si bonds and its intensity depends on the density of the
coated silane groups. The CaTiO3� OH and CaTiO3�
APTEOS bonds are insinuated by the peaks at 530.5 and
102 eV corresponding to the O (1s) and Si (2p) spectral bands
(Figure 3e,f).35,36,23 Table 1 exhibits the quanti� cation of

elements in APTEOS-modi� ed CaTiO3. Moreover, the carbon
to nitrogen ratio (C/N) is higher compared to the total 3:1
ratio. The C/N ratio of 3:1 implies that the three Si� O groups
in alkoxysilane are bonded with the hydroxyl of CaTiO3 to
form siloxane in a tripod structural arrangement. The C/N
ratio of APTEOS-CaTiO3 is about 13.35:1, which is higher
than the ratio of 3:1.Table 1depicts the higher C/N ratios
describing several phenomena. First, the alkoxysilane groups of
APTEOS did not react with the hydroxyl of the CaTiO3
surface. Second, the amine (NH2) groups in alkoxysilanes are
folded within the coated layers and diminish the nitrogen

signal in the measurement.35 Finally, unusual impurities of
hydrocarbon are present that increase the carbon content.

3.5. FE-SEM� EDAX Mapping Analysis.FE-SEM was
employed to scrutinize the surface morphology of the polymer
membranes, and functionalized nanoparticles are shown in
Figures 4a� f and5A� F. The surface shows inferior aggregates
of spherical nanoparticles and the dimension is around 48 nm,
as shown inFigure 4a. The EDX elemental analysis and
mapping spectrum con� rm the complexation between the
APTEOS and CaTiO3 nanoparticles (Figures 4b and5A� F).
SPEEK has a smooth and poreless surface owing to the e� ect
of smaller phase separations in hydrophilic/hydrophobic
domains.13 These assist the narrowing of water-mediated
channels and provide facile proton migration in the matrix, as
displayed inFigure 4c. When PEG is cross-linked with SPEEK,
it produces a polymer chain con� nement between itself and
SPEEK and changes the membrane surface to a crumpled and
folded structure (Figure 4d). The enhanced crumpled
structure appearing in the nanocomposite surface results
from the inclusion of APTEOS-modi� ed CaTiO3 in the
SPEEK/PEG matrix. This is likely to be an acid� base
interaction among the sulfonic acid and amine groups
facilitating the uniform dispersion of nanoparticles in the
nanocomposite membranes.14,42 This helps to transport the
protons (H+) throughout the matrix and strengthen the
membrane’s microstructure characteristics (high water uptake,
stability, and proton conductivity). The C4 membrane showed
abnormal dispersion owing to blocking e� ects that are an
outcome of the increased aggregated nanoparticle sizes. These
might be greater in� ller� � ller interplay than in the polymer�
� ller interplay and point to the incompatibility between
SPEEK and APTEOS-CaTiO3.

3.6. AFM Analysis. The high-resolution 3D and 2D
topographic images are shown inFigure 6a� d,A� D. The
tailoring of PEG to SPEEK shrinks the roughness height,

Figure 3.XPS full-scan analysis of (a) CaTiO3 and (b) APTEOS-CaTiO3 perovskite and XPS core spectra of APTEOS-CaTiO3 (c) C 1s, (d) N 1s,
(e) O 1s, and (f) Si 2p elements.

Table 1. XPS Elemental Quanti� cation of CaTiO3 and
APTEOS-CaTiO3

elemental composition (%)

sample code
Ca

(2p)
Ti

(2p) O (1s) Si (2p) C (1s)
N

(1s)

CaTiO3 8.45 15.75 56.45 19.34
APTEOS-CaTiO3 3.06 5.08 34.63 10.64 39.79 6.81
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owing to the detention of the polymer chain that hinders the
existence of water molecules at the interface (Figure 6b,B).
When tailored, the APTEOS-modi� ed CaTiO3 with the
SPEEK/PEG membrane modi� es surface topography. The
nanocomposite membrane C3 reveals higher roughness
parameters and nodular topography due to the occupied
water-mediated channels within the hydrophilic/hydrophobic
interfaces (Figure 6c,C). The acid� base interaction and
hydrophilic nature of APTEOS-CaTiO3 in the composite
membrane help to adsorb the water channels between the
dead-end channels. The black and yellow regions on the
surface acquire di� erent roughnesses that show hydrophilic
and hydrophobic phases, respectively. The spherical bubble
morphology on the C4 membrane results from the aggregation
of nanoparticles to form this structure (Figure 6d,D). These
show that the functionalized nanoparticles improve the
roughness parameter that serves the proton transport along
with the modi� ed surface morphology.42,10,26 The roughness

arithmetic mean deviation, maximum roughness height, and
root mean square of the membranes determined are shown in
Table 2.

3.7. Thermal Stability Analysis. TGA was used to
estimate the density of grafted APTEOS on the CaTiO3
nanoparticles, as shown inFigure 7a,b. From the analysis, we
found the grafting density of APTEOS to be in the range of 1�
2.5 wt %, which is compatible with the literature (Figure 7a).37

Weight reduction occurs at three distinguished temperatures:
below 180, 200� 440°C, and� nally above 440°C (Figure 7b).
The adsorbed water molecules and solvent residuals are
detached at a temperature >200°C. The elimination of the
sulfonic acid groups, PEG, APTEOS, and polymer main chain
takes place in two separate regions at 200� 420°C and above
420°C.38 Below 180°C, the C0, C3, and C4 membranes show
a lower weight loss than the SPEEK membrane. This is
attributed to the interfacial interaction of SPEEK with PEG;
NH2-CaTiO3 inhibits the elimination of bound water
molecules and the temperature of enthalpy is shifted to a
higher value (Figure 7b).19 In the 180� 440 °C range, the
weight loss of C0, C3, and C4 membranes is lower than that of
the SPEEK membrane. The cross-linking of PEG and NH2-
CaTiO3 with SO3H groups restricts the chain� exibility, which
is linked to the thermal reluctance. Finally, thermal
decomposition is initiated above 440� 800 °C for polymer
main chain dissolution. The C3 and C4 membranes display
better thermal durability, which can be predicted from the
overall yield at 200°C.

3.8. Mechanical Stability. The membranes’ tensile
strength, Young’s modulus, and elongation at break are
shown inFigure 7c,d. Several parameters are associated with
the mechanical resistance of the membranes that correlate to
the fuel cell performance. The SPEEK membrane retains the
lowest tensile stress value of 19.7 MPa that seems the elastic
organic arrangement and provides the ductile property. The
PEG and APTEOS-modi� ed nanoparticles in the SPEEK
matrix intensify the tensile strength value from 23.32 MPa (C0
membrane) to 29.72 MPa (C4 membrane) (Figure 7c). The

Figure 4.FE-SEM images of (a) APTEOS-CaTiO3, (c) SPEEK, (d) C0, (e) C3, and (f) C4 and EDAX elemental spectrum of (b) APTEOS-
CaTiO3.

Figure 5.Elemental mapping spectrum of APTEOS-CaTiO3 (A) O,
(B) Ca, (C) Ti, (D) C, (E) N, and (F) Si elements.
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covalent and ionic linkages of PEG/CaTiO3 (NH2) with
sulfonic acids of SPEEK cause chain sti� ness and change the
� rm structure of the nanocomposite membrane.39 The sti� ness
behavior of the membranes can be found in the Young’s
modulus criteria and C3 and C4 nanocomposite membranes
secured the highest values of elastic moduli (Young’s
modulus). This is due to the merging of PEG and APTEOS-
modi� ed CaTiO3 nanoparticles in SPEEK restricting mobility
and favoring mechanical resistance (Figure 7d). The C4
membrane provides the highest value of Young’s modulus,
1765 MPa. The elongations at break provide the deformation
of the membrane up to the rupture state under stress (Figure
7d). Further, the elongation at break values for SPEEK is 32.5
and that for the C4 membrane is 2.27%.39,40 The ionic (NH2)
and covalent interactions (PEG) with SPEEK polymer prevent
chain movement and contribute to a brittle structure.

3.9. Oxidative Stability. SPEEK confers the sulfonic acid
group (HSO3), which is the crucial moiety for the stability of
fuel cell operation. Intermediate undesired free-radical
products progressively dissociate the sulfonic acid at the

electrode interface. The free radicals are the hydroperoxy
(HOO€) and hydroxyl (HO€) groups generated from the
oxygen crossover to the anode or incomplete reduction process
in the cathode. The higher hydrophilicity is caused by the free
open-ended HSO3 groups in the SPEEK membrane, which
cause a faster rupture and dissociation of the functional groups
within 2 h. The characteristic of the SPEEK membrane can be
described by the direct oxidation of free radicals with sulfonic
acids. The membrane lost most of the original weight, as
displayed inFigure 8a. The e� ects of PEG cross-linker in the
C0 membrane diminish the availability of HSO3 groups and
the hydrophilic nature. The linkage represses the dissociation
of HSO3 from the SPEEK chain.41,42 The oxidative stability is
investigated for up to 3 h and retains 90.12 wt % original
weight. The embedding of APTEOS-modi� ed CaTiO3 nano-
particles into the SPEEK/PEG membrane further leads to
weight retention. These values are 91.14, 93.45, 95.37, and
94.71 wt % for C1, C2, C3, and C4 membranes, respectively.
The interfacial interplay among the nanoparticles (NH2) and
HSO3 groups blocks the oxidative degradation of the SPEEK
membrane.

3.10. Hydrolytic Stability and Hydration Number.
Under the hydrophilic condition of the membrane for 24 h, the
sulfonic acid groups in the SPEEK membrane are in contact
with water molecules and hence the drop in the speci� c
amount of weight through dissociation. The SPEEK membrane
attains the gel form (after 11 h) because the open structure of
HSO3 moieties directly interacts with water molecules. The
C0, C1, C2, C3, and C4 membranes preserve most of the
original weight by the interplay of PEG and CaTiO3 (NH2)

Figure 6.3D (a� d) and 2D (A� D) AFM topography images of membrane surfaces of pure SPEEK (SPEEK), C0 (SPEEK 67 wt %/PEG 33 wt
%), C3 (SPEEK 67 wt %/PEG 33 wt %/APTEOS-CaTiO3 6 wt %), and C4 (SPEEK 67 wt %/PEG 33 wt %/APTEOS-CaTiO3 8 wt %).

Table 2. Di� erent Roughness Parameters of the Prepared
Samples

roughness parameters

membranes Ra (nm) Rq (nm) Rz (nm)

SPEEK 8.09 10.02 41.5
CO 8.09 3.66 11.1
C3 11.73 12.03 46.5
C4 34.7 39.1 133
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with SPEEK. These linkages assist in accomplishing the
dissociation of HSO3 groups from the water molecules. The
found membrane values are 80.14, 81.23, 82.45, 84.94, and
84.10 wt %, as displayed inTable 3. The sulfonic acid groups
help to accommodate the hydrophilic channels. This is
numerically interpreted by the hydration status number� .

The results obtained are linearly associated with water uptake
parameters and the C3 membrane shows the highest value, as
listed inTable 3.

3.11. Dimensional Change Analysis (Weight, Length,
Thickness).In the PEM, water uptake is the crucial property
for proton (H+) passage via vehicular and Grotthuss migration.

Figure 7.TGA curve of (a) nanoparticles and (b) prepared samples, and (c) tensile stress and elongation at break and (d) elastic modulus of the
prepared samples.

Figure 8.(a) Oxidative stability, (b� d) change in water uptake, thickness, and length of pure SPEEK (SPEEK), C0 (SPEEK 67 wt %/PEG 33 wt
%), C1 (SPEEK 67 wt %/PEG 33 wt %/APTEOS-CaTiO3 2 wt %), C2 (SPEEK 67 wt %/PEG 33 wt %/APTEOS-CaTiO3 4 wt %), C3 (SPEEK
67 wt %/PEG 33 wt %/APTEOS-CaTiO3 6 wt %), and C4 (SPEEK 67 wt %/PEG 33 wt %/A- CaTiO3 8 wt %).
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Controlling the content of water molecules in the membranes
is vital for mechanical stability during the high-temperature
operation. The change of weight (water uptake), length, and
thickness parameters of SPEEK, C0, C1, C2, C3, and C4
membranes at the various temperatures studied are shown in
Figure 8b� d. At 80°C, these parameter values of SPEEK are
not found owing to the higher degree of sulfonation and the
temperature-dependent factor improving the adsorption of
water molecules to contribute to membrane degradation (after
6 h in gel form), as shown inFigure 8b� d. The interactions of
PEG with the sulfonic acid groups of SPEEK diminish the
hydrophilicity that constrains the water-occupied channels and
are responsible for the decreased water uptake, length, and
swelling parameters of the C0 membrane (at 30°C). The
APTEOS-modi� ed CaTiO3 included in the SPEEK/PEG
membrane enhances the water uptake feature but reduces
the thickness and length parameters (at 30°C). The APTEOS-
CaTiO3 exposes the acid� base interaction between the amine
(NH 2) and water molecules (H2O)/SPEEK (HSO3) to
produce increased ionic cluster channels and rigid structures
of the nanocomposite. The increased temperature (80°C)
enhances the segmental motion of the polymer chain and free
volume space to encompass more water molecules in the
matrices. These outcomes increased the water uptake,
thickness, and length parameters of all of the membranes
(Figure 8b� d).42� 44 The C3 membrane shows the highest
water uptake value of about 51.55%, and the lowest thickness
and length parameter values are 28.34 and 21.76%,
respectively.

3.12. Ion-Exchange Capacity.The protons (H+) are
available in the sulfonic acids of SPEEK and ready to detach
from the functional groups. This process is identi� ed as the
ion-exchangeable property and is strongly dependent on the

available content of free sulfonic acid in the matrix. Water
uptake and proton di� usability are essential parameters that
strongly a� ect the ion-exchange property. The SPEEK
membrane achieves an IEC value in the order of 1.79 meq
g� 1 that is higher than the C0 membrane. In the C0
membrane, PEG covalent couples with SPEEK, developing
the scarcity of H+ ions.45 The value of IEC obtained by the
nanocomposite membranes is signi� cantly improved compared
to that of the C0 membrane. The bearing of NH2 in the
APTEOS-CaTiO3 and improved interconnected hydrophilic
domains aid the smooth ion transport. Moreover, the addition
of functional nanoparticles strengthens the IEC values of C1,
C2, C3, and C4 membranes and the obtained values are 1.68,
1.72, 1.74, and 1.77 meq g� 1, respectively (Table 3).

3.13. Proton Conductivity. The proton conductivity of
the membranes at di� erent temperatures (up to 80°C) and
100% RH is displayed inFigure 9a. The conductivity value of
the SPEEK membrane is not shown due to the thermal
instability beyond 60°C and because it retained durability
during the operation. The higher degree of sulfonation causes
more sulfonic acids in matrices that secure the more
interconnected water-mediated domains at the narrow hydro-
philic/hydrophobic interface. The PEG cross-linker in SPEEK
reduces the available quantity of the sulfonic acid groups,
which limits hydrophilicity and the results show a sustained
operation. The acquired proton conductivity of the C0
membrane is 1.53 mS cm� 1 at 30 °C and the value is less
compared to the other nanocomposite membranes. The
temperature increase from 30 to 80°C causes thermal
agitations of the polymer matrix and the conductivity linearly
increases from 1.53 to 6.23 mS cm� 1. The proton hopping
mechanism can be carried out in two separate manners: one is
vehicular and the other is the Grotthuss mechanism.44 The

Table 3. IEC, Hydration Number, Water Uptake, Proton Conductivity, Activation Energy, and Hydrolytic Stability Calibrated
for the Prepared Samples

membrane IEC (meq g� 1) (H 2O/SO3H) (%) water uptake (%) � (mS cm� 1) Ea (kJ mol� 1) hydrolytic stability at 24 h (%)

SPEEK 1.79 GELa GELa GELb

CO 1.65 11.16 33.32 6.23 26.23 80.14
C1 1.68 12.64 38.45 19.65 24.03 81.23
C2 1.72 14.70 45.76 38.73 22.56 82.45
C3 1.74 16.35 51.45 65.32 16.03 84.94
C4 1.77 14.94 47.76 56.78 20.86 84.10

aMeasured after 6 h.bMeasured after 11 h.

Figure 9.(a) Proton conductivity and (b) Arrhenius curve of C0 (SPEEK 67 wt %/PEG 33 wt %), C1 (SPEEK 67 wt%/PEG 33 wt %/APTEOS-
CaTiO3 2 wt %), C2 (SPEEK 67 wt %/PEG 33 wt %/APTEOS-CaTiO3 4 wt %), C3 (SPEEK 67 wt %/PEG 33 wt %/APTEOS-CaTiO3 6 wt %),
and C4 (SPEEK 67 wt %/PEG 33 wt %/APTEOS-CaTiO3 8 wt %).
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embedding of the APTEOS-modi� ed CaTiO3 nanoparticles in
the C0 matrix enhances the conductivity by combining the
e� ect of acid� base and Grotthuss proton transport.53,54 The
C1 membrane attains a value of conductivity of about 3.45 mS
cm� 1 at 30°C and further improves to 19.95 mS cm� 1 at 80
°C, which is approximately three times higher than that of the
C0 membrane.

Oxygen vacancy (Vo
€€) is intrinsically created in the

perovskite lattice, which converts into unstable protonic
defects/hydroxide ions (2OH€) after the dissociation of
water molecules. In a favorable atmosphere, the H+ cations
are detached from the unstable hydroxide (2OH€) and migrate
toward the nearer oxide anions in the perovskite lattice via the
Grotthuss hopping mechanism.6,55,56The amine (NH2) groups
in the CaTiO3 surface are electrostatically connected; they act
as proton donors (NH3) and proton acceptors (NH2

+) to
transport the proton due to a lesser potential barrier and quick
movement in the long-range pathways (acid� base) (Scheme
3).46,47,50 The measured conductivity of C0, C1, C2, C3, and
C4 membranes at 80°C is about 6.23, 19.65, 38.73, 65.32, and
56.78 mS cm� 1, respectively (Figure 9a).

The maximum conductivity of the C3 membrane in the
temperature range of 30� 80 °C is increased from 21.06 to
65.32 mS cm� 1, and the C4 membrane shows a decreased
conductivity value of 56.78 mS cm� 1 at 80°C, owing to poor
dispersion of nanoparticles. The elevated temperatures cause
the vibration of the polymer chain that absorbs the water
molecules around the matrix and aids the smooth transport of
protons in the nanocomposite matrix.57 The above mechanism
reveals the highest conductivity in the nanocomposite
membranes, as shown inTable 3. This temperature depends
on conductivity and linearly agreed and obeyed the Arrhenius
behavior, as displayed inFigure 9b. The activation energy (Ea)
can be calculated by the slope of the line drawn on the graph
and the uninterrupted transport of protons can be estimated
(Figure 9b). The functionalized nanoparticles aid the uncon-
strained passage of protons throughout the nanocomposite
membrane. The following formula is employed to evaluate the
activation energy of the membranes

A Eexp( /RT)a� = Š (8)

where proton conductivity� is scaled in mS cm� 1, A is the
exponential factor,R is the universal gas constant, andT is the
temperature in J mol� 1 K� 1 and kelvin.

3.14. Fuel Cell Performance.The membrane electrode
assembly was fabricated to investigate the electrochemical
property in essential conditions (at 80°C and 100% RH). The
current density and power density were found from the
polarization curve. The C3 membrane was tested for studying
the voltage� current relationship and accordingly, the highest
value of proton conductivity and the lowest value of activation
energy were acquired. The obtained open-circuit voltage
(OCV) of the C3 membrane was superior due to the higher
conductivity and stability (mechanical and thermal) (Figure
10). PEG and functionalized CaTiO3 nanoparticles in SPEEK

facilitate two primary processes: (i)� rst, they improve the
endurance of SPEEK polymer by the covalent and ionic linkage
of PEG and CaTiO3 (NH2) with sulfonic acids and (ii)
second, acid (HSO3)� base (NH2) interaction seems to aid
proton hopping in the form of the anhydrous transport
mechanism. These arguments suggest that the C3 membrane
presents a better OCV in the order of 0.90 V and shows the
diminished fuel crossover in the reaction process. PEG and
APTEOS-modi� ed nanoparticles a� ord adequate protection to
sulfonic acid groups from the free radicals (OH€, OOH€) in
the electrode sections. The oxygen permeation process and
metal oxide ions reacting with the catalyst are responsible for
the formation of radicals (OH€, OOH€) in the anode and
cathode sites.48,49 The metal oxide nanoparticles assist as
scavengers of free radicals that promote the reduction process.
The interfacial interplay between the electrode and electrolyte
encourages the compatibility of the phase boundary between
the two regions to lead to a higher power density. This
compatibility results from the higher interconnection of ionic
channels in the polymer membrane that holds the catalyst
layers in the MEA. This characteristic leads to the C3
membrane achieving current and power densities of about 403
mA cm� 2 and 90 mW cm� 2 at 80 °C, respectively. The
comparative study of the obtained membrane to that of other
prepared membranes is displayed inTable 4.

4. CONCLUSIONS

Proton-exchange membranes based on the SPEEK/PEG/
APTEOS-CaTiO3 nanocomposite were fabricated from the
solution-casting technique. Di� erent weight percentages of
functionalized nanoparticles (2, 4, 6, and 8 wt %) and PEG (33
wt %) were used as the cross-linker to achieve superior stability
with conductivity. The XRD, FTIR, TGA, and XPS

Scheme 3. Proton Hopping Mechanism in the Polymer
Electrolyte Membrane

Figure 10. Polarization curve of C3 membrane (SPEEK 67 wt
%/PEG 33 wt %/APTEOS-CaTiO3 6 wt %).
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investigations a� rmed the modi� cation of the CaTiO3
nanoparticle surface with APTEOS. The covalent cross-linking
of SPEEK with PEG improved the stability but reduced the
proton conductivity, which was validated through mechanical,
thermal, gravimetric, and Fenton analysis. The developed
nanocomposite membranes showed more stability and the
proton conductivity of C3 is almost 10 times that of the C0
membrane. The e� ect of acid� base interfacial synergy among
the amine groups (NH2) and HSO3 moieties transfers the H+

ions in the Grotthuss mechanism. The SPEEK (67 wt %)/PEG
(33 wt %)/APTEOS-CaTiO3 (6 wt %) nanocomposite has a
proton conductivity of 65.32 mS cm� 1 and current and power
densities are 403 mA cm� 2 and 90 mW cm� 2 at 80°C in 100%
RH, respectively.
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