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Summary

Herein, we describe the incorporation of cerium oxide-coated amine-
functionalized titania nanorods (CeO,-ATiO,) as a bifunctional nanofiller in
sulfonated poly(ether ether ketone) (SPEEK) as a cost-effective and high-
performance proton exchange membrane (PEM) for PEM fuel cells (PEMFCs).
Facile and effective functionalization of TiO, was performed using amine-
containing organic moieties, followed by coating the ATiO, nanorods with
CeO,. A simple solution casting method was employed to incorporate CeO,-
ATiO, into the SPEEK matrix with various weight ratio of 0.5%, 1%, 2%, 4%, or
6%. The successful incorporation of prepared nanofiller in the SPEEK mem-
brane matrix was confirmed by structural and morphological studies such as
Fourier transform infrared, X-ray diffractometer, scanning electron micros-
copy, and atomic force microscope of the SPEEK/CeO,-ATiO, composite mem-
branes. The presence of ATiO, improved proton conductivity while CeO,
alleviated the chemical degradation of the membrane by scavenging free radi-
cals. The proton conductivity of an SPEEK/CeO,-ATiO, (2 wt%)
nanocomposite membrane at 60°C under 20% relative humidity (RH) was
17.06 mS cm ! whereas that of a bare SPEEK membrane under the same con-
ditions was only 4.53 mS cm™*. PEMFCs containing SPEEK/CeQ,-ATiO, (2 wt
%) nanocomposite membrane attained a maximum power density of
117 mW cm 2 at a load current density of 371 mA/cm? at 60°C under 100%
RH. In contrast, a PEMFC containing the bare SPEEK membrane delivered a
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1 | INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are one of
the next-generation green energy sources for stationary
and transport applications due to their environmental
friendliness, extraordinary energy density, industrial adapt-
ability, and transient response times.' In particular, pro-
gressive growth and modernization of automobiles and
portable electronics have increased demand for low-cost
PEMFCs.>* However, the long-term durability of state-of-
the-art PEMFCs still needs to be fully recognized to meet
the large-scale requirements and implementation of the
technology. Also, the high installing cost of PEMFC com-
ponents, including the membrane electrode assembly
(MEA), current collectors, and graphitic plates, is hindering
the wide commercialization.*” In a typical PEMFC, the
MEA plays a crucial part in the overall performance out-
puts and the total cost. An MEA consists of three elements:
a proton exchange membrane (PEM), two gas diffusion
layers (GDLs), and catalyst layers (CLs).® The GDLs dis-
tribute the fuel or reactants into the active area, where the
CL is coated in anode and cathode sides to improve the
reaction kinetics of hydrogen oxidation reaction and oxy-
gen reduction reaction (ORR), respectively. Meanwhile, the

power density of 91 mW cm 2 at a load current of 253 mA cm ™2 A single cell
open circuit voltage (OCV) test to examine the durability of membranes rev-
ealed that a PEMFC with an SPEEK/CeO,-ATiO, (2 wt%) membrane showed
excellent stability with an OCV decay of 0.925 mV h™' at 60°C under 30% RH,
whereas that of a PEMFC with a bare SPEEK membrane was 3.437 mV h™!
under identical conditions. Based on the abovementioned results, it is found
that the SPEEK/CeO,-ATiO, nanocomposite membranes overcome the dura-
bility issues of pristine SPEEK membranes and show enhanced electrochemi-
cal performance under a harsh PEMFC environment.

« Ce0,-ATiO, was utilized as a bifunctional filler to fabricate composite

« Integration of CeO,-ATiO, improved the proton conductivity of sulfonated
poly(ether ether ketone) (SPEEK) under low relative humidity.

« Addition of CeO,-ATiO, to SPEEK resulted in improved physiochemical
and thermomechanical properties.

« Optimized SPEEK/CeO,-ATiO,
exchange membrane fuel cell performance while retaining excellent durabil-

(2 wt%) exhibited improved proton

ity compared to pristine SPEEK.

durability, hybrid membranes, PEMFC, power density, radical scavenger

PEM transfers protons from the anode to the cathode while
preventing contact between hydrogen and oxygen gases. In
general, an external humidifier is used to humidify the
membrane for the rapid proton transfer, which consumes
20% of generated power from PEMFCs.”'® Hence, the
development of a membrane that can function under low
relative humidity (RH) or dry conditions can alleviate the
need for an external humidifier. Also, under fully hydrated
conditions, the accumulation of excess water on the cath-
ode side prevents oxygen molecules from reaching the cata-
lyst active area, which can be avoided under low RH
operations.''? Therefore, a membrane that can operate
under anhydrous or low RH PEMFC conditions is of the
great research interests.

DuPont's Nafion is probably the most widely used
PEM in PEMFCs because of its good proton conductivity
and chemical and thermal stability.'*'* However, the
Nafion's proton conductivity is strongly dependent on its
humidification, and the membrane is expensive costing
17% of the total cost of a PEMFC system according to the
US Department of Energy report in 2017."> Studies on
cost-effective hydrocarbon membranes such as sulfonated
poly(ether ether ketone) (SPEEK) membranes have dem-
onstrated that these membranes can provide reasonable
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PEMFC performance compared to Nafion.''® The
SPEEK membranes are derived from well-known semi-
crystalline thermoplastic PEEKs that have high chemical
resistance and good thermomechanical properties.'
However, similar to Nafion, the proton conductivity of
SPEEK membranes is strongly dependent on humidified
water content. So, the SPEEK membranes have to be pre-
pared with a high degree of sulfonation (DS) to achieve
maximum electrochemical performance. On the other
hand, the high DS (above 60%) causes the SPEEK matrix
to absorb larger content of water under fully humidified
conditions, which can trigger the matrix to swell in turn
decreases the mechanical integrity and chemical stability
of the membrane.”>*" These limitations of SPEEK mem-
branes can be avoided if PEMFCs are operated under low
RH. Neretheless, only fewer studies have been focused on
the performance of SPEEK membranes in PEMFCs oper-
ating under a low humidity environment. Besides, the
chemical and mechanical integrities of SPEEK mem-
branes can be easily suppressed by the attack of free radi-
cals which are rapidly generated under anhydrous or low
RH PEMFC conditions.**** Electrochemical perfor-
mance, thermomechanical, and chemical stability of
SPEEK membranes used in a low RH PEMFC environ-
ment can potentially be enhanced by improving the abil-
ity of the membranes to conduct protons in the absence
of humidified water molecules and to withstand free radi-
cal attack. The former can be accomplished by incorpo-
rating hygroscopic nanofillers (SiO,, Sulfonated carbon
nanotubes, Sulfonated graphene oxide, and ZrO,) for
long-term retention of water molecules**?’ or by dispers-
ing functionalized nanoparticles (amines, phosphoric
acid, and imidazole) containing self-humidified func-
tional moieties into the SPEEK matrix for water-free pro-
ton conduction.”’*° The latter can be achieved by
reinforcing bare SPEEK membranes with free radical
scavengers such as CeO, or MgO,. For instance,
Salarizadeh et al incorporated amine-functionalized
titania (NH,-TiO,) nanoparticles into SPEEK membranes
and demonstrated that the functionalized ATiO, offered
an additional hopping pathway for conduction of
protons in addition to increasing overall PEMFC out-
put*’ Parnian et al prepared SPEEK-ceria (CeO,)
nanocomposite membranes for PEMFCs that exhibited
long-term durability due to the presence of radical scav-
enging CeO, nanoparticles.””> However, SPEEK mem-
branes with both enhanced electrochemical output and
chemical sustainability under anhydrous or low RH
PEMFC operations have yet to be reported. Accordingly,
we synthesized a bifunctional CeO,-ATiO, nanofiller and
incorporated it into bare SPEEK membranes to prepare
hybrid SPEEK/CeO,-ATiO, membranes. The large
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surface area of ATiO, nanorods facilitated the homoge-
nous hydrothermal coating of CeO,, which endowed the
hybrid membranes with the ability to scavenge free radi-
cals. In addition, the functionalized amine groups of
ATiO, increased proton conductivity of the membrane
via a proton hopping mechanism leading to enhanced
PEMFC performance under low RH conditions. At the
same time, as the surface hydroxyl groups
(OH) presented in the ATiO, nanorods and CeO, have
high water retention capability and could offer an addi-
tional proton transfer pathway via increased bound water
content.

2 | EXPERIMENT

2.1 | Materials

PEEK pellets were obtained from Victrex Company. Sulfu-
ric acid (H,SO4 95%) was procured from Daejung
Chemicals, South Korea. Titanium tetraisopropoxid (TTIP)
and oxalic acid were purchased from Sigma Aldrich.
Sodium hydroxide (NaOH) and cerium nitrate hexahydrate
[Ce(NOs).6H,0] were obtained from Acros Organics. Tolu-
ene anhydrous, 3-aminopropyltriethoxysilane (APTES,
99%), dimethyl sulfoxide (DMSO, 99%), and ethanol were
acquired from Samchun Chemicals, South Korea.

2.2 | Sulfonation of PEEK

The post-sulfonation process of PEEK was done by fol-
lowing the method described by Liu et al*> Approxi-
mately, 20 g of dried PEEK pellets were gradually added
to 200 mL of H,SO, then the mixture was vigorously agi-
tated using a mechanical stirrer (500 rpm) at 40°C until
complete dissolution of PEEK. Afterward, the tempera-
ture of the solution was increased to 60°C for 2 hours.
The sulfonation process was ended by adding the homo-
geneous polymer mixture into a flask containing cold
water. Finally, the obtained SPEEK fibers were washed
continuously with deionized (DI) water until a neutral
pH was achieved and were dried in an oven at 80°C for
12 hours.

2.3 | Hydrothermal synthesis of TiO,
nanorods

A hydrothermal fabrication strategy was employed to pre-
pare TiO, nanorods. First, 0.182 M of TTIP and 0.364 M of
oxalic acid were dissolved in 40 mL of DI water. Then 16 g
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of NaOH solution was added to the solution. After an hour
of stirring at room temperature (RT), a viscous white solu-
tion was obtained, which was poured into a container that
was then placed in a tightly sealed autoclave and kept in a
vacuum oven at 150°C for 48 hours. Finally, the synthe-
sized white precipitates of TiO, nanorods were purified by
washing with 0.1 M of HCI then DI water, and subse-
quently dried in an oven at 80°C for 12 hours.

2.4 | Chemical functionalization of
APTES on TiO, nanorods

A two-stage simple chemical reaction was executed to
graft amine groups onto TiO, nanorods. Initially, 0.25 g
of TiO, nanorods was dispersed in 100 mL of anhydrous
toluene via ultrasonication at RT for 1 hour. Then, to fun-
ctionalize the NH, moieties on the TiO, nanorods, 8 mL
of APTES was slowly added to the solution mixture and
refluxed under an inert atmosphere at 120°C for
24 hours. Finally, the solution was centrifuged and the
obtained ATiO, was washed continuously with DI water
followed by ethanol and then dried at 80°C for 12 hours.

2.5 | Fabrication of ATiO,-CeO,

Nanofillers of ATiO,-CeO, were synthesized by adopting
a hydrothermal method. Briefly, 0.1 g of ATiO, was
dispersed in 25 mM of Ce(NOs);-6H,O solutions, then the
mixture was stirred at 60°C for 2 hours. Afterward, 20 mL of
1-M NaOH solution was carefully added into the mixture
and the stirring was continued for another 3 hours. Then,
the solution mixture was transferred into a 70-mL autoclave
and kept in a vacuum oven at 150°C for 18 hours. Finally,
the obtained CeO,-ATiO, nanofiller was washed continu-
ously with DI water and followed by ethanol then dried
in an oven at 80°C for 12 hours. It is worthwhile to mention
that the white color of synthesized TiO, powder is
subsequently changed into yellowish after the amine-
functionalization process.

2.6 | Preparation of composite
membrane

Bare SPEEK, SPEEK/TiO,, and SPEEK/CeO,-ATiO,
composite membranes were prepared via a solution cast-
ing method. Briefly, 0.5 g of SPEEK fibers was dissolved
in 10 mL of DMSO. Then, CeO,-ATiO, at various weight
ratios (0.5%, 1%, 2%, 4%, or 6%) was added to the polymer
solution. Subsequently, the solution mixture was

sonicated for homogeneous dispersion of CeO,-ATiO,
and followed by agitation at 80°C for 12 hours. The mix-
ture was then cast onto a glass petri dish having a diame-
ter of 0.7 cm and was placed in a vacuum oven at 80°C
for 12 hours. Afterward, the membrane was detached
from the dish by immersing it in DI water for 1 hour. For
comparison, unincorporated SPEEK and SPEEK filled
with 2 wt% of bare TiO, nanorods were prepared follow-
ing the same procedure described above. A digital
micrometer was used to measure the thickness of the
membranes and all prepared membranes were 90 pm
+ 0.5 pm thick. The schematic in Figure 1 shows the syn-
thesis route of SPEEK/Ce0,-ATiO, membranes.

3 | CHARACTERIZATION

High-resolution transmission electron microscopy (HR-
TEM), field emission scanning electron microscopy (FE-
SEM), and normal SEM were adopted to study the mor-
phological properties of prepared samples using Supra
40VP (ZEISS), JEM-2010 (JEOL), and JSM-6400 (JEOL)
microscopes, respectively. The chemical properties of
nanofillers and membranes were investigated by X-ray
diffractometer (XRD) (PANalytical X’Pert Pro powder)
and Fourier transform infrared (FT-IR) spectroscopy
(spectrum GX model spectrometer) in the frequency
range of 4000 to 400 cm™'. The surface morphology of
fabricated membranes was studied by SEM using plati-
num as a sputtering material. Surface topological proper-
ties of fabricated membranes were studied using an
atomic force microscope (AFM) (multimode-8 model,
Bruker) in contact mode. The contact angle and surface
wettability of the membranes were measured by
employing a drop shape analyzer (DSA10, Kruss GmbH).
Advantage I surface measurement was utilized to con-
duct the dynamic vapor sorption (DVS) measurement for
the membranes. During the DVS, the RH-dependent
water absorption and desorption analysis of membranes
conducted at a 10% RH interval. Thermal stabilities of
synthesized membrane samples were evaluated via ther-
mogravimetric analysis (TGA) using a Q50-TA instru-
ment in the temperature range of 25°C to 800°C under
an N, atmosphere. Additionally, a Q20-TA instrument
was employed to perform the differential scanning calo-
rimetry (DSC) analysis of the membranes.
Thermomechanical stabilities of the prepared mem-
branes were examined using a dynamic mechanical ana-
lyzer (DMA) (Q800-TA instruments) from —50°C to
170°C under an N, atmosphere. Universal testing
machine (UTM) (LR5K plus 5 kN, Ametek-Lloyd Instru-
ments) was employed to test the tensile strength, and
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elongation at break of the prepared membranes. To iden-
tify the DS, "H NMR (Nuclear magnetic resonance spec-
troscopy) experiments were conducted using JNM-
ECZ600R (JEOL Ltd) equipment. All the aforementioned
equipment and measurements were installed and con-
ducted in the Center for University-wide Research Facili-
ties (CURF) at Jeonbuk National University.

4 | MEASUREMENTS

41 | Water uptake and swelling ratio

Water uptake and swelling ratio were assessed by mea-
suring dimensional changes in the weight and thickness
of dry and wet membranes.***> Before conducting the
measurements, the prepared membranes were dried in
an oven at 90°C for 12 hours. Weight (Wy,y, g) and thick-
ness (Tqry, mm) of the dried membranes were measured
and samples were then immersed in a DI water container
at 60°C for 24 hours. Afterward, surface water on the wet
membranes was removed using blotting paper and then
the weight (Wi, g) and thickness (T, mm) of the
membranes were measured. Finally, the water uptake
and the swelling ratio of membranes were calculated

using Equations (1) and (2). Measurements were taken
three times to ensure repeatability of values.

Wwet - Wdry

Water uptake (%) = [ W
dry

} x100% (1)

Twet— T
Swelling ratio (%) = {;7@] x 100% (2)
dry

4.2 | Ion exchange capacity

Ion exchange capacity (IEC) measurement was con-
ducted to estimate the number milliequivalents of ions
presenting in the dry membranes. Firstly, to exchange all
the H" ions with Na™, the prepared dry membranes were
soaked in 0.1-M NacCl for 24 hours. Then, the 0.01 M of
NaOH was used to titrate the above solution by utilizing
the phenolphthalein as an indicator. Finally, by carefully
monitoring the volume of consumed NaOH solution dur-
ing the titration, the molar quantity of ionic groups in the
prepared membranes were determined. To ensure the
repeatability of the values, the measurements were
repeated several times. The equation for the calculation
of IEC values is shown below.
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Volume of NaOH consumed x Concentration of NaOH

IEC= Weight of the dry membrane
. - ®)
4.3 | Oxidative stability

Fenton's test was performed to determine the oxidative
stability of the membranes.* Initially, Fenton's reagent
was prepared by adding a small fraction of FeSO,
(2 ppm) into 3% H,0, solution, and dried samples were
submerged in the reagent at 60°C until visible mem-
brane degradation. Degradation time and residual
weight of the samples were used to calculate oxidative
stability.

4.4 | Proton conductivity

A four-probe cell (Bekk-Tech) was utilized to measure
resistance (R, ) of prepared membranes by the alterna-
tive current impedance spectroscopy. An appropriate area
(A, cm?) of membrane sample (3 cm x 0.5 cm) was fixed
into the cell in the longitudinal direction and then the
RH-dependent proton conductivity (¢, mS cm™2) was cal-
culated using Equation (4).>**’

L

o (n‘lS Cmiz): W

4)

In this equation, L, T, and W are the distance between
the four probes, the thickness of the membrane sample,
and the width of the membrane sample, respectively.

4.5 | Preparation of MEA and evaluation
of single-cell performance and durability

MEA was prepared by hot pressing the prepared mem-
branes with commercially available gas diffusion elec-
trodes (GDEs, 0.3 mg cm ™~ Pt loading) on both sides at
70°C under 80 bar for 2.5 minutes. Prior to the voltage—
current-resistance (VIR) measurements, the MEA was
activated for 6 hours at 0.6 V and a temperature of
60°C. Afterward, the current density and the power
density of the membranes were measured by
maintaining constant voltage under 100% RH and 30%
RH at 60°C. The flow rates of H, and O, were
maintained as 100 and 300 mL min " without applying
further backpressure. The RH in the cell was modified
by varying pre-heater and saturated temperatures. The
durability of MEAs was examined by maintaining an
open circuit voltage (OCV) at 60°C under 30% RH. OCV
degradation of MEAs was evaluated as a function of
time up to 100 hours.

5 | RESULTS AND DISCUSSION

5.1 | Properties of nanofillers

The APTES is used to graft amine (NH,) moieties on the
surface of prepared TiO, nanorods. Briefly, during the
amine-functionalization process, the nucleophilic surface
OH groups of TiO, attack the ethoxysilane of APTES that
resulting in the condensation of OH where the Si-O-Ti
bond is formed by releasing ethanol as a byproduct. To
ensure the abovementioned formation, the chemical
properties of nanofillers were examined by observing FT-
IR spectra shown in Figure S1. The peaks presented
below 700 cm ™! were ascribed to the existence of Ti-O
and Ti-O-Ti moieties of TiO, nanorods.*>** A wide peak
at 3386 cm ' and a small peak at 1662 cm ' can be
ascribed to the bending and stretching vibrations of OH
groups and absorbed water on the surface of TiO,
nanorods and CeO,. The length of the wide peak at 3386
was reduced in the case of CeO,-ATiO, due to the con-
densation of OH groups of TiO, during the NH, func-
tionalization. Successful functionalization of NH, groups
on TiO, can be further demonstrated by the presence of
peaks at 2928, 2864, and 1510 cm ! attributed to symmet-
ric and asymmetric vibration stretching of the C-H and -
CH, bonds of APTES.*® The peaks at 1030 and 1125 cm
were ascribed to Si-O-Si bond stretching of APTES. The
observed peak at 910 cm ™" is confirming the formation of
the Si-O-Ti bond.*® Compared to the pure TiO,, a new
peak at 700cm ' was presented in CeO,-ATiO,
nanofillers due to the CeO, stretching.** Furthermore,
the XRD patterns of TiO, and CeO,-ATiO, were dis-
played in Figure S2. The XRD patterns of TiO, are consis-
tent with the previously reported literature.>® Hence, it is
assumed that the prepared TiO, nanorods consist of both
rutile and anatase phases, whereas the CeO, has cubic
fluorite structure. The two new peaks at 60° and 80° can
be ascribed to the CeO, nanoparticles for CeO,-ATiO,.
Figure S3 shows FE-SEM and TEM images of TiO,,
ATiO,, and Ce0,-ATiO, and their corresponding Energy-
dispersive X-ray spectroscopy (EDAX) spectra. As shown
in Figure S3a and d, TiO, nanorods were uniformly dis-
tributed owing to the repulsive interactions between sur-
face OH moieties of TiO,. This uniformity of TiO,
nanorods was unchanged even after NH, func-
tionalization (ATiO,), indicating that the NH, moieties
did not alter the morphology of TiO, (Figure S3b and e).
Grafted CeO, nanoparticles were randomly scattered on
the surface of TiO,, leading to exposure of NH,, OH, and
CeO, groups (Figure S3c and f). When incorporated into
the membrane, the exposure of the surface OH and NH,
groups of CeO, and ATiO, can improve proton conduc-
tivity via bound water and water-free proton transfer,
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respectively. Besides, the scattered CeO, particles can
scavenge radicals under the harsh PEMFC environment
without blocking the function of NH, and OH groups.
Additionally, EDAX spectra, Figure S3g-i, showed that
carbon, oxygen, silicon, cerium, titanium, and nitrogen
were all present in the CeO,-ATiO, nanofiller. Those
above-mentioned morphological phenomena can also be
seen in HR-TEM images and the corresponding EDAX
spectra of CeO,-ATiO, shown in Figure S4. Cumula-
tively, the abovementioned chemical and physical prop-
erties of the prepared nanofiller are demonstrating the
successful formation of the desired CeO,-ATiO,

5.2 | Structural and chemical properties
of membranes

'H NMR was employed to analyze the DS of prepared
SPEEK membranes. The 'H NMR graph displayed in
Figure S5 illustrates the aromatic hydrogen peaks of
SPEEK from H; to H;,. The DS of SPEEK was deter-
mined to be 66.6% based on the equation below.*>

12
(An1,234 + AH67,8,9,10,11,12,13,14/ Ans + 2)

DS = x 100% (5)

The structural chemical properties of SPEEK and
SPEEK/CeQ,-ATiO, (2%) was examined by XRD and FT-
IR patterns as presented in Figures S6 and S7. It is found
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that the incorporation of the CeO,-ATiO, into the SPEEK
membrane did not alter the chemical structure of the
polymer matrix since the XRD and FT-IR patterns merely
showed any differences. As shown in Figure S6, both
membranes displayed a broad peak at 26 of 20° to 21°
that can be attributed to the diminished crystallinity of
the PEEK from semicrystalline to amorphous after the
sulfonation process.**** This result is well versed with
the NMR result of bare SPEEK conforming the successful
functionalization of sulfonic acid (SO;H) moieties.>"****
In the XRD spectra, it can be seen that the width of the
broad peak is unchanged for the SPEEK/CeO,-ATiO,
membrane demonstrating the incorporation of CeO,-
ATiO, did not further alter the amorphous property of
the SPEEK matrix. However, in the case of FT-IR (-
Figure S7), the peak of OH groups and absorbed water at
3250 cm™ ! is slightly widened for the SPEEK/CeO,-
ATiO, composite membrane owing to the presence of
surface OH groups of CeO,-ATiO, nanofiller. That fur-
ther depicting the successful incorporation of the
nanofiller into bare membrane.

5.3 | Morphological properties of
membranes

The surface FE-SEM images of SPEEK and SPEEK/CeO,-
ATiO, (2%) with corresponding Energy-dispersive X-ray
spectroscopy (EDX) spectra are provided in Figure 2.

Ce0, ATIO,

« g S
CBNU CURF
EM Lab

lins

FE-SEM images and corresponding EDX spectra of (A) and (C) bare SPEEK and (B) and (D) SPEEK/CeO,-ATiO,

nanocomposite membrane. FE-SEM, field emission scanning electron microscopic; EDX, Energy-dispersive X-ray spectroscopy
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Surface FE-SEM images reveal that the bare SPEEK
membrane had a smooth surface without any cracks or
surface damages. In contrast, the surface of the SPEEK/
Ce0,-ATiO, (2%) membrane was rough with the pres-
ence of nanoparticles, indicating the incorporation of
Ce0,-ATiO, nanofillers into the SPEEK matrix. Addi-
tionally, the EDAX spectra of SPEEK/Ce0,-ATiO, mem-
branes show the peaks of cerium (Ce), titanium (Ti),
silicon (Si), carbon (C), oxygen (O), and sulfur (S) while
the bare SPEEK membrane only had peaks of C, O, and S
(Figure 2C,D). Besides, it confirms that the 2% weight
incorporation of CeO,-ATiO, did not decrease the density
of sulfuric acid present in SPEEK. Additionally, the cross-
sectional FE-SEM images of prepared membranes were
obtained to verify the incorporation and existence of
Ce0,-ATiO, nanofiller in the SPEEK membrane.
Figure 3 displays the cross-sectional FE-SEM images of
SPEEK and SPEEK/CeO,-ATiO, (2 wt%) membranes.
Before conducting the cross-sectional FE-SEM analysis,
the membrane samples were froze-dry cut by dipping
into the nitrogen liquid. As shown in Figures 3B, D, and
F, the CeO,-ATiO, nanoparticles were present in the

cBNU CURF | 200m
M Lab. —

composite membrane making its cross-sectional surface
rough while the bare SPEEK membrane showed clear
and unfilled cross section (Figure 3A, C, and E). The exis-
tence of Ce0,-ATiO, nanofiller can also be seen in the
selected area SEM image of SPEEK/CeO,-ATiO, (2%)
membrane (Figure 4A). Also, from the EDAX spectra
and elemental mapping, the presence of elements such
as C, O, Si, S, Ti, and Ce is confirmed in the composite
membrane as displayed in Figure 4. Two-dimensional
and three-dimensional AFM surface images of SPEEK
and SPEEK/CeO,-ATiO, membranes are shown in
Figure 5. Pristine SPEEK had a smooth surface with
almost no roughness due to the physical nature of the
SPEEK polymer (Figure 5A, C, and E). In contrast,
SPEEK/Ce0,-ATiO, nanocomposite membranes had a
higher surface roughness because of distribution of
nanofiller throughout the membrane. The performance
of PEMFCs is highly dependent on interactions among
the GDL, catalyst, and membrane are known as three
phase boundary regions.'®** Hence, the enhanced
interface of three phase regions improves the perfor-
mance outputs of PEMFCs. In that regard, a composite

CBNU CURF
EM Lab.

FIGURE 3 Cross-sectional FE-SEM
images of (A), (C), and (E) bare SPEEK
and (B), (D), and (F) SPEEK/CeO,-
ATiO, nanocomposite membrane. FE-
SEM, field emission scanning electron
microscopic



RANGANATHAN ET AL.

NERGY RESEARCH BAWATE AL

FIGURE 4

(A) Selected area SEM image and (B) corresponding EDAX spectra of nanocomposite membrane; elemental mapping of (C)

carbon, (D) oxygen, (E) silicon, (F) sulfur, (G) titanium, (H) cerium, and (I) overlapping of all elements. SEM, scanning electron microscopic

membrane with a rougher surface is more compatible
with the GDE creating an effective three phase interac-
tion.?” Surface morphological studies of the prepared
membranes clearly demonstrate the successful incorpo-
ration of CeO,-ATiO, nanofiller into the SPEEK
matrix.

5.4 | Physiochemical and
electrochemical properties of membranes

Physiochemical properties of the membranes such as
water uptake with swelling ratio, the contact angle with
surface wettability, and water sorption were studied and
the correspoding results are presented in Figures 6 and
S8a. Water uptake of the SPEEK/CeO,-ATiO,
nanocomposite membranes showed a decreasing pattern
as the weight ratio of nanofiller is increased, which due
to the nonwater conducting nature of ATiO,. Membrane
swelling is an important characteristic of PEMs since the
high swelling leads to membrane failure eventually to the

PEMFC system failure.”® Compared to the bare SPEEK
membrane, all composite membranes displayed a low
degree of swelling. This behavior of the SPEEK/CeO,-
ATiO, membranes can be attributed to the chemical
interactions between the SPEEK matrix and the incorpo-
rated CeO,-ATiO,. The chemical interaction can restrict
the dimensional expansion of composite membranes
when hydrated, thereby leading to prevent membrane
failure.>* The nonwater conducting phenomena of ATiO,
can also be seen in the water absorption and desorption
curves of SPEEK and SPEEK/CeO,-ATiO, (2%) mem-
branes in Figure 6B. The SPEEK/CeO,-ATiO, membrane
exhibited slightly lower water absorption and desorption
patterns than the bare SPEEKK membrane since the
ATiO, did not absorb humidity, The contact angle test
was conducted to study the surface wettability of the
SPEEK and SPEEK/CeO,-ATiO, (2%) membranes and
the corresponding results are shown in Figure 6C. Com-
pared to the bare SPEEK (33.7 mN m ' and 75.66°), the
SPEEK/CeO,-ATiO, exhibited low wettability and high
contact angle (20.4 mN m™ " and 93.75°). The reduction
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200 nm
(A)

(B)

FIGURE 5 AFM two-dimensional
surface images, three-dimensional

200 nm

surface images, and line profile of (A),
(C), and (E) SPEEK and (B), (D), and
(F) SPEEK/Ce0,-ATiO, membranes.
AFM, atomic force microscopic; SPEEK,
sulfonated poly(ether ether ketone)
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in the wettability was properly due to the presence of
NH, moieties in the composite membrane. However, as
mentioned previously, the NH, moieties of ATiO, can
rapidly conduct protons by water-free proton transfer.
The IEC values of prepared membranes are given in
Table S1. The IEC values of the composite membranes;
SPEEK/TiO, (2%) and SPEEK/CeO,-ATiO, (2%) are
slightly lower than that of pristine SPEEK. This is due to
the incorporation of nanofiller that may dilutes the con-
centration of SO;H sites of the membrane matrix. How-
ever, as shown in the SEM-EDAX spectra, 2 wt% addition
of Ce0,-ATiO, nanoparticles only merely diluted SO;H
groups in the SPEEK which is negligible.

Proton conductivity is regarded as a crucial electro-
chemical property of membranes since it directly impacts
the efficiency of PEMFCs.”"? In general, proton exchange
in sulfonated membranes follows two well-known mech-
anisms, both can occur simultaneously: (i) vehicular and
(ii) Grotthuss mechanisms (as shown in Figure 10). SOsH
in the membrane can attach with water molecules under

hydrated conditions.”””* Such bound water molecules
help to transfer protons through a vehicular mechanism
by generating hydronium ions (H;0™) as a vehicle or car-
rier. However, in the case of Grotthuss conduction, pro-
ton hopping is facilitated through the hydrogen bonding
formed between the ionic groups. During the PEMFC
operation, both the mechanisms co-occur up to 80°C with
fully humidified conditions. When increasing tempera-
ture or decreasing RH, the Grotthuss conduction starts to
dominate owing to the removal of water molecules.*” The
humidity-dependent proton conductivity of membranes
at 60°C is shown in Figures 6D and S8b. The proton con-
ductivity of SPEEK/Ce0,-ATiO, composite membranes
can follow three-way rapid proton transfer induced from
the amine derivatives, SOsH groups, and the increased
bound water content offered by OH groups of incorpo-
rated CeO,-ATiO, nanofiller. The NH, moieties of ATiO,
and SO;H groups of SPEEK forms acid-base interactions
and transfer the protons via protonation-deprotonation
sequence without the aid of water.”” As a result, the
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and (D) proton conductivity of membranes at 60°C as a function of humidity

composite membranes with various wt% (0.5, 1, 2, 4, and
6) of CeO,-ATiO, displayed high proton conductivity
values than bare SPEEK membrane under low RH condi-
tions up to 80%. However, under 100% RH, the SPEEK/
Ce0,-ATiO, membrane with 4 and 6 wt% showed lower
proton conductivity values that because of incorporating
the high weight ratio of nanoparticles was diluted the
density of SOz;H groups of the SPEEK membrane
(Figure S8b). Among all prepared membranes, the
SPEEK/CeO,-ATiO, with 2-wt% nanofiller showed the
highest proton conductivity of 92.567 mS cm ™' at 60°C
under 100% RH equaling state-of-the-art Nafion
115, whereas the proton conductivity of pristine SPEEK
was 79.37mScm™' under identical conditions
(Figure 6D). This superior performance of the composite
membrane was offered by the uniform distribution of
Ce0,-ATiO, nanoparticles along the SPEEK matrix.
Therefore, when installed into the PEMFC device, the
effective proton-conducting ability of the SPEEK/CeO,-
ATiO, (2 wt%) membrane would be beneficial for
improving the overall current and power outputs.

5.5 | Thermal properties of prepared
membranes

The thermal stability of membranes used in PEMFCs
directly influences the durability of the MEA.”"* An effi-
cient membrane should possess high thermal tolerance to
ensure prolonged operation of MEA, specifically, under
low RH conditions. The TGA was performed to study the
thermal properties of unfilled SPEEK and SPEEK/CeO,-
ATiO, (2%) membranes, and the TGA results are pro-
vided in Figure 7A. SPEEK and SPEEK/CeO,-ATiO, (2%)
membranes showed three distinct thermal degradation
stages: (i) weight loss at 80°C to 180°C due to decomposi-
tion of absorbed water molecules on the surface of the
membranes, (ii) weight loss at 220°C to 470°C due to
detachment of SO;H groups in the membranes,”® and
(iii) weight loss at above 480°C driven by thermal decom-
position of the hydrocarbon backbone.'” The SPEEK/
Ce0,-ATiO, nanocomposite membranes had better ther-
mal stability than pristine SPEEK due to the incorpora-
tion of CeO,-ATiO, nanoparticles. Furthermore, the glass
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transaction (T,) temperature of SPEEK and SPEEK/
Ce0,-ATiO, (2%) membranes was studied via DSC analy-
sis. As shown in Figure 7B, the SPEEK/CeO,-ATiO,
membrane possessed a higher T, value of 138.3°C than
that of 108°C of the bare membrane. This thermal phe-
nomenon of the SPEEK/Ce0,-ATiO, membrane can be
attributed to the strong electrostatic interactions between
the nanofiller and membrane matrix that prevented the
reformation of polymer chains during heating.

5.6 | Thermomechanical and oxidative
stability of the membranes

The temperature-dependent mechanical stability of the
membranes was assessed using a DMA. Dynamic
mechanical analyses evaluate the elastic behavior of
membranes by applying a thermomechanical load and
then measuring the modulus of storage of the

corresponding membranes.” DMA graphs of prepared
membranes are presented in Figure 7C,D. SPEEK/CeO,-
ATiO, membrane exhibited a higher modulus of storage
than the pristine SPEEK membrane due to chemical
interactions such as electrostatic and hydrogen bonding
between the nanofiller and polymer matrix in the former.
The mechanical properties of the prepared membranes
were evaluated by employing a UTM. Figure S9 shows
the stress and strain curves of SPEEK and SPEEK/
SPEEK/Ce0,-ATiO, (2%) membranes; it is clear that the
composite membrane had a higher mechanical strength
than the bare membrane. Also, the tensile strength of
SPEEK/Ce0,-ATiO, (2 wt%) membrane is slightly higher
than that of SPEEK as displayed in Table S2. We attrib-
uted this enhancement in mechanical strength to the
chain retention property of the composite membrane
during stress loading conferred by SPEEK/CeO,-ATiO,.
In brief, strong electrostatic interactions between CeO,-
ATiO, and SPEEK prevented elongation of the polymer
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matrix during the test. The higher mechanical strength of
SPEEK/Ce0,-ATiO, membranes can enable them to with-
stand the high mechanical compression of PEMFC stacks
during the real-time operation. Fenton's test was utilized to
examine the oxidative stability of the membranes. To imi-
tate the PEMFC working environment, the test was con-
ducted at 60°C for 24 hours. Measured residual weights of
SPEEK and SPEEK/CeO,-ATiO, (2%) membranes were
67% and 93%, respectively. During the oxidative test, the
addition of Fe derivatives catalyzes the formation of
hydroxyl (HOs) and hydroperoxyl (HOO.) radicals in
H,0, solution via the mechanisms shown in Equations (6)
to (10) below.”® SPEEK/Ce0,-ATiO, membranes were not
affected by free radicals owing to radical scavenging nature
of CeO, nanoparticles. Whereas, bare SPEEK membrane
lost its weight by 33%, ensuring the vulnerability of
sulfonated hydrocarbons to free radicals. However, under
real-time PEMFC operation, the generation of radicals is
less extreme than in the oxidative test we conducted.

Fe’" + H,0, —HO+ +OH +Fe*" (6)
Fe*" + HO+ — Fe*t +OH™ (7)
H,0,+HO+ — HOO« +H,0 (8)
Fe’"™ + HOO« — Fe*" + OOH~ (9)

Fe*" +HOO. — Fe’" +H +0, (10)

5.7 | PEMFC performance and durability
Examination of the OCV and power density of mem-
branes in PEMFCs is crucial to assess the performance
outputs of the system.* In this study, we examined the
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OCV and performance output of a single-cell PEMFC
equipped with the MEAs of SPEEK and SPEEK/CeO,-
ATiO, at 60°C under 30% RH and 100% RH. The low RH
condition was chosen to assess the stability of mem-
branes under vigorous anhydrous PEMFC operating con-
ditions. In the performance test shown in Figure 8, the
SPEEK/Ce0,-ATiO, membrane exhibited a maximum
power density of 117 mW cm ™2 at a load current density
of 371 mA cm ™2, which was higher than the power den-
sity of 91 mW cm ™2 at a load current of 253 mA cm >
attained by bare SPEEK membrane. These results con-
firmed that the self-humidifying NH, functional groups
of CeO,-ATiO, afforded rapid proton conductivity with-
out diluting the SO;H ionic domains of SPEEK. The coex-
istence of SOs;H and NH, improved proton transfer via
vehicular and hopping mechanisms, respectively. As
mentioned previously, a rough membrane surface
improves interactions between the three phase bound-
aries of MEAs, resulting in improved electrochemical
kinetics. Furthermore, the scattered formation of CeO,
on ATiO, resulted in the exposure of all functional
groups present in the nanorods, such as OH and NH,
moieties. The surface OH moieties of TiO, and CeO, have
water absorbing properties, which could improve water
retention of the membrane and thus further increase pro-
ton transfer by the vehicular mechanism. While the NH,
moieties of ATiO, offer water-free proton conduction via
hopping mechanism. As a result, the SPEEK/CeO,-ATiO,
attained a higher PEMFC outputs both under low and
fully humidified conditions than the bare SPEEK.

A harsh PEMFC environment can produce acidic rad-
icals such as HO« and HOO..2**” As mentioned earlier,
H, and O, gas-cross over and incomplete O, reduction
during ORR are responsible for the formation of
H,0,.*”*® Afterward, the H,O, molecules react with the
metal catalyst (Mc,;) to produce HO+ and HOO- radicals
which simultaneously attack the vulnerable parts of bare
SPEEK matrix and unzip them.**° The formation
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£
~038 * [0 2
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Single cell performance graph of membranes conducted under (A) 100% RH and (B) 30% RH. RH, relative humidity
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mechanism of those free radicals is depicted in Equa- HO« +Ce* + H* — Ce*" + H,0 (14)
tions (11) to (13).%°

Ce*" +H,0, — Ce*" +HOO .« +H" (15)

4H" +2e~ +0, — H,0, (11)
Ce*" +HOO . — Ce*" +0,+H" (16)

cat *+H,0,—HO. + Mcat (12)
Mot +Hy 0y — HOO o + My 2™ (13) The durability curves of membranes, quantified at

Post-sulfonation of PEEK membranes lowers their
crystallinity, which in turn decreases the chemical and
thermal stability of SPEEK membranes. In addition, the
aryl sulfonated and aryl ether bonds of SPEEK mem-
branes are highly vulnerable to the attack by HOe. radi-
cals that can scission the membrane matrix, leading to
high gas crossover and membrane failure.”° Hence, it is
essential to analyze the single-cell durability of the mem-
brane under low RH conditions.
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FIGURE 9 OCV curves of membranes conducted at 60°C
under 30% RH. OCV, open circuit voltage; RH, relative humidity

AL A
ARA
‘ﬂ\ A~
* Grotthuss 7
mechanism / ‘l
H*o - ' e
S ,/ ll ’ S

o \* //\}

mechanism
A
e A A A A

A

f-ceoz-A'rioz @ 50:H groups kuj(r AH0

Schematic illustration of proposed proton transport mechanisms, fuel impermeability, and radical scavenging activity of

FIGURE 10

60°C under 30% RH over 100 hours, are presented in
Figure 9. It exhibited an OCV degradation of
0.9255 mV h™! for SPEEK/CeO,-ATiO, (2 wt%) mem-
brane and 3.437 mV h™! for bare SPEEK membrane, a
2.7-fold difference. The CeO, in SPEEK/CeO,-ATiO, pro-
moted the conversion of HO« and HOO- radicals into
harmless products, as illustrated in Equations (14) to (16)
and Figure 10, which lead to the long-term membrane
stability.>*>” In the before reported works, the durability
of CeO,-incorporated PEMs is mainly influenced by the
removal of CeO, from the PEM, which could decay the
radical scavenging behavior.**> To resolve it, in current
work, CeO, was synthesized over ATiO, nanorods and
was stable even under harsh PEMFC operating condi-
tions, ensuring the improved chemical durability of the
composite membrane than the pristine membrane. How-
ever, compared to Nafion 115 membrane, the SPEEK/
Ce0,-ATiO, membrane exhibited slightly a higher OCV
decay.

5.8 | Post-durability studies

To study the impacts of the durability test, the SEM
images of MEAs containing SPEEK and SPEEK/CeO,-
ATiO, membranes were obtained after the durability test.

Radical scavenging

@

SPEEK/Ce0,-ATiO, hybrid membrane. SPEEK, sulfonated poly(ether ether ketone)
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FIGURE 11
microscopic images of MEAs before and
after durability (A) and (C) SPEEK and
(B) and (D) SPEEK/Ce0,-ATiO,. MEA,
membrane electrode assembly; SPEEK,

Scanning electron

sulfonated poly(ether ether ketone)
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As displayed in Figure 11, the thickness of SPEEK was
drastically lowered and membrane damaged due to the
mechanical compression and radicals attack trigged by the
harsh PEMFC operation. On the other hand, the SPEEK/
Ce0,-ATiO, (2%) nanocomposite membrane maintained
most of its thickness even after the durability test that indi-
cates high mechanical integrity and radical scavenging
activity of the incorporated CeO,-ATiO, nanofiller.

6 | CONCLUSIONS

SPEEK/Ce0,-ATiO, composite membranes with various
weight percentages of CeO,-ATiO, were successfully fab-
ricated via a solution casting method. The incorporation
of Ce0,-ATiO, nanofiller into the SPEEK matrix resulted
in electrostatic interactions between the polymer
matrixes and nanofiller that prevented the swelling of the
membrane when hydrated. NH, functional groups of
Ce0,-ATiO, acted as an additional proton-conducting
pathway via the water-free proton transfer. Thus, resulted
in enhanced PEMFC performance in terms of the power
density and current density of the SPEEK/CeO,-ATiO,
(2%) membrane at 60°C under 100% RH and 30%
RH. Furthermore, the formation of hydrogen bonding
and strong electrostatic relations between the membrane
backbone and nanofiller improved thermal stability and
thermomechanical strength compared to the unfilled
membrane. The radical scavenging property of CeO,-

ATiO, nanoparticles provided good oxidative stability
and longer chemical sustainability for the SPEEK/CeO,-
ATiO, (2%) membrane under acidic PEMFC conditions
than the bare SPEEK membrane. It also confirmed that
the development of CeO, nanoparticles on ATiO,
nanorods prevented CeO, leaching, conferring the
resulting membrane with prolonged radical scavenging
ability. These characteristics of SPEEK/CeO,-ATiO,
membranes address many of the shortcomings of SPEEK-
based membranes such as low electrochemical, mechani-
cal, and thermochemical properties. Thus, the prepared
composite membrane could be the most suitable candi-
date for PEMFC applications under low RH condition,
which may avoid the expenses of installing an external
humidifier and exploitation of commercial Nafion
membrane.
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