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c oxide-doped SPEEK/SPPO blend
composite membranes to induce high oxidative
tolerance and proton conductivity for hydrogen
fuel cells†

Sk Miraz Hossain,‡ab Pratyush Patnaik, ‡ab Suman Sarkar, ab Ritika Sharmaab

and Uma Chatterjee *ab

Utilizing the potential of transition metals to quench free radicals in hydrogen fuel cells, we prepared

cerium–manganese-based bimetallic oxide (CeMnOx) nanostructures by alkali-aided deposition

precipitation to harness as fillers in hydrocarbon-based polymer electrolyte membranes (PEMs). To

improve the stability of the PEMs, a blend of sulfonated poly ether ether ketone (SPEEK) and sulfonated

poly(2,6-dimethyl-1,4-phenylene oxide) (SPPO) with different weight ratios was employed as

a membrane backbone. The interfacial adhesion and coupling configuration of three-dimensional

CeMnOx with sulfonic moieties of blend polyelectrolytes enhances the bound water content in the

PEMs. It also constructs an extensive hydrogen bonding network with proton transport channels,

uplifting the proton conductivity (Km) by promoting vehicular and Grotthuss-type transport. Reversible

redox cycling of Ce3+–Ce4+ and Mn2+–Mn3+ endorses the quenching of harsh radicals and augments

the oxidative stability of the membranes. Composite PEMs exhibit only 4–9% mass loss and 2–5% Km

loss after exposure to Fenton's solution. SSM-73 membrane showed a peak power density of 431.2 mW

cm−2 with a maximum current density of 1272.6 mA cm−2 at 75 °C in 100% RH and showed a high OCV

retention of 88% over 50 h. The fuel cell performance of SSM-73 was 50% higher than that of its

corresponding blend membrane, i.e., SS-73, which showed a peak power density of 287 mW cm−2 and

a maximum current density of 872.3 mA cm−2.
1. Introduction

In spite of advancements in the modern world, fossil fuels
remain the primary source of global energy consumption.1,2 As
a result, a conundrum has emerged, necessitating the devel-
opment of environmentally benign alternative energy sources.
Proton exchange membrane fuel cells (PEMFCs) have attracted
substantial attention in the energy sector due to their high
energy conversion efficiency, eco-friendly operation, zero
emissions, fast refueling, and scalability.3,4 PEMFCs are
membrane-based electrochemical devices that convert chem-
ical energy into electrical energy. Although redox ow batteries
(RFBs) function the same way, there is continuous supply of
fuel to fuel cells in PEMFCs, enabling them to deliver unin-
terrupted electrical energy, unlike charge–discharge in RFBs.5
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Polymer electrolyte membranes (PEMs) composed of a poly-
meric backbone integrated with charged functional groups are
the most crucial components in fuel cells as they allow for
preferential transfer of ions, enable circuit completion, and
prevent mixing of reactants inside the fuel cell device.6 Naon,
a peruorosulfonic acid polymeric membrane, is widely
recognized as the state-of-the-art PEM and has achieved
commercial success due to its extraordinarily high hydrated
conductivity and mechanical and chemical stability.7 However,
at elevated temperatures and low humidity, Naon suffers
from shortcomings such as poor proton conductivity and
degraded mechanical stability.7,8 Moreover, the complex
synthetic process and high cost of the Naon membrane
challenge scientists to develop alternative, cost-effective, and
more robust PEMs.

Aromatic non-uorinated PEMs, basically sulfonated deriv-
atives of poly(arylene ethers), have attracted the attention of
many researchers as potential PEMs for fuel cells due to their
ease of sulfonation, controllable degree of sulfonation and high
lm-forming ability.9 The use of sulfonated poly ether ether
ketone (SPEEK),10,11 sulfonated polysulfone (SPSf),12 sulfonated
polyethersulfone (SPES),13 sulfonated poly(2,6-dimethyl-1,4-
This journal is © The Royal Society of Chemistry 2024
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phenylene oxide) (SPPO),14 sulfonated polystyrene and its
derivatives,15 and sulfonated polybenzimidazole16 as potential
PEMs for PEMFCs has been reported so far. Among these PEMs,
SPEEK and SPPO have drawn much attention due to their easy
synthetic process, commercial availability, and low cost of poly
ether ether ketone (PEEK) and poly(2,6-dimethyl-1,4-phenylene
oxide) (PPO). Nevertheless, these sulfonated PEMs have weak
chain mobility and average power density.17 A higher degree of
sulfonation (DoS) is necessary to enhance ionic conductivity.
However, the increased number of sulfonic acid groups elevates
the ion exchange capacity (IEC), resulting in higher water
uptake, which leads to dimensional instability.18 One more
eminent hurdle of these hydrocarbon-based PEMs is their poor
oxidative stability. These hydrocarbon-based PEMs are intrin-
sically prone to radical-induced membrane deterioration,
leading to high H2 crossover and low performance in PEMFCs.19

H2 crossover induces an exothermic reaction between H2 and
O2, possibly resulting in pinholes in the PEMs. Harshly, the
chemical reactions at the cathode sides of the cell also cra
cOH, cH, and cOOH radicals, accountable for the chemical
invasion on the membrane and catalyst layers.20,29 Hence, it is
desirable to construct such PEMs that can overcome the above-
mentioned limitations to achieve remarkable PEMFC
performance.

Plentiful approaches such as blending SPEEK or SPPO with
other polymers,21,22 crosslinking of SPEEK,23 and graing of
PEEK/SPEEK24 to enhance the chemical and mechanical
stabilities have been reported. However, these techniques are
inefficient in providing desirable current and power density.
Among several methodologies, embedding inorganic llers in
the polymer matrix has proven to be a facile and impactful
technique to enhance the membrane properties of PEMFCs.25

Furthermore, if the integrating composite material is proton-
conductive, it will trigger the overall conductivity of the
membrane. It will produce additional nano pathways for proton
conduction and also enhance the synergistic interaction
between the polymeric backbone and the ller.26 In the search
for suitable llers, transition metal-based doping is highly
preferable due to their anti-oxidative attributes, which will
mitigate the oxidative decomposition of the membranes.27

There are reports using Ce, Zr, Mn, Fe, and Ti-based ions,
oxides, MOFs, MXenes, or bimetallic oxides as intercalating
agents into PEMs, resulting in improved chemical stability.7,28–36

Crown ethers, organic anti-oxidants, silica supports, and
hetero-polyacids embedded in transition metal ions have also
been investigated as llers for the improved oxidative stability
of PEMs.37–39 However, there are some shortcomings in doping
llers into a polymer matrix, such as introducing phase sepa-
ration and agglomeration in the membrane.26 Under certain
conditions, it may also obstruct the sub-nano proton conduc-
tion channels, resulting in lower proton conductivity and
PEMFC performance. Hence, it is essential to tune the ller
loading to achieve accelerated conductivity, open circuit voltage
(OCV), and power density.

Among the radicals generated during PEMFC operation,
cOH is specically more harmful to non-uorinated aromatic
hydrocarbon-based membranes. cOH attacks the aromatic
This journal is © The Royal Society of Chemistry 2024
rings at a rate constant of 109 to 1010 M−1 s−1, which is much
higher than the kinetics with uorinated membranes (approx.
106 M−1 s−1).40 Studies revealed that cerium (Ce) is a prominent
free radical scavenger among transition metals and can also be
treated as a repairing agent in sulfonated hydrocarbon-based
polymeric membranes.19 The unique anti-oxidant and cata-
lytic attributes of Ce nanoparticles are mainly due to the
simultaneous existence of Ce3+ and Ce4+ ions and their
reversible redox cycling between both oxidation states. Direct
doping of CeO2 in the polymer matrix will not result in better
PEMFC performance due to the major existence of Ce4+ in
CeO2, while the main anti-oxidative property of Ce is due to its
Ce3+ state.41 Hence, Ce nanoparticles with some structural
modications are preferable for doping in the PEMs. Similar to
Ce, Mn also exhibits redox catalytic properties as well as anti-
oxidant behavior. Both Ce3+ and Mn2+ ions can be treated as
radical scavengers as they quench almost 89% and 46% of cOH
radicals, respectively when the doping is only about 1% with
respect to the sulfonated hydrocarbon membrane.36,37

However, the hydrogen pre-coverage of Mnm+ ions is superior
to that of Cen+, resulting in higher proton conduction. To
achieve the optimal properties of these two transition metals,
Sharma et al. synthesized and incorporated a CeMnOx bime-
tallic oxide into a SPEEK polymer electrolyte to fabricate
a stable PEM for enhanced performance and durability in
PEMFCs and achieved a peak power density of 88 mW cm−2 at
90 °C in 100% RH.36 Aer several cycles of operation in
PEMFCs, the anti-oxidative nature of Ce/Mn may suffer a little
degradation at high RH.37 Hence, it is only the SPEEK
membrane that performs the electrochemical reaction under
harsh conditions. Although SPPEK exhibits excellent physico-
chemical and electrochemical properties, it has some bottle-
necks in terms of stability. SPPO exhibits slightly better
mechanical, tensile, and oxidative stabilities than those of
SPEEK. Hence, the SPEEK/SPPO blend polymer electrolyte may
be chosen to achieve the most favorable combination of elec-
trochemical properties and stability to construct PEMs. This
combination may help resist the radical attack without
compromising on the proton conductivity to generate high
current and power densities in PEMFC applications.

Considering all the above-mentioned facts, we propose
CeMnOx bimetallic oxide-incorporated SPEEK/SPPO blend
membranes to fabricate chemically stable PEMs for PEMFCs.
The degree of sulfonation of SPPO was kept lower than that of
SPEEK, to provide high oxidative tolerance in the blend
membranes. A series of PEMs have been fabricated with
different weight ratios of SPPO to SPEEK (70/30 w/w and 50/50
w/w, keeping a xed CeMnOx loading of 2% w/w). The impact
of the CeMnOx on the physicochemical and electrochemical
properties has been thoroughly investigated. Our novelty lies in
the blending chemistry and an optimized loading of CeMnOx to
produce optically transparent CeMnOx@SPEEK/SPPO hybrid
PEMs for enhanced performance and durability in hydrogen
fuel cells. The present work comes with a wider scope and can
beat the monopoly of peruorinated membranes in the modern
world of fuel cell technologies.
J. Mater. Chem. A, 2024, 12, 12628–12644 | 12629
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2. Experimental
2.1. Materials

PEEK (Solvay, KetaSpire® 820 P), PPO (Merck), sulfuric acid
(H2SO4, Qualigens, 98%), chlorosulfonic acid (CSA, Research
Lab, 97%), chloroform (CHCl3, SRL Chemicals, 99%), dime-
thylacetamide (DMAc, Research Lab, 99.5%), dimethyl sulfoxide
(DMSO, 99%, Finar), deuterated dimethyl sulfoxide (DMSO-d6,
99.9%, TCI), ceric ammonium nitrate (CAN, Molychem, 98%),
manganese dioxide (MnO2, SRL Chemicals, 99%), sodium
hydroxide (NaOH, Fisher Scientic, 97%), hydrogen peroxide
(H2O2, Research Lab, 30%), nitric acid (HNO3, Research Lab,
69%), ferrous chloride (FeCl2$6H2O, Loba Chemie, 97%),
hydrochloric acid (HCl, Qualigens, 37%), sodium chloride
(NaCl, Research Lab, 99%), and a Naon 117-containing solu-
tion (Merck, 5% v/v) were purchased and used. Fuel cell acces-
sories, including gas diffusion layer (GDL), platinum catalyst
(DURA-lyst, 40% Pt on Vulcan XC72), and gaskets were obtained
from Sainergy Fuel Cell India Pvt Ltd. Ultrapure water was used
in all experimental techniques.
Scheme 1 Synthesis procedure of (A) SPEEK, (B) SPPO, (C) CeMnOx,
and (D) composite PEMs.
2.2. Synthetic procedures for materials and membranes

2.2.1. Synthesis of SPEEK bers. PEEK was sulfonated
using the simple chemistry of direct electrophilic aromatic
substitution reaction, reported earlier.36,42 Briey, 10 grams of
PEEK was dissolved in 150 mL of concentrated H2SO4 (6.67% w/
v) in a 500 mL beaker covered with a glass plate until a clean,
transparent, and viscous reddish-orange solution was formed.
Then the solution was stirred at 60 °C for 6 h. Aer that, the
reaction mixture was removed from the stirrer and precipitated
in cold water to obtain SPEEK bers. These bers were subse-
quently washed several times with water, followed by a nal
wash with methanol to achieve a neutral pH. Finally, the brous
material was vacuum-dried at 60 °C for 12 h. Scheme 1A
demonstrates the synthesis procedure of SPEEK bers. The DoS
was evaluated using two methods: (i) 1H-nuclear magnetic
resonance (NMR) spectroscopy of SPEEK bers and (ii) ion
exchange capacity (IEC) of the virgin SPEEK membranes.43,44

Eqn (1) and (2) represent the mathematical calculations used
for evaluating DoS by 1H NMR and IEC, respectively:

n

12� 2n
¼ IcP

Ia;b;d;d0 ;e;e0
 (1)

IEC
�
meq g�1

� ¼ DoS� 1000

MPEEK

�
g mol�1

�þMSO3H

�
g mol�1

��DoS

(2)

where Ix is the intensity of the signal ascribed to x proton and
the DoS was calculated as n × 100. MPEEK and MSO3H represent
the molecular weight of PEEK and SO3H single units,
respectively.

2.2.2. Synthesis of the SPPO powder. The sulfonation of
PPO was carried out by methods reported previously.14,45 PPO
powders were dissolved in 100 mL of CHCl3 (10% w/v) in
a 250 mL round-bottom ask (RB). Aer complete dissolution,
the SPPO/CHCl3 solution was cooled down below 5 °C in an ice
12630 | J. Mater. Chem. A, 2024, 12, 12628–12644
bath. Then 35 mL of separately prepared CHCl3/CSA (20% v/v)
solution was added dropwise using a dropping funnel with
vigorous stirring. Aer complete addition, the sulfonation
reaction was allowed to proceed for a further 6 h. Subsequently,
the resulting reddish-brown reaction mixture was precipitated
in ice-cooled water, followed by multiple washing with water
until a neutral pH was achieved. Finally, the material was dried
in a vacuum oven at 60 °C for 12 h. Scheme 1B illustrates the
chemical synthesis route of SPPO. The extent of functionaliza-
tion wasmeasured in terms of DoS, calculated from the 1H NMR
spectra of SPPO bers and IEC of the SPPO membranes using
eqn (3) and (4), respectively:46,47

DoS ¼ Im

0:5Ip þ Im
(3)

DoS ¼ 120IEC

1000� 80IEC
(4)

where Im and Ip stand for the intensity of the aromatic protons
from the substituted and unsubstituted units in SPPO, respec-
tively; 120 and 80 are the molecular weights of the PPO and –

SO3H single units.
2.2.3. Synthesis of the CeMnOx bimetallic oxide. The

CeMnOx bimetallic oxide was fabricated following an alkali-
aided deposition precipitation procedure (Scheme 1C).36 In
brief, 2 g CAN was completely dissolved in 50 mL 0.1 M HNO3 in
a beaker. Simultaneously, in another beaker, 0.32 g of MnO2
This journal is © The Royal Society of Chemistry 2024
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was dispersed in 50 mL ultrapure water using an ultrasonicator.
Both the solutions were allowed to dissolve/disperse for a span
of 6 h at 60 °C. Then, a yellow CAN/HNO3 solution was added
dropwise to the MnO2 dispersion and kept under stirring
overnight at 75 °C. Then, 1 M NaOH solution was added to the
reactionmixture to achieve a pH range of 11–12. The addition of
alkali caused precipitation in the reaction mixture. This
precipitate solution was further stirred for 24 h, followed by 48 h
of digestion. Finally, ultrapure water was added to the reaction
mixture and centrifuged at 7000 rpm (5–6 times) to obtain
a neutral pH (pH = 7). The nal product was dried in a vacuum
oven to obtain CeMnOx bimetallic oxide nanoparticles.

2.2.4. Fabrication of composite blend PEMs. The PEMs
were constructed by solution-phase blending of SPEEK and
SPPO by varying their weight ratios. To begin, 0.7 g of SPEEK
and 0.3 g of SPPO were dissolved in 10 mL and 5 mL of DMAc
respectively, in separate beakers at 60 °C. Aer perfect disso-
lution, both solutions were mixed and stirred for 2 h at 60 °C.
Simultaneously, 20 mg of CeMnOx (2% w/w with respect to total
polymer content) was dispersed in 2 mL of DMAc using an
ultrasonicator. Finally, the dispersed CeMnOx solution was
added to the blend mixture with vigorous stirring to avoid any
physical agglomeration of composite materials and kept for 2 h.
Then, the CeMnOx@SPPEK/SPPO casting solution was poured
into a glass plate (10 cm × 17 cm) and kept under an IR lamp at
60 °C for 16 h for drying. Aer drying, the membrane was peeled
out and kept in ultrapure water, followed by 0.1 M HCl for 6 h
for functional group activation and then stored in ultrapure
water. The resulting PEM was abbreviated as SSM-73 (which
indicates a SPEEK/SPPO blend of 70 : 30 w/w with a ller loading
of 2%, with the rst ‘S’ representing SPEEK, the second ‘S’
representing SPPO, and M representing the ller material). A
blend membrane without the incorporation of a CeMnOx

material was also fabricated to compare the PEMFC perfor-
mance abbreviated as SS-73 (with rst ‘S’ representing SPEEK,
second ‘S’ representing SPPO, 7 corresponding to 70% weight
content, and 3 corresponding to 30% weight content). Similarly,
the other two PEMs were constructed by changing the SPEEK/
SPPO content to 50 : 50 w/w and named SSM-55 (with ller)
and SS-55 (without ller). A blank SPEEK membrane was also
prepared for comparison purposes. Moreover, PEMs with
different SPEEK/SPPO ratios (w/w) were also fabricated for
comparison purposes (refer to Table S1†).
2.3. Characterizations

2.3.1. Structure, morphology, and phase. The structure of
the sulfonated polymers was characterized by 1H NMR spec-
troscopy. The functional groups present in sulfonated polymers
and the prepared PEMs were evaluated by attenuated total
reection infrared (ATR-IR) spectroscopy analyses. The phases
present in the CeMnOx bimetallic oxides were characterized by
wide-angle X-ray diffraction spectroscopy (WAXS). The vibra-
tional modes of the composite materials were evaluated by
Raman spectroscopy. The elements and chemical states present
in CeMnOx were analyzed by X-ray photoelectron spectroscopy
(XPS). The surface morphology of the prepared PEMs and
This journal is © The Royal Society of Chemistry 2024
CeMnOx structure was characterized using a eld emission
scanning electron microscope (FE-SEM). Elemental mapping of
CeMnOx was performed using energy-dispersive X-ray (EDX)
analysis. The phase separation and topology of the PEMs were
studied using an atomic force microscope (AFM) and trans-
mission electron microscope (TEM). Besides the phase of PEMs,
TEM illuminates the lattice fringes present in the crystalline
CeMnOx bimetallic oxides. The co-continuous charge distribu-
tion was studied by dipping the sample membrane pieces in
a methylene blue dye solution. The detailed procedure for all
the analyses is given in the ESI.†

2.3.2. Stability. The overall stability of the PEMs was eval-
uated by analyzing their thermal, mechanical, tensile, and
oxidative stabilities. The thermal stability of the PEMs was
studied by thermogravimetric analysis (TGA). The glass-
transition temperature (Tg) of the PEMs was studied by differ-
ential scanning calorimetry (DSC). The mechanical stability was
evaluated using a dynamic mechanical analyzer (DMA). The
tensile properties of the PEMs were investigated by their stress–
strain analysis using a universal testingmachine (UTM). Finally,
the oxidative stability of the PEMs was investigated using Fen-
ton's reagent. The detailed procedures for all the techniques are
given in ESI.†

2.3.3. Physico-/electrochemical properties. The water
uptake (WU, %), swelling ratio (SR, %), hydration number
(lhyd), xed charge density (cm), and IEC of the PEMs were
evaluated by the methods previously reported by us.48 The ionic
conductivity (proton conductivity, Km) of the PEMs was studied
by electrochemical impedance spectroscopy (EIS) by construct-
ing the Nyquist plot. The activation energy (Ea) for the
membranes was calculated by evaluating their Arrhenius plots.
The detailed explanations of all the methods and the employed
equations are given in ESI.†
2.4. Membrane electrode assembly and PEMFC testing

The membrane electrode assembly (MEA) with a fuel cell stack
of 16 cm2 was fabricated using commercial Pt/C (40% w/w) as
both the cathode and anode catalysts. The Pt catalyst was
loaded on a commercially supplied gas diffusion layer (GDL, ML
coated). In brief, 50 mg of Pt catalyst was nely dispersed in IPA
using an ultrasonicator for 1 h. Subsequently, 30% Naon 117-
containing solution (5% v/v) was added to it and sonicated for
further 30 min. The resulting catalyst slurry was coated onto the
GDL (brush coating) to obtain a catalyst loading of 0.5 mg cm−2

on both the GDLs. Now, a membrane piece of dimension 7.5 cm
× 7.5 cm was sandwiched between the prepared electrodes by
hot-pressing at 90 °C for 3 min at 30 kN cm−2. Then, the
resulting MEA was placed with Teon gaskets and assembled in
a fuel cell stack. The PEMFC performance of the PEMs was
evaluated using a fuel cell test station (FCT) supplied by Fuel
Cell Technologies, Inc., USA. H2 and O2 gases were allowed to
pass through the anode and cathode at a ow rate of 60 and 150
mL min−1, respectively, through a bubble humidier. The
PEMFC performance was evaluated at a cell temperature of 75 °
C at 100% RH. The fuel cell testing was performed several times
to get equilibrated data.
J. Mater. Chem. A, 2024, 12, 12628–12644 | 12631
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2.5. Durability test

The oxidative resistance and durability of the MEAs of the blend
membranes (SS-73 and SS-55) and the composite PEMs (SSM-73
and SSM-75) were further investigated by the accelerated stress
test (AST) with a slightly modied DoE protocol. The OCV of the
single-cell PEMFC was evaluated as a function of time for 50 h.
The cell temperature was maintained at 75 °C with a low
humidity of 30% RH throughout the test. The anode compart-
ment was fed with pure H2 gas at 100 mL min−1, and the
cathode side was fed with O2 gas at 150 mL min−1. The OCV of
the cell was measured using the same FCT. Moreover, the
conductivity loss of the prepared PEMs aer the durability test
was also evaluated by EIS using CH Instruments, Inc. (CHI608E)
in the fuel cell setup with the working electrode on the cathode
side and the reference and counter electrodes on the anode side
under similar conditions.
3. Results and discussion
3.1. Structure of SPEEK, SPPO, and CeMnOx

The direct electrophilic substitution of hydrophilic sulfonic
acid groups on the PEEK polymeric backbone was done at the
ortho position to the aryl ether linkage rather than to the aryl
keto linkage (Scheme 1). This is due to the presence of a higher
electronic density at the aryl ether linkage, which is highly
prone to electrophilic substitution.43 The structure of SPEEK
was determined by its 1H NMR spectra using DMSO-d6 as the
solvent (Fig. 1). The single signal present at d = 7.5 ppm is due
to the aromatic proton present next to the C–SO3H linkage. This
conrms the successful sulfonation of the PEEK backbone.
Besides, multiplet signals at d = 7.15 and 7.25 ppm are ascer-
tained to other hydrogen atoms present in the SPEEK backbone.
The DoS was evaluated using the 1H NMR spectra and calcu-
lated to be 64.65%, which can be correlated with the DoS ob-
tained using IEC, which is 58%. Similarly, the synthesis of SPPO
also follows a similar substitution mechanism. The addition of
sulfonic acid moieties in the PPO backbone was conrmed by
1H NMR spectroscopy using DMSO-d6 as the solvent (Fig. 1, only
Fig. 1 1H NMR spectra of (A) SPEEK and (B) SPPO.

12632 | J. Mater. Chem. A, 2024, 12, 12628–12644
compound signals have been shown to avoid the merging of
solvent and compound signals). The SPPO structure is mainly
characterized by two prominent signals at d = 6.43 ppm
(aromatic ring protons) and d = 6.02 ppm (protons parallel to
sulfonic acid groups) and utilized to evaluate DoS, which comes
out to be 24.13%. Moreover, a range of split signals from d =

1.9–2.5 ppm can be ascribed to the benzylic protons in SPPO.
These split signals are due to the change in the electronic
environment near the benzylic protons by due to the effect of
sulfonic acid groups in the SPPO polymeric backbone.45

Further, the assessment of functional groups in SPEEK,
SPPO, and blend PEMs was done by ATR-IR analysis (Fig. 2A and
B). From the curves, the broad band near 3000–3600 cm−1 is
ascribed to the O–H stretching vibrations of the sulfonic acid
groups present in SPEEK, SPPO, and blend PEMs. This peak
also represents the O–H vibrations due to the moisture content
absorbed by the hydrophilic –SO3H segments.43,45 Higher
moisture trapping due to the addition of a hydrophilic CeMnOx

material in the PEMs produces a broader transmission band in
SSM-73 and SSM-55. Moreover, a band at z1647 cm−1 is
observed in SPEEK and the blend PEMs is ascertained to the
existence of aromatic carbonyl groups in the SPEEK backbone,
which is absent in SPPO. Additionally, all membranes exhibit
bands at z1306 cm−1, z1079 cm−1, z1024 cm−1, and
z706 cm−1 due to the C–H, O]S]O, S]O stretching and
O]S]O bending vibrations, respectively.36 In the ller-loaded
PEMs, i.e., SSM-73 and SSM-55, some weak bands are added
at the ngerprint IR regions due to the transmission exhibited
by the chemical bonds of CeMnOx nanostructures. Some bands
at 515 cm−1, 523 cm−1, 531 cm−1, 550 cm−1, and 600 cm−1 can
be attributed to the vibrational frequency of Ce–O and Mn–O
bonds of the CeMnOx crystal lattice.49,50 This conrms the
successful incorporation of the CeMnOx nanostructures in the
PEMs.

The textural structure and phases of CeMnOxwere studied by
WAXS analysis (Fig. 2C). The WAXS curve of the prepared
material covered diffraction lines pertaining to CeOx (cerianite,
PDF 43-1002, JCPDS: 01-081-1984) phases at diffraction angles
of 2q= 28.6° (1 1 1), 33.2° (2 0 0), 47.6° (2 2 0), and 56.86° (3 1 1).
Similarly, the diffraction pattern is assigned to the crystal
planes of MnOx (ramsdellite, PDF 44-142 and pyrolusite, PDF
24-735, JCPDS: 01-072-1984) phases at 2q = 37.78°, 41.2°, 43°,
and 77.46° (3 0 1). It is worth noticing that the WAXS curve of
the CeMnOx nanostructure exhibits sharp diffraction peaks for
the CeOx phase (2q = 28.6°, 33.1°, 47.5°, 56.6°), which signies
the existence of well-crystallized and ordered cerium oxides
within it. Meanwhile, the diffraction peaks corresponding to
MnOx (2q = 37.3°, 77°) are weaker than those of CeOx, which
indicates the abundance of Mnn+ in the highly dispersed solu-
tion with lower crystallinity.51 Hence, the overall crystallinity in
the CeMnOx nanostructures tends to decrease compared to
CeO2, promoting more defective crystallite sites. These defects
manifest the increment of Ce3+ per total Ce ions (Cet), which is
highly favorable for scavenging the harsh cOH and cOOH radi-
cals.52 The crystallite size (Dcrystal) of Ce phases was obtained
using the Debye–Scherrer equation (eqn (S7), ESI†). The Dcrystal

value for the (1 1 1) plane of Ce (in CeMnOx) was calculated to be
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 ATR-IR spectra of (A) SPEEK and SPPO and (B) SSM-73 and SS-73 respectively. (C) and (D) XRD pattern and Raman spectra of CeMnOx.
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5.67 nm, whereas for CeO2, it is 3.5 nm, indicating the
enhancement of the surface area and volume of the crystal
lattice in the CeMnOx nanostructure. The vibrational modes of
CeMnOx were illustrated by its Raman spectrum analysis
(Fig. 2D). The spectrum is primarily dominated by the vibra-
tional band at 446 cm−1 due to the uorite structured degen-
erated F2g Raman active mode (Ce–O–Ce symmetrical
stretching), followed by a weak satellite band at 585 cm−1 due to
the defect-induced mode (D mode) of cerium oxides.14,53 The
successful Mn doping in the crystal lattice leads to a red shi of
F2g Ce–O–Ce symmetrical stretching to 446 cm−1 from
460 cm−1, which is observed for CeO2 nanoparticles.30

The chemical valence states and bonds of Cen+ and Mnm+ in
CeMnOx were evaluated by XPS (Fig. S1, ESI† and Fig. 3). Fig. 3A
displays the XPS proles of Cen+ in their 3d5/2 and 3d3/2 spin
states. The abundance of Ce3+ is ascertained to four deconvo-
luted peaks located at 882.1 eV (3d5/2), 887.6 eV (3d5/2), 900.6 eV
(3d3/2), and 905.2 eV (3d3/2). Similarly, there are six peaks for
Ce4+ 3d states, which are ascribed to the peaks present at
884.9 eV (3d5/2), 889.8 eV (3d5/2), 898.1 eV (3d5/2), 902.8 eV (3d3/
2), 907.1 eV (3d3/2), and 916.4 eV (3d3/2). The Ce

3+ content in the
prepared CeMnOx was evaluated using [Ce3+]/[Cet] ratio (from
the XPS curves), which comes out to be 42%. It is worth noting
that the alkali-assisted preparation strategy of the CeMnOx

nanostructure enhanced the abundance of Ce3+ ions, as evident
from the XPS proles. Fig. 3B represents the 2p1/2 and 2p3/2
prole of Mnm+ moieties. The presence of Mn2+, Mn3+, andMn4+
This journal is © The Royal Society of Chemistry 2024
states in the CeMnOx samples is evident from the deconvoluted
peaks assigned precisely to binding energies of 639.8 eV,
641.1 eV, and 642.5 eV, respectively. A weak band at 645.8 can be
ascribed to Mnm+ oxides (Mnd+–Od−) in the nanostructure
framework.51 Additionally, three types of O 1s chemical states
are observed in the XPS spectrum. The lattice oxygen state (Olatt)
is located at 529.1 eV. The adsorbed oxygen state (Oad), such as
O2

− or O− is present at 530.6 eV. These Oad values are also
responsible for the defects creating oxygen vacancies.54 Finally,
hydrophilic adsorbed oxygen (Ohyd) such as water or hydroxyl
moieties (H2O or HO−) is assigned at a binding energy of
531.2 eV (Fig. 3C). Generally, the abundance of Ce3+ states in
a nanostructure promotes oxygen vacancies.55 This implies that
the prepared CeMnOx nanostructures contain desirable oxygen
vacancies and promote ion conduction.

The morphology of the prepared PEMs was studied by their
cross-sectional FE-SEM analysis (Fig. S2, ESI† and Fig. 4A and
B). The SEM images illustrated featureless morphology with
a smooth surface without cracks or pinholes. Hence, the PEMs
are dense and can reduce the fuel crossover in PEMFCs. Fig. 4A,
B and S3, ESI,† manifest the FE-SEM images of the prepared
nanostructures. The shapes of CeMnOx nanostructures look
like a fusion of octahedron-cubic structures. The EDX elemental
mapping further presents the distribution of Ce, Mn, and O
segments in the composite material (Fig. 4C–F and S4, ESI†).
The [Ce]/[Mn] ratio was calculated to be 14/1, indicating that the
desired quantity of Mn is perfectly coupled with Ce to impart
J. Mater. Chem. A, 2024, 12, 12628–12644 | 12633
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Fig. 3 Deconvoluted XPS curves of CeMnOx representing (A) Ce 3d, (B) Mn 2p, and (C) O 1s.
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catalytic activity in PEMFCs. Moreover, the surface FE-SEM
images of SSM-73 and SS-73 are shown in Fig. S3,† along with
their EDX elemental mapping illustrating the distribution of
elements within the membranes. The presence of Ce, Mn, and
a higher amount of O in SSM-73 indicates the successful
incorporation of CeMnOx into the membrane. Furthermore,
upon analyzing the EDX data from different sections of the
same membrane sample, it is observed that the weight and
atomic content of C, S, O, Ce, and Mn almost remained similar,
which conrms the uniform distribution of the llers in the
membrane. The topography and phase separation behavior in
the PEMs were investigated by AFM analysis (Fig. 4G, H, S5 and
S6, ESI†). The AFM images show no microphase separation and
support nanophase-separated morphology. This suggests the
successful incorporation of CeMnOx into the SPEEK/SPPO
polyelectrolyte without any agglomeration. However, a ller
loading higher than 2% resulted in agglomeration in the PEMs.
The roughness in the PEMs is within the nanoscale range,
suggesting a smooth surface of the fabricated PEMs. The dark
domains in the AFM image can be assigned to the hydrophilic
phases within the PEMs, whereas the bright domains represent
the hydrophobic regions. The TEM analysis also reveals the
crystal lattice fringes of CeMnOx, which are associated with the
12634 | J. Mater. Chem. A, 2024, 12, 12628–12644
(1 1 1), (1 0 0), and (1 1 0) planes due to Ce (Fig. 4I and J). This
can also be correlated with the XRD pattern of the material,
indicating the successful synthesis of CeMnOx with crystalline
nature. The uniform distribution of the llers and the nano-
phase-separated morphology in the PEMs is also supported by
their TEM analysis. Fig. S7, ESI,† shows the TEM images of the
composite PEMs, demonstrating the distribution of the llers
in the polymer matrix. The presence of lattice fringes, as well as
the bright and dark domains representing hydrophobic and
hydrophilic moieties in the polymer, indicates the distribution
of llers throughout the membrane. The uniform negative
charge distribution on the prepared PEMs was conrmed by the
dye test. The blue color from the dye was uniformly absorbed by
the hydrophilic moieties, which suggests a co-continuous
charge distribution throughout the PEMs and virgin SPEEK
membrane, implying a uniform phase in PEMs similar to
SPEEK (Fig. 4K and S8, ESI†).
3.2. Stability of the composite PEMs

The overall stability of the PEMs was analyzed in terms of their
thermal, mechanical, tensile, and chemical stability. The Tg value
of the PEMs was evaluated by their DSC analysis (Fig. 5A and B).
The useful temperature range for PEMFC testing and the hot
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d4ta00470a


Fig. 4 (A and B) FE-SEM images, (C) EDX spectra, and (D–F) elemental mapping of CeMnOx representing Ce, Mn, and O, respectively. (G and H)
Topological AFM images of SS-73 and SSM-73 respectively. (I and J) TEM images showing lattice fringes in CeMnOx. (K) Physical images after dye
absorption tests of SSM-73 and SSM-55 respectively.
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pressing for MEA fabrication can be deduced concerning the Tg
values of the membranes. All PEMs showed single Tg, which
conrms an outstanding miscibility between SPEEK, SPPO, and
the ller.54 The Tg value of the PEMs follows the order of SS-73
(104.6 °C) < SS-55 (105.4 °C) < SSM-73 (113.2 °C) < SSM-55
(113.7 °C). The higher the SPPO content, the higher the Tg
value. From the Tg values, it is clear that the incorporation of
CeMnOx nanostructures enhanced the Tg value of the
membranes. It is known that the increase in hydrophilicity and
charge in the membranes results in a decrease in the Tg value.
However, in this case, the ller chemically interacts with the
polymeric backbone (via H-bonding and bridge interactions) and
impedes early glassy transition.

The thermal stability of the PEMs was further evaluated by
TGA (Fig. 5C). All the PEMs exhibited three stages of
This journal is © The Royal Society of Chemistry 2024
degradation. The rst decomposition, around 90–130 °C, can be
attributed to the loss of moisture and bound water content (due
to hydrophilic sulfonic groups and ller) present in the
samples. Enhanced thermal stability of the composite PEMs
(SSM-55 and SSM-73) compared to that of the blendmembranes
(SS-55 and SS-73) is evident from the second-stage thermo-
responsive degradation at 270–410 °C, attributed to the
disruption of the sulfonic acid groups. It is worth noting that
SSM-55 and SSM-73 show minimal weight loss in the range of
270–410 °C compared to SS-55 and SS-73 due to the intercala-
tion of CeMnOx in the composite PEMs. This can be explained
in terms of H-bond network formation between the ller and
the sulfonic acid groups in the membrane matrix, resulting in
enhanced stability of the composite PEMs. The last stage of
degradation at >440 °C is due to the decomposition of the
J. Mater. Chem. A, 2024, 12, 12628–12644 | 12635
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Fig. 5 (A) DSC curves, (B) derivative DSC curves, (C) TGA thermogram, (D) loss modulus vs. temperature curves, (E) storage modulus vs.
temperature curves, and (F) UTM stress–strain analysis of the respective PEMs.
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hydrocarbon-based polymeric backbone. Comparing the blend
PEMs, SS-55 exhibits a higher thermal stability than that of SS-
73 due to the presence of a higher SPPO content in the former.
The mechanical stability of the PEMs was investigated using
a DMA. The Tg values obtained from the DSC curves can be
correlated with the loss modulus vs. temperature curves
(Fig. 5D). The maxima of the loss modulus curves indicate the
Tg value of the prepared membranes. Fig. 5E represents the
storage modulus vs. temperature curves for the prepared PEMs.
The SSM-55 membrane possesses the highest mechanical
12636 | J. Mater. Chem. A, 2024, 12, 12628–12644
stability with a storage modulus of 2261 MPa followed by SSM-
73 (1959 MPa), SS-55 (1892 MPa), and SS-73 (1873 MPa).
CeMnOx imparts high mechanical strength in the membranes
by holding the polymeric chains via chemical interactions.

The tensile property of the PEMs was evaluated by their
stress–strain analysis using UTM in the water-wet state (Fig. 5F).
SS-73 shows the lowest tensile stress of 30 MPa, as it was
fabricated using only the blend polyelectrolyte with 70% (w/w)
of SPEEK. Although SS-55 was also prepared using the blend
solution, a higher SPPO content in SS-55 provides extra tensile
This journal is © The Royal Society of Chemistry 2024
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strength with a stress value of 38 MPa. Composite PEMs, i.e.,
SSM-55 and SSM-73, exhibited higher tensile stress (45 MPa and
37MPa, respectively) than the blendmembranes. This indicates
that the addition of CeMnOx in the polymer matrix provides
chain support by creating a three-dimensional network struc-
ture and H-bonding. The engineering strain of the PEMs was
evaluated using their elongation at break (%) value. In this case,
SS-73 exhibited the highest elongation of 171% due to the
presence of a maximum amount of SPEEK in the membrane,
which is followed by SS-55, SSM-73, and SSM-55 with elongation
values of 146%, 132%, and 116%, respectively. Contrary to the
tensile stress values, the composite PEMs show a lower tensile
strain than the blend membranes. Incorporating CeMnOx into
the blend membranes enhances the rigidity of the membrane,
resulting in low exibility, reduced chain mobility, and lower
elongation values.56 A higher ller loading will increase the
tensile stress and lower the elongation, making the membrane
brittle. Hence, a xed ller loading of 2% (w/w) provides
a perfect stress–strain balance for PEMFC applications. Finally,
the chemical stability of the prepared PEMs was investigated via
exposure with Fenton's reagent (see later).

The stability trend (thermal, mechanical, and tensile) of all
the prepared PEMs indicates that SSM-55 exhibits the highest
overall stability compared to others, whereas SS-73 and SS-55
without any ller show lower stability. This can be explained
in terms of chemical interactions present in the membrane
matrix. In the sulfonated hydrocarbon-based SPEEK/SPPO
blend membranes, besides strong H-bonding between –SO3H
moieties, multiple other chemical interactions such as perma-
nent dipole–dipole interaction (keto–keto and sulfone–sulfone),
weak London forces acting between aromatic polymer chains,
and p–p interactions are present.57 All these forces together
minimize the strong H-bonding interactions in the PEMs.
When CeMnOx is added as a ller to the membrane matrix, it
comes in between the polymer chains forming a three-
dimensional structure that impedes dipole–dipole and Lon-
don interactions between the aromatic chains. Moreover, the
hydrophilic oxygen-rich surface of CeMnOx itself comprises H-
bonding and bridge interactions with the polymer backbone,
which provides extra strength to the membranes.14 Hence,
Table 1 Physicochemical and electrochemical parameters of the prepa

Parameters

Membranes

SS-73 SS

Thickness (mm) 62.0 58
WU (%) 37.2 � 0.8 36
SR (%) 29.2 � 0.7 26
IEC (meq g−1) 1.70 � 0.03 1.
cm (meq cm−3) 0.45 0.
lhyd 12.1 12
Surface resistance (U) 0.63 0.
Km (mS cm−1) 12.7 9.
Km* (mS cm−1) 23.2 19
Ea (kJ mol−1) 11.39 12

a Km* represents Km at 80 °C.

This journal is © The Royal Society of Chemistry 2024
composite PEMs are highly preferable for electrochemical
energy devices. The stability analysis of the prepared PEMs also
reveals that blending of SPPO is essential to enhance the
oxidative stability of the SPEEK membrane even though radical
scavengers are already in use. The sulfonation of PEEK is more
facile, resulting in a greater degree of sulfonation than that of
SPPO. This increased sulfonation leads to higher water uptake
and swelling ratios, potentially causing dimensional and
mechanical degradation of the PEMs. The blending of SPPO not
only enhances oxidative stability but also provides additional
mechanical and dimensional stability to the membrane.
3.3. Physical and electrochemical analyses

3.3.1. WU, SR, and IEC. Table 1 displays all the physico/
electrochemical parameters of the prepared PEMs. The WU of
the membrane is a crucial parameter to use in electrochemical
separation applications.58,59 The composite PEMs undoubtedly
show higher WU than the blend membranes and follow the
order of SSM-73 (41.2%) > SSM-55 (39.4%) > SS-73 (37.2%) > SS-
55 (36.3%). Comparing CeMnOxwith the blendmembranes, the
latter has more water-retaining capacity than CeMnOx due to
the presence of sulfonic groups. However, the intercalation of
the same in the blend membranes uplis the WU of the
composite PEMs. In brief, the WU values showed an upli of
10–12% in composite PEMs than the blend PEMs. The upgra-
dedWU in SSM-73 and SSM-55 can be attributed to the coupling
conguration of hydrophilic CeMnOx and –SO3H segments,
which enhances the overall hydrophilic territory, catering
surplus space to retain and sorb water. Similarly, the SR of the
PEMs follows the same order due to the above-discussed attri-
butes. The WU behavior of the PEMs in the ascended temper-
ature ranges was also derived. All the PEMs exhibited a similar
trend: the higher the temperature, the higher the WU. This
effect can be explained by two factors; (i) the solvation effect and
(ii) activated chain mobility at higher temperatures. However,
the incorporation of the ller facilitates dimensional stability
with higher WU at high temperatures.

IEC is one of the pivotal properties of a PEM, which is
directly proportional to the degree of sulfonation, indicating the
red PEMsa

-55 SSM-73 SSM-55

.0 61.0 59.0

.3 � 0.6 41.2 � 1.2 39.4 � 1.0

.8 � 0.7 30.5 � 0.9 28.5 � 0.8
68 � 0.02 1.36 � 0.02 1.32 � 0.02
47 0.33 0.36
.0 16.8 16.6
79 0.52 0.56
4 15.0 13.5
.2 26.7 24.3
.54 9.47 10.89
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https://doi.org/10.1039/d4ta00470a


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 3
0 

A
pr

il 
20

24
. D

ow
nl

oa
de

d 
on

 6
/2

8/
20

25
 9

:2
5:

26
 A

M
. 

View Article Online
–SO3H content in the membrane. The proton conduction
mechanism is signicantly affected by their IEC values, espe-
cially the Grotthuss-type migration as it reects the hopping
sites embedded in the membrane. The IEC values of the PEMs
follow the order of SSM-55 (1.32 meq g−1) < SSM-73 (1.36 meq
g−1) < SS-55 (1.67 meq g−1) < SS-73 (1.70 meq g−1). Unlike WU,
the IEC of the composite PEMs is lower than the blend
membranes. This can be demonstrated by two factors; (i) charge
dilution: –SO3H partially interacts with CeMnOx and is not fully
available for interaction with foreign cations, and (ii) electro-
static repulsion: high valence states of Cen+ and Mnm+ repel the
cations electrostatically and impede chemical interactions with
–SO3H moieties.14

3.3.2. Km, Ea, and ion conduction mechanism. Km is the
most critical electrochemical property of a PEM, as it is
responsible for proton conduction which commands opera-
tional potential and power density of PEMFCs.60 Km of the PEMs
also shows a similar trend to that of WU. SSM-73 exhibits the
highest Km value of 15.0 mS cm−1, followed by SSM-55, SS-73,
and SS-55 with 13.5, 12.7, and 9.4 mS cm−1 at RT under
hydrated conditions (Fig. 6A and B). The proton conduction in
the blendmembranes is due to the proton conducting pathways
created by sulfonic acid groups, whereas, in the case of
composite membranes, the conduction is proted due to the
addition of conducting CeMnOx llers in the polymer electro-
lyte (Scheme 2). The incorporation of CeMnOx nanostructures
Fig. 6 (A) Nyquist plot, (B) magnified Nyquist plot, (C) Km vs. temperatur

12638 | J. Mater. Chem. A, 2024, 12, 12628–12644
in SSM-73 showed a hike of 18% in their Km value than that of
SS-73. Hence, the newly constructed coupling interfacial
conguration of CeMnOx and blend polymer is accountable for
higher proton conductivity.7 The increased bound water content
due to the addition of llers generates extra carrier sites for
proton diffusion in the form of hydronium ions via the vehic-
ular proton transport mechanism (Scheme 2).14 Additionally, 3D
conductive CeMnOx constructs extensive H-bond networks with
sulfonic acid groups, reducing the proton hopping gap and
enabling protonation–deprotonation at hydrophilic sites for the
Grotthuss-type proton transport mechanism (Scheme 2).
Furthermore, the ller creates sub-nano ionic channels, which
contribute to efficient proton conduction. These channels are
created due to the induction of a prominent dipole because of
the oxygen vacancies (lattice defects) and the electronegativity
difference between the metallic sites.36 The Km values of the
membranes were derived from their respective Nyquist plots.
Fig. 6B shows the magnied Nyquist plot in higher frequencies
to elucidate the exact membrane resistance. SSM-73 showed the
lowest resistance of 0.52 U (when sandwiched between elec-
trodes with an area of 0.78 cm2) compared to other prepared
PEMs. The higher the conductivity, the lower the resistance. A
ller loading more than 2% (w/w) shows agglomeration in the
membranes, which reduces its interfacial adhesion with
sulfonic groups, resulting in lower Km.
e curves, and (D) Arrhenius plot of the prepared PEMs.

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Schematic illustration of the proton conduction mechanism through the composite PEMs.
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The proton transport properties of the PEMs were further
assessed by their temperature-dependent conductivities and
portrayed in Fig. 6C. Similar to WU, the Km value of all the
prepared PEMs increased gradually with temperature. SSM-73
showed a Km value of 26.7 mS cm−1 at 80 °C, which is 78%
higher than its Km value at RT (15.0 mS cm−1). The exible
chain mobility and activated water content at higher tempera-
tures increase the entropy of the system, promoting proton
transport kinetics. Further, the Ea value of the PEMs has been
elucidated from the Arrhenius plot (Fig. 6D and eqn (S9)†). It is
well known that Naon exhibits an Ea value of z10 kJ mol−1.
From the prepared PEMs, SSM-73 displayed an Ea value of
9.47 kJ mol−1, whereas other PEMs showed higher Ea values
than that of Naon. The Ea values for SSM-55, SS-73, and SS-55
are 10.89 kJ mol−1, 11.39 kJ mol−1, and 12.54 kJ mol−1,
respectively. Integrating with the proton conducting parameter,
SSM-73 exhibits the least proton transport barrier, resulting in
the lowest Ea values among all.

3.3.3. Oxidative stability and mechanism. The resistivity of
the prepared PEMs to the chemical oxidative degradation has
been measured in terms of conductivity and mass loss aer
Fig. 7 Oxidative stability analysis in terms of (A) mass loss vs. time and (B)
average oxidative stability measured with the recast membrane samples

This journal is © The Royal Society of Chemistry 2024
exploiting membrane samples in harsh Fenton's solution (3%
H2O2 + 3 ppm Fe2+) at 60 °C for 6 h keeping addition of fresh
Fenton's solution aer 2 h each. The loss in Km and mass with
respect to time is represented in Fig. 7. Fig. S9, ESI,† displays the
digital images of the prepared membranes at different time
intervals, conrming the oxidative stability of the PEMs. H2O2 in
Fenton's reagent creates a similar chemical environment as
PEMFCs, where cOH radicals are formed due to fuel crossover
(either from the cathode to the anode side or vice versa).14 Hence,
Fenton's reagent can be utilized to test the defensemechanism of
the PEMs towards cOH and cOOH radicals. The chemical stability
of the prepared PEMs was found to be proportional to the SPPO
and CeMnOx content in the blend polyelectrolyte. The prepared
PEMs exhibited a mass loss of 2%, 5%, 14%, and 18% ascer-
tained to SSM-55, SSM-73, SS-55, and SS-73, respectively aer
Fenton's test (Fig. 7). Similarly, the PEMs showed a minimal loss
of Km value of 4%, 9%, 13%, and 21% for SSM-55, SSM-73, SS-55,
and SS-73, respectively (Fig. 7). From the loss values, it is evident
that the incorporation of CeMnOx in the membranes provides
surplus chemical stability to the PEMs (mechanism discussed
later). It is clear from Fig. 7 that both the mass loss and Km loss
conductivity loss vs. time after Fenton's test (dotted regions indicate the
).

J. Mater. Chem. A, 2024, 12, 12628–12644 | 12639
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have a sharp slope up to 3 h and then achieve a steady-state
phase, which illustrates the ability of the PEMs to resist chem-
ical degradation over time. It is observed that SS-73 and SS-55
exhibited some visible degradations aer 2 and 2.5 h, respec-
tively. Hence, the Km loss was measured by its recast SS-73 and
SS-55 membranes, and is shown as a dotted line in Fig. 7.

The prominent factor governing oxidative stability is the
simultaneous existence of Ce3+/Ce4+ ions and Mn2+/Mn3+ ions
in the composite PEMs. These metal ions act as radical scav-
engers and protect the membrane backbone from radical
attack. The main trait which is responsible for the protection
from cOH radicals is the Ce3+ ion. Ce3+ reacts with cOH to
produce Ce4+ and cOOH radicals. Similarly, Mn2+ reacts with
cOH and forms Mn3+. The rate constant for the reaction of cOH
with Ce3+ is quite higher (3 × 108 M−1 s−1) than with Mn2+ (0.4
× 108 M−1 s−1).61 Ce4+ and Mn3+ further oxidize cOOH and H2O2

to regenerate Ce3+ and Mn2+ ions respectively, along with O2.
This redox cycling goes on over the fuel cell testing period and
restricts the radicals from harming the membrane. Hence, the
respective quenching chemistry of Ce3+ and Mn2+ states present
in the CeMnOx nanostructures serves as efficient protectors
from the chemical degradation of the membranes. Fig. S10 and
S11 (ESI)† show the MEA condition aer multiple single-cell
PEMFC testing and the durability test. It is clear from the
images that the prepared MEAs are devoid of any pinholes or
cracks and stable aer the durability test.

Moreover, the effect of CeMnOx bimetallic oxides over their
individual oxides, i.e., CeO2 and MnO2 as llers was explored
using the SSM-73 membrane with 2% ller loading each. The
oxidative stability in terms of mass and Km loss of the PEMs
using all these llers is displayed in Fig. S12, ESI.† It is worth
noting that the oxidative stability of SSM-73 using a CeMnOx

ller is higher than that of CeO2 and MnO2. The higher oxida-
tive stability of CeMnOx can be ascertained to its higher Ce3+

content. The insertion of Mnm+ ions into the crystal lattice of
CeO2 distorts its lattice with an increased Ce3+ content.
However, in the CeO2 nanoparticles, the Ce4+ content is higher
than the Ce3+ content. As Ce3+ plays a superior role in sustaining
oxidative tolerance over Ce4+, CeMnOx exhibited a higher
oxidative stability than that of CeO2. Moreover, SSM-73 using
a MnO2 ller exhibited the least oxidative stability compared to
CeO2 and CeMnOx. This may be due to the lower efficiency of
Mn2+/Mn3+ as a free radical scavenger than that of Ce3+/Ce4+.
Furthermore, WU and Km of SSM-73 using these llers were also
compared, and are shown in Table S2.† CeMnOx outplays other
materials as llers, as it imparts higher Km in SSM-73. This is
because the doping of Mnm+ in the CeO2 lattice creates more
oxygen vacancies, which helps in proton conduction. The cor-
responding Nyquist plots using CeMnOx, CeO2, and MnO2 as
llers are depicted in Fig. S13, ESI.† Considering the above-
mentioned facts, it is clear that the CeMnOx bimetallic oxide
is more effective as the ller than its individual oxides.
Furthermore, to assess the acid stability of composite PEMs
employing CeMnOx and CeO2 as llers, two pieces of SSM-73
membranes with 2% ller loading were immersed in 3 M,
6 M, and 9 M HCl for 7 days. The acid stability was measured in
terms of mass loss of the respective PEM samples. SSM-73 with
12640 | J. Mater. Chem. A, 2024, 12, 12628–12644
CeMnOx and CeO2 ller exhibited a negligible mass loss of 0.2–
0.3% in 3 MHCl, indicating that the composite PEMs are highly
stable in 3 M HCl. However, SSM-73 with CeMnOx exhibited
a mass loss of 6.2% and 17.7% in 6 M and 9 MHCl, respectively,
whereas it showed a mass loss of 6.7% and 18.8% using CeO2 as
the ller in 6 M and 9 M HCl, respectively. It is noteworthy that
the acid stabilities of SSM-73 with CeMnOx and CeO2 llers is
close to each other. From the above-mentioned experiment, it
can be inferred that the Mnm+ doping in the CeO2 lattice to
prepare the CeMnOx bimetallic oxide does not exert a signi-
cant inuence on the acid stability of the PEMs. However, the
oxidative stability of the PEMs showed a remarkable superiority
using CeMnOx as llers over CeO2 or MnO2.

The physicochemical, electrochemical, and oxidative
stability analysis of the other prepared blend PEMs with
different SPEEK/SPPO ratios is shown in Table S3, ESI.†
Although SS-91 and SS-82 exhibited higher Km values than that
of SS-73, their high WU and low oxidative stability make them
dimensionally unstable and prone to radical attack, respec-
tively. Consequently, pristine and composite membranes based
on SS-91 and SS-82 were not considered for further investiga-
tions, i.e., hydrogen fuel cell testing and OCV degradation test.
It is worth noting that the Km value decreases as the SPPO
content increases in the blend PEMs (due to lower DoS of SPPO
than that of SPEEK). Therefore, there is no need to construct
blend PEMs with a higher SPPO content than the SPEEK content
as it will lower the Km value and fuel cell performance of the
PEMs. Hence, blend PEMs were fabricated only up to a SPEEK/
SPPO ratio of 50/50 (w/w). Considering the above-mentioned
properties (Table S3†), only SS-73 and SS-55 were only consid-
ered for further investigation.
3.4. Single-cell PEMFC studies

The single-cell H2–O2 fuel cell performance of all the prepared
PEMs, i.e., SSM-73, SSM-55, SS-73, and SS-55, was investigated
by their polarization curves represented in Fig. 8A. In terms of
thermal, mechanical, and chemical stabilities, SSM-55 is
a better candidate, whereas in terms of proton conducting
attributes, IEC, and Ea SSM-73 should be a better candidate. All
the prepared PEMs showed an OCV of 0.91–0.95 V, which
assures them as a potential candidate for fuel cells. The single-
cell stack packed with all the prepared MEAs (16 cm2 each)
showed a cell resistance in the range of 62–68 mU, reducing the
total ohmic loss in the system. The cell resistance follows the
order of SSM-73 (62 mU) < SSM-55 (64 mU) < SS-73 (67 mU) < SS-
55 (68 mU). This suggests that the prepared membranes are
highly conducting and exhibit lower resistance as a fuel cell
components. As the resistance of other components, such as
electrodes and bipolar plates remains constant, the resistance
of the PEM becomes the sole determinant of the total cell
resistance or ohmic loss in the system. The lower membrane
resistance results in reduced ohmic losses in the fuel cell
system. Aer testing the respective MEAs in the FCT, SSM-73
showed a peak power density of 431.2 mW cm−2 and
a maximum current density of 1272.6 mA cm−2 at 75 °C (100%
RH), which is the highest among all the other prepared PEMs.
This journal is © The Royal Society of Chemistry 2024
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This is followed by the SSM-55 membrane with a maximum
power density of 370.5 mW cm−2 and a current density of 1078.1
mA cm−2. As the CeMnOx loading is the same in SSM-73 and
SSM-55 (2%, w/w), a higher conductivity (26.7 mS cm−1 at high
temperature) and an optimum balance between membrane
hydrophilicity and mass transport in the former is responsible
for its better PEMFC performance. It is true that the conduc-
tivity of the membrane primarily facilitates proton transport
and may not directly inuence the performance in the low-
voltage region, it indirectly impacts the overall cell perfor-
mance. Higher proton conductivity ensures efficient proton
transport within the membrane, which can help maintain
a stable proton gradient across the MEA interface. However, the
relationship between membrane hydrophilicity and gas trans-
port resistance is indeed complex. It is true that higher hydro-
philicity can enhance the water retention of the membrane and
may lead to the accumulation of water and ooding issues in
the cell, which will increase the gas transport resistance.
However, the architecture of the prepared composite PEMs is so
designed that it imposes a balance between the hydrophilicity
and the mass transport within the fuel cell. SSM-73 with 2%
ller loading showed improved water management property,
which helps maintain proper hydration levels within the
membrane and fuel cell system. This, in turn, inhibits the
ooding issue, facilitating proton conduction and ensuring
efficient mass transport of reactants (primarily oxygen), thereby
leading to improved performance of SSM-73 at low-voltage
regions. The SS-73 membrane displayed a peak power density
of 286.9 mW cm−2 (34% lesser than SSM-73) and a maximum
current density of 872.3 mA cm−2 (40% lesser than SSM-73)
under the same operational conditions. However, the pristine
SPEEK membrane without incorporation of ller exhibited
a peak power density of 230.7 mW cm−2 and a maximum
current density of 692.3 mA cm−2 at 75 °C (100% RH) (Fig. S14,
ESI†). Moreover, the impact of ller loading at three different
levels, namely 1%, 2%, and 3%, on the fuel cell performance
has been investigated. The fuel cell performance was less
favorable in cases where the ller loading was either 1% or 3%.
SSM-73 with 1% ller loading demonstrated a peak power
density of 330 mW cm−2 and a maximum current density of 959
Fig. 8 (A) Polarization curves of the prepared PEMs at 75 °C and 100% RH

This journal is © The Royal Society of Chemistry 2024
mA cm−2, whereas SSM-73 with 3% ller loading showed a peak
power density of 364mW cm−2 with amaximum current density
of 1056 mA cm−2 under similar conditions. The performance
with 1% ller loading was inferior to that with 2% loading,
mainly due to the relatively limited inuence of llers at the
lower loading level. However, when the ller content was
increased to 3%, it resulted in agglomeration on themembrane,
which prevented it from effectively contributing to fuel cell
performance.14 The Nyquist plot of SSM-73 with ller loadings
of 1%, 2%, and 3% is shown in Fig. S15, ESI.† The surface
resistance of SSM-73 with 2% ller loading exhibits the lowest
resistance of 0.52 U followed by 3% ller loading (0.55 U) and
1% ller loading (0.57 U). This can be clearly correlated with the
fuel cell performance of SSM-73 using different ller loadings
(w/w).

Besides Fenton's test, the chemical stability of the prepared
MEAs was evaluated by AST. Fig. 8B displays the OCV variation
of the cell as a function of time at an operating temperature of
75 °C at 30% RH. Comparing SS-73 and SS-55, it is revealed that
the OCV of SS-73 is higher than that of SS-55 initially. The
higher OCV of SS-73 than that of SS-55 was maintained over
a period of 28 h, aer which the OCV decay was more
pronounced in SS-73 than in SS-55. Aer 50 h, the OCV decay for
SS-55 was 36.5%, which is lower than that of SS-73 (43.7%). SS-
55 resists the free radical attack more than SS-73 due to its
higher SPPO content, which imparts better oxidative stability in
the former. The addition of CeMnOx in the membrane matrix
dramatically enhances the OCV retention of SSM-73 and SSM-
55. CeMnOx as the antioxidant plays the role of free radical
scavengers and mitigates the radical attack on the polymeric
backbone. SSM-55 exhibited the least OCV decay of 12.2% fol-
lowed by SSM-73, which showed an OCV decay of 13.4%. The
durability test of the prepared PEMs can be correlated with the
oxidative stability analysis using Fenton's reagent. Further-
more, the enhancement of oxidative stability using SPPO as
a blend material was further validated by the durability test of
these membranes. A new SPEEK membrane without any SPPO
content having 2% CeMnOx loading was prepared and exposed
to its durability test. SSM-73 (blend composite PEM) exhibited
an OCV degradation of 13.4%, whereas the SPEEK composite
. (B) Durability test in terms of OCVmeasurements with respect to time.

J. Mater. Chem. A, 2024, 12, 12628–12644 | 12641
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membrane displayed an OCV degradation of 16.2% aer 50 h of
accelerated stress test. Moreover, the Km retention of the PEMs
aer the accelerated stress test was also measured to evaluate
the durability in terms of conductivity (Fig. S16, ESI†). The Km

value of the PEMs aer the durability test follows the order of
SSM-73 (23.5 mS cm−1) > SSM-55 (22.3 mS cm−1) > SS-73 (19.7
mS cm−1) > SS-55 (16.5 mS cm−1). However, it is worth noting
that the Km decay percentage of SSM-73 is slightly higher at
6.5%, than that of SSM-55, which had a Km decay of 6%. This
discrepancy is attributed to the higher oxidative stability of
SSM-55, as conrmed by the results from Fenton's test. More-
over, the hydrogen crossover experiments were conducted by
linear sweep voltammetry (LSV), and are represented in Fig. S17,
ESI.† The H2 crossover was measured by its hydrogen crossover
current with hydrogen owing at the anode (100 mLmin−1) and
nitrogen at the cathode (300 mL min−1), 75 °C cell temperature
and 100% RH. The scan rate was kept constant at 50 mV s−1,
Fig. 9 Cross-sectional FE-SEM images of the prepared MEAs before an
SSM-55.

Table 2 Comparative study of the PEMFC performance of the prepared

Sl no. Membrane
Peak powe
(mW cm−2

1 SPEEK/SGO 378
2 SPEEK/HPW@MIL 101 383
3 C-SP90/SP90NF 485
4 SPEEK/W-SBA-15 405
5 SPEEK–CNT–FA-6 672
6 SPAEK/f-SiO2 445
7 M-SP/DMNPs@HPW-2 433
8 mPTA–Si/SPEEK 180.87
9 SSM-73 431.2
10 SSM-55 370.5

12642 | J. Mater. Chem. A, 2024, 12, 12628–12644
ranging from 0 to 0.8 V. Themaximum current in the LSV curves
indicates a higher H2 crossover through the respective MEA.
This is because a higher current suggests more hydrogen gas is
crossing over from the anode to the cathode side through the
membrane and splits into proton and electron also at the
cathode side. The H2 crossover experiments suggest that the
composite PEMs exhibited lesser H2 crossover than their parent
blend membranes. The real-time acid stability of the PEMs was
accessed using the cross-sectional FE-SEM images of the
prepared MEAs before and aer the fuel cell performance and
durability (accelerated stress test) analysis. The cross-sectional
FE-SEM images of the MEAs are presented in Fig. 9. It is clear
from these images that the membranes sandwiched between
the two gas diffusion electrode layers are devoid of any cracks or
pinholes, suggesting robust acid stability of the PEMs under
real fuel cell testing conditions. Furthermore, aer the AST, the
product water eluent was systematically collected and subjected
d after the durability test: (A and D) SS-73, (B and E) SSM-73, (C and F)

PEMs with the similar reported PEMs

r density
)

Maximum current
density (mA cm−2) Ref.

830 63
784 64
1750 65
785 66
1625 67
700 68
1180 69
690 70
1272.6 This work
1078.1 This work

This journal is © The Royal Society of Chemistry 2024
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to UV-visible spectroscopy to examine any component leakage
from the composite PEMs.62 It is clear from Fig. S18, ESI,† that
CeMnOx-dispersed water showed an absorbance peak at
313 nm, whereas there is no signicant absorbance for the
product water obtained during the AST, indicating no traces of
CeMnOx leaching out from the composite PEMs. However, there
may be a possibility of CeMnOx leaching, which remains in the
catalyst layer when it interacts with ionic species such as Naon
ionomers, which may not be detected in the eluent. Table 2
shows the comparison of the fuel cell performance of the re-
ported membranes with our prepared PEMs, which indicates
the high potential of the prepared PEMs for better performance
and durability in PEMFCs.

4. Conclusions

In summary, three-dimensional CeMnOx bimetallic oxide nano-
structures have been synthesized and employed as llers to fabri-
cate composite polymer electrolytemembranes for H2–O2 fuel cells.
The blending chemistry of SPEEK and SPPO was utilised to design
highly stable CeMnOx@SPEEK/SPPO hydrocarbon-based
membranes. The ller loading was optimized and xed at 2% (w/
w) in composite membranes. In this work, four typical
membranes, namely two blend membranes (with different
blending ratio) and two composite blend membranes, were fabri-
cated. All the membranes showed nanophase separated
morphology, indicating the excellent miscibility of the blend poly-
electrolyte and the ller. Apparent reinforcement in stability and
proton conductivity was manifested in the composite membranes
due to the consistent distribution of CeMnOx nanostructures over
the polymer matrix. The outshining properties of the composite
membranes are due to (i) a higher volume of CeMnOx, which
increases the bound water content and (ii) the formation of H-bond
networks, coupling congurations, and bridge interactions ofllers
with sulfonic acid segments in the membrane, which enhances
stability and creates sub-nano pathways for proton conduction.
CeMnOx endorses both vehicular and Grotthuss-type pathways,
resulting in fast proton conduction (26.77 mS cm−1 for SSM-73 at
80 °C) and low activation energy barrier (9.47 kJ mol−1 for SSM-73)
in the composite PEMs. Moreover, the existence of Ce3+ and Mn2+

in the ller helps in the radical scavenging to produce outstanding
oxidative stability with a negligible mass loss of 5–8% and
a minimal Km loss of 2–5% in the composite membranes. The
composite PEMs (SSM-73 and SSM-55) showed >86% of OCV
retention aer 50 h of accelerated stress test, conrming their
enhanced durability compared to SS-55 and SS-73. The represen-
tative SSM-73 membrane exhibited a peak power density of 431.2
mW cm−2 and the highest current density of 1272.6 mA cm−2 at
75 °C and 100% RH, which proves the potential of the composite
membrane as a meritorious candidate for hydrogen fuel cells.
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