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ABSTRACT: Designing a high-performing amorphous porous
framework of the proton-conducting membrane with inherent
SO3H moieties in the aromatic chain and impregnating the proton
source is beneficial for developing an excellent electrolyte for the
proton exchange membrane fuel cell. In this work, we synthesize
the porous sulfonated poly(ether sulfone) (PSPES) nanocomposite
membranes with excellent proton conductivity and stability via
modified non-solvent-induced phase inversion. The hydroxylated
boron nitride (HBN) was prepared from the bulk BN through
simple liquid exfoliation and hydroxylation, which yielded the few-
layered sheets. The direct inclusion of HBN into the PSPES will be
anchoring or filling on the microporous channels of the membrane,
yielding outstanding stability with HBN retention ability and high
conductivity. Thereby, an excellent synergistic effect between the PSPES and HBN through the functional groups (SO3H−OH) is
shown, producing the proton transport bridge and continuous proton transfer channels within the porous structure. Besides, the
current and power density of the 3.5 wt % HBN reinforced PSPES (PSPES-HBN2) membranes were improved to 795 mA cm−2 and
220 mW cm−2. The interconnected microporous PSPES-HBN2 membrane shows an excellent proton conductivity of 77.4 ± 3.87
mS cm−1 at 80 °C with 100% humidity and notably reduced membrane degradation after a 120 h durability test.

1. INTRODUCTION

Global energy demand for the continuing population growth
and industrial development will increase further in the
upcoming decades. Alternative clean, renewable energy sources
such as fuel cells are the best choice for tackling the issues of
fossil fuels. The next generation of energy-saving is the
hydrogen fuel cell that converts the chemical energy stored in
fuel into instant electrical energy rather than a combustion
reaction. It is chosen as the next power source in contrast to
other energy storages due to its rapid start-up, higher reaction
kinetics, stable operation, harmless byproducts to the environ-
ment, and zero-emission levels with high power and energy
density, improved overall performance, and so forth.1−5 The
performance of the proton exchange membrane fuel cell
(PEMFC) is based on the polymer electrolyte membrane
(PEM). The Nafion is the vital membrane in PEM. Still, its
drawbacks hinder the commercial application due to the
deficient durability, low mechanical stability, ion exchange
capacity (IEC) and proton conductivity at higher working
temperature, fuel crossover, and expensive fabrication. Hence,
it is necessary to synthesize a novel polymer electrolyte
alternative to Nafion.6−9

The sulfonated aromatic polymers are promising due to the
functionalized sulfonic acid group achieving high conduc-

tion.10−15 The sulfonated poly(ether sulfone) (SPES) polymer
is chosen due to the enhanced proton conductivity, thermo-
mechanical stability, easy functionalization, narrow hydro-
phobic/hydrophilic channels, and good quality film-forming
ability at low cost. The sulfone groups and ether linkage of
SPES contribute to proton conductivity and chemical stability,
while the aromatic group maintains good structural stability.
However, SPES possesses low proton conduction at room
temperature.16−21 Therefore, substantial effort has been made
to modify the SPES membrane by fabricating an efficient
electrolyte membrane suitable for PEMFC with high proton
conductivity and excellent thermo-mechanic stability. Polymers
such as sulfonated triazine, sulfonated poly(ether sulfone), and
sulfonated poly(ether ether ketone) were fabricated as
amorphous porous frameworks, which are attractive designs
due to the assembly of nano-cavities that facilitate the proton
transfer via the pore channels. The porous structure possesses
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interconnected microstructures that act as the proton trans-
porting channels from one polymer domain to another and
afford the continuous proton migration along with the polymer
matrix. This porous structure is a promising practical approach
for constructing PEM with the tunable porosity and well-
interconnected nanostructure; however, the drawback of
thermo-mechanical properties is still the primary concern in
the porous polymer.22−35

The impregnation of the proton-conducting materials into
the pores of the polymer network is a facile method to increase
the proton-conducting mechanism through these intercon-
nected porous polymer channels. To achieve better proton
conduction with good chemical and thermo-mechanical
stability of PEM, the pore filling of an amorphous porous
framework by the proton-conducting materials (nano-fillers or
ionic liquids or acidic groups) is the effective method. The
fabrication of polybenzimidazole with the pore size ∼30−40
μm embedded with polymeric ionic liquid, which fills up these
porous structures to facilitate the excellent proton conduction
owing to the interconnected proton channels.36 The porous
morphology of the [polybenzimidazole and poly(1-vinyl-1,2,4
triazole)] blend membranes uptakes more amount of
phosphoric acid (PA) by occupying the porous structure; as
a result, it elevates the proton conductivity with lower
activation energy as compared to neat PBI.37 The porous
membrane with elevated proton conductivity and the thermal
property was obtained by introducing the ionic liquid into the
blends of polyvinylpyrrolidone and polyimide matrimid via the
vapor-induced phase separation method, causing the highly
interconnected protonic channels within the porous films.38 In
the porous structure, the Nafion membrane achieved superior
proton conductivity and excellent stability compared to the
non-porous Nafion membrane. Also, the conductivity was
stable for more than 4 months at 80 °C and 90% RH without
any obvious decay.39 The fabrication of porous cross-linked
metapolybenzimidazole (m-PBI) via the non-solvent-induced
phase inversion method exhibits excellent properties such as
thermally stable structure with high PA uptake, enriched acid
retention and a slight swelling ratio.40 The porous membrane
of PBI was boosted by the cross-linking method (CpPBI-10)
and then doping by PA, which shows the excellent conductivity
(0.046 S cm−1) at 200 °C with low water uptake (76.4%).41

The various proton conducting materials (phosphoric acid,
sulfuric acid, triazoles, and imidazole) were introduced into the
pores of polymer networks, which briefly shows the crucial
proton-conducting mechanisms in the porous polymer matrix
and further signifies the novel designing strategies for fuel cell
technology.42 In this view, we intended to fabricate the
amorphous porous framework of SPES (PSPES) for the first
time by the simple modified non-solvent-induced phase
inversion (MNIPI). After that, the porous structures within
the matrix were effectively reinforced by the active proton-
conducting filler to enhance the thermo−mechanical stability
and proton conductivity via a strong synergistic mechanism.
The 2D hexagonal boron nitrides (BNs) or white graphene

analogous to graphite with an equal number of boron (B) and
nitrogen (N) atoms arranged in a honeycomb configuration
has drawn the attention of researchers over the last decade.
The hexagonal phase is more stable among the three BN
phases (hexagonal, cubic, and wurtzite). The 2D layers of the
BN are bonded by weak van der Waals forces, while the B and
N atoms are bonded by the B−N strong covalent bond. The
surprising property of BN, when compared to graphene, is its

large surface area, high-temperature anti-oxidation resistance,
high chemical resistance, and thermo-mechanical stability.43−48

In contrast to BN, the carbon materials contain a black color
that makes the polymer nanocomposite opaque. Whereas the
BN-based membranes are transparent, the composite can be
the preferred color using different fillers. The direct use of
hexagonal BN within the polymer matrix faces majorly two
challenges. (1) Less interfacial interaction between the
hexagonal BN and the polymer matrix. (2) Poor dispersion
or aggregation of BN in the polymer matrix leads to weak
compatibility. To upsurge the interfacial surface reactivity, the
surface modifications on BN are done by incorporating the
hydroxyl or alkyl or alkoxy or amide or amine groups.49−52

Thus, the excellent property of hexagonal BN can improve
the fuel cell performance on existing PEM by functionalizing
the BN surface via active proton conducting groups.53−55 The
Nafion-incorporated BN and functionalized BNs are utilized as
composite PEM for fuel cell application. These show better
conductivity with the thermo-mechanical stability due to the
hydrogen bond formation between Nafion and hexagonal BN,
which is the potential membrane compared to recast
Nafion.56−58 The 1-pyrenesulfonic acid-functionalized 2D BN
nanoflakes and sulfonated BN-incorporated SPEEK were
prepared that exhibit the efficient electrolyte membranes
with improved durability (diminished chronic edge failure),
conductivity, and excellent dimensional stability in contrast to
bare SPEEK.59,60

Herein, we synthesis the new amorphous PSPES by
impregnating the proton-conducting materials of hydroxylated
BN (HBN) within the porous structure of PSPES for the first
time via a simple MNIPI. The hydroxyl functionalizations
occurred at the electrophilic boron atoms via covalent bonding
by the condensation process. The OH groups on hexagonal
BN and SO3H group on PSPES polymer bridging the polymer
matrix via functional groups networks (SO3H−OH) promotes
proton pathway channels via Grotthuss and vehicular
mechanism. It reinforces the polymer composite matrix via
an excellent synergistic effect and increases the thermo−
mechanical property. Moreover, we take advantage of porous
polymer networks with anchored functionalized filler to
achieve suitable mechanical properties with less sacrifice of
proton conduction in the PEM for the application of the H2/
O2 fuel cell.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(ether sulfone) (PES-Veradel 3000MP) was

purchased from Solvay Polymers. Hexagonal BN particles, hydrogen
peroxide (30%), chlorosulfonic acid (99% purity), sulfuric acid (98%
purity), and N,N-dimethylacetamide (anhydrous 99.8% purity) were
received from Sigma-Aldrich Chemical Pvt. Ltd. Deionized water was
used for the experiments.

2.2. Sulfonation of PES and Functionalization of BN. The
sulfonation of PES with the optimized concentration of chlorosulfonic
acid and sulfuric acid at room temperature with sufficient time was
discussed briefly in our previous literature. The degree of sulfonation
38 ± 0.03% was confirmed from the 1H NMR technique by the shift
of HE signal from 7.26 to 8.31 ppm of the hydrogen in the ortho
position of the aromatic ring.19 The NMR signal of SPES such as HB,
HB′, and HD (7.26−7.29 ppm) related to the phenyl protons linked
with ether and HA, HA′, and HC (7.98−8.1 ppm) are assigned to the
phenyl protons linked to the sulfone groups. Moreover, the other
NMR signals at 2.51 and 3.91 ppm are attributed to DMSO-d6 solvent
(Figure S1).61,62

HBN was followed by the synthesis procedure of Ivanova et al.49

Primarily, the BN was immersed in the hydrogen peroxide (H2O2 ∼
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30%, 75 mL) and subjected to ultrasonication for 2 h. Then, the
solution was placed in the autoclave at 90 °C for 15 h for better
exfoliation and hydroxylation of BN. The exfoliated HBN was
centrifuged at 3000 rpm for 30 min to eliminate the bulk sheets.
Finally, the exfoliated HBN was obtained after washing with deionized
water and dried at 85 °C for 4 h, as depicted in Figure 1a.

2.3. Preparation of the Amorphous Porous Framework. The
preparation of the amorphous PSPES with and without HBN is
prepared by the simple MNIPI, followed by the reported works of
literature.63,64 The desired amount of SPES was added to DMAc
solvent and stirred for 4 h. Then, the different amounts of HBN (2,
3.5, and 5 wt %) were dispersed individually in DMAc via the
sonication process for 1 h to achieve the homogeneous dispersion of
HBN. Finally, these solutions are mixed and stirred for 12 h to afford
enough viscous solution to form the composite casting solutions.
Then, the solution was poured onto a clean glass plate (10 × 10 cm2),
which was placed on a level table and coated using a micrometer
precision film applicator. The glass plate was heated at 60 °C to
transform into the semiwet or partially evaporated films and then
quickly immersed in a water-filled coagulation bath for 12 h to achieve
sufficient solvent exchange via phase inversion. Finally, the porous
composite membranes with different amounts of HBN (2, 3.5, and 5
wt %) are prepared by removing the glass plate with DI water and
dried at 90 °C in a vacuum oven. Hereafter named PSPES-HBN1,
PSPES-HBN2, and PSPES-HBN3, as displayed in Figure 1b. The
same procedure was followed to prepare the highly porous membrane
of SPES (amorphous porous framework) only by using the pure SPES
via MNIPI and coded as PSPES. The thickness of the porous
membranes varied from 90 to 130 μm prepared via MNIPI and can be
folded and bent.
2.4. Characterizations. 2.4.1. Instrumentations. The XRD study

was carried out by the Pro PANalytic instrument using the Cu Kα
radiation (λ = 0.154 nm) with a scan range of 10−80°. A PerkinElmer
spectrophotometer recorded the Fourier transform infrared (FTIR)
spectroscopy measurement from 400 to 4000 cm−1 with a resolution
of 4 cm−1. Raman spectroscopy was used to scrutinize the defect sites
of BN and HBN by using the RFS27 Bruker device and utilized the
Nd:YAG laser (λ = 1064 nm). The samples’ morphology and
quantitative elemental distribution were observed by field emission
scanning electron microscopy (FE-SEM) with energy-dispersive X-ray
spectroscopy (EDS) by utilizing Gemini 300, Carl Zeiss instrument
with the sputtering of gold. The thermal property of the samples was
analyzed from thermogravimetric analysis (TGA) of SDT Q600, TA
instruments under a N2 gas atmosphere with a supply rate of 45 mL

min−1 up to 700 °C. The glass transition temperature (Tg) and
melting enthalpy (ΔHm) as a function of temperature from 35 to 200
°C were detected by differential scanning calorimetry (DSC) of the
same instrument. Before the test, all the samples were heated from
room temperature to 120 °C at a heating rate of 10 °C min−1 to
remove the excess moisture content. The mechanical property in
terms of Young’s modulus (MPa), tensile strength (MPa), and
elongation at break (%) were determined by a universal testing
machine (INSTRON 3365). The sample was 5 × 1 cm2 (length ×
breadth) and was uniaxially stretched at a rate of 2 mm min−1 at room
temperature in a dry state.

2.4.2. Measurements. The Fenton test examined the chemical or
oxidative stability. The dry-weighted membranes were soaked in
Fenton’s reagent (2 ppm of FeSO4 and 3% of H2O2) for 12 h at room
temperature; measure the degraded weight percentages and rupture
time of the membranes. The average standard deviation value was
reported from the measurement of three samples of each membrane.

The porosity was evaluated by immersion of the membrane in n-
butanol for 2 h according to the protocol published.36 The porosity of
the membrane was calculated using the following equation

i
k
jjjjj

y
{
zzzzz

W P
W P W P

porosity (%)
/

/ /
100B B

M M B B
=

+
×

(1)

where WB is the amount of absorbed n-butanol, PB is the density of n-
butanol, WM is the weight of the PSPES-HBN membrane, and PM is
the density of the membrane.

The water contact angle measurement was done to examine the
membrane surface wetting (hydrophilicity) characteristics using a
contact angle measuring instrument [Phoenix 300 Touch, SEO
Surface Electro Optics]. The contact angle was measured using
deionized water as probe liquid at three random places of the
membrane, and the average standard deviation value was reported.

The dimensional changes concerning water uptake and swelling
ratio were measured by the increase/decrease in weight (g) and
thickness (cm2) of the dry samples (Wdry and Tdry) after soaking in
deionized water for 24 h at predetermined temperatures (30−80 °C).
Over time, water absorption was assessed for the wet membranes by
weighing again (Wwet and Twet). The following equation evaluates the
water uptake and swelling ratio from the observed values

i

k
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dry
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A standard acid−base titration measures the IEC. In brief, the
vacuum-dried membranes were transferred into the 0.1 M NaCl
solution and soaked for 24 h to exchange Na+ ions in the solution
with H+ ions in the membrane. Then, the solution was titrated against
0.01 NaOH base solution using phenolphthalein as an indicator, and
the IEC (mequiv g−1) was calculated using the following relation.

i
k
jjjjj

y
{
zzzzz

Ion exchange capacity (mequiv g )

volume normality
dry weight of polymer membrane

1

=
×

−

(4)

where volume and normality are taken for NaOH.
The hydration number (λ) assists the number of water molecules

absorbed per one functional group of sulfonic acid and is calculated
using eq 5
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molecular weight of water
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λ =
(5)

The proton conductivity of PSPES and PSPES-HBN membranes
was measured by the AC impedance spectroscopic method via the
potentiostat/galvanostat Squidstat Plus analyzer of Admiral Instru-

Figure 1. (a) Exfoliation process of HBN and (b) photography of the
prepared membranes.
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ments, USA. Before the test, all the membranes were dried in a
vacuum oven for 12 h; afterward, these membranes were inserted
between the two stainless steel disc electrodes (20 mm diameter)
under fully humidified conditions. The frequency response analyzer of
Squidstat Plus with the thermo-controlled cell (range from 30 to 80
°C) and sweeping the frequencies from 10 MHz to 10 Hz at a fixed
scan rate of 10 mV in the 100% relative humidity (RH) were used for
investigation. The humidification condition during measurement was
maintained by using the humidity setup. The distances between the
electrodes or membrane thickness (L, mm), cross-sectional area (A,
cm2), and bulk resistance (R, Ω) were measured to determine the
proton conductivity (σ, S cm−1) of the membranes using eq 6. The
measurements were repeated thrice for each sample, and the average
standard deviation values were reported as the reproducibility results.

L
R A

(S cm )
( )

1σ =
×

−

(6)

The activation energy (Ea) was calculated from the slope of the
proton conductivity Nyquist plot against the temperature using the
Arrhenius equation.

i
k
jjj

y
{
zzz

E
RT

Ln( ) Ln( )0
aσ σ= −

(7)

where σ and σ0 are the proton conductivity (mS cm−1) and the pre-
exponential factor (mS K−1 cm−1), and Ea, R, and T are the activation
energy (kJ mol−1), universal gas constant (8.314 J mol−1 K−1), and
absolute temperature (K).
The single-cell test for H2/O2 fuel cell performance was evaluated

in Bio-Logic Science Instrument, as described in our previous
literature.13 In brief, the anode and cathode section comprises a gas
diffusion layer with commercial carbon cloth, coated with the catalyst
ink (a mixture of Pt/C, Nafion, doubly distilled water, and isopropyl
alcohol with the required amount) via spraying technique. The MEA
was equipped by stacking the electrolyte membranes between the as
prepared GDL electrodes through a hot pressing technique at 125 °C
with 2 psi for 1 min. Afterward, the MEA single-cell fixture was

airtight sealed along with the bipolar graphite plates with a serpentine
flow channel. The test was evaluated with the active cell area of 5 cm2

at the cell temperature of 80 °C at 100% RH with the fixed fuel and
oxidant flow rates of 250 and 500 ccm under 2 psi pressure. Before
the measurement, the cell was maintained at 60 °C for 2 h and tested
for five on−off cycles, each of about 25 min at high power density.
Then, the above condition was reset to 80 °C with 100% RH and
activated the cell with the varying galvanostatic current mode to
measure the cell voltage and power density. The continuous durability
test was performed at a constant loading current of 0.2 A cm−2 at 80
°C for 120 h with the same condition as cell performance.

3. RESULTS AND DISCUSSION

The XRD patterns of BN, HBN, PSPES, and its composite
membranes are shown in Figure 2a,b. The BN exhibits low
intense peaks at 26.16 (002), 41.56 (100), and 54.81 (004) as
compared to HBN due to the attachment of the hydroxyl
(OH) group on the edges of BN sheets. However, the
crystalline nature is not destroyed by the hydroxylation
treatment. This causes the re-orientation and restacking of
sheets, altering the scattering parameters and producing
intense high peaks.65 The pure PSPES shows its amorphous
nature with a broad halo peak at 2θ of 18.15°.66 The
impregnation of HBN (3.5 and 5 wt %) into the porous matrix
alters the crystallinity of PSPES-HBN2 by forming a strong
interfacial bond between the OH of BN and SO3H of PSPES.
This reduced the intensity of the PSPES-HBN2 membrane
compared to the PSPES-HBN3 membrane because the good
interfacial interplay between the HBN and PSPES occurred
only at 3.5 wt % of HBN in the porous matrix of PSPES.
Although 5 wt % of HBN tends to induce bad interfacial
interplays in the PSPES in the results, the aggregate effect was
observed. Thus, the high dispersion ability of HBN to create
the amorphous phase in the PSPES-HBN2 membrane may be

Figure 2. (a) XRD and (c) FTIR patterns of BN and HBN, and (b) XRD and (d) FTIR patterns of the PSPES, PSPES-HBN2, and PSPES-HBN3
membranes.
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effective for upgrading the proton conductivity of the PSPES-
HBN membrane.67

Figure 2c,d displays the FTIR spectrum of BN, HBN,
PSPES, and its composite membranes. The vibration peaks at
782 and 1374 cm−1 correspond to the B−N−B bond’s out-
plane and in-plane vibrations in BN sheets. The appearance of
highly intense and new peaks at 3435, 1241, and 1041 cm−1 are
assigned to O−H, B−OH, and B−O bonds of HBN, which
confirms the formation of HBN via hydroxylation of BN
(Figure 2c).44,68,69 The successful sulfonation of PES was
prominently identified by the 3445, 1015, and 1080 cm−1

peaks for the OH vibration, symmetric and asymmetric
stretching modes of the SO3H group. The SO3

− vibrations
of the sulfonic acid groups are presented at 1297 and 1233
cm−1, respectively. The sulfone group’s symmetry and
asymmetric stretching peaks are found at 1153 cm−1. The
peaks at 1480 and 1585 cm−1 correspond to the CC
stretching vibration of the aromatic groups. The peaks at 705
and 820 cm−1 are related to the C−S and S−O vibration,
signifying the presence of sulfonic acid in PSPES.13,67,70 In the
PSPES-HBN porous structure, the SO3H group of PSPES
interacts strongly with the OH groups on the hexagonal ring of
HBN dispersed within the matrix. The composite membranes
of PSPES-HBN2 and PSPES-HBN3 contained all the peaks of
each component of HBN and PSPES. The less intensified
peaks of sulfonic acid (1080, 1153, 1297, and 1233 cm−1) in
the PSPES-HBN composite membranes compared with PSPES
reveal the excellent compatibility between the PSPES and
HBN via SO3H with the OH group.
Figure S2 illustrates the Raman spectrum of the BN and

HBN. At first, for the bulk BN, the Raman peak appears at
1365 cm−1, revealing a characteristic peak corresponding to the
phonon mode (E2g mode). Following the exfoliation and
hydroxylation process, the result was established in the phonon
mode at 1367 cm−1, with a shift of 2 cm−1. This phenomenon
details the expansion of the B−N bonds in BN due to the
interlayer interplay that causes the softening of the phonon
modes compared to monolayer HBN. In contrast, the
interlayer interactions are absent in HBN and cause the
shortened B−N. This difference in phonon frequency shows
the formation of few-layered HBN sheets.71

From the FE-SEM analysis, the BN reveals a more stacked
morphology (Figure 3a,b) as compared to the HBN (Figure
3c,d) due to the presence of van der Waals force between the

individual sheets, whereas it was lessened in the HBN sheets.
The exfoliation process drove this and further increased
hydroxylation due to the occupation of OH at the edges of
these sheets, which caused them to separate the individual
sheets from stacking.65 Figure S3a,b shows the elemental
mapping images that distinguish the formation of HBN from
BN via exfoliation and hydroxylation, which further validated
the elemental distribution of oxygen in HBN as compared to
BN.
The necessary macroscopic properties, including mechanical

strength, water uptake, proton conductivity, and durability, are
significantly influenced by the inner morphology and the
dispersion of the filler in composite membranes. The surface
and cross-sectional FE-SEM images of PSPES, PSPES-HBN1,
PSPES-HBN2, and PSPES-HBN3 membranes are shown in
Figures 4a−d, 5a−f, and S5a−d, respectively. As seen in the

cross-section and surface images, all the membranes exhibit
small pore openings in the matrix. The surface images in Figure
4a−d point out the presence of underlying open pores, which
is understood by magnifying the surfaces with tiny pores. This
is favorable for the membrane’s efficient fuel cell performance
and reduces stability.40

As seen in Figures 5b−d and S5b−d, a porous matrix
structure is created for all phase inversed PSPES membranes
amid the even distribution of both small and medium pores
not as large. The entire cross-section FE-SEM images of
PSPES-HBN composite membranes exhibits the dense circular
micro-porous structures, but the pure PSPES membrane shows
a highly porous structure (Figures 5a and S5a). In addition, the
PSPES-HBN membranes with the increase in HBN content
illustrate that the HBN particles can also achieve a uniform
dispersion with regular shapes and sizes with HBN up to 3.5 wt
%. Further study of the high magnification FE-SEM image of
the PSPES-HBN2 (Figure 5e,f) reveals the dense outer surface
with hierarchical micro-pores structure and consequently
attaches the HBN tightly to the matrix.
Moreover, as the HBN content increases, more particles are

anchored into the micro-porous instead of being removed from
the matrix, indicating the strong bond at the HBN-PSPES
interfaces.25 The pore size of PSPES-HBN varies at <300 nm,
with spherical shapes exhibiting low porosities and less
interconnected structures. At the same time, the PSPESFigure 3. FE-SEM images of (a,b) BN and (c,d) HBN.

Figure 4. Surface FE-SEM images of (a) PSPES, (b) PSPES-HBN1,
(c) PSPES-HBN2, and (d) PSPES-HBN3 membranes.
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membrane with a pore size of 1−2 μm and a very irregular

shape shows a high porosity level and high interconnected

structures. Additionally, filling up all these micro-pores can

reduce the quantity of fuel cross-over, which is the main

problem of MEA tests in PEMFC. It might lead to high gas

cross-over and decrease the performance and durability or
cause instant failure during preliminary testing.72

The uniform dispersion and good interaction of HBN
particles validate better compatibility and tight interfacial
contact between the HBN and PSPES via functional groups of
hydroxyl and sulfonic acids within the porous structure.

Figure 5. Cross-sectional FE-SEM images of (a) PSPES, (b) PSPES-HBN1, (c,e,f) PSPES-HBN2, and (d) PSPES-HBN3 membranes.

Figure 6. (a) TGA, (b) DCS, (c) oxidative stability with porosity, (d) water uptake with the swelling ratio for PSPES and PSPES-HBN composite
membranes, and water contact angle for (e) PSPES and (f) PSPES-HBN2 membranes.
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However, some aggregation effect was found in the PSPES-
HBN3 due to the less dispersive ability of HBN (5 wt %) in
the PSPES matrix, which clearly shows the irregular shape of
HBN with a broader size in the surface FE-SEM image
(Figures 5d and S5d) and further confirmed in the elemental
mapping results of the PSPES composite membranes (Figure
S4a−c). This proves the poor compatibility and weak
interfacial contact between the HBN and PSPES, as shown
in Figure S4c, and the excellent dispersion ability of HBN was
observed in PSPES-HBN1 and PSPES-HBN2 of Figure S4a,b.
The HBN reinforcement enables the formation of the dense
porous structure of PSPES without any defect, which is
beneficial for the selective permeation of protons (H+) more
willingly than fuel molecules and enhances mechanical, thermal
strength, and oxidative stability of the PSPES membrane.23

The degradation and deformation of membranes in terms of
temperature were evaluated by the TGA and DSC analysis.
The TGA thermographs of the porous structured membranes
are displayed in Figure 6a. All the porous membranes exhibited
the similar sort of three-stage degradation patterns: (1) <110
°C owing to the evaporation of water molecule, (2) around
220 °C related to the SO3H group decay from the backbone of
the polymer, and (3) above 450 °C attributed to the
decomposition of the aromatic polymer chain. The PSPES
membrane exhibited 12.18 and 21.02% weight loss at 260 and
450 °C. Compared to the pristine PSPES membrane, all the
PSPES-HBN composite membranes exhibited retarded degra-
dation. However, the PSPES-HBN2 membrane revealed
weight losses of 8.01 and 14.76 at 260 and 450 °C. The
inflated thermal stability endorsed the tortuous path effect and
radical scavenging ability of HBN, which slowdowns the
discharge of volatile products and hinders the heat trans-
port.49,73 Also, the decomposition of HBN inside the pores of
the PSPES takes a wider temperature range of 280−450 °C
and thus reduces the decomposition and segmental motion in
contrast to PSPES.57 The strong interfacial interaction between
the OH group of HBN and SO3H group of PSPES matrix
prohibits the movement of polymer chains, already evidenced
from the FTIR analysis. The PSPES-HBN2 membrane is
relatively stable up to 550 °C, which is superior to their
working temperatures in fuel cells. The weight loss of the
PSPES-HBN2 membrane is less than that of PSPES and SPES

because the incorporation of HBN in PSPES increases the
interaction between HBN and PSPES that effectively
constraints the polymer movement against the thermal
degradation of the PSPES polymer matrix as the casted
SPES membrane exhibited 11.39 and 20.48% weight losses at
260 and 450 °C.13 Overall, the well-designed porous
structure’s thermal stabilities and the impregnation of
uniformly distributed HBN endowed the better operating
temperature of PEMFC.
The chain packaging and mobility of the membrane are

further studied by DSC analysis in Figure 6b. The glass
transition temperature (Tg) and melting enthalpy (ΔHm) were
observed for the PSPES and PSPES-HBN composite
membranes. The combination of PSPES with HBN increased
the Tg value due to the strong interaction between the SO3H
group of PSPES and the OH group of HBN at the polymer−
filler interface of the porous framework. Moreover, the chain
mobility of PSPES was suppressed by impregnating HBN into
pores, thus improving the Tg. The OH groups at the edges of
HBN cause lesser interfacial contact between the sheets, paving
the way for its uniform dispersion and forming less crystallized
matrices. The ionic interaction of PSPES and HBN greatly
hinders the re-orientation of crystalline domains and reduces
the polymer matrices’ crystallinity. The PSPES-HBN2 and
PSPES-HBN3 membranes display the enhanced Tg value of
94.8 and 88.3 °C. The Tg of all the PSPES-HBN membranes is
higher than that of the PSPES (68.2 °C) and SPES (71.8 °C)
owing to the filling up the PSPES matrix with HBN causes
higher interaction between HBN and PSPES, which signifi-
cantly controls the polymer domain motion between the
adjacent matrix leading to the alternation of the macro-
structure structure.13 Also, the membrane’s melting enthalpy
(ΔHm) increases with the increase of HBN in the PSPES
matrix, which affords the rigidity of the polymer chain package.
This property provided enhanced and favorable conditions for
fuel cell conditions.
Strong durability and chemical stability of the membrane are

of great significance for the fuel cell performance and the
lifetime of PEMFC.74−78 The oxidative stability of PSPES
membranes was measured by immersing the membrane in
Fenton’s reagent at room temperature. The results were
displayed in Figure 6c, which shows the degradation of the

Table 1. Comparison Table of Mechanical Properties of the PSPES-HBN Composite Membrane

membrane codes Young’s modulus (MPa) tensile strength (MPa) elongation at break (%) porosity (%) references

SPES 1248 ± 62 12.3 ± 0.6 29.4 ± 1.4 13
PSPES 653.3 ± 0.2 11.7 ± 0.4 17.93 ± 0.9 37 ± 1.95 this work
PSPES-HBN1 890 ± 0.9 15.9 ± 0.7 10.4 ± 0.3 27 ± 1.35 this work
PSPES-HBN2 1018.1 ± 0.5 17.7 ± 0.1 7.88 ± 0.8 22 ± 1.1 this work
PSPES-HBN3 931.5 ± 0.8 16.8 ± 0.5 5.64 ± 0.7 19 ± 0.95 this work
mp-50 3.69 47 26
P-25 μm 0.2 ± 0.02 0.9 ± 0.7 42.5 36
P-25 μm-0% CL 0.9 ± 0.04 2.5 ± 0.5 36
pPBI-10 40.17 3.33 31.25 34.01 41
CpPBI-10 151.48 10.17 53.64 24.47 41
M1-P 33.34 ± 2.02 0.867 ± 0.01 45.45 ± 1.45 63
M2-S 28.45 ± 1.75 0.496 ± 0.7 30.42 ± 2.40 63
M3-C 45.63 ± 1.60 0.872 ± 0.05 60.26 ± 2.46 63
porous PBI 11.5 11.2 81
acid doped PBI 6.8 192 81
pPBI-33 0.63 GPa ∼72 28.7 82
CpPBI-60 0.9 GPa 82.9 37.8 82
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membranes that depends on the porosity and HBN
incorporation.23 The PSPES started to fracture after 12 h
and revealed 63.95 ± 3.19% of weight retention at 12 h. The
porous nature of the PSPES matrix exhibits a higher surface
area. It creates the chances for the higher interaction of free
radicals with the polymer functional groups (sulfonic acid),
which may initiate the chain degradation or dissociation and
causes higher weight loss. The weight retention of the casted
non-porous SPES membrane is 80.12 ± 4.3% which is higher
than the PSPES membrane due to the absence of porosity in
the membrane.13 However, the reinforcement of HBN into the
PSPES membrane exhibits higher weight retention due to
strong interfacial interplay between HBN and PSPES that
preserves the polymer functional groups. The weight retention
of PSPES-HBN composite membranes is higher (88.2 ± 4.41,
95.7 ± 4.78, and 93.9 ± 4.66%), and all the fracture time is
above 16 h with the increase in HBN contents from 2 to 5 wt
% due to its dense porous nature and its impregnation by
HBN.24,79 These made the physical cross-linking network
structure of the PSPES membrane through strong interaction
between the PSPES and HBN at the SO3H−OH interface,
which probably caused the polymer chain to be less attacked
by radical species and enhanced the oxidative stability.15

To analyze the porous nature of the PSPES membranes, the
porosity test was performed using n-butanol as an adsorbing
source, as displayed in Figure 6c. The PSPES membranes
synthesized through the MNIPI method had a high porosity,
around 39 ± 1.95%. The porosity values of PSPES-HBN
composite membranes also decrease with the increase in the
HBN concentration in PSPES, probably due to densification of
the membrane (dense porous structure) from the strong
interaction of PSPES with HBN with the occupation of HBN
in the porous site of the membrane.79 Yet, the HBN
incorporation influences the porosity is insignificant and does
not affect the porosity value.
The mechanical property of the PSPES membranes was

evaluated and detected that the impregnation of HBN into the
porous structure of SPES improves the tensile strength, as
verified in Table 1. The PSPES-HBN2 composite membrane
displayed a tensile strength of 17.7 ± 0.1 MPa with Young’s
modulus of 1018.1 ± 0.5 MPa and elongation break at 7.88 ±
0.8%. In contrast, the pristine PSPES membrane possessed a
tensile strength of 14.7 ± 0.4 MPa with Young’s modulus of
653.3 ± 0.2 MPa and elongation break at 17.93 ± 0.9%. About
1.2 and 1.5% increment in the tensile strength and Young’s
modulus of the PSPES-HBN2 composite membrane is mainly
due to the lessened phase separation owing to the result of
even dispersion of HBN and the porous structure PSPES. The
incorporation of HBN into the PSPES matrix produced the
uniform distribution along with the polymer matrix and into
pores induces the strong interfacial interplay between PSPES
and HBN to trigger the reinforcement effect of the PSPES
polymer matrix by using this synergetic effect. The OH groups
at the edges of BN firmly form an interfacial interaction with
the SO3H group of PSPES, making the membrane more rigid
and changing its nature from ductile to brittle. However, with
the excessive addition of HBN (5 wt %), it is seen that tensile
strength becomes lower than other PSPES-HBN composite
membranes. It may be associated with the poor dispersion and
weak interplay of excess HBN in the porous structure, as
verified from EDS analysis.50,80 Also, the tensile strength of the
PSPES-HBN2 membrane is more significant than cast SPES
(12.3 ± 0.6 MPa)13 with a dense structure when compared

with PSPES (11.7 ± 0.4 MPa) structure as the PSPES exhibits
a low value due to the porous structure. Consequently, the
porous PSPES-HBN composite membranes fabricated in this
work show better functional mechanical integrity than other
porous membranes sustainable for PEMFC operations from
the comparison in Table 1.
The water contact angle was calculated to estimate the

change in the hydrophilic property of PSPES and its composite
membrane (PSPES-HBN2). The effect of the addition of HBN
sheets on the PSPES with its synergy interaction along with the
porosity and membrane roughness was observed from the
water contact angle. When the concentration of HBN in
PSPES casting solution is 3.5 wt %, the water contact angle of
the PSPES membrane is decreased. As shown in Figure 6e,f,
the water contact angle of the PSPES membrane was 77.20,
which is higher than the PSPES-HBN2 membrane (46.10) due
to the wide and interconnected hydrophilic domains that
promote the water contact with the membrane. The
introduced HBN sheets reduced the water contact angle of
PSPES membranes significantly, indicating a more hydrophilic
surface that contains more water-reactive polar OH groups
than PSPES.83−85

The water uptake is a vital parameter that governs the
membrane performance, which was analyzed for all the PSPES
membranes and compared with Nafion-117. As the ideal PEM
must absorb and retain more water and lower swelling, the
water uptake and swelling ratio were examined with the
temperature rising from 30 to 80 °C in Figure 6d. The porous
nature holds more water molecules within the PSPES matrix
than SPES due to the occupation of water molecules in the
porous structure and its higher surface area, inducing the
interaction between H2O and SO3H, leading to a high water
uptake value. The PSPES-HBN membrane significantly
improves the water uptake than the SPES and PSPES by
effectively using the HBN content via a synergistic effect
between the HBN and SO3H. Specifically, at 80 °C, the water
uptake of PSPES possesses 41 ± 2.05%. However, the PSPES-
HBN1, PSPES-HBN2, and PSPES-HBN3 membranes ob-
served water uptakes of 59 ± 2.95, 68 ± 3.4, and 63 ± 3.15%,
respectively. With the impregnation of HBN into the porous
networks of PSPES, the water uptake increases due to the
hydrophilicity of HBN and the sulfone groups of PSPES. The
only possible reason is the proper dispersion of HBN particles
within the amorphous porous framework of PSPES, which
generates an excess number of active sites at the polymer−filler
interface to the hold water molecule through the functional
group SO3H and OH.16,21 Consequently, the hydrophilic
nature was augmented, plus the hydrophilicity of the high-
density sulfonic acid within the amorphous porous network.
Also, the porous membranes possess a permanent pore
structure, which affords the proton transfer channel through
the ionic cluster. With the introduction of 3.5 wt % of HBN in
the PSPES matrix, the water uptake of 68 ± 3.4% was
obtained, higher than that of the commercial Nafion-117
membrane (32.5 ± 0.9%).86 The temperature-dependent water
uptake of PSPES-HBN membranes increases with the HBN
content, but the water uptakes decrease at 5 wt % owing to the
aggregation of HBN.
Figure 6d shows the swelling that occurred in membranes

after water uptake at the temperatures of 30 and 80 °C. The
swelling ratio of the PSPES-HBN composite membranes
demonstrates the inverse behavior to that of water uptake. The
2D structure of HBN contains the OH group afforded the
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more vital interfacial interaction with the SO3H group of
PSPES, which reinforces the porous composite matrix and
designs the well compact structure that prevents the swelling.
The exceptional reduced swelling ratio of PSPES-HBN2 is 22
± 1.1% which could be attributed to the amorphous porous
framework’s inherent mechanical stability, which is lower than
the commercial Nafion-117 membrane (25.1 ± 0.9%).86 The
hydrophilic backbone (OH) creates a more vital interfacial
interaction with the SO3H groups, prevents much swelling
effectively, and forms a more compact structure of composite
membranes, consistent with the results from SEM.17,50,87

IEC governs the exchangeable proton capacity in PSPES
membranes, detected from the standard acid-base titration
method. As collected from the results, the pure PSPES
membrane showed the IEC value of 1.58 ± 0.01 mequiv g−1.
The incremental incorporation of HBN in the PSPES
membrane underwent much higher IEC. The PSPES-HBN1,
PSPES-HBN2, and PSPES-HBN3 give the IEC values of 1.69
± 0.01, 1.89 ± 0.01, and 1.77 ± 0.01 mequiv g−1, respectively.
Also, the PSPES and PSPES-HBN composites manifest higher
IEC than Nafion-117 (0.91 ± 0.01 mequiv g−1).86 In the
PSPES-HBN2 composite membrane, a slight increment IEC
value suggests that the 3.5 wt % HBN in the porous
amorphous framework of PSPES can improve the concen-
tration of conducting protons. These are owing to the strong
interaction between HBN and SPES via hydroxyl and sulfonic

acids groups that provide the more conducting channels. The
lower IEC value of the PSPES-HBN3 membrane (1.77 mequiv
g−1) may be due to the scarcity of exchangeable Na+ ions
during titration, which may be due to the lack of SO3H groups.
It is noteworthy to mention that adequate ionic sites on the
surface of HBN and PSPES subsequently increase the per
cluster volume of ionic sites in the PSPES-HBN matrix, which
increases the IEC.67,88

The hydration number (λ) is also linear with water uptake
and the IEC parameter. The PSPES-HBN2 composite
membrane showed the maximum λ value of 19.94, associated
with more bound water molecules gathering around the
hydrophilic sulfonic acid and hydroxyl group via the strong
ionic interaction with the HBN and PSPES.89 The enhanced λ
value of the PSPES-HBN composite membranes is associated
with higher water uptakes, which bring more possibility for
vehicle-type proton conduction in the PSPES composite
membranes. The λ value for PSPES, PSPES-HBN1, PSPES-
HBN2, and PSPES-HBN3 membranes are 14.36, 19.34, 19.94,
and 19.71. The PSPES-HBN2 composite membrane exhibited
a higher λ value than the Nafion-117 membrane of 19.2.86

Integrating HBN in the PSPES matrix improves the water
uptake, swelling ratio, and hydration number, directly
influencing the proton conductivity. Figure 7b shows the
proton conductivities of pristine PEPES and PSPES-HBN
composites at various temperatures (30−80 °C) with 100%

Figure 7. (a) Schematic representation of proton conduction mechanism along with (b) proton conductivity and (c) Arrhenius plot of the
prepared porous membrane.
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RH. The PSPES-HBN composite membranes revealed higher
proton conductivity than PSPES (14.43 ± 0.7 mS cm−1) and
non-porous casted SPES (11.74 ± 0.58 mS cm−1) at 30 °C
with 100% RH.13 Moreover, the PSPES membrane exhibited
more conductivity than the non-porous casted SPES facilitated
by the porous proton pathways channels and higher active
surface area, triggering the enhanced conduction mechanism in
terms of vehicular and Grotthuss. The amorphous porous
network successfully designed the hydrophilic structure and
high-density sulfonic acid units. These PSPES membranes also
possess an enduring pores structural framework (highly porous
nature), which affords a proton transport channel along with
the PSPES polymer matrix.22 However, the proton con-
ductivity of PSPES-HBN tends to increase by incorporating
various amounts of HBN into the PSPES matrix due to the
formation of the dense pore structure. This phenomenon can
be credited solely to the HBN and its synergistic effect with
PSPES. It acts as a transport medium and crucial element in
the proton conducting mechanism, which interconnects ion-
conducting channels in the PSPES matrix. Generally, proton
transport occurs in two mechanisms: (i) Grotthuss and (ii)
vehicular, schematically represented in Figure 7a. At 30 °C, the
vehicular mechanism dominates the proton diffuses with H3O

+

ions and increases proton mobility, which points the
membrane’s molecular diffusion. At 80 °C, the Grotthuss
dominates the molecular diffusion owing to the lack of water
content in the membrane, augmenting the proton mobility and
leading to structural diffusion.90 The use of sulfonic acid-
containing units in the PSPES polymer (highly porous)
combined with HBN containing many hydroxyl groups within
a hierarchical porous organic framework may enhance the
higher interfacial interplay between HBN and PSPES via OH
and SO3H. It favors the proton transport mechanism in
vehicular and Grotthuss types by using BN’s active functional
groups and inherent conducting property (H+).50 The
interaction of boron atoms (B+) with protons (H3O

+) leads
to favor the vehicular mechanism, and the size of its high pores
with a minimized potential barrier at the center of hexagonal
rings induced the proton transport through HBN sheets.86

Furthermore, by impregnating HBN into the porous
framework of PSPES, they are permanently caged inside the
pores, yielding excellent OH retention ability by interacting
with the SO3H of PSPES. At the same time, OH groups may
lead to the formation of hydroxyl domains with sulfonic acid
(SO3H−OH) in the porous structure to transfer protons that
obeyed the Grotthuss mechanism.26 It can facilitate higher

proton conductivity than the PSPES at lower and higher
operating temperatures. Under identical conditions, the proton
conductivity of the PSPES-HBN2 membrane was 77.4 ± 3.87
mS cm−1, which was 3.2 times as much as the pure PSPES. The
aggregation effect of fillers appeared in PSPES-HBN3 due to
the excess amount of HBN in PSPES that blocks the proton
movement. The results decrease the proton conductivity of the
PSPES-HBN3 membrane (65.9 ± 3.29 mS cm−1) compared to
the PSPES-HBN2 membrane (77.4 ± 3.87 mS cm−1). Also,
the PSPES-HBN composite membrane discloses higher proton
conductivity than the commercial Nafion-117 membrane of 26
mS cm−1.47 Proton conductivities of all PEMs increased as the
temperature increased from 30 to 80 °C because of the rapid
proton mobility via polymer ionic channels with minimized
energy barriers.
Arrhenius-type proton conductivity was exploited to

calculate the activation energy (Ea) (Figure 7c), which refers
to the minimum energy required for proton transport from one
site to the nearer site. The Ea of PSPES was 11.67 ± 0.5 kJ
mol−1, and the PSPES-HBN composites showed lower values
of 9.28 ± 0.4, 8.55 ± 0.4 to 7.36 ± 0.3 kJ mol−1, indicating that
the proton conduction is preceded via the vehicular and
Grotthuss mechanism but predominantly vehicular owing to
the activation energy of sulfonated polymers.16,90 The PSPES-
HBN2 membrane displays a lower Ea value than Nafion-117 of
14.1 ± 0.4 kJ mol−1.86

Considering the significance of applicability in PEMFCs and
the excellent proton conductivity of the membranes, the PEMs
were subjected to a single-cell polarization test at 80 °C with
100% RH at ambient pressure, which is demonstrated in
Figure 8a. PEMFCs promise alternative power delivery systems
due to their high energy efficiency. However, our method for
synthesizing an amorphous porous polymer reported herein is
very simple, involving inexpensive reagents under convenient
refluxing conditions. Because the sulfonic acid-containing
organic matrix was used to synthesize this amorphous proton
conductive organic framework with abundant porosity, the
high mobility of protons inside the pore channels can be
achieved. This phenomenon may result from sharply enhanced
proton diffusion in the larger pores and interconnected
membrane pores at elevated temperatures.25,36 After incorpo-
rating HBN, the dense pore structures are created, and HBN
ultimately anchors the pore regions with the evenly distributed
HBN layers found on the PSPES matrix. These are adequate to
serve as a proton diffusion path between the HBN and PSPES
by using functional groups of OH and SO3H, which

Figure 8. (a) Polarization curves for all the membranes and (b) accelerated durability test operation for the PSPES-HBN2 membranes in 120 h at
80 °C.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.2c00604
Energy Fuels 2022, 36, 6445−6458

6454

https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00604?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00604?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00604?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00604?fig=fig8&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c00604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


interconnect the porous polymer channels and strengthen the
compatibility between the electrode and electrolyte interfacial
region.46,86,91−94

Furthermore, the large concentration of OH groups in HBN
might transport the protons with the neighboring sites of
SO3H in the PSPES-HBN2 polymer matrix, which increases
the conductivity of the PSPES-HBN2 membrane and finally
enhances the fuel cell performance. PEMFC assembled with
pristine PSPES delivered a peak power density of 78.4 mW
cm−2 at a load current density of 260.6 mA cm−2, whereas
PSPES-HBN1, PSPES-HBN2, and PSPES-HBN3 delivered
peak power densities of 176.3, 220.3, and 188.8 mW cm−2 at
load current densities of 617.2, 795.5, and 704.7 mA cm−2,
respectively. The prepared PSPES-HBN2 membrane showed
the PEMFC performance near the Nafion-117 with a peak
power density of 350 mW cm−2 at a load current density of
750 mA cm−2.91 The summary of the porous structured
membrane is listed in Table 2 to prove the efficient
architecture of the porous network in uplifting membrane
performance in fuel cell application.
Inspired by the high proton conductivity and polarization

performance of PSPES-HBN2, the durability measurements
were taken under the H2/O2 fuel cell working conditions in
Figure 8b. The chemical stability of PEM from the attack of
free radicals is a critical property of the fuel cell performance.
The PSPES-HBN2 membrane was chosen to investigate the
time-dependent voltage retention at 80 °C for 120 h. As stated
earlier, incomplete oxygen reduction on the cathode side is
responsible for the production of H2O2, and it reacts with
traces of metal ions to create HO• and HOO• radicals.36,59

Chemical degradation of PEM causes PEM thinning,
increasing gas permeability and accelerating OCV decay.
After a 120 h run, the total OCV decay of PSPES-HBN2 was
found to be 0.047 V, which is highly suitable for PEM
operation. After impregnating HBN with PSPES, the pores are
insignificant, demonstrating that the HBN is filling the pores
and evenly distributed in the PSEPS matrix via the interaction
of hydroxyl groups with sulfonic acids.6 These are sufficient to
act as a barrier for hydrogen diffusion along with the matrix
and minimize the free radical attack with sulfonic acids, which
boosts the polymer’s chemical stability. This superior durability
of PSPES-HBN2 also arises from the regenerative radical-
scavenging ability of HBN and excellent compatibility with
PSPES through hydrogen bond, which can emphasize the
working stability result, can be considered very promising.

4. CONCLUSIONS
In summary, we have manifested a new amorphous porous
framework of sulfonated poly(ether sulfone) SPES with in-
built SO3H moieties in the aromatic chain. The proton source
of HBN was impregnated into the porous structure of PSPES
via MNIPI. The porous structure and porosity are effectively
tuned by altering the added amount of HBN in the PSPES
membrane preparation process. The porous structure and the
efficacious interfaces with OH−SO3H pairs assisted the
assembly of well compatible and well-interconnected interfaces
between HBN and the PSPES matrix, promoting the
accelerated proton conduction and mechanical property via
the interpenetrating channels of the PSEPS-HBN membrane.
The maximum power density reaches 220.3 mW cm−2 with
good retention until 120 h of durability test in an H2/O2 fuel
cell at 80 °C with 100% RH. The results disclose that the pore
containing PSPES membranes are proficient in operating at full
humidity and moderate temperatures and disseminate as a
promising candidate in PEMFC.
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Table 2. Comparison of Porous Structured Membranes

membrane codes temperature (°C) proton conductivity (mS cm−1) power density (mW cm−2) current density (mA cm−2) references

SPES 80 20.31 75.55 255.71 13
PSPES 80 24.15 ± 1 78.4 260.6 this work
PSPES-HBN1 80 52.3 ± 2.61 176.3 617.2 this work
PSPES-HBN2 80 77.4 ± 3.87 220.3 795.5 this work
PSPES-HBN3 80 65.9 ± 3.29 188.8 704.7 this work
PES-PVP 180 0.06 218 26
mp-50 150 0.09 361 26
m-PBI350-2 160 0.194 595 ∼270 40
Acid doped PBI 150 0.034 0.5 81
PTSA@TpAzo 60 7.8 × 10−2 at 80 °C 24 90 95
dABPBI-MSA 150 1.05 242 404 96
dABPBI-TFA 150 1.6 139 222 96
Nafion-117 80 26 350 750 91
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