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ARTICLE INFO ABSTRACT

Editor: Despo Kassinos The cation exchange membrane is fabricated by assemble of synthetic acid-base pairs in the composite matrix.
Polydopamine modified boron nitride (AH-BN) sheets are syntheses that contain the base groups (-NHy and
-NH-) and incorporated into the sulfonated poly ether ether ketone (SPEEK)-poly ether sulfone (PES) matrices
for fabricate the composite membranes. The exfoliated AH-BN sheets are evenly dispersed and strongly inter-
acted with the SPEEK via electrostatic interplay, which modify the nanophase structure and enhance the chain
packing of the composite membranes. Adding of 3 wt% AH-BN into the SPEEK-PES exhibits the elevated con-
ductivity of 79.8 mS cm !and power density of 131.1 mW cm 2 at 80 °C under low humidification (50%RH) that
is higher compared to the SPEEK (21.2 mS cm™! and 74.2 mA cm™2). The acid-base pairs are created at SPEEK-
PES and AH-BN interfaces offers continues pathway channels for the transport of protons with minimum energy
barrier via Grotthuss mechanism. Besides, it shows the power density of 172 mW cm ™2 at 80 °C under 75%RH,
which is higher than Nafion 117 (142 mW cm™2). The high residual weight of 93.34% at 170 °C and 97.12% is
obtained after TGA and Fenton study. Accelerated stability test (AST) shows the excellent voltage retention about
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0.05 V after the 80 h of test that confirm the excellent chemical stability from radical effect.

1. Introduction

The fuel cell is the effective power conversion device with high ef-
ficiency and eco-friendly environmental which is the effective solution
for the energy crises, exhaustion of the fossil fuel and emission of
harmful gases. Hydrogen (Hz) has the possible source of future fuel,
reduces the dependent on fossil fuel, and diminishes the pollutant from
the industry. It contains the high specific energy, energy yield (122 kJ
g™ 1) and energy per unit mass significantly creates the favorable con-
dition for the fuel cells. The most remarkable benefit is an environ-
mentally friendly since it emits only water by product when employed in
a fuel cell. Thus, it achieved the limited efficiency and low catalytic
reaction, and problems of hydrogen storage capability because it re-
quires ~4 and 19 times more volume storage than gasoline as liquid and
gas states [52-54]. The separation of gas mixtures is a key factor for the
energy sector and is necessary for the efficient improvement of biogas
and natural gas [55,56]. The hydrogen fuel cell contains the
partially-permeable membrane that hinders the other species and
intended to allow protons (H"). The benefits of the proton exchange
membrane fuel cell (PEMFC) are high efficiency factor, environmentally
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friendly and the abundant source of fuel [1,2]. The Nafion (fluorinated)
is a trademark membrane for the polymer electrolyte due to inherent
thermo-mechanical strength and the high conductive nature. The poor
water uptake and lesser mechanical stability causes the poor electro-
chemical performance at high temperature (>80 °C) and high
manufacturing cost controlled the commercialization of Nafion [3,4].
Many polymer were broadly investigated in the PEM such as sulfo-
nated poly ether ether ketone (SPEEK) [5], sulfonated poly ether sulfone
[6], poly benzimidazole [7] sulfonated poly phenylene ether ether sul-
fone, etc [8]. The SPEEK have the remarkable properties likes’” low cost,
good conductivity and lesser fuel crossover causes the gained interest
instead of Nafion. The smaller hydrophilic/hydrophobic separations of
SPEEK matrix trigger the high fuel barrier and limited the conductivity,
whereas the aromatic back bone provides the high chemical and thermal
stability. At higher sulfonation, the SPEEK membrane exhibits the
excessive swelling in high temperature which created the strain on the
membrane and reduces the MEA stability [9,10]. The problem was
rectified in the SPEEK nanocomposite membrane by simultaneous
incorporated the polymers and the inorganic additives into SPEEK. In
this approach, we fabricates the efficient fuel cell electrolyte with
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enhanced thermo-mechanical stability and proton conductivity of
SPEEK [11,26,42]. The blending of SPEEK with the other polymers may
reduce the conductivity sites of polymer matrix and enhances the
polymer chains stability due to the formation of the ionic/covalent
bonds between the polymers via the polar functional groups. These will
affect the proton transport channels and made difficult to transport the
protons in the polymer matrix, however it restricted the dimensional
swelling and favorable condition for the sustainable cell performance
[13,26,44].

Poly ether sulfone (PES) is an engineered thermoplastic polymer
with outstanding mechanical properties, chemical stability and high
transition temperature (Tg, 230 °C), was selected to fabricated SPEEK-
PES blend membrane by polymer blending technique [6]. The
SPEEK-PES membrane demonstrates the excellent mechanical and
thermal properties which is desirable for the durable PEMFC operation.
Besides, the pore less microstructure and good film forming capacity was
induced in the SPEEK-PES membrane due to identical polymers struc-
ture construct good miscibility through the interaction between the
SPEEK and PES via sulfonic acid and sulfone groups [44]. Wu reported
that by adding 20 wt% PES into the SPEEK the water uptake and proton
conductivity at 80 °C was decreases about ~275% and ~15%, respec-
tively. [16]. In contrast, the incorporation of the sufficient amount of
nanofillers into the polymer matrix increases the conductivity and the
thermo-mechanical stability due its strong synergistic interplay with the
water molecules and its polymer chains. At specific weight percentage,
the blocking effect was observed in the polymer matrix due to the poor
dispersion ability of nanofillers, which block the ionic movement in the
polymer channels. Further it will increase the swelling ratio of the
membrane owing to the hydrophilic nanofillers drag the more water
uptake into the polymer matrix. This phenomenon was observed in the
SPEEK composite matrix by incorporating the nanofillers likes zeolites,
clay materials and perovkites nanofillers such as LayZr,O;, BaCeOs,
FeyTiOs, SrTiO3 [11-13,26,57-60]. To solve this problems through
modifying the nanofillers surface (silica, GO and CNT) with the organic
groups (acid or base groups) for achieve the even dispersion of the
nanofillers within the polymer matrix and induced the strong synergistic
contact between the nanofillers and polymer matrix [10,14,15,24].
Especially, amine (base) coated nanofillers are more effective approach
than other acids groups because it is favorable for the restriction of
water uptake capacity and prevents the dimensional swelling at high
temperature [15,61,62]. The transports of the protons mainly occurred
between the acid (-S—-O")-base (-NHy/-NH-) pairs inform proton donor
and acceptors via Grotthuss mechanism, which aids the facile protons
migrations with lesser potential barrier operates in high temperature at
low humidity condition [63-65]. Hexagonal boron nitride (BN) is the
two dimensional (2D) material contains the boron and nitrogen atoms
arranged in the hexagonal structure and electrons sharing of this ma-
terial are similar to the graphite materials. The BN layers sheet are
stacked via weak Vander Waals force with distance of 0.333 nm,
whereas graphite is held together with distance of 0.335 nm. The me-
chanically exfoliated BN sheets were produced the proton conductivity
in the direction of hexagonal rings is 100 mS cm™! and between the
layers of Vander Waals gaps is 0.008 S cm ™. Seong et.al measured the
protons conductivity of 100 mS cm ™! at the hexagonal rings of BN in the
room temperature, which is higher than the conductivity of graphite
material (5 mS cm 1) as it contain covalent bonding between the B and
N atoms owing to the more electro negativity of the N atoms, which
causes to buildup the valence electrons around the N atom and created
an irregular distribution of electron cloud [19]. Hu et.al shows that BN
based membrane blocks the higher radii ionic particles but transfer only
the protons at the center of the sheets through the hexagonal rings [20].
Hu et al. prove that BN is an outstanding conductor of protons (H") at
room temperature and performing better than that of graphene at
elevated temperature. BN shows a rapid rate of increase in an Arrhenius
type plot with raises in temperature as compared to graphene material
[66]. BN contains the uniqueness over these carbon related materials.
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The black colors of carbon related materials make the polymer com-
posites membrane as opaque, whereas BN composites membrane are
transparent, which infer that the composites can be obtained as desired
color. In addition to this, BN has been become high
thermo-mechanically stable and maintain the dielectric property of the
composite, which are vanished by using the carbon related materials
owing to the insulating behavior [67]. The BN contains useful property
same as graphene materials such as enhanced surface area, low density,
high oxidation resistance, high mechanical and chemical stability,
which significantly changes the properties of the composite membrane
via effective synergy mechanism between polymer and BN [17,18,25].
The BN was used as the effective filler in the polymer membrane;
however aggregation effect was induced by the Vander Waals force
which causes the poor dispersion and leading to the weak compatibility
with polymer matrices [21]. The drawback in the BN sheets was elimi-
nated by functionalized the various organic materials (amine, sulfonic
acids and hydroxyl) via covalent bond without altering any instinct
properties [17,22-24]. The poly dopamine is the flexible lower molec-
ular weight materials and easily anchored on the BN surfaces at -
planar site through condensation reaction [23,24]. The accumulation of
acid (-S-O7)-base (-NHy/-NH-) pairs induces the strong interfacial
interaction between the polymer and 2D sheets construct the proton
transport pathways channels and completely modified the polymer
stability. The polydopamine were adsorbed on the BN surface via co-
valent bond, which helps to operate stable and continuous transport of
the protons at high temperature with low humidified condition [17].

In this study, the SPEEK is prepared and blended with the PES (20 wt
%) to fabricate the SPEEK-PES blend membrane. Further, the poly
dopamine modified hexagonal boron nitride (AH-BN) are prepared and
incorporated (1.5-4.5 wt%) into the SPEEK (80 wt%)-PES (20 wt%)
matrix. The thermal and mechanical stability of the AH-BN sheets are
transferred into the SPEEK-PES membrane through the effective synergy
interaction between the SPEEK and AH-BN. This reinforcement tends to
increases the polymer stability and decreases the dimensional swelling
(swelling ratio). The functional groups of amine and hydroxyl are suc-
cessfully anchored on the AH-BN surface facilitate the superior acid-base
proton transfer mechanism through the Grotthuss type that made the
superior properties as compared to SPEEK.

2. Experimental
2.1. Materials

The powder form of PEEK (M,, = 20,800 g mol~!) and PES WMy, =
3000 g mol ') polymer was purchased from the Krishna polymer, India.
The hexagonal boron nitride (1 pm) particles, polydopamine hydro-
chloride (99%) and HCI (98%) were brought from Sigma Aldrich, India.
The N,N-dimethylacetamide (DMAc), ethanol, De-ionized water (DD)
and the sulfuric acid (98%) were received from Sisco Research Limited
(SRL), India.

2.2. Preparation of SPEEK and functionalized hexagonal boron nitride
(AH-BN)

The direct sulfonation process is used to prepare the SPEEK, which is
briefly stated in the previous work and calculated DS level is 65.15%
through the NMR technique [26]. The AH-BN is prepared by simulta-
neous carry out the exfoliation and hydroxylation process with the BN
particles (1 ym) and functionalized by polydopamine groups via
condensation process. The exfoliation and hydroxylation are carried out
in the BN sheets (450 mg) by immersing in the 75 mL of hydrogen
peroxide after the 2 h of sonication. The solution is transferred into the
autoclave and maintained at 90 °C for 15 h. The exfoliated BN sheets are
separated by centrifuge process for 30 min at 3000 rpm to eliminate the
bulk sheets. The obtained H-BN (50-55%) are washed several times with
the DD water and dried at 85 °C for 4 h [27]. The AH-BN sheets are
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produced by adding the H-BN sheets (100 mg) in the 100 mL of water
and poly dopamine (2 mg mL_l) solution then magnetically stirred for 7
h at 90 °C. This process initiates the hydrolysis and condensation reac-
tion between the poly dopamine and hydroxyl groups of H-BN sheets.
The centrifuge process separated the AH-BN sheets and washed with the
ethanol after dried at 90 °C to obtain the brown colored AH-BN sheets
(Schemel). The photography images are shown in Fig.S1, which
concluded the poly dopamine are attached on the H-BN and utilized in
the composite membrane.

2.3. Preparation of composite membrane

The 80 wt% SPEEK is dissolved in the 7 mL of DMAc solvent then
20 wt% PES is mixed together to make the blend solution. After various
amount of AH-BN sheets (1.5, 3 and 4.5 wt%) are added into the 3 mL of
DMACc and stirred for 1 h with ultrasonication. These solutions are added
to the blend polymer solution to make the composite polymer solution
and continued stirring for 24 h at 30 °C. The composite solutions are
poured on the petri dish to evaporate the solvent by heating at 80 °C.
The 1.5, 3 and 4.5 wt% AH-BN in the SPEEK (80 wt%)-PES (20 wt%) is
named as SR1, SR2 and SR3. The SPEEK (100 wt%) and SPEEK (80 wt
%)-PES (20 wt%) is coded as SPEEK and SRO. The photography images
of the membranes are shown in Fig.S1. The thicknesses of the mem-
branes are in the ranges from 80 to 95 + 2 ym.

2.4. Characterization

The XRD study of the BN, H-BN, AH-BN and the polymer membranes
were carried out through the Pro PAnalytic instrument using the CuKa
radiation (A = 0.154 nm) with the scan rate of 10" to 80°. The FTIR study
of the BN, H-BN, AH-BN and the polymer membranes were carried out
by the Perkin Elmer/Spectrum 2 instrument in the region of
4000-400 cm ! with the resolution of 4 cm ™. The Raman spectroscopy
was used to analyzed the defect sites of BN, H-BN and AH-BN by using
RFS27 Bruker device utilized the Nd: YAG laser (A = 1064 nm). The
morphology and the elemental mapping of BN, AH-BN and the polymer
membranes were examined via FESEM with EDAX techniques using the
Supra55 Zeiss instrument working at the vacuum condition. Before the
analysis all the dry samples are coated with gold to reduce the charging
problems and obtained the clear images. High resolution transmission
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electron microscope (HRTEM) images of the AH-BN were observed on
the Tecnai-20 G2 instrument operated at 200 kV under the vacuum
condition. The surface roughness parameters of the polymer membranes
were measured by AFM technique (Pico SPM Picoscan 2100, USA) under
the contact mode condition. The XPS technique was used to analysis the
binding energy and elemental concentration of the AH-BN which was
recorded by ESCALAB 250xi instrument through the monochromatic
source of Al Ka. The thermal stability of the polymer membranes were
analyzed by TGA techniques using the Discovery SDT-650 Simultaneous
DSC-TGA instrument between the temperatures from 30 °C to 700 °C at
heating rate of 5 °C min~! under desired nitrogen flow. The glass tran-
sition temperature was measured by DSC using the same TGA instru-
ment between 30 °C to 400 °C. Mechanical property of the polymer
membranes (1.0 cm x 5.0 cm) were studied through the mechanical
tester (INSTRON 3365) in the dry state at room temperature by the
longitudinal stretching of 2.5 mm min~! with the applied force of 1 kN.
This experiment was repeated three times to measure the average value
of mechanical properties.

2.4.1. Oxidative stability

The oxidative stability of the polymer membranes were calibrated by
change in the weight of the membranes (2 cm x 2 cm) between before
and after the Fenton study. Prior to study, the polymer membranes were
dried in an oven for 12 h at 85 °C. The weight of dehydrated membranes
(Wy) were found and dipped in the Fenton solution (2 ppm of FeSO4 and
3% of HyO3) for 5 h at room temperature. Finally, the remaining weight
(Wp) and the degradation time of the membranes were calculated. The
experiment was repeated three times to measure the average value.

2.4.2. Ion exchange capacity, hydration number and hydrolytic stability
The acid-base titration was used to estimate the ion exchange ca-
pacity (IEC) of the polymer membranes. First, measure the weight of the
dehydrated membranes (Wq, §g) afterward the membranes
(2 cm x 2 cm) were immersed in the 1 M NaCl solution to release the H*
ions and exchange with the Na™ ions. Later, 0.1 M of NaOH solution was
prepared and titrated with the released H' ions in the NaCl solution
using phenolphthalein indicator. The consumed volume of NaOH during
the titration was calculated. The measurement was repetitive for several
times to estimate the average IEC values using the equation (1). The
hydrolytic stability is the crucial one for the cell performance and
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durability. At first, the membranes (2 cm x 2 cm) were dried in an oven
then soaked in the de-ionized water (DD) for 24 h at room temperature.
Finally the weight loss was calculated by measuring the weight differ-
ence between the after and before immersion. The experiment was
repeated three times to measure the average value.

consumed NaOH(ml) x concentration of NaOH(N)

IEC =
dry weight of samples(g)

meq g (1)

The hydration number calculates the number of bound water mole-
cules attached to the sulfonic acids

@

1 (Water uptake Value) 10 )
18.01 measured ion exchange value
2.4.3. Water uptake and swelling ratio
The water uptake (weight) and the swelling ratio (thickness) of the
polymer membranes were calibrated by changes in the weight and
thickness of the dry and the wet membranes. Earlier to measurement,
polymer membranes were dried in an oven for 15 h at 80 °C. The weight
(Wy, g) and thickness (A4, cm) of dehydrated membranes were calcu-
lated afterwards the samples were dipped in the DD water for 24 h at 40,
60 and 80 °C, respectively. The water molecule on the membranes
surface was removed by the tissue papers and calculated the weight
(Wy, g) and the thickness (A, cm) of the membranes. The readings were
carried out in several times to check the repeatability of the data. Finally
weight and thickness change was calculated by applied the obtained
values in the below equations (3) & (4).

Weight change = w x 100 3
Thickness change = ( W()A_d)(Ad) x 100 (C))

2.4.4. Proton conductivity

Proton conductivity of the membranes was measured via conduc-
tivity cell through the four probe impedance spectroscopy technique.
The resistances of the prepared membranes (diameter 20 mm) were
investigated by the frequency response analyzer (u-Auto lab) with an AC
voltage of 10 mV applied in the frequency range from 10 MHz to 10 Hz.
The conductivity was measured within the two metal electrodes (20 x
2 mm?) f—rom the temperatures 30-80 °C at hydrated state of 50%.
Before testing, the polymer membranes were immersed in the water for
48 h. Proton conductivity (mS c¢m ™)) of the membranes was calculated
via Eq. (5): The experiment was repeated three times to measure the
average value.

o= (mS cm™") 5)

RA
Where t, R, A were thickness, bulk resistance and area of membranes,
respectively.

2.4.5. Single PEMFC performances and durability

The PEMFC performance of the membranes was studied by single cell
test condition. The membrane electrode assembly (MEA) with an active
cell area (5 cm?) was prepared via hot pressing technique at 125 °C and
3.5 MPa for 1.5 min. The Pt catalyst is the active material with addition
to the Nafion (binder) and isopropanol (solvent) were mixed and loaded
on the anode and cathode side of the membranes at the rate of
0.20 mg cm 2. The prepared MEA was sandwiched between the two
bipolar graphite plates containing the serpentine flow channels. The
single cell setup was operated at 80 °C then fed with the hydrogen and
oxygen gas in the fixed flow rates of 100 and 200 mL min~", respec-
tively. Prior to the measurement, the single cell (Bio-Logic VMP-3) was
activated with the hydrogen gas and maintained the different humidi-
fied temperatures (50 °C and 75 °C). The cell was kept this operating
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condition for 3 h earlier to measurement of the performance study and
perform some cycles at elevated power density. The durability of best
performed composite membrane was study by examine OCV degrada-
tion via conducting the accelerated stability test at 80 °C in 75% RH for
80 h with required flow of hydrogen (100 mL min~!) and oxygen gas
(200 mL min’l) to anode and cathode, respectively.

3. Results and discussion
3.1. XRD

Fig. 1(a)&(b) represent the XRD pattern of BN, H-BN, AH-BN and the
prepared membranes. As shown in Fig. 1(a), the AH-BN exhibits the high
intense diffraction peaks (20) at 26.66 (002), 41.66 (100) and 54.91
(004) as compared to bulk BN due to the presence of polar groups (OH
and NHy) at the edges of AH-BN sheets. This induces the restacking and
disorientation of the sheets, which modify the scattering parameters and
produced the high intensity peaks [28]. The sulfonated PEEK reveals the
less intense peak (19.5°) than that of SRO membrane owing to the for-
mation of hydrogen bond between the SPEEK (---"H-O-S-) and PES
(-S—=0"--") via sulfonic acids and sulfone groups (Fig. 1(b)) [16]. The
incorporation of AH-BN sheets (3 wt%) in the SR2 membrane created
the strong acid-base interfacial force between the SPEEK (HSO3) and
AH-BN sheets (H-HN-, "H-N-), which disorder the crystalline domains
and offered the continuous pathways channels for proton transport [24].
The 3 wt% AH-BN (3 wt%) facilitate the enhanced compatibility with
the SPEEK matrix due to the good dispersion ability, which likely de-
creases the peaks intensity of SR2 as compared to SR3 membrane. Thus,
4.5 wt% AH-BN exhibits the aggregation effects results from the bad
interfacial interplays with the SPEEK matrix (Fig. 1(b)).

3.2. FTIR

Fig. 2(a)&(b) represents the FTIR spectra of BN, H-BN, AH-BN,
SPEEK and their composite membranes. The in-plane and out-plane vi-
brations of B-N-B bond are occurred at 1348 and 782 cm ™! in the BN
sheets. The broad and new peaks are observed at 3463 em 1, 1238 em™!
and 1020 cm™! assigned to O-H, B-OH and B-O vibrations of H-BN,
which shows the formation of H-BN from the bulk BN (Fig. 2(a)) [18,
29]. The new peaks are observed at 1276 and 1355 cm ™! correspond to
the C-C and a C-OH bond that confirms the successful attachment of
polydopamine on the AH-BN. The NH, and N-H vibration reveals the
new peaks at 1651 cm™ ' and 947 cm™! indicating the anchoring of
functional groups at the edges of H-BN surface (n- & electron site) [23,
24]. The symmetric and asymmetric vibration of O—=S—O (sulfone
groups) in the SPEEK exhibits the absorbance peaks at 1232 and
1088 cm™! correspond to the successful sulfonation. Fig. 2(b) shows the
two characteristic peaks at 1009 cm™! and 3400 cm ™! in the SPEEK are
assigned to the stretching vibrations of S—0O and OH groups [16]. The
physical interaction between the SPEEK and AH-BN induced the
bridging of functional groups via hydrogen interplay ("H-O-S- and
+H-HN-) and decreases the peak intensity at 3400 cm ' as compared to
the SPEEK [16,24]. The interactions reveal the best compatibility be-
tween the SPEEK and PES with the AH-BN sheets.

3.3. Raman

Raman spectra of BN, H-BN and AH-BN are shown in Fig. S2. This
provided the detailed structural fingerprint of B—N, NB—OH and
NB—NH bond. The peak at 1366 cm™! was assigned to B-N bond of bulk
boron nitride and it’s analogous to G band (Ez ; mode) of graphene
material. After the exfoliation and functionalization of BN causes the
shorting of B-N bond owing to the absent of interlayer interaction,
whereas bulk BN produced the elongation of B-N bond [30]. As results,
the decreasing and shifting of the peak patterns from 1366 cm™! to
1352 cm™! (blue shift) is observed that is corresponds to the E3 ¢ phonon
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mode. The difference in the frequency of the phonon mode attributes the
formation of few layered BN sheets (Fig.S2).

3.4. FE-SEM

The FE-SEM was used to study the structural morphology of BN, AH-
BN and the composite membrane. The elemental mapping technique
was used to study the functionalization and the distribution of AH-BN in
the composite membranes. Fig. 3(a)&(c) shows the surface morphology
of BN with more stacking of sheets and the AH-BN with lesser stacking of
sheets due to effect of the functionalization of BN.

The functionalization reduces the interfacial interplay between the
layers due to the presence of amine and hydroxyl on the AH-BN which
tend to diminish the aggregation effect of AH-BN sheets [28]. The EDAX
and elemental mapping images infers the formation of AH-BN from the
bulk BN through chemical process (Fig. 3(b)&(d) and Fig.S3(a-b)&
(A-D)). The surface and elemental mapping images of the SPEEK, SRO
and the composite membranes are shown in Fig. 4(a)-(d)&(A)-(D),
which reveals the smooth morphology with no obvious cracks on the
surface and the distribution of AH-BN on the composite membranes. The
incorporation of PES and AH-BN into the SPEEK created the strong
interaction between PES/AH-BN and SPEEK via S—0O/NH, and HSO3
that rearranged the polymer domains and produced the rigid micro-
structure [28]. Embedded AH-BN sheets are well interconnected and
dispersed evenly throughout the cross-section regions of SR2 and SR3
membrane; ability to make continuous pathways.

The presence of amines and hydroxyl (-NHy and -OH-) on AH-BN
sheets minimized the Van der Waals attractive force and increases the
strong electrostatic attraction with SPEEK that make smaller the poly-
mer micro-phase separation. Consequently, fractured cross sectional
surface of SR2 and SR3 membrane becomes smooth, without pinholes or
any cracks (Fig.S4 (a)-(c)) [31]. The cross sectional mapping image of
the SR2 membrane shows the good dispersion of AH-BN sheets in the
cross sectional matrix than SR3 membrane due to minimize the aggre-
gation of AH-BN and increased interplay with SPEEK (Fig.S5 (a)-(e) &
(A)—(E)). As a result, better dispersion was obtained by 3 wt% AH-BN in
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the SR2 as compared to the 4.5 wt% in the SR3 membrane, which is
easily observed from the elemental mapping results.

3.5. AFM

The stability and the proton conductivity of the membranes are much
related to the micro structural and morphology property. Fig. 5 shows
the 3D and 2D AFM images of SPEEK and composite membranes. The
dark and bright segments correspond to the soft and hard regions, which
are associated to the hydrophilic and hydrophobic sites. Fig. 5(a)&(A)
display the 3D and 2D image of SPEEK reveals the interconnected hy-
drophilic clusters (dark) due to the presence of more number of sulfonic
acids. But, SRO membrane possesses more hydrophobic sites (bright) due
to the attachment of hydrophobic PES to the SPEEK backbone through
the ionic interaction of sulfone with sulfonic acids (Fig. 5(b) & (B)).
These inhibit the occupation of hydrophilic clusters within polymer
matrix and decreases the surface roughness value (R;) from the
20.1-18.3 nm. The SR2 membrane exhibits the rough surfaces corre-
sponds to the interconnected hydrophilic domains spread throughout
the polymer matrices in the effects of the incorporated AH-BN dispersed
homogeneously due to 2D structure (Fig. 5(c)&(C)). Besides, bearing of
hydroxyl groups at surfaces of AH-BN sheets adsorb the more water
molecules and created the continuous ionic pathway channels. These
makes the higher thickness of SR2 membrane (70.1 nm) as compared to
the SR3 (37.5 nm) owing to the aggregation effect of 4.5 wt% AH-BN
sheets, which significantly decreases the roughness value of SR3 mem-
brane (Fig. 5(c-d) & (C-D)) (Tablel) [32,33].

3.6. TEM

The TEM image of AH-BN sheets is shown in Fig. 6(a), which shows
the 2D morphology of BN is still maintained after the functionalization
and establish layered sheets like structure. The low transparency (dark
regions) in the 2D structure of BN confirms the attachment of the hy-
drophilic groups (OH and NHy) at the edges of the AH-BN sheets (Fig. 6
(a)). The lattice arrangement of the AH-BN sheets was revealed by

Fig. 4. FESEM of (a) SPEEK, (b) SRO, (c) SR2, (d) SR3 and mapping images of (A) SPEEK, (B) SRO, (C) SR2 (D) SR3.
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Table 1
The different roughness parameters of the prepared samples.

Membranes Roughness parameters

Ra (nm) Rq (nm) Rz (nm)
SPEEK 3.01 3.96 20.1
SRO 2.64 3.46 18.3
SR2 9.48 13.3 70.7
SR3 5.96 7.49 37.5

HRTEM image and identified the exfoliated sheets with thickness of 5-6
layers are stacked in the lattice distance of 0.344 nm (Fig. 6(c)). The
SAED pattern determined the individual layer distance through
measuring the fringe diameter (0.356 nm), which belongs to the miller
indices plane (002). These arguments confirm the layered 2D structure
of AH-BN is arranged like a hexagonal atomic configuration (Fig. 6(b))
[25,34].

3.7. XPS

The XPS spectrum of the AH-BN sheets are shown in the Fig.S6,
which confirmed the exfoliation, hydroxylation and functionlization of
bulk BN. Fig.S6(a) displays the binding energies spectra at 189.2 eV and
190. 0 eV associated to the B-N and O-B bonding states. These verify the
formation of H-BN sheets from the bulk BN via exfoliation and hy-
droxylation. The various peaks at 530.5 eV, 532.2 eV and 531.2 eV are
assigned to the binding energy of O—C, O-C and HO-B bond, respec-
tively. These shows the hydroxylation was occurred at the edges of
exfoliated BN sheets in the boron atom via electrophilic substitution (- ©
interaction) (Fig.S6 (b)) [35]. The C 1s shows the three prominent peaks
at 283.6 eV, 285.1 eV, and 287.4 eV corresponds to C-C/C-H, C-O/C-N
and C=0 bond. The N Is core level exhibits the two spectra, one at
398.1 eV is assigned to the N-B bond and other at 400.1 eV is assigned to

the N-H bond (NHy) of the AH-BN (Fig.S6 (c)&(d)) [36,37]. The expla-
nation correlates the formation of AH-BN sheets from the H-BN via
hydrolysis and condensation process. The elevated ratio of the carbon in
the AH-BN is the outcome of residual hydrocarbon and unreacted pol-
ydopamine (Table2).

3.8. TGA and DSC

The TGA gives the information about the thermal stability of the
SPEEK composite membrane by the effect of the incorporated PES and
AH-BN sheets (Fig. 7(a)). The three different weight losses are occurred
at 170 °C, 210-380 °C and above 410 °C, which associated to the
elimination of bound water molecules, sulfonic acids and the aromatic
main chains from the polymer membrane. The exhibited weight losses in
the three stages of SR2 membrane (7.7%, 19.43% and 22.34%) are lower
compared to the SPEEK (10.56%, 37.67% and 40.34%). Its degradation
temperatures in the each stage (196 °C, 242 °C and 461 °C) are improved
than SPEEK with increment of 26, 32 and 51 °C, respectively [17,38].
The high thermal stability of SR2 membrane is facilitated by the com-
bined effect of inherent thermal stability of AH-BN sheets and PES
(sulfone backbone) via strong synergistic effect with SPEEK. The few
layers AH-BN sheets possess the amine groups which facilitates the
uniform dispersion and induced the strong interaction with the sulfonic
acids via acid-base pairs ('S-O—-"H-N =) and forming the inter-
penetrating networks. These interconnecting polymer matrixes created
the rigid polymer matrices that inhibit the thermal decomposition of the
polymer chain finally minimized the weight loss. The weight loss of SR2
membrane at 170 °C is 93.34% it is crucial for the PEM application.

The glass transition (Tg) temperature of the SPEEK, SRO, SR2 and SR3
membrane were studied by the DSC technique. The combination of PES
(20 wt%) with the high quantity of AH-BN sheets (4.5 wt%) in the
SPEEK matrix highly improved the glass transition temperature from 73
°C to 102 °C, which is 29 °C higher than the SPEEK (73 °C) (Fig. 7(b)).
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Fig. 6. (a) TEM, (b) SAED and (c) HRTEM image for AH-BN.

Table 2
XPS elemental quantification of AH-BN.

Elemental composition (%)

Sample Code 0 (1s) B (1s) C (1s) N (1s)
AH-BN 19.7 13.4 53 13.9

The sulfone in the PES and amine on AH-BN sheets are strongly inter-
acted with the sulfonic acids of the SPEEK at the polymer-fillers in-
terfaces formed the cross linked networks. These impeded the dispersion
of crystalline domains in the amorphous regions and hinder the trans-
lation of polymer chain. The amines and hydroxyl are occupied at the
edges of AH-BN sheets causes the lesser interfacial contact between the
sheets produced the uniform dispersion and leads to the formation of
less crystallized matrices [10]. The chain motion and transition tem-
perature are mutually related to each other as the outcome Tg values was
enhanced [39,40]. The ionic interaction of PES and AH-BN sheets with
SPEEK matrix greatly hinder the re-orientation of crystalline domains
and reduce the crystallinity of the polymer matrices.

3.9. Mechanical and oxidative

The tensile strength (Ts), young modules (Yy,) and the elongation at
break (Ep) of the prepared membrane are measured against the external
stress are shown in Fig. 8(a)&(b). The SR2 membrane contain the SPEEK
(80 wt%) with addition to PES (20 wt%) and AH-BN (4.5 wt%) gives the
highest value of Ts (22 MPa), Yy, (1278 MPa) and the lowest value of Ey,
(1.17%). The obtained value is ~7.23, 3.55 times higher and 5.62 times
lower than SPEEK (Fig. 8(a)&(b)). The mechanical strength was maxi-
mized in the SR2 composite membrane by utilized the inherent me-
chanical strength of PES and AH-BN sheets [17,38,41]. In meticulous,
high dispersion ability of the AH-BN sheets in the SPEEK-PES matrices
causes the large synergy interfacial interplay with the sulfonic acids of
SPEEK and transfer the excellent mechanical strength of the AH-BN to
the composite membrane effectively. These synergy mechanisms change
the SPEEK composite from the ductile to brittle nature [38].

The oxidative stability describes the durability and degradation of
the membranes in the electrochemical study. The SR2 membrane shows
the residual weight of 97.1 wt% after the 5h of the exposure in the
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Fig. 7. (a) TGA and (b) DSC study for SPEEK, SRO, SR2 and SR3 membrane.
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Fenton solution this is higher than other membranes (Fig. 8(c)). This
indicates the little impact of free radicals in the composite membranes in
the effect of PES and AH-BN sheets in the SPEEK, which protects the
sulfonic acids from the free radicals attack (Fig.S7(a)) [17,38]. The large
interfacial interplay was created between the sulfonic acids and amine
groups (-S-O™---"H-HN-) in the composite matrix hinder the dissociation
of HSO3 groups in the SPEEK backbone. The loading of AH-BN sheets
(3 wt%) in the SPEEK-PES matrix enhance the oxidative stability of the
composite membranes. Fig.S7(b) shows the images of degradation of the
membranes in the Fenton test after the sufficient time.

3.10. IEC, water uptake, swelling, hydration number and hydrolytic
stability

The ion exchange capacity (IEC) identify the density of the functional
groups (HSOs) is ready to dissociate the protons (H") and exchange with
the Na™ ions. When added the PES (20 wt%) to the SPEEK the IEC value
of the SRO membrane was decreased from 1.65 to 1.62 meq g . This is
due to the ionic interplay between PES and SPEEK via sulfone (S=0)
and sulfonic acids (HSO3) restricted the exchange of protons (H). The
SR1 membrane enhanced the IEC value from 1.62 to 1.67 meq g~ ' and

Table 3
The various properties of the polymer membranes.

maximized to 1.72 meq g~ ! for SR2 membrane is shown in Table3. The
addition of AH-BN sheets (1.5, 3 & 4.5 wt%) to the SPEEK-PES matrix
enhance the proton exchange process with the help of hydroxyl and the
water molecules groups. After the addition of 4.5 wt% AH-BN sheets
into the SPEEK-PES matrix aggregation effect was appeared in the
composite matrix, which decreases the IEC value from 1.72 to
1.70 meq g’1 [40,42,43]. It is showed that the IEC of the composite
membranes is higher than SPEEK and Nafion 117 (Table3). The water
uptake and the swelling ratio determined the proton conductivity and
stability of the membranes. The physical interaction between PES and
SPEEK bridging the sulfone (S=O0) with sulfonic acids (HSO3) through
hydrogen bond eliminates the water molecule clusters around the sul-
fonic acids, constructed the rigid interconnecting polymer matrices.
Consequently decreases the water uptake (16.8% at 40 °C) and swelling
ratio (26.6%) of SRO membrane as compared to SPEEK (28.5 & 34.5%)
(Fig. 9(a)&(b)). The SR2 membrane achieved the highest water uptake
(56.7% at 80 °C) and lowest swelling ratio (27.5%) in the effect of the
impregnation of AH-BN sheets in the SPEEK-PES matrix (Fig. 9(a)&(b))
[17,40,42]. The composite matrix constructs the more rigid structure in
the effect of the physical interaction between the AH-BN sheets and
SPEEK via acid-base interplay. The bearing of amines and hydroxyl

Membrane IEC (meq g~ 1) (H,0/S03H) (%) Water uptake (%) 6 (mS cm™) E, (kJ mol™1) Swelling ratio (%) hydrolytic stability wt%
SPEEK 1.65 + 0.01 14.8 +£0.3 44 +£2.2 21.2+0.9 17.5+0.3 47.4 £2.3 82.7 £1.3
SRO 1.62 + 0.01 8.56 + 0.3 25.3+1.2 14.8 £ 0.8 47.5+ 0.4 36.5+1.8 86.3 £ 0.7
SR1 1.67 + 0.01 16.7 + 0.3 50.4 + 2.5 45.7 £ 1.1 15.6 + 0.5 324+1.6 89.1 £ 0.9
SR2 1.72 £ 0.01 18.3 +0.3 56.7 + 2.8 79.8 +£1.1 14.0 £ 0.5 27.5+1.3 95.8 £0.7
SR3 1.70 + 0.01 17.7 £ 0.3 54.4+27 68.3+0.9 15.0 £ 0.5 31.5+1.5 93.8 £0.8
Nafion117 0.91 + 0.01 19.2 +0.2 32.5+0.9 63.2 + 0.6 141+ 0.4 25.1 £ 0.9- -
SPEEK/GO-5 1.57 - 21.6 43.34 - 22.1 517
SPEEK/SGO-5 1.64 - 26.3 46.54 16.18 25.3 517
SPEEK/SSGO-5 1.66 - 30.1 53.35 15.61 27.4 512
GO-g-SPEEK 1.27 37 85.3 21.23 0.159 20.6 322
SPEEK-DGO-10 1.41 - - 27.34 - - 247

a- reference number.
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Fig. 9. (a) Water uptake and (b) swelling ratio for SPEEK, SRO, SR1, SR2 and SR3 membrane.

groups on the AH-BN sheets adsorbed the more water molecules, which
interconnected the nano phase polymer separation and created the
continuous interconnected ionic channels. In addition to this, the good
dispersion ability of the 2D sheets helps to increases the ionic cluster
channels between the hydrophobic polymer regions. The value of water
uptake at this condition is higher than Nafion 117, whereas the swelling
ratio is approximately equal. The aggregation effect was induced in the
SR3 composite membrane due to weak acid-base interplay between the
SPEEK and AH-BN in the results of the poor dispersion ability of 4.5 wt%
AH-BN sheets. The water uptake and the swelling ratio are enhanced
with respect to raise in the temperatures (30 °C to 80 °C) due to the
vibration of the polymer domains, which enhanced the free volume
space for the occupation of more water molecules. The bound water
molecules in the polymer matrices can be calculated from the hydration
number (M) (Table3).

The numbers of bound water molecules around the sulfonic acids of
SR2 membrane (18.3%) is higher compared to other membrane in the
outcome of higher water uptake values, whereas less value was exhibi-
ted by the commercial Nafion 117 membrane (19.2%). The SR2 mem-
brane achieved the maximum residual weight of 95.8 wt% after the
hydrolytic study. The ionic interaction between the AH-BN, PES and
SPEEK protect the sulfonic acids from the interaction of water molecules
and restrict the dissociation of sulfonic acids. But, SPEEK membrane
interacted directly with water molecules and initiated the degradation of
the sulfonic acids in the polymer chain this causes the lowest remaining
weight of 82.7 wt%.

3.11. Proton conductivity

The incorporation of PES and AH-BN sheets with SPEEK membrane
significantly changes the proton conductivity and Arrhenius behavior

are shown in Fig. 10(a)&(b). The analysis is conducted at temperatures
from 30 °C to 80 °C in 50%RH condition to understand the acid-base
proton migration mechanism. The SPEEK acquired the conductivity of
6.53 mS cm ™! at 30 °C owed to the facile transport of protons via sul-
fonic acids groups and water mediated ionic channels (Fig. 10(a)). The
thermal disturbance causes the occupation of the water channels in the
polymer matrix increases the conductivity to 21.2 mS cm™! at 80 °C via
vehicular mechanism [32]. The addition of PES to SPEEK arouse the
electrostatic interaction between the sulfone (S—=O) and sulfonic acid
groups (HSOs3), which hinder the occupation of water channels in the
polymer matrix and reduced the transport of the protons (H). As re-
sults, the conductivity is decreases from 6.53 to 1.53 mS cm ™! at 30 °C
and from 21.2 to 14.8 mS cm ™" at 80 °C [44]. The Nafion 117 exhibited
the conductivity of 24.3 mS cm™! at 30 °C and improved to 63.2 mS
cm ! at 80 °C. The addition of AH-BN sheets (1.5, 3 and 4.5 wt%) into
the SPEEK-PES raises the conductivity value of the composite membrane
through the proton transfer mechanism such as Grotthuss and vehicular
type. The conductivity of SR1 membrane is increases from 1.53 mS cm ™!
t0 23.4 mS em ! at 30 °C and 14.8-45.7 mS ecm ™! at 80 °C (Fig. 10 (a))
[45,46]. This enhanced conductivity attributes the role of the AH-BN
sheets in the proton transport mechanism. First, bearing of amine and
hydroxyl groups at AH-BN sheets and its large surface area created the
active sites for the transport of protons through the bound ionic clusters
via dissociation mode.

Second, the created acid-base pairs (HSOs— NH5) at SPEEK and AH-
BN interfaces provided the long-range conduction path via adsorption
mode. The electrostatic interplay between the acid and base pairs act as
proton donors (-"HSO/'H-HN-) and acceptors (*H-N =), which
conduct the protons via Grotthuss mechanism instead of formation of
quaternary ammonium. The large pores size and the less potential bar-
rier at the center of hexagonal rings favor the vehicular mechanism as
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Fig. 10. (a) Proton conductivity and (b) Arrhenius behavior for SPEEK, SRO, SR1, SR2, SR3 and Nafion 117 membrane.
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results in the interaction of the high negativity protons (Hz0") with the
positive boron atoms (B™) [47]. The SR2 membrane shows the proton
conductivity of 79.8 mS cm ™! at 80 °C that is higher than Nafion 117
(63.2mS cm’l), where SR3 exhibits the decreases of conductivity (68.3
mS cm™Y) in the effect of poor dispersion ability of the 4.5 wt% AH-BN
sheets [17,24,40]. The Grotthuss and vehicular type helps the transport
of the protons, which lower the potential barrier and decreased the
activation energy (Ea=14 kj mol™!) of SR2 composite membrane (Fig. 10

(b)).

3.12. Fuel cell and durability

In view of excellent proton conductivity and the thermo-mechanical
stability, the composite membrane with 3 wt% AH-BN is preferred for
the study of fuel cell performance at 80 °C with the different relative
humidified condition (50% and 75%RH) (Fig. 11(a)&(b)). The perfor-
mance of SPEEK, SRO and SR2 membrane is studied by the single cell
type at 80 °C in the 50RH%. The obtained open circuit voltage (OCV) of
the SPEEK is about 0.89V signifies the inherent narrow polymer
microstructure this restricted the gas crossover in the polymer matrix.

The SRO membrane exhibits the high OCV of 0.89 V, but decreases
the current and power density (279.12 mA cm ™2 & 63.23 mA cm ™ 2) as
compared to SPEEK (319.12 mA cm 2 & 74.23 mA cm2). The ionic
interaction between the SPEEK and PES polymer via functional groups
(---tH-0-S- and -S=O0"-") affords the barrier networks and constrained
the transport of the fuel and protons. As results, the degradation of the
membrane is lesser due to the limited free radicals attack and increases
the chemical stability of the polymer structure. By contrast, the perfor-
mance of the SR2 composite membrane at 50%RH is 51% higher in the
current density (621.6 mA cm 2) and 56% enhanced in the power
density (131.1 mW cm?) as compared to SPEEK. The PES and AH-BN
sheets in the SPEEK block the hydrogen crossover across the electro-
lyte region; in addition to this the 2D structure also provides the large

Journal of Environmental Chemical Engineering 10 (2022) 107025

to the increase the back water diffusion from anode to cathode and re-
tains the wet ability for the longer times. These reduced the ohmic
resistance and enhance the proton transport mechanism.

Clearly, SR2 offers the notable proton transport membrane for PEM
for operating at 80 °C with the different hydrous condition (50% and
75%RH). The results are included in the Table4 and compared with
Nafion 115 and the other membranes. A PEMFC with SPEEK-PES/AH-
BN (3 wt%) were subjected to test the durability to study long term
stability (Fig. 12). It is shows that SPEEK-PES/AH-BN (3 wt%) exhibits
an OCV degradation about 0.05 V at 80 °C with 75%RH after the 80 h of
durability study. The less OCV degradation of SPEEK-PES/AH-BN (3 wt
%) indicates that the small effect of the hydroperoxyl (HOOe) and hy-
droxyl (HOe) radicals in the SPEEK-PES/AH-BN (3 wt%).

This membrane established the retarded degradation owing to
insufficient generation of the radicals in this system. The voltage
retention of SPEEK-PES/AH-BN (3 wt%) is 0.87 V which is excellent in
this conditions. The higher stability could be described the good
compatibility effect of amphiphilic AH-BN with SPEEK-PES domains by
strong interplay between the AH-BN and SPEEK via -NHy and -SO3H
groups.

4. Conclusion

The present study describes the use of AH-BN as an active 2D filler to
prepare the improved conductive composites membranes for PEM fuel
cells. The inclusion of AH-BN and PES enhance the thermal and me-
chanical stability of the SPEEK through the modification of nanophase
structure and chain arrangement. The sulfonic acid in the SPEEK and
—NH,/-NH- in the AH-BN sheets are accumulated the acid-base pairs at

Table 4
Comparative study of SR2 sample with other membranes.

barrier against fuel transport this further prevents the formation of Membrane ;E;";peramm g[;’::;)v(v;rw Iii’;s}“&::t Reference
radicals. The arranged acid-base pairs (HSO3-NH3) at the SPEEK-PES em2) em2)
and AH-BN interfaces induced the excellent compatibility in the inter-

. . . . SR2 80 172 756 Present
facial of electrode-electrolyte regions, which in turn created the lesser work
electrolyte resistance and induced the easy movements of protons [48, Nafion 117 80 142 557 Present
49]. Besides, the reduction reaction at the cathode site was enhanced, work
which further improved the proton transporting ability and it is SP-DSi 55 1117 323.4 [10]

- - - L. SPEEK/SSGO 120 119.6 403.3 [51]
responsible for increases the voltage-current (V-I) relationship in the SPEEK/GO-5 120 9.7 395.9 (511
SR2 composite membrane [40,46,49]. The SR2 composite membrane is MSAIT1 80 123 515 [50]
subjected to test the performance at 80 °C under the 75% of humidified SPEEK/ACNT 60 140.3 313.7 [15]
condition to measure the effect of the hydrophilic condition on OCV and Nafion 115 60 114.6 54 [15]
power density. As results, the current and the power density value is GO-g-SPEEK 60 139 750 [32]

5 o . . GO-g-SPEEK/ 25 80.7 300 [32]
enhanced to 756 mA cm™ “ and 172 mW cm™ 4, respectively (Fig. 11b). s-PBL-3
Especially, the obtained OCV (0.98 V) is nearer to the cell potential of GO-g-SPEEK/ 25 67 200 [32]
Nafion 117 and the power density value is higher than 142 mW cm 2 s- PBI-8
The higher retention of water molecules aids the better performance due
a),] b 220
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Fig. 11. Fuel cell study of (a) SPEEK, SRO, and SR2 membrane at 50RH% and (b) SR2 and Nafion117 membrane at 75RH%.
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Fig. 12. Durability study of SR2 membrane.

the polymer-AH-BN interfaces; in that proton donor and acceptor are
intimately connected, permits to perform the Grotthuss proton trans-
port. As an effect, the enhanced conductivity (79.8 mS cm’l) and cell
performances (131.1 mW cm~2) was obtained at 80 °C in the 50%RH by
the composite membrane (SR2) due to the assembly of low resistance
barrier pathways using the acid-base scheme. This membrane achieved
the highest OCV (0.98 V), power density (172 mW cm™2) and the
excellent durability at 80 °C with the 75%RH after the 80 h of acceler-
ated stability test. The chemical, mechanical, oxidative and the water
uptake parameters are described herein may cover the understanding
mechanism of the acid-base pairs in the composites membrane for usage
in the fuel cell device.
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