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1 | INTRODUCTION

Cao Guozhong®® | Ramesh Prabhu Manimuthu'

Summary

Proton exchange membrane (PEM) for H,/O, fuel cell are made as sandwich
assembly of sulfonated poly(ether sulfone) (SPES) with sulfonic acid
functionalized multiwalled carbon nanotubes (SMWCNT). The SMWCNT
occupies at the middle layer enhances the interfacial interplay and intercon-
nects the nano-phase separation via hydrogen bond between the sulfonic acid
of SPES and SMWCNT. The sandwich structure improves the integration of
hydrophilic and hydrophobic layers of SPES and SMWCNT, that obliviously
enhance the tensile and mechanical property of the membrane. Thus promotes
the continuous proton conducting channels through the sandwiched morphol-
ogy by using the proton hopping mechanism. The 1.5 wt% of SMWCNT in
SPES (G3) offers high proton conductivity, current and power density values at
80°C under 100% RH, which are 72.0 x 10> Scm™!, 778.26 mA cm 2 and
173.29 mW cm 2, respectively. Within addition to remarkable durability, the
OCV degradation is about 0.02 V after 15 hours of durability test and H, per-
meability of 2.14 barrer. The excellent thermal stability of 91.2 wt% at 150°C
and the Young's modulus of 2208 + 110 MPa was attained by the G3, which
strongly suggest that the promising nature of PEM.

KEYWORDS

electrochemical performance, multiwalled carbon nanotubes, proton exchange
membranes, sandwich membranes, sulfonated poly (ether sulfone)

fuel cell (PEMFC) is considered as the good power gener-

Materials and technologies for sustainable clean energy
are a matter of great concern in the present era, owing to
the depletion of non-renewable energy resources and
increasing awareness of the environment and health. The
fuel cells that transform the chemical energy into elec-
tricity are considered as the effectual power output,
higher conversion efficiency, long shelf/cycle life and
environmental friendly. The proton exchange membrane

ation system for its unique characteristics such as quick
start up with high efficiency and energy density at low
resource consumption and environmental impact. In
PEMFC, the polymer electrolyte membrane (PEM) plays
a crucial role in determining power conversion -effi-
ciency.' The ideal PEM should possess high ionic con-
duction and low electronic conductivity with excellent
thermal, chemical and mechanical stability. The fluori-
nated carbon membrane Nafion, developed by DuPont, is
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widely used as PEM for PEMFC. However, there are sev-
eral drawbacks of using Nafion at high temperatures that
hinder their practical applications. Nafion membranes
possess dehydration property at temperatures above 80°C
and low humidity, which causes decrease in the proton
conductivity and mechanical stability. Its restricted per-
fluorosulfonic acid structure with fluorine containing
groups and higher cost hinders its commercialization as
PEM.>”

Recent progress in PEM material has demonstrated
the sulfonated poly(ether sulfone) (SPES) polymer as the
best substitute for the traditional benchmark membrane
of Nafion compared to other sulfonated polymers.'**®
SPES exhibits a better performance compared to
sulfonated poly(aryl sulfone)s and sulfonated poly(aryl
ether sulfone)s with the same sulfone backbones. The
sulfonated poly(aryl sulfone)s offers a flexible membrane
due to its rigid aromatic structure, but this structure pre-
serves the water molecules and causes the excessive
swelling in the membrane, which allows the low resis-
tance fuel crossover and finally deploy the polarization
performance. Also the sulfonated poly(aryl ether sulfone)
s with its brittleness nature and excessive swelling can
only be used as PEM when it is polar substituted on its
backbone or cross linked with other polymers.'”*® The
electrophilic aromatic sulfonation of PES creates nega-
tively charged sulfonic acid groups on the PES matrix
that improves its hydrophilicity. The SPES allows for the
hydrophobic and hydrophilic character that credits excel-
lent mechanical, thermal stability and enhanced proton
conductivity. The SPES is chosen for its superb film-
forming ability, easily functionalized and available as a
commercial membrane with a low cost.’*** An issue
with the pure SPES membrane is that it still has less con-
nected ionic channels that affect the proton conductivity
for the constructive PEMFC operation. The efforts over-
came the technical bottleneck of SPES by grafting with
the metal-organic framework, sulfonated graphene oxide
(SGO), phosphotungstic acid (PWA), cellulose
nanofibers, sulfonated molybdenum disulfide (S-MoS,)
and chitin nanowhisker.?*° Infusion of such nano-fillers
changes the interfacial interaction of the membrane.
Thus, the stability, proton conductivity and fuel crossover
resistance of the nanocomposite membrane at elevated
temperatures will be improved. The framework of an
organic polymer matrix with inorganic nano-fillers
makes a practical strategy to fabricate unique PEM.

Carbon-based inorganic nano-filler with exceptional
properties have attracted increasing attention for a wide
range of applications, though predominantly in the clean
and sustainable energy sector. Multiwalled carbon nan-
otubes (MWCNT) are a fascinating material with a high
specific surface area, excellent electrochemical stability

and mechanical property. The multiwalled carbon nan-
otubes comprise concentrical multiple nested graphene
sheets with an interlayer distance similar to that in
graphite.®® The pure MWCNT is hydrophobic and not
dispersed in water, paid for its high surface area and
strong Van Der Waals forces that urge for func-
tionalization.?' Before adding within the polymer matrix,
the sulfonic acid groups functionalization onto the walls
of MWCNT (SMWCNT) was done to enrich the chemical
stability. It de-bundle the MWCNT aggregate conse-
quences in homogenous dispersion and hydrophilicity of
the membrane than the MWCNT. Moreover, higher sur-
factant concentration can reduce the nanocomposites
electrical properties since it forms an insulating layer
around the tubes.® Yin et al** also achieved the proton
conductivity of 0.03 Scm ™! for SMWCNT with Nafion,
which is higher than the proton conductivity of
MWCNT-Nafion (0.01 S cm ™).

Although the SMWCNT has demonstrated incredible
guaranteed nano-filler in improving the quality of elec-
trolyte films, there stays a possibility of aggregation and
disordered distribution in the nanocomposite films
mainly made with solvent casting technique. Even the
layer-by-layer (LBL) technique is widely used friendly
method to prepare the multilayer electrolyte membranes
with its easy preparation and low cost. Inappropriately,
the electrolyte membrane organized via the LBL tech-
nique finds hardship in hydroxyl conduction and acts as
a significant barrier in the cell performance of PEMFC.
And its extreme membrane synthesis process also raises
the membrane cost.** To reach the synergistic membrane
property, the grafting of SMWCNT onto the SPES matrix
as a sandwich membrane act as a proper membrane mod-
ification strategy. The electrolyte membrane made as
sandwich structure possesses good hydrolytic and ther-
mal stability and ultimately resists the fuel crossover in
PEMFC performance. Besides the electrostatic attraction,
the SPES/SMWCNT/SPES possess a strong hydrogen
bonding from the super sulfonic acid group, which would
ultimately form a compatible layer-by-layer sandwich
nanocomposite membrane. Researchers also reported the
similar findings of the sandwich nanocomposite mem-
branes for various polymers with other nano-fillers.
Kannan et al*® constructed a three-layered membrane of
phosphoric acid doped PBI that showed lower voltage
decay than a single-layered membrane. Jia et al*® formed
the phosphoric acid doped and undoped (PU/GO/PDDA/
GO),go layered membrane. They found the phosphoric
acid doped (PU/GO/PDDA/GO),40/60%PA membrane is
a highly stable proton conduction membrane with good
mechanical stability. Che et al*” synthesized the multi-
component  membrane of (SPEEK/PU/SPEEK/
bmim),oo/60%PA. It reached the maximum proton
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conduction with the mechanical stability than the
undoped of the phosphoric acid multicomponent mem-
brane. Li et al*® prepared the SPEEK/SGO/SPEEK sand-
wich membrane to increase the proton conductivity than
the SPEEK/GO/SPEEK sandwich membrane. The con-
struction of PEM with SPES/SMWCNT/SPES was
employed here for the first time.

This research’s primary intention is to develop the multi-
layered films with the good ordering dispersion of SMWCNT
and SPES polymers utilizing the layer-by-layer sandwich self-
gathering strategy showing a viable and accessible approach
to improve the appraisal of PEMs. As expected, the prepared
sandwiched nanocomposite of SPES/SMWCNT/SPES owns
good stability with low fuel cross over, and high proton con-
ductivity at low cost was investigated.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Poly(ether sulfone) (PES-Veradel® 3000MP) was pur-
chased commercially from Solvay. Multiwalled carbon
nanotube (10-20 nm diameters) procured from Merck.
Chlorosulfonic acid (99% purity), sulfuric acid (98%
purity), nitric acid (AR, 70%) and N,N-
Dimethylacetamide (DMAc-anhydrous 99.8%) were
received from Sigma Aldrich Chemical Pvt. Ltd.

2.2 | Functionalization of PES-SO;H and
MWCNT-SO;H

The functionalization of sulfonic acid groups on the PES
matrix with the optimized concentration of
chlorosulfonic acid and sulfuric acid with 39 + 0.05% DS
was discussed briefly in our previous reported litera-
ture.>* The functionalization of multiwalled carbon nan-
otubes with sulfonic acid (SMWCNT) was prepared in a
two-step synthesis under a nitrogen atmosphere.*® First,
the commercially procured MWCNT (1 g) was purified
by adding nitric acid and sulfuric acid in the concentra-
tion of 1:1 at 80°C to remove the surface impurity and
amorphous carbon. This mixture solution was ultra-soni-
cated, filtered and washed with deionized water, finally
dried in a vacuum giving a total amount of purified
MWCNT (p-MWCNT). Second, the sulfonic acid func-
tionalization of MWCNT is made by adding 1 g of p-
MWCNT to 100 mL distilled water and ultra-sonicated,
followed by heating. The residual dried sample was then
added with 40 mL sulfuric acid at 255°C for 20 hours,
cooled, washed with deionized water until its pH ~ 7
and dried to produce the SMWCNT.

NERGY RESEARCH BAWANB AR

2.3 | Preparation of sandwiched
nanocomposite membranes

The dense and compact sandwiched nanocomposite
membranes of SPES/SMWCNT/SPES were prepared by
depositing the SPES on both sides of SMWCNT as
reported from the literature.** For the bottom layer prep-
aration, SPES solution (0.5 g of SPES in 5 mL of DMACc)
was deposited on the clean petri dish. Alongside the
SMWCNT paper (0.5, 1, 1.5 and 2 wt%) was obtained
from freeze-drying process based on the reported litera-
ture.* The SMWCNT paper was mounted onto the top
layer of SPES creating the SPES/SMWCNT layer by
slightly drying at 80°C for 10 hours. Finally, for the for-
mation of sandwich-type of SPES/SMWCNT/SPES was
prepared by casting the solution of SPES on the other
side of SMWCNT paper and dried for another 10 hours at
80°C. The pure SPES membrane without the SMWCNT
was also synthesized as a contrast membrane via the sol-
vent casting technique. Hereafter, the membranes with
0.5, 1, 1.5 and 2 wt% of SMWCNT within SPES will be
labelled as G1, G2, G3 and G4 sandwiched nano-
composite membranes, respectively (Scheme 1).

2.4 | Characterization

X-ray diffraction (XRD, X'Pert PRO PANalytical X-ray
diffractometer) and Fourier transform infrared spectros-
copy (FTIR, Perkin Elmer Spectrophotometer) analyses
were carried out to investigate the structural property
and functional groups. Raman spectroscopy was studied
using Micro-Laser Raman (Seiki, Japan) for the defect
study in MWCNT and SMWCNT with an excited wave-
length at 633 nm. High-resolution transmission electron
microscopy (HR-TEM, JEOL-2100) with an accelerating
voltage of 80-200 kV was engaged to analyze the micro-
structure images of the MWCNT and SMWCNT. Field
emission scanning electron microscope (EVO18, CARL
ZEISS) and energy dispersive X-ray microanalysis
(Quantax 200 with X Flash 6130 instruments) were used
to explore the surface morphology, cross-section and
quantitative elemental mapping of the samples with the
accomplishment of gold sputtering. X-ray photoelectron
spectroscopy (XPS, ESCALAB 250xi of Thermo Scientific)
was conducted over a scan rate of 0 to 1400 eV with
monochromatic X-Ray radiation generated by Al Ka for
the SMWCNT. A DSC-TGA analyzer (Universal V4.5A
TA Instruments) was used to analysis the membrane
weight retention and the thermal stability by thermo
gravimetric technique (TGA) in the N, environment with
required flow rate of 45 mL min~'. The test was taken in
the temperature from 40 to 700°C with a heating rate of
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10°C min~'. The similar TGA analyzer with the same
condition was used to identify the transition temperature
of membranes (Ty) of the membrane by the DSC tech-
nique in the thermal scale of 35 to 200°C. The preheating
all the samples above the transition temperature are
removes the residual moisture and the solvent in the
polymer membranes. Approximately the 0.1 g of mem-
brane sample is necessary for this test. A universal testing
machine (UTM, INSTRON 3365) was used to evaluate
the mechanical property in terms of the tensile strength
(MPa), Young's modulus (MPa) and elongation at
break (%).

2.5 | Measurements

251 | Ogxidative stability

The Fenton test assessed chemical or oxidative stability.
The dry-weighted sandwiched nanocomposite mem-
branes were soaked in Fenton's reagent (2 ppm of FeSO,
and 3% of H,0,) at room temperature, and the degraded
percentages of weight in 25 hours were noted.

2.5.2 | Water uptake and swelling ratio

The dimensional changes concerning water uptake and
swelling ratio of the sandwiched nanocomposite mem-
branes were measured. By the increase/decrease in
weight (g) and area (cm®) of the dry samples (Wary and
Agry) after immersing them in deionized water for
24 hours at predetermined temperatures. Over time, the
amount of water absorption was assessed for the wet
membranes by weighting again (Wiye: and Ayet). The fol-
lowing equation evaluates the water uptake and swelling
ratio from the observed values:

Wwet-Wd
Change in weight (%) = (WeW—drer) x100 (1)
Awet - Ad
Change in area (%) = % x 100 (2)
2.5.3 | Ion exchange capacity and hydration

number

A standard acid-base titration measures the ion exchange
capacity (IEC) for the sandwiched nanocomposite mem-
branes. In brief, the vacuum dried sandwiched
nanocomposite membranes were transferred into the
0.1 M Nacl solution and soaked for 24 hours 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 (meqg ') was calculated using the following
relation:

volume x normality

I h ity =
onexchange capactty dry weight of polymer membrane

(3)

where volume and normality are taken for NaOH.

The hydration number (1) assists the number of water
molecules absorbed per one functional group of sulfonic
acid. 1 was calculated by applying the values in the
equation,

B Water Uptake x 10
~ IEC x Molecular weight of water

(4)
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Though 4 is dimensionless but sometimes expressed
as mol H,O/mol SO; ™.

2.54 | Proton conductivity

The proton conductivity (o) for the sandwiched
nanocomposite membranes was measured via AC imped-
ance spectroscopy, employing Potentiostat/Galvanostat p
Auto-Lab analyzer. The measurement was done by the
two-electrode system with the contact of membrane in
the micrometer thickness. The thermo-controlled (30°C-
80°C) and relative humidified condition (RH = 100%)
was used with the sweeping frequencies over the range of
10 MHz to 10 Hz at an AC signal of 10 mV. The proton
conductivity was intended from the resistance value
using the equation

()

where o, L, A and R are the proton conductivity
(S cm ™), membrane thickness (cm), cross-sectional area
(cm?) and bulk resistance (Q), respectively. The calcu-
lated activation energy (E,) from the slope of the plot cor-
responds to proton conductivity against the temperature
using the Arrhenius equation

Ln(s) = Ln(co) — (%) (6)

where o, 6y, E,, R and T are the proton conductivity
(Scm ™), pre-exponential factor (mS K~' cm™'), activa-
tion energy (KJmol '), universal gas constant
(8.314Jmol™' K ') and absolute temperature (K),
respectively.

2.5.5 | Single-cell PEMFC performance,
durability and H, permeability test

The membrane electrode assembly (MEA) was fabricated,
as reported in our previous studies.”* The MEA was
tested by the Bio-Logic science instrument, with the
active cell area of 5cm? for the prepared sandwiched
nanocomposite membranes. The polarization (I-V) per-
formances of MEA were measured for 100% RH at 80°C
with the H, and O, feeds at a flow rate of 250 and
500 ccm. After equilibrating the desired levels, the mea-
surement of cell voltage as a function of current and
power density was conducted. The durability test of the
MEA for the G3 sandwiched nanocomposite membrane
was also examined by monitoring open-circuit voltage

NERGY RESEARCH BAWAIB A

(OCV) degradation at the same parameter of 80°C in
100% RH for 15 hours. The H, gas permeability of the
membrane specimens was calculated to examine the fuel
barrier properties by conventional variable pressure/
constant volume method from the literature.** Prior to
performing the analysis, the membrane was dried at
100°C for 3 h to eliminate the moisture. 1 barrer of pres-
sure rate is maintained during the fed of H, gas and kept
at 30°C during the experiment. The following equation
was used to calculate the H, gas permeability

Vpl (Pp2 —Pp1)

P=DS=
{ARTAt (Pf - @)]

(7)

“P” is H, gas permeability (barrer), “D” is diffusivity
coefficient (cm? S™), S is solubility coefficient (cm?® (cm?
scm Hg) ™), 1 is thickness of membrane (cm), V) is con-
stant permeation volume (cm®), A is area of membranes
(cm?), R is the gas constant (J mol ' K™ '), T the tempera-
ture (kelvin), At is time for pressure change from P,; to
P, and Py is feed pressure (cm Hg).

3 | RESULTS AND DISCUSSION

The XRD patterns of the parental and sulfonated
MWCNT are shown in Figure 1A. The two characteristic
peaks at 260 of 26.6° (002) and 43.4° (100) in MWCNT
with a slight difference in peak width of the SMWCNT,
signifying the disentanglement and unbundling attained
by SMWCNT after the grafting of the sulfonic acid
group.®® Both of the XRD patterns show similar features
designating the functionalization of sulfonic acid groups
doesn't change or destroys the crystal structure of paren-
tal MWCNT.* Additionally, the diffraction peaks of SPES
and its sandwiched nanocomposite membrane were also
shown in Figure 1(b). The pure SPES exhibits amorphous
structure, as observed from the broad and halo peak at 26
of 18.15°.** Further broadened peak in the sandwiched
nanocomposite containing various ratios of SMWCNT
owns to its less crystalline nature. Actually, in the sand-
wiched nanocomposite membrane, the OH groups of
SPES inhibit the chain packing, and the dense SMWCNT
network restricts the crystal growth and making them
more amorphous. The peaks of SMWCNT were not iden-
tified separately, disclosing the good compatibility of the
materials and its interlayer adhesion of sandwiched
structure as identified in SEM images. Due to the aggre-
gation effect for 2 wt% of SMWCNT, there is a hike in the
intense crystalline peak for the G4 membrane compare to
the G3 membrane.
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In Figure 2A, the FTIR spectrum of the parental
MWCNT with the peak at 1632 cm™* corresponds to the
C=C graphitic stretching of mode. And the slightly broad
centered peak at 3457 cm ! is attributed to the —OH
stretching mode originated by the little moisture con-
taining group. The symmetric and asymmetric stretching
vibration band of CH, is located at 2848 and 2926 cm ™,
respectively.*> In SMWCNT, the band present at 1065
and 997 cm™' states the asymmetric and symmetric
stretching vibration modes of S—O of the SO; group.*®
The stretching peak at 665 cm™ " confirms the presence of
SO stretching mode of —SO;H group.*” And the broad
band in the region of 3300-3600 cm ™' is assigned to the
sulfonic group due to the functionalization of sulfonic
acid that enhances the OH molecular group. These spec-
tra confirm the successful grafting of the sulfonic acid
group on to the walls of MWCNT.* The grafting of the
PES matrix with sulfonic acid is evident from the result,
as the bands at 2930, 2598 and 1636 cm ™! symbolize the
O—H vibration from sulfonic acid groups, as depicted in

T . . r T T v
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™ 1 )

Figure 2B. The SO5~ vibrations from the grafted sulfonic
acid group are credited with the bands at 1024, 1287 and
1231 cm™'. The successful grafting of sulfonic acid
groups on PES is inveterate by the broad peak at
3450 cm ™' credits for the hydroxide vibration of the
super sulfonic acid group.”> The SMWCNT integrated
between the two single layers of SPES matrix enhances
the OH vibration with the presence of sulfonic acid
groups on the walls of SMWCNT. This integration shows
the better functional group compatibility among the
SMWCNT and SPES layer, which was inferred from these
FTIR studies.

Raman spectroscopy is analyzed for the parental and
sulfonated MWCNT to assess its structural defect, and
state of carbon hybridization after the functionalization
and illustrated its spectrum in Figure 3. The two bands
located around 1330 and 1580 cm ™' are present in both
samples. At 1330 cm ™', the D band is associated with the
disorder and defect structure of sp” hybridization of car-
bon atoms in nanotubes. The band at 1580 cm™" is set to
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G band and related to the graphite tangential vibrational
nature (first-order scattering of E,; mode of sp” hybrid-
ized carbon lattice) at the layered mode of the carbon
atoms.*®*® The intensity ratio of two bands for D to G
(Ip/Ig) of MWCNT and SMWCNT are 1.16 and 1.59, rep-
resent the structural deformation and defect. The Ip/Ig
ratio for SMWCNT is higher than the parental MWCNT
signifying the property of MWCNT at the surface was
damaged by introducing sulfonic acid moieties on the sp>
carbon network.*

XPS spectra of SMWCNT illustrated the surface ele-
mental composition and chemical valences of the func-
tional groups of sulfonic acids occupied on the surface of
MWCNT (S2p) and its inherent groups (Cls and Ols) in
Figure 4. The de-convoluted sulfonic acids-treated
MWCNT exhibited the five clear spectrums of Cls. The
positions of the different peaks are shown at 290.83 eV,
289.53 eV, 288.25, 286.40 and 284.11 eV assigned to C*
(0)-0—0)*C, C*0)—OH/C—SOzH, C*0)—0C, C=0
and C=C bond, respectively. The O1ls spectrum gives four
individual contributions related to the peaks of different
regions at 533.41, 532.29, 531.85 and 531.16 eV linked to
C—OH, C=0, S—OH and S=O bonds, respectively. The
two peaks correspond to the spectrum of S2p, associated
with the S2p,,, and S2ps,, levels at 169.90 and 168.81 eV,
which is connected to sulfonic acids, that confirms the
sulfonation on MWCNT.* The surface atomic concentra-
tion of sulfonic acid functionalized MWCNT was esti-
mated to be 86.19, 12.28 and 1.53 at% for Cls, Ols and
S2p elements. Further proof of the confirmation of sulfo-
nation occurred on the surface of MWCNT.***”

In HR-TEM, the structural morphology of parental
and sulfonated MWCNT demonstrated the tangled, fiber-
like structure, which was preserved still after modifica-
tion with sulfonic acid groups. The SMWCNT sticks col-
lectively as chains like morphology due to van der Waals
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mutual interactions among individual tubes. The func-
tionalization of sulfonic acid further separated the single
tubes, owed to the ionic repulsion conveying by —SO;H
groups contain in sulfonic acids. The dispersal diameter
among individual tubes is higher in SMWCNT, as seen in
Figure 5A,B. The individual tubes diameter is smaller in
size (10 nm), as shown in Figure 5C. HR-TEM and XRD
analysis verify the SMWCNT was modified on sulfonic
acids.***” The HR-TEM image in Figure 5C, shows the
lattice fringes of SMWCNT and measured the d-spacing
values in the orders of 0.333 and 0.334 nm. The
corresponding intensity of diffraction peaks was located
at 26.6° and 43.4°, analogous to planes (002) and (100).
The SAED results from Figure 5D obtained from the HR-
TEM were well fitted with XRD values peaks.

The observation of surface morphology for both the
parental MWCNT and SMWCNT exhibits the tangled
thread-like structure with the diameter ranging 10 to
20 nm represented in Figure 6A. After the sulfonic acid
groups functionalization onto the MWCNT, the diameter,
morphology and structural distribution do not show any
noticeable difference from the parental MWCNT. Also, it
lessens the aggregation and resembles the parental fea-
tures of MWCNT.*! It is due to the functionalization of
sulfonic acid on the walls of MWCNT; there exhibits an
electrostatic repulsive force among the individual
MWCNT that causes them to separate away and make it
a well-dispersed matrix as shown in Figure 6A. The EDS
mapping images in Figure 6B show the presence, concen-
tration and evenly distribution of sulfur (S) elemental
group along with the carbon (C) and oxygen (O) in
SMWCNT in comparison to the presence of C and O ele-
mental groups of MWCNT.*

The surface FE-SEM images of the sandwich mem-
brane in Figure 7A clearly expose the smooth and pore
free surface of the top layer SPES due to the inter-
connected polymer micro-structures. The different weight
percentage of the SMWCNT in the central layer of sand-
wich structure doesn't changes the surface of SPES top
layer, so it replicated the bare SPES structure with the
smooth surface. The cross-sectional FE-SEM of sandwich
membranes is displayed in Figure 7B. The plain surface
on both the side of the sandwich membrane indicated
the thick or dense SPES layers (approximately 35 pm
thickness). Specifically, the SMWCNT region in the mid-
dle of the sandwich membrane(approximately 40-70 pum
thickness) is crumpled and compact structure. These vali-
dates the prepared membranes as the sandwiched struc-
ture. Owing to the incremental concentrations of
SMWCNT, the thickness of the central layers also
increases in the sandwich membrane (Table 1). The func-
tionalization of sulfonic acid on the SMWCNT increased
the synergy interplay between the SPES layers due to the
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FIGURE 4 XPS spectra of A, SMWCNT; B, C1s; C, Ols and D, S2p elements

FIGURE 5 HR-TEM images of A,
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fringes and D, SAED pattern of
SMWCNT

Length 3.125 1/nm

Length 3.030 1/nm
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(A)
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FIGURE 6 A, FE-SEM images of (A) MWCNT and (B) SMWCNT. B, EDS analysis (insert) and mapping of (A) SMWCNT and

(B) MWCNT

more dispersion of the individual tubes in the middle
layer, which tend to form the compacted structure with
no phase separation or pinholes between SPES/
SMWCNT/SPES. As a result, all the sandwich mem-
branes (G1, G2, G3 and G4) are formed with no pores
and cracks in the entire morphology. The existence of the
higher interface interaction drive the defects free struc-
ture between the SPES and SMWCNT, which proves the
excellent compatibility of SMWCNT and SPES.*' The
drawback of swelling membranes prepared from the sol-
vent casting technique is well maintained by the dimen-
sional and compactable structure designed from
sandwiched type, which is also proven from the swelling
ratio analysis.?®

TGA results of SPES, G1, G2, G3, G4 membranes and
SMWCNT were shown in Figure 8A,C. The evaluated

data indicates that the SPES sandwich nanocomposite
membrane exhibited high thermal stability concerning
SPES. For the prepared membranes, the three steps of
weight losses are obtained: (a) losses of water molecules
in terms of bound and free state at 100 to 150°C,
(b) elimination of SO;H on the aromatic polymer chains
of SPES and SMWCNT at 220 to 350°C and
(c) dissolution of backbone on SPES chains was initiated
above 500°C.>*° The SMWCNT exhibits the residual
weight of 87.12% at 700°C. TGA curves of SPES based
sandwiched nanocomposites reveal slightly retarded
weight loss contrast to SPES likely owed to the electro-
static mutual interactions between the two layers of SPES
with the center layer of SMWCNT. The effect of
SMWCNT integration between the SPES matrices creates
the electrostatic interaction among the two regions due
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FIGURE 7 A, Surface FE-SEM
images. B, Cross-sectional FE-SEM
images of G1, G2, G3 and G4 electrolyte
membranes

o S St

to the bearing of sulfonic acids, hydroxyl at the walls of Subsequently, the SPES nanocomposite was ade-
nanotubes, and sulfonic acids on SPES. This interplay = quately stable up to 150°C, sufficient to meet the condi-
constrains the chain movement against the polymer tion for a durable PEM operation. These were further
decomposition under the thermal agitation. studied by DSC and reliable with TGA data, as revealed
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TABLE 1
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Mechanical and oxidative stabilities for the electrolyte membranes of pristine SPES, G1, G2, G3 and G4

Membranes Tensile strength (MPa) Young's Modulus (MPa) Elongation at break (%) Oxidative stability (wt%)
SPES 12.3 + 0.6 1248 + 62 294+14 842 +4.2
G1 31.8+ 1.5 1698 + 84 18.9 + 0.9 94.5 + 4.7
G2 350+ 1.7 1816 + 91 14.0 + 0.7 95.7 + 4.7
G3 40.0 + 2.1 2208 + 110 119 + 0.5 98.1 +4.9
G4 362+ 1.8 1770 + 88 13.4 + 0.6 96.4 + 4.8
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FIGURE 8 A, TGA; B, DSC curves for the electrolyte membranes; C, TGA and D, DSC curves for SMWCNT

in Figure 8B,D. The effect of grafting of sulfonic acids on
MWCNT and sandwich arrangement of SPES with
SMWCNT influences glass temperature transition behav-
ior (Tg). The structural restructuring of SPES matrices
occurred by the sandwich of SMWCNT among the two
layers of SPES and created endothermic peaks. The con-
struction of such sandwich type membrane maintained
the thermal stability than the pure SPES membrane syn-
thesized from solvent casting technique. This structure
conserved both ionic interaction and thermal stability for
the fuel cell operating temperature.**

As shown in Figure 8B, the endothermic peak at 71.8,
77.6, 79.2, 85.5 and 89.1°C for SPES, G1, G2, G3 and G4
membranes was the glass temperature transition behav-
ior. The SMWCNT exhibits the T, value at 49.29°C
(Figure 8D). The T, of SPES is around 71.8°C, and further

integration of SMWCNT with SPES matrices enhanced
the T, owing to the superior thermal stability of
SMWCNT and layered microstructure arrangement. This
tendency can be attributed to strong electrostatic ionic
interactions between acid-acid pairs at the host interface
of SPES in both the upper layer and lower layer of
SMWCNT. The SMWCNT was occupied in the mid-layers
as more entangled and higher dispersal due to the bear-
ing of sulfonic and causes the more interfacial interplay
at SPES interface: SMWCNT. In this mode, the mobility
of SPES chains is severely controlled, and therefore extra
heat is necessary to get sufficient chain mobility for
attaining the phase transition. But certain content of
SMWCNT in SPES matrices decreases the T, due to poor
dispersal of SMWCNT by the sequence of higher aggrega-
tion effect among them. In general, the DSC results
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display the integration of SMWCNT proficiently
improves the thermal stability of composite membranes.

The restriction of chain mobility influence the
mechanical stability of the membrane is also one of the
satisfactory properties for fuel cell performance. The
mechanical properties for the prepared sandwiched
nanocomposite membrane of SPES are assessed by tensile
strength in MPa, elongation at break in %, and Young's
modulus in MPa, and depicted as a bar graph in Table 1.
The incorporation of SMWCNT enhances the tensile
strength and Young's modulus and declines the elonga-
tion at break eventually. Also, the sandwiched
nanocomposite membrane of SPES reinforced with
SMWCNT paves the way for a better compact structure
via the interfacial interaction at the interfacial surfaces.
The tensile strength and Young's modulus for pure SPES
membrane are 12.3 and 1248.8 MPa, while for G3 mem-
brane is 40 and 2208.2 MPa. This incremental mechani-
cal property is due to the strong interconnection of
SMWCNT and the SPES matrix through the strong
hydrogen bonding and better dispersibility of SMWCNT.
Further, the G4 sandwiched nanocomposite membranes
mechanical property is reduced owed to the accumula-
tion of poor dispersion of SMWCNT, which disturbs the
chain continuity due to the excessive optimized content
SMWCNT. The high mechanical stability with a good
elongation at break for G3 sandwiched nanocomposite
membrane is highly suitable for efficient fuel cell
operation.?¢>1->3

During the fuel cell operation, some hydroxyl (HO-)
and hydroperoxy (HOO-) radicals might produce at the
electrode-electrolyte side. These HO- and HOO- radicals
certainly attack the functional groups in the polymer
skeleton, which turns out the possible risk of membrane
break.>* Fenton's reagent evaluated the chemical strength
of prepared membranes, and its results were displayed in
Table 1. The sandwiched nanocomposite membranes can
maintain the whole weight more than 24 hours, by con-
trast to the pure SPES membrane were establish to degra-
dation at 24.5 hours.>® After 25 hours of the test, the
pristine SPES and sandwiched nanocomposite mem-
branes of G1, G2, G3 and G4 retained 84.2, 94.5, 95.7,
98.1 and 96.4% remaining weights. The outcome specifies
the introduction of SMWCNT exerted a positive effect on
the chemical stability owing to prevent the decomposi-
tion of sulfonic acids with radicals. The decomposition of
SPES matrices eventually causes in fracture of the mem-
brane. The hydrogen bond cross-linking between the sul-
fonic acids at the interface of two layers of SPES and
SMWCNT matrices aids the productive method for elimi-
nating the degradation of polymer chain's and giving the
chemical stability sandwiched nanocomposite mem-
branes. This scheme prevents sulfonic acid dissociation

by the best useful interfacial contacts at the SPES and
SMWCNT.

The water uptake impacts the mechanical property,
dimensional stability and generally the membranes’ over-
all proton conductivity for the efficacious PEM operation.
The swelling ratio was also analyzed and which is in
common trend as water uptake, and plotted in Figure 9.
From these observations, the G3 sandwiched
nanocomposite membrane showed the highest water
uptake and moderate swelling ratio (66% and 14% at
80°C), represent the strong interfacial interaction among
the sandwiched layers than pure SPES (39% and 20% at
80°C). The SMWCNT layer is occupied at the center of
two SPES layers bearing the sulfonic acid on the walls of
the tubes. Aids the hydrogen bond interaction with the
water molecules at two interfacial sites. That facilitates
the more occupation of water molecules in between the
hydrophilic/hydrophobic channels of SPES matrix. More-
over, the higher dispersivity of SMWCNT in the
sandwich-type has a positive effect on water uptake char-
acteristics. It creates a strong hydrogen bonding network
between the SO;H and water molecules in the acid-acid
synergistic role that aids the interpenetrating ionic
domains and the sandwiched matrices. It connects the
more hydrophilic/dead-end channels and creates the
mobile transport of proton through the extended range of
interconnected channels with continuous pathways.**

Meanwhile, the GI1, G2 and G4 sandwiched
nanocomposite membrane revealed the water uptake and
swelling ratio of 46, 59% and 54% and 20, 17% and 16% at
80°C, respectively. When incorporating SMWCNT
between the layers of SPES sandwiched assembly, the
anisotropic swelling behavior was observed in the in-
plane direction. The swelling ratio was considerably
diminished by the effectual constraint of SPES polymer

70 - Water uptake (%) 80 °C
[ | Swelling ratio (%)

30 °C

S 8 8 3 S 8 3 3

SPES
SPES

FIGURE 9 Water uptake and swelling ratio for pure SPES, G1,
G2, G3 and G4 membranes at 30°C and 80°C
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chain in the swelling direction via the reinforcing effect
of SMWCNT on SPES through the good interaction
among sulfonic acids at two interfaces. The impact of the
high content (2 wt%) of the functional group (SMWCNT)
dramatically influences the dimensional property,
owning to blocking effect in the SPES membrane matrix.
These dominate to reduces the water uptake and puts up
swelling ratio, due to the poor acid-acid interaction
between the SMWCNT and SPES.**>>>

Interestingly, the IEC estimation is likewise a signifi-
cant factor, and the IEC value for the pure SPES is
1.51 meq g_l. The G1, G2, G3 and G4 revealed the IEC
values of 1.69, 1.75, 1.82 and 1.78 meq g ', respectively.
Regardless of the inclusion of SMWCNT, the IEC value
was increased in G3 sandwiched nanocomposite mem-
brane than the pure SPES. The augmented functional
group of SO;H provided by the SMWCNT in addition to
the SPES incremented the transferable proton group in
the interpenetrating channels along with the sandwiched
matrix at the limited domains.> The less dilution and
stacking of SMWCNT created a good interfacial interac-
tion with SPES matrix. Subsequently, the formation of
proton mediated pathway by the combined effect of
enhanced sulfonic acid and interconnecting ionic
domains helps better proton conduction within the sand-
wiched nanocomposite membrane.?® In contrast, the
more stacking and dilution effect has appeared for 2 wt%
of SMWCNT, creating the bad interfaces at SPES/
SMWCNT/SPES in the sandwiched nanocomposite mem-
brane. The hydration number (1) is also linear with water
uptake and the IEC parameter. The G3 sandwiched
nanocomposite membrane showed the maximum 4 value
of 20.14 associated with more water molecules gathering
around the hydrophilic sulfonic acid group.28

The proton conductivity measurements were sub-
jected to test at fully humidified condition from 30°C to
80°C for all the prepared membranes and tabulated in
Table 2. The pure SPES membrane displayed the proton
conductivity value in the range of 11.74 x 10 > S cm ™' at
30°C. The SPES polymer matrix contains the sulfonic
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acids adsorb water-ionic cluster channels and transport
protons via vehicular transport. The rise in temperature
contributes the lower resistance of the membrane and
makes easier the proton diffusion (20.32 x 107> Scm ™!
at 80°C). The intensification in proton conductivity was
achieved after the incorporation of SMWCNT (0.5, 1, 1.5
and 2 wt%) into the SPES matrix as a sandwiched type.
The sandwich membrane facile the proton transportation
using the inter layer adhesion between SMWCNT and
SPES layers. It shows the strengthening of proton con-
ductivity of the sandwiched nanocomposite membranes
only up to 1.5 wt% of SMWCNT and diminution at 2 wt
%. This is due to the dependence of the proton conduc-
tion that lies in the structural morphology and intercon-
nection of water cluster channels in the matrix facilitate
by the optimized amount of SMWCNT.' The 1.5 wt%
SMWCNT provides a better interfacial bonding with the
water molecules via sulfonic acid groups, which
improved the protonic conductive pathway.’* In particu-
lar, the functionalization of sulfonic acid groups on the
walls of MWCNT aids the numerous active sites for pro-
ton transport and promotes the proton hopping via
Vehicular and Grotthuss mechanism. The vehicular
mechanism is facilitated by the water molecule channel
adsorbed by the sulfonic acid groups of SMWCNT and
the Grotthuss mechanism is promoted by the transport of
proton from SMWCNT to the SPES polymer or vice
versa.”’ The G1, G2, G3 and G4 sandwiched
nanocomposite membranes display the proton conductiv-
ity and activation energy values of 39.85, 54.45, 72.08,
55.99 x 10 *Scm™' and 104, 9.9, 8.8, 9.4 kI mol ™' at
80°C, respectively.

In contrast, the 2 wt% of SMWCNT (G4 membrane)
showed less proton conduction than 1.5 wt% SMWCNT
(G3 membrane) due to the aggregation and masking of
SO;H groups caused by high cohesive interaction among
the SMWCNT.®® Therefore, low interfacial interaction
arises and resulting in impediment of proton transfer for
G4 membrane. The superior proton conduction of
72.08 x 10 >Scm™' with low activation energy

TABLE 2 Thickness, proton conductivity and activation energy for the prepared membranes
Proton conductivity (10 > S cm ) Activation energy
Membranes Thickness (um) 30°C 50°C 80°C (kJ mol 1)
SPES 95+3 11.74 + 0.58 14.12 £ 0.70 20.32 +1.01 11.9 + 0.59
G1 115+1 30.69 + 1.53 36.43 + 1.82 39.85 + 1.99 10.4 + 0.52
G2 12045 43.15 + 2.15 48.28 + 2.41 54.45 + 2.72 9.9 + 0.49
G3 131+4 59.78 + 2.98 64.89 + 3.24 72.08 + 3.60 8.8 + 0.44
G4 14343 48.09 + 2.40 51.91 + 2.59 55.99 + 2.79 9.4 +0.47
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8.8 kI mol™' was found for the G3 membrane. The
SMWCNT with the Nafion membrane also achieved the
proton conductivity in the range of 0.03 S cm™'**

The single cell PEMFC performance was evaluated
for the sandwiched nanocomposite membranes together
with the pure SPES membrane. To overcome the chal-
lenges of membrane fabricated via LBL and solvent cast-
ing technique, we designed the sandwich structure
membranes contains the top and bottom acid SPES poly-
mer layers with central SMWCNT layer that reduces the
fuel crossover in the membrane. Figure 10 shows the
polarization curve of sandwiched nanocomposite mem-
branes under 100% relative humidity (RH) at 80°C. There
is a marginal increase of open-circuit voltage (OCV) from
0.85 to 0.94V for the pure SPES and G3 membrane,
which is 0.09 V higher than the pure SPES. This infers
the inclusion of SMWCNT creates a better interaction
with SPES polymer and forming a rigid structure along
the entire electrolyte matrices that created the higher gas
barrier property. The pure SPES membrane attains a
peak power output of 75.55 mW cm ™2 and a current out-
put of 255.71 mA cm ™, respectively. The G1, G2, G3 and
G4 sandwiched membranes delivered a peak power out-
put of 129.96, 146.91, 173.29 and 157.53 mW cm 2 at cur-
rent output of 511.41, 617.24, 778.26 and 638.28 mA cm™>
which is higher than the SPES membrane. The sandwich
membrane comprise the SMWCNT at the central layer
that contains the sulfonic acids on the surface of the
tubes which aids the uniform dispersion along the matrix
and helps to interact strongly with the SPES polymer.
This enhanced the synergism mechanism and minimized
the ionic and ohmic resistance of the sandwiched
nanocomposite membranes.”**
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FIGURE 10 Polarization curve for the electrolyte membranes
of pristine SPES, G1, G2, G3 and G4 at 80°C with 100% RH for
PEMFC application

Interestingly, the more sulfonic acid groups of
SMWCNT can hold extra water molecules and keep the
sandwiched nanocomposite membranes adequately wet
to encourage water back diffusion. The inclusion of
1.5wt% SMWCNT within SPES attain higher perfor-
mance than the 2 wt% due to the even dispersion of
SMWCNT promote the better interfacial interplay with
the SPES polymer matrix and interconnected the ionic
channels. These forbid the fuel crossover that gives a bet-
ter performance for the G3 membrane. The better com-
patibility between the electrode, electrolyte, and catalyst
region is the crucial part for the better proton transport
at the electrode-electrolyte region. The phase boundary at
three interfacial layers is enhanced by incorporating the
SMWCNT to create the continuous proton-conducting
pathway. Simultaneously, encourages the cathode's redox
reaction rate and diminished the free radical effect at the
electrode-electrolyte region. The combined effect causes
enhanced power density with a high gas potential barrier
at these interfaces. The G3 membrane achieved a rise in
current density (778.26 mA cm ) up to 33% and power
density (173.29 mW cm ™ ?) up to 43% compared to pure
SPES. Overall, this made the remarkable G3 sandwiched
nanocomposite membrane the most elevated PEM polari-
zation performer even than the Nafio-115 for the
PEMFC.* Table 3 shows the SPES sandwich membrane
with the other reported literature.

From the polarization performance, the best opti-
mized G3 sandwiched membrane was subjected to a
durability test at 100% relative humidity with 80°C for
knowing its long-term stability range of OCV as a func-
tion of time for 15hours. The G3 sandwiched
nanocomposite membrane revealed an OCV degradation
about 0.02 V, as shown in Figure 11A. The inclusion of
SMWCNT into the SPES sandwich, creating a strong
interlayer interplay, which facilitated the fuel barrier and
obstructs the creation of hydroxyl and hydroperoxyl radi-
cals. These effect decelerate the degradation of the mem-
brane and helps the high OCV retention. These shows
the positive effect of the functionalized sulfonic acid
group on the MWCNT in the sandwiched layers of
SPES.* It proves that the minimal drop of OCV is due to
the higher stability from the sandwich polymer structure
and the optimized filler concentration of SMWCNT.

Fuel permeability (H,) in PEM is the vital drawback
that reduces the cell performance of fuel cells through
diminished fuel efficiency and produced the mixed poten-
tial of oxidant and fuel. For superior PEMFC efficiency,
the membrane must have a lower amount of fuel perme-
ability and maximum proton selectivity. In the case of
the G3 membrane of Figure 11B, the SMWCNT are well
dispersed and interacted strongly with the SPES polymer
matrix due to the functional groups of sulfonic acids on
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TABLE 3 Summary of PEMs using SPES nano-composite membrane for FC application

Sample codes from Temperature Conductivity ocv Current density Power density
literature (°C) (Scm™) ) (mA cm ?) (mW cm ?) References
SPES 80 20.32 x 1073 0.85 255.71 75.55 This work
G3 80 72.08 x 103 0.94 778.26 173.29 This work
Cc3 80 6532 x 1073 0.90 403 90 3
B3 80 14.98 x 103 0.92 269 66 4
UiO-66-NH,@NFs-8/ 80 0.27 0.817 - 95.49 10
Nafion
MR3 90 7.9 x 102 0.95 354 110 15
s-MoS,/sPES (5 wt%) 60 14.04 x 1073 - 534 60 20
SPES-MOF 160 41 x 103 0.92 889 238 2
SPES/PWA-30 90 116 x 1073 0.6 196 307 26
SPES/BCNO 80 422 x 1073 0.93 397 117 39
SPES/SPVAF-HFP-20 90 78 x 1073 0.95 633.18 262.78 60
SPAE/GO/PWA 70 186.3 at 90°C 0.95 276 193.3 61
(36 wt%)
SPAES-LA-X12Y28 60 158.4 at 90°C 0.95 374 232.02 62
Nafion-115 60 - - 174 114.6 59
1.0
FIGURE 11 A, Accelerated 7N = 24 ®
durability test operation at 80°C — =
-
under 100% RH for 15 hours 0.9 1 g 2.0
and B, H, permeability of G3 I~ 2
membrane % 0.8 z 167
= =
S E 12
T 074 £
&) )
2 0.8-
g
0.6 1 4
Z 044
0.5 T T T T T T T - 0.0-
0 2 4 6 8 10 12 14 16
Time (h) G3 membrane

the SMWCNT retarded the mutual attractions between
them and produce the good compatibility effect with the
host polymer. This driven the good interfacial adhesion
along the SPES sandwich membrane and in turn, causes
the barrier networks for H, gas crossover (2.14 barrer).**

4 | CONCLUSIONS

Novel sandwich nanocomposite membranes of SPES/
SMWCNT/SPES were fabricated by the assembly of
SMWCNT layer between the SPES layers. The SPES/
SMWCNT/SPES membranes exhibited the flexible and
superior interlayer adhesion to create the compact struc-
ture which enhance the thermal-mechanical, physico-
chemical and electrochemical properties than bare SPES.
The interaction of SO;H groups between SPES and

SMWCNT forms a continuous proton-conducting net-
works via hydrogen bonding, which strengthens the pro-
ton conductivity. As the results, the sandwich
nanocomposite membranes with 1.5 wt% of SMWCNT
(G3) exhibited improved electrochemical performance
compared to other PEMs. The durability and H, perme-
ability test confirms the effective design of the high
performance PEM.
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