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Abstract

Sulfonation of mesoporous carbon CMK-3 (sCMK-3) prepared by nano-casting technique was carried out post synthesis
using one-step process. The incorporation of the acid groups was confirmed using XRD, Raman spectroscopy, FTIR, SEM,
TEM and BET isotherm. The sCMK-3 was incorporated into sulfonated poly(ether ether ketone) to form a nanocomposite
which was introduced into polyvinylidene fluoride matrix to form a proton exchange membrane. The physicochemical
characteristics of the nanocomposite incorporated membranes were characterized using FTIR, ionic exchange capac-
ity, water uptake, swelling ratio, mechanical stability and TGA. The nanocomposite incorporated membranes showed
greater surface wettability and higher ion-exchange capacity. The presence of the -SO;H acid groups plays a major
role in improving the proton conductivity through the Grotthuss-type mechanism. M4 membrane was identified to be
a suitable replacement in the DMFC as it had sufficiently high tensile strength (862.2 MPa), high proton conductivity
(0.081 S cm™) at 45 °C and ultra-low methanol permeability (2.17 x 108 cm? s"). No evident hydrolytic damage could
be identified and had sufficiently high thermal stability and hence can be proposed as a suitable alternative for Nafion
membranes in high temperature, low humidity DMFC applications.

Keywords Mesoporous carbon - Proton exchange membrane - Nanocomposite - Proton conductivity - Methanol
permeability

1 Introduction

The power requirement is directly proportional to the
population growth as well as the industrial demand for
any country. Though there are myriad drawbacks, first-
generation coal-fired power plants still continue to be the
major source of power in India [1]. The negative impact
of these natural resources on the environment coupled
with their diminishing availability paved the way towards
the development of alternate sources of power. The
landmark Paris Accord also provided a substantial shift
toward cleaner, greener fuels and energy technology. Of

the available technologies, fuel cells are widely explored
and is a promising source of alternate energy that can be
seamlessly integrated into the current technologies [2].

The fuel cell technology was explored initially by Sir Wil-
liam Grove in 1838 and successfully employed on NASA's
Gemini space programme in the 1960s [3]. Since then, a
large amount of research has been carried out on improv-
ing every component of the fuel cell. Of the various types
of fuel cells, proton exchange membrane fuel cells (PEM-
FCs) are being widely explored as it enables efficient fuel
transportation for portable power and is one of the most
pollution-free sources of energy [4, 5].
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Typically, PEMFC operation involves the oxidation of H,
fuel at the anode which liberates protons and electrons.
The protons are transported across a suitable polymeric
membrane to the cathode where they recombine with
the electrons and react with supplied O, to form water
as a by-product. Direct methanol fuel cells (DMFCs) are a
class of PEMFC, which uses methanol as the stable hydro-
gen source at the anode. Methanol releases six pairs of
protons and electrons during oxidation which makes it a
sustainable high-density fuel which is advantageous [6].
DMFCs holds huge potential and are being explored as
an alternative to IC engines, for stationary and portable
sources of power. The vital merit of generating high power
over low voltage of a DMFC is restricted by the methanol
crossover which results in non-electrochemical oxidation
and internal short-circuiting of the cell [7].

The proton exchange membrane (PEM) is the heart of a
fuel cell stack which acts as a bridge for the proton transfer
while maintaining the barrier between the fuel and oxi-
dant compartments, thereby, preventing them from mix-
ing. At present, the most widely used proton exchange
membrane is Nafion due to its high proton conductivity.
However, it has certain drawbacks such as high methanol
permeability and cost [8, 9]. Hence, researchers are keen
on exploring alternative membranes for DMFCs. Various
polymer materials such as poly(vinylidene fluoride) (PVDF)
[10], chitosan [11], Sulfonated poly(phenylene ether ether
sulfone) [12], sulfonated poly(etheretherketone) (SPEEK)
[13], etc.,, have been investigated for their performance
as proton exchange membranes. A highly efficient mem-
brane should possess a rigid polymer backbone having
ionic species that can transport protons attached to it.
Consequently, sulfonated polymers have been explored
and their results indicate that the hydrophilic sulfonic acid
groups tend to aggregate into as nano-scale ionic com-
plexes within the hydrophobic polymer matrixes which
enhances the proton transport due via Grotthuss Mecha-
nism, vehicular transport and surface mechanisms [14].
Though the proton conductivity was enhanced when sul-
fonated membranes were used, an increase in the degree
of sulfonation could cause swelling of the polymer thereby
permitting methanol crossover [15]. Moreover, there are
free radicals produced during the operation that could
eventually lead to polymer damage and diminish the
membrane integrity, lowering the membrane life. In fact,
a combined mechanical, thermal and chemical degrada-
tions cause membrane failure and a need for membrane
replacement [16].

To overcome these limitations, nanocomposite mem-
branes have gained significant interest; nano-fillers such
as graphene oxide (GO) [17], carbon nanotubes (CNTs)
[11], titanium oxide [18], layered double hydroxide [19],
zirconia [20], MOF [21] have been investigated. The recent
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increase in the use of nano-fillers to tailor the resulting
properties of composites is due to their extensive range of
physical and chemical properties. For instance, graphene
has high electrical conductivity, high thermal conductiv-
ity, high specific surface area with flexible chemical prop-
erties achieved through functionalization (e.g. oxidation
and sulfonation). CNTs and GO stand at the forefront of
obtaining different types of polymer nanocomposites,
with their application ranging from fuel cells to biosensors
[22, 23]. The formation of a nanocomposite membranes
takes place in two stages — dispersion of nano-filler in the
polymer solution and preparation of membrane. A suitable
PEM should have appropriate water uptake, low swelling
ratio, dense structure, high proton conductivity, high ther-
mal stability, good mechanical properties and chemical
stability.

Poly(vinylidene fluoride) (PVDF) is chosen as the base
polymer in this work as it has been widely used in the field
of fuel cells owing to its excellent chemical resistance, suf-
ficient thermal stability and outstanding mechanical prop-
erties [24].

CMK-3 is a class of mesoporous carbons which have
been recently exploited due to its properties such as uni-
form pore size distribution, large surface to volume ratio
and superior chemical stability, tailorable surface func-
tionalities which makes it an ideal nanofiller [25]. The sul-
fonated, mesoporous carbon CMK-3 is incorporated into
a long chain sulfonated poly(etheretherketone) (SPEEK)
is used to enhance the performance of PVDF membranes
to be used as a proton exchange membrane. Here, SPEEK
itself promotes proton hopping due to the acid site pre-
sent and it helps to anchor the sCMK-3 into the polymer
matrix. This modification imparts a much greater number
of ionic active sites, improves the overall proton transport,
restricts swelling and thermal degradation, all of which is
highly essential for membranes used for DMFCs.

The morphology, surface chemistry and strength of the
novel nano-composite membranes were evaluated. The
methanol crossover and proton conductivity were studied
to observe the effect of sSCMK-3/SPEEK on the membrane
properties for low-temperature direct methanol fuel cells.
These membranes can be scaled up easily for applications
in DMFCs which could address the economic as well as the
environmental gap in the energy sector, which is of high
demand in India.

2 Experimental

2.1 Materials

PVDF (melt index 7-20 g/10 min; Mw ~2,75,000), raw
materials for the synthesis of SBA-15 and CMK-3 were
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procured from Merck. PEEK pellets were obtained as a gift
sample from a Solvay India. Concentrated sulfuric acid
(H,SO,) (98%, Emplura) was bought from Merck Life Sci-
ence Pvt. Ltd (India). N-Methyl-2-pyrrolidone (99.5% purity
NMP, AR), was purchased from Sisco Research Laboratory,
(India). Ethanol, absolute, was purchased from Changshu
Hongsheng Fine Chemicals Co. Ltd. (China). All the mate-
rials and chemicals were of analytical grade and used as
received. Clean and dried glasswares and de-ionized water
were used throughout the study.

2.2 Preparation of CMK-3 via nano-casting method

Mesoporous silica, SBA-15 was synthesized as in our pre-
vious study [26] and used as the hard templating agent
for the synthesis of CMK-3. The typical synthesis of the
ordered mesoporous carbon is as follows - initially, the
SBA-15 was pre-dried at 80 °C under vacuum for 3 h before
use. Briefly, 1.25 g of acidified sucrose solution was mixed
thoroughly with 1.0 g of SBA and the subsequent mixture
was dried at 373 K for 6 h and 443 K for 6 h to obtain a
partially polymerized and carbonized sucrose. The dry
brown/black material was further ground and mixed with
1 g of acidified sucrose solution and dried using a similar
procedure. The black mass obtained was powdered and
then carbonized in a muffle furnace at 1173 Kfor 6 h under
an inert atmosphere (N, purge). A 5 wt% HF was used to
dissolve the silica template from the obtained product at
room temperature. The template-free carbon product was
washed, filtered and dried for further use [27].

2.3 Sulfonation of PEEK and CMK-3

PEEK was directly sulfonated using sulphuric acid. 2.5 g
of dried PEEK pellets was slowly added to 30 ml of con-
centrated sulphuric acid kept in an oil bath (80 °C) under-
going constant stirring. After the desired sulfonation of
PEEK took place (2 h), the solution was slowly poured into
excess deionized water at room temperature. The washing
process was repeated until the solution reached ~ 7.5 pH.
Finally, the so formed SPEEK was dried in a vacuum oven
for 24 h at 70 °C and its ion exchange capacity was found
to be 0.24 [28].

For the preparation of sCMK-3, 250 mg of mesoporous
carbon was gradually added into 60 ml of concentrated
sulphuric acid and was sonicated for 20 min under room
temperature [29]. After thorough dissolution, the mix-
ture was heated at an elevated temperature for 6 h. The
sulfonated mesoporous carbon (sCMK-3) was washed
with water/ethanol and dried in a hot air oven for further
characterization.

2.4 Membrane preparation

A predetermined wt% of sCMK-3 was initially dispersed
into a part of the solvent NMP using a sonication bath,
following which a known quantity of SPEEK was dissolved
by stirring at 45 °C. The PVDF powder was added to the
remaining part of the solvent dissolution was carried out
by mechanical stirring at room temperature. The two parts
were mixed under constant stirring until the solution
appeared homogenous. The homogenous dope solution
was degassed using a vacuum pump. The dope solution
was cast on a clean dust-free glass plate at room tempera-
ture using a semi-automatic casting unit (Elcometer 4340).
The spread film was dried in a hot air oven at 80 °C for 24 h.
To further remove the residual solvent, the membranes
were kept immersed in a water bath for 24 h and the com-
positions of the membranes are given in Table 1.

2.5 Characterization of sCMK-3 and membranes

The morphology and structure of the mesoporous par-
ticles were investigated using a transmission electron
microscope (TEM, JEOL JSM-2100F) and a field emission
scanning electron microscopy (FESEM, VEGA3 TESCANE)
at an accelerating voltage of 15 kV. The small-angle X-ray
diffraction (XRD) patterns of the samples were recorded on
a powder diffraction-meter (SAXRD, BRUKER D8 FOCUS),
operating with Cu Ka radiation (A\=1.54 A) at 25 kV and
40 mA in the 20 range of 0.6°-10°. Wide angle XRD pat-
terns of the samples were measured in the 26 range of
10°-80°. Fourier transform infrared spectroscopy (FT-IR,
BRUKER) within the wavenumber range of 400-4500 cm™"
was carried out to determine the chemical structure of the
materials. The Raman spectra were collected using Raman
spectrometer (iRaman plus, B’RW TEK) using a 532 nm laser
line as the excitation source.

Table 1 Composition and properties of the prepared membranes

Mem- Membrane cast-  Water Swelling IEC
brane ing composition  uptake at ratio at (meqg™)
code (wt%) 45 °C (%) 45 °C (%)
SPEEEK sCMK-3
Mo 0 0 04.25 0 -
M1 0 0.025 12.08 1.20 0.38
M2 4 0.025 23.47 10.36 0.92
M3 6 0.05 37.80 22.74 1.82
M4 4 0.05 33.60 14.73 1.76
M5 6 0 39.50 28.34 1.69

Total polymer concentration (PVDF+SPEEK) was always main-
tained at 14 wt% of the total mixture. NMP was used as the solvent
for preparation of the membranes
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The nitrogen adsorption-desorption isotherms were
obtained at 77 K on a Belsorp Max (BEL, Japan) instrument,
after degassing the samples at 180 °C and 10~ Pa for 3 h.
The specific surface area of the samples was evaluated by
the Brunaur-Emmet-Teller (BET) method, and pore size
distribution curves were calculated using the Bar-
rett-Joyner-Halenda (BJH) method. Pore volume and aver-
age pore size were obtained according to the N, adsorption
volume at P/P,=0.97

Cross section and top surface morphology were obtained
by SEM imaging utilizing a Field emission scanning elec-
tron microscopy (FESEM, VEGA3 TESCANE). An atomic force
microscope (Nanosurf EasyScan 2 AFM) was used to image
the surface roughness of the membranes and was carried
out in a non-contact mode (n=5). ATR-FTIR was carried out
using, Bruker Alpha-T. The surface wettability was evaluated
using the sessile drop method using a goniometer type con-
tact angle instrument (n=8; Ramé-Hart Model 250, USA)

The mechanical properties of the membranes were meas-
ured at room temperature using a universal testing machine
(INSTRON 2519-104) with a maximum stretching load of
500 N. Dumbbell-shaped specimens of gauge dimensions
according to ASTM D3039 were used and the tests were
carried out at a rate of 2 mm/min. For each measurement,
four specimens were tested and their average value was
reported. The thermal stability of the membranes was ana-
lyzed using the Thermogravimetric analysis (TGA) using a
STA7200RV, Hitachi High-Technologies and the temperature
was increased from 25 to 700 °C at a rate of 10 °C/min. An
atomic force microscope (Nanosurf EasyScan 2 AFM) was
used to image the surface roughness of the membranes and
was carried out in a non-contact mode (n=5).

2.6 Water uptake (WU) and swelling ratio (SR)

The hydrophilicity of the membranes was studied using the
WU and SR measurements. The membrane samples were
first dried in a hot air oven at 80 °C until both the measured
weight (Wdry, g) and the thickness (Tdry, mm) was constant.
After which, the dry samples were soaked in water at room
temperature until fully hydrated. Excess water was wiped
off using filter paper, and the weight (W,,, 9) and thickness
(T,yerr mm) of the hydrated membranes were measured. The
water uptake and area swelling were then calculated by the

following equations (n=3),

W et — W,
Water uptake (%) = e 9% 100 1M
Wdry
Tet =T,
Swelling ratio (%) = —<——” % 100 2)

dry
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2.7 Proton conductivity and lon-exchange capacity
(IEC) of the membranes

AC impedance technique was used to determine the
resistance of the membranes (Autolab Potentiostat Galva-
nostat PGSTAT-30) in the frequency range of 1 Hz to 10° Hz
with an oscillating voltage of 10 mV.

The membranes were initially hydrated by soak-
ing them in de-ionized water before they were loaded
between two stainless steel electrodes. The resistance of
the membranes was calculated from the intercept with the
Z,., from the Nyquist plots [30]. The proton conductivity
of the membrane was calculated at 45 °C from,

Proton conductivity (¢) = (3)

QA
where T is the thickness of the membrane (cm), R is the
membrane resistance (QQ) and the A is the effective surface
are exposed to proton transfer (cm?).

To determine the ion exchange capacity of the mem-
branes a 2 cm x2 cm sample was placed in a 2 M Nacl
solution to induce the liberation of H" ions. The solution
was then titrated against 0.1 N NaOH solution using a phe-
nolphthalein indicator. The |IECs of the prepared polymeric
membranes were calculated with the following equation
(n=3),

meq NxV
fec( e ) = Y. 4
g Wdry ( )

where N is the normality of NaOH, V is the titre volume of
NaOH consumed and Wy, is the weight of the dry mem-
branes [31].

2.8 Methanol permeability

The methanol permeability was determined by using
a homemade diffusion cell comprising of two compart-
ments, each of volume 30 ml. 2 M methanol was placed in
one compartment (A) and de-ionized water in the other
(B). The membrane was fixed between the junction of the
two compartments using a highly porous support. Both
cells were stirred continuously throughout the experi-
ment. The concentration of methanol diffused was deter-
mined using a gas chromatograph (Shimadzu GC-17A)
equipped with a ZB-FFAP capillary column and a flame
ionization detector (FID). The methanol permeability was
calculated using the following equation (n=3),

ST

p=—"

Vg (5)

where C,, is the initial concentration of methanol taken in
the feed. A, T, Vg represent the effective area, the thickness
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of the membrane and the volume of methanol which has
diffused from compartment A to B. S represents the linear
slope of methanol concentration in the water compart-
ment versus time [32].

3 Results and discussion
3.1 Characterization of sCMK-3

The SEM image (Fig. 1a) confirms the worm/rod-shaped
morphology is unaltered for the sCMK-3. This suggests that
the bulk structure does not get impacted when treated in
acidic conditions at elevated temperatures [33]. The FTIR
spectrum of pristine CMK-3 (Fig. 1b) shows no functional
groups except a water absorption band at ~3430 cm™.
The water absorption peak was more intense owing to
the O-H stretching vibrations of a greater number of
water molecules present in SCMK-3. The S=0 symmetric

stretching vibrations were observed at 1018 cm™ and

the peak at 1388 cm™' corresponds to the asymmetric
SO, stretching in SO3H [34]. This confirms the successful
sulfonation of CMK-3 without any structural deformation.

The small angle XRD spectra were recorded to deter-
mine the degree of structural order. CMK-3 exhibits a
strong diffraction peak corresponding to the (100) plane
and 2 low-intensity distinct peaks of the (110) and (200)
plane reflections, exhibiting a hexagonal P6 mm space
group, as seen from Fig. 1c. The impregnation of sucrose
is carried out twice in the nano-casting which leads to the
formation of well-developed carbon spacers between
the carbon rods. Moreover, the microporous present in
the SBA-15 helps stabilize the inverse carbon template.
The three distinct peaks with lower intensities are pre-
sent in the sulfonated CMK-3, with a small right shift of
the (100) plane reflection. It can be confirmed that using
mesoporous carbon material results in only a diminutive
increment in the disorder of the structure and a minor

40
20(°)

Fig. 1 Sulfonated mesoporous carbon (sCMK-3): a HR-SEM (morphology), b FT-IR spectra (chemical structure) and ¢, d low and wide angle

X-ray diffraction patterns
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shrinkage of the framework. The formation of additional
micropores during the heat treatment was avoided and its
original 2-D hexagonal structure was well maintained [35].

The wide-angle XRD spectrum of sCMK-3 Fig. 1d dis-
plays the two broad typical diffraction peaks at 26=23°
and 43° corresponding to the (002) and (101) planes, sug-
gesting the low graphitized material [36] similar to that
of CMK-3.

The successful preparation of CMK-3 via the nano-
casting method using SBA-15 was confirmed by the
homogenous micrometer-sized worm/rod-like structure
in the TEM image (Fig. 2). The powder samples viewed
perpendicular to its hexagonal pore arrangement exhib-
ited ordered mesoporous structure with uniform parallel
pores, as seen from Fig. 2. The white parallel lines corre-
spond to the mesopores that are generated wherein the
walls of the template SBA-15 was formerly present [37].
As seen in Fig. 2d, e, sSCMK-3 retains the uniformity of the
mesopores of the original inorganic wall structure of the
parent CMK-3 carbon. Figure 2f, is the representation of
the distance between the walls of the CMK-3 (indicated
by a yellow line in Fig. 2e). The result indicates that the
sulfonic acid groups do not alter the structure of the
mesoporous carbon CMK-3 and also the even spacing of

long parallel mesoporous structure proving no defect in
the morphology of the sCMK-3.

The Raman spectra (Fig. 3), illustrates 2 distinct peaks
at 1334 cm™', 1590 cm™' corresponding to the D-band
and G-band respectively. The G band is due to the vibra-
tions arising from the in-plane stretching between the
sp2 hybridized C-C (E,4 vibration band); whereas the D
band arises due to the sp® hybridized carbon that occurs
due to the partially disordered structure of carbon back-
bone. There is a small blue-shift of the D and G bands to
1332.7 cm™', 1602 cm™' sCMK-3 with a slight increase in
I/l ratio (1.08-1.12) [38].

In the range of P/P,=0.4-0.6 both CMK-3 and sCMK-3
show condensation in the adsorption-desorption iso-
therm indicating it to be a type IV isotherm according to
IUPAC classification (Fig. 4). These particles had an H1 type
of hysteresis loop indicating a mesoporous structure with
long, uniform cylindrical pores.

A higher surface area and pore volume of 789.2 m? g™
and 182.6 cm® g~' were exhibited by CMK-3 and whereas,
765.23 m? g~ and 175.82 cm® g~ was observed for
sCMK-3. This decrease in surface area and pore volume
confirms the successful incorporation of -SO;H groups
into the CMK-3 matrix. The pore size determined by the

0 10 X W O N WM P N 0N ID 0 I
™

Fig.2 HR-TEM images: a—c nano-casted mesoporous carbon (CMK-3), d, e sulfonated mesoporous carbon (sCMK-3), f corresponding width

of the mesoporous channels
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Fig. 3 Raman shift of the sCMK-3
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Fig.4 The absorption-desorption hysteresis from BET analysis and
the pore size distribution of the mesoporous materials (inset)

BJH method, calculated a decrease in mean pore diam-
eter from 5.43 to 5.21 nm [29].

The bulk composition of CMK-3 obtained by the XRF
analysis did not present any S content and only a low
oxygen content (2.7%) which could have been incor-
porated during the synthesis of CMK-3. The sulfonated
mesoporous CMK-3 had an increase in sulfur concentra-
tion (9.2%) and a corresponding increase in oxygen as
SO;.The XRF analysis further confirms the sulfonation of
the sCMK-3 and also quantifies the incorporation of the
sulfonic acid group.

3.2 Characteristics of the prepared membranes

A preliminary physical characteristic, its optical appear-
ance could be used to differentiate the prepared mem-
branes. The pure PVDF membrane was observed to be
translucent and having a white colour. Incorporation of
SPEEK (M5) into the PVDF matrix changed the colour to
pale yellow. Incorporation of the sCMK-3/SPEEK nanocom-
posite imparted a grey/black tinge which also confirms the
uniform dispersion of the nanofiller.

3.2.1 Chemical structure of the membranes

From Fig. 5, it can be seen that the pristine MO mem-
brane exhibits characteristic vibrations at 1174 cm™ and
1209 cm™" which is attributed to the asymmetric and
symmetric stretching of the -CF, respectively. Another
prominent peak at 1404 cm™' is due to the vibrations of
the difluoromethylene groups [39]. Membranes M3, M4
showed the characteristic peaks of SPEEK which included
the carbonyl stretching vibration at 1653 cm™', the skeletal
ring vibration at 1593, 1500, 1485 and 1410 cm™', a num-
ber of aromatic hydrogens in-plane deformation bands
at 1215, 1155 and 1010 cm™', the diphenyl ketone band
at 925 cm™', the out of plane bending modes of the aro-
matic hydrogens (two overlapping broad bands) at 863
and 841 cm™' and a band at 765 cm™" [40]. In addition,
the broad band at ~ 3450 cm™" due to the presence of the
—-OH bonds is an indication of the incorporation of -SO;H
groups on the membrane surface. The peaks at 1083 cm™
and 1256 cm™' correspond to the symmetric vibrations

M4
_[m3
X
c
o
2
E M1
(7]
c
o
-
MO
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.5 Fourier transform infrared spectroscopy analysis of the fabri-
cated membranes
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and asymmetric vibrations of the O =S5=0 groups of the
sCMK-3/SPEEK nanocomposite.

3.2.2 Water uptake and swelling ratio

Water uptake is a critical factor which determines the pro-
ton conductivity of the membrane. The water content in
the membrane creates specific channels for the protons
to be transported from the anode chamber to the cath-
ode chamber. The membrane’s ability to uptake water
increases its proton conductivity and this WU must be
limited so as to prevent membrane swelling that in turn
causes a dimensional instability in the membrane elec-
trode assembly [41].

The swelling ratio of a PEM is another equally important
parameter as it corresponds to the membrane’s structural
integrity. It is observed that higher water uptake improves
the ionic conductivity of the membrane. However, the
water molecules have a plasticizing effect on the mem-
brane which decreases its mechanical stability. Moreover,
these dimensional instabilities will lead to the separation
of the membrane from the electrodes, which would give
rise to an electrochemical instability of the MEA [42, 43].

Table 1 shows the WU and SR of the prepared mem-
branes, the incorporation of increasing concentrations of
hydrophilic SPEEK and sCMK-3 impart the membrane with
enhanced water uptake as well as swelling ratio. The mem-
brane M4 exhibited sufficiently high WU of 33.6% and only
a moderate swelling ratio due to the incorporation of the
nanocomposite. However, M5, displayed the maximum SR
of 28.34% which could be detrimental in membrane elec-
trode assembly and can be attributed to the incorporation
of SPEEK. The presence of sCMK-3 in the nanocomposite
incorporated membranes is seen to restrict the swelling of
the polymeric chains.

3.2.3 Membrane morphology-field emission scanning
electron microscopy and atomic force microscopy

Scanning electron microscopy was used to investigate the
top-surface and cross-sectional morphology of the pre-
pared PEMs. The dried pristine PYDF membranes exhibited
micro-fissures and the incorporation of the nanocompos-
ite is seen to have altered the membrane architecture.
Incorporation of a small quantity of sSCMK-3 did not greatly
influence the top surface morphology.

However, incorporation of greater quantities of SPEEK
drastically transforms the membrane’s top surface intro-
ducing much greater pore openings which could explain
the increase in methanol permeability seen in the latter
section. Incorporation of sCMK-3/SPEEK nanocomposite
displayed wrinkles and much lower pore openings and
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moreover, no apparent aggregation of the nanofillers was
observed (Fig. 6).

The distribution of the mesoporous sCMK-3 within
the membrane matrix has a great influence on the cross-
sectional morphology of the prepared membranes. The
cross-sectional images (Fig. 7) given in fig display a dense
substructure for the pristine PYDF membrane, which col-
laborates the results of low porosity. The visible increase of
microporosity in the substructure can act as the domains
of water molecules which aid the transport of protons
across the membrane surface. Moreover, the favourable
dispersion of the nanocomposite with high density -SO;H
would also enhance proton transport.

AFM is a tool which is used to investigate the phase
morphology of a sample using different properties such as,
hardness, modulus and the roughness of the surface. The
incorporation of the nanocomposite is seen to alter the
surface of the membranes increasing the surface rough-
ness. The formation of hydrogen bonds between the sul-
fonic acid groups of the sCMK-3 and the SPEEK leads to
the creation of rougher surfaces [43]. Increase in the SPEEK
content significantly contributes to the changes in surface
morphology (Fig. 8).

The rougher surfaces provide increased surface area
for the proton conduction and promote the formation of
hydrated proton conduction channels especially at high
water retention capacity. The presence of acidic groups
increases the rate of solvent/non-solvent exchange during
the phase inversion process due to its ability to act both as
an H-bond donor and acceptor. Hydrophilic membranes
with increased surface roughness increase the surface area
and produce channels for proton migration [44].

3.2.4 Surface wettability

They hydrophobic-hydrophilic balance of the membrane
electrode assembly affects the performance of the mem-
branes. The cathode catalyst layer is designed to be hydro-
phobic to prevent the flooding of the catalyst layer and the
subsequent loss of catalyst activity. However, the proton
exchange membrane requires water moieties to enhance
the transport of H* ions [45]. It could be seen that the
pristine PVDF membrane exhibited the lowest wetting as
characterized by the highest water contact angle of 95.2°
(Fig. 9), this could be due to the smoother surface as well
as non-availability of any polar groups. Low concentra-
tion of sSCMK-3 (M1) only slightly improved the membrane
hydrophilicity. It can be observed that the incorporation
of sCMK-3/SPEEK nanocomposite into the membrane
matrix caused an appreciable decline of the water contact
angle. This could be explained as the synergistic effect of
the sulfonic acid moieties at the membrane surface, the
increased surface porosity as well as the enhanced surface



SN Applied Sciences (2020) 2:688 | https://doi.org/10.1007/542452-020-2464-2

Research Article

SEM MAG: 500 x WD: 1523 mm

| R Tl

View fleid: 415 ym Det: SE 100 pm
SEM HV: 50KV Date(m/dly): 0420118

SEM MAG: 500 x
View fleid: 415 ym
SEM HV: 5.0 KV

SEM MAG: 500 x
View fieid: 415 pm
SEM HV: 50KV Date(midly): 042018

SEM MAG: 500 X
View fleia: 415 ym Det: S&

SASTRA SEM HV: 5.0 kV

Date(m/aly): 04120118

WD: 16.63 mm

| P

Date(midly): 0420118

.% “\4‘
T 5l

VEGA3 TESCANJl  SEM MAG: 500 x WD: 16.48 mm VEGA3 TESCAN|

1
View fleld: 415 ym Det: SE 100 pm

SASTRA SEM HV: 5.0 KV Date(midy): 0420118 SASTRA

| T

100 pm

WD: 15.00 mm
Det: SE

)
SEM MAG: 500 x
View fleld: 415 pm

¢
1 VEGAS TESCAN|
100 pm

SASTRA SEM HV: 5.0 KV Date(midy): 042018

Fig. 7 Cross-section morphology of the prepared membranes using SEM imaging

roughness of the membranes. These factors contribute to
the improvement in the hydrophilic nature of the mem-
brane which is essential in the proton conduction through
the membrane electrode assembly.

3.2.5 Thermal analysis and stability

The stability of the prepared membranes and their degra-
dation are important if the membranes are to be used at

higher temperatures, as it enhances the overall membrane
performance. The thermogravimetric analysis of the pris-
tine PVDF membrane and membranes incorporated with
the sCMK-3/SPEEK nanocomposite were carried out under
inert atmosphere and the thermograms are presented in
Fig. 10.

MO shows a characteristic single-step degrada-
tion pattern as observed in earlier works. The PVDF is
a homopolymer containing -CF, groups and is stable
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up to ~370 °C and a weight loss of <6% is observed
between 425 and 480 °C which is attributed to the deg-
radation of the PVDF backbone [46]. Incorporation of the
nanocomposite does not deteriorate the thermal stabil-
ity of the membrane matrix and has a small increase in
the degradation temperature. The DTG also shows no

SN Applied Sciences
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other degradation step and no loss due to degradation
of SPEEK.

No weight losses can be observed for membranes
M3 and M4 which confirms that the mesoporous carbon
material was well dispersed and anchored with the SPEEK
polymer. The formation of a greater number of H-bonding
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Fig. 10 Temperature dependent weight loss using thermogravi-
metric analysis and the DTG curves (inset)

between the sulfonic acid moieties also played a role in the
thermal stability of the membranes. This shows that these
membranes can be tested for its performance efficiency
even at higher temperatures.

3.2.6 Mechanical properties of the membranes

The mechanical properties of the PEM’s were tested to
ensure their successful candidature for DMFC application.
The mechanical performances of fully hydrated mem-
branes are poorer compared to the dry membranes, at
the same temperature and humidity. For the fully hydrated
membranes, the membranes swell after water absorption,
the intermolecular gap becomes larger and the interaction
force becomes weaker, leading to decreased mechanical
stability.

The mechanical properties were measured at room
temperature and the results are indicated in Table 2. As
seen from the table, the addition of sCMK-3 increases
the tensile strength of the nano-composite incorpo-
rated membranes, indicating a strong interaction of the
nanofiller with the polymer matrix. This overall increase
in the mechanical property of the membranes is due to
the strong hydrogen bonding between the nanofiller and
the polymer matrix, which increases the compactness and
enhances the mechanical stability of the membrane [47].

Membrane M4 exhibits the greatest mechanical sta-
bility due to high inter-hydrogen bonding between the
SO;H groups, C=0 and oxygen groups and oxygen atoms
of the sCMK-3/SPEEK nanocomposite, which is even
greater than commercial Nafion 117 [48]. It is found that
membranes with a SPEEK concentration greater than

Table 2 Mechanical properties and selectivity of the membranes

Membrane Tensile Tensile strain at Maxi- Membrane
strength mum Tensile extension  selectivity (S
(MPa) (mm/mm) scm™)
Mo 759.50 0.040 0.0537x10*
M1 841.29 0.052 2.6936x10*
M2 826.34 0.062 2.4472x10°
M3 687.5 0.058 1.6135x10*
M4 862.2 0.071 8.2949% 10°
M5 501.09 0.047 8.044x10%

4% possessed lower tensile strength which could be
explained by the lower miscibility of the SPEEK with the
PVDF backbone as observed for membranes M3 and M5.

3.3 Proton conductivity and lon exchange capacity
(IEC) of the membranes

The IEC is one of the critical parameters which deter-
mines the transport property of the membrane. It is an
indication of the number of exchangeable ions present
and represents the fraction of hydrophilic moieties
present in the membrane sample. All modified mem-
branes possess higher IEC compared to pristine PVDF
membrane. The increase in IEC values (Table 1) may be
attributed to the presence of hydrophilic acidic sites in
SPEEK and CMK-3 which is thought to be responsible for
improving the water retention that promotes the proton
hopping even in low humid conditions. Sulfonation pro-
vides a large number of -SO;H moieties which become
the domain of water molecules that form interconnected
hydrated networks which promote the Grotthuss type of
proton transfer through the membrane [49].

Proton conductivity was measured by impedance
spectroscopy and is the most significant parameter
which assesses the suitability of the membrane to be
employed as a proton exchange membrane. The acid
sites were initially activated by soaking the membranes
in de-ionized water to completely hydrate them to pro-
vide better efficiency. From Fig. 11, we can observe the
proton conductivity increases with an increase in weight
ratios of SPEEK and sCMK-3 in the membrane matrix. As
seen in the figure, M3 has the highest proton conduc-
tivity with 0.081 Scm™' and MO with the least proton
conductivity of 0.0001 Scm™', which clearly indicates
the influence of the -SO;H groups in proton conduc-
tion. Scheme 1 is a representation of the proton con-
duction through the membrane matrix. The results were
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Fig. 11 Through-plane proton conductivity and methanol perme-
ability through the prepared membranes

consistent with the incorporation of other sulfonated
carbon materials like Sulfonated Graphene oxide.

3.4 Methanol permeability

The methanol permeability is computed as the product of
the diffusion coefficient and the sorption coefficient and
is used to describe the motion on permeant (methanol)
through the membrane matrix. The diffusion coefficient
addresses the effect of the surroundings on the molecular
motion of the permeant and the sorption coefficient cor-
relates the concentration of the component in fluid phase

with its concentration in the polymer phase (membrane
matrix). It is reasonable to say that the methanol perme-
ability through our prepared porous membranes is more
kinetic driven and it is hence a function of diffusion as
opposed to sorption [50].

The major drawback of any DMFC is the methanol
crossover, which disrupts the current density of the fuel
cell stack. Methanol has to be effectively contained in the
anodic chamber and its crossover to the cathodic chamber
should be prevented because of its effects on low fuel effi-
ciency and diminished cathode activity due to the mixed
potential effect and the mass transfer effect at the cathode
[51].

The high methanol cross over of the popular Nafion 117
is a major reason for exploring suitable alternatives [52]. As
shown in Fig. 11, it can be observed that the incorporation
of the SCMK-3 decreased the methanol permeability of the
membrane as observed by other reports incorporating
SGO into the membrane matrix [53]. MO had a methanol
permeability of 1.86x 1077 cm? s™!, whereas M5 had the
maximum methanol permeability with 87.02x 1077 cm?s™
which confirms that the presence of porous well-devel-
oped channels.

The presence of sCMK-3 in the nanocomposite restricts
the methanol crossover due to its strong interfacial occu-
pancy of the available polymer sites [54]. The increased
tortuosity, as well as the narrower pores confirmed by SEM
image, also plays a vital role in hindering the methanol
permeability. The methanol permeability of the membrane

Grotthuss
Mechanism

CH,OH + H,0

—

CO, + 6H" + 6e

1
Methanol 3
Chamber

Proton Channel

-SO;H moiety

Q .
=< o Water

~~ Chamber

Proton conducting pathways

Scheme 1 A graphical representation of the proton transport through the membrane matrix
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Table 3 Summary of the state-of-the-art membranes used as PEMs

S.no. Membrane IEC Proton conductivity = Methanol permeability ~ Ref.
1. Nafion 117 0.80 meqg™! 0.0302Scm™ 12.2x1077 cm?s™! [55]
2. SPEEK + graphitic carbon nitride (0.5 wt%) 1.833mmolg™  0.039Scm™’ 5.035%x107 cm?s™ [56]
3. SPEEK + SPVDF-co-HFP + LaCrO; (2 wt%) 1.09 meq g™ 0.0684Scm™’ 1.87x1077 cm?s™! [57]
4. SPEEK +sulfonated holey graphene oxide (SHGO) ~ 1.941 meq g™ 0.0905Scm™’ 383%x107 cm?s™! [58]
5. Na on-NPC (1.0 wt%) 0.82 mmol g™ 0.0751Scm™ 9.8x1077 cm?s™! [59]
6. SPEN +SGO (2 wt%) 1.878 mmolg™  0.098Scm™’ 2.8x107 cm?s™! [60]
7. Nafion + SNPAEK (10.0 wt%) 0.78meqg”! 0.075Scm™’ 13.65x 1077 cm?s™" [61]
8. Nafion + CNT@SiO,-PWA (1%) 0.931 meqqg™’ 0.087Scm™’ 2.63x107 cm?s™! [62]
9. sPP:sBPAES 1.99 meq g™ 0.130Scm™’ Within limit [63]
10. SPEEK + Fe;0,@TDI@TiO,-SO5H 1.06 meq g™ 0.081Scm™’ 335%x107 cm?s™! [64]
11. SPEEK+BPPO (20 wt%) 1.21 0.0166 S cm™ 1.39%x 107 cm?s™ [65]
12. sPVDF-HFP (18%) 0.78 0.041Scm™ 461x107 cm?s™ [63]
13. PVDf/SPEEK-sCMK-3 1.76 meq g™ 0.081Scm™ 217%x108 ecm?s™! This work

M4 is 2.17x 10" cm? s™', which was the least among all the
nanocomposite PEM’s tested.

The presence of sCMK-3 in the nanocomposite and its
interaction with the base polymer, PVDF as in M4, pro-
duces the ideal PEM (increased tortuosity, narrow channels
for methanol transport due to hydrogen bonding between
sulfonic acid groups in SPEEK and sCMK-3) required for
DMFC application.

3.5 Membrane selectivity and hydrolytic stability

The membrane selectivity is the ratio of the proton con-
ductivity of a membrane to its methanol permeability and
is a measure of the performance efficiency of the PEMs.
The low permeability of methanol through the nanocom-
posite incorporated membranes is due to the low affin-
ity of methanol due to the hydrophobic backbone of the
membranes as well as some possible obstruction that is
due to the presence of sCMK-3 which hinder the move-
ment of methanol.

A pore obstruction, which reduces the methanol per-
meability also can reduce movement of water moieties
which leads to a flux decline as observed in some earlier
reports [55]. However, from Table 2 we can observe that
membranes M2 and M4 exhibits the greatest selectivity
(high proton conductivity as well as very low methanol
permeability). This could be explained as follows: the
protons are transported by the proton hopping which
is facilitated by the -SO;H groups of the sCMK-3/SPEEK
nanocomposite which is distributed within the mem-
brane matrix. These sulfonic acid groups can behave as
weak Lewis-base sites which promote the through-plane
transport of protons.

The hydrolytic stability of the membranes was deter-
mined as their weight loss and surface chemical structure
after long term exposure to water. The prepared mem-
branes showed no discernible weight loss or change in
chemical structure even after 90 days.

The prepared membranes are compared with the recent
state-of-the-art membranes reported by other researchers
and are tabulated in Table 3. In general, we observed that
membranes with a Nafion backbone displayed a high IEC
value and hence good proton conductivity. It is observed
that the sCMK-3 prepared by nano-casting followed by sul-
fonation improves the performance when incorporated as
a nanocomposite using SPEEK. The prepared membranes,
in particular, M4, holds a good potential to be explored in
the fuel-cell test kit to determine the cell efficiency.

4 Conclusions

We report a novel nanocomposite- SPEEK/sCMK-3 incor-
porated into PVDF membranes for testing its potential
as a proton exchange membrane. The sulfonation of the
mesoporous carbon nanofiller was carried out success-
fully by a facile one-step method and confirmed by vari-
ous characterization techniques. The chemical analysis and
the change in morphology of the membranes confirm the
incorporation of the nanocomposite into the membrane
matrix. The results of water contact angle, water uptake
and swelling ratio indicates an increase in the hydrophilic-
ity of the membranes upon the addition of SPEEK/sCMK-3.
The availability of extra sulfonic acid groups enhances the
water affinity of the membranes through hydrogen bond-
ing. The sulfonic acid sites are responsible for the greater
ion-exchange capacity of the membranes and these form
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a water bridge which enhanced the through-plane proton
conductivity. These membranes exhibited considerable
thermal stability and exceptional hydrolytic stability. It is
observed that M4 shows high proton conductivity with
sufficiently diminished methanol permeability indicating
that the membrane is suitable to be explored as a poten-
tial replacement for Nafion in DMFCs.
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