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ORIGINAL ARTICLE

High-performance SPEEK/SWCNT/fly ash polymer
electrolyte nanocomposite membranes for fuel cell
applications

Gandhimathi Sivasubramanian!, Krishnan Hariharasubramanian!, Paradesi Deivanayagam2

and Jeyalakshmi Ramaswamy?

Sulfonated poly (ether ether ketone) (SPEEK)-based polymer nanocomposite membranes containing single-walled carbon
nanotubes (SWCNTSs) and fly ash as inorganic fillers have been prepared using a solution casting technique. The degree of
sulfonation of poly (ether ether ketone) was determined by proton nuclear magnetic resonance spectroscopy analysis and was
found to be 64%. Scanning electron microscopy and X-ray diffraction analyses confirmed the incorporation of nanofillers into

the polymer matrix. The physicochemical properties of the prepared membranes were studied to evaluate their suitability for

fuel cell applications. The SP-CNT-FA-8 membrane exhibited the highest proton conductivity of 0.027 Scm~1 at 30 °C and
0.034 Scm~1 at 90 °C, whereas the pristine membrane exhibited conductivities of 0.019 Scm~-1 at 30 °C and 0.031 Scm~1 at
90 °C. The membrane electrode assemblies were successfully fabricated for the pristine SPEEK and SP-CNT-FA-6 membranes,
and their electrochemical performance was studied throughout the current density range. In addition to the favorable proton

conductivity, the electrolyte membranes showed excellent thermal and mechanical stability; taken together, these results
indicate that the composite membranes based on SPEEK with SWCNT and fly ash can be viable candidates for use as an

electrolyte membrane in fuel cell applications.
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INTRODUCTION
Fuel cells have been receiving increasing attention because of their
application in stationary and mobile electronic devices and their
automotive applications. Their high energy density, fewer corrosion
issues and lower operating temperature make fuel cells promising
candidates for various applications.! The proton exchange membrane
is a key component in the fuel cell system and functions as an
electrolyte to transfer protons from the anode to the cathode. The
membrane acts as a barrier to the passage of electrons between the
electrodes. Breakthroughs in the further development of fuel cell
technology are inhibited by the lack of proton conducting membranes.
Perfluoro sulfonic acid ionomers such as Nafion, Aciplex and Flemion
are state-of-the-art materials found in fuel cell applications.> Although
fluorinated polymers have several advantages,>* they also exhibit a
variety of problems, such as complicated synthesis, high cost, fuel
crossover and reduced proton conductivity at elevated temperatures.
To overcome these difficulties, there is a need to develop alternative
polymer electrolyte membrane materials.

Poly (ether ether ketone) (PEEK) is a high-performance material
that has good chemical resistance and excellent thermal and mechan-
ical stability. The aromatic backbone of the PEEK helps to maintain

the thermal and mechanical strength and allows chemical modification
in polymer electrolyte membranes.>® Introducing sulfonic acid func-
tionality to the polymer backbone increases the hydrophilicity,
resulting in an increase in proton conductivity.” The sulfonated form
of PEEK has a low cost and is a good alternative to Nafion.
Incorporating inorganic nanoparticles into a polymer matrix may
improve its mechanical strength and durability.®® Thus, the develop-
ment and fabrication of organic—inorganic composite membranes
using aromatic polymers is an alternative approach for obtaining
membranes with good proton conductivity.!%!> Modified PEEK-based
membranes containing various fillers such as Si0,,1* TiO,, 1> Zr0O,,1416
B-zeolite,'” montmorillonite clay,'® heteropolyacids such as phospho-
tungstic acid'>?” and silicotungstic acid*>*? have been widely studied.

A potential method for decreasing the polymer electrolyte
membrane cost is to reduce its membrane thickness, which decreases
the membrane resistance and thereby improves the fuel cell
perf01rrnance.23’24 However, the thickness reduction leads to increased
hydrogen and methanol permeability. Thus, the proton conductivity
and water uptake ability of the membrane can be increased by
introducing hygroscopic inorganic and organic additives, which keeps
the membrane humid at higher temperatures while in operation.
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Organic—inorganic composites are much more attractive electrolyte
membranes in fuel cell applications.”®> Owing to the excellent
mechanical, thermal, physical and electrical properties of carbon
nanotubes (CNTs), many researchers have focused on the synthesis
of advanced nanocomposites by using CNT as a filler to improve the
performance and durability.?=0 There is an emerging trend towards
the development of composites via commercial and ecofriendly
materials. The contribution of the inorganic oxides that are present
in fly ash and CNTs enhances the performance of electrolytes in fuel
cells. Fly ash is a by-product obtained from coal-fired power plants.
The chemical composition of fly ash can vary considerably, but all
variations of fly ash include oxides of silicon, aluminum, iron and
calcium. Class F fly ash is a kind of melted glass and contains low-
calcium fly ashes with a carbon content that is generally <5.0% but
can reach 10.0%. In recent years, fly ash has been identified as a cost-
effective filler and has found potential applications in several fields.>!
Fly ash has been used as an efficient reinforcing agent in various
polymers such as PEEK,*? polyvinyl alchohol*® and epoxy resin®* in a
variety of applications.

EXPERIMENTAL PROCEDURES

Materials

PEEK (GATONE 1100) powder was provided by Gharda Chemicals (Mumbai,
India). Single-wall carbon nanotubes (SWCNTSs) with 2-10 nm diameter and
1-5 pm length was purchased from Aldrich (St Louis, MO, USA). Class F fly
ash was received from Thermal Power Plant (Gummidipoondi, Tamilnadu,
India), and its chemical composition is given in Table 1. N,N-Dimethylaceta-
mide (DMAC) was purchased from Merck (Mumbai, India).

Synthesis of sulfonated PEEK

The sulfonation of PEEK enhances both its hydrophilicity and the solubility of
the polymer membranes.>>*® The synthesis of sulfonated poly (ether ether
ketone) (SPEEK) was performed according to the reported literature.>”*8 The
powdered form of PEEK was first dried in a vacuum oven at 100 °C overnight.
The sulfonation reaction was carried out using 125 ml of conc. sulfuric acid in a
round bottom flask. A quantity of 2.5 g of dried PEEK powder was added
slowly to the acid at ~40 °C over a period of 1 h. The reaction mixture was
stirred constantly, and the temperature was maintained at 50 °C for 5 h. The
viscous polymer solution was slowly poured into a large excess of ice water. The
obtained product was filtered and washed repeatedly with distilled water until a
neutral pH was reached. The resultant SPEEK was dried at 100 °C in a vacuum
oven for 18 h.

Preparation of SPEEK/SWCNT/fly ash nanocomposites

The polymer nanocomposites were prepared by solution casting. The dried
SPEEK polymer was dissolved in N,N-dimethylacetamide (5 wt%) and stirred
at 40 °C for 15 min with constant speed using magnetic stirrer. The desired
composition of SWCNT and fly ash with 2-8 wt% was added to the viscous
solution under vigorous stirring. The temperature of the reaction mixture was
slowly increased to 80°C and maintained for 1h. The resultant viscous
polymer was casted on a flat glass plate and placed in a closed chamber for 24 h

Table 1 Chemical composition of fly ash

S. no Name of the component Weight (%)
1 Si0, 47.55
2 Al,03 33.45
3 Ca0 2.099
4 Feo03 10.17
5 K20 1.65
6 MgO 0.005
7 Na,0 0.015
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to remove the solvent gradually. Subsequently, the membranes on the glass
plates were dried at 60 °C for 6 h, 90 °C for 10 h and 120 °C for 6 h in a hot air
oven. The glass substrates were soaked in deionized water overnight to release
the membranes from the glass plates. The prepared polymer nanocomposite
membranes were thoroughly washed with deionized water and dried at 100 °C
under vacuum for 12 h. Figure 1 shows the process of preparing polymer
nanocomposites. The thickness of the membranes was found to be between 30
and 36 pm, as presented in Table 2.

Measurements

PEEK sulfonation was confirmed by Fourier transform infrared spectroscopy.
Small pieces of dried samples were scanned and recorded at a resolution of
4 cm™ ! and at 21 scans per min in the region between 4000 and 500 cm ™ L. The
proton nuclear magnetic resonance (NMR) spectrum was recorded using an
ASCEND-500 Instrument (Bruker, Billerica, MA, USA). The sample solution
was prepared by dissolving the SPEEK polymer in deuterated dimethyl
sulfoxide. The dispersion of CNT and fly ash in membranes was detected by
X-ray diffraction (XRD) analysis using an XRD-Expert Hiscore Plus Instrument
(PANalytical, Almelo, The Netherlands). The surface morphology of the
polymer nanocomposites was investigated by scanning electron microscopy
(SEM) using a GEG-200 (FEI Company, Eindhoven, The Netherlands). The
dry membrane sample was kept under liquid nitrogen for 10 min. Before
observation under the SEM column, the fresh membrane was vacuum
sputtered with a thin layer of gold using an ion sputtering instrument.

The polymer membranes were dried in a vacuum oven at 100 °C until
constant weights were attained. The measured weights and lengths of the
respective membranes were noted as Wy, and Ly, The dried membranes were
then soaked in deionized water. The water on the membrane surface was
swabbed using tissue paper, and its weight and length were measured and
recorded as Wy, and L. The water uptake and swelling ratio were calculated
using Equations (1) and (2), respectively.

Wyet — Wdry

Water uptake % = x 100 (1)

dry

Livet — Ldry

dry

Swelling ratio = x 100 (2)
Ton-exchange capacity (IEC) is defined as the milliequivalent of H per weight
of the dry polymer. The IEC was measured using the back-titration method,
as described in the literature.®® The prepared SPEEK and nanocomposite
membranes were stored in 1.0 M HCI for 24h to bring the sample into
complete SPEEK-H" form. The membranes were then rinsed with deionized
water and equilibrated in 1.0 m NaCl solutions for 24 h to completely exchange
the cations and obtain the SPEEK-Na* form. The NaCl solution was back-
titrated with 0.1 m NaOH using the phenolphthalein indicator to determine the
cations exchanged. The IEC of the electrolyte membrane was calculated using
Equation (3)

_ Titre valuex Normality of NaOH 3
n weight of polymer 3)

The thermal stability of the membrane was determined by thermogravi-
metric analysis (Q50; TA Instruments, New Castle, DE, USA). The weight loss
of the polymers with increasing temperature was recorded at a heating rate of
10 °C min ™! under a nitrogen atmosphere. The thickness of the membrane was
measured by using a dial thickness gauge (Mitutoyo America Corporation,
Aurora, IL, USA). The proton conductivity of the membranes was measured
using an AC Impedance Spectrometer (Metrohm, KM Utrecht, Netherlands).
Fully hydrated samples were sandwiched between two platinum plate electrodes
of the same size. The conductivity (6) of the composite membrane was
calculated by measuring the resistance of the membrane. The relationship
between the conductivity and resistance is given by Equation (4)

IEC(meq.g’l)

L
-1
o(Sem™) = A (4)
where L is the thickness of the membrane, A is the area of the membrane under
investigation and R is the resistance of the membrane. The tensile strength of
the membranes was analyzed using a Universal Tester (Instron, Norwood, MA,
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Figure 1 lllustrative representation of polymer nanocomposites. A full color version of this figure is available at the Polymer Journal journal online.

Table 2 Physicochemical properties of SPEEK and polymer nanocomposites

Compositiorn? (g)

Polymer code SPEEK CNT Fly ash Thickness (um) IEC (meq g~ 1) Water uptake (%) Swelling ratio (%) Tensile strength (MPa)
SPEEK 1.00 0 0 36 1.86 23.1 7.8 54.6
SP-CNT-FA-2 0.96 0.02 0.02 32 1.80 23.8 7.2 58.1
SP-CNT-FA-4 0.92 0.04 0.04 33 1.73 24.4 6.9 63.3
SP-CNT-FA-6 0.88 0.06 0.06 32 1.68 25.8 6.6 68.0
SP-CNT-FA-8 0.84 0.08 0.08 30 1.59 27.3 6.0 74.4

Abbreviations: CNT, carbon nanotube; , N,N-dimethylacetamide; IEC, ion-exchange capacity; SPEEK, sulfonated poly (ether ether ketone); SWCNT, single-walled carbon nanotube.

2The concentration of SPEEK, SWCNT and fly ash in 20 ml of DMAC.

%T

T T T T T T
3000 2500 2000 1500 1000 500

Wavenumber, cm™

Figure 2 Fourier transform infrared (FT-IR) spectra of (a) Fly ash, (b) single-
walled carbon nanotube (SWCNT), (c) poly (ether ether ketone) (PEEK),
(d) sulfonated poly (ether ether ketone) (SPEEK) and (e) SP-CNT-FA-6.

USA). The samples were cut into pieces with a length of 50 mm and width of
20 mm and were tested using a 250 N load cell that was pulled at a rate of
~1 within a 21-cm gauge length. Membrane electrode assemblies
(MEAs) were fabricated by sandwiching the membrane between two electrodes,
followed by hot pressing at 130 °C for 3 min. The cell potential of the
membrane electrode assemblies with varying current densities was analyzed

50 mm min

galvanostatically using a fuel cell test station (Bitrode Instruments, St Louis,
MO, USA). The detailed technique of the measurement is reported in our
earlier paper.*

RESULTS AND DISCUSSION

Spectral analysis

The PEEK sulfonation process was confirmed by Fourier transform
infrared, as shown in Figure 2. The splitting of the aromatic C-C
absorption band at 1495 cm ™! confirms the sulfonation reaction.®
The symmetric stretching vibration of O=S=0 was observed at
~1082cm™!, and the S=O vibration peak was observed at
~1027 cm~ L. Characteristic carbonyl stretching of the polymer was
obtained at 1647 cm~ 1. The sulfonation of PEEK was also confirmed
by 'H-NMR analysis, and the spectrum is shown in Figure 3. Zing
et al*! reported on the reaction kinetics of PEEK sulfonation as
studied by NMR spectroscopy.?! The determination of the sulfonic
acid group present in the SPEEK is based on the intensity signal
observed at 7.52 p.p.m. in the NMR spectrum, as shown in Figure 3.
The degree of sulfonation was calculated by the reported procedure*?
and was found to be 64%.

X-ray diffraction

The powder XRD patterns of the pristine SPEEK and nanocomposite
membranes are shown in Figure 4. The broad band at 26 indicates the
amorphous nature of the polymer because of the presence of the
hydrophilic sulfonic acid group. Generally, a more amorphous nature
is expected to lead to higher water uptake and thus a higher proton
conductivity.** Higher crystallinity generally prevents water from
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Figure 3 Nomenclature of (a) sulfonated poly (ether ether ketone) (SPEEK)
repeat unit and (b) proton nuclear magnetic resonance (NMR) spectrum
of SPEEK.

entering the polymeric membrane. A broad peak appearing at 22° in
the XRD pattern of SPEEK indicates a mixture of amorphous and
crystalline components. The absence of crystalline peaks in the XRD
results suggest the good dispersion of CNT and fly ash in the polymer
matrix.

SEM analysis

The surface morphology of the polymers was investigated by field
emission SEM (FE-SEM) analysis. The images of pristine SPEEK, SP-
CNT-FA-2, SP-CNT-FA-4 and SP-CNT-FA-6 membranes are shown
in Figure 5. Owing to the introduction of nanofillers, the SEM images
of polymer nanocomposites clearly showed that more small pores are
distributed on the surface of the polymeric membranes than on the
pure membrane. Hence, the nanocomposite membranes can retain
water molecules, thereby increasing the proton conductivity.

Water uptake and swelling ratio
Water uptake ability is an important parameter for sulfonated polymer
membranes used in fuel cells. The sulfonic acid groups form hydrogen
bonding interactions with water molecules, leading to increased water
uptake. Hence, the water uptake depends directly on the amount of
sulfonic acid groups present in the polymer backbone.?! However, a
higher water uptake often results in the swelling behavior of the
electrolyte membranes, which reduces their mechanical stability.
Hence, a balanced water retention with moderate swelling is required
for the long-term operation of the membranes in fuel cell applications.
Figure 6 displays the % water uptake and the swelling ratio of the
SPEEK and polymer nanocomposite membranes measured at 30 °C.
It can be observed from the results that incorporating CNTs and fly
ash into the SPEEK matrix slightly increase the water uptake while
reducing the swelling behavior of the composites. This increase in the
water uptake may be due to the hydrophilicity of the silica present in
the fly ash. Further, the possible water channels formed by the
hydrophilic interactions between SPEEK and fly ash may contribute to
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Figure 4 The X-ray diffraction (XRD) pattern of (a) single-walled carbon
nanotube (SWCNT), (b) fly ash, (c) sulfonated poly (ether ether ketone)
(SPEEK), (d) SP-CNT-FA-2 and (e) SP-CNT-FA-6.

the water uptake. Owing to the good dimensional stability, the
swelling ratio of the polymer nanocomposite was lower than that of
the SPEEK, even though it exhibits higher water uptake values.

Ion-exchange capacity

IEC is generally defined as a measure of the number of exchangeable
counter ions present in the polymer. It therefore provides information
regarding the ionizable functional groups that exist in the polymer
backbone and are responsible for membrane proton conduction.**>
The measured IEC values of pristine and polymer nanocomposites are
shown in Table 2. The incorporation of SWCNT and fly ash into the
polymer matrix led to a decrease in the IEC from 1.86 to 1.59
meq g~ !. This result indicates that the IEC of the polymer depends
directly on the amount of sulfonic acid groups substituted in the
polymer matrix.

Thermogravimetric analysis

The thermal stability of the PEEK, SPEEK and polymer nano-
composites was measured by thermogravimetric analysis, and the
thermograms are shown in Figure 7. All samples except PEEK showed
three-step degradation patterns. In SPEEK and polymer nanocompo-
sites, the first weight loss was observed because of the loss of absorbed
moisture by the hygroscopic segment. The second step of degradation
was observed ~300°C, corresponding to the degradation of the
aromatic sulfonyl groups. The final step indicates the decomposition
of the aromatic polymer backbones. PEEK shows excellent thermal
stability up to 750 °C. This indicates that the SPEEK-based polymer
electrolyte materials are suitable for high-temperature applications.
It is noted that incorporating inorganic fillers into the polymer matrix
retards the oxidative degradation of SPEEK, leading to an improve-
ment of the thermal stability of the electrolyte membranes.®

Mechanical stability

Good mechanical stability will enhance the durability of the mem-
branes in fuel cell applications. Several approaches were adopted to
increase the mechanical stability of the hydrophilic sulfonated poly-
mers without compromising their proton conductivity.*® To improve
the mechanical stability, the tensile strengths of SPEEK and their
nanocomposites were evaluated by a universal testing machine
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Figure 5 Field emission scanning electron microscopy (FE-SEM) images of (a) sulfonated poly (ether ether ketone) (SPEEK), (b) SP-CNT-FA-2, (c) SP-CNT-
FA-4 and (d) SP-CNT-FA-6.
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Figure 8 Proton conductivity of sulfonated poly (ether ether ketone) (SPEEK)
and polymer nanocomposites.

method. The results shown in Table 2 indicate that the fillers (both
SWCNT and fly ash) were well impregnated into the polymer matrix
and enhanced the strength of the membranes. The sulfonic acid
groups combined with fly ash made the polymer proton not only
conducting but also hydrophilic. Hence, the polymer with more
sulfonic acid groups swells in humid conditions and loses its
mechanical strength, leading to membrane rupture. Therefore, con-
trolling the amount of sulfonic acid groups is of prime importance. In
polymer nanocomposites, an increasing concentration of CNTs and fly
ash lowers the amount of sulfonic acid content and thereby improves
the tensile strength. The SP-CNT-FA-8 membrane exhibits the
maximum tensile strength of 74.4 MPa.

Proton conductivity

The performance and efficiency of a fuel cell depend on the proton
conductivity of the membrane. Hydrocarbon-based polymers with
polar groups exhibit a high water uptake over a wide range of
temperatures. The proton conductivities of SPEEK and nanocompo-
site membranes were determined from 30 to 90 °C and is shown in
Figure 8. It can be seen from Figure 8 that the proton conductivity of
the prepared membranes increased in the following order: SPEEK
< SP-CNT-FA-2 <SP-CNT-FA-4 < SP-CNT-FA-6 < SP-CNT-FA-8.
With an increasing temperature, the dynamics involved in proton
transfer and structural reform are faster and more efficient and, hence,
lead to a higher proton conductivity. The conductivity results indicate
that an increasing concentration of CNT and fly ash in the polymer
nanocomposites results in higher proton conductivity. Generally,
proton conductivity depends directly on the sulfonic acid content
and the water uptake ability of the polymer. However, the presence of
sulfonic acid groups in a polymer electrolyte membrane is not always a
major factor for increasing the proton conductivity. The ability of the
membrane to retain the water clusters in the polymer matrix should

be considered because it contributes to the proton conductivity.*%4”

Electrochemical performance

Membrane electrode assemblies were characterized using a pure
hydrogen-oxygen fuel cell system. A comparison of the electrochemi-
cal single-cell performances of pristine SPEEK and SP-CNT-FA-6
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Figure 9 The electrochemical performance of sulfonated poly (ether ether
ketone) (SPEEK) and composite membrane at 60 °C and 100% relative
humidity (RH).

membranes at 60 °C under 100% relative humidity was carried out.
The power density and polarization curves of the electrolyte mem-
branes are shown in Figure 9. The best performance was achieved for
the SP-CNT-FA-6 membrane, which produced a peak power density
of 672 mW cm 2 at a load current density of 1625 mA cm™2, whereas
the pristine membrane produced 510 mW cm™ at a load current
density of 1500 mA cm™. The good water uptake capacity and proton
conductivity of the nanocomposite membranes are attributed to the
better performance of SP-CNT-FA-6 membrane over the entire
current density range.

CONCLUSIONS

Organic—inorganic polymer nanocomposite membranes were pre-
pared by including fly ash and SWCNT additives. The structure and
physicochemical properties of the nanocomposite membranes were
studied in detail. The morphology studies confirm the successful
incorporation of CNTs into the polymer matrix. The IEC of the
membranes was found to be between 1.59 and 1.86 meq g~ !. Although
there was a decrease in IEC, the water uptake capacity of the polymer
nanocomposites increased by incorporating the inorganic additives,
thereby enhancing the proton conductivity of the membranes.
Furthermore, membrane electrode assemblies were fabricated for
SPEEK and SP-CNT-FA-6 membranes, the latter of which has a
maximum peak power density of 672 mW cm 2. An enhancement of
thermal stability in the composite membranes may have occurred
predominantly because of the incorporation of SWCNTs and fly ash.
The excellent thermal and mechanical stability as well as the relatively
high proton conductivity of the synthesized membranes make them a
better choice for fuel cell applications.
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