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Abstract

In this study, graphene (G) was blended with sulfonated polyether sulfone octyl sulfonamide (SPESOS) in different ratios
(1, 1.5, and 2 wt.%) to enhance the proton conductivity of SPESOS. The results of the water absorption analysis and current
impedance spectroscopy of a G/SPESOS hybrid film showed that the proton conductivity improved due to the hydrophilic-
hydrophobic nature of the hybrid. Further analysis showed that the synthesized hybrid film had a desirable contact angle
and good ion exchange capacity, water absorption, and thermal stability. The hybrid film with 2 wt.% graphene showed
better proton conductivity (92 mS/cm) than the pristine SPESOS film (34 mS/cm) at 100% relative humidity. These results
suggested that the synthesized hybrid films offered superior proton conductivity, ion exchange capacity, and hydrophilicity
compared to pristine SPESOS.
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Introduction decrease environmental pollution by producing little or no

greenhouse gases [1-3]. Proton exchange film fuel cells

The problem of leakage current in internal combustion
engines can be solved by using fuel cells, which transform
chemical energy into electrical energy. Fuel cells can also
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augmentation at elevated temperatures and humidity.
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(PEMFCs) are the most suitable power sources for port-
able and stationary devices due to their high power density,
silent operation, quick start, and quiet shutdown [4, 5]. A
crucial constituent of PEMFC is the proton exchange film
(PEF), which acts as a barrier between the fuel and oxidant,
and transfers protons from the anode to the cathode [6].
An ideal PEM should have rapid proton conductivity, low
fuel permeability, prolonged morphological stability, high
mechanical modulus, and durability under harsh working
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conditions [7]. Hydrocarbon proton-conducting films have
been considered to be an alternative to PEM [8]. Polyar-
ylenes can tolerate oxidation and are mechanically strong
with comparatively high glass transition temperatures (7).
Polyarylene ether ketones (PEEK) [9-11] and polyarylene
ether sulfones (PES) [12] have been intensively investigated.
By functionalizing these polymers via sulfonation, improved
film characteristics such as greater wettability, higher water
flux, and better perm selectivity can be obtained. Polyether
sulfone thermoplastic films are commonly used in reverse
osmosis, ultra-filtration, and dialysis, and exhibit high resist-
ance to hydrolysis. This resistance with the simplicity of
chemical modification and ease of solution casting makes
this polymer a better choice. Polyether sulfone thermoplastic
films show a wide range of proton conductivity and water
absorptivity depending on the quantity of incorporated octy-
lamine. However, they have certain drawbacks such as SPES
(1.3 H* pmu) alone is soluble in water at high temperatures
and butoctylamine in pristine sulfonated polyether sulfone
reduces the solubility of SPESOS in water.

SPESOS films are smooth and have variable ionic con-
ductivities and water uptake capacities, which can be tuned
by the amount of incorporated octylamine [13]. The proton
conductivity of PEMs generally depends on proton mobility,
which is responsible for the enhanced proton conductivity of
the hydrated films. Many approaches have been proposed to
improve the proton conductivity and mechanical properties
of the SPESOS films, and the most common approach is the
incorporation of inorganic particles [14, 15]. Compared to
pristine SPESOS, SPESOS films modified using sepiolite
clay with nanoarchitecture showed higher water retention,
lower contact angle, and enhanced proton conductivity [16,
17]. SPESOS hybrid film modified with montmorillonite
clay also showed higher proton conductivity. Several other
hybrid films based on clays and conducting polymers have
also been extensively explored as supercapacitor electrodes.
However, only materials based on carbon have desirable flex-
ibility and can be used as self-supporting soft electrodes [18].
The suitability of carbon nanotubes as electrode materials has
been established [19]. However, these carbon-based materials
have some limitations due to the high capacitance conferred
by the unavailability of an active surface. This limitation can
be overcome by including an electrochemically active second
phase in carbon-based electrodes [20]. Graphene (G), con-
sisting of single-atom thick layers of sp>-hybridized carbon
atoms arranged in a honeycomb lattice, is a promising mate-
rial for PEMFC:s. It is also very strong, light, and thin. A
single square-meter sheet of graphene weighs just 0.0077 g
but can sustain up to 4 kg [21]. It also has a huge surface
area, excellent heat and electrical conductivity, and excep-
tional electrochemical and mechanical capabilities, which
are similar to those of carbon nanotubes [22]. G/polymer
nanohybrid fuel cell films possess good proton and electron

@ Springer

conductivity with anti-methanol crossover capabilities [23].
Due to its unique electronic structure, it is difficult to dis-
perse pristine graphene in the polymer matrix to produce an
atomically well-dispersed nanohybrid.

However, a study described a simple blending process
to produce G/PVA nanohybrids resulting in increased ionic
conductivity and homogeneously well-connected ionic
channels [24]. Poly(diallyl dimethylammonium chloride)
(PDDA)/G nanohybrids were also synthesized and compared
to a pure graphene electrode (0.25 V). The results showed an
exceptional onset potential of 0.15 V (vs. SCE), better fuel
selectivity, anti-CO poisoning capabilities, and good stabil-
ity [25]. A 3D monolithic G/polyaniline (PANi) anode was
used in a microbial fuel cell (MFC). A higher power yield
(up to 768 mW/m?) was produced by the 3D graphene/PANi
anode-functioned MFC compared to a carbon-cloth anode
(158 mW/m?) [26]. A hybrid of sulfonated poly(ether ketone)
(SPEEK) and G was prepared. This hybrid displayed a reten-
tive discharge time of 61 h above 0.8 V [27]. The poor con-
ductivity and limited flexibility of the SPESOS polymer limit
its applications in PEMFCs [13]. The effect of graphene on
the SPESOS film remains undetermined. To improve water
retention and proton conductivity, we performed fast and effi-
cient fabrication of a hybrid film made of SPESOS matrix
and graphene nanosheets, in which the graphene nanosheets
were well-dispersed in the matrix. The hybrid films were
analyzed using Fourier transform infrared (FTIR) spectros-
copy, X-ray diffraction (XRD), and thermogravimetry. The
contact angles, ion exchange capacities, water absorptivity,
and proton conductivity (up to 110 °C) were also determined.

Experimental protocol
Materials and chemicals

Sulfonated polyether sulfone octyl sulfonamide (SPE-
SOS) was synthesized at Eras Labo. Graphene solution
was obtained from Angstron Materials (OH, USA). N,
N’'-dimethylacetamide (DMAc), sulfuric acid, and sodium
hydroxide were purchased from Acros Company.

Fabrication of the hybrid films

The hybrid films were prepared using various concentra-
tions of graphene by solution casting followed by evapora-
tion. Different weight percentages (0, 1, 1.5, and 2 wt.%)
of graphene (G) were placed in 20 mL of dimethylaceta-
mide and stirred magnetically for 12 h, followed by stirring
under ultrasound for 6 h. SPESOS (1.0 g) was dissolved
in the same solvent and added to a beaker containing gra-
phene suspension and stirred for 2 h. The resulting polymer
solution was sonicated for 10 min until no air bubbles were
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observed. This mixture was then poured onto a clean Teflon
plate (S=100 cm?) and heat treated in an oven at different
temperatures for different periods [16, 17]. The fabricated
membranes were stored separately in closed bags.

Characterization of the films
Fourier transform infrared (FT-IR)

A Nicolet spectrophotometer was used to perform the FT-IR
analysis of SPESOS and various hybrid films in the trans-
mission mode.

X-ray diffraction (XRD)

An automated Bruker D8 advance X-ray machine was used
for recording the X-ray diffractograms in the 26 mode
between 5 and 80°. The interradicular distance (d) was cal-
culated using Bragg’s law as

2d sin 6 =n A

Here, 6 indicates half of the deviation, d indicates inter-
reticular distance, n indicates an integer called “diffraction
order,” and 4 indicates the wavelength of the X-rays.

Thermogravimetric analysis (TGA)

A Mettler thermogravimetric analyzer was used to record
thermograms of the samples. Samples weighing ~3 mg were
vacuum dried at 100 °C for 24 h before the analysis. The
thermograms were recorded over a temperature range from
ambient temperature to 700 °C at a sweep rate of 10 °C/min
and an argon flow rate of 40 mL/min [28].

Water uptake (WU)

To determine water absorptivity, the dried films were soaked
in deionized water for 2 days at room temperature. Then, the
films were weighed after the removal of excess surface water
[29]. The water uptake (WU) capacity was calculated using
the following formula:

w

wet Wdry

WU =
Wdry

* 100 (1)

Here, Wy, and Wy, indicate the weights of wet and dry
films, respectively.

Contact angle (CA)

A theta optical tensiometer (Attention) was used to meas-
ure the contact angle (CA) of the films. A micro-syringe

was used to place a droplet (5 puL) of deionized water on
the surface of the film (1.5 cmx 1.5 cm). A camera was
positioned behind the sample before taking a picture of the
water droplet [29]. The contact angle was determined using
the Theta attention computer software as soon as there was
no discernible change in the surface.

lon exchange capacity (IEC)

IEC was measured by immersing the films in the acid form
(§=25 cm?) in a sodium hydroxide solution at a concen-
tration of 10 M for 2 days, thus allowing for complete
neutralization. The ion exchange capacity was established
by acid-base analysis [30].

The IEC of each film was expressed as meq of sulfonic
groups/g of dry polymer and was determined by the follow-
ing relationship:

n -
JEC = N20H ___ NaOH )
dry

Here, n'y,o and n'y,op indicate the initial and the final
mol numbers of sodium hydroxide in the solution, respec-
tively, and Wy, indicates the dry weight of the film.

Proton conductivity

The proton conductivity of the films was determined by
electrochemical impedance spectroscopy at different tem-
peratures and 100% relative humidity (RH) using a VSP
potentiostat (BioLogic Science Instruments). Frequency
response analysis (FRA) was performed over a frequency
range between 1000 kHz and 10 Hz with an oscillating volt-
age amplitude of 10 mV to record high-frequency Nyquist
plots. Electrical resistance (R) was evaluated from the
intersection of the high-frequency arc and the axis of real
Z, using the Z view software [31, 32]. Proton conductivity
(o, mS/cm) was evaluated using the following relationship:

e
RxS )

o(mS/cm) =

Here, e denotes the thickness of the film placed between
the two electrodes, S denotes the surface area, and R denotes
the electrical resistance.

Results and discussion

The graphene sheets had enough surface area for adsorb-
ing SPESOS. Additionally, a strong interfacial contact (m—n
stacking) between graphene and aromatic polymer matrix
formed a hybrid with better characteristics (Fig. 1) [28].

@ Springer
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This can be explained by the development of noncovalent
n—r stacking between the basal planes of graphene and the
phenyl groups of SPESOS chains (Fig. 1). We found that a
slow self-assembly process could result in a stacking interac-
tion. Thus, solution casting followed by evaporation-induced
self-assembly is a useful technique for achieving strong inter-
facial interactions. The features of the hybrids of graphene and
SPESOS were significantly affected by these strong interfaces
to assist stress dispersion and transfer performance [33, 34].

Fourier transform infrared spectroscopy

The FT-IR spectra of SPESOS and different G/SPESOS
films over the range of 500—4000 cm™ are shown in Fig. 2.
The SPESOS film showed a band at 3426 cm™ owing to the
O-H vibration, which was significantly broadened after gra-
phene was incorporated into the hybrid films. The two SPESOS
distinctive bands that corresponded to the aromatic carbons at
1482 and 1590 cm™" and to the asymmetrical and symmetrical
vibrations of 0=S =0 at 1020 and 1090 cm™' became weaker
in hybrid films [29]. These observations indicated that non-
covalent n—r stacking occurred between the phenyl groups of
SPESOS chains and basal planes of graphene [33, 34].

X-ray diffractogram

The crystalline structures of graphene and hybrid films were
revealed by XRD diffractograms, and the resulting data is
shown in Fig. 3.

Fig. 1 m—m interaction between
the SPESOS matrix and gra-
phene

@ Springer
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Fig.2 The FT-IR spectra of a SPESOS, b 1 wt.% G/SPESOS, ¢ 1.5
wt.% G/SPESOS, and d 2 wt.% G/SPESOS hybrid films

For SPESOS, abroad peak was observed at 20=19.17°
corresponding to the 110 reflection plane and a broad, amor-
phous peak at about 26 =28.6° corresponding to the 002
reflection plane that ensures the presence of SO;H groups
on SPESOS chains [35].

When graphene was added to the SPESOS matrix, the
intensity of the diffraction peak corresponding to the 110 plane
parallel to the surface of the hybrid increased and shifted to

S0,-NH-(CH,);CH;

S0,-NH-(CH,);CH,
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Fig.3 X-ray diffraction of a G, b SPESOS, ¢ 1 wt.% G/SPESOS, d
1.5 wt.% G/SPESOS, and e 2 wt.% G/SPESOS hybrid films

a lower angle (17.47°). Due to the presence of graphene, the
diffraction peaks in the hybrid shifted to the lower angles, and
the d-spacing on the low-angle side increased (Table 1).

Graphene has a smaller ionic radius than SPESOS and
increases the compressive stress, which changes lattice
parameters in the SPESOS matrix via n—r stacking interac-
tion with graphene [36].

Thermo gravimetric analysis

The thermograms showed that SPESOS and its hybrids had
three stages of mass loss, which occurred between room
temperature and 700 °C (Fig. 4). At around 100 °C, the ther-
mograms showed the first stage of degradation, which was
due to the initial mass loss caused by the evaporation of
water. The degradation of the sulfonated groups responsible
for the second substantial mass loss occurred at 200 °C.
The third and final stage of degradation corresponding to
a considerable mass loss occurred at about 500 °C and was
due to the breakdown of the primary polymer matrix [29].
Due to the smaller weight loss, i.e., 7% at 200 °C, graphene
(1 wt.% G/SPESOS) was considered to have higher ther-
mal stability. The hybrids with a higher graphene content,

Table 1 XRD analysis of SPESOS and its hybrid films

Sample 20 (°) d @A)
SPESOS 19.17 4.68
1% G/SPESOS 17.47 4.87
1.5% G/SPESOS 17.49 5.13
2% G/SPESOS 17.64 5.08

110

100 4¢
90| S57=:

80 - .
70 - U\
60 NS
50 - ‘e

40 - \"

30 \{.\\_ b
20 4 >

10 ~

Weight (%)

100 200 300 400 500 600 700 800
Temperature (°C)

Fig.4 Thermogravimetric analysis of a SPESOS, b 1 wt.% G/SPE-
SOS, ¢ 1.5 wt.% G/SPESOS, and d 2 wt.% G/SPESOS hybrid films

however, demonstrated lower thermal stability, i.e., 18%
weight loss at 200 °C. The significant increase in the ther-
mal stability of the hybrid with 1 wt.% graphene might be
due to the restricted movement of aromatic backbones as a
result of interfacial interactions [34, 37].

Water uptake

An increase in the water absorption capacity of the hybrid
films can improve their proton conductivities via vehicle and
Grotthuss mechanisms [30]. The water uptake values of the
hybrid films with different ratios of graphene were evalu-
ated after immersing them in deionized water over a weekend
(Table 2). Compared to pristine SPESOS films, hybrid films
absorb more water. The water uptake capacity of the SPESOS
film without graphene was the least (38.8%), whereas the
uptake capacities of the hybrids with 1 wt.%, 1.5 wt.%, and 2
wt.% graphene were 41.1%, 42.5%, and 44.5%, respectively.
The increase in the uptake capacities might be attributed to
the hydrophilicity of the surface of the films. The presence
of many hydrophilic groups in SPESOS and graphene was
responsible for the swelling of the hybrid films as well [37].
The percentage change in these films was directly related
to water uptake. These findings might be attributed to the
hydrophilic properties of graphene. These properties are
essential for increasing water uptake and reducing dimen-
sional stability due to SPESOS chain relaxation.

lonic exchange capacity
We found that the hybrid 2 wt.% G/SPESOS had the highest

IEC of 2.15 meq/g, indicating the presence of more acidic
functionalities (Table 2).

@ Springer
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Table 2 Experimental and theoretical IEC values for hybrid films

Sample Theoretical ~ Experimental Water
IEC/(meq/g) IEC/(meq/g) uptake/
(%)
SPESOS 2.00 1.80 389
1 wt.% G/SPESOS 2.00 1.93 41.2
1.5 wt.% G/SPESOS  2.00 1.95 42.5
2 wt.% G/SPESOS 2.00 2.15 44.6

The IEC values of G/SPESOS increased with the amount
of graphene. This could be due to the influence of hydrogen
bonding and electrostatic interactions between graphene and
SPESOS [17, 37]. The difference between the experimental
and theoretical values of the ion exchange capacities of the
different films might be due to the experimental errors in
acid-base titration.

Contact angle

The variations in the contact angles of the hybrids with
changes in the amount of graphene are shown in Fig. 5.

The values of contact angles of the films were less than
90°, which indicated good hydrophilicity and wettability.
This might be due to the interaction between the sulfonated
groups in the pristine SPESOS and graphene (Fig. 5) [33,
34]. These results matched those of thermogravimetric anal-
ysis and water uptake evaluation.

Fig.5 Comparison between
the contact angle values of the
hybrid films

SPESOS (CA =89.03 ©)

Proton conductivity

The influence of temperature and graphene loading on the
proton conductivity of the hybrid films was analyzed under
100% hydration conditions (Fig. 6).

We found that the proton conductivity of the various
hybrid films remained comparatively low and consistent
between ambient temperature and 60 °C. The highest con-
ductivities of 92 and 82 mS/cm were obtained for the hybrid
films with 2 and 1.5% of graphene, respectively, while the
pure SPESOS film only exhibited proton conductivity of
34 mS/cm at 110 °C. This might be due to the graphene
present in the polymer matrix that considerably decreased
proton transfer compared to the proton transfer in pristine
SPESOS. The quick motion of the conducting sites and the
increased activity of sulfonated ions at high temperatures
were probably responsible for these results. Graphene, with a
high aspect ratio and sheet-like structure, connected the non-
covalent clusters through n-w interactions and subtle regions
in the SPESOS matrix, which improved the conductivity of
the hybrids. An increase in water absorption and swelling
of the films allowed proton migration via several & bonds
(Fig. 1). The conductivity results for films with a higher
graphene content (1.5 and 2 wt.%) were highly encouraging
and promising. These results showed that graphene played
a key role in increasing the conduction properties of hybrid
films owing to their better ability to retain water molecules
(proton carriers) at high temperatures. The results of the

1 % G/ SPESOS (CA =87.54 °)

1.5 % G/ SPESOS (CA = 78.25 ©)
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Fig.6 Proton conductivity of a SPESOS, b 1 wt.% G/SPESOS, ¢ 1.5
wt.% G/SPESOS, and d 2 wt.% G/SPESOS hybrid films at 100% RH

electrochemical and thermal analyses presented and dis-
cussed above match this conclusion. The activation energy
of conduction can be obtained and evaluated by applying the
Arrhenius equation:

o = oyexp(—E,/RT) 4)

Here, ¢ and ¢, indicate the proton conductivity and the
pre-exponential factor (S/cm), respectively, R indicates the
universal gas constant (8.314472 J/mol. K), and T indicates
the absolute temperature (K) [37, 38].

The values of the activation energy of SPESOS and the
hybrid films obtained using Eq. (4) at 100% RH are shown
in Table 3.

The increase in the percentage of graphene in the matrix
of SPESOS resulted in a decrease in the values of activation
energy. The addition of graphene influenced the activation
energy (E,), and the lowest value was obtained with 2 wt.%
of graphene. This was consistent with the results obtained
for higher proton conductivity.

Table 3 The values of activation energy and proton conductivity at
110 °C

Film Conductivity/(mS/cm) E,/(kJ/mol)
at 110 °C

SPESOS 34 80.6

1 wt.% G/SPESOS 41 71.3

1.5 wt.% G/SPESOS 82 6.6

2 wt.% G/SPESOS 92 6.2

Conclusions

A series of G/SPESOS hybrid films was synthesized via
solution casting using different ratios of graphene to the
polymer. The interactions of the incorporated graphene with
the aromatic rings in SPESOS via n-w interactions resulted
in the thermal reinforcement of the film and enhanced the
mobility of protons to augment the conductivity. Especially,
the 2 wt.% G/SPESOS film showed a higher proton conduc-
tivity value (92 mS/cm) than the other hybrid films (1 and
1.5 wt.% graphene) and the pristine SPESOS film (34 mS/
cm). The thermogravimetric analysis showed excellent ther-
mal stability of the composite membranes. The rate of swell-
ing in the water of the membranes elaborated by the addi-
tion of the graphene nanoparticles increased substantially
compared to the rate of swelling in the water of the pristine
SPESOS membrane.

The composite membranes with contact angles better than
those of the pure membrane were obtained. These results
are promising. The elaborated membranes might be used
in other applications such as electrodialysis, dialysis, and
modified electrodes. The approach used might be applied
to other polymers and nanoparticles.
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