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A B S T R A C T

Membranes are widely used daily, such as for filtration in reverse osmosis, or in the form of electrolyte membrane
fuel cells. Modified Nafion® membranes were synthesised by impregnation and their mechanical properties were
observed. The effect of the incorporation of a ZrO2-CNT nano-filler within Nafion® membrane on the thermal
stability and crystallinity was investigated by TGA and XRD. Tensile test results show the increases in the me-
chanical properties of Nafion® 117 membranes impregnated with ZrO2-CNT when compared with that of com-
mercial Nafion® 117 membranes. The results also show that adding ZrO2-CNT in Nafion® 117 membranes
improves the water contact angle and water uptake, as it enhances water retention within the membrane. The
SEM results indicated that ZrO2-CNT was well distributed in the Nafion® 117 membrane pores through the
impregnation method.
1. Introduction

Membranes are widely used daily, such as for filtration in reverse
osmosis or in the form of electrolyte membrane fuel cells. However, many
of them face mechanical and thermal failure under some operational
conditions. Some of them can burn, shrink and fail structurally as a result
of cracking, tearing, perforations and pinholes while functioning at low
relative humidity and high temperatures due to internal defects. There-
fore, it is necessary to improve their thermal stability, and mechanical
and chemical strength in order to make them suitable for use in various
conditions. The polymer electrolyte membrane fuel cells (PEMFCs) have
been considered as environmentally friendly due to their zero emissions
[1]. The performance of proton exchange membranes (PEMs) is highly
dependent on their water content [1]. However, Nafion® membranes as
state-of-the-art PEMs have a high chemical andmechanical stability, high
proton conductivity at a lower temperature of 80 �C and high relative
humidity. But, it faces some drawbacks when operating at a higher
temperature fuel cell, as it lowers proton conductivity due to the mem-
brane dehydrating [2]. The incorporation of inorganic particles such as
silica, titanium and zirconium nanoparticles has been found to improve
the thermal and mechanical stability and enhance water retention of
commercial Nafion® 117 membranes at high temperatures and low
relative humidity [3]. Because of strong covalent bonds that limit
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dislocation slip and therefore plastic deformation in comparison with
metallic materials [4, 5], modified membranes with zirconium oxide
nanoparticles can be used in many applications such as solid oxide fuel
cells, oxygen sensors and ceramic membranes due to their good
high-temperature stability, high breakdown electrical field or large en-
ergy bandgap [6]. However, with increasing temperatures, other ther-
mally activated mechanisms such as grain boundary sliding [4]
accommodated by diffusional creep lead to time-dependent plastic or
even superplastic deformation composites [4]. Furthermore, the inor-
ganic particles also play an important role in the field of dielectric and
electrical applications [7]. Zirconium oxide nanoparticles (ZrO2) is very
important in ceramic materials because of their excellent electrical,
thermal and mechanical properties [8]. ZrO2 are the most intensively
studied materials owing to their technologically important applications
in oxygen sensors, fuel cell electrolysis, catalyst and catalytic supports,
metal oxide semiconductor devices, and superior thermal and chemical
stability [9]. This is due to their high melting point, high mechanical
properties, low thermal conductivity and high ionic conductivity. The
high temperature phases cubic (c-) and tetragonal (t) of ZrO2 can be
achieved at the lower synthesis temperature, which could be used as
reinforcement for toughening aluminium as they are
phase-transformation, phase-conversion and micro-cracking [10]. Much
attention was being paid to controlling the morphology of ZrO2 at the
ly 2019
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Fig. 1. Tensile mechanical testing of zirconia/Nafion® nanocomposite membrane (a) Clamp; (b) specimen - pure Nafion® membrane and Nafion®/ZrO2 nano-
composite membrane.

Fig. 2. (a) Nafion®/ZrO2-CNT stress versus strain, (b) Nafion® 117 stress versus strain, (c) Low strain of Nafion®/ZrO2-CNT nanocomposite membrane and (d) Low
strain of Nafion® 117 membrane.

R. Sigwadi et al. Heliyon 5 (2019) e02112
nanoscale for potential applications in gas sensors, catalyst and drug
delivery [11]. Carbon nanotubes (CNTs) have good mechanical proper-
ties, are low-cost material and have high electrical conductivity with high
surface area [12, 13, 14]. CNTs as inorganic fillers show the mechanical
and thermal improvement, as well as a low electrical percolation
threshold by producing a bridging effect when the ceramics are subjected
2

to a tensile load, which results in enhancing its fracture toughness [15,
16]. Moreover, CNTs composited with metal oxides show improvement
in the electrochemical energy system [17, 18]. They also have the ability
to decrease equivalent series resistance (ERS), leading to an improved
maximum power in super capacitors [19, 20]. CNTs could also enhance
the tri-biological behaviour of ceramics, as the CNTs are relatively hard



Fig. 3. Comparison of modulus of elasticity of Nafion® 117 membrane and Nafion®/ZrO2-CNT nanocomposite membrane.

R. Sigwadi et al. Heliyon 5 (2019) e02112
materials. If membranes are modified with carbon nanotubes (CNTs)
their thermal stability, flame redundancy and electrical properties in-
crease [21, 22]. The results suggested that it would be possible to
toughen the membrane and enhance the water retention by adding
ZrO2-CNT to the nanometre zirconia particles. The aim of this paper is to
investigate the influence the addition of ZrO2-CNT has on the mechanical
and physical structure of commercial Nafion® 117 membrane. ZrO2

nanoparticles were composited with CNTs in order to increase the me-
chanical and chemical strength and thermal stability of commercial
Nafion® 117membrane. The influences of stress-strain on themechanical
strength of Nafion® 117 and modified Nafion® membrane were observed
under 10 mm/min, 20 mm/min, 30 mm/min, 40 mm/min and 50
mm/min.

2. Experimental

2.1. Reagents

Zirconium oxychloride hydrate (ZrOCl2 .8H2O), sodium hydroxide
pellets (NaOH), hydrogen peroxide, methanol solution, sulphuric acid,
carbon nanotubes (CNTs), nitric acid and Nafion® 117membranes (EW¼
1100, thickness 180) were purchased from Sigma. All the chemicals with
analytical grade were used as received, without any further purification.

2.2. Preparation of ZrO2-CNT nanocomposite

The zirconium oxide (ZrO2) nanoparticles were prepared by the
precipitate method; zirconium oxychloride hydrates (ZrOCl2.8H2O) and
sodium hydroxide (NaOH) were used as starting materials. Precipitation
of zirconium hydroxide (Zr(OH)4) was obtained by slowly adding 2N
NaOH to the aqueous solution of 0.2M ZrOCl2.8H2O at room temperature
while continuously stirring with a magnetic stirrer and mixed for 30
minutes [23]. The CNTs used for templating were synthesised by the
aerosol-assisted CVD method [24]. The obtained CNTs were functional-
ised by refluxing in nitric acid and then washed to remove the excess
acid. The purified CNTs were dispersed in a zirconia solution by the
reflux method for two hours at 80 �C. The obtained products were
centrifuged and washed with distilled water until the pH was neutral.
Then it was dried at 80 �C overnight and calcinated at 600 �C for one
hour [24].
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2.3. Preparation of nanocomposite membrane

Nafion® 117 membranes were treated according to the standard
procedure one hour in a boiling 3% solution of hydrogen peroxide; one
hour in boiling 0.5 M sulphuric acid; one hour in boiling distilled water
[25]. The nanocomposite membranes were prepared by soaking the
Nafion® 117 membrane in the methanol solution in order to open the
pores of membrane and followed by adding the required amount of
ZrO2--CNT (5 wt %) nanoparticles in a methanol solution. The nano-
composite membranes were repeatedly impregnated (up to five times) at
room temperature [26]. The air from the nanocomposite membrane
pores was removed by heating the solution for 2 hours up to 100 �C, then
slowly cooled down to room temperature and kept in solution for further
24 hours. After drying, thicknesses of the nanocomposite membranes
were measured with digital micrometre (0.18 mm). Each thickness was
measured in the average of 3–7 reading at different position of membrane
and was repeated twice on each membrane to obtain the average value.

2.3.1. Characterisation of nanocomposite membranes
The changes in the chemical structure of the membranes were

investigated by Fourier Transform Infrared (FTIR). The crystallinity of
the modified membranes was investigated by X-ray diffraction (XRD).
The surface morphology of the membranes was analysed by atomic force
microscopy (AFM) and scanning electronmicroscopy (SEM). The thermal
behaviour of the membranes was investigated by thermo-gravimetric
analysis (TGA).

2.3.2. Tensile testing
Tensile tests were conducted on modified membrane and commercial

membrane by using a uniaxial testing system. The uniaxial mechanical
properties of membrane were captured using a uniaxial testing system as
shown in Fig. 1. The length, width and thickness of samples were
measured using a Vernier caliper and recorded prior to testing. The
testing area of the membrane sample was 4 mm � 10 mm in dimension.
To allow for a clamping area, the sample was prepared in such a way that
it could be clamped both side and still allow the testing area to be 4mm�
10 mm. The thickness of the membrane was measured to be 0.18 mm.
The thickness of 0.18 mm of the modified membrane and commercial
membrane was used in analysing the stress applied to the sample. The
membrane was soaked in water for 24 hours, and tested as a wet test.
Then the membrane was dried in a vacuum oven at 80 �C for 24 hours



Fig. 4. Atomic force microscopy (AFM) (a) amplitude (b) topographies measured in tapping mode of the Nafion®/ZrO2-CNT nanocomposite membrane and (c) The
comparison of the XRD patterns of the (a) Nafion® 117 membrane and (b) Nafion®/ZrO2-CNT nanocomposite membrane.
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and tested as a dry test. The tensile strength of modified Nafion® mem-
branes was measured using CellScale Ustretch device dried at 25 �C and
actuator speed of 10 mm/min, 20 mm/min, 30 mm/min, 40 mm/min, 50
mm/min [27].

2.3.3. Contact angle measurements
The hydrophilicity of the membrane surfaces was performed under a

contact angles measurement instrument equipped with a video system.
Membranes were cut into strips and mounted on glass slides for analysis.
The droplet of de-ionized water (2 μL) was dropped onto the surface of
the membranes at ambient temperature by placing the tip of the syringe
close to the sample surface, with all the images being captured on cam-
era. The measurement was repeated 10 times at different surfaces of the
membrane to obtain an average value. Before the water droplet attached
to the sample surface, the wetting process was recorded until no signif-
icant change at the surface was observed any more. Then the contact
angle was measured at different times during the wetting process. In this
way, time-dependent contact angles were obtained [28].

2.3.4. Water uptake (Wup %) and swelling ratio (SR)
The membranes were soaked in distilled water for one day. They were
4

then removed from the water, wiped, measured and weighed. Water
uptake and swelling ratios were calculated according to the equations
below:

Wupð%Þ¼
�
mwet � mdry

�

mdry
� 100 (1)

SRð%Þ¼ ðLw � LdÞ
Ld

� 100 (2)

Where Wup is the percentage of water uptake, mwet is the weight of wet
membrane and mdry is the weight of the dried membrane, Lw is the length
of the wet membrane and Ld is the length of the dried membranes.

2.3.5. Ion exchange capacity
The ion exchange capacity (IEC) of all membranes were determined

by the titration method. The titrated IEC of the membranes were deter-
mined by:

IEC ¼ VNaOH X CNaOH

Wsample
(3)



Fig. 5. SEM structures of (a-b) Nafion® 117 membrane, (c-d) Nafion®/ZrO2-CNT nanocomposite membrane and (e-f) ZrO2-CNT nanoparticles.
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where VNaOH is the titrated volume of NaOH and Wsample is the weight of
the dry membranes.

2.3.6. Conductivity measurement
The conductivities of all membranes were measured using a four-

point probe conductivity cell. The ionic conductivity was determined
galvanostatically with a current amplitude of 0.1 mA over frequencies
ranging from 1MHz to 10Hz. Using a Bode plot, the frequency region
over which the impedance had a constant value was checked and the
electrical resistance was then obtained from a Nyquist plot [29]. The
ionic conductivity (σ) was calculated according to the following
equation:

σ ¼ L=RWd (4)

where R is the obtained membrane resistance, L is the distance between
potential-sensing electrodes (1 cm), and W and d are the width (2 cm)
and thickness of the membrane (0.0183cm). For conductivity testing, the
membrane was immersed in 1M sulfuric acid solution for six hours at
5

room temperature. The membrane was then rinsed with deionised water
several times to remove any excess H2SO4 then immersed in deionised
water for six hours at 60 �C. All the membranes were kept in deionised
water at room temperature before measurement.

3. Results

3.1. Mechanical properties of membranes

The tensile test was used to observe the mechanical strengths of the
nanocomposite membranes compared with commercial Nafion® 117
membranes [30]. The results show that the incorporation of a ZrO2-CNT
nano-filler within the Nafion® membrane enhances the elasticity of a
membrane at the strain rate of 10 mm/min, 20 mm/min, 30 mm/min, 40
mm/min and 50 mm/min as presented in Fig. 2(a and c). The results
revealed that the stress-strain of Nafion®/ZrO2-CNT nanocomposite
membranes shows more improvement at the strain rate of 20 mm/min
compared to that of the commercial Nafion® 117 membranes as shown in
Fig. 2(a-b). The stress-strain of Nafion®/ZrO2-CNT at the low strain of



Fig. 6. (a) EDAX and (b) the elements of Nafion®/ZrO2-CNT nanocomposite membrane.
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0.17 was 1094 kPa, 1022 kPa, 938 kPa, 617 kPa and 550 kPa respec-
tively, which is more of an improvement than those of Nafion® 117
membrane (753 kPa, 677 kPa, 714 kPa, 808 kPa and 753 kPa) as shown
in Fig. 2(c-d). The modulus of elasticity of the Nafion®/ZrO2-CNT
nanocomposite membrane was higher than commercial Nafion® 117
membrane at the rate of 10 mm/min, 20 mm/min, 30 mm/min, 40
mm/min and 50 mm/min as shown in Fig. 3. This may be due to the
addition of ZrO2-CNT nanoparticles that causes the interaction with the
sulfonic acid groups of the membrane, which enhanced the mechanical
strength. Moreover, this enhanced modulus of elasticity shows that the
ZrO2-CNT nanoparticles have stabilised the structure of the nano-
composite membrane successfully, and give a potential restriction to the
humidity-generated stress when the membrane is used as an electrolyte
membrane in the fuel cells. Fig. 3 shows that the modulus of elasticity of
the nanocomposite membrane at the small strain rate of 10 mm/min, 20
mm/min and 30 mm/min, increased the stress to 6677 kPa, 6589 kPa
and 5891 kPa when compared to the 4382 kPa, 3975 kPa and 4153 kPa
of commercial Nafion® 117 membrane. Furthermore, the modulus of
elasticity of nanocomposite membranes decreases as the rates increase.
At the higher rate of 40 mm/min and 50 mm/min ZrO2-CNT nano-
particles become more rigid, which weakens the ionic interactions and
change the mechanical stability.
3.2. Structures, morphology and elemental analysis of membranes

The amplitude and topography images measured in tapping mode of
Nafion®/ZrO2-CNT nanocomposite membranes was shown in Fig. 4. The
modified membranes show that the presence of ZrO2-CNT nanoparticles
in the surface of Nafion® membrane shows the roughness of 12.79 nm.
From the topography and amplitude images, we can clearly see no
changes in the surface morphology, which indicates the strong interac-
tion of filler material within the Nafion® matrix as shown in Fig. 4(a) and
(b). More roughness on modified Nafion® nanocomposite membranes
improves the contact between the electrodes [31]. The modified mem-
branes show the presence of ZrO2-CNT in the surface of membrane,
6

which can be assigned to the hydrophobic (light regions)/hydrophilic
(dark regions) domains across the membrane matrix due to the interac-
tion of the sulphonic groups dispersed within the hydrophobic network
of the Nafion® polymeric backbone [32]. The size of the light areas
matches those observed for similar samples in the literature [33]. The
crystallinity and morphology of nanocomposite membranes were ana-
lysed by X-ray diffraction (XRD) as shown in Fig. 4(c). Fig. 4(c) shows the
XRD patterns of modified Nafion®membrane compared with commercial
Nafion® 117 membrane. The results show the two broad diffraction
peaks at 17o and 38o that assign to the amorphous and crystallinity
scattering from the main chain of Nafion® 117 membrane as presented in
Fig. 4c (a) [34, 35]. Fig. 4c (b) reflects the same peak as ZrO2-CNT
nanoparticles. Fig. 5 shows the morphological structures of nano-
composite membranes, commercial Nafion® 117 membrane and
ZrO2-CNT nanoparticles observed under SEM. Fig. 5(a-b) shows the
original morphology of Nafion® 117 membrane with a dark colour when
compared to the modified membrane. The ZrO2-CNT nanoparticles in
Fig. 5(c-d) were well distributed within the membrane, confirming the
TGA results that show that the modified membrane is thermally more
stable than Nafion® 117. This may be due to the inorganic filler distri-
bution in the membrane [36] with less agglomoraton. Fig. 5(e-f) shows
the ZrO2-CNT nanoparticles agglomerated to each other with a diameter
ranges from 5-10 nm. Fig. 6 shows the elemental composition of
Nafion®/ZrO2-CNT nanocomposite membrane under EDAX spectra. The
nanocomposite membrane shows the present of carbon, oxygen, fluorine
and zirconia as shown in Fig. 6(a). Furthermore, the elements table in
Fig. 6(b) shows that ZrO2-CNT nanoparticles were successfully impreg-
nated within the Nafion® 117 membrane.
3.3. Degradation at high temperature

Thermo-gravimetric analysis (TGA)/derivative thermogravimetry
(DTG) were used to determine the thermal stability of modified mem-
branes and the commercial Nafion® 117 membranes. Fig. 7 shows the
TGA and the derivative weight loss for Nafion® 117 membranes



Fig. 7. The comparison of the TGA/DTG patterns of the (a) Nafion® 117 membrane, (b) Nafion®/ZrO2-CNT nanocomposite membrane and (c) The comparison of the
TGA patterns of (a) Nafion® 117 membrane and (b) Nafion®/ZrO2-CNT nanocomposite membrane and (d) FTIR spectra of the (a) Nafion/ZrO2-CNT nanocomposite
membrane and (b) Nafion® 117 membrane.
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compared with Nafion®/ZrO2-CNT nanocomposite membranes. The re-
sults show that all membranes undergo three weight-loss stages. Fig. 7(a)
shows the first decomposition stages at 390 �C with a gradual weight loss
of 10%. This was attributed to water leaving the membrane. The second
decomposition stages at 480 �C show a 38% weight loss, due to the
desulfonation. The third decomposition stages at 550 �C show a 99.8%
weight loss, due to the decomposition of the polymer backbone [37]. The
TGA curves for commercial Nafion® 117 membranes show that the
membrane was completely burnt as indicated in Fig. 7(a). The DTG
curves show a maximum decomposition rate of 2% per �C at 390 �C and
the weight loss in this step is 18%. The TGA curves of Nafion®/ZrO2-CNT
nanocomposite membranes also show three weight-loss stages. The first
weight loss is at and 390 �C, which is attributable to water evaporating
from the membrane. The second decomposition stage at 480 �C shows a
20% weight loss, due to the desulfonation process, and the third
decomposition at 570 �C shows a 95.5% weight loss, due to the decom-
position of the polymer backbone [37]. This indicated that the metal
oxide was successfully deposited within the membrane through
impregnation. Furthermore, modified membranes show less decompo-
sition of sulfonic acid groups when compared with that of commercial
Nafion® 117 membranes. The DTG curve shows the maximum decom-
position rate of 2% per �C at 280 �C with a weight loss of 30%. TGA
curves show that Nafion®/ZrO2-CNT nanocomposite membranes have
7

better thermal properties than commercial Nafion® membranes, as can
be seen in Fig. 7(c). TGA analysis shows that the modified Nafion® 117
membrane was not subject to serious damage by the presence of
ZrO2-CNT until 500 �C, due to the reduced weight loss rate at a high
temperature. Incorporating ZrO2-CNT nanoparticles in Nafion® matrix
leads to an increase in the decomposition temperature of nanocomposite
membranes compared with commercial Nafion® 117 membranes. Thus,
the result obtained from TGA shows the enhanced potential of the
Nafion®/ZrO2-CNT nanocomposite membranes for higher-temperature
operations for PEMFC applications.

The degradation of the nanocomposite membranes compared with
commercial Nafion® 117 membranes was investigated by FTIR as shown
in Fig. 7(d). Fig. 7d(a) shows that vibration bands at 863 cm�1 and 926
cm�1 are due to the Zr–O vibration [38] and the peak at 1393 cm�1 and
1434 cm�1 are assigned to O–H bonding [38]. The peak observed at 2
346 cm�1 is due to the presence of inorganic ions [39]. The weaker band
near 1055 cm�1 originates from the symmetric stretching of SO3

- groups.
The doublet peaks at 970 cm�1 and 982 cm�1 are characteristic peaks of
the side chains of Nafion®, and are due to the symmetric vibrations of
Zr–O bonds. The strong absorption bands near 1151 cm�1 and 1214 cm�1

are attributed to the symmetric stretching of -CF2 groups and a mixed
contribution from the anti-symmetric stretching modes of -CF2 and -SO3

-

groups [40]. Fig. 7d(a) shows that the FTIR spectra of Nafion®/ZrO2-CNT



Fig. 8. The water contact angle of (a-b) Nafion 117 membranes and (c-d) Nafion/ZrO2-CNT nanocomposite membrane.

Table 1
The The IEC, water uptake, swelling ratio and conductivity of membranes.

Membrane IEC (meq.
g�1)

Water
Uptake

Swelling
Ratio

Conductivity (S/
cm)

Nafion®/ZrO2-
CNT

1.36 52 16.7 0.265

Nafion® 117 0.93 30 8.8 0.113
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indicate some peaks due to the grafted amine groups. The N–H stretching
vibrations contribute to the peaks centred at about 2900 cm�1 -2600
cm�1 [41]. The broad peaks at around 1650 cm�1 -1590 cm�1 are
assigned to the N–H deformation of the amine group [41, 42]. This
confirms that amino groups have been grafted into CNTs. The nano-
composite membrane clearly exhibited a broad peak at a wave number of
3480 cm�1 which corresponds with the presence of bound water and the
-OH functional group on the surface of the Zr nanoparticles as shown in
Fig. 7d(a). Due to the water that tightly bound on the surface of the Zr
nanoparticles, it is highly stable at a temperature higher than 100 �C.
Fig. 7d(a) shows the vibration peak at 1016 cm�1 that could be attributed
to the vibrational mode of Zr–O and the peak at 1550 cm�1 that could be
due to Zr–OH bending vibrations, indicating the presence of zirconia
nanoparticles within the modified Nafion® membrane [43]. Fig. 7d(b)
shows the O–H vibration of physically adsorbed water occurring at wave
numbers of 3451 cm�1 and 3456 cm�1 [44]. Fig. 7d(b) shows the vi-
bration peaks at 1195 cm�1 and 1198 cm�1 that attributed to the
-CF2-CF2- vibration, and 1060 cm�1 attributed to -SO3

- [45].
8

3.4. Contact angle, water uptake, swelling ratio, ion exchange capacity and
proton conductivity measurement

The contact angle was measured to determine the effect of ZrO2-CNT
nanoparticles in hydrophilicity and hydrophobicity of modified Nafion®

membranes. The digital images of water droplets at the surface area of
commercial and modified membrane are presented in Fig. 8. Fig. 8 shows
that commercial Nafion® 117 membranes are hydrophobic surfaces since
they have obtained the contact angle above 90�, whereas the modified
Nafion® membrane with ZrO2-CNT nanoparticles acts as a hydrophilic
surface as the obtained contact angles are less than 90�. Generally, the
contact angles of the modified membranes were decreasing when
compared with that of unmodified Nafion® 117 membranes. This was
due to the hydrophilicity of ZrO2-CNT nanoparticles that enhancing the
hydrophilicity of the membrane. The contact angles obtained show no
differences when recorded on 10 test. Contact angles below 90� indicate
the hydrophilic character of a sample, describing the water-uptake
capability. In Fig. 8(b) it was observed that when the water droplet
touched the commercial Nafion® 117 membrane, it immediately swells
within the measuring time [46]. This may be due to the hydrophobic
groups on the backbones and hydrophilic groups on the sulfonate heads
of Nafion® membranes [46]. The water uptake of Nafion®/ZrO2-CNT
nanocomposite membranes and Nafion® 117 membranes was obtained
by soaking the membranes in water at room temperature for 24 hours.
Nafion®/ZrO2-CNT nanocomposite membranes obtain a higher water
uptake of 52%, than the commercial Nafion® 117 membranes (30%) as
shown in Table 1. The results show that the incorporation of ZrO2-CNT
nanoparticles increases the water uptake of the Nafion® 117 membranes
due to inorganic nanoparticles that enhanced the hydrogen bonding sites.
The dimensional swelling ratio of Nafion®/ZrO2-CNT nanocomposite
membranes (16.7%) is slightly higher than commercial Nafion® 117



Fig. 9. (a) Water uptake and swelling ratio, (b) Ion exchange capacity and proton conductivity measurement of Nafion®/ZrO2-CNT nanocomposite membranes and
Nafion® 117 membrane.

Fig. 10. Complex-plane of imaginary impendance (-Z”) versus real impendance (Z’) of (a) Nafion®/ZrO2-CNT nanocomposite membrane and (b) Nafion®

117 membrane.

R. Sigwadi et al. Heliyon 5 (2019) e02112
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Fig. 11. Comparison of methanol crossover (5 M and 2 M concentration) of Nafion® 117 membrane and Nafion®/ZrO2-CNT nanocomposite membrane at 30 �C, 60 �C
and 80 �C.
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membrane (8.8%), this is due to the absorbed water within the mem-
brane matrix as shown in Table 1 and Fig. 9. Table 1 and Fig. 9 shows that
nanocomposites membrane obtained a higher IEC value of 1.36 meg. g�1

when compared to 0.93 meg. g�1 of commercial Nafion® 117 membrane.
These high IEC value may due to the incorporation of ZrO2-CNT nano-
particles, which increased the membrane acid property for providing
new strong acid site. The conductivity of all the membranes were pre-
sented in Fig. 9 and Table 1. The results shows that the proton conduc-
tivity of Nafion®/ZrO2-CNT nanocomposite membrane and Nafion® 117
membrane were 0.113 S/cm and 0.265 S/cm, respectively. These higher
conductivity may due to the incorporation of CNT which is higher in
ionic conductivity and ZrO2 nanoparticles which retain water within the
membranes [47]. Fig. 10 shows the Nyquist plot of Nafion®/ZrO2-CNT
nanocomposite membrane and Nafion® 117 membrane. The results show
that Nafion®/ZrO2-CNT nanocomposite membrane obtained lower
resistance than Nafion® 117 membrane as shown in Fig. 10(a & b).
Furthermore, the lower resistance is due to the incorporation of nano-
particles that enhance the conductivity, which will showed the good
performance for fuel cell.
3.5. Methanol permeability

The methanol permeability of membranes were measured under 2 M
and 5 M methanol solution at 30 �C, 60 �C and 80 �C. At the lower
temperature of 30 �C and 60 �C they were nomethanol crossover through
the nanocomposite membranes (0 cm2/s) as shown in Fig. 11 [48].
Whereas for commercial Nafion® 117 membrane at 5 M and 60 �C shows
the methanol permeation of 8.84� 10�7 cm2/s [49] which is higher than
modified membrane. This may be due to ZrO2-CNT nanoparticles that
incoprated within the Nafion membrane, which blocked the methanol
permeation. Furthermore, this methanol reduction makes this electro-
lytes suitable used in DMFC applications. At the higher temperature of 80
�C and higher methanol concentration of 5 M, the methanol permeation
of commercial Nafion® 117 rise to 1.99�10�6 cm2/s which double the
value of Nafion®/ZrO2-CNT nanocomposite membranes (1.02�10�6

cm2/s), this may be due to ZrO2-CNT nanoparticles that decreases the
methanol crossover within Nafion® membrane.
10
4. Conclusion

The mechanical properties of Nafion® 117 membrane were improved
by using ZrO2-CNT nanoparticles as an inorganic filler. The effects of
ZrO2-CNT nanoparticles on the structure, morphology, hydrophilicity,
thermal and mechanical stability of modified Nafion® membrane were
observed under tensile testing, water contact angle content, XRD, TGA,
SEM and AFM. The incorporation of ZrO2-CNT nanoparticles into a
Nafion® matrix has improved its hydrophilicity, as there is an improve-
ment in the swelling of modified membrane when in contact with water.
It was observed that the addition of ZrO2-CNT nanoparticles increased
the water content of the modified membrane that makes good electro-
lytes suitable to be used in fuel cells at high temperature and low relative
humidity. XRD results show that ZrO2-CNT nanoparticles have an impact
on the crystallinity of modified Nafion® membrane when compared to
the Nafion® 117 membrane. TGA of modified Nafion® membrane was
found to have more thermal stability when compared with Nafion® 117
membrane that was totally burnt. The Nafion®/ZrO2-CNT nano-
composite membrane obtained lower resistance with the decreased in
methanol crossover than Nafion® 117 membrane, which shows a po-
tential in direct fuel cells. In conclusion, the water uptake, swelling ratio,
IEC and proton conductivity of nanocomposite membranes was higher
than commercial Nafion® 117 membrane. That shows the improvement
of modified Nafion® membrane, which makes them suitable used in fuel
cell application.
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