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ABSTRACT: Polyelectrolyte-coated magnetic nanoparticles
were prepared by decorating the surface of superparamagnetic
iron oxide nanoparticles (SPIONs) with crosslinked chitosan
oligopolysaccharide (CS). These positively charged particles
(CS-SPIONs) were then added to a negatively charged
polymer (Nafion), and cast into membranes under an applied
magnetic field. TEM and SAXS measurements confirmed this
process created aligned, cylindrical nanodomains in the
membranes. This was also indirectly confirmed by proton conductivity values. The strong electrostatic interaction between
chitosan and Nafion prevented oxygen permeability and water evaporation at elevated temperatures through the proton
conductive channels. The resultant proton exchange membranes showed lower conduction dependency to relative humidity,
which is highly desirable for hydrogen fuel cells. The fuel cell performance tests were performed on the designed polyelectrolyte
membrane by hydrogen−oxygen single cells at elevated temperature (120 °C) and low relative humidity.

KEYWORDS: polymer-decorating nanoparticles, SPION, aligned nanodomains, nanocomposite membranes, proton conductivity,
fuel cell

1. INTRODUCTION

Fuel cell technologies are being rapidly developed as promising
alternative power sources because of their environmental
advantages and high efficiencies. Fuel cells provide several
advantages over other energy conversion devices, including
modularity, eco-friendliness, multi-fuel compatibility and low
maintenance costs.1 During the past years, several types of fuel
cells have been developed,2 with proton exchange membrane
fuel cells (PEMFCs) among the most promising for trans-
portation applications, owing to their high energy density at
medium operating temperatures. The proton exchange
membrane (PEM) is a central component, acting as the fuel
barrier and providing proton conduction.1 Perfluorosulfonate
ionomers, developed by DuPont known as Nafion, are
currently the most popular commercial polyelectrolyte
membrane for PEMFC applications, which is on account of
their high thermochemical stability and good proton con-
ductivity.3

A recent morphological study of Nafion confirms the
presence of parallel hydrophilic channels that are randomly
distributed laterally.4,5 These channels are key to PEM
transport properties,5 and processing techniques, such as

solution casting,6 melt extrusion, thermal annealing, electro-
spinning,7−9 and uniaxial extension,10 have been used thus far
to adjust film morphology, and tune transport properties.
However, these methods can induce anisotropic in-plane
proton conductivity to the PEM, which is not beneficial in
PEMFC applications.
Recent research into improving the transport properties of

PEMs has shown increasing proton conductivity in the
membrane normal direction is the most effective techni-
que.11−13 A technical key is thus developing polyelectrolyte
films with improved unidirectional proton conduction through
the membranes.12,13 With this objective, some researchers have
focused on enhanced transport properties in PEMs with
oriented ionomeric microstructures.11−13

Induced nanodomain alignment normal to the surface of
membrane by the application of electric fields14−17 or flow
fields18 has already been demonstrated. However, as connection
of micro-/nano- domains is difficult to obtain across a
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macroscopic length scale, the anisotropic proton conduction in
these films was not very high.19

The directional ordering of both functional microparticles
and nanoparticles in a matrix has been successfully demon-
strated using an electrical field.14,15 However, this ordering can
only be achieved while particles and the matrix show sufficient
dielectric disparity. An alternative method to induce alignment
is through the application of a magnetic field.20,21 With this
approach, sufficient saturation magnetization of nanoparticles is
required to respond to the applied magnetic field. Shaw and co-
workers used this concept to orient sulfonated crosslinked
polystyrene coated γ-Fe2O3 core-shell particles (230-340 nm)
in sulfonated poly(ether ketone ketone) (SPEKK). However,
these ordered composites have lower proton conduction than
pure SPEKK, which has been attributed to low ion exchange
capacity (IEC) of the particles.16,22 Hasanabadi et al. recently
reported the design of anisotropic polyelectrolyte membranes
composed of 100 nm γ-Fe2O3 nanoparticles in a sulfonated
poly(ether sulfone) matrix, and investigated the effect of
alignment on the primary properties of PEM for methanol fuel
cell applications.23 It has been reported smaller nanoparticles
(∼20 nm) in the range of conductive microdomains could less
affect the microstructure of the polyelectrolyte matrices or even
incorporate into the ionomeric nanochannels and improve the
conductivity.24 Moreover, it has been shown nanohybrid
polyelectrolytes comprising polyelectrolyte complexation at
the interface of nanoparticles with ionomeric matrices provide
improved transport properties (proton conductivity and fuel
permeability).25,26 To exploit such favorable features simulta-
neously, here we demonstrate surface decoration of ultrasmall
SPIONs with polycationic chitosan oligosaccharide chains. This
allows SPION nanoparticles to maintain their small size, while
enabling them to interact with the anionic moieties of Nafion.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. Superparamagnetic iron oxide

nanoparticles (SPIONs) were synthesized via alkaline co-precipitation
of ferric and ferrous chlorides in aqueous media. The synthesis
procedure has been reported in details elsewhere.27

2.2. Preparation of Magnetic Chitosan Nanoparticles.
Decoration of SPIONs with chitosan biopolymer chains was
performed based on an established suspension cross-linking
technique.28 Briefly, 2 w/v% of chitosan oligosaccharide lactate
(Aldrich; Mn= 5 kDa) solution was prepared containing SPIONs
(10 mg.ml−1). This solution was added dropwise to 60:1 paraffin and
span-80 (a nonionic surfactant, C24H44O6) mixture under ultra-
sonication. A glutaraldehyde solution was then added to the dispersion
as a cross linking agent, and the solution was stirred for 6 h.
Afterwards, decorated nanoparticles were separated by a permanent
magnet, centrifugation, washed with ethanol and distilled water, and
then dried at 60 °C before characterization.
2.3. Membrane Preparation. Nanocomposite PEMs, comprising

2.0 wt % of nanoparticles, were fabricated using the solution casting
technique. Chitosan decorated SPIONs (CS-SPIONs) were dispersed
in deionized water, ultrasonicated for 30 min, subsequently mixed with
Nafion dispersion at 25 °C, and stirred for 2.5 h. Afterward, the
resultant suspension was cast on a glass Petri-dish and incubated
between two poles of a low-impedance magnet with the ability of
generating a uniform magnetic field. Then, a 0.1 T magnetic field was
applied to align the SPIONs, with a dwell time of 12 h to ensure the
evaporation of solvents. Nanocomposite membranes were also
prepared with the same procedure, but in the absence of magnetic
field incubation step. Pristine Nafion was also cast under magnetic field
as the reference sample.

2.4. Fabrication of Membrane Electrode Assembly (MEA).
The MEAs were fabricated with the catalyst painting method. The
details of MEA preparation procedure have been reported before.9,29,30

2.5. Characterization Methods. Chitosan-coated SPIONs as well
as the corresponding nanocomposite with Nafion were characterized
through transmission electron microscopy method (TEM; CM200-
FEG-Philips). In the case of CS-SPIONs, dilute suspensions of sample
were deposited onto the carbon films supported with Cu grids. The
particles size and morphology were investigated by diffraction
(amplitude) contrast, and for crystalline materials, by phase contrast
(high resolution) imaging. The apparatus was operating at an
accelerating voltage of 200 kV.

To obtain a TEM image from a cross section of the membrane, a
thin gold layer was sputtered on the samples. The membranes were
then embedded into an epoxy resin and cured at 60 °C for 24 h.
Ultrathin TEM sections with thicknesses of ∼70 nm were provided by
microtomy (Leica Ultracut) using a diamond knife.31

The size of nanoparticles was characterized via dynamic light
scattering (DLS) by means of Zetasizer 3000HS (Malvern Instruments
Ltd.) at 173° at pH 7.4 and 25 °C. The same device was also employed
to measure Zeta potential of nanoparticles at different pH and 25 °C.
Iron content in nanoparticles was measured through inductively
coupled plasma−optical emission spectroscopy (PerkinElmer, Optima
ICP-OES) after digestion of nanoparticles in HCl.

The magnetic characteristics of nanoparticles were determined via a
vibrating sample magnetometer (VSM, ADE 4HF) at the ambient
temperature.

Before swelling measurements, membranes were fully dried in oven,
weighed, and then soaked in deionized water and reweighed at
different time intervals. This process was repeated until no further
increase in weight was observed. Water uptake was calculated
according to eq 1

= ×
−⎛

⎝
⎜⎜

⎞
⎠
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M M

M
water uptake (%) 100 wet dry

dry (1)

where Mwet and Mdry are, respectively, the weights of membrane
samples in wet and dry states.

The molar ratio of water molecules to the sulfonate groups,
indicated as lambda (λ), was calculated according to eq 2

λ =
× M
WU

IEC water (2)

where IEC, WU, and Mwater are the ion exchange capacity, water
uptake, and water molecular weight (18 g mol−1), respectively. In fact,
λ indicates number of water molecules which can be bound onto the
ionic groups on polyelectrolyte chains. Hydration of polyelectrolytes
and proton conductivity are commonly explained with λ.

The designed polyelectrolyte membranes were also studied by small
angle X-ray scattering (SAXS) technique. SAXS experiments were
performed by means of a diffractometer with Cu K source and Kratky
SAXS equipment. Hydrated samples were placed in a sample holder at
25°C. The chamber was kept under vacuum. The scattering intensity is
plotted versus the scattering vector, q, defined as q = (4π/λ) sin θ,
where 2θ and λ are the scattering angle and X-ray wavelength.

Fabricated membranes were characterized for their bulk proton
conductivity using a BT-112 conductivity cell (BekkTech LLC).
Conductivity of membranes was calculated based on eq 3:

σ = L
RA (3)

where L, R, and A, respectively, refer to membrane thickness,
resistance, and cross-sectional area. In this study, conductivity of
membranes was measured at various relative humidity (RH 20−
100%). To study the effect of temperature on conductivity,
temperature-sweep proton conduction measurements were performed
from 25 to 120 °C. The conductivity cell was incubated in a chamber
at a predetermined RH for 3 h prior to measurements.
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The oxygen permeability through membranes (P) was determined
based on the constant pressure/variable volume method at 25 °C via a
laboratory made test cell using the following equation: P = Ql/[A(p1 −
p2)], where Q, l, A, p1, and p2 are, respectively, the flow rate of the
permeate molecules, membrane thickness, effective membrane area,
absolute pressures of feed side and permeate side. The permeability
coefficient is expressed in Barrer units (×1010 cm(STP)

3 cm cm−2 s−1 cm
Hg−1).
PEMFC tests on designed membranes were carried out by a

laboratory made single cell. The details of the fuel cell performance
tests have been reported elsewhere.32

3. RESULTS AND DISCUSSION

As shown in Figure 1a, surface decoration of SPIONs with
chitosan can be achieved with a relatively small change in the
diameter of SPIONs. The relatively small increase in diameter,

from 13 to 18.2 nm, is attributed to decoration of nanoparticles
with the low molecular weight polysaccharide chains. TEM
images of CS-SPIONs, Figure 1c, also confirmed the creation of
a thin chitosan shell (3.5 ± 1 nm) on the SPION surface,
Figure 1b.
The surface charge of the bare and coated nanoparticles at

different pHs is shown in Figure 1d. The pristine SPIONs have
a slightly positive surface charge below pH 5. The ζ potential of
CS-SPIONs is larger than SPIONs, and reached 39 mV in
comparison with 14 mV for pristine SPION at a pH of 2. This
dramatic difference is associated with the presence of
protonated amine groups on the chitosan chains. This level
of surface charge confirms the successful covering of the
SPION surface by −NH3

+ terminated chitosan chains. Around
pH 10 the surface potential of CS-SPIONs decreases to almost
zero mV, indicating the loss of protonated groups. Moreover,
CS-SPIONs show good particle stability, and the precipitation
of CS-SPIONs does not occur at any pH, due to the steric
repulsion of the chitosan chains. As reported previously,
chitosan oligosaccharide and its magnetic particle conjugate are
water-soluble and have favorable interactions with the
surrounding medium.33 This high level of surface charge is
essential to making a strong electrostatic interaction with
Nafion during device operation.
The hysteresis loop of pristine and chitosan coated SPIONs

at room temperature is shown in Figure 1e. The absence of
remanence and coercivity confirms the superparamagnetic
properties of modified SPIONs. As shown, the magnetic
saturation was about 80 A m2 kg−1 for bare magnetite and
about 60 emu g−1 for CS-SPIONs, which implies a magnetite
content of 75 wt % in the coated nanoparticles.
Nafion-based membranes in this study were prepared via the

solvent casting method under an applied magnetic field. It has
been demonstrated that phase separation of Nafion occurs
more efficiently in aqueous solutions compared to organic
solvents.6 Fortunately, CS-SPIONs are fully dispersible in
water, which is highly desirable for thorough mixing with the
Nafion solution. Moreover, as previously demonstrated25,34

electrostatic interactions among amine groups of chitosan layer
and the sulfonate groups on Nafion chains can control ionic
phase separation in Nafion.
A cross sectional HRTEM image of the aligned nano-

composite displayed in Figure 2c clearly confirms a chain-like
assembly of the CS-SPIONs because of the magnetic field. The
CS-SPIONs are aligned in the direction of induced magnetic
field and form a worm-like geometry with a diameter of 19 ± 2
nm. A diagram of the proposed microstructure for nonaligned/
aligned are shown in Figure 2b and d.
To verify formation of aligned nanochannels, the membranes

were characterized using small-angle X-ray scattering (SAXS),
Figure 2e. Nafion shows a scattering peak at 0.55 nm−1, which
is an indication of self-assembled nanostructures with a d-
spacing of 11.42 nm. In the case of magnetically aligned
Nafion/CS-SPION this peak moves to around q= 0.45 nm−1,
which indicates the expansion of the nanochannels to 13.96 nm.
The higher intensity peak confirms higher levels of phase
separation by presence of CS-SPION due to the additional
electrostatic interactions, as well as the applied magnetic field.
Interestingly, the clear appearance of a second-order peak at
√3q* suggests a hexagonally packed tube-structure of
nanodomains.35

To test the strength of the electrostatic interactions between
the functionalized nanoparticles and the matrix, SAXS experi-

Figure 1. Representative DLS graphs of pristine and chitosan coated
SPIONs (CS-SPIONs) (a). In panels b and c, a schematic and TEM
images in which the SPIONs have been decorated with a chitosan
layer, are shown, respectively. ζ potential values as a function of pH are
displayed in panel d. Magnetic hysteresis for the CS-SPIONs, as well
as pristine SPIONs (e).
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ments were also performed at different temperatures in the
range of 25 to 120 °C. Figure 2f shows experimental results
normalized to the values at 25 °C.
As summarized in Figure 2f, in the presence of CS-SPION

nanoparticles inside the Nafion matrix the structural stability of
membranes was found to be increased with temperature. In
other words, less fluctuation of the d-spacing value for Nafion
matrix loaded with coated SPION nanoparticles implies the
effective interfacial role of chitosan on the microstructural as
well as transport properties of the designed Nanohybrid

polyelectrolytes. For aligned nanocomposite membranes, the
ionomer peak intensity has a low dependency on temperature,
which is an indication of the stabilizing of the microstructure
obtained when using the magnetically aligned Nafion/chitosan-
coated SPION. The nanochannels diameters stabilize over a
wide temperature range, swelling less than 17% over the entire
interested temperature range. For the pristine Nafion
membrane, intensity of the first-order scattering peak decreased
significantly with increasing temperature. Moreover, the d-
spacing also increased by about 45% from 11.60 to 16.9 nm.

Figure 2. High resolution transmission electron microscopy (HRTEM) shows dispersion of chitosan coated magnetic nanoparticles (CS-SPION
NPs) inside Nafion matrix without external magnetic field (a). as well as chain-like assembly of CS-SPION NPs in the presence of applied magnetic
field (c). Schematic representation of the proposed microstructure for randomly dispersed nanoparticles (b) and unidirectional orientation of ion-
conduction nanochannels (d). Small angle X-ray scattering patterns (intensity vs. scattering vector, q) for aligned nanocomposite membranes
compared to the corresponding pristine Nafion membrane. The ionomer peak position at maximum intensity is used to calculate the d-spacing (e).
Temperature dependency (25−120 °C) of ionomer peak intensity and d-spacing for aligned/non-aligned nanocomposite membranes and pristine
Nafion, normalized to their values at 25°C (f).
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These SAXS experiments were carried out at fully humidified
condition and the results indicate that pure recast Nafion
channels start to swell.
However, this is a result of the breakdown in the Nafion

microstructure, which leads to the reduction in membrane
conductivity at elevated temperature. For the aligned nano-
composite membranes, high-temperature conductivity can be
achieved because of the presence of strong electrostatic
interactions between chitosan at the surface of SPIONs and
the Nafion matrix.
In membranes with nanochannels aligned normal to the

surface, the gas permeability increases due to the reduction in
membrane tortuosity. The oxygen permeability of recast Nafion
membranes is 2.88 barrers, increases to 3.052 barrers for recast
Nafion under magnetic field, as evaluated using the constant
pressure/variable volume method at 25°C. However, strong
interfacial interactions and reduced free volume through CS-
SPIONs membranes can actually decrease the permeability to
as low as 1.01 barrers for 2 wt % CS-SPIONs filled Nafion
without applied magnetic field, and to 1.24 barrers for

magnetically aligned CS-SPION filled nanocomposite mem-
branes. This value is more than two fold less than pristine
Nafion, an important advancement, as low as possible
permeability of fuels is highly desirable in fuel cell
applications.36

The anisotropic assembly of continuous nanodomains is
confirmed by the unidirectional conductivity of the mem-
brane.18,35 Figure 3c shows that the conductivity of all studied
membranes (below 90°C) is enhanced with increasing
temperature, which suggests a thermally activated process.
CS-SPION filled membranes with induced alignment provide
higher proton conduction in all temperature ranges. Increased
conduction is likely due to the creation of well-aligned
nanochannels which are ion-rich regions for unidirectional
proton conduction.
Room temperature conductivity of recast Nafion, recast

Nafion under magnetic field, and Nafion/CS-SPION without
magnetic field were found to be 0.86 ± 0.04, 0.89 ± 0.06, and
0.92 ± 0.04 S cm−1, respectively. These obtained conductivity
values are very close. However, magnetically aligned Nafion/

Figure 3. Counter plots of proton conductivity at various temperatures (25−120 °C) and different relative humidity (RH = 20−100%) of (a) recast
Nafion and (b) Nafion/CS-SPION membranes, which are formed under magnetic field. The proton conductivity values are shown on interval lines
in the dimension of [S cm−1]. (c) Arrhenius plot of proton conductivity. (d) Activation energy of proton conductivity below and above 90 °C.
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CS-SPION membranes showed a higher conductivity of 0.99 ±
0.05 S.cm−1 at 25 °C.
Above 90°C, conductivity of the pristine Nafion (with-/out

magnetic field) and Nafion/CS-SPION drops (negative
conductivity−temperature dependency). This observation in
attributed to the water evaporation, which not happened in the
case of magnetically aligned Nafion/CS-SPION membranes. In
the latter case, conductivity increased to 120°C.
The correlation of conductivity and temperature could be

expressed with the Arrhenius equation, ln(σ) = ln(σ0) − (Ea/
RT), where σ, σ0, Ea, R, and T are, respectively, the proton
conductivity (S cm−1), a pre-exponential factor, the activation
energy of proton conductivity (kJ mol−1), the universal gas
constant (8.31 J·mol−1 K−1), and the absolute temperature

(K).24 The activation energies of proton conduction for the
neat and nanocomposite membranes have been summarized in
Figure 3d. In the case of membranes with ordered spatial
arrangement of nanoparticles, the sulfonated groups of Nafion
are self-assembled around the ultrasmall aminated nanoparticles
to minimize the interfacial energy. Such acid−base interactions
makes ion rich sites for easier proton hopping (lower Ea).
Hence, membranes with field-induced structure display lower
activation energy as compared to pristine and non-ordered
membranes.
Because of the highly hydrophilic nature of chitosan, the

presence of 2 wt % of CS-SPIONs increases water uptake and
ion exchange capacity (IEC) values slightly, as shown in Table
1.

Table 1. State of Water in Pristine Nafion and Nafion/CS-SPION Membranes with and without Applied Magnetic Fields

thickness
(μm)a

water uptake
(%)

IEC
(mequiv g−1)b λc

proportion of bound water
(%)

water-retention
(%)

recast Nafion 60 ± 5 32 ± 2 0.89 20 42 11
Nafion/CS-SPION 64 ± 7 39 ± 3 0.94 23.0 70 18
pure Nafion under magnetic field 67 ± 3 23 ± 5 0.86 14.9 58 14
Nafion/CS-SPION under magnetic field 65 ± 5 26 ± 4 0.92 15.7 96 21
aMembrane thicknesses are calculated based on at least 5 measurements from different sites of membrane. bIEC: ion exchange capacity. cLambda
(λ) is the ratio of mole number of water molecules to the fixed-charged ionic groups.

Figure 4. Polarization curves of hydrogen−oxygen single cells consisting of a Nafion nanocomposite with 2.0 wt % of CS-SPION at aligned state as
well as recast Nafion, at 40% RH (a) and 100% RH (b) at 120°C. Maximum power density output (Pmax, in mW cm−2), open circuit voltage (OCV,
in mV) and ohmic resistance (R in Ω cm−2) are plotted as a function of relative humidity (40, 60, 80, and 100 RH %) for recast Nafion (c) and
aligned Nafion/CS-SPIONs (d); the values calculated from polarization curves and illustrated in normalized form, by calculating the ratio of original
values to that of for recast Nafion as a reference at T = 120°C and fully hydrated condition.
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However, the induced alignment of nanochannels using a
magnetic field reduces these values because of the confinement
and shrinkage of nanochannels. Both of these phenomena
converge in magnetic field aligned Nafion/CS-SPIONs
membranes, leading to acceptable water adsorption and IEC
properties. Differential scanning colorimetric (DSC) studies
were also used for characterizing the state of water in Nafion’s
microstructure.37 As displayed in Table 1, the portion of bound
water to the total water in the membrane was increased to 96%,
compared to only 42% for pristine recast Nafion membranes.
Since bound water stays in the membrane at elevated
temperatures, membrane conductivity can be expected to
improve at these temperatures.32

Single cell performance of fabricated nanocomposite
membranes was performed using humidified (40% and 100%
R.H.) hydrogen and oxygen gases at 120 °C. As displayed in
Figure 4, by aligning CS-SPIONs in a Nafion matrix, the
maximum power density (Pmax) at 100% R.H. was improved
significantly from 273 to 455 mW cm−2. The open circuit
potentials (OCVs) were the same for each membrane at 100%
RH, at about 890 mV. However, at low humidity (40% RH),
the OCV value increased, in the presence of CS-SPION, from
858 to 879 mV. The Pmax provided by the aligned nano-
composite membranes was observed to be as high as 267
mW.cm−2 whereas the highest power density output of the
reference Nafion membrane was only 50 mW cm−2 at 120 °C
and 40% RH.
Furthermore, the water-retention ability of the membranes

was tested after being dried at 100 °C for 4 h in a vacuum oven,
and were exposed to 40% RH.38 As shown in Table 1, the
combination of magnetic field aligned surface decorated
nanoparticles improves the water retaining ability of the
membranes, which is highly desirable for low-humidity
conditions.
The presence of high levels of bound water results in higher

conductivity at lower relative humidity and higher temper-
atures. The counter plots of proton conductivity [S cm−1] as a
function of RH and temperature are shown in Figure 3a and b
for recast Nafion (Figure 3a) and for magnetic field aligned
Nafion/CS-SPIONs (Figure 3b). Aligned nanocomposite
membranes have higher conductivity and lower humidity
dependency. The humidity dependency is evaluated based on
a logarithmic curve fitting at different temperatures to the
following formula: σ=σs.(R.H.)

a, where σs is the proton
conductivity at full hydration. The average value of correlation
factor (a) is about 2.41 and 1.37 for recast Nafion and aligned
Nafion/CS-SPION, respectively. The a values for recast Nafion
under magnetic field and for CS-SPION filled Nafion without
the applied field (data not shown) are about 2.13 and 1.82,
respectively, which is in agreement with water-retention
results.39 These results confirmed that coupling of magnetically
induced alignment with electrostatic interaction can have a
synergistic effect on proton conductivity at elevated temper-
atures and low humidity, which was further confirmed by
electrochemical performance testing.
Accordingly, it was found that modified Nafion nano-

composite membranes were able to supply a power output
over five times than unmodified Nafion at 120 °C and 40% RH.
The enhanced electrochemical performance was mostly
attributed to the relatively slow voltage drop in the ohmic
polarization region, which we further evaluated by kinetic
studies.

Kinetic parameters are derived based on curve fitting on
potential versus current density data in the following equation,
E= E0 − b log i − Rohm i. where E and i are the measured cell
potential and current, b is the Tafel slope, and Rohm accounts
for the linear variation of overpotential with current density,
primarily due to the ohmic resistance.40,41 Interestingly, the
ohmic resistance (Rohm), as an indicator of the linear variations
of the overpotential with current density of the cell, during
operation reduced significantly from 0.80 to 0.33 Ω cm−2 at
100% RH and from 1.90 to 0.71 Ω cm−2 at 40% R.H. This is
due to the inclusion of the CS-SPIONs, which is confirmed by
the high proton conductance through the ion exchange
membrane at elevated temperatures and low humidity
conditions. Humidity dependency of Pmax, OCV, and ohmic
resistance (Rohm) are also shown in Figure 4 for recast Nafion
(Figure 4c) and aligned Nafion/CS-SPIONs (Figure 4d). The
values are calculated from polarization curves and illustrated in
normalized form, by calculating the ratio to that of fully
hydrated recast Nafion as at T = 120°C.
Moreover, the long term stability of fuel cell performance for

magnetically aligned Nafion/CS-SPION nanocomposite mem-
brane at 120 °C was measured at both RH of 40% and 100%
over 150 h. As seen in Figure 5, the performance of designed

nanocpmposites remains quite stable for a long time during
continuous operation. The results confirm stable aligned ionic
nanodomains inside Nafion matrix.

4. CONCLUSION
These results clearly confirmed superior properties of aligned
nanocomposite membranes over the entire parameter range of
interest. Such an observation confirms the importance of uni-
directional proton conduction on the overall performance of
fuel cell systems. These types of membrane can be considered
as high-performance proton exchange membranes for PEMFC
applications.
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