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A
t the heart of energy and electro-
chemical devices, such as fuel cells,
solar cells, batteries, supercapacitors,

biosensors, and actuators, are polymer elec-
trolytes,1�5 which conduct ions generated
at the electrochemical interfaces via either a
faradaic or nonfaradaic process.6,7 Among
various polymer electrolytes, Nafion, a per-
fluoro-sulfonated ionomer, has received sig-
nificant attention due to its remarkable
ionic conductivity and chemical and mec-
hanical stabilities.1 Accordingly, Nafion,
whose structures exhibit a bicontinuous
nanostructure composed of a hydrophobic
backbone and ionic domains in the hy-
drated state, has been extensively investi-
gated as a representative polymer elec-
trolyte, along with Nafion composites.8 In
particular, the ions and small molecules
within the polymer electrolytes are trans-
ported through the interconnected ionic
clusters, and as a result, the facilitated trans-
port of target ions is highly desirable for the
development of high-performance electro-
chemical devices.7,9,10 Therefore, the device
and material performances have been
shown to be dramatically enhanced by con-
trolling the physical geometry (or size) and
chemical functionality (or acidity) of nanoscale
ionic clusters in a polymer electrolyte.11,12

Recent advances in polymer electrolytes
have been directed toward themodification
of ionic channels, which is induced by in-
corporating various nanofillers of functional
materials such as metal nanoparticles, inor-
ganic oxides, nanoclay, zeolites, polymers,
and carbon nanotubes (CNTs).13�17 Despite
these intensive efforts on the fabrication of

polymer nanocomposites, very few studies
have demonstrated the enhancement of
target ion conduction while suppress-
ing unfavorable ion or mass transport
(methanol for direct methanol fuel cells,
DMFCs, and gas for proton exchange mem-
brane fuel cells, PEMFCs).17,18 Indeed, the
introduction of ionic moieties of fillers with
strong acidic sulfonic groups rather than
other functional (hydroxyl, carboxylic, and
phosphonic) groups to Nafion can induce
higher proton conductivity and thus cause
high swelling and methanol crossover
through an identical pathway.8,19 Moreover,
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ABSTRACT The chemistry and structure of ion channels within the polymer electrolytes are of

prime importance for studying the transport properties of electrolytes as well as for developing high-

performance electrochemical devices. Despite intensive efforts on the synthesis of polymer

electrolytes, few studies have demonstrated enhanced target ion conduction while suppressing

unfavorable ion or mass transport because the undesirable transport occurs through an identical

pathway. Herein, we report an innovative, chemical strategy for the synthesis of polymer

electrolytes whose ion-conducting channels are physically and chemically modulated by the ionic

(not electronic) conductive, functionalized graphenes and for a fundamental understanding of ion

and mass transport occurring in nanoscale ionic clusters. The functionalized graphenes controlled the

state of water by means of nanoscale manipulation of the physical geometry and chemical

functionality of ionic channels. Furthermore, the confinement of bound water within the

reorganized nanochannels of composite membranes was confirmed by the enhanced proton

conductivity at high temperature and the low activation energy for ionic conduction through a

Grotthus-type mechanism. The selectively facilitated transport behavior of composite membranes

such as high proton conductivity and low methanol crossover was attributed to the confined bound

water, resulting in high-performance fuel cells.
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the permeation of methanol from the anode to the
cathode is a critical challenge for the commercializa-
tion of DMFCs, as it leads to degraded cell perfor-
mances via a mixed potential as well as the serious fuel
loss.20 Here, we report an innovative strategy for the
synthesis of advanced polymer electrolytes whose ion-
conducting channels are modulated by functionalized
graphenes for facilitated ionic transport.
Recently, graphene oxide (GO), a precursor of re-

duced graphene oxide (RGO), has been well-known as
an excellent amphiphilic soft material due to its oxy-
gen-containing functional groups and chemical tun-
ability of properties.21�23 The fabrication of polymer
and/or inorganic nanocomposites including RGOs and
their derivatives is a promising approach for electrical
and mechanical applications.24�28 However, ionic (not
electronic) conductive nanocomposites including
functionalized graphenes have been unexplored yet.
Although there have been a few reports on the fabrica-
tion of RGO or GO/Nafion nanocomposites,27 the ionic
transport properties of the resultantmaterials were not
controlled by the introduction of functional groups
and practical application into fuel cells has not, to date,
been demonstrated.
In this work, sulfonated GOs (SGOs) were incorpo-

rated into a Nafionmatrix, and the transport properties
of the resultant nanocomposites were compared to
those of pristine Nafion and GO-incorporated nano-
composites. Importantly, both the desirable size and
functionality of ionic clusters through nanoscopic
modifications controlled the state of water confined
in nanoscale ionic channels. This enabled the unique
transport behavior of nanocomposites such as high
proton conductivity and low methanol permeability at
high temperature and the low activation energy for the
proton conduction, resulting in high-performance
DMFCs.

RESULTS AND DISCUSSION

Scheme 1 illustrates our strategy for nanoscale
physicochemical modification of ionic channels in a
Nafion matrix by functionalized graphene. Following
previous studies,29,30 GOs were prepared by the Hum-
mers method. SGOs were obtained from the exfoliated
GOs through a microwave-assisted sulfonation meth-
od (see Experimental Section). The quality of GOs and
SGOs was characterized by transmission electron
microscopy (TEM), atomic force microscopy (AFM),
X-ray photoelectron spectroscopy (XPS), and FT-IR
spectroscopy (see Figures S1�S3 in the Supporting
Information). In order to minimize the reduction of size
and to maximize the degree of sulfonation through a
microwave-assisted functionalizationmethod, we deli-
cately controlled the synthetic parameters such as acid
concentration, reaction pressure, and microwave
power. The size discrepancy between GOs and SGOs
was also minimized by the centrifugal separation, and

the transport properties of the composite membranes
including microwave-treated GOs were comparable to
those of original composite membranes, in the range
of (3% discrepancy (detailed information is provided
in Experimental Section). Furthermore, the favorable
interactions between the Nafion and SGOs were ver-
ified by spectroscopic methods (see Figure S4). The
SGO/Nafion (SGON) membranes were obtained from a
highly homogeneous solution of Nafion and SGOs inN,
N-dimethylformamide, followed by solution casting. In
order to verify the effect of the functionality of ionic
channels on the transport properties, GO/Nafion (GON)
membranes were prepared as a control sample by the
same protocol as employed for the SGON membrane.
The proton conductivity and methanol crossover were
strongly influenced by the physicochemical properties
of the ionic clusters, such as the cluster size and the
functional group, as they act as a transport pathway.
The physical modification of ionic channels by fillers
with two-dimensional nanostructures led to a dramatic
decline of unwanted transport such asmethanol cross-
over bymeans of a barrier andmolecular sieve effect;12

however, the proton conduction may also decrease.
Therefore, delicate control of the chemical functional-
ities of SGOs is expected to be an effective method to
enhance the proton transport, while preventing
methanol crossover. This is accomplished via addition
of sulfonic groups for chemical functionality and struc-
tural reorganization to reduce cluster size for physical
manipulation.
The morphology of the SGON sample was analyzed

by TEM and scanning electron microscopy (SEM).
Figure 1a presents a TEM image of SGON, which shows
a random distribution of SGOs in a Nafion matrix
without significant aggregation. This result is consis-
tent with a cross-sectional SEM image of the SGON
membrane. After evaporation of the solvents, most of
the SGO sheets remained exfoliated and randomly
dispersed in the polymer matrix and were tightly held
in the Nafion matrix due to the strong interfacial
interactions. The mutual interaction between Nafion
and SGO and irregular size of fillers made SGO sheets
rearrange into the folded state, which results in the
smaller size than that of original GO sheets.31 The as-
obtained SGON membranes were macro- and micro-
scopically homogeneous without any cracks
(Figure 1b), and enhanced quality of samples arises
from the good compatibility between thematrixes and
fillers as well as reliable experimental procedures.
An analysis of themicrostructure, and its reorganiza-

tion, of composite membranes was performed by
small-angle X-ray scattering (SAXS) and wide-angle
X-ray scattering (WAXS) as shown in Figure 1c,d. The
hydrated Nafion reveals a clear ionomer peak in SAXS
because of the existence of the self-organized ionic
cluster networks.32 Given that the scattering intensity
is proportional to the difference in the electron density
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between backbones and clusters,33 the intensity re-
duction of the composite membranes is largely asso-
ciated with the compatibilizing effect of amphiphilic
GO and SGOon the two domains of Nafion bymeans of
the mutual interactions between conjugation and the
hydrophobic backbone and between functional
groups and hydrophilic clusters. In contrast, the loca-
tion of the SAXS peak is related to the intercluster
distance according to the two-phase model or to the
short-range order distance according to the core�shell
model.1 The scattering vector (q) of Nafion was shifted

to a larger value compared to that of GON and SGON
membranes, respectively. The Bragg spacing (d), which
is ascribed to the average dimension of the ionic
cluster, was calculated from the following equations:34

d = 2π/q and q = 4π/λ sin θ with a scattering angle 2θ
and X-ray wavelength λ. The incorporation of GO and
SGO into the Nafion matrix decreased the Bragg spa-
cing from 5.27 to 4.18 and 3.76 nm, respectively,
reflecting the shrinkage of ionic clusters through re-
arrangement of the polymer conformation.27 Further
strong evidence of the structural reorientation was

Scheme 1. Physicochemical strategy for realizing tunable transport properties of Nafion membrane using functionalized
graphenes.

Figure 1. (a) Cross-sectional TEM image of SGON membrane. (b) Cross-sectional SEM and photo (inset) images of SGON
membrane and (c) SAXS and (d) WAXD curves of Nafion 112, SGON, and GON membranes.
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provided by WAXD, which shows a crystalline reflec-
tion of Nafion (indexed as the 100 reflection of the
hexagonal structure).33 The broadening, shift, and in-
tensity decline of the crystalline peak in the composite
membranes was attributed to reorganization of the
phase-separated structure by means of the incorpora-
tion of GO and SGO. It is well-known that the formation
of ionic clusters is derived from the counterbalance
between the electrostatic energy released by ion�
dipole interactions such as SO3

�
3H

þ and the elastic
free energy attributable to the deformation of back-
bone chains.35 In this regard, the changes in the cluster
size and the electron density of two domains were
triggered by the mutual interactions between the
nanofillers and the Nafion matrix, and the different
force fields generated distinct optimum cluster size.
Therefore, themicrostructure of Nafionwas rearranged
by specific interactions with the functionalized gra-
phene, and as a result, the physical geometry and
interaction field of the ionic clusters were controlled
by the functional groups of GO or SGO.
A key issue related to variation in the microstructure

of ionomers is the transport properties such as proton
conductivity and methanol crossover, especially in
DMFCs. As shown in Figure 2, the proton conductivity
of the SGON membranes is approximately 2-fold high-
er than that of the Nafion membrane in a temperature
range between 298 and 373 K. In comparison to the
methanol permeability of the Nafion membrane, that
of SGON membranes was significantly reduced by
∼35%. The methanol permeability of the GON mem-
branes decreased throughout themeasurement range,
but their ionic conductivity was similar to that of Nafion
membranes. In contrast, SGON membranes showed a
unique enhancement of proton conductivity, while
decreasing the methanol crossover as a consequence
of a reduction of cluster size and/or enhancement of
tortuosity in the composite membranes. Considering
that appropriate physical and chemical adjustment of
the pathway can effectively control ion and mass
transport,1,7,8 these findings indicate the importance
of the chemical functionality of nanofillers with respect
to the transport properties. Further studies about the
influence of other factors such as the density of func-
tional groups and the loading of nanofiller on the
transport properties of composite membranes are
needed to optimize the DMFC performance.
The exceptional transport behavior by the functio-

nalized graphenes is interpreted here in terms of the
state of water confined in nanochannels. The state of
water, which is classified into free and bound water,
plays a significant role in the transport properties in the
membrane.36,37 The bound water contributes to pro-
ton transfer through interactionwith sulfonic groups of
ionomers, while the free water, which is not bound to
the polymer chains, shows behavior similar to that of
bulk water.36 Table 1 displays the state of water in

Nafion 112, GON, and SGON membranes. The compo-
site membranes exhibited less water uptake than
Nafion due to a reduction of free water content, which
was attributed to the effective incorporation of SGO
into the ionic clusters and the large surface area of SGO
becausewater uptake is strongly influenced by the size
of the ionic cluster and the available volume for the
occupation of a water molecule.38 The amount of total,
free, and boundwater can be expressed as the number
of water molecules per sulfonic groups (λ) based on
differential scanning calorimeter (DSC) data (see Figure
S5 in the Supporting Information)39,40

λ ¼ n(H2O)
n(SO3

�)
¼ WS

MwIEC
(1)

λ ¼ λf þ λb (2)

where n(H2O) is the H2O mole number, n(SO3
�) is the

SO3
� group mole number, WS is the weight of water

uptake, IEC is the ion exchange capacity, Mw is water's
molecular weight, λ is the total hydration number, λf is
the number of free water molecules per sulfonic
groups, and λb is the number of bound water mol-
ecules per sulfonic groups. Although the size of ionic
clusters was reduced, the amount of bound water in
the GONmembranes was comparable to that of Nafion
112. In particular, the SGON membranes revealed the
highest degree of bound water (χ = 95.4%), due to the

Figure 2. Temperature dependence of (a) proton conduc-
tivity and (b) methanol permeability for Nafion 112, SGON,
and GON membranes.
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functionality of sulfonic groups. Remarkably, the ionic
conductivity of the SGON membrane increased even
above 80 �C, while that of Nafion 112 and GON
membranes decreased because of dehydration. The
proton conduction of the SGON membranes at high
temperature provides clear evidence that the confine-
ment of bound water within the reorganized nano-
channels is a consequence of strong interactions
between SGO and Nafion. The unique behavior of
the SGON membrane by means of bound water con-
fined in nanochannels can be also demonstrated by
the temperature dependence of transport properties.
The activation energies for transport were calculated
from the Arrhenius equation. Despite no significant
changes in the activation energies for the methanol
permeabilities of the composite membranes, the acti-
vation energies for proton conduction were 8.34 kJ/
mol for SGON, 8.52 kJ/mol for GON membranes, and
9.18 kJ/mol for Nafion 112. Considering that these
values correspond to proton transport through a
Grotthus-type mechanism and methanol crossover is
strongly influenced by free water,41 the enhanced
proton conductivity and reduced methanol perme-
ability of the SGON membranes are predominantly

attributed to the larger portion of bound water than
free water.
On the basis of excellent transport properties, the

superiority of SGONmembranes is demonstrated via a
single cell test of a DMFC, as shown in Figure 3. The cell
performances were evaluated at 40, 50, and 60 �C
under fuel cell operating conditions of 1 M methanol
at the anode side and for oxygen gas at the cathode
side. At the operating temperature, the SGON mem-
branes exhibited better performance than the Nafion
112 and GON membranes. In particular, the maximum
power density value of the SGONmembrane (132mW/
cm2) was higher than that of the Nafion 112 (101 mW/
cm2) and GON membranes (120 mW/cm2) at 60 �C. In
order to understand the interfacial behavior of SGON
on membrane�electrode assemblies (MEAs), impe-
dance spectroscopy was analyzed. As shown in the
Nyquist plot of Nafion 112, GON, and SGON mem-
branes in a frequency range of 10 kHz to 100 mHz, the
cell resistance valueswere 13mΩ for Nafion, 11mΩ for
GON, and 9 mΩ for SGON membranes. These results
indicate that the SGON membranes offered less elec-
trolyte resistance in comparison with those of Nafion
112 and GONmembranes, which is in good agreement

TABLE 1. State of Water in Nafion 112, GON, and SGON Membranes

sample water uptake (wt %) IEC (equiv/g) λ (H2O molecules/SO3
�) λf (H2O molecules/SO3

�) λb (H2O molecules/SO3
�) χa (%)

Nafion 112 25.4 0.91 15.5 8.0 7.5 48.4
GON 15.0 0.93 9.0 2.6 6.4 71.1
SGON 18.9 0.97 10.8 0.5 10.3 95.4

a λb/λ � 100.

Figure 3. Polarization curves of DMFC single cells obtained from (a) Nafion 112, (b) GO, and (c) SGON membranes under
operating temperature of 40, 50, and 60 �C. (d) Nyquist impedance (Z) plots for Nafion 112, GO, and SGON membranes.
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with the proton transfer datameasured from Figure 2a.
In addition, the charge transfer resistance of the SGON
membrane, which is proportional to the diameter of a
semicircle, was smaller than those of the Nafion 112
and GON membranes. Therefore, the good cell perfor-
mance of SGON membranes can be attributed to
selectively facilitated transport such as high proton
conductivity and low methanol crossover.

CONCLUSION

In conclusion, we have demonstrated that the
microstructures and physical properties of Nafion

can be controlled by the incorporation of functio-
nalized graphenes. In particular, enhanced transport
properties and device performances of SGON mem-
branes were achieved by manipulating ionic chan-
nels through chemical tuning of the functionality of
2D nanofillers. The chemical strategy delineated
herein paves the way to understand the funda-
mental correlation between the microstructures
and transport properties of ionomers as well as to
develop the designs of composite and electrolyte
membranes with high performance for practical
applications.

EXPERIMENTAL SECTION
Chemicals. Graphite powder (<20 μM), hydrazine solution (65

wt % in water), and Nafion (perfluorinated resin solution, 5 wt %
in lower aliphatic alcohol and water mixture) were purchased
from Aldrich. Sulfuric acid (97%) and nitric acid (70%) aqueous
solutions were obtained from Junsei.

Synthesis of Sulfonated Graphene Oxide (SGO). Exfoliated gra-
phene oxide (GO) was prepared by previous report using the
modified Hummers method. The preparation of GO sheets was
confirmed by TEM and AFM images and XPS and FT-IR spec-
troscopy results (Figures S1�S3 in the Supporting Information).
Considering the irregular size effect of GOs on the performance,
GOs were carefully separated by the following procedure. The
as-prepared graphite oxide flakes were centrifuged at 4000 rpm
for 30 min; the supernatant was recentrifuged at 4000 rpm for
30 min, and these steps were repeated three times for the
delicate size selection. Accordingly, we separated solutions into
transparent brown upper solution (GO-A) and black sediment
(GO-B) according to the size. The GO-A samples were chosen as
nanofillers for the fabrication of Nafion-based composite mem-
branes in order to minimize the effect of size on the properties.
The synthesis of SGOs was followed by microwave-assisted
functionalization method.42 As-prepared GO-A powder (20 mg)
was reacted with a mixture of 10 mL of nitric acid (70%) and
10 mL of sulfuric acid (97%) in the reaction chamber lined with
Teflon PFA and controlledwith a pressure of 0�200 psi. The GOs
functionalizedwith sulfonic acid groupswere obtained after the
mixture was then treated with microwave radiation (CEM MDS-
2100 microwave digestion system) at 50% of a total of 900 W
and 20 psi of pressure for 3 min. The resulting mixture was
added with deionized (DI) water (500 mL) carefully (the acid
mixture is highly corrosive). The SGO dispersion was purified by
dialysis with DI water until the filtrated solution was neutral.
Then, the size of SGO was also selected following the identical
procedure to GO. The powder of SGO was collected by filtration
and dried under vacuum at 60 �C. The preparation of SGOs was
performed by TEM, AFM, XPS, and FT-IR (Figures S1�S3 in the
Supporting Information). In order to check the size of GOs and
SGOs, we calculated the average size of GO and SGO on a basis
of 20 batches which includes∼100 samples. The average size of
GO-A was 0.272 μm2, while that of SGO-A was 0.267 μm2.
Although the size of SGO-A after the size selection method
was slightly smaller than that of GO-A, the size discrepancy of
GO-A and SGO-A (in the range of 2%) was negligible due to the
delicate size selection method and the slight damages of GOs
during the microwave treatment. Moreover, the minor effect of
microwave on the size reduction of GOs was confirmed by
checking the changes in the size of GOs, after the same
microwave treatment as use in the procedure of SGOs except
for the presence of sulfuric and nitric acid. The mean size of
microwave-treated GO (MGO-A) flakes was calculated to be
0.269 μm2 from AFM images. In particular, when the proton
conductivity andmethanol permeability of GO-A/Nafion (GON-A)

and MGO-A/Nafion (MGON-A) membranes were measured,
only (3% discrepancy between the values of the two mem-
branes was observed. These results elucidate that the differ-
ences between the transport properties of the isolated GO-A
and SGO-A, obtained from the size selection process, were
attributed not to the negligible size discrepancy but to the
functionality, as confirmed by the very close size of GO-A and
SGO-A and the almost same transport properties of GON-A and
MGON-A (MGO-A has almost the same size of SGO-A).

SGO Composite Membrane. Nafion solution (perfluorinated
resin solution, 5wt% in lower aliphatic alcohol andwatermixture,
Aldrich) was dissolved in N,N-dimethylformamide and added
with SGOs (0.5 wt % to Nafion). The mixture was stirred and
treated under sonication for 1 h. As-prepared mixture of Nafion
and SGOs was slowly poured into a Petri dish in an amount that
would give a thickness of ca. 50 μm of the formed composite
membrane. The filled dish was placed on the leveled plate of a
vacuum-dry oven and then was dried by slowly increasing the
temperature from 60 to 120 �C for 12 h. The resulting composite
membranes were boiled in 30% H2O2 for 2 h at 70 �C and then
immersed in 1 M H2SO4 solution for 1 h. After washing with DI
water, the composite membranes were dried at 70 �C under
vacuum. GO composite membranes as a control sample were
prepared following the same protocols as SGO composite
membranes.

Fabrication of Membrane�Electrode Assembly (MEA). The MEAwas
fabricated using composite membrane, PtRu black (HiSpec
6000TM, Johnson Matthey) for the anode catalyst and Pt black
(HiSpec 1000TM, JohnsonMatthey) for the cathode catalyst. The
catalyst slurry for the electrodes was prepared with the follow-
ing procedure. In order to prepare the catalyst slurry, the
catalyst was mixed with Nafion solution (DuPont, 10 wt %), DI
water, isopropyl alcohol, and 1-propanol. The resulting catalyst
slurry was painted onto the gas diffusion layers (GDL) by
brushing or using a bar-coating method. The GDLs for the
anode and the cathode were a carbon paper (TGP-H-060, Toray,
Japan) with 5 wt % polytetrafluoroethylene and a carbon sheet
(GDL 25BC, SGL Carbon, Germany) with a microporous layer,
respectively. The loading of catalysts were 2mg/cm2 of PtRu for
the anode and 2 mg/cm2 of Pt for the cathode. The electrode
and composite membranes were hot pressed using a Carver
Laboratory Press (Model M, USA). The hot pressing of the MEAs
was performed at a pressure of less than 50 kg/cm2 for 60 s at a
temperature of 150 �C.

Characterization. TEM images were collected on an EM 912Ω
energy-filtering TEM (EF TEM 120 kV) and a JEM-3010 HR TEM
(300 kV) using samples prepared from cross section. In order to
observe the dispersion state of SGO sheets in membranes, thin
sections (ca. 80 nm) were cut by using ULTRACUT UCT ultra-
microtome (Leica, Austria), and then the sliced samples were
placed on TEM grids. The SAXS experiments were performed at
a Rigaku Cu KR radiation generator. The WAXD data were
obtained on a Rigaku D/max lllC (3 kW) with a θ/θ goniometer
equipped with a Cu KR radiation generator. The diffraction
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angle of the diffractograms was in the range of 2θ = 5�30�. The
proton conductivity of the membranes was measured by ac
impedance spectroscopy, based on a Solatron 1255 frequency
response analyzer, over a frequency range of 10�3 to 106 Hz
with 10 mV by a two-point probe method. The conductivity of
the sample was obtained from complex impedance analysis.
The proton conductivity was calculated by using the equation
σ = L/RA, where σ, L, R, and A are the ionic conductivity, the
thickness of the sample, the resistance from the impedance
data, and the surface area of the electrode, respectively. The
temperature dependence of proton conductivity was carried
out by controlling the temperature from 25 to 100 �C. The
methanol permeability of membranes was measured by means
of the two-compartment diffusion cell under controlled tem-
perature by means of a thermostatic water bath. The concen-
tration of methanol was measured by a refractometer (ATAGO
3T). Measurement of methanol permeability used the two-
compartment diffusion cell. One compartment (A) was filled
with the mixture of deionized water (50 vol %) and methanol
(50 vol %). The other compartment (B) was filled with deionized
water. The membrane (area = 4.90 cm2) was clamped between
the two compartments. Concentrations of solutions in the two
compartments were controlled constantly using the stirrer in
the each cell. As time goes by, the methanol concentration of B
cell increases by mass transfer phenomenon attributed to the
difference of concentration of methanol. In the constant begin-
ning time, the methanol concentration in compartment A is
constant during the experiment, and the rate of mass transfer is
kept constantly. Using the above-mentioned assumptions, the
concentration of B depending on the function of time was
determined according to the following equation:

VB
dCB
dt

¼ A
DK

L
CA (3)

where CB and CA are the concentration of A and B cells; A is the
surface area of themembrane; L is themembrane thickness; and
D and K are the diffusion coefficient and equilibrium coefficient
of methanol, respectively. V is the volume of each cell.

From eq 3 at constant D and K

CB(t) ¼ AP

VBL
CA(t � t0) (4)

After concentration of B was measured, permeability P,
which is the permeability of electrolyte and depends on D
and K, was calculated from the slope of the straight line
(CB versus time). To analyze the thermal behavior of the Nafion
and the composite membranes, differential scanning calorim-
etry (DSC, DuPont TA 2000) calibrated with indium was used
with dried samples. Each sample was first cooled from þ25 to
�50 �C and then heated at a rate of 5 �C/min to þ40 �C. Ion-
exchange capacity (IEC) was measured by the classical titration
method. The membranes were soaked in 50 mL of 1 M Na2SO4

for 24 h. The solutions were then titrated to an end point of pH 7
with 0.01 M NaOH. The IEC of themembranes was calculated by

IEC ¼ VA[NaOH]
mdry � 0:001

(5)

where VA is the volume of base required to reach the end point,
[NaOH] is the concentration of the base, andmdry is the mass of
the dry membrane. All IEC values reported in this work are the
average of three titrations. In order to evaluate the performance
of the DMFC with composite membranes, the operation condi-
tions were as follows: the anode side of the single cell at the rate
of 1.2 cm3/min for 1 M methanol and the cathode side of the
single cell at the rate of 350 cm3/min for oxygen gas. After 6 days
operation upon humidification, all single cell performances
were evaluated at 40, 50, and 60 �C. All single cell results were
performed three times, and the results presented in this report
are the average data.
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