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a b s t r a c t

Nafion/Cs2.5H0.5PW12O40 nanocomposite membranes are prepared and characterized as alternate mate-
rials for PEMFC operation at high temperature/low humidity. The Cs2.5H0.5PW12O40 solid acid particles
(hereafter CsPWA) have the high surface area, the high hygroscopic property and the ability to generate
proton in the presence of water molecules. The results of prepared membranes at three levels (0, 10
and 15%) indicate that the CsPWA particles have influence on the water content, ion exchange capacity,
thermal properties (TGA and DSC), proton conductivity and PEM fuel cell performance. Particles agglom-
eration and Nafion active sites (sulfonic groups) covering are seen in the nanocomposite membranes. The
afion
roton exchange membrane fuel cell
eteropolyacid
onductivity

conductivity of nanocomposite membranes at high temperatures (110 and 120 ◦C) is higher than plain
Nafion and may be related to the additional water within the nanocomposite membrane and/or the addi-
tional surface functional site provide by CsPWA. The fuel cell responses show that in the fully hydrated
state and at the higher current densities, the prepared MEAs with nanocomposite membranes possess
better response compared with the plain Nafion. In partially hydrated cell, at both low and high current

rform
densities, the superior pe

. Introduction

Nafion as the major type of commercially available membrane
or DMFC and PEMFC is durable and has high ionic conductivity
t normal temperatures. The hydrophobic polytetrafluoroethylene
PTFE) backbone of Nafion provides thermal and chemical stability
hereas the hydrophilic sulfonic acid (–SO3H) provides channels

or proton conduction [1,2]. At high temperature and low humid-
ty operations, Nafion membrane dehydrates and its conductivity
ecreases dramatically. The design of proton conducting mem-
ranes being stable and providing good performance above 100 ◦C
resents a major challenge [3]. Operation at temperatures above
00 ◦C is useful for PEM fuel cells to enhance reaction kinetics,

mprove thermal management, heat utilization, simplify water
anagement and increase CO tolerance [4–6]. Approaches adapted
o increase PEMFC operating temperatures are detailed in recent
eviews [3,7,8].

Improvements to the structure and functionality of Nafion
embrane are usually made by adding inorganic or organic
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ance of the MEA prepared by nanocomposite membranes is observed.
© 2010 Elsevier B.V. All rights reserved.

constituents. The class of these membranes is referred as per-
fluorinated ionomer composite membrane (PFICM) [7]. Based on
the structure of additives, macrocomposite and nanocomposite
membranes have been developed. Macrocomposite and nanocom-
posite membranes are the combination of the polymer with organic
or inorganic structures of micro-meter or nano-meter scales,
respectively. The recent additives reported to promote Nafion prop-
erties are listed in Table 1. These additives may be utilized as acid
sites (PWA, SiWA, PMoA and SiMoA), water retention amplifier
(ZrP), structure modifier (zeolite), electronic conductors (polyani-
line and polypyrrole) or catalysts for proton transport (Pt–Sn and
Pt–PDDA–PTFE). In DMFC, the main advantage of additives is to
decrease methanol crossover.

The water sorption and proton transport of PFICMs depend on
the size, uniform dispersion, loading content and acid sites amount
of particles. Moreover, PFICMs properties may be influenced by the
compatibility and interactions of Nafion with particles [88,89].

The main features of interest of heteropolyacids (HPAs) are their
structure and their strong acidity [90]. HPAs in the solid state are
pure Brønsted acids stronger than the conventional solid acids such

as SiO2, Al2O3, and zeolites. The most common local structure is
the Keggin form. This structure is formed by a central atom (Si or P)
tetrahedrally linked to oxygen and surrounded by oxygen-linked
peripheral metal atoms (Mo, W, V, Co, etc.) or a combination of
them. The primary PW12O40

3− Keggin anion (Fig. 1a) composed
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Table 1
Recent literature reviews on Nafion-composite membranes for PEMFCs and DMFCs.

PEMFC Reference DMFC Reference

Polytetrafluoroethylene (PTFE) [9–13] SiO2 [52–54]
Zeolite [14] Organic-SiO2 [55,56]
Phosphotungstic acid (PWA), silicotungstic acid (SiWA),

phosphomolybdic acid (PMoA), silicomolybdic acid (SiMoA)
[6,15,16] ZrP [57,58]

Cs-modified-PWA [17] Calcium phosphate (CaP) [59]
Inorganic oxides (SiO2, TiO2, ZrO2, WO3) [18–25] SiO2/ZrP/TiP (titanium phosphate) [60]
Titanate-nanotube [26] SiO2/TiO2 [61]
TiO2/montmorillonite [27] Sulfonated-organosilica [62]
Bifunctional silica [28] Diphenylsilicate [63]
Silica/sulfuric acid [29] Sulfonated-titanate [64]
Sulfated-zirconia [30,31] Sulfonated polyethylene-alt-tetrafluoroethylene (ETFE-SA) [65]
Sulfonated-montmorillonite [32] PTFE [66]
Clay-SO3H [33] PTFE/SiO2 [67]
Zirconium phosphate (ZrP) [34,35] PTFE/ZrP [68]
Zirconium sulfophenyl phosphate (ZrSPP) [36] H-ZSM-5 zeolite [69]
Phospho silicate (SiP) [37] Clay [70]
Calcium-hydroxyphosphate [38] Montmorillonite [71]
Fullerene (C60(OH)n , n ∼ 12) [39] Bio-functionalized montmorillonite [72]
SiO2/PWA [40,41] Erbium triflate (ErTfO) [73]
Metal dioxide supported-PWA [42] Polypyrrole [74–76]
HPW-SiO2 [43] Polyvinylidene fluoride (PVdF) [77]
SiO2/triethylammonium trifluoromethanesulfonate (TEATF) [44] Polyaniline [78]
SiO2/Pt [45] Polybenzimidazole [79]
CdS + PbS [46] Polyfurfuryl alcohol [80]
Pt–Sn [47] Polyimide (PI) [81]
Pt–polydiallyldimethylammonium chloride(PDDA)–PTFE [48] 3-Mercaptopropyl methyldimethoxysilane (MPMDMS) [82]
SiO2/P2O5/ZrO2 [49] Sulfonated polyarylene ether ketone (SPAEK) [83]
Polyaniline [50] Poly(p-phenylene vinylene) [84]
Polypyrrole [51] SiO2/polyaniline [85]

Polyvinyl alcohol (PVA)/chitosan [86]
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f a central tetrahedron PO4 surrounded by 12 edge- and corner-
haring metal-oxygen octahedra WO6. The octahedra are arranged
n four W3O13 groups. Each group is formed by three octahedra
haring edges and having a common oxygen atom which is also
hared with the central tetrahedron PO4 [91]. The secondary struc-
ure is a three-dimensional arrangement consisting of primary
tructure, cations, water of crystallization and other molecules [92].
he tertiary structure is assembled solid HPAs. The tertiary struc-
ure is very influential on the properties of solid HPAs such as
articles size, pore structure and distribution of protons in the
article [93].

Perfluorosulfonic acid-based organic/inorganic composite
embranes with different heteropolyacid (HPA) additives have

een investigated as alternate materials for low humidity PEMFC
peration [6,15–17,40–43]. The major factor limiting the per-
ormance of Nafion/HPA composite membranes is the high
olubility of the HPA additive. Water-insoluble salts with large
onovalent cations such as Cs+ have strong acid sites, rigid micro-

orous/mesoporous structure and high surface area [94]. Lee et al.
as shown by the temperature programmed desorption (TPD) of
mmonia that Cs2.5H0.5PW12O40 (hereafter CsPWA) and PWA have
imilar acid strength [95]. The surface area, pore size and pore
olume of CsPWA are 128 m2 g−1, 30 Å and 0.095 cm2 g−1, respec-
ively as reported elsewhere [96]. The primary, secondary and
ertiary structures of CsPWA are shown in Fig. 1. The PW12O40

3−

olyanions are bridged by Cs+ cation. It is shown that proton
f CsPWA is distributed uniformly through the solid bulk. This
istribution is based on the study of relative intensities of P NMR

eaks performed by Mizuno and Misono [92].

In this study, CsPWA was utilized as a proton conducting
dditive to modify the Nafion membrane and produce stable
anocomposite at moderate temperature and low relative humid-

ty.
PI/PVA/TSPS (8-trimethoxysilylpropyl glycerin
ether-1,3,6-pyrenetrisulfonic acid)

[87]

2. Experimental

2.1. Materials

LIQUION solution (LQ-1105) with EW = 1100 and d = 0.86 g cm−3

was purchased from Ion Power, Inc. is a dispersion (5 wt.%) of
Nafion in a mixture of water and alcohols. N,N-Dimethylacetamide
(hereafter DMAc) was obtained from Fluka. Sodium chloride
98% and sodium hydroxide were supplied from Aldrich. Hydro-
gen peroxide (40% m/v in water) and sulfuric acid 96% with
density = 1.835 g mL−1 were acquired from Carlo-Erba. Phospho-
tungstic acid hydride and cesium carbonate were obtained from
Merck.

2.2. Preparation of CsPWA

CsPWA was prepared by precipitation titration as described
elsewhere [97]. The aqueous solutions of H3PW12O40 (0.08 M) and
Cs2CO3 (0.1 M) were prepared. Cs2CO3 solution was added to 20 mL
of H3PW12O40 solution dropwise with stirring in room tempera-
ture. The milky colloidal solution was stirred overnight and then
liquid phase was evaporated at 45 ◦C. CsPWA powder was obtained
by heating at 300 ◦C for 1 h. This powder was grinded and dried in
vacuum oven at 80 ◦C and stored in an inert and dry atmosphere
before use. The proposed mechanism of preparation process of
CsPWA can be found in [98].

2.3. Preparation of membranes
Nanocomposite membranes were prepared by recast procedure.
The solvents of Nafion solution were exchanged gradually by DMAc
at 80 ◦C. DMAc has a higher boiling point and solubility parameter
than water and isopropyl alcohol. CsPWA powder was added to
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Fig. 1. Primary (a), secondary (b) and tertiary (c) structures of CsPWA.

he solution discreetly with stirring to avoid salt agglomeration.
he concentration of filler was calculated with respect to Nafion
olymer weight. The solution was mixed for at least 24 h. The
omogenously dispersed and viscose solution was poured onto a
etri dish and the solvent evaporated at 100 ◦C. Dried membranes
ere peeled off from the surface and subjected to the next stage. For

omparison purposes, recast Nafion membranes without inorganic
ller were also prepared by the same procedure.
.4. Membranes cleaning

In order to remove the organic and inorganic impurities and to
each complete protonation, the prepared membranes were boiled
n H2O2 3 w/v% for 90 min and then in H2SO4 0.5 M for 90 min.
r Sources 196 (2011) 988–998

The membranes were finally washed in boiling deionized water
for 90 min. The membrane samples were stored in fresh deionized
water before measurements.

2.5. Fourier transform-infra red (FT-IR) analysis

The infrared spectra on CsPWA salt powders in the region of
400–4000 cm−1 were recorded in KBr pellets using a BRUCKER
vector 22 FT-IR spectrophotometer. The spectrum obtained after
multiple scans was a plot of transmittance percent against
wavenumber.

2.6. Morphological study

Morphological study of the salt was investigated by scanning
electron microscopy, SEM LEO 1450VP apparatus.

2.7. Thermal gravimetric (TG) and derivative thermal gravimetric
(DTG) analyses

Thermal gravimetric analysis was investigated by TGA/SDTA
851 Mettler-Toledo instrument. TGA was performed from 25 to
600 ◦C by air flux of 60 mL min−1 with the scan rate of 20 ◦C min−1

for 25–300 ◦C and the scan rate of 10 ◦C min−1 for 300–600 ◦C.

2.8. Differential scanning calorimetry (DSC) analysis

Differential scanning calorimetry of the membranes were
studied by DSC 821 Mettler Toledo with nitrogen flow rate of
70 mL min−1 and scan rates of 5 ◦C min−1 for the cycle of 25 ◦C
(−125 ◦C) to 25 ◦C and 20 ◦C min−1 for the cycle of 25 ◦C (280 ◦C)
to 25 ◦C. DSC was performed quickly when the surface water was
removed.

2.9. Water uptake

Water uptake (wu) property of membranes in the room tem-
perature was determined by the following formula:

wu (%) = Wwet − Wdry

Wdry
× 100 (1)

where, Wwet is the membranes weight after cleaning and when
the surface water was removed and Wdry is the membranes weight
after drying at 70 ◦C.

2.10. Ion exchange capacity (IEC)

IEC was performed by classical titration. Dried membranes were
immersed in NaCl 0.1 M aqueous solution and the H+ was titrated
by NaOH 0.004 N aqueous solution. The IEC was measured at least
two times and the average is reported.

2.11. Proton conductivity

Proton conductivity was evaluated by AC impedance tech-
nique, accomplished with Frequency Response Analyzer, FRA
1255B Solartron. A signal of 10 mV amplitude in the frequency
range of 100 kHz to 1 Hz was applied to the screwed cell where
the given membrane sample was sandwiched between two elec-
trodes. The electrodes were commercial E-Tek carbon cloths with
0.5 mg Pt cm−2 loading. The humidity and temperature of the

cell were controlled inside a cylindrical chamber. This cylin-
drical chamber included two lower and upper compartments
contained liquid water and vapor, respectively. The compartments
equipped separately with heaters, thermocouples and tempera-
ture controllers and indicators. The lower and upper compartments
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Table 2
General properties of the prepared membranes.

Entry Membrane Cs2.5H0.5PW12O40 content (%) Mean thickness (�m) Color Room temperature conductivity (S cm−1)

1 Recast-Nafion 0 80 Transparent 1.7 × 10−3
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2 10-CsPWA/Nafion 10 70
3 15-CsPWA/Nafion 15 90

rovided desired vapor pressure and vapor temperature, respec-
ively. Desired humidity and temperature were achieved by the
emperature differences in the upper and lower compartments.
he humidity values were indicated by a humidity sensor pro-
ided on the top of upper compartment. The conductivity cell
as placed in the upper compartment. This cell was porous and
etallic to reach more quickly to the humidity and temperature

nside chamber. The cells were allowed to reach steady state for a
ew hours before taking any measurement. The proton conductiv-
ty (�, S cm−1) of membranes was calculated using the following
quation:

= L

RS

here L, R and S are the thickness (cm), the impedance (˝) and the
urface area (cm2) of the membranes, respectively. R was obtained
rom intercept of the linear or the semicircle with the Re (z)
xis.

.12. MEA fabrication and PEM fuel cell performance

PEM fuel cell tests were performed by using a compact sys-
em, 850C Scribner Associates Inc. with a cell hardware, having
n active surface of 5 cm2, connected to this system. Commer-
ial electrodes, E-Tek, Teflon treated carbon cloths as gas diffusion
ayer with 0.5 mg Pt cm−2 loading were used. These electrodes were
rushed with Nafion solution (LIQUION) ∼0.9 mg cm−2 loading.
embrane electrode assembly (MEA) was fabricated by hot-

ressing electrode–membrane–electrode at 120 ◦C and 2 atm for

7 min. Hydrogen (fuel) and air (oxidant) with the pressure of
atm, desired humidity and the flow rates a bit higher than sto-

chiometric flows were fed to the system. Desired humidity was
chieved by changing the temperatures of the humidifier and the
ell.

Fig. 2. FT-IR of the pr
Opaque 2.3 × 10−3

Opaque 3.4 × 10−3

3. Results and discussion

The abbreviation, mean thickness, color and conductivity (room
temperature/humidity) related to the prepared membranes are
represented in Table 2. The nanocomposite membranes were milky
color and opaque. The room conductivity values are in order of 10−3.
The conductivity of composite membranes at room temperature is
slightly higher than plain Nafion.

3.1. FT-IR of CsPWA

Fig. 2 reports the FT-IR measurement of prepared CsPWA. The
primary Keggin structure is close to pure PWA [99]. Characteristics
bands were observed at 1082, 985, 893 and 800 cm−1. The bands
at 1082, 893, and 800 cm−1 are assigned to starching vibration of
P–O, W–O–W corner shared bond and W–O–W edges shared bond,
respectively [100]. A split in W O band at 985 cm−1 is seen which
may be assigned to the interaction between [PW12O40]3− anion and
Cs+ cation [101].

3.2. SEM of powder

The SEM micrographs of prepared CsPWA powder are shown
in Fig. 3. The powder was first grinded, dried at 80 ◦C and then
subjected to the measurement. The very fine particles are clearly
discerned (Fig. 3a). Agglomerate particles in the micrometric range
are seen in Fig. 3b due to high hygroscopic property.

3.3. TGA, DTG and DSC
Fig. 4 compares the TGA–DTG responses of the prepared mem-
branes. Three main weight losses [102], corresponding to major
peaks in the DTG curves can be observed for each membrane. The
onset and minimum temperatures related to these peaks are repre-

epared CsPWA.
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Fig. 3. SEM micrographs of the prepared

Fig. 4. Thermal gravimetric response of the prepared membranes: (a) TGA and (b)
DTG.

Table 3
Thermal properties (DTG, DSC) of the prepared membranes.

Entry Membrane DTG

Peak I Peak II

Desulfonation process Side-chain decompositi

Onset (◦C) Min (◦C) Onset (◦C) Min (◦C

1 Recast-Nafion 270 368 380 416
2 10-CsPWA/Nafion 270 328 364 394
3 15-CsPWA/Nafion 270 316 338 362
CsPWA: (a) ×5000 and (b) ×2000.

sented in Table 3. Preliminary mass loss during the heating process
from 25 to about 270 ◦C may be attributed to the evaporation of
absorbed water molecules [56].

The first peak of the membranes weight loss was started at
270 ◦C. This peak is associated with the degradation of sulfonic acid
groups [103]. The desulfonation rate of the nanocomposite mem-
branes is faster than the Recast-Nafion membrane. In other word,
CsPWA may catalytically increase the rate of desulfonation. The
second weight loss may be attributed to decomposition of side-
chain, while the third weight loss is related to decomposition of
the PTFE backbone [29,104,105]. As seen in Table 3, the onset tem-
perature of the second and third weight losses for the Recast-Nafion
membrane is 380 ◦C and 426 ◦C. The onset temperatures for the sec-
ond and third weight losses in the nanocomposite membranes are
lower with faster mass losses than the bare Nafion; indicating the
catalytic effect of CsPWA on the decomposition of Nafion. Although
the decomposition mechanism of CF2 backbone is not clear yet, the
presence of CsPWA nanoparticles may accelerate the decomposi-
tion process. This effect is more vigorous when higher level (15%)
of this salt was used. The decomposition of Nafion as the polymer
matrix was finished at 520 ◦C. The residual mass above 600 ◦C in
TGA curves is related to CsPWA.

Reduction of thermal stability for sulfonic acid groups and PTFE
backbone of nanocomposites against plain Nafion membranes may
indicate the interfacial interaction between CsPWA and Nafion. This
interaction will be showed graphically in Section 3.5.

Fig. 5 shows the DSC traces of the prepared membranes. This
figure reveals strong endothermic peaks around temperatures of
125–185 ◦C. These peaks may be associated with structural changes

within the ionic clusters of membranes [104]. The onset and
minimum transition temperature and enthalpy change, �H, cor-
responding to these peaks are reported in Table 3. These �H
values may be related degree of hydration of Nafion-based mem-
branes allowing high mobility of the chain segments [104]. In other

DSC

Peak III Peak

on PTFE backbone
decomposition

Structural changes

) Onset (◦C) Min (◦C) Onset (◦C) Min (◦C) �H (J gNafion
−1)

426 431 124 153 202.8
408 431 133 160 235.7
387 446 133 152 102.7
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ite membrane is referred as hygroscopic and water substituted
nanocomposite membrane [8].

Fig. 7 reveals the conductivity values against the relative humid-
ity at 80 ◦C for the prepared membranes. The relative humidity is
in the range of 30–100%. As seen in this figure, by increasing rela-
Fig. 5. Differential scanning calorimetry (DSC) of the prepared membranes.

ord, �H values increase with increasing water content in the
embrane. Sulfonic groups of the Nafion host polymer and the

ygroscopic nature of CsPWA particles can serve to absorb more
ater through the nanocomposite membrane. Therefore, due to

ncrease of water content in the membrane, the enthalpy change
f 10-CsPWA/Nafion membrane is higher than plain Nafion. As
emonstrated by Okuhara et al. [94], the particle size and crys-
allite size of CsPWA are 6.9 and 11.3 nm, respectively. The CsPWA
articles size is not smaller than the Nafion cluster channels (∼4 to
nm) [106] to entrap into them, so these particles are settled on the
lusters. At higher level, CsPWA acts as a cover on the Nafion clus-
ers resulting in decrease of the chain segments mobility or rather
eduction in the free space in the membrane. Hence, the enthalpy
hange of 15-CsPWA/Nafion membrane is lower than others (see
able 3).

.4. Water uptake and IEC

Water content in PEM fuel cells is important because it affects
roton conductivity and overall system power [107]. The water
ptake and IEC of prepared membranes are represented in Fig. 6.

nterestingly, the water uptake of 10-CsPWA/Nafion membrane is
igher than Recast-Nafion but decreased at higher level of CsPWA.
he highest water uptake of nanocomposite membrane at 10%

sPWA may be associated with high hygroscopic nature of CsPWA.
s a result, by increasing the level of CsPWA, the effect of cover-

ng Nafion sulfonic groups and agglomeration of salt particles may
e the reason of reduction in water uptake. Similar trend has been

Fig. 6. Water uptake and IEC of the prepared membranes.
r Sources 196 (2011) 988–998 993

reported by other authors [30,108]. Zhai et al. [30] applied sulfated-
zirconia (S-ZrO2) in Nafion matrix and observed a maximum water
uptake in 10% S-ZrO2.

The IEC of nanocomposites is slightly lower than plain Nafion
(Fig. 6.). This effect is due to covering [29] the Nafion active sites
(sulfonic groups) and decreasing the effective number of replace-
able ion exchange sites [73] by this salt. By adding the level of
salt and in the presence of water, the proton generation reaction
occurs and results in slight increase of the IEC. This reaction will be
described in Section 3.5.

The IEC of Recast-Nafion membrane is smaller than commer-
cial one (0.9 meq g−1), and may be calculated on the basis of the
equivalent weight of Nafion solution. The source of this discrep-
ancy may be attributed to incomplete exchange of existing protons
in the membrane with Na+ ion [104] (refer Section 2).

3.5. Proton conductivity

For a solid electrolyte to be a good proton conductor, it should
have fixed charged sites surrounded by water molecules, which
facilitate the transport of protons [73]. The hydrophilicity, acid site
density on inorganic nanoparticle surface, specific surface area of
inorganic nanoparticles and amount of inorganic loading may have
the influence on the conductivity of nanocomposite membrane
[89].

Solid HPAs possess extremely high proton mobility [91]. Unlike
the rigid network structure of zeolites, HPA Keggin anions are
quite mobile [91]. Proton transport in Nafion nanocomposite mem-
branes is the result of a complex process dominated by the surface
and chemical properties of both Nafion and additive [8]. Due
to high hydrophilicity of CsPWA, Nafion/CsPWA nanocompos-
Fig. 7. Conductivity curves for the prepared membranes: (a) conductivity vs. relative
humidity (RH) at 80 ◦C, (b) Arrhenius plot at 100% RH.
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+ ↔ H3O+ + H2O ↔ H+ + 2H2O (3)

Fig. 9 compares the conductivities of CsPWA added membranes
with plain Nafion membrane at high temperatures (110 and 120 ◦C)
and for 50% relative humidity. The figure indicates that the conduc-
Fig. 8. Interactions between CsPWA with sulfo

ive humidity, the conductivity is increasing but the conductivity of
anocomposite membranes is more sensitive to the humidity. The
onductivity of 15-CsPWA/Nafion membrane increases one order
f magnitude (from 5.80 × 10−3 to 1.42 × 10−2 S cm−1) when the
elative humidity changed from 30 to 100%.

The Arrhenius plot of the proton conductivity for the prepared
embranes at 100% RH is presented in Fig. 7. The conductiv-

ty of membranes is in order of 10−3 and it may depend on the
ystem, pretreatment, and equilibrium parameters used [8]. The
onductivity of composite membranes is higher than Recast-Nafion
embrane. The conductivity is increasing when the level of CsPWA

s increased from 10 to 15%.
The ions transportation of Nafion membrane is governed by

rotthus and vehicle mechanisms [109]. CsPWA doped membrane
romotes the molecular water absorption and favors the proton-
onduction pathways [29]. The majority of absorbed water in
0-CsPWA/Nafion membrane may be surface water, which con-
ributes less to proton conduction and act as resistance to vehicular

echanism [89]. The CsPWA can interact with the Nafion sulfonic
roups and the water hydration molecules [110], forming a net-
ork of hydrogen bonds (see Fig. 8).
In the presence of water, the free proton may be formed by
he reaction of anion moiety of CsPWA with the water molecule
s described by Ukshe et al. [111]:

PW12O40)2.5− + nH2O → [(PW12O40)(OH)x](2.5 + x)− + xH+ (2)
ups of Nafion and water hydration molecules.

The mechanism of proton conductivity in a given RH may be
related to dynamic equilibrium between different proton moieties:
Fig. 9. Conductivities of membranes at high temperatures (110–120 ◦C) and 50%
RH.
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ig. 10. The mechanism of proton transport at high temperature/low relative
umidity at the interface of CsPWA and -SO3H; Nafion backbone is not shown.

ivity of nanocomposite is higher than plain Nafion especially for
he nanocomposite prepared by 15% CsPWA. The higher conductiv-
ty of composite membrane than plain Nafion membrane at higher
emperatures may be related to additional water within the mem-
rane and/or additional surface functional sites provided by CsPWA
alt particles. The salt particles aid in holding water molecules
ightly and impede the evaporation process during heating. The
atter reason may be explained as follows.

Proton transport in the solid acid membranes can be either a
ulk phenomena or a surface dominated process [8]. By virtue of
he easy absorption, proton transport will occur on the surface of
he crystalline HPA [91]. It may be considered that CsPWA nanopar-

icles provide additional surface functional sites for proton transfer
n Nafion-composite membranes. The mechanism of this hypoth-
sis can be illustrated in Fig. 10. The proton transport can occur
rom the –SO3H as proton donor to the –SO3

− as acceptor on the
sPWA surface. Since the –SO3H group has been fixed in the back-

ig. 11. Comparison of polarization and power–current curves between Recast-Nafion
emperature (Tgas); (a) Tcell = 50 ◦C, Tgas = 50 ◦C (fully humidified), (b) Tcell = 50 ◦C, Tgas = 33 ◦C
gas = 52 ◦C (partially humidified); membrane thickness 50–60 �m; anode and cathode ga
r Sources 196 (2011) 988–998 995

bone, it constructs the closest packing structure on CsPWA surface
[112].

3.6. PEM fuel cell test

The results of fuel cell tests of prepared membranes at differ-
ent cell temperatures and humidity are summarized in Figs. 11–13.
The thickness of Recast-Nafion and 10-CsPWA/Nafion membranes
for fuel cell test are about 50–60 �m, so we can compare the
performance of these two membranes and evaluate the effect of
CsPWA additive on the fuel cell performance. Fig. 11 compares the
fuel cell responses for those MEAs prepared by plain Nafion and
10% additive composite membranes at the cell temperatures of
50 and 70 ◦C. Two domains of humidity were considered includ-
ing fully and partially humidification. The partially humidification
was achieved by the difference between the cell and the inlet
gases. In fully hydrated state and at high current densities, the cell
with nanocomposite membrane has a better response than that
cell with plain Nafion membrane. A bit higher overpotential in the
region of 0–500 mA cm−2 is observed in the MEA prepared by 10-
CsPWA/Nafion rather than Recast-Nafion at both temperatures of
50 and 70 ◦C under fully hydrated state (Fig. 11a and c). A maximum
power density of 333 mW cm−2 at 720 mA cm−2 was achieved for
the MEA prepared by 10-CsPWA/Nafion membrane at 70 ◦C and
fully hydrated cell.
In partially hydrated cell, at low temperatures of 50 and 70 ◦C
(Fig. 11b and d) and at high temperatures of 90 and 110 ◦C (Fig. 13a
and b) the superior performance of the MEA prepared by nanocom-
posite membrane than plain Nafion is observed at both low and
high current densities. This effect may be explained that at low rela-

and 10-CsPWA/Nafion membranes at low cell temperature (Tcell) and inlet gas
(partially humidified), (c) Tcell = 70 ◦C, Tgas = 70 ◦C (fully humidified), (d) Tcell = 70 ◦C,

ses H2 and air at P = 1 atm.
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Fig. 12. Comparison of polarization and power–current curves between Recast-
Nafion and 10-CsPWA/Nafion membranes at high cell temperature (Tcell) and
inlet gas temperature (Tgas); (a) Tcell = 90 ◦C, Tgas = 73 ◦C (partially humidified), (b)
Tcell = 110 ◦C, Tgas = 91 ◦C (partially humidified); membrane thickness 50–60 �m;
anode and the cathode gases H2 and air at P = 1 atm.

Fig. 13. Polarization (a) and power–current (b) curves of 15-CsPWA/Nafion mem-
brane in fully humidified at different cell temperatures; membrane thickness
120 �m; anode and cathode gases H2 and air at P = 1 atm.
r Sources 196 (2011) 988–998

tive humidity/high temperatures, the hydrophilic nature of CsPWA
particles retained more water content and influences the water
transfer to the cathode [113].

Fig. 13 reveals the polarization and power density of the MEA
prepared by 15-CsPWA/Nafion membrane at different cell temper-
atures and fully saturated cell. Unexpectedly, the best response was
obtained at the temperature of 70 ◦C and overall cell performance
decreases with temperature increase from 70 to 99 ◦C. A maximum
power density of 260 mW cm−2 at 560 mA cm−2 was achieved for
this MEA.

4. Conclusion

In this study, CsPWA was used as a proton conducting additive
to modify the Nafion membrane and produce stable nanocomposite
at moderate temperature and low relative humidity. CsPWA/Nafion
nanocomposite membranes were prepared by solution casting pro-
cedure.

The DSC traces of the prepared membranes revealed a strong
endothermic peak around temperatures of 125–185 ◦C which may
be associated with the structural changes within the ionic clus-
ters of membranes. Enthalpy change, �H, corresponding to these
peaks may be related to the degree of hydration of Nafion-based
membranes allowing high mobility of the chain segments. The
enthalpy change of 10-CsPWA/Nafion membrane is higher than
plain Nafion due to increase of the water content in the nanocom-
posite membrane. Addition of more CsPWA particles (15%) may
cover the clusters of Nafion resulting in decrease in the mobility
of the chain segments or rather reduction of the free space in the
membrane. This effect may reduce the enthalpy change.

The conductivity values at room temperature are in order of
10−3. The conductivity of nanocomposite membranes at room tem-
perature is slightly higher than plain Nafion. The conductivity of
15-CsPWA/Nafion membrane was increased one order of magni-
tude (from 5.80 × 10−3 to 1.42 × 10−2 S cm−1) when the relative
humidity was changed from 30 to 100%. The conductivity was
improved when the level of CsPWA was increased from 10 to
15%. At high temperatures (110 and 120 ◦C), the conductivity of
nanocomposite was higher compared to plain Nafion especially for
the nanocomposite prepared by 15% CsPWA. The higher conduc-
tivity of nanocomposite membrane at higher temperatures may
be attributed to the additional water within the nanocomposite
membrane and/or the additional surface functional sites provided
by CsPWA salt particles. The salt particles assist in tightly holding
the water molecules and impede the evaporation process during
heating. CsPWA nanoparticles may provide additional surface func-
tional sites for proton transfer in Nafion-composite membranes.
The proton transport can occur from the –SO3H as proton donor to
the –SO3

− as acceptor on the CsPWA surface.
Comparison of the fuel cell responses of the MEAs prepared by

Recast-Nafion and 10-CsPWA/Nafion membranes with the same
thickness showed that in fully hydrated state and at higher cur-
rent densities, the cell with nanocomposite membrane has a better
response compared to plain Nafion. A bit higher overpotential in the
region of 0–500 mA cm−2 was observed in the MEA prepared by 10-
CsPWA/Nafion membrane rather than Recast-Nafion membrane at
both temperatures of 50 and 70 ◦C under fully hydrated state. A
maximum power density of 333 mW cm−2 at 720 mA cm−2 was
achieved for the MEA prepared by 10-CsPWA/Nafion membrane
at 70 ◦C and fully hydrated cell. In partially hydrated cell, at low

temperatures of 50 and 70 ◦C and at high temperatures of 90 and
110 ◦C the superior performance of the MEA prepared by nanocom-
posite membrane compared to plain Nafion was observed at both
low and high current densities. At low relative humidity/high tem-
peratures, the hydrophilic nature of CsPWA particles retains more
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ater content and influences the water transfer to the cathode. The
est response for the MEA prepared by 15-CsPWA/Nafion mem-
rane at fully hydrated cell was obtained at the temperature of
0 ◦C. The overall cell performance was decreased with temper-
ture increment from 70 to 99 ◦C. A maximum power density of
60 mW cm−2 at 560 mA cm−2 was achieved for this MEA.
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