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ABSTRACT

In this report, a new nanofiller consisting of silica “cores” bearing fluoroalkyl surface functionalities is
synthesized and adopted in the preparation of a series of hybrid inorganic-organic proton conducting
membranes based on Nafion. The hybrid materials are obtained by a solvent-casting procedure and
include between 0 and 10wt.% of nanofiller. The resulting systems are extensively characterized by
Thermogravimetry (TG), Modulated Differential Scanning Calorimetry (MDSC) and Dynamic Mechanical
Analysis (DMA), showing that the hybrid materials are stable up to 240 °C and that their overall thermal
and mechanical properties are affected both by the polar groups on the surface of the silica “cores” and
by the fluoroalkyl surface functionalities of the nanofiller. The electric properties of the hybrid materials
are investigated by broadband dielectric spectroscopy (BDS). It is shown that proton conductivity of the
materials is not compromised by the lower water uptake arising from the hydrophobic character of the
nanofiller. With respect to a pristine Nafion recast membrane, the hybrid material characterized by 5 wt.%
of nanofiller, [Nafion/(SigoF)o.7], shows the highest conductivity in all the investigated temperature range
(5<T<155°C). Indeed, [Nafion/(SigoF)o.7] features the lowest water uptake and presents a conductivity
0f 0.083 Scm~! at 135 °C. This result is consistent with the good performance of the membrane in single

fuel cell tests.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Perfluorinated polymers such as Nafion, Aciplex, Flemion and
the Dow polymer are crucial materials for the development of poly-
mer electrolyte membrane fuel cells (PEMFCs) and direct methanol
fuel cells (DMFCs) [1,2]. Major obstacles to a large-scale com-
mercialization of PEMFCs based on these systems include the
high cost of perfluorinated membranes, the poor proton con-
ductivity at a low relative humidity (RH), and poor mechanical
properties at T>130°C. In the case of Nafion, the drastic fall of
the proton conductivity at high temperatures limits the practi-
cal utilization range of this material at temperatures of ca. 90°C.
To address these issues, inorganic-organic composite membranes
based on Nafion and fillers with a size ranging from nanometers
to micrometers have been intensively explored and remain one
of the most interesting routes in the preparation of promising
electrolytes for application in PEMFCs [3-13]. In particular, Nafion
has been doped with heteropolyacids such as the phosphotungstic
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acid; the resulting system was used in PEMFCs which showed a
good performance at low RH and high temperatures (ca. 120°C)
[5-7]. Nafion has also been doped with hygroscopic oxides such as
SiO,, TiO,, ZrO,, Al,03 and others, to increase the water uptake
of the membranes and to decrease the humidification require-
ments of the PEMFC [8-13]. In some cases hybrid membranes
were prepared by sol-gel techniques [8-11]. The same approach
was used to synthesize tailored organic-modified silica bearing
a variety of functional groups, with a preference for hydrophilic
fragments. The latter systems are devised to improve the pro-
ton conductivity and the water uptake of the resulting hybrid
Nafion-based materials [14-17]. At present, the influence of the
physicochemical properties of the inorganic fillers on the structure
and the properties of the composite proton conducting polymer
electrolytes is not well-understood and prompted us to inves-
tigate systematically composite Nafion-based membranes under
different conditions. Thus, investigations were carried out on: (a)
[Nafion/(SiO;)x] and [Nafion/(HfO, )x] nanocomposite membranes
with 0 <x <15wt.%[13,18]; (b) [Nafion/(MxOy),] membranes with
M=Ti, Zr, Hf, Ta and W and n=5wt.% [19,20]; and (c) nanocom-
posite membranes of formula {Nafion/[(M1x0y)-(M240} )]}, where
M1=Zr, Ti and M2=Si, W [21,22]. These studies revealed that
the mechanical, thermal and dynamic features of the Nafion host
polymer depend on the concentration in the bulk material of
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R-SO3H. - -[filler]- - -HSO3-R dynamic crosslinks, which are respon-
sible for the good thermal, mechanical and electrical stability
of the materials. It was shown that the electrical response of
the hybrid membranes depends on the interactions occurring
between the polar groups of Nafion and the filler; in addi-
tion, it was also revealed that the proton conduction mechanism
of Nafion is modulated by the segmental motion of the fluo-
rocarbon backbone chains [13]. The last observation prompted
us to study the effect of the introduction in bulk Nafion of a
hydrophobicfiller.Indeed, it is expected that hydrophobic nanopar-
ticles could interact preferentially with the fluorocarbon backbone
chains of the host material. To the best of our knowledge, this
approach is unexplored since it is believed that the conduc-
tivity of Nafion-based polymer electrolytes depends exclusively
on the water retention capacity of the material. Thus, most of
the efforts were aimed at increasing the water uptake of the
materials, in particular by introducing in the membranes very
hydrophilic nanofillers [4]. In this report, a hydrophobic nanofiller
was prepared by a direct reaction between nanometer sized
silica and a fluoroalkyloxirane, the (2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-
Heptadecafluorononyl)oxirane (HFNO). The modified silica thus
prepared, named SiggF, was then used to obtain a set of mem-
branes with formula [Nafion/(SiggF)y ], where ¥ is the molar ratio
of silicon atoms to sulfonic acid groups; its values range between
0 and 1.6. The composite membranes were characterized by TGA,
MDSC, DMA and by broadband dielectric spectroscopy (BDS), in
order to investigate the influence of the hydrofobic nanofiller on
the thermal, mechanical and electrical properties of the materi-
als. Finally, the best performing hybrid membrane was used to
prepare a membrane-electrode assembly (MEA), which was tested
in operating conditions. The performance of this later MEA was
compared with that of a MEA assembled with Nafion reference
material.

2. Experimental
2.1. Reagents

A 5wt.% solution of Nafion ionomer (Ion Power Inc.) with
a proton exchange capacity (PEC) of 1mequiv.g~! was used
as received. Sigg amorphous silica was provided by Silysia-
mont S.p.A,, Italy and was purified by standard methods [23].
(2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-Heptadecafluorononyl)oxirane
(HFNO), 96%, was purchased from Sigma-Aldrich and used as
received. All the solvents were supplied by Aldrich and further
purified by standard methods [23]. Bidistilled water was used in
all procedures.

2.2. Nanofiller preparation and determination of proton
exchange capacity (PEC)

Ca.1gofSigg was milled for 10 h at 500 rpm in a tungsten carbide
grinding jar using a planetary ball mill. The resulting powders were
treated at room temperature for 1 h with H,0,, 36 vol.% and then
with 2 M H,S04. The product was rinsed with bidistilled water and
dried at 100 °C under vacuum for 8 h. The hydrophobic nanofiller
SiggF was prepared with the following procedure. The purified silica
powders were added to ca. 10 mL of a HFNO/diethyl ether 50% (v/v)
solution. This operation was carried out under N, atmosphere. The
resulting suspension was stirred vigorously for 1 h; afterwards, ca.
20 p.L of concentrated sulphuric acid were added. The product was
stirred for 16 h at room temperature, washed several times with
diethyl ether and then with methanol and finally dried at 100°C
under vacuum for 8 h. The proton exchange capacity (PEC) of Sigg
and SiggF was determined as described elsewhere [13]. Briefly, an

Table 1
Composition of [Nafion/(SigoF)y | membranes.
Nanofiller concentration (wt.%) ' Nafion (g) SigoF (mg)
0 0 045 0
3 0.4 045 139
5 0.7 0.45 23.7
7 1.0 045 339
10 1.6 045 50
a _ molg;
- ‘“01—503H :

aliquot of each sample was suspended in a 1 M KCI solution and the
product was allowed to equilibrate for 12 h. The PEC was measured
by titrating the product with 1 mM KOH using phenolphthalein as
an indicator.

2.3. Membrane preparation

Five hybrid membranes with a nanofiller concentration ranging
from 0 to 10 wt.% were prepared as follows. A suitable amount of
the SiggF nanofiller (see Table 1) was added to a suspension 0f0.45 g
of Nafion in dimethylformamide (DMF), prepared as described
elsewhere [13]. The mixture was homogenized by a treatment in
ultrasonic bath for 2 h. The resulting suspension was recast in a
Petri dish with a diameter of 2.5cm, at 110°C for 15h, under a
hot air stream. The resulting membranes were: (a) dislodged from
the Petri dish by a treatment with hot bidistilled water, (b) partially
dried under an air flow at room temperature for 1 h, (¢) hot-pressed
at T=100°C and p=70bar for 5min in order to improve their
mechanical properties. The purification and activation of the recast
membranes were carried out as follows. The composite membranes
were washed in bidistilled water at 80 °C for 1 h. The samples were
treated twice with a 3 vol.% solution of H,0, and three times with
1M H,S04 at 80°C. Each washing step lasted for 1h. Afterwards,
the materials were washed three times for 1h at 80°C in bidis-
tilled water. The membranes were fully hydrated in an autoclave
at T=120°C, p=3.3 bar for 30 min. This latter treatment was con-
sidered the “reference zero point” of the thermal history of all
the Nafion-based composite membranes described in this report.
The obtained membranes were stored in bidistilled water at room
temperature inside polyethylene terephthalate (PET) bags. A pris-
tine Nafion membrane and a [Nafion/(SiggF)g 7] hybrid membrane
were prepared starting from 1.5g of Nafion suspended in DMF,
and were recast on a Petri dish with a diameter of 7 cm. These
membranes were used to prepare membrane-electrode assemblies
(MEAs).

2.4. Water uptake and membrane reference conditions (RC)

The water uptake of fully hydrated nanocomposite films was
determined by measuring the TG profiles of the isothermal mass
elimination vs. time as reported elsewhere [21]. The number of
moles of water per equivalent of acid groups (A) was determined
from the standard TG profiles using Eq. (1):

wit(t) — wit(t = o0)
wi(t = o0) - MWy, 0 - Xnr - fnf

A(t) = 1000 x (1)
where wt(t) and wt(t=o0) are the weight of the sample at t=t and
t=100 min, respectively (Fig. 4). MW, is the molecular weight of
water, xnr [mequiv.g~1] is the PEC of Nafion and fyr is the weight
fraction of the ionomer in the dry membrane. In this report, A(t)
is the amount of H,O present in the membrane at the time t.
Ar(t) = A(tg) — A(t) is the water eliminated by the membrane at the
time t. ty is the initial instant of the desorption process, calculated
as reported elsewhere [21]. The water uptake, which corresponds
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to the A; value of Fig. 5 at t=o00, was determined as follows. First,
water was eliminated from the membrane isothermally at 35°C
for 60 min (Fig. 4). Second, the membrane was heated up to 135°C,
requiring 20 min. Finally, the membrane was kept at the constant
temperature of 135 °C for additional 20 min. Thus the water uptake,
which corresponds to the total amount of water eliminated from
the membrane, was measured after 100 min since the beginning of
the experiment.

2.5. Instruments and methods

The morphology of the investigated samples was examined
by scanning electron microscopy (SEM) with a Cambridge Stere-
oscan 250 Mark 1 operating at an acceleration voltage of 25kV.
To ensure the conductivity of the samples, a film of Au with
a thickness of 200-300A was sputtered on each sample with
an Edwards S150A sputterer. Thermogravimetric analyses were
carried out with a high-resolution TGA 2950 (TA Instruments) ther-
mobalance. A working N, flux of 100 mLmin~! was used. The TG
profile was recorded in the range of temperature from 20 to 800°C
using an open platinum pan loaded with ca. 7 mg of sample. Mod-
ulated Differential Scanning Calorimetry (MDSC) measurements
were carried out with a MDSC 2920 Differential Scanning Calorime-
ter (TA Instruments) equipped with the LNCA low-temperature
attachment operating under a helium flux of 30mLmin~!. The
measurements were made on ca. 5mg of sample hermetically
sealed in an aluminum pan with a heating rate of 3°Cmin~! in
the temperature range —50<T<350°C with modulation ampli-
tude and period set to 0.954°C and 60s, respectively. Dynamic
Mechanical Analyses (DMA) were carried out with a TA Instru-
ments DMA Q800, using the film/fiber tension clamp. Temperature
spectra were measured by subjecting a rectangular film sample
of ca. 25mm (height) x 6 mm (width) x 0.2 mm (thickness) to an
oscillatory sinusoidal tensile deformation at 1Hz with an ampli-
tude of 4 wm and a preload force of 0.05N. Measurements were
carried out in the temperature range from —10 to 210°C, at a
rate of 4°Cmin~!. The mechanical response data were analyzed
in terms of elastic (storage) modulus (E’), viscous (loss) modulus
(E”) and tan§=E"[E'. TG, MDSC and DMA analyses were carried
out on samples dried in a flow of dry air at room temperature
for 24 h. The measurements of complex conductivity spectra were
carried out in the frequency range 10 mHz-10 MHz, using a Novo-
control Alpha-A analyzer. The temperature range from 5 to 155°C
was explored by using a home-made cryostat operating with a
N, gas jet heating and cooling system. The measurements were
performed using a closed home-made cell. This cell allowed to
maintain the membrane wet during the measurements as follows:
the freshly autoclaved membrane, sandwiched between two cir-
cular platinum electrodes, was located inside a cylindrical Teflon
cell. The free volume of the cell was partially filled with 100 L
of bidistilled water in order to avoid drying during measurements
up to 155°C. The geometrical constant of the cell was deter-
mined by measuring the electrode-electrolyte contact surface; the
distance between the electrodes was measured with a microm-
eter. No corrections for the thermal expansion of the cell were
carried out. The temperature was measured with an accuracy
less than +0.02°C. The absence of water loss during measure-
ments was checked by weighting the closed cell before and after
the measurements. The complex impedance (Z*(w)=Z'(w) +iZ"(w))
was converted into complex conductivity (¢*(w)=0'(w)+ic"(w))
using the equation o*(w)=k[Z*(w)]~!, where k is the cell con-
stant and w =27f (f is the frequency in Hz). The bulk conductivity
of the material, opc was then determined by measuring the
conductivity value interpolated in the plateau of the o'(w) pro-
files at frequencies greater than 10° Hz, as described elsewhere
[13,24].

2.6. Preparation of membrane-electrode assemblies and tests in a
single-cell configuration

Two MEAs were prepared as outlined elsewhere [25] using a
hybrid [Nafion/(SiggF)g7] membrane and a recast Nafion mem-
brane obtained as described in Section 2.3. The commercial EC-20
electrocatalyst was acquired by ElectroChem Inc. and was used on
both the anodic and the cathodic side of each MEA. The platinum
loading on each electrode was ca. 0.4 mgcm~2. The active area of
both MEAs was 4 cm?. The performance of the MEAs was evaluated
using pure hydrogen as the fuel and both air and pure oxygen as
oxidants. The temperatures of the cell and the gases were 85 and
84°C, respectively. The hydrogen, air and pure oxygen flow rates
were 800, 1700 and 500 sccm, respectively. The back pressure of
the fully humidified gases was kept at 4 bar. Single-cell tests were
carried outin a 5 cm? single cell with one-channel serpentine flow-
fields for both anodic and cathodic sides. The channels were 1 mm
wide and 0.5 mm deep. The plates were made of graphite. MEA
performance was determined as follows. Polarization curves were
collected continuously from open-circuit potential (OCP)upto 0.1V
at 5mAs—!, until the system reached stability. The final polariza-
tion curve was collected immediately afterward. The polarization
curves were not corrected for internal resistance losses.

3. Results and discussion
3.1. Preparation and characterization of SiggF nanofiller

Sigg silica was functionalized with HFNO to obtain a hydropho-
bic nanofiller, labelled SiggF, which is characterized by a surface
covered with fluorocarbon chains. The latter are expected to ensure
a good compatibility between the nanofiller and the fluorocarbon
backbone chains of the host polymer. The reaction between the
silanol groups on the surface of Sigg and HFNO proceeded through
acid catalysis as shown in Scheme 1. The PECs of Sigg and SiggF were
0.6 and 0.3 mequiv.g~1, respectively. The functionalization degree
(pr) of SigoF was expressed as of = Norg/Nsijoy. Norg is the number
of organic chains bound to the silica “core” in the SiggF nanofiller;
Ns;ion is the number of silanol groups on the surface of the Sigg pre-
cursor. Both Norg and Nsjoy are expressed per unit mass of material.
Norg was determined starting from the mass loss event observed
between 400 and 600°C in the TG profile of SiggF (Fig. 1). Indeed,
that mass loss event was attributed to the degradation of the fluo-
rocarbon chains present on the surface of SiggF. Ngjoy is determined
from the mass elimination observed in the Sigg precursor from 200
to 800°C in the TG profile (Fig. 1). pf is evaluated from the data
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1 & Sig E
9871 -5 SigF Fo-16
0l -~ -dW(Sig)dT  [0.14
1k —B— -dW(SigF)dT | ,
18 £0.12 %.
—~ 9l E
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= 0 ;
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E.D _J i f0'08 g
= 90t . Iy
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T
100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 1. TG measurements of Sigy precursor and SigoF hydrophobic nanofiller.
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Scheme 1. Reaction mechanism between HFNO and silanol groups of Sigg.

derived from TG analysis using Eq. (2):

1000 Awt%(org) 1
100 MWpgpno  Nsion (2)

Awt%(org) = Awt¥%(SiggF) — Awt%(Sigg)

Pe(TGA) =

Awt% is the mass elimination of each sample in the temperature
range between 400 and 600 °C. The pf value obtained applying this
procedure is equal to 0.03. It is to be pointed out that the procedure
outlined above can be applied only if the functionalization degree
of the nanofiller is very small. In this case the number of silanol
groups present on the surface of Sigg precursor and on the SiggF
nanofiller is essentially the same, and is expressed as Nsjop. Norg has
also been determined starting from the C assay obtained from ele-
mental analysis. In this case, the calculated functionalization degree
pr was equal to 0.035. TG profiles also evidenced that SiggF and
Sigg are very different in the 200-300 °C temperature range. In this
region, Sigg shows a characteristic mass loss event attributed to the
elimination of water arising from the condensation of neighbouring
silanol groups. On the other hand, isolated silanol groups condense
atahigher temperature, up to ca. 1000 °C[26,27]. This condensation
event is highlighted by the broad peak in the derivative of the Sigg
TG trace observed at ca. 250°C. The functionalized SiggF nanofiller
does not show such an event clearly, indicating a lower surface con-
centration of neighbouring silanol groups. This evidence confirms
that the functionalization of Sigg was successful, and took place
preferentially on neighbouring silanol groups. SEM micrographs

were collected for both Sigyg and SiggF (Fig. 2). The images show
aggregates in the micrometric range, while nanometric primary
particles were not resolved. With respect to SiggF, Sigg shows larger
particle aggregates. This evidence is attributed to the polar inter-
action between the surface silanol groups of Sigg nanoparticles. On
the other hand, in the case of SiggF this phenomenon is hindered
by the bulky, non-polar perfluorinated chains on the surface of the
nanoparticles.

3.2. TGA and DSC analysis of the membranes

The TG profiles of the [Nafion/(SiggF)y] membranes (Fig. 3)
showed three main mass loss events. The first event, detected
between 240 and 300°C, was attributed to the degradation of
the sulphonyl groups of the Nafion host polymer and is equal
to ca. 2-4%. The second and the third events, peaking at ca. 350
and 430°C, were ascribed to the decomposition of the side and
the fluorocarbon backbone chains of Nafion host polymer, respec-
tively. This behaviour is consistent with previous results obtained
on other hybrid inorganic-organic Nafion-based materials [13,28].
The temperature of each mass loss event is very similar for all the
membranes, so it was concluded that the thermal behaviour of
the Nafion host polymer is not significantly affected by the con-
tent of SiggF nanofiller. Fig. 4 reports the plot of A(t)=A(tg) — A(t)
vs. time. Fig. 5 shows the dependence of the water uptake and
Ar(t=c0) VS. W. The pristine Nafion membrane is characterized by

Fig. 2. SEM images collected with backscattered electrons of (a) Sigo precursor and (b) SigoF nanofiller.
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Fig. 4. Dependence of A; vs. time for [Nafion/(SigoF)y ] membranes.

a water uptake=23.2%, corresponding to A-)=13.9. All the
[Nafion/(SigoF)y ] membranes are characterized by a lower water
uptake (Fig. 5). This evidence is attributed to the hydrophobic char-
acter of SiggF nanofiller. The water uptake showed a minimum at
¥ =0.7, with water uptake =17 wt.% and Ay(;--) =9.9. The increase
in water uptake and Ayt Observed at ¥ >0.7 was ascribed to
a progressive phase segregation between the nanofiller and the
Nafion host polymer, giving so rise to weaker polymer-silica inter-
actions. The MDSC profiles of all the [Nafion/(SiggF)y] hybrid
membranes evidence two main endothermal transitions between
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Fig. 6. MDSC curves of [Nafion/(SigoF)y | membranes in the temperature range —50
to 300°C. I and Il indicate the detected endothermic peaks.

ca.50and 250 °C(Fig. 6). The first endothermal peak (I) is attributed
to the melting of small and imperfect fluorocarbon nanocrystalline
domains of Nafion [22]; the second endothermic peak (II), evi-
denced between 230 and 250°C, was assigned to the melting of
the microcrystalline domains of Nafion [13,28-31]. A third broad
peak characterized by a lower intensity is probably overlapped
to peak II and has been attributed to the degradation of the sul-
fonic acid groups [13]. Indeed, TG analysis points out that the
degradation of the sulphonyl groups occur at T>240°C. Further
information was obtained analyzing how the temperature of the
maxima of the two endothermic peaks T; and Ty is affected by
Y (Fig. 7). In particular: (a) the temperature difference between
Ty and Ty increases slightly as ¥ is lowered; (b) Ty is lower
in [Nafion/(SiggF)y | hybrid membranes with respect to pristine
Nafion. The behaviour of the endothermal MDSC peaks can be
rationalized admitting that the fluorocarbon chains of the SiggF
nanofiller interact with the fluorocarbon domains of the Nafion
host polymer, decreasing their crystalline size and thus depress-
ing the temperature of the endothermal transitions. This effect is
more pronounced for the microcrystalline fluorocarbon domains,
revealed by the endothermal peak II.

3.3. DMA analysis of the membranes

DMA analysis provided valuable information on the mechan-
ical properties of materials as a function of temperature; it also
allowed to detect thermomechanical relaxations, which have a
strong influence on the mechanical and electric properties of the
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Fig. 7. Dependence of T; and T;; of MDSC endothermic peaks I and Il vs. ¥.
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materials [13]. Fig. 8 shows the dependence of the storage modu-
lus (E’) and loss modulus (E”) vs. temperature for [Nafion/(SiggF)y ]
nanocomposite films in the temperature range —10<T<210°C. In
the temperature range between 0 and 50°C E’ is essentially inde-
pendent on temperature, while E” is linearly increasing on T. At
higher temperatures E’ decreases, while E” reaches a maximum
around T=80°Cand then decreases as well. At 160 °Canirreversible
elongation was registered for the pristine recast Nafion membrane,
while [Nafion/(SiggF)y ] nanocomposite films retain a measurable
E’ up to 200°C. All the hybrid membranes described in this work
are stiffer than pristine Nafion, especially at high temperatures. The
tan§ profiles reported in Fig. 9 (tan §=E”/E’) evidence one intense
peak at ca. 100°C and a weak shoulder at ca. 50°C (see inset (a) of
Fig. 9). The two events were assigned to the « and S relaxations,
respectively. The @ mode corresponds to the long-range motion of
both the backbone and the side chains, which takes place when a
weakening of electrostatic interactions within the ionic aggregates
occurs. The S event was attributed to the order-disorder conforma-
tional transitions occurring in the hydrophobic PTFE-like domains
of the Nafion host polymer [22]. It is observed that E’ increases as ¥
is raised (Fig. 10). On the other hand, the intensity of the maximum
of the « relaxation peak decreases as ¥ is raised (inset (b) of Fig. 9),
implying that a smaller fraction of the overall mechanical energy
provided to the system is dispersed by this relaxation mode on ¥.
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Fig. 10. Dependence of storage (E’) and loss modulus (E”) on ¥ for [Nafion/(SigoF)y ]
membranes at selected temperatures.

This dual behaviour allows to conclude that the SiggF nanoparticles
interact both with the polar domains and with the fluorocarbon
hydrophobic domains of the Nafion host polymer. Indeed, the inter-
actions between the sulfonic groups of the Nafion host polymer
and residual silanol groups on the surface of the SiggF particles
lead to an increase of E’ as ¥ is raised. On the other hand the flu-
orocarbon functional groups on the surface of the nanofiller act to
plasticize the hydrophobic domains of Nafion host polymer, thus
decreasing the intensity of the « relaxation peak and the size of the
hydrophobic fluorocarbon domains of Nafion. It can be concluded
that, with respect to pristine Nafion, the hybrid [Nafion/(SiggF)y |
nanocomposite films show better mechanical properties at higher
temperatures.

3.4. Electric conductivity measurements

Selected o’ (w) vs. frequency plots are shown in Fig. 11. The pro-
files can be divided in two regions: at a frequency lower than ca.
10° Hz, o’ () increases as the frequency is raised; at higher fre-
quencies, a 0’ (w) plateau is reached. This behaviour is consistent
with dielectric studies carried out on other polymer electrolytes
[32-36], where the ¢’ (w) vs. frequency spectra were divided in
three regions. The first is dominated by electrode polarization phe-
nomena and corresponds to the region below 10° Hz in Fig. 11. The
second is characterized by a o’ (w) plateau, whose value corre-
sponds to the effective direct current conductivity of the sample

>

w

1
tand

0.40

o 035
=haE

R I

025
0.20]
0.154

0.10]

005 &
‘ —
100 120 140 160 180 200

T (°C)
Fig. 9. tand vs. temperature of [Nafion/(SigoF)y | membranes. The insets show a

typical fitting of a tan § profile (a) and the intensity of maximum tan$ as a function
of ¥ (b).

10 gramane 10
10° wlss 107
95 |
5 e 105 s
. 5 b .
10 T
o e 135 |
' e 145
5107 107
@ 10
o
10°
107
107
10 10 100 10 10° 10 10° 100 10 10°

f (Hz)

Fig.11. Spectraofthe real component o’(w) of the complex conductivity for selected
[Nafion/(SigoF)y | membranes.



7740 V. Di Noto et al. / Journal of Power Sources 195 (2010) 7734-7742

(opc)- The third region is found at higher frequencies and is not
visible in Fig. 11; it is usually characterized by increasing values of
o’ (w).In conclusion, the opc value at RH = 100% of [Nafion/(SiggF)y |
membranes was measured by averaging the values of o’ (w) in
the high-frequency plateau of each isothermal profile. The result-
ing values were used to study the temperature dependence of
the conductivity (Fig. 12). The shape of the opc vs. 1/T profiles is
similar for all the materials at T< 100 °C. All the samples show sim-
ilar conductivity values. The exception is [Nafion/(SiggF)g.7] which
is the most conductive material in the investigated temperature
range. The conductivity value of [Nafion/(SigoF)o.7] is noteworthy
as this membrane is characterized by the lowest water uptake
of the whole series. In addition, with respect to pristine Nafion,
the proton conductivity of the other [Nafion/(SiggF)y | membranes
is not affected by their lower water uptake values. The depen-
dence of opc vs. ¥ may be explained taking into consideration
the plasticizing action of the SiggF nanofiller. The latter prompts
the segmental motion of the hydrophobic fluorocarbon chains of
the Nafion host polymer, thus promoting the long-range charge
migration through a peristaltic-like process [13]. At higher ¥ val-
ues and T<80°C, the effect of charge carrier dilution in the hybrid
materials becomes relevant and explains the lower opc values
of the [Nafion/(SiggF)1,0] and [Nafion/(SiggF);.6] membranes. Fur-
thermore, the conductivity behaviour of the hybrid membranes
becomes significantly different, with respect to pristine Nafion,
at T>100°C. Indeed, the conductivity of [Nafion/(SiggF)y ] materi-
als increases monotonically over a wider temperature range, thus
leading to a wider stability range of conductivity (SRC) [13,22]. In
particular, [Nafion/(SiggF)1.0] shows a monotonic increase in con-
ductivity up to 155°C, thus reaching a maximum value equal to
0.08 Scm~!. This effect has been attributed to the improved ther-
mal and mechanical stability which characterize this family of
materials. It is observed that the conductivity of pristine Nafion
begins to decrease at a temperature corresponding to the o relax-
ation detected by DMA. This phenomenon in hybrid membranes
is progressively inhibited as the nanofiller concentration rises. In
conclusion, in the pristine Nafion the drop in the conductivity is
sharply influenced by the structural transitions occurring in the flu-
orocarbon domains, while the mechanical and electric properties of
the hybrid membranes are quite independent on these phenomena
owing to the stabilizing effect of SiggF nanoparticles.

3.5. Tests in a single-cell configuration

The polarization curves of the MEAs assembled with the
[Nafion/(SiggF)p7] membrane and a pristine recast Nafion mem-
brane are shown in Fig. 13. The thickness of each proton conducting
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Fig. 12. Dependence of log opc vs. 1/T for [Nafion/(SigoF)y | membranes.

Fig. 13. (a) Polarization curves; and (b) power curves obtained from MEAs
assembled with a recast pristine Nafion membrane (open symbols) and the
[Nafion/(SigoF)o 7] hybrid membrane (solid symbols).

membrane and the figures of merit of MEA performance are
reported in Table 2. Both MEAs mounted the same electrodes and
gas diffusion layers, were assembled according to the same pro-
tocol and were tested in the same operating conditions, which
were intended to reduce as much as possible the reagent trans-
port limitations. In conclusion, the performance of the prepared
MEAs is mainly differentiated by the proton conductivity of the
membranes. It is observed that, with respect to the MEA assem-
bled with the pristine recast Nafion membrane, the MEA based on
the hybrid [Nafion/(SiggF)g.7] membrane provides animproved per-
formance both in terms of maximum power density and in terms
of current density at 0.65V, using both air and pure oxygen as oxi-
dants (Table 2). These evidences are consistent with a lower proton
resistance of the [Nafion/(SiggF)p7] membrane, which is slightly
thicker with respect to the pristine recast Nafion membrane used
to assemble the reference MEA. It should be pointed out that the
area-specific resistance (ASR) values, determined considering the
membrane thicknesses (Table 2) and the conductivity data at 85°C
(Section 3.4), measured with the membranes immersed in bidis-

Table 2
Thickness of membranes and main figures of merit of MEA performance.

Membrane Recast Nafion [Nafion/(SigoF)o.7]
Thickness (jpm) 150 180
Maximum power density (W cm~—2) Air: 0.27 Air: 0.38
0,:0.35 0,:0.48
Current density at 0.65V (Acm~2) Air: 0.352 Air: 0.448
0,:0.392 0,: 0.575
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tilled water, resulted 0.232 and 0.224 Q cm? for the pristine recast
Nafion and the [Nafion/(SiggF)o7] membrane, respectively. The ASR
values determined between 0.4 and 0.7 V in the polarization curves
(Fig. 13) resulted 0.54 and 0.36 Q2 cm? for pristine recast Nafion
and the [Nafion/(SiggF)o 7] membrane, respectively. The compar-
ison of ASR values thus determined allowed to assess that: (a)
the performance difference of materials expected from conduc-
tivity measurements is negligible; (b) the ASR values obtained
in polarization curves were at least 50% larger with respect to
those determined from conductivity measurements; and (c) the
ASR value for the [Nafion/(SiggF)p7] membrane is ca. 67% of that of
the pristine recast Nafion membrane determined from the polar-
ization curves. Results allowed to affirm that, as the membranes
are immersed in water, the interstitial free water in bulk materials
reduces the differences of conductivity existing between the vari-
ous proton conducting systems. Indeed, the free water flooding the
interconnecting channels provides a significant contribution to the
overall proton migration mechanism. However, when the mem-
branes are equilibrated with water vapour, as in the case of the
polarization curves, the A of the materials is lower and depends
on the interaction of water molecules with the functional groups
present at the interfaces of the different nanocomponents. There-
fore, with respect to the materials immersed in water, a higher ASR
value of membranes is expected. Taken together, with respect to the
pristine recast Nafion, the [Nafion/(SiggF)o7] membrane showed
a lower water uptake, an improved thermal stability and a fuel
cell performance not affected by lowering of the relative humid-
ity down to 50% (data not shown). For these reasons, it is realistic
to consider [Nafion/(SiggF)p.7] as a promising candidate for appli-
cations in PEMFCs operating at high temperature and low relative
humidity.

4. Conclusions

This report presents the results of studies carried out on
hybrid [Nafion/(SigoF)y ] systems intended to explore the effects
of the interactions between the Nafion host polymer and a
hydrophobic filler on the thermal, mechanical and electric prop-
erties of the resulting nanocomposite materials. A hydrophobic
filler labelled SiggF was prepared by an acid-catalyzed reaction
between nanometric sized silica and fluorocarbon oxirane HFNO.
The functionalization degree of the product SiggF was determined
by thermogravimetric measurements and was equal to 3% of
the silanol groups of the precursor. The resulting SigoF nanofiller
showed a hydrophobic behaviour, with a PEC 0of 0.3 mequiv.g~1,i.e.,
one half with respect to the Sigg precursor. Thermal analyses carried
out on SiggF confirmed that the functionalization reaction occurred
successfully. SiggF was used in the preparation of a set of five hybrid
inorganic-organic membranes with a filler concentration ranging
from 0 to 10 wt.%. TGA analyses revealed that the thermal stabil-
ity of the membranes is independent on the filler content and that
the onset of the first degradation event is around 220 °C. The intro-
duction of the hydrophobic nanofiller reduced the water uptake of
the hybrid membranes. The lowest water uptake was registered
for the [Nafion/(SiggF)o.7] material. The I and II thermal transitions
revealed by MDSC analysis were associated to the melting of small
and imperfect fluorocarbon domains and to the melting of flu-
orocarbon microcrystalline domains of the Nafion host polymer.
The temperature of these transitions decreased as ¥ was raised
due to the plasticizing effect of the hydrophobic nanofiller. DMA
showed an increase in E’ for the hybrid membranes. This obser-
vation is attributed to the formation of crosslinks between the
surviving silanol groups of the SiggF nanofiller and the sulfonic acid
groups of the Nafion host polymer. This effect is particularly evi-
dent at high temperatures. DMA also revealed a decrease on ¥ of
the intensity of the « mode in tan§ profiles, which demonstrates

the plasticizing effect of the hydrophobic nanofiller on the fluoro-
carbon domains of Nafion. The mechanical stabilization originated
from the two types of interaction occurring between the SiggF filler
and the Nafion host polymer enhances the electric properties of the
material. Indeed, the hybrid materials: (a) with respect to pristine
Nafion, show a wider stability range of conductivity, 5 <T<135°C;
(b) present opc values comparable to that of the pristine recast
Nafion membrane, thus demonstrating for the first time that the
use of a hydrophobic nanofiller is beneficial in proton conducting
materials. Indeed, it should be evidenced that [Nafion/(SiggF)o 7],
which is characterized by the lowest water uptake, shows the high-
est conductivity with a maximum value of 0.083Scm~! at 135°C.
This last result was further confirmed by tests carried out in a single
fuel cell, where a MEA built using the [Nafion/(SiggF)g.7] membrane
reached a maximum power density of 480 mW cm~2, compared to
the 392 mW cm~2 achieved by the MEA assembled with a pristine
recast Nafion membrane in the same conditions. In conclusion, the
synthesis of the SiggF hydrophobic nanofiller allowed to prepare
hybrid inorganic-organic proton conducting membranes with a
remarkable mechanical and thermal stability and with a good pro-
ton conductivity, which make them very promising materials for
application in PEMFCs.
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